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There’s always a bigger fish. 

 

- Qui-Gon Jinn 
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1. Underlying ecological concepts 

a. Darwin and the ecological niche  

In the revolutionary book “On the Origin of Species by means of Natural Selection, or 

Preservation of Favoured Races in the Struggle for Life.” published in 1859, Charles 

Darwin paved the way to the emerging field of evolutionary biology. Beyond the 

concept of common ancestry within the “great tree” of life and the way species originate 

from variation and selection, he was also the first to observe that species occupy a 

“space”, a certain “role” in their habitat (later to be named “ecological niche”), and that 

this “space” was subject to competition. The fact that species limit each other's growth 

is incidentally one of the basic findings that led Darwin to formulate his theory (Darwin, 

1859). In the middle of the 19th century, Charles Darwin therefore presented, without 

naming them, the premises of what will be two fundamental concepts in ecology: the 

ecological niche concept and the competitive exclusion principle. 

The first mention of the word “niche” to define the factors, abiotic or biotic, that condition 

the existence of one population in a given space can probably be attributed to Joseph 

Grinnel (Grinnell, 1917; Grinnell and Swarth, 1913). The word “niche” was later found 

in a food-web related approach in Charles S. Elton works where it is associated to the 

position of a given species in its food chain (Elton, 1927). While Grinnel’s and early 

conceptions of the niche referred to environmental attributes, the concept took a new 

dimension in 1957 when George E. Hutchinson proposed that the niche could be seen 

as an attribute of the population rather than of the environment (Hutchinson, 1957). He 

thus defined the niche as it is generally accepted today: the “space” a population 

occupies in an ecosystem given its “fitness” (or “performance”) toward abiotic factor 

variations, available resource fluctuations (i.e., both food and habitat) and biotic 

interactions (Hutchinson, 1957). This “space” can be seen as an n dimension 

hypervolume with n the number of factors and their associated variations a population 

can thrive in (and eventually growth and reproduce depending on the definition).  

Hutchinson further differentiated two different niches: the “fundamental” and the 

“realized”. The fundamental niche is the nearly mathematical sum of all factor 

variations a species can cope with, and can be seen as its possible “maximum” 

expansion range in the environment. However, field observations generally reveal that 

the fundamental niche of a species is not met in natural conditions, and that 
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populations occupy a narrower niche, the realized niche (Figure 1-1). As theorized by 

Hutchinson, inter-specific interactions, among which competition, play a key role in 

explaining the gap between fundamental and realized niches (Hutchinson, 1957). 

 

 

Figure 1-1 – Hutchinson’s fundamental and realized niche concepts (Hutchinson, 

1957). Population 1 can live in a large range of resource 1 and resource 2 

variations (fundamental niche) but narrows its niche due to the occurrence of 

stronger competitors in natural conditions (realized niche).  

b. The competitive exclusion principle 

Since Darwin and Grinnel works, the niche concept has been closely related to the 

competitive exclusion principle (Pocheville, 2015). Generally attributed to Georgy F. 

Gause and based on Volterra’s mathematical approach (Volterra, 1926), the 

competitive exclusion principle (i.e., also called the “Gause principle”) implies that two 

species occupying, in the same homogenous environment, equivalent niches cannot 

coexist, resulting in the fittest one (i.e., the more competitive) excluding the other one 

(Gause, 1934). Therefore, analogous species, rather than competing for limited 

resources, need to divide the resource pie to survive, a mechanism called “resource 

partitioning”.  

Resource partitioning is a common characteristic of co-existing species in shared 

ecosystems and can be found in both animals and plants (Kahmen et al., 2006; 

Schoener, 1974). It implies the separation of habitats but also food resources between 
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analogous species (Schoener, 1974). The most striking studies depicting resource 

partitioning phenomenon dates from 1958 when five different warblers species in 

coniferous forest were shown to use different resources and space inside trees to 

reduce food and habitat competition between them (MacArthur, 1958). From a pure 

habitat partitioning perspective, a commonly cited example explores the competition 

between barnacles, Semibalanus balanoides and Chthamalus stellatus, in the inter-

tidal zone. Even if both species present equivalent fundamental niches, the first one, 

by its higher density of population and growth rate, induces an important mortality on 

the second one when co-existing, reducing the realized niche of C. stellatus much 

higher in the shore compared to the area inhabited by S. balanoides (Connell, 1961). 

Finally, a key example for food partitioning (e.g., access to nutrients and/or prey) is the 

description of bumblebee species foraging behaviors. In Colorado, seven bumblebee 

species feed on different flowers according to their proboscis lengths and the flower 

corolla lengths displaying efficient food resource partitioning (Pyke, 1982). Of particular 

interest, competition avoidance has led to character displacement through evolution 

like the one observed in Darwin’s finches. Within 22 years after the arrival of a 

strongest competitor in remote islands, medium ground finch (Geospiza fortis) beak 

morphology changed, resulting in a specialization on a different resource, thereby 

reducing inter-specific competition (Grant and Grant, 2006).  

The competitive exclusion principle is therefore a key ecological driver shaping 

ecological niches in all ecosystems. The resulting partitioning of the resource is 

nowadays recognized as an important mechanism for species coexistence and, as a 

result, is of particular importance in maintaining species diversity globally (Chesson, 

2000). It allows an optimization of the resource exploitation in animal communities and 

is essential to maintain ecosystems balance and services (Finke and Snyder, 2008; 

Griffin et al., 2008). 

c. Trophic niches and cascading effects 

Trophic ecology studies the implications of feeding, which includes food acquisition 

and its consequences for individuals, populations, communities and the functioning of 

ecosystems (Majdi et al., 2018). By extension of the above-described concepts, trophic 

ecology focuses on trophic niches, which can be seen as a list of potential/consumed 

preys, a dynamics of nutrient intakes or a description of foraging areas and behaviors. 



22 
 

Trophic interactions have tremendous impacts on populations and ecosystem 

structure, as illustrated by the famous “Green World Hypothesis”, assuming that plants 

dominate terrestrial ecosystems due to the odd number of trophic levels they generally 

host, resulting in a regulation of herbivores by predators (Hairston et al., 1960). 

At the base of marine or freshwater food webs, primary producers mostly rely on 

nutrient availability (Morel, 1987; Tilman et al., 1982). Their biomass, composition and 

temporal/spatial dynamics are fundamental for the establishment of complex food 

webs. The structural organization of some ecosystems depends almost exclusively on 

nutrients or basal species biomass variations via “bottom-up” control (e.g., Matsuzaki 

et al., 2018). At the other end of food webs, predators can influence their entire 

ecosystems trough consumption of mesopredators via “top-down” effects. A clear 

illustration of the top-down control under semi-controlled conditions was published by 

Carpenter et al. in 1987. Manipulating biomasses of predators in Canadian lakes, 

authors showed that lakes whole-conditions depend equally on both nutrient and 

predator biomasses due to their trophic regulation of the entire food web. Finally, 

ecosystem structure can also be controlled by intermediate consumers. Such “wasp-

waist” ecosystems can be found in upwelling systems where small pelagic species 

(e.g., small fish schools or cephalopods) by their larger biomass play a pivotal role in 

the control of their predators (by bottom-up linkages) and of their planktonic food (by 

top-down linkages) (Cury et al., 2000). Trophic niches and dietary interactions within 

food webs are therefore crucial to understand the dynamics of the whole ecosystem 

(Figure 1-2).  
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Figure 1-2 – Three different trophic controls of community structure. Bold arrows 

represent the initiation of the trophic cascades. Bottom-up mechanisms are 

presented with the case study of Lake Kasumigana (Japan) and the effect of nitrate 

inputs on the whole system including the pond smelt, Hypomesus nipponensis 

(Matsuzaki et al., 2018). Wasp-waist control is illustrated by the case of productive 

upwelling systems where small plankton-feeding pelagic fishes, by their dominant 

biomass, are affecting zooplankton and top predator biomass (Cury et al., 2000). 

Top-down control is illustrated by the experiments in Tuesday Lake and Peter Lake 

(Canada). Studied species were largemouth bass (Micropterus salmoides) and 

minnow assemblages (redbelly dace, Phoximus eos; finescale dace, P. 

neograeus; central mudminnows, Umbra limi) (Carpenter et al., 1987). Food webs 

presented here are a simplification based on the cited published studies.   

Obviously, such controls can coexist and vary in intensity trough time and uncertainty 

on which mechanism is dominant remains in a vast majority of ecosystems (Cury et 

al., 2000; Hunter and Price, 1992; Ritchie and Johnson, 2009; Roff et al., 2016). An 

example of such complexity is the top-down control exercised by sea otters (Enhydra 

lutris nereis) on purple sea urchins (Strongylocentrotus purpuratus) and kelp forests in 

the Aleutian archipelago (Estes and Palmisano, 1974; Reisewitz et al., 2006). Relative 

high otter abundance on the islands supports the development of healthy kelp forests 

by their predation on sea urchins, a major kelp grazer. Sites with few otters are 

characterized by an important biomass of sea urchins and few kelps at the sea bottom 

due to a top-down trophic cascade. However, recent developments showed a higher 

level of complexity driven by fine-scale sea otter foraging strategies in response to prey 

dynamics, reducing the overall strength of the top-down forcing previously described 
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and revealing feedbacks between bottom-up and top-down processes (Smith et al., 

2021). This highlights the complexity of the dynamics between top-down and bottom-

up regulation, which can vary in importance trough time and space with high impact on 

ecosystem functioning and characteristics.   

Nowadays, a global decrease in predator populations is observed worldwide, limiting 

the influence of top-down mechanisms with cascading consequences nearly 

impossible to anticipate (Estes et al., 2011; McCauley et al., 2015). Of particular 

interest in marine systems, the decline of shark populations in the world ocean has 

raised concerns in the scientific community (Myers and Worm, 2003; Pacoureau et al., 

2021; Roff et al., 2018). Overfishing bears the main responsibility in the decrease of 

these populations (Figure 1-3), sharks being extensively caught both as by-catch and 

as targeted species, principally for their fins and meat (Dulvy et al., 2021; Ferretti et 

al., 2010; Food and Agriculture Organization of the United Nations (FAO), 2015; 

Pacoureau et al., 2021). While coastal sharks are affected by both industrial and 

artisanal fisheries, it appears there are no available refuges in the high sea for pelagic 

species whose movements extensively overlap with fishing efforts at a global scale 

(Queiroz et al., 2019). Due to some peculiar ecological (i.e., slow growth, low 

reproduction rate, late maturity), behavioral (i.e., schooling, use of multiple habitats, 

important movements) and physiological (i.e., low post-release survival rates) traits, 

shark populations may be significantly affected even when being targeted by small 

local fisheries (Ferretti et al., 2010; Gallagher et al., 2014a). In the meantime, habitat 

loss and degradation (especially regarding coastal nursery sites such as mangroves 

and seagrass beds), as well as climate change, also contribute to the current decline 

of shark populations worldwide (Figure 1-3). In 2014, 24% of chondricthyans (i.e., 

sharks, rays and chimaeras) were considered threatened with extinction, increasing to 

32.6% in 2021 (Dulvy et al., 2021, 2014). 
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Figure 1-3 – Risks associated to threatened chondrichthyans species worldwide 

(according to the IUCN Red List). Bar chart corresponds to the percentage of 

species for which each threat was reported (Dulvy et al., 2021).  

The decline of large top predator shark species might induce trophic cascades resulting 

in mesopredators being released from top-down control, with potential changes in their 

distribution and behavior. This is due both to the direct consumption effect and to the 

indirect fear effect sharks have on their prey (Hammerschlag et al., 2015; Heithaus et 

al., 2008; Suraci et al., 2016). Overall, the strength of potential trophic cascades 

induced by the decline of shark populations could depend on the ecosystem biological 

diversity and on the diet and foraging behavior of sympatric species of equivalent 

trophic guilds. Putative top-down cascading effects have been observed in coastal 

environment but can be difficult to detect as they are often masked or inversed by 

fishery or environmental pressures affecting mesopredators release. Moreover, 

undescribed predator-prey interactions or lack of knowledge on ecosystems 

functioning make the analysis of trophic cascades difficult in marine environments 

(e.g., Ferretti et al., 2010; Roff et al., 2016). Understanding the trophic ecology of top 

predator species is therefore fundamental, particularly in regions where sharks are 

critically overfished to gain information on the possible effects of their decline. This 

objective is however difficult to achieve given the complexity and diversity of large 

shark trophic niches. 

2. Sharks in marine ecosystems 

a. Habitats   

Inhabiting the ocean since approximately 400 million years (Long, 1995), 

chondrichthyan fishes, characterized by their cartilaginous skeletons, count more than 

1200 species including chimeras, skates, rays and sharks. Throughout evolution, 
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sharks have colonized nearly all marine habitats from coastal shallow to pelagic deep 

waters, from warm tropical to polar Artic regions, some of them even known for 

inhabiting freshwater riverbeds (Compagno, 2001). Nowadays, with more than 500 

species of sharks described and some still regularly discovered (e.g., Cordova and 

Ebert, 2021), they display an incredible range of reproduction modes, ecological traits 

and adaptations to many different habitats. 

The large majority of what is known about the ecology of sharks is derived from studies 

carried out in coastal areas. Coastal ecosystems are key habitats for many shark 

species, encompassing a broad diversity of dynamics, shaping their distributions and 

movements worldwide. Due to their high productivity, coastal environments first 

represent an important source of food like in mangroves (Heithaus et al., 2011) or coral 

reefs (Roff et al., 2016). These ecosystems also cover a broad range of functionalities, 

such as reproduction, resting (e.g., to avoid intra-guild aggressive behaviors) or 

thermoregulation areas to maintain/restore energy needed to support metabolic rate, 

growth and/or embryonic development (Knip et al., 2010).  

Of particular interest, nearshore habitats can be used as nursery areas hosting 

important densities of neonates, young-of-the-year and juveniles seeking protection 

against predators, and higher food availability, allowing lower mortality and faster 

growth rate (Heupel et al., 2018, 2007; Knip et al., 2010; Lyons et al., 2020; McMillan 

et al., 2021). Coastal nurseries are particularly used by large-bodied shark species of 

low productivity to enhance recruitment in adult populations (Heupel et al., 2018). 

Compared to other habitats occupied by early life stages, nurseries are classically 

identified following three criteria: 1) the area hosts an higher abundance of newborn 

and young-of-the-year individuals where 2) they spend an important amount of time 

and 3) this area is used repeatedly across years (Heupel et al., 2007). Nurseries can 

be found in bays (Duncan and Holland, 2006; García-Rodríguez et al., 2021) or 

estuaries (Matich and Heithaus, 2014; Murchie et al., 2010; Rosende-Pereiro et al., 

2018). Most of the time, these nurseries are shared among juveniles from several 

species, which coexist in the absence of adult specimens (Heupel et al., 2018). In many 

shark species, juveniles leave their coastal nursery grounds to avoid food competition 

between young and adults (Hussey et al., 2011; Shiffman et al., 2014). A single species 

or population will use several nursery areas and may show philopatric patterns (i.e., 
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return of gravid females to their nursery ground/region for parturition) (Chapman et al., 

2015; Heupel et al., 2018; Knip et al., 2010). 

After leaving their nursery grounds, sharks generally inhabit pelagic environments and 

some species are recognized as nearly exclusive pelagic such as blue sharks, 

Prionace glauca (Clarke, 1996; Vandeperre et al., 2014), or oceanic whitetip sharks, 

Carcharhinus longimanus (Musyl et al., 2011; Young and Carlson, 2020). The pelagic 

ecosystem is one of Earth’s largest biomes and extends both horizontally and 

vertically, offering a vast three-dimensional habitat. Vertically, oceanic ecosystems go 

far beyond the epipelagic layer (~200 m) and host one of the largest animal biomass 

on Earth, the so called “deep scattering layer”, composed of mesopelagic fishes and 

invertebrates (Aksnes et al., 2017; Davison et al., 2015; Proud et al., 2017). The deep 

scattering layer is a key component in trophic webs as a source of food for marine 

fauna (including sharks) that forage across large depth gradients (Braun et al., 2022; 

Madigan et al., 2018). Predators may find more diffuse and higher prey biomasses at 

mesopelagic depths than in the epipelagic zone (Figure 1-4), particularly in oligotrophic 

conditions (i.e., low primary production rates not supporting prey biomass in the 

epipelagic layer) (Braun et al., 2019; Gaube et al., 2018; Hazen and Johnston, 2010; 

Irigoien et al., 2014; Polovina et al., 2008).  

 

 

Figure 1-4 – Shark foraging strategies in offshore pelagic ecosystems. Sharks can 

either feed on concentrated epipelagic prey or diffused mesopelagic prey inside 

the boundaries of the deep scattering layer. 
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Coastal or oceanic large shark species can be highly migratory, connecting multiple 

habitats and biogeographic regions. In Australia, bull sharks are known for connecting 

tropical and temperate waters as well as coastal and offshore habitats (e.g., Heupel et 

al., 2015). Migrations can occur at the scale of ocean basins or at finer scale, with 

sharks targeting specific areas for reproduction (Fujinami et al., 2021) or foraging 

(Carlisle et al., 2012; Jorgensen et al., 2012). Movements can also be linked to 

environmental conditions (e.g., oxygen levels, sea surface temperature …) or 

topographic features (Schlaff et al., 2014; Vandeperre et al., 2016; Vögler et al., 2012). 

b. Trophic ecology 

The trophic role of sharks in marine food webs ranges from mesopredators to apex 

predators (Cortés, 1999; Heupel et al., 2014; Hussey et al., 2015; Munroe et al., 

2014a). Owing to their size and hunting capacities, some shark species have the 

potential for wide fundamental trophic niches. For example, stomach content analysis 

of tiger sharks (Galeocerdo cuvier) from South Africa identified 193 different prey 

species (Dicken et al., 2017). However, fundamental trophic niches are generally not 

met, as apex predators are usually specialized on a limited diversity of prey 

(concentrated predation) compared to mesopredators (diffuse predation) (Heupel et 

al., 2014). These narrow realized trophic niches can be explained by different factors 

among which prey availability (spatial and temporal variations), ontogenetic diet shift, 

resource partitioning, energetic trade-off, prey selection, fear effect, climate change 

and anthropogenic pressures (Figure 1-5). 
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Figure 1-5 – Shark realized trophic niche (i.e., observed in its ecosystem) is 

generally narrower than all the prey theoretically available in its environment (or 

fundamental trophic niche). 

Shark trophic niches first depend on the spatial and temporal availability in prey 

resources (e.g., Young et al., 2015). For migratory species, trophic niches might reflect 

ecosystem species composition rather than true dietary preferences (Lopez et al., 

2010). For instance, different populations of scalloped hammerhead sharks (Sphyrna 

lewini) that use different nurseries with unique prey species composition, are 

characterized by major differences in the diet of young-of-the-year between spatially 

distanced areas (Bethea et al., 2011; Bush, 2003). The impact of spatial and temporal 

arrangement of food webs on the diet and foraging activities of sharks has also been 

reported for shortfin mako sharks (Isurus oxyrinchus). In the Atlantic Ocean, this 

species migrates seasonally from oceanic waters to continental shelf or inshore 

ecosystems, switching its diet from mostly squid to teleost species (Harford, 2013; 

Stillwell and Kohler, 1982). In the meantime, they are also known to opportunistically 

adapt their diet to locally high biomasses of certain prey, as observed for the “bloom” 
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of crustaceans in Portugal (Maia et al., 2006) or for increased abundances of squids 

in Californian waters (Preti et al., 2012; Vetter et al., 2008). 

Shark observed trophic niches also depend on ontogenetic dietary and habitat shifts, 

which are common in elasmobranchs. Ontogenetic diet shifts are observed in large 

predator populations, due to increasing body length, mouth gap and stomach size, 

hunting capacities and energetic demands, or to avoid intra-specific competition. For 

example, bull sharks are known to switch from estuaries to marine environments 

throughout their growth in Florida to avoid intra-specific competition, an ontogenetic 

shift associated to dietary modifications (Belicka et al., 2012; Matich et al., 2010). 

Ontogenetic diet shifts also occur in oceanic species. For example, blue sharks adapt 

their diet to geographical conditions through ontogeny, feeding on easily accessible 

surface small pelagic fishes when juveniles, and later switching to deeper prey 

(McCord and Campana, 2003; Queiroz et al., 2010). In these cases, early life stages 

of top predator species are considered separately from adults in trophodynamic studies 

(Young et al., 2015). In some species, these ontogenetic changes are not 

homogeneous over length or age. This is for example the case for juvenile 

hammerheads frequently switching between coastal and offshore habitats (Estupiñán-

Montaño et al., 2021b; Hussey et al., 2011; Raoult et al., 2019) or white sharks 

(Carcharodon carcharias) aggregating around marine mammal hotspots seasonally 

while actively foraging in the deep mesopelagic layers the rest of the year (Carlisle et 

al., 2012; Kerr et al., 2006; Le Croizier et al., 2020a). 

Following the competitive exclusion principle, an increase in predator diversity often 

comes with a reduction in niche width, limiting inter-specific competition. In top predator 

species, niche separation between co-occurring species can occur spatially through 

differences in habitat use (Flores-Martínez et al., 2017; Hussey et al., 2011; Jorgensen 

et al., 2019; Kiszka et al., 2014). Sympatric sharks co-exist when the diet overlap is 

weak (Papastamatiou et al., 2006). Sometimes such habitat and trophic segregation 

can also be triggered by fear effects between co-existing marine top-predators as for 

white sharks shifting their foraging ground when orcas occur in the same area 

(Jorgensen et al., 2019). Resource partitioning has been observed in both early life 

stages of juvenile sharks with important trophic plasticity (e.g., Matich et al., 2017b) 

and in adult specimens (e.g., Bangley and Rulifson, 2017; Kubodera et al., 2006; Preti 

et al., 2012).  
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The optimal foraging theory predicts that predators will feed at maximum efficiency 

allowing an optimal energy intake compared to foraging efforts (Pyke, 1984). 

Therefore, foraging strategies depend on energetic trade-off between food energy gain 

and the risk/cost of predation and sharks will not target the entire prey spectrum 

available evenly. Depending on species, sharks can thus be either opportunists or 

specialists (i.e., using resources in different proportions than their availabilities in their 

habitats) affecting the width of realized trophic niches (Munroe et al., 2014a; Newman 

et al., 2012). Prey selection can be strong even in population of generalist species as 

they can be composed of specialist individuals, as observed locally for bull and tiger 

sharks (Dicken et al., 2017; Matich et al., 2011; Munroe et al., 2014a).  

Sharks can also induce fear effect over prey species capable of switching their habitat 

to avoid shark presence. This effect has been observed in bottlenose dolphin (Heithaus 

and Dill, 2002) or loggerhead turtles (Hammerschlag et al., 2015) avoiding to share 

common ground with tiger sharks. Finally, a combination of current climate changes 

and anthropogenic pressures such as fisheries can also induce a shift in habitat and 

trophic niche of prey and predators impacting shark foraging ecology at a global scale 

(Chavez et al., 2003; Cury et al., 2011; Pinsky et al., 2011; Stramma et al., 2012; Worm 

et al., 2006). 

The trophic structure of large shark assemblages is therefore highly complex, context-

dependent and varies across time and regions. A given shark species or specimen will 

likely have disparate trophic and functional roles between the ecosystems it is 

connecting (Hussey et al., 2015). The different aforementioned mechanisms affecting 

shark realized trophic niches are difficult to study separately as they co-occur over 

different temporal and spatial scales. However, the complexity of probable top-down 

cascades initiated by the current removal of shark populations calls for a better 

characterization of the trophic ecology of sharks, requiring the use of novel 

approaches. 

c. Approaches in shark trophic ecology 

Direct field observations of feeding behavior provides the most accurate information 

regarding the trophic ecology of predators, although this approach is clearly limited in 

the marine environment (Nielsen et al., 2018). For instance, punctual observations of 

scars left by cephalopod beaks or suckers on shortfin mako sharks in California (Vetter 
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et al., 2008) and on white sharks in Guadalupe Island (Becerril-García et al., 2020) are 

direct evidences of shark predation on squids. However, visual tools often result from 

unusual sightings of trophic interactions and do not allow further quantitative or 

qualitative analysis (e.g., Hoyos-Padilla et al., 2013; Mourier et al., 2013; Sucunza et 

al., 2015), with the exception of the recent development of drone technologies (e.g., 

Doan and Kajiura, 2020).  

The analysis of stomach contents has long been the main approach to study the trophic 

ecology of sharks and is the most direct way to identify the occurrence of prey species 

in the diet of a given predator (Cortés, 1999, 1997; Hyslop, 1980). However, it involves 

killing an important number of specimens to reach a significant number of full stomachs 

to analyze (stomachs are often empty either naturally or due to stress capture, 

Shiffman et al., 2012), a limitation that goes against the current effort of limiting lethal 

analyses in a context of global overfishing. Moreover, this approach requires a large 

number of samples and represents only a snapshot of the last meal(s). In top predator 

sharks, this analysis also frequently relies on hard structures that are weakly digested 

such as otoliths or cephalopod beaks (e.g., Kubodera et al., 2006) and differences in 

digestion rates may also bias the importance of prey items.  

Sharks exhibit strong plasticity in horizontal and vertical movements (e.g., Klimley et 

al., 1993; Madigan et al., 2020a; Musyl et al., 2011). Movement characterization thanks 

to biotelemetry approaches allows the description of habitat use that can have 

applications in trophic ecology, as movements of sharks have been explained in part 

by foraging purposes (e.g., Papastamatiou et al., 2010; Papastamatiou and Lowe, 

2012; Rogers et al., 2015; Shiffman et al., 2012). These methodologies include 

acoustic telemetry (Heupel et al., 2006) and satellite tracking via pop-up archival tags 

(PAT tags), or satellite-linked transmitters (SAT or SPOT) combined or not with 

additional data loggers recording swimming speed, sounds, muscle contraction, 

acceleration or environmental parameters (Hammerschlag et al., 2011). However, 

biotelemetry approaches can be limited by the temporal duration between tag 

deployment and data retrieval, cost per specimen tracked, and the associated tag 

burden precluding deployment on small individuals (Brownscombe et al., 2019; Jepsen 

et al., 2015), which has resulted in an overall bias towards the study of late life stages 

(Hammerschlag et al., 2011; Hazen et al., 2012). 
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Compared to other approaches, biomarker-based approaches target only the 

assimilated part of the diet, reducing biases due to differential digestibility and 

assimilation (Nielsen et al., 2018). Biomarkers usually offer the opportunity for non-

lethal and relatively non-invasive tissue sampling, such as dorsal muscle or dermal 

samples which can be collected by biopsies (Daly and Smale, 2013; Jaime-Rivera et 

al., 2013; Meyer et al., 2018) or blood samples with syringes (Matich et al., 2015; 

Matich and Heithaus, 2014). They include the study of atomic tracers and biochemical 

compounds found in shark tissues such as stable isotopes, fatty acids, trace metals or 

pollutants. Over the last twenty years, the use of biomarkers has drastically increased 

in the literature to become the main methodologies used to assess the trophic ecology 

of marine species (Figure 1-6) including sharks.  

  

 

A. 
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Figure 1-6 – (A.) Approaches used in marine trophic ecology publications from 

1990 to 2016 (Pethybridge et al., 2018b). “SIA” stands for “Stable isotope analysis”. 

(B.) Results from search of ISI Web of Science for studies using “Trophic”, “Stable 

Isotopes”, “Stomach Contents” and “Fatty Acids” to describe “Niche” (Shipley and 

Matich, 2020). 

3. The marine ecosystem around the coast of Baja 

California Sur 

Located on the west coast of Mexico, the Baja California peninsula is a narrow land 

stripe extending from the USA border to the city of Cabo San Lucas and separated in 

two different states: Baja California and Baja California Sur. The state of Baja California 

Sur (Figure 1-7) is a dry and low-urbanized region that covers 73 909 km² with a 

population of 798 447 (lower population density of Mexico ~10.8 inhabitants per km²) 

mainly dispatched in five municipalities (INEGI, 2020). This narrow arm of Mexico 

represents 22% of the country coastline and is surrounded on the west by the Pacific 

Ocean (with a coastline of approximately 920 km) and on the east by the Gulf of 

California (with a coastline of approximately 698 km). 

 

B. 
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Figure 1-7 – Map of the state Baja California Sur in Mexico. The state is shown in 

red and black lines delimit the bathyal 200 m depth limit. 

a. The northeastern Pacific region 

The northeastern Pacific region along the western coast of Baja California Sur is 

located at the extremity of the North Pacific subtropical gyre. It is mainly influenced by 

the southward extension of the California current, and its associated nearshore 

counter-current (García Huante et al., 2018; Lluch-Belda, 2000; Zaytsev et al., 2003; 

Appendix 1-1). The southward California current roughly influences the first 300 meters 

of the water body and is characterized by cold water enriched in dissolved oxygen and 

nutrient. Local micronekton is composed of cephalopods, lanternfishes (myctophids), 

cnidarians and pelagic shrimps, with lanternfishes representing a key trophic link 

between zooplankton and higher trophic level predators (Ibarra-Obando et al., 2001). 

The region is also affected by a strong coastal upwelling (Altabet et al., 1999; Ibarra-
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Obando et al., 2001; Lluch-Belda, 2000; Thunell et al., 1994). Following northwest to 

north alongshore wind regimes, an offshore transport of surface water creates the 

upwelling dynamic injecting high nutrient concentrations into the euphotic zone and 

contributing to the overall high productivity of the region (Zaytsev et al., 2003). The 

northern portion of the Pacific coast of Baja California Sur is at the boundary of 

temperate and warm waters with sea surface temperature seasonally fluctuating 

between 18°C and 22°C while it varies from 22°C to 26°C in the warm southern regions 

(Ibarra-Obando et al., 2001). At depth, the Pacific coast of Baja California Sur is 

characterized by an important and permanent hypoxic zone (Helly and Levin, 2004). 

Despite that, large biomasses have been recorded inside the boundaries of the deep 

scattering layer, homogenously present below the current of California (Davison et al., 

2015) and locally observed in Baja California Sur (e.g., Robinson et al., 1997). 

The continental shelf is relatively narrow, the widest one being located between San 

Ignacio and northern Bahía Magdalena (~68.5 km). Coastal ecosystems in Baja 

California Sur are characterized by low river inputs (Thunell et al., 1994). They are also 

diversified and benefit from the pelagic water dynamic that transport nutrient into 

numerous lagoon ecosystems scattered along the Pacific coast of Baja California Sur 

(Zaytsev et al., 2003). Frequently, these lagoons are home to mangrove forests of 

Rhizophora mangle or Laguncularia racemosa. Most of these habitats are nearly 

pristine and provide protection and feeding grounds (Ibarra-Obando et al., 2001).   

Combined, this mix of currents, high productivity, variety of habitats, bathymetry and 

topography lead to a strong diversity and biomass of marine species in the region. 

Global occurrence of major predator species like dolphins (Delphinus capensis, 

Turniops truncatus), killer whales (Orcinus orca), California sea lions (Zalophus 

californianus) and harbor seals (Phoca vitulina) are frequently reported. Gray whales 

(Eschrichtius robustus) are also common during the winter months, breeding in lagoon 

ecosystems. Besides, the Pacific coast of Baja California Sur hosts a hotspot of shark 

diversity, with 53 recorded species (Saldaña-Ruiz et al., 2019). 

b. The Gulf of California 

The Gulf of California is the only inland and marginal sea in the entire northeastern 

Pacific region. It is delimitated at the west by its peninsular shore (coast of Baja 

California and Baja California Sur) and at the east by its continental shore. Its depth 
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increases toward the mouth, reaching up to 3 000 m, with an important oxygen 

minimum zone (Lluch-Cota et al., 2007). The peninsular shores are mostly rocky with 

low river input due to a semi-arid climate while the continental shore is radically 

different with sandy beach, large lagoon and bay ecosystems with important freshwater 

inputs (Alvarez-Borrego, 2010). This leads to a unique series of diversified habitats 

with mangroves forests (Aburto-Oropeza et al., 2008), coral reefs in the southern end 

and important intertidal habitats up in the north (Lluch-Cota et al., 2007). Numerous 

coastal bays, lagoons, estuaries and wetlands have been identified as possible 

nurseries for a high number of fish species including sharks (Aburto-Oropeza et al., 

2008; Salomón-Aguilar et al., 2009).  

Compared to the water of the adjacent Pacific Ocean, sea surface temperature is 

warmer, fluctuating between 24°C to 32°C (Lluch-Cota et al., 2007). The Gulf of 

California is an area of high productivity mainly driven by an upwelling system in the 

central eastern region, tidal mixing (stronger in the northern areas) and water 

exchanges with the Pacific Ocean (Alvarez-Borrego, 2010). Of particular interest, the 

currents circulation forms mesoscale eddies (Lavín et al., 2014; Lluch-Cota et al., 

2007) allowing the high eastern primary production to be spread to the entire Gulf of 

California (Alvarez-Borrego, 2010; Lluch-Cota, 2000). 

Fishing, either industrial or artisanal, is the main activity in the region and is of major 

economic importance for the country and culturally rooted (Arreguín-Sánchez et al., 

2017; Lanz et al., 2008; Lluch-Cota et al., 2007). Fisheries mainly target shrimp (e.g., 

Forfantepenaeus californiensis), small pelagic fishes (e.g., Pacific sardine, Sardinops 

caeruleus) and to a less extent squids (mainly Dosidicus gigas), tunas and sharks 

(Lluch-Cota et al., 2007). Major changes in species composition due to overfishing 

(notably in the 70s and early 80s) have been noted with a large decrease of fisheries 

landings (Sáenz-Arroyo et al., 2005; Sala et al., 2004).  

The Gulf of California remains an important marine biodiversity hotspot (e.g., Arreguín-

Sánchez et al., 2017). In their report on the region biodiversity, Morzaria-Luna et al., 

(2018) reported 12 105 species including 6 388 rare, 642 endemic and 386 threatened. 

The high primary productivity in the region is leading to high abundance of zooplankton 

including copepods (e.g., Calanus pacificus) and euphausids (e.g., Nyctiphanes 

simplex), food sources for fish larvae and carnivorous zooplankton. 36 different 

species of marine mammals are recorded, including iconic species as the region hosts 
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feeding and breeding sites for blue (Balaenoptera musculus) or humpback whales 

(Megaptera novaeangliae) (Lluch-Cota et al., 2007). Finally, 106 species of 

chondrychtians inhabit the Gulf of California, including 55 species of sharks, one of the 

most diversified sea in the world in this aspect (González-Acosta et al., 2021). 

c. Artisanal elasmobranch fisheries  

In 2015, Mexico ranked as the sixth-largest producer, in volume, of shark products 

worldwide (Food and Agriculture Organization of the United Nations (FAO), 2015). 

Even if both industrial and artisanal fisheries are responsible for sharks landing, the 

major part (~80%) of elasmobranch products sold in Mexican markets originates from 

artisanal fisheries (Arreguıń-Sánchez et al., 2004; Cartamil et al., 2011). Artisanal 

fisheries have an economic, social, cultural and alimental importance in the Pacific 

coast of Mexico with a long history of shark fishing and consumption by the local 

population (e.g., Saldaña-Ruiz et al., 2017). 

Baja California Sur harbors many artisanal fishing camps scattered along the coastline, 

from the Pacific coast (e.g., Cartamil et al., 2011; Ramírez-Amaro et al., 2013; 

Ramírez-Amaro and Galván-Magaña, 2019; Santana-Morales et al., 2020) to the 

peninsular (e.g., Bizzarro et al., 2009b, 2009a) and continental coasts of the Gulf of 

California (e.g., Galvan Magaña, 2009; Saldaña-Ruiz et al., 2017). Even though they 

are not the only fished species, elasmobranchs are most of the time targeted (e.g., 

Bizzarro et al., 2009a, 2009b; Cartamil et al., 2011). Artisanal fishing camps can take 

different forms, such as small temporary camps (Figure 1-8) or permanent ones with 

developed infrastructures and a higher number of boats. Fishermen can be self-

employed or can work with cooperatives, can be licensed or not (Ramírez-Amaro et 

al., 2013). Fishing fleets are made of small fiberglass boats (~7-10 meters long) called 

“pangas” with outboard motors and fishing trips usually do not last more than a day 

(Castillo-Geniz and Tovar-Ávila, 2016; Galvan Magaña, 2009). Gillnets are the most 

common fishing gear used to capture elasmobranchs while longlines are restricted to 

the catch of large pelagic species (e.g., Ramírez-Amaro et al., 2013). 
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Figure 1-8 – Photographs of small temporary artisanal fishing camps in the Gulf of 

California with young hammerhead sharks caught by gillnet. 



40 
 

Artisanal shark fishing is passed on from generation to generation and is of critical 

social importance, bringing incomes to the poorest sectors of the Mexican society 

(Arreguıń-Sánchez et al., 2004; Castillo-Geniz and Tovar-Ávila, 2016). Sharks can be 

sold as a whole or for their different parts mainly meat, liver or fins (Table 1-1), reaching 

the consumers through cooperatives or other intermediaries (detailed in Appendix 1-

2). 

Table 1-1 – Average price of sharks derived products for anglers in the Mexican market 

estimated by Castillo-Geniz and Tovar-Ávila in 2016. 

Product Average price 

Whole shark (.kg-1) 22$MX (~1€) 

Shark meat/fillet (.kg-1) 39 – 42$MX (~2€) 

Oil/Liver (.L-1) 170$MX (~8€) 

Fins (.kg-1) 
130 – 650$MX (~6 – 29€) 

up to 1,000$MX (~45€) depending on the fin quality 

 

Numerous claims have emerged that artisanal elasmobranch fisheries in the 

northeastern Mexican Pacific region were not sustainable and that the resilience of 

elasmobranch species (i.e., their capacity to recover) to high fishing pressures is 

probably low, calling for more management and conservation actions (e.g., Cartamil et 

al., 2011; Galvan Magaña, 2009; Ramírez-Amaro et al., 2013). Numerous factors 

might explain the threat artisanal fishery represents to elasmobranchs in the region. 

First, these fisheries appear not selective and target a large range of species from 

small nearshore to large pelagic ones, even if coastal accessible habitats are usually 

favored (Ramírez-Amaro et al., 2013; Saldaña-Ruiz et al., 2017; Salomón-Aguilar et 

al., 2009). The major part of the catches are early life stage specimens such as young-

of-the-year or juvenile sharks which have not reached reproductive maturity (Bizzarro 

et al., 2009b, 2009c; Cartamil et al., 2011). A non-negligible part of the fished species 

are threatened and listed in CITES appendices (Castillo-Geniz and Tovar-Ávila, 2016). 

Moreover, there is a global lack of data and information on the landing of sharks by 

artisanal fisheries, probably due to their remoteness and difficulty to access (Saldaña-

Ruiz et al., 2017). The mislabeling of sharks in the Mexican market also prevents the 

use of reliable data taken outside from the fishing camps (e.g., Galvan Magaña, 2009). 

Finally, the lack of knowledge on the ecology of sharks and rays across Baja California 

Sur marine ecosystems prevent the development of any informative management 
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planning (Galvan Magaña, 2009; Saldaña-Ruiz et al., 2017). Nevertheless, to slow 

down the harmful effects of fisheries, the Mexican jurisdiction (NOM-059-SEMARNAT-

2010 and NOM-029-PESC-2006) prohibits from capturing some species (e.g., basking, 

whale, great white sharks or giant manta rays) (Diario Oficial de la Federación, 2019, 

2010, 2007). Since 2012, one of the main measure to protect sharks and rays is the 

closing of shark fisheries during 3 months (May-July) to protect one part of the 

reproductive cycles of shark species (Diario Oficial de la Federación, 2012; González-

Acosta et al., 2021).  

4. Thesis objectives and structure 

a. Aims and objectives 

This thesis has objectives on several scales. The first one is the analysis of predator 

realized trophic niches following the principle of resource partitioning. It relies on the 

study of local sympatric shark species of equivalent trophic levels. We aim to 

characterize the drivers that are likely to reduce or promote food competition. 

Ultimately, this would help to address how the strength of top-down control could be 

modulated given the occurrence of intra-guild consumers and how the current decline 

of shark populations, specifically in the Mexican Pacific region but also worldwide, 

could affect marine food webs. We aim at: 

 Describing resource partitioning across different dimensions (i.e., food 

sources and habitat) in shark assemblages displaying similar trophic 

spectra. 

 Characterizing shark trophic niches from nursery grounds to adult 

habitats. 

A second objective is to gather new knowledge on the ecology of shark species 

threatened by artisanal fisheries in Baja California Sur to address management plans 

and conservation issues, planning on: 

 Identifying the potential ecological and behavioral feature(s) that make 

sharks susceptible to interact with local fisheries.  

We chose to keep a special focus on large hammerhead shark species, particularly 

sensible to fishing exploitation and which have seen their population critically affected 

in the region (Castillo-Geniz and Tovar-Ávila, 2016; Gallagher et al., 2014a; Pérez-
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Jiménez, 2014). We selected the case of smooth hammerhead sharks (Sphyrna 

zygaena) as this species mirror the situation of sharks harvested in Baja California Sur, 

that is to say frequently fished (e.g., Castillo-Geniz and Tovar-Ávila, 2016; Pérez-

Jiménez et al., 2005) with no or little knowledge on their ecology preventing 

management actions (Gallagher and Klimley, 2018). 

The final objective of this thesis is to question the use of different biomarkers in the 

study of highly mobile marine predators. It includes the analysis of biomarkers at inter-

specific, intra-specific and community levels at different local or regional spatial scales 

where oceanographic conditions can vary. We intend at: 

 Using different biomarkers to construe trophic niches of highly mobile 

predators and define their complementarity or redundancy in regards of 

specific oceanographic conditions. 

b. Thesis Structure  

To achieve these objectives, this manuscript starts by developing resource partitioning-

related topics among sympatric predators, continues with the characterization of 

movements and ontogenetic diet shift of smooth hammerhead sharks and ends with 

the description of elasmobranch community trophic structures at a regional scale 

across different oceanographic conditions. Chapter 3 to 6 have been written for 

publication in peer-reviewed scientific journals, which explains some overlaps between 

chapters: 

 Chapter 2 presents the study areas and species of interest. Laboratory 

protocols and methodologies are also detailed. 

 Chapter 3 combines stable isotopes (δ13C and δ15N) and fatty acids analysis 

in the muscle and blood of two hammerhead shark species, the scalloped 

hammerhead shark (Sphyrna lewini) and the smooth hammerhead shark 

(Sphyrna zygaena) in a shared coastal area near Santa Rosalía in the Gulf of 

California. The goal of this chapter is to assess the degree of overlap in habitat 

and trophic niches used by the two hammerhead species, using samples from 

co-occurring Pacific sharpnose shark (Rhizoprionodon longurio) as an 

outgroup.  
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 Chapter 4 analyses the degree of competition in a pelagic shark assemblage 

between blue (Prionace glauca), shortfin mako (Isurus oxyrinchus) and smooth 

hammerhead shark (Sphyrna zygaena) in the Pacific coast of Baja California 

Sur. It demonstrates how mercury isotopes, by characterizing foraging depth, 

help identify resource partitioning in pelagic shark assemblages and reveal 

mercury accumulation pathways in the tissues of pelagic predators. This 

chapter has been published in Environmental Pollution. 

 Chapter 5 describes the movement of smooth hammerhead sharks (Sphyrna 

zygaena) in the northeastern Pacific region using a novel application of mercury 

isotopes as molecular clocks. It reveals smooth hammerhead sharks 

ontogenetic diet and habitat shift from coastal to offshore pelagic grounds. It 

uncovers that this species extensively relies on coastal resources, a critical new 

information that should be taken into account in its management. This chapter 

is currently under review in Journal of Applied Ecology. 

 Chapter 6 compares the trophic dynamics of coastal and pelagic 

elasmobranch species at two sites, one in Bahía Tortugas in the northern part 

of the Pacific coast and one in Santa Rosalía in the middle part of the Gulf of 

California. Complementary stable isotope analysis (mercury, nitrogen and 

carbon) identifies that oceanographic conditions (i.e., upwelling and oxygen 

minimum zone) drive elasmobranch trophic structures.  

 Chapter 7 will briefly summarize the thesis findings, discuss some of the 

limitations of the approaches used, suggest future work, and highlight how 

these results could support future fisheries management decision. 
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CHAPTER 2: APPROACHES  
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1. Species of interest 

a. Hammerhead sharks (Sphyrnidae) 

Hammerhead sharks get their name from their vertically compressed and laterally 

expanded head structure called cephalofoil (Compagno, 1988). Such unique head 

evolution in the animal kingdom might result from diverse selective pressures (Lim et 

al., 2010). Cephalofoil could allow for better locomotion and manoeuvrability (Bertram 

et al., 2007; Kajiura et al., 2003), extended electroreceptor organs coverage (i.e., 

Lorenzini ampullae) favoring prey detection (Kajiura and Holland, 2002), or enhanced 

visual field (McComb et al., 2009). The higher encephalization quotient in 

hammerheads (i.e., larger brain compared to the body size) might have led to the 

higher development of cognitive capacities (Yopak et al., 2007) facilitating the evolution 

of complex behavioral traits such as sociability or large migration routes (Gallagher et 

al., 2014a). 

Phylogenetically, hammerhead sharks are the last group to have diverged from 

Carcharhiniformes (Lim et al., 2010). They include nine species that are usually of 

small size (< 150 cm) except for three of them: Sphyrna mokarran, Sphyrna lewini and 

Sphyrna zygaena. The great hammerhead shark (S. mokarran) is the largest (up to 6 

m total length) and is characterized by the shape of its dorsal fin. Scalloped 

hammerhead sharks (S. lewini) and smooth hammerhead sharks (S. zygaena) have 

very few morphological differences (Gallagher and Klimley, 2018). They mainly differ 

by their head’s anterior margins (Figure 2-1), with scalloped hammerheads having two 

lobes and smooth hammerheads a unique one with no median separation (Gallagher 

and Klimley, 2018). 
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Figure 2-1 – Morphological differences (lobes colored in orange) between the 

scalloped hammerhead shark and the smooth hammerhead shark based on an 

illustration from Gallagher and Klimley, 2018. 

Ecological knowledge on hammerhead sharks mainly originates from the studies 

carried out on great and scalloped hammerheads (Gallagher et al., 2014a; Gallagher 

and Klimley, 2018). The two species are recognized as among the most sensitive shark 

species to fishing pressure (Gallagher et al., 2014b), due to unique ecological, 

behavioral and functional specializations. Large hammerheads are easy to catch and 

highly harvested, mostly for their fins (Gallagher and Klimley, 2018). The high fishing 

pressure as well as their sensitivity has led hammerheads to be among the most 

declining sharks worldwide (Dulvy et al., 2021; Gallagher et al., 2014a). 

Among all shark species from Baja California Sur, hammerheads are the species most 

likely to overlap with fishing activities due to the coastal phase(s) of their early life 

cycles (Castillo-Geniz and Tovar-Ávila, 2016), and are frequently reported in the 

catches of artisanal fishing camps (Bizzarro et al., 2009b, 2009a, 2009c; Cartamil et 

al., 2011; Saldaña-Ruiz et al., 2017). In the region, scalloped and smooth hammerhead 

sharks have been associated to the highest vulnerability and ecological risk indices, 

as great hammerhead sharks (along with three potential other Sphyrnidae species) 
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have already disappeared, likely as a result of overfishing (Pérez-Jiménez, 2014). 

Species-specific vulnerability is still difficult to assess for scalloped and smooth 

hammerhead sharks, often confused because of their morphological similarities. 

Reliable information is only available for scalloped hammerhead sharks, whose 

population levels are critically declining (Castillo-Geniz and Tovar-Ávila, 2016) while 

smooth hammerhead sharks are likely to display similar population trends. 

i. Smooth hammerhead shark (Sphyrna zygaena) 

 

Figure 2-2 – Illustration of the smooth hammerhead shark ©Marc Dando.  

Knowledge on smooth hammerhead sharks is scarce (Couto et al., 2018; Gallagher et 

al., 2014a; Gallagher and Klimley, 2018). This species can be found in temperate 

waters, and display an anti-tropical distribution in the Eastern Pacific (Bolaño-Martínez 

et al., 2019). Genetic information suggests that the species relies on coastal nursery 

habitats with potential female philopatry and maternal preference for birthing sites 

(Félix‐López et al., 2019). Few information is available on life history traits but it is 

suggested to have the slowest growing of the three large hammerhead species 

(Gallagher and Klimley, 2018). 

Coastal nursery areas, sheltering young-of-the-year and juvenile specimens, have 

been identified throughout smooth hammerhead shark’s distribution range (e.g., 

Diemer et al., 2011; Francis, 2016; Segura-Cobeña et al., 2021). Individuals seem to 

undergo an ontogenetic habitat shift from coastal nurseries to offshore waters, where 

late juveniles or mature individuals are found in the Atlantic Ocean (Santos and Coelho, 
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2019), South Africa (Diemer et al., 2011; Smale, 1991), New Zealand (Francis, 2016) 

and in the Mexican Pacific (Li et al., 2016a). Tracking studies have been conducted in 

the Atlantic Ocean and have shown that they spend a major part of their time at the 

surface, with dives at depth increasing in frequency with size in the eastern basin 

(Santos and Coelho, 2018) and limited horizontal and vertical movements in the 

western basin (Logan et al., 2020). 

The diet of smooth hammerhead sharks consists in a mix of cephalopods and teleosts 

in both the Atlantic (Bornatowski et al., 2007) and the Pacific Ocean (Gonzalez-

Pestana et al., 2017). Around Baja California Sur, both juveniles and adults are 

teutophagous (i.e., mainly feeding on cephalopods) with a higher proportion of teleost 

fishes in the diet of juveniles (Díaz Ochoa, 2009). Epipelagic and mesopelagic prey 

cephalopods are dominated by three species: the Humboldt squid (Dosidicus gigas), 

the sharpear enope squid (Ancistrocheirus leusueurii) and the common clubhook squid 

(Onychoteuthis banksii) (Galván-Magaña et al., 2013). Generally, early life stages feed 

on coastal prey while adults switch to offshore pelagic ones, mostly mesopelagic 

cephalopods, suggesting both horizontal and vertical niche shift(s) (Estupiñán-

Montaño et al., 2019; Gonzalez-Pestana et al., 2017; Smale and Cliff, 1998). 

In artisanal fisheries, smooth hammerhead sharks are frequently caught by gillnets and 

longlines both in the Pacific coast of Baja California Sur (Cartamil et al., 2011; Castillo-

Geniz and Tovar-Ávila, 2016; Ramírez-Amaro and Galván-Magaña, 2019) and in the 

Gulf of California (Bizzarro et al., 2009b, 2009c; Saldaña-Ruiz et al., 2017). The limited 

information about catch records suggests that they are fished at young-of-the-year and 

juvenile sizes while the species life history traits, ecological characteristics and 

population status are still unknown. 
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ii. Scalloped hammerhead shark (Sphyrna lewini) 

 

Figure 2-3 – Illustration of the scalloped hammerhead shark ©Marc Dando. 

The scalloped hammerhead shark is a wide-ranging oceanic species known for its 

highly migratory behavior. In the Gulf of California, the species undergoes long 

migrations, connecting the region with remote islands in the eastern Pacific (Hoyos-

Padilla et al., 2014; Ketchum et al., 2014b; Klimley, 1985). Similarly to smooth 

hammerheads, scalloped hammerhead shark’s habitat and diet ontogenetic shifts from 

coastal and continental slopes to offshore ecosystems have been extensively 

described (e.g., Estupiñán-Montaño et al., 2021; Flores-Martínez et al., 2017; Hussey 

et al., 2011; Kiszka et al., 2014). Numerous coastal nurseries have been identified in 

the Mexican Pacific, such as in Sinaloa, Jalisco (Rosende-Pereiro et al., 2018; Torres-

Rojas et al., 2013), the Gulf of California and the Gulf of Tehuantepec (Hoyos-Padilla 

et al., 2014; Torres-Rojas et al., 2015). Young sharks show high residency in these 

areas, where movements are limited to a small core habitat with rare foraging 

excursions (Rosende-Pereiro et al., 2018). Coastal habitats are therefore critical for 

the species, notably mangroves—identified as a feeding area for neonates and a 

breeding ground for adults (Estupiñán-Montaño et al., 2021b).  

Late juvenile and mature individuals are known to regroup in large schools inside 

complex and organized social structures (Gallagher et al., 2014a; Gallagher and 

Klimley, 2018). They mostly reside in surface waters with frequent deep dives in the 
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Pacific Ocean (Jorgensen et al., 2009; Ketchum et al., 2014a; Klimley et al., 1993). 

These schools display strong residency around remote islands such as the 

Revillagigedo and the Galapagos archipelagos (Aldana‐ Moreno et al., 2020; Ketchum 

et al., 2014a). In the Gulf of California, early juveniles in coastal nurseries also migrate 

toward pelagic waters with ontogeny (Hoyos-Padilla et al., 2014) and important 

schooling behaviors have been observed near Espíritu Santo island (Klimley et al., 

1993, 1988). 

Scalloped hammerhead sharks are globally recognized as generalist predators feeding 

predominantly on cephalopods, fishes and crustaceans, with marked ontogenetic 

changes (reviewed in Gallagher and Klimley, 2018). Early life stages are opportunistic, 

feeding on the most abundant and available prey. For example, small fishes and 

shrimps have been reported to be the main preys in Florida (Bethea et al., 2011), 

gobies and shrimps in Hawaii (Bush, 2003) and small teleost fishes in South Africa 

(Hussey et al., 2011). During their time in nursery grounds, feeding on low-energy prey 

involves high daily rations (Lowe, 2002). Ontogenetic habitat shift is accompanied with 

a diet shift toward a higher proportion of mesopelagic preys (Gallagher and Klimley, 

2018; Hussey et al., 2011). In the Mexican Pacific, the diet switch from teleost fishes 

such as chub mackerels (Scomber japonicus) and frigate tunas (Auxis spp), to 

crustaceans, mesopelagic cephalopods and deep demersal prey, suggests offshore 

vertical foraging behaviors for large scalloped hammerhead sharks (Flores-Martínez 

et al., 2017; Torres-Rojas et al., 2015). In the Gulf of California, late juveniles feed on 

neritic and mesopelagic prey (Klimley, 1987), especially cephalopods such as the 

Humboldt squid (D. gigas), Abraliopsis affinis and Lolliguncula diomedeae (Galván-

Magaña et al., 2013). 

In the catches of artisanal fishing camps, scalloped hammerhead sharks are more 

commonly reported in the Gulf of California than on the Pacific coast of Baja California 

Sur, which likely reflects their preference for warmer waters (Bizzarro et al., 2009b, 

2009a, 2009c; Saldaña-Ruiz et al., 2017). The species was the first one to be 

recognized as strongly impacted by fisheries in the region, with population records 

decreasing over the years, leading to the implementation of time-closure areas to 

fisheries by the Mexican government (Diario Oficial de la Federación, 2012). 
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b. Blue shark (Prionace glauca) 

 

Figure 2-4 – Illustration of the blue shark ©Marc Dando.  

Blue shark is a pelagic/oceanic species migrating over important horizontal distances 

(Musyl et al., 2011; Queiroz et al., 2010; Silva et al., 2010). It is frequently described 

as epipelagic (Clarke, 1996; Klimley et al., 2002; Vandeperre et al., 2014) even if it 

frequently dives in deep water layers down to 700-1000 meters (Carey et al., 1990; 

Musyl et al., 2011; Queiroz et al., 2010; Stevens et al., 2010). In the northeastern 

Pacific region, blue sharks appear to be resident, undergoing limited horizontal 

movements (Madigan et al., 2021; Maxwell et al., 2019). 

Blue sharks are recognized as opportunistic predators, feeding on easily-catchable 

prey aggregations (e.g., Fujinami et al., 2018; Preti et al., 2012). In the Atlantic Ocean, 

they forage upon pelagic fishes and cephalopods with records of small epipelagic and 

large mesopelagic prey in their diet (Clarke, 1996; MacNeil et al., 2005; McCord and 

Campana, 2003). In the Pacific, feeding on deep or neritic cephalopods has been 

described in the northwestern (Fujinami et al., 2018; Kubodera et al., 2006), 

southeastern (Lopez et al., 2010) and northeastern regions (Preti et al., 2012). In Baja 

California Sur, opportunistic feeding behaviors have been observed with a seasonal 

consumption of epipelagic red crabs (Pleuroncodes planipes) (Hernández-Aguilar et 

al., 2016; Maya Meneses et al., 2016). However, blue sharks are mostly teutophagous 

feeding on common clubhook squids (O. banksia), California armhook squids (Gonatus 

californiensis), Humboldt squids (D. gigas) and sharpear enope squids (A. lesueurii). 

Deep foraging events are suggested in the region due to the occurrence of these deep 
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cephalopod species in their stomachs (Galván-Magaña et al., 2013; Hernández-

Aguilar et al., 2016; Markaida and Sosa-Nishizaki, 2010). 

The blue shark is the most fished shark species in artisanal fisheries of the Pacific 

coast of Baja California Sur, mainly caught by longlines (Cartamil et al., 2011; Castillo-

Geniz and Tovar-Ávila, 2016; Ramírez-Amaro et al., 2013). Although less commonly 

landed, it is also fished in the Gulf of California (Bizzarro et al., 2009c, 2009a, 2009b). 

c. Shortfin mako shark (Isurus oxyrinchus) 

 

Figure 2-5 – Illustration of the shortfin mako shark ©Marc Dando.  

Shortfin mako shark is a globally distributed pelagic and highly migratory species, 

which spend most of their time in the upper water layer, with frequent dives at depth 

(Casey and Kohler, 1992; Klimley et al., 2002; Musyl et al., 2011; Rogers et al., 2015; 

Vaudo et al., 2016). Diving behavior of shortfin mako sharks has been linked to 

foraging activities, allowing them to take advantage of their uncommon speed and 

counter-shading camouflage (Abascal et al., 2011; Loefer et al., 2005; Sepulveda et 

al., 2004; Vaudo et al., 2016). 

Shortfin mako sharks are opportunistic generalists (MacNeil et al., 2005; Rosas-Luis 

et al., 2016; Vetter et al., 2008), feeding on teleost fishes, cephalopods, crustaceans, 

mammals, elasmobranchs and even birds (Lopez et al., 2009; Lyons et al., 2015; Maia 

et al., 2006). Throughout their distribution range, teleost fishes are consumed in greater 
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proportions than cephalopods, as reported in the Atlantic (Biton-Porsmoguer et al., 

2014; Gorni et al., 2012; Maia et al., 2006; Stillwell and Kohler, 1982) and Pacific 

Ocean (Lopez et al., 2009; Preti et al., 2012; Rosas-Luis et al., 2016). In Baja California 

Sur, young juveniles are found in large coastal bays (Malpica‐Cruz et al., 2013; 

Tamburin et al., 2019). Their diet is composed of teleost fishes like whitesnout 

searobins (Prionotus albirostris) or epipelagic Pacific makerels (S. japonicus). 

Mesopelagic cephalopods such as D. gigas or A. lesueurii are also consumed, 

although in a lesser extent (Maya Meneses et al., 2016; Velasco Tarelo and Galván-

Magaña, 2005). 

After blue sharks, the shortfin mako is the most fished species in the longline artisanal 

fisheries on the Pacific coast of Baja California Sur (Cartamil et al., 2011; Castillo-

Geniz and Tovar-Ávila, 2016; Ramírez-Amaro et al., 2013; Vélez-Marín and Márquez-

Farías, 2009) where catches are dominated by neonates and juveniles (Conde-Moreno 

and Galván-Magaña, 2006). In the Gulf of California, the species is less present and is 

therefore less fished (Bizzarro et al., 2009b, 2009c, 2009a). 

d. Other species 

In Chapter 3, the Pacific sharpnose shark (Rhizoprionodon longurio), a heavily 

exploited species in the Gulf of California (Bizzarro et al., 2009a, 2009b), is used as 

an outgroup to highlight the trophic dynamic of early juvenile hammerhead sharks. 

Indeed, adults (<120 cm) are neritic, occasionally inhabiting nursery grounds of 

scalloped and smooth hammerhead sharks. We sampled adult Pacific sharpnose 

sharks to describe its trophic niche width as a resident species with excepted low inter-

individual dietary fluctuation compare to the potential occurrence, direction and 

amplitude of ontogenetic shift(s) in both hammerhead sharks.     

In Chapter 6, other species are used to study coastal to pelagic elasmobranch 

assemblages on the Pacific coast of Baja California Sur and in the Gulf of California. 

Offshore pelagic species include the common thresher shark (Alopias vulpinus), the 

pelagic thresher shark (Alopias pelagicus) and the silky shark (Carcharhinus 

falciformis). For neritic shark species, the tope shark (Galeorhinus galeus), the gray 

smooth-hound shark (Mustelus californicus), the brown smooth-hound shark (Mustelus 

henlei) and the Pacific sharpnose shark (R. longurio) were sampled. Finally, to highlight 

the trophic ecology of resident coastal elasmobranch species, rays species were also 
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sampled and analyzed in this study, including the California butterfly ray (Gymnura 

marmorata), the bat ray (Myliobatis californica) and the shovelnose guitarfish 

(Pseudobatos productus). 

2. Sampling strategy 

a. Study sites  

Sharks were sampled in five different artisanal fishing camps in Baja California Sur 

(Figure 2-6): Bahía Tortugas, Las Barrancas, San Lázaro, Punta Lobos and Santa 

Rosalía. Baja California Sur is surrounded by a narrow continental shelf, which is the 

largest in the area between Laguna San Ignacio and Bahía Magdalena (roughly 

corresponding to Las Barrancas fishing ground). Two of the sampling sites are located 

close to major lagoon ecosystems: 1) Bahía Sebastián Vizcaíno, included in the fishing 

area covered by fishermen from Bahía Tortugas, and 2) Bahía Magdalena, where San 

Lázaro fishing camp is located. 
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Figure 2-6 – Map of the sampling locations with the 200 m bathymetric line 

represented. All samples came from five artisanal fishing camps. Circle areas 

delineate the area covered by fishermen during their fishing activities (~40 nautical 

miles), an information obtained by interviews conducted by the CICIMAR 

laboratory (La Paz, Mexico). 

b. Fishing gears  

There were important variations in the equipment used between artisanal fishing 

camps and between boats/anglers, even though gillnet was the most commonly used 

fishing gear. In the Pacific coast of Baja California Sur, the length of gillnets varies from 

200 to 800 m and from 7.6 to 25.4 cm in mesh size. Meanwhile, the length of longlines 

varies from 1.5 to 3 km with a number of J-hook ranging from 250 to 400 (Ramírez-
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Amaro et al., 2013). In the fishing camp of Punta Lobos, samples from blue, shortfin 

mako and smooth hammerhead sharks (Chapter 4) were obtained using longlines. 

c. Sharks tissue collection, measurement and sex 

determination 

Whole sharks were brought back by fishermen and landed. Sampling always occurred 

on shore. After species identification, all individuals were measured for total length 

from the snout to the back of the tail. Sex was determined by the presence/absence of 

claspers. Approximately 1 g of dorsal muscle was extracted from each individual. 

Samples were placed into vials, labelled, stored in ice and transported from fishing 

camps to the laboratory, where they were conserved at -20°C until further processing 

(CICIMAR – Centro Interdisciplinario de Ciencias Marinas, La Paz, Baja California Sur; 

Chapter 4-6). Samples from Santa Rosalía (2019-2020) underwent a different 

methodology owing to Chapter 3 multi-tissue stable isotope and fatty acid analyses 

(see next section on biomarker analysis): in addition to muscle, between 1.5 and 3 mL 

of blood was sampled from each shark using single-use syringes. 

3. Biomarker analysis 

a. C and N stable isotope analysis 

Isotopes are atoms of a given element that differ in their number of neutrons. Stable 

isotope analysis relies on mass differences between isotopes of a given element, which 

are measured using isotope ratios mass spectrometers (IRMS). In this study, 

measurements were carried out using a continuous flow on a Thermo Scientific Flash 

EA 2000 elemental analyzer coupled to a Delta V Plus mass spectrometer (Pole 

Spectrométrie Océan, IUEM, Plouzané, France). Isotopic ratios were all calculated 

following international standards, which for δ13C is Vienna Pee Dee Belemnite (a 

marine fossil of Belemnitella americana in its Vienna version as the previous one has 

been entirely used) and atmospheric air for δ15N. Values are accordingly expressed in 

per mil (‰) following:  

 𝛿𝑋 (‰) = ( 
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1 ) × 1000 

where X is 13C or 15N and R is the corresponding ratio 13C/12C or 15N/14N. 



59 
 

Due to mass-related kinetic differences, the product of metabolic reactions is usually 

enriched in light isotopes compared to the substrate, a difference known as isotope 

fractionation. In the metabolic chain between nutrient assimilation and 

excretion/respiration, the highest fractionation occurs in the final reaction, resulting in 

consumers being isotopically enriched in heavy isotopes compared to their food source 

(breathed C and excreted N are isotopically lighter). Consequently, in food webs, basal 

species display the lowest C and N stable isotope ratios, while top-predators exhibit 

the highest ones. 

Nowadays, stable isotope analysis is a central tool to study ecological niches, mostly 

based on C (δ13C) and N (δ15N) isotopes (Layman et al., 2012; Newsome et al., 2007; 

Pethybridge et al., 2018b; Shipley and Matich, 2020). Stable isotope composition of 

carbon and nitrogen established during photosynthesis by primary producers are 

transferred through the food web in a relatively predictable way, allowing the 

retrospective tracing of trophic interactions.  

In marine ecosystems, δ13C discriminates benthic from pelagic and coastal from 

offshore trophic habitats (Figure 2-7) (France, 1995; Peterson and Fry, 1987). At the 

base of the food web, δ13C varies according to different inorganic carbon sources and 

metabolic pathways of photosynthesis, distinguishing between C3 and C4 plants, 

phytoplankton, macrophytes, seagrasses and mangroves (e.g., France, 1995; Fry and 

Sherr, 1984; Heithaus et al., 2011; Hemminga and Mateo, 1996). δ13C generally 

remains relatively unaffected by trophic transfers (approximately +1‰ of enrichment) 

and is therefore used to infer food web bases (France and Peters, 1997). Major 

baseline δ13C spatial variations occur, mainly resulting from changes in dissolved 

inorganic carbon and temperature (Magozzi et al., 2017). Such baseline fluctuations 

have been used to study shark spatial trophic ecology due to predictable δ13C 

variations with latitudes (e.g., Bird et al., 2018).  

The δ15N values of primary producers depend on nitrogen inorganic sources (e.g., 

dinitrogen N2, nitrate NO3
-) and assimilation pathways (e.g., denitrification or fixation 

of atmospheric N2), leading to spatial variations in δ15N baselines (both horizontally 

and vertically) and allowing to characterize the habitats and movements of marine 

consumers (Pethybridge et al., 2018a; Somes et al., 2010; Trueman et al., 2014). 

Nonetheless, δ15N is more commonly used for the characterization of trophic levels, as 

it poorly discriminates between primary producers but shows stepwise enrichments 
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through the food chain (Figure 2-7) (Cabana and Rasmussen, 1994; Hussey et al., 

2014; Post, 2002).  

 

Figure 2-7 – Enrichment in 13C and 15N isotopes throughout trophic transfers in a 

putative pelagic (on the left) and coastal (on the right) trophic chain. Colors match 

the different taxon trophic levels. Panels provide hypothetical stable isotope values 

that could differ given spatial variations, as described in the text. 

Other isotopes used in marine ecology include sulphur isotopes, δ34S (34S/32S). δ34S 

can further distinguish between pelagic and benthic and between marine and fresh-

water sources (Croisetière et al., 2009; Layman et al., 2012). δ34S thus complement 

δ13C values and has been used to trace habitat use or quantify maternal provisioning 

in shark species (Niella et al., 2021; Raoult et al., 2019). Other tools include hydrogen 

δ2H (2H/1H or δD for deuterium) or oxygen δ18O (18O/16O), which exhibit important 

spatial variations and can be used to track large-scale dietary patterns/migration 

across ocean basins (Layman et al., 2012; Shiffman et al., 2012) or discriminate 

movements between freshwater and marine ecosystems (Solomon et al., 2009). 
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Stable isotopes present practical advantages, such as their low cost, and are a 

relatively simple methodology that can be performed on living, dead and even 

museums archived shark specimens (Kerr et al., 2006). In the field, sampling can be 

non-lethal and minimally invasive, which is essential for endangered species (Shiffman 

et al., 2012). Their main advantages lie in their capacity to integrate the elementary 

compositions of preys through wider time scales than stomach content analysis, 

allowing a better view of the feeding habits throughout time. Consumers acquire the 

stable isotope composition of their diet within a time period depending on the 

incorporation rate of the analyzed tissue (Carter et al., 2019), whereby metabolically 

active tissues integrate new isotopic information faster than those that are less 

metabolically active (Thomas and Crowther, 2015; Vander Zanden et al., 2015). Short 

time integrating tissues include liver and blood plasma, while integration rates of skin, 

muscle or bone collagen are longer (Caut et al., 2013; Kim et al., 2012; Logan and 

Lutcavage, 2010; MacNeil et al., 2006; Malpica-Cruz et al., 2012). Meanwhile, hard 

structures with apparent growth marks, such as vertebrae in sharks or otoliths in fishes, 

allow the characterization of ontogenetic niche shift(s) at the scale of individual’s life 

histories, without sampling many organisms of different size classes (Estupiñán-

Montaño et al., 2021b; Kerr et al., 2006; Raoult et al., 2019; Trueman et al., 2012).  

Stable isotopes also allow the implementation of quantitative analyses to characterize 

a consumer’s diet. A classical way of analyzing stable isotope data is to characterize 

isotopic niches as the area included within projected coordinates in a δ-space (Layman 

et al., 2007; Newsome et al., 2007). Prey contribution to the diet of a consumer can be 

retraced thanks to its isotopic values using mixing models (Caut et al., 2013; Hussey 

et al., 2010b; Le Croizier et al., 2020a). Finally, stable isotopes can also help to trace 

migration patterns using latitudinal δ13C and δ15N spatial gradients, given the fact that 

isotopic signals are incorporated gradually in animal tissues (Graham et al., 2010; 

Hobson, 1999; Madigan et al., 2021; Magozzi et al., 2021; Trueman and St John Glew, 

2019). Animals moving between two isotopically distinct regions and foraging 

throughout the process exhibits stable isotope compositions reflecting a mix of both 

systems, but will ultimately reach isotopic steady stage with the arrival habitat, after a 

sufficient residence time (Madigan et al., 2020b; Trueman and St John Glew, 2019). 

Under the hypothesis of diet consistency, animals whose tissues isotopic composition 
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does not reflect local baselines are considered to have immigrated from another habitat 

(Graham et al., 2010).  

Measuring stable isotopes of carbon and nitrogen in the tissues of sharks and rays 

requires taking into account the biochemical composition of their tissues. 

Elasmobranch osmoregulation mechanisms involves the retention of 15N-depleted 

urea (CO(NH2)2) and/or trimethylamine N-oxide (TMAO, (CH3)3NO) potentially 

impairing bulk δ15N values interpretation. Lipids are also 13C-depleted compared to 

proteins and carbohydrates (DeNiro and Epstein, 1977), and can modify bulk δ13C 

values with no connection to dietary patterns (i.e., the fatter the tissue, the lower its 

δ13C value). Debates are still ongoing on the necessity of lipid extraction in consumers 

(Post et al., 2007) and some studies chose not to account for lipid effects in sharks, as 

their tissues (especially muscle) are generally lean (e.g., Malpica-Cruz et al., 2013). 

Meanwhile, repeatedly washing samples repeatedly with deionized or MiliQ water to 

avoid urea and TMAO effects is a common methodology (Kim and Koch, 2012). These 

effects must be considered to avoid biased ecological conclusions and to standardize 

isotopic values in the literature, either by chemical extraction or by mathematical 

corrections of untreated tissue (e.g., Bird et al., 2018; Le Croizier et al., 2016). 

According to a previous study on our main species of interest (i.e., smooth 

hammerhead, scalloped hammerhead, blue and shortfin mako sharks), lipid and urea 

extractions were performed for each sample using Folch solution (Folch et al., 1957) 

and distilled water, respectively (Li et al., 2016b). 

b. Mercury (Hg) stable isotope analysis 

i. Hg cycle and accumulation in marine fauna 

Mercury (Hg) is a major pollutant of marine ecosystems, mainly emitted by 

anthropogenic activities since pre-industrial times (Bowman et al., 2020; Outridge et 

al., 2018) with harmful neurotoxic effects on marine fauna (Eisler, 2006; Krey et al., 

2015). Atmospheric Hg is deposited to surface waters through inorganic Hg(II) dry and 

wet deposition (i.e., via particles and rainfall, respectively) or ocean uptake of gaseous 

Hg(0) (Jiskra et al., 2021). In coastal ecosystems, river Hg exports dominate 

atmospheric inputs (Liu et al., 2021) and Hg is subsequently transformed to 

methylmercury (MeHg) by bacteria in sediment (using Hg(II) as a substrate). In the 

open ocean, Hg arises from nearly equal contribution of atmospheric Hg(II) deposition 
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and Hg(0) uptake (Jiskra et al., 2021). Hg methylation occurs in the water column (i.e., 

via Hg(II) methylation, following oxidation of Hg(0) in the case of gaseous uptake), 

particularly in hypoxic and high remineralization layers where anaerobic microbial 

activity is enhanced (Blum et al., 2013; Fitzgerald et al., 2007; Sunderland et al., 2009). 

MeHg is the most bioavailable form of Hg, it is assimilated by phytoplankton after 

bacterial methylation and transferred through the entire food web (Choy et al., 2009; 

Hammerschmidt and Bowman, 2012). Therefore, diet is the primary pathway for MeHg 

exposition, and is generally the primary form of Hg in fish species. After consumption, 

MeHg is absorbed through the digestive tract, penetrates blood circulation and is 

distributed to the different organs (Li et al., 2020). MeHg is characterized by a strong 

affinity to the thiol groups of amino acids such as cysteine (Lemes and Wang, 2009), 

leading to long-term binding to muscle proteins, a tissue where MeHg is therefore 

particularly concentrated in sharks (O’Bryhim et al., 2017). 

Due to its low excretion rate in marine fauna, Hg bioaccumulates in organisms with 

size and age (Figure 2-8), a pattern globally observed in sharks (Biton-Porsmoguer et 

al., 2018; Chouvelon et al., 2018; Le Bourg et al., 2019; Matulik et al., 2017; McKinney 

et al., 2016). In the meantime, due to both efficient trophic transfer of MeHg in aquatic 

food webs and weak Hg elimination rate in marine biota, long-lived apex predators tend 

to accumulate higher Hg concentrations in their tissues than baseline organisms, a 

mechanism referred to as biomagnification (Figure 2-8). Biomagnification of Hg is 

commonly observed in nearly all aquatic food-webs (Lavoie et al., 2013) with trophic 

position representing the principal factor of MeHg or total Hg concentrations in higher 

consumers (Biton-Porsmoguer et al., 2018; Le Bourg et al., 2019; Matulik et al., 2017; 

McKinney et al., 2016; Senn et al., 2010). As long-lived predators at the top of food 

webs, sharks naturally exhibit high mercury concentrations (Le Bourg et al., 2019; 

Schartup et al., 2019). 
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Figure 2-8 – Mercury bioaccumulation and biomagnification mechanisms in sharks.  

Hg concentrations in sharks are influenced by their trophic habitats. Coastal demersal 

and bathyal species have been observed to concentrate more Hg than pelagic species 

(Le Bourg et al., 2019; Le Croizier et al., 2019). Oceanic predators feeding at depth, 

closer to the hotspot of MeHg production, had higher Hg concentrations than 

epipelagic species (Choy et al., 2009). Ecosystem characteristics also drive Hg 

accumulation patterns. Changes in sea temperature, increasing primary production 

and diminishing dissolved oxygen levels lead to higher levels of MeHg in the water 

column (Ferriss and Essington, 2014; Houssard et al., 2019; Schartup et al., 2019). 

The trophic structure (e.g., number of trophic levels) affects the strength of 

biomagnification (Ferriss and Essington, 2014). Oligotrophy (i.e., low productivity) 

generally increases Hg concentrations as the pool of Hg in productive systems is 

diluted in the strong biomass of first trophic level species (Chouvelon et al., 2018; 

Lavoie et al., 2013). Hg concentration in marine fauna is also affected by physiological 

characteristics such as longevity, fasting, metabolism, growth and feeding rates 

(Bolea-Fernandez et al., 2019; Houssard et al., 2019; Peterson et al., 2018). Finally, 

high Hg concentrations in marine predators are detected in areas where strong 

anthropogenic inputs occur, such as observed in the northwestern Pacific Ocean, 

which is particularly subject to local atmospheric emissions (McKinney et al., 2016; 

Médieu et al., 2022). 
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ii. Hg isotopes 

Hg has seven naturally occurring stable isotopes (196Hg = 0.16%, 198Hg = 10.00%, 

199Hg = 16.90%, 200Hg = 23.10%, 201Hg, =13.20%, 202Hg = 29.70%, and 204Hg = 6.83%, 

Bergquist and Blum, 2007). In the water column, Hg is subjected to mass-independent 

isotopic fractionation (MIF) and to mass-dependent isotopic fractionation (MDF). In this 

study, Hg isotopes were measured using an inductively coupled plasma mass 

spectrometry (MC-ICP-MS, Thermo Finnigan Neptune) with continuous-flow cold 

vapor (CV) generation using Sn(II) reduction, CETAC HGX-200 (Observatoire Midi-

Pyrénées, Toulouse, France). Hg isotopic composition is reported in per mil (‰) 

deviation from the NIST-SRM-3133 standard and determined by sample-standard 

bracketing: 

𝛿𝑋𝑋𝑋𝐻𝑔 (‰) = (
 𝑋𝑋𝑋𝐻𝑔 / 198𝐻𝑔𝑠𝑎𝑚𝑝𝑙𝑒

 𝑋𝑋𝑋𝐻𝑔 / 198𝐻𝑔𝑁𝐼𝑆𝑇−𝑆𝑅𝑀−3133 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1) × 1000 

where XXX represents the different masses of Hg isotopes. MDF corresponds to 

δ202Hg values. MIF (Δ notation) is subsequently calculated as the difference between 

the measured δ value and the predicted δ value (i.e., calculated by multiplying the 

δ202Hg value by the kinetic fractionation factor established for each isotopes) 

(Bergquist and Blum, 2007): 

∆199𝐻𝑔 (‰) =  𝛿199𝐻𝑔 − (𝛿202𝐻𝑔 ×  0.252) 

∆200𝐻𝑔 (‰) =  𝛿200𝐻𝑔 − (𝛿202𝐻𝑔 ×  0.502) 

∆201𝐻𝑔 (‰) =  𝛿201𝐻𝑔 − (𝛿202𝐻𝑔 ×  0.752) 

∆204𝐻𝑔 (‰) =  𝛿204𝐻𝑔 − (𝛿202𝐻𝑔 ×  1.493)  

MIF of even-mass isotopes (i.e., Δ200Hg) is thought to occur through atmospheric Hg 

transformations in the tropopause (Chen et al., 2012). At the ocean/atmosphere 

interface, Hg inputs can occur through dry and wet depositions via Hg(II) or dissolution 

of gaseous Hg(0) (Zhang et al., 2014). Δ200Hg values differ between Hg(II), with slightly 

positive values, and Hg(0), with slightly negative values (Enrico et al., 2016; Gratz et 
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al., 2010). These values are conserved in the water column, making it a good tracer to 

characterize Hg atmospheric origin (Jiskra et al., 2021; Lepak et al., 2015), even in 

upper trophic levels (Le Croizier et al., 2022; Masbou et al., 2018). In some regions, 

coastal areas are more influenced by continental Hg(0) uptake introduced via riverine 

and terrestrial runoff, while pelagic ecosystems are characterized by approximatively 

equal contribution of Hg(0) and Hg(II) (Figure 2-9) (Jiskra et al., 2021; Meng et al., 

2020). 

MIF of odd-mass isotopes (i.e., assessed by Δ199Hg values but also expressed in 

Δ201Hg values) is a consequence of Hg photochemical degradation (Blum et al., 2013). 

In the open ocean, light intensity is high at the surface and decreases with depth until 

the aphotic water layer, a pattern reflected in the Δ199Hg signatures of marine fauna 

(Blum et al., 2013; Motta et al., 2019; Sackett et al., 2017). Δ199Hg values have been 

used to characterize the foraging depth of pelagic predators, at both the inter- and 

intra-specific level, offering a new perspective in the characterization of the trophic 

habitat, which was not previously provided by traditional isotopic approaches (Le 

Croizier et al., 2022, 2020b; Madigan et al., 2018). Moreover, coastal Hg from 

sediments or turbid waters (where light penetration is restricted) displays low Δ199Hg 

values compared to oceanic Hg, discriminating between coastal and offshore foraging 

habitats (Figure 2-9) (Meng et al., 2020; Senn et al., 2010). 

MDF (i.e., δ202Hg) results from photochemical transformation, but also from other 

abiotic and biotic processes such as volatilization (Zheng et al., 2007) and 

methylation/demethylation (Janssen et al., 2016; Perrot et al., 2016). δ202Hg is 

therefore a useful tool to study the metabolism of MeHg demethylating species. Indeed, 

in-vivo demethylation (i.e., degradation of MeHg to Hg(II)) occurs in some organs (e.g., 

intestine, liver) of birds, fishes and marine mammals to detoxify MeHg and mitigate its 

deleterious effects (Figure 2-9) (Bolea-Fernandez et al., 2019; Li et al., 2020; Wang et 

al., 2017). 

During trophic transfers, Δ199Hg values are conserved while δ202Hg values generally 

increase from prey to predator due to Hg metabolism, with varying trophic 

discrimination factors depending on the consumer species considered (Kwon et al., 

2013, 2012; Laffont et al., 2011; Li et al., 2014). 
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Figure 2-9 – Hg cycle and fractionation in marine ecosystems. MIFe refers to mass-

independent isotopic fractionation of even-mass isotopes (Δ200Hg), MIFo to mass-

independent isotopic fractionation of odd-mass isotopes (Δ199Hg) and MDF to 

mass-dependent isotopic fractionation (δ202Hg). Colored points represent the Hg 

isotopic patterns between species. MDF in the shark corresponds to potential biotic 

demethylation of MeHg.    

In the present work, Hg concentration and isotope measurements were performed on 

muscle samples. Total Hg concentration was determined on a 20 mg aliquot of the 

sample. Measurements were carried out using a Direct Mercury Analyzer (DMA-80, 

Milestone, USA) (Observatoire Midi-Pyrénées, Toulouse, France). Measured total Hg 

concentration was used as a proxy for MeHg as it is the dominant form in shark muscle 

(e.g., Matulik et al., 2017) especially for the species of interests analyzed in this work 

(i.e., smooth hammerhead, blue and shortfin mako sharks) (Carvalho et al., 2014; Kim 

et al., 2016; Storelli et al., 2003). According to Hg concentration in each sample, 

successive acid digestions were performed on another dry muscle sample to convert 

solubilized MeHg to inorganic Hg and reach a Hg concentration of 1 ng·mL-1 in the final 

mixture analyzed by MC-ICP-MS. In marine fishes, Δ199Hg and Δ201Hg values are 

highly correlated (Blum et al., 2013) and their relationship was used to check for the 

reliability of the analytical results, along with the frequent measurement of blanks, 

certified materials and procedural standards and the constant monitoring of the 202Hg 

signal provided by MC-ICP-MS.  
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c. Fatty acid composition 

Fatty acids (FA) are saturated or unsaturated linear carbon chains ending with a 

carboxyl group. They are named following the traditional C:An-B nomenclature, with C 

the number of carbon, A the number of double bonds and B the position of the first 

double bound starting from the methyl end group (Figure 2-10) (Iverson, 2009). FA, 

which are the main components of complex lipids, cover an important range of 

functions in marine organisms. Membrane lipids (also known as polar lipids) enter the 

composition of cell membranes (e.g., phospholipids). Reserve lipids (also named 

neutral lipids), mostly triacylglycerol, are the densest form of energy storage intended 

for oxidation or stored (Dalsgaard et al., 2003; Parrish, 2013). The FA composition of 

membrane lipids is highly regulated for homeostasis purpose and does not reflect 

dietary inputs dietary inputs. In contrast, neutral lipids FA are deposited with less 

selectivity from dietary inputs, and reflect the composition of food sources integrated 

over a period of time depending of the tissue, season, species and reproductive status 

considered (Iverson, 2009). 

 

Figure 2-10 – Examples of FA nomenclature.  

FA in marine animals can be either synthesized de novo, incorporated from diet without 

modification, or modified from existing precursors. De novo synthesis is limited to short 

and monounsaturated FA in marine fishes. FA can be modified from existing 

precursors thanks to elongation, desaturation or β-oxidation reactions thanks to 

different enzymes, which differ according to the taxa considered. Primary producers 

(algae/plants) are the only organisms containing the Δ15 desaturase and Δ12 

desaturase enzymes (Dalsgaard et al., 2003) allowing the synthesis of polyunsaturated 

fatty acids (PUFA) from linoleic acid, 18:2n-6, and α-linoleic acid, 18:3n-3. Whereas 

18:2n-6 and 18:3n-3 are known as essential FA for terrestrial food web, 
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phytoplankton/algae in the marine world contained all the desaturases allowing the 

synthesis of long-chain PUFA. Long-chain PUFA include FA such as eicosapentaenoic 

acid (EPA, 20:5n-3), docosahexaenoic acid (DHA, 22:6n-3) and arachidonic acid 

(ARA, 20:4n-6). These FA are recognized as essential to fulfill key functions (i.e., 

reproduction, development, growth), cannot be synthetized by most animals and have 

to be obtained from the diet (e.g., Arts et al., 2011; Parrish, 2013; Sardenne et al., 

2017). 

FA composition in fishes therefore originates from both endogenous and exogenous 

sources. Nevertheless, their capacity of de novo synthesis is limited to a few 

structurally simple FA and is rapidly inhibited whenever physiological requirements are 

met in the diet, leading to a predominant influence of dietary inputs in the composition 

of FA in animals (Iverson, 2009; Nelson, 1992). Apart from characterizing predator-

prey relationships, FA can also distinguish between phytoplanktonic groups (diatoms 

vs dinoflagellate), macroalgae and bacteria, and can be marker of certain zooplankton 

orders (Dalsgaard et al., 2003; Iverson, 2009; Parrish, 2013). 

FA were used combined to stable isotope analysis to compare the dietary habits of 

scalloped hammerhead, smooth hammerhead and Pacific sharpnose sharks, as 

previously achieved in the study of resource partitioning among predator assemblages 

(e.g., Belicka et al., 2012; Segura-Cobeña et al., 2021). Metabolically active tissues 

are preconized in the analysis of FA to assess animal diet, as neutral lipids (reserve 

lipids) are more concentrated in these tissues. In this context, the use of muscle or skin 

is not optimal compared for example to adipose tissues (Iverson, 2009). For the 

present study, we analyzed whole blood as a highly metabolically active, easy to 

sample in the field, “tissue”. Muscle was still analyzed as its FA composition might 

reflect long-term differences in diet and metabolic regulations (Iverson, 2009). In 

addition, during experiment under controlled environment, shark muscle tissues have 

been shown as a reliable diet indicator (Beckmann et al., 2013b), even if the major 

storage site of lipids is localized in the liver (Beckmann et al., 2013a; Belicka et al., 

2012).  

Muscle and whole blood samples were transferred in glass tubes containing a 

chloroform/methanol mixture (2/1, v/v) (Folch et al., 1957) immediately after sample 

collection in the field and stored on ice to avoid sample denaturation during 

transportation (Couturier et al., 2020; Parrish, 1999). Once in the laboratory, each 
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solution containing tissues was flushed with N2 and tubes were stored at -20°C until 

further processing or analysis. Lipid extraction from muscle tissues was completed 

using manual grinding with a Dounce homogenizer. Due to the limited time to process 

samples in the field, we could not weigh the amount of muscle and blood extracted 

from each shark. Therefore, this study FA analysis is qualitative, with each FA 

expressed as the percentage of the total FA content of the sample.    
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CHAPTER 3: RESOURCE PARTITIONING IN HAMMERHEAD SHARK SPECIES OUT-

MIGRATING FROM COASTAL ECOSYSTEMS IN THE GULF OF CALIFORNIA 
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1. Abstract 

Large hammerhead sharks occupy coastal nurseries in the first months of their life 

cycle before migrating to offshore pelagic regions. In the Gulf of California, artisanal 

elasmobranch fisheries have reported the catch of early life stages of scalloped 

(Sphyrna lewini) and smooth (Sphyrna zygaena) hammerhead sharks. Given the 

continuous fishing pressure and the observed decrease of hammerhead abundance in 

the region, a local assessment of both species habitat use is needed to promote 

conservation and improve management planning. In this study, we used an approach 

based on the dynamic foraging strategy of hammerhead shark species to characterize 

their dietary reliance to coastal ecosystems in the central occidental coast of the Gulf 

of California. We compared the stable isotope composition (δ13C and δ15N) and fatty 

acid composition in two tissues, whole blood and muscle, of two hammerhead sharks 

and another permanent coastal resident, the Pacific sharpnose shark (Rhizoprionodon 

longurio). Scalloped hammerhead sharks were sampled at smaller size (~97 cm) than 

smooth hammerhead sharks (~126 cm). Smooth hammerhead sharks were 

characterized by lower δ13C values and higher level of docosahexaenoic acid (DHA) in 

neutral lipids in both muscle and blood, suggesting that they relied more on pelagic 

prey and have already performed their ontogenetic habitat shift. Scalloped 

hammerhead sharks showed higher variation in stable isotopes and fatty acid 

compositions between tissues. In the long-term integrating muscle, the species 

occupied a wider isotopic niche with higher δ13C range than smooth hammerhead 

sharks. In blood, a short-term integrating tissue, its isotopic niche was narrower and 

closer to the pelagic signal observed in smooth hammerhead sharks. These results 

suggest scalloped hammerhead sharks had recently initiated their ontogenetic 

transition with muscle still reflecting coastal foraging signal, probably from nurseries. 

Therefore, dietary tracers revealed different stages of ontogenetic habitats shift in the 

two hammerhead sharks. Such resources partitioning between life stages in a shared 

ecosystem could allow for the reduction of competition between morphologically and 

ecologically similar hammerhead species, and could be considered for setting science-

based management plans for the two hammerhead species. 

2. Introduction  

Coastal ecosystems are among the most productive and valued ecosystems, providing 

major goods and services to human populations (Barbier et al., 2011; Costanza et al., 
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1997). They are highly variable over different spatial and temporal scales, and include 

a diversity of habitats, which marine biota uses for feeding and/or reproduction (Gray, 

1997). In many fish species, juvenile and adult’s habitats are separated to avoid intra-

specific competition, and coastal ecosystems are frequently used as nursery areas. 

Nurseries are mainly characterized by the high abundances of neonate, young-of-the-

year or juvenile specimens in a sheltered and productive area, which ultimately results 

in higher rates of recruitment into adult populations (Beck et al., 2001). Sharks are 

among the species using coastal ecosystems as nurseries (Heupel et al., 2007), 

especially large-bodied species because of their low productivity (i.e., slow growth, late 

maturity, limited number of pups), which involves a need to maintain juvenile 

populations with low mortality rates in the absence of maternal care (Heupel et al., 

2018; Knip et al., 2010).  

Among large hammerhead shark species, scalloped hammerhead sharks (Sphyrna 

lewini) and smooth hammerhead sharks (Sphyrna zygaena) are recognized to use 

coastal nurseries (Diemer et al., 2011; Duncan and Holland, 2006; Estupiñán-Montaño 

et al., 2021b; Francis, 2016). Both species share common life histories: early juveniles 

inhabit nursery areas before migrating toward offshore pelagic waters where 

individuals regroup and eventually reproduce (Gallagher and Klimley, 2018). In the 

northeastern Pacific, young-of-the-year and juvenile specimens of both species are 

frequently reported in the catches of coastal artisanal fisheries in the Gulf of California 

(Saldaña-Ruiz et al., 2017; Torres-Rojas et al., 2015). The region is characterized by 

high fishing pressure on coastal habitats, which results in depleted scalloped and 

smooth hammerhead shark populations and has led to the local disappearance of four 

other hammerhead shark species (i.e., S. corona, S. media, S. mokarran and S. tiburo) 

from the Mexican Pacific (Pérez-Jiménez, 2014). While movements of late juveniles in 

the pelagic habitat have been characterized (e.g., Jorgensen et al., 2009; Klimley et 

al., 1993), the dependence on coastal and offshore food webs in the young stages of 

these species, especially during their ontogenetic habitat shift, remains yet to be fully 

understood while critical for their conservation (Kinney and Simpfendorfer, 2009). 

The study of trophic ecology regroups indirect, spatially and temporally integrating 

approaches to characterize dietary sources and partitioning in marine predators. 

Trophic biomarkers, such as stable isotopes (SI, here δ13C and δ15N) and fatty acids 

(FA), provide a powerful approach to describe consumer trophic niches and can easily 
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be carried out on samples collected from fisheries catches. In marine ecosystems, δ13C 

values efficiently discriminate coastal from offshore primary producers due to different 

inorganic carbon sources and photosynthesis pathways between phytoplankton and 

coastal basal producers (e.g., seagrasses, macrophytes) (Miller et al., 2010). Baseline 

δ13C values are reflected in consumers with little or no trophic enrichment between 

prey and predator, and are used to infer food web bases in higher consumers (Bird et 

al., 2018). δ15N values are classically considered as proxies of trophic levels, due to 

15N-stepwise enrichment throughout the food webs (Hussey et al., 2014). FA, the main 

component of lipids, can also be used to infer food sources and can help to retrace 

food web origin (Dalsgaard et al., 2003; Meyer et al., 2019; Parrish, 2013). In trophic 

ecology, the FA composition of neutral lipids (i.e., storage lipids) are preferred to the 

one of polar lipids, as they are transferred with limited modifications from prey to 

predators (Robin et al., 2003). Among FA, polyunsaturated FA (PUFA), such as 

docosahexaenoic acid (DHA, 22:6n-3), eicosapentaenoic acid (EPA, 20:5n-3), and 

arachidonic acid (ARA, 20:4n-6) are essentials for the development of shark early life 

stages, as they support somatic growth (Tocher, 2010), cognitive functions (Sugasini 

et al., 2017) and behavioral competences (Pilecky et al., 2021). In marine ecosystems, 

primary producers are the only species able to de novo synthesize PUFA (Parrish, 

2013). Therefore, they have to be acquired from the diet in predators (Belicka et al., 

2012; Sargent et al., 1995) and can inform on the nutritional resources of an organism 

(Rangel et al., 2021b). Combined, SI and FA offer the opportunity to describe trophic 

niches on multiple dimensions and efficiently address resources partitioning. 

In this study, we aimed to describe the trophic niches of scalloped and smooth 

hammerhead sharks to assess their overlap in dietary resources and use of coastal 

habitats. As young hammerhead sharks exhibit multiple trophic shifts from maternal 

provisioning to active foraging in nursery grounds and migration in offshore 

ecosystems, we decided to use a multi-tissue approach, analyzing muscle and whole 

blood. Indeed, sharks acquire dietary signals within a different timeframe between the 

metabolically active blood, which integrates prey biochemical composition at shorter 

time scale than less metabolically active tissues, such as muscles (Beckmann et al., 

2014; Bierwagen et al., 2019; Malpica-Cruz et al., 2012). In addition to scalloped and 

smooth hammerhead sharks, we used a third co-occurring species for comparison, the 

Pacific sharpnose shark (Rhizoprionodon longurio). The Pacific sharpnose shark is a 
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small-bodied coastal species (<160 cm total length) living on the continental shelf of 

the Gulf of California, where it is traditionally fished along with hammerhead sharks 

(Alatorre-Ramirez et al., 2013; Márquez-Farías et al., 2005; Saldaña-Ruiz et al., 2017). 

Rhizoprionodon spp. are very productive species (i.e., fast growing with important 

fecundity) and consequently do not rely on nursery areas (Heupel et al., 2018; Knip et 

al., 2010). They exhibit broad movement within coastal ecosystems (Carlson et al., 

2008; Heupel et al., 2019; Munroe et al., 2014b) and were used as a proxy of the 

coastal ecosystem dietary signal.  

This study improves our knowledge on the habitat use of hammerhead sharks during 

their early life stages, including variation in trophic inputs and movements between 

habitats. We hypothesize that co-occurring scalloped and smooth hammerhead sharks 

would present related dietary signals given the similarity of their foraging habitats at 

early life stages. We also expected that fine-scale differences in sampled shark stage 

of ontogenetic habitat and dietary shift to offshore ecosystems might be observed in 

whole blood SI and FA compositions. Such new ecological information could help to 

conserve these species, which face intense fishing pressure, and serve as a baseline 

for future research aiming at delineating hammerhead nursery areas in the Gulf of 

California.  

3. Materials and Methods 

a. Sample collection 

Sharks were fished using gillnets by fishermen from the artisanal fishing camp of Santa 

Rosalía (27°20’26”N; 112°15’54”W), located in the western coast of the Gulf of 

California, in March and November 2019. Three species were sampled: the scalloped 

hammerhead shark, Sphyrna lewini (n=20), the smooth hammerhead shark, Sphyrna 

zygaena (n=19), and the Pacific sharpnose shark, Rhizoprionodon longurio (n=20). 

Total length (TL) measurements were taken, and sharks were sexed. Scalloped 

hammerhead sharks were caught from 76 to 143 cm (TL), smooth hammerhead sharks 

from 94 to 138 cm (TL) and Pacific sharpnose sharks from 92 to 125 cm (TL). 

Tissue sampling took place as soon as the sharks were landed on shore. Whole blood 

and muscle were sampled for each specimen. Between 1 and 3 mL of blood was drawn 

via caudal venipuncture using a 10 mL single-use syringe and approximately 1 g of 

muscle was sampled from the shark dorsal region. Both tissues were transferred into 
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7 mL glass tubes previously heated at 450°C and closed with Teflon liners to avoid 

contamination. Then, they were immediately immersed in 6 mL of Folch CHCl3/MeOH 

mixture (2:1, v/v) to initiate lipid extraction (Folch et al., 1957). Solutions were held on 

ice during the transport to the laboratory (CIBNOR – Centro de Investigaciones 

Biológicas del Noroeste, La Paz, Baja California Sur). There, mixtures containing the 

tissue and the Folch solution were vortexed for 5 minutes, flushed with N2 and stored 

at -80°C until further treatments. For muscle samples, mechanical crushing using a 

Dounce homogenizer was performed in order to enhance lipids extraction. Then, for 

all samples, the Folch solution (i.e., containing the lipids) and the tissues were 

separated and transferred into different 7 mL glass tubes. Tubes containing lipid 

extracts were immediately flushed with N2 and stored at -80°C while blood and muscle 

samples were stored at -20°C and freeze-dried until further treatments. 

b. Stable isotope analysis 

Prior to stable isotope analysis, we ensured a good lipid removal and chemically 

extracted urea from muscle samples, as they are known to impair both δ15N and δ13C 

interpretations respectively (Li et al., 2016b; Post et al., 2007; Shipley and Matich, 

2020). Despite lipid extraction initiated at the sampling location, we ensured a good 

lipid removal by immersing the tissues in 6 mL of Folch CHCl3/MeOH solution (2:1, 

v/v). The solution was vortexed 1 minute, left overnight at room temperature and 

centrifuged 10 minutes before removal of the Folch solution, a process repeated three 

times. Urea was then extracted, immersing the muscle sample into 6 mL of distilled 

water. The solution was subsequently vortexed for 1 minute, left at room temperature 

for 24 hours and centrifuged for 5 minutes before water removal, a process also 

repeated three times. All samples were dried and homogenized prior to analysis. 

We weighted approximately 0.50 mg of dry muscle or blood powder into tin cups. 

Stable isotope ratios (δ notation) are expressed relatively to international standards: 

Vienna Pee Dee Belemnite for δ13C and atmospheric air for δ15N. Samples were 

analyzed using a Thermo Scientific Flash EA 2000 elemental analyzer coupled to a 

Delta V Plus mass spectrometer at the Pole Spectrométrie Océan (IUEM, Plouzané, 

France). Values are expressed in per mil (‰) with R the 13C/12C or the 15N/14N ratios 

and X the corresponding 13C or 15N:  
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𝛿𝑋 (‰) = ( 
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1 )  × 1000   

Values of international standards (IAEA-600 Caffeine, IAEA-CH-6 Sucrose, IAEA-N-1 

and IAEA-N-2 Ammonium Sulphate) were measured throughout the samples run and 

validated correct isotopic measurements. Analytical uncertainties were calculated 

using an Acetanilide in-lab certified substance and were ± 0.17‰ for δ13C and ± 0.11‰ 

for δ15N. All samples presented a C:N ratio below 3.5, validating a good lipid and urea 

removal as pure protein sample is expected to be around 3.0 (Hussey et al., 2012; 

Post et al., 2007).  

c. Fatty acid composition 

Lipid extracts were shaken for 20 minutes at room temperature and centrifuged at 3000 

rpm (~738 g) for 15 minutes. An aliquot of 250 µL of each muscle extracts and of 500 

µL of each whole blood extracts were transferred to new glass vials and evaporated to 

dryness under N2 flux. Dry extracts were recovered by three consecutive re-

suspension in 500 µL of CHCl3/MeOH (98:2, v/v) and deposited at the top of a silica 

gel micro-column (40 mm × 4 mm, silica gel 60A, previously heated at 450°C, 63-200 

μm rehydrated with 6% H2O; 70-230 mesh). Neutral lipids (NL) were eluded using 10 

mL of CHCl3/MeOH (98:2, v/v) and collected in glass vials (Le Grand et al., 2014, 

2011). Before elution, 2.3 µg of a 23:0 internal standard (i.e., tricosanoic acid) was 

added to each glass vial. Following elution, NL fractions were evaporated to dryness 

using an EZ-2 centrifugal evaporator (Genevac). NL fractions were subsequently 

recovered by three consecutive re-suspension in 500 µL of CHCl3/MeOH (2:1, v/v), 

transferred to 7 mL glass vials and evaporated to dryness under N2 flux. 

Blood NL underwent a basic transmethylation directly followed by an acidic 

transmethylation, while muscle samples underwent acidic transmethylation alone. 

Basic transmethylation consisted in the addition of 1 mL of KOH/MeOH (0.5M); the 

solution was flushed under N2, vortexed and incubated at 80°C for 30 minutes. After 

cooling at room temperature, acidic transmethylation was achieved by adding 1600 µL 

of H2SO4/MeOH (3.4%, v/v) and incubation at 100°C for 10 minutes. Then, after cooling 

at room temperature, 800 µL of hexane was added to recover fatty acids methyl esters 

(FAME) and this organic phase was washed three times with 1.5 mL of hexane-
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saturated distilled water. The organic phase was then transferred to 2 mL tapering 

vials, flushed under N2 flux and stored at -20°C prior FAME analysis. 

Organic phase was evaporated to dryness under N2 flux and recovered by adding 150 

µL of hexane. FAME were then purified (Marty et al., 1999) on a Dionex P680 HPLC 

system equipped with an ASI-100 auto-sampler, detected with a DAD-detector at 205 

nm to isolate FAME from sterols, squalene and fatty alcohols. Two columns aligned in 

series were used: a Lichrospher Si 60 (Merck) and a Lichrospher 100 Diol (both 250 

mm x 4 mm I.D., 5 µm). The mobile phase was composed of a mixture of two solvents, 

1) hexane and 2) hexane/isopropanol (90:10, v/v), at 1 mL.min-1. The gradient was as 

follows: 100% (1), 0-2 min, 85% (1), 2-10 min; 50% (1), 10-16 min; 100% (1), 16-35 

min. FAME were collected from 12 to 18 minutes with an Isco Foxy Jr. fraction collector 

in 7 mL glass vials, evaporated to dryness under N2 flux and finally recovered by 

resuspension into 800 µL of hexane. 

FAME analysis was performed using a CP 8400 (Varian) gas chromatograph-flame 

ionization detection (GC-FID). Samples run was programmed in temperature (from 0°C 

to 150°C at 50°C min-1, then to 170°C at 3.5°C min-1, to 185°C at 1.5°C min-1, to 225°C 

at 2.4°C min-1, and finally to 250°C at 5.5°C min-1 for 15 min). The GC-FID was 

equipped with an auto-sampler, two split-less injectors regulated at 220°C and two 

flame-ionization detectors (280°C) using hydrogen as vector gas.  

FAME were separated simultaneously on two different capillary columns, a polar 

(DBWAX -30 m × 0.25 mm i.d., 0.25-μm thickness, Agilent) and an apolar (DB5 -30 m 

× 0.25 mm i.d., 0.25-μm thickness, Agilent). FAME were identified by comparison of 

their retention time with those of commercial standards (Supelco 37 Component FAME 

Mix, the PUFA No.1 and No.3, and the Bacterial Acid Methyl Ester Mix from Sigma) 

and in-house standard mixtures from marine bivalves, micro- and macroalgae. Peak 

integration was realized with the software Galaxy Chromatography Data System (v. 

1.9, Varian). Individual FA contents are expressed as the mass percentage (%) of the 

total FA content. 

d. Data analysis 

Species isotopic niches were described using Layman metrics based on convex hull 

areas (Layman et al., 2007). We estimated isotopic ranges (δ13C rg and δ15N rg) as 

the distance between the highest and lowest δ13C and δ15N values respectively, the 
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total area (TA) as the surface of the convex hull area and the mean distance to the 

centroid (CD) as the mean distance of each individual to the δ13C/δ15N centroid. Core 

region of the isotopic niches were described based on 40% kernel density plots from 

which we calculated the area using the rKIN package (Eckrich et al., 2020). 

FA accounting for less than 1.5% of the total FA contents were removed from the 

analysis. In blood, 14 FA were selected (14:0, 16:0, 18:0, 16:1n-7, 18:1n-7, 18:1n-9, 

20:1n-9, 24:1n-9, 20:4n-6, 20:5n-3, 22:4n-6, 22:5n-3, 22:5n-6 and 22:6n-3) with 3 more 

FA for the muscle, which were not considered in blood samples (16:1n-9, 18:2n-6 and 

16:0DMA). Principal component analyses (PCA) were separately performed for both 

tissues to investigate the variation in FA compositions among shark species. To avoid 

giving excessive weight to rare FA, Euclidean distances were calculated (Legendre 

and Gallagher, 2001) and the most discriminant FA (here selected as accounting for 

more than 90% of the dissimilarities between species) were identified through a test of 

similarity percentages (SIMPER).    

After checking for normality and variances homogeneity, one-way ANOVAs were 

performed followed by post-hoc Tukey’s HSD tests to assess statistical differences in 

muscle δ13C values between species, and Kruskal-Wallis tests, followed by Dunn’s 

post hoc tests with Bonferroni’s adjustment, were used to assess statistical differences 

in total length, FA composition, δ15N and blood δ13C values between species. Intra-

specific statistical differences in isotopic values between tissues and sexes were tested 

using Student’s t-tests or the non-parametric analogue, the Wilcoxon singed rank test 

(α=0.05 for all statistical tests).  

Finally, we estimated the overlap between species niches (i.e., both SI and FA) using 

the nicheROVER package (Swanson et al., 2015). The package’s functions allow 

estimating different niche regions in multivariate space and calculating overlap 

between them as the probability for an individual from one species to be found in the 

niche region of a second species. Here, niche regions were set as a 95% probability 

region using δ13C, δ15N and the coordinates of the first two most explaining dimensions 

of the PCA performed on FA composition. To account for uncertainty, 1000 Monte 

Carlo draws of niche region projections were used in overlap estimation in a Bayesian 

framework. This analysis was run separately for muscle and blood tissues to compare 

overlap estimations between them. All analyses were performed using R (R Core 

Team, 2022).  
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4. Results 

a. Carbon and nitrogen stable isotopes 

Significant differences were found in the size of the three shark species (²58,2 = 22.9, 

p < 0.001). Smooth hammerhead sharks ranged from 94 to 138 cm (TL), scalloped 

hammerhead sharks from 76 to 143 cm (TL) and Pacific sharpnose shark were 

comprised between 92 and 125 cm (TL) (Table 3-1). For hammerhead shark species, 

no differences in δ13C nor δ15N values were observed between sexes for both tissues 

(Table 3-1), excepted for scalloped hammerhead shark blood δ15N values (t18 = -2.28, 

p < 0.05). For the Pacific sharpnose shark, significant differences in δ13C values 

between female and male specimens were found for blood and muscle tissues (t18 = -

2.52, p < 0.05 and t17 = -2.14, p < 0.05, respectively), as well as for δ15N values in the 

muscle (W = 89, p < 0.01). Because the Pacific sharpnose shark was not the main 

focus of our study and considered an outgroup for comparison with the two 

hammerhead species, such δ13C and δ15N differences were not explored in this study, 

and both sexes were presented altogether. 

Table 3-1 – Number of individuals (N) and mean values ±standard deviations (SD) of 

total length (TL) for scalloped hammerhead, smooth hammerhead and Pacific sharpnose 

sharks. Values in bold correspond to overall average by species. C and N isotope values 

for muscle and blood are presented and expressed in mean values (±SD). Upper case 

letters indicate significant differences between species and lower case letters between 

females (F) and males (M). 

Species N Sex TL (cm) 
Muscle Blood 

δ13C (‰) δ15N (‰) δ13C (‰) δ15N (‰) 

Scalloped 

hammerhead 

20 - 97 (± 22) -14.59 (± 0.43)A 22.22 (± 0.43)A -14.58 (± 0.37)A 20.95 (± 0.41)A 

10 F 92 (± 20) -14.43 (± 0.42) 22.16 (± 0.40) -14.52 (± 0.43) 21.14 (± 0.39)a 

10 M 103 (± 23) -14.76 (± 0.41) 22.27 (± 0.48) -14.65 (± 0.30) 20.76 (± 0.35)b 

Smooth 

hammerhead 

19 - 126 (± 11) -15.27 (± 0.25)B 21.78 (± 0.45)B -15.22 (± 0.29)B 20.58 (± 0.38)B 

4 F 130 (± 4) -15.36 (± 0.23) 21.96 (± 0.11) -15.15 (± 0.26) 20.75 (± 0.28) 

15 M 126 (± 12) -15.25 (± 0.26) 21.74 (± 0.50) -15.24 (± 0.30) 20.54 (± 0.39) 

Pacific 

sharpnose 

20 - 105 (± 9) -14.94 (± 0.42)C 22.00 (± 0.54)AB -14.50 (± 0.56)A 21.37 (± 0.64)C 

10 F 111 (± 10) -14.76 (± 0.43)a 21.63 (± 0.52)a -14.22 (± 0.50)a 21.33 (± 0.67) 

10 M 100 (± 4) -15.13 (± 0.33)b 22.37 (± 0.20)b -14.78 (± 0.49)b 21.42 (± 0.64) 

 

At the intra-specific scale, muscle samples were 15N-enriched compared to blood 

samples for all three species (t38 = -9.6, p < 0.001 for scalloped hammerhead shark, 

W = 6, p < 0.001 for smooth hammerhead shark and W = 86.5, p < 0.01 for Pacific 



82 
 

sharpnose sharks). In hammerhead sharks, δ13C values remained similar across tissue 

(t37 = 0.1, p > 0.05 for scalloped hammerhead shark and t35 = 0.6, p > 0.05 for smooth 

hammerhead shark), while Pacific sharpnose shark muscle was 13C-depleted (t35 = 

2.8, p < 0.01) compared to blood samples (Figure 3-1).  

 

Figure 3-1 – Density-plots, boxplots and raw data points of δ15N and δ13C values 

in the muscle (blue) and whole blood (red) of scalloped hammerhead, smooth 

hammerhead and Pacific sharpnose sharks. Asterisks indicate significant 

differences between muscle and blood isotopic values for each species. 

In muscle tissue, δ15N values were significantly different between scalloped and 

smooth hammerhead sharks (²58,2 = 7.9, p < 0.05) (Table 3-1). In blood, δ15N differed 

among all species (²58,2 = 18.4, p < 0.001). Pacific sharpnose shark had the highest 

values followed by scalloped and smooth hammerhead sharks. Muscle δ13C values 

also differed between species from 13C-depleted smooth hammerhead to Pacific 

sharpnose and 13C-enriched scalloped hammerhead sharks (F58,2 = 15.6, p < 0.001). 

Smooth hammerhead sharks had also significantly 13C-depleted blood values 

compared to both scalloped hammerhead and Pacific sharpnose sharks (²58,2 = 23.4, 

p < 0.001).  

Overall, species isotopic niches overlapped in both tissues (represented by convex hull 

areas on Figure 3-2). This was mainly due to Pacific sharpnose sharks, which 

displayed the largest niche for both muscle and blood tissues, almost entirely 



83 
 

encompassing the niche of scalloped hammerheads (particularly for blood values), and 

significantly overlapping with the niche of smooth hammerheads. The overlap between 

the two hammerhead species only concerned less than half of their respective niches. 

While the core of the Pacific sharpnose (represented by 40% kernel density plots on 

Figure 3-2) was larger in blood than in muscle, a relative consistency was observed 

between tissues for the two hammerheads. 

 

Figure 3-2 – Muscle and blood δ13C and δ15N values of scalloped hammerhead 

(blue), smooth hammerhead (orange) and Pacific sharpnose (green) sharks. 40% 
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kernel density plot are represented (with associated surface estimation in italic) 

along with convex hull areas and their associated Layman metrics (δ13C range, 

δ15N range and mean distance to the centroid in ‰ except for total area in ‰²) for 

each species. 

Based on convex hull area estimations, smooth hammerhead sharks systematically 

occupied a smaller isotopic niche with lower δ13C rg, δ15N rg, TA and CD (Figure 3-2). 

A similar trend was observed in 40% kernel density surface estimations. The only 

exception was the isotopic niche of the scalloped hammerhead shark in the blood that 

was characterized by the lowest TA estimations, while the smooth hammerhead shark 

displayed the smallest 40% kernel density surface estimation. Compared to the 

muscle, the blood isotopic niche of scalloped hammerhead sharks had a narrower 

niche while the one of Pacific sharpnose sharks was wider. 

b. Fatty Acid composition 

Among the FA accounting for more than 1.5% of the total FA contents, 13 were 

selected based on SIMPER analyses for muscle tissue, while 10 were used for blood 

tissue. The discrimination between species was more pronounced based on blood 

tissue FA composition, and mostly opposed the Pacific sharpnose to the two 

hammerheads (Figure 3-3). In both tissues, this inter-specific distinction was mostly 

expressed according to the second most explanatory PCA axis (18.62% and 21.40% 

of total variance explained for muscle and blood, respectively). The FA contributing to 

the first two axes differed depending on the tissue considered. While the 22:5n-3 and 

EPA (20:5n-3) (along with the 22:4n-6, 18:1n-9 and 18:1n-7) were the main 

contributors to the first axis for muscle tissue (hence did discriminate within, more than 

among, species), they were the main contributors for the second axis for blood tissue 

(hence supported most of inter-specific differences, along with 22:5n-6, ARA (20:4n-6) 

and 18:0). In contrast, 16:0 and DHA (22:6n-3) supported the difference among 

species for muscle, but not for blood (contributors to the first axis). 
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Figure 3-3 – Principal component analyses using fatty acid profiles (%) of sharks 

among species separately performed for muscle and blood samples. Fatty acids 

that account for >90% of the contribution of dissimilarity between species in the 

similarity of percentages analyses (SIMPER) are represented. 

Similar inter-specific patterns were observed between muscle and blood FA 

composition (Figure 3-4). All three species accumulated high level of PUFA, mostly 

DHA followed by oleic acid (18:1n-9) with intermediate levels of ARA and EPA. DHA 

was significantly more accumulated by smooth hammerhead sharks than scalloped 

hammerhead sharks in muscle tissue (²53,2 = 15.3, p < 0.001), as in the blood (²45,2 = 

7.3, p < 0.05) (Figure 3-4). 18:1n-9 was the second most abundant FA in this group 

but levels did not significantly differ between species. Both hammerhead sharks had 

significant higher amount of ARA than Pacific sharpnose sharks in the muscle (²53,2 = 



86 
 

26.0, p < 0.001) while it was the case only for smooth hammerhead shark in the blood 

(²45,2 = 10.0, p < 0.01).  Proportions of EPA were significantly different among species 

only in muscle with higher proportion in smooth hammerhead compared to Pacific 

sharpnose shark (²53,2 = 8.7, p < 0.05). In the muscle, proportions of 22:4n-6 were 

higher in Pacific sharpnose shark compared to hammerheads (²53,2 = 25.3, p < 0.001) 

and proportions of 16:0DMA higher in smooth hammerhead sharks (²53,2 = 11.2, p < 

0.01). In the blood, proportions of 22:5n-3 were higher in Pacific sharpnose sharks 

(²45,2 = 10.2, p < 0.01) and proportions of 16:1n-7 the lowest in smooth hammerhead 

sharks (²45,2 = 14.0, p < 0.001). 
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Figure 3-4 – Percentage of fatty acid contents in neutral lipids (mean ± standard 

deviation) accounting for >90% of the contribution of dissimilarity between species 

(SIMPER) in the muscle and blood of hammerhead and Pacific sharpnose sharks. 

Saturated FA are not shown in the histograms and significant differences (KW 

tests) between species are indicated by lower case letters.  

c. Overlap between trophic niches 

The mean probability of hammerhead sharks to be found within the niche of Pacific 

sharpnose sharks, based on δ13C, δ15N and PCA first two explaining dimensions for 

FA compositions, systematically decreased from muscle to blood estimations (i.e., 

from 24.79% to 20.36% for scalloped hammerhead sharks and from 22.36% to 1.73% 

for smooth hammerhead sharks) (Figure 3-5A and Figure 3-5B). The probability to find 

Pacific sharpnose sharks within the niche of scalloped hammerhead sharks increased 

between muscle and blood estimates (i.e., 46.93% and 63.27% respectively) (Figure 

3-5A). However, both tissues estimated equivalent probability to find Pacific sharpnose 

sharks within the niche of smooth hammerhead sharks (47.82% in muscle and 42.31% 

in blood) (Figure 3-5B). Finally, the probability of encountering scalloped hammerhead 

sharks in the niche of smooth hammerhead sharks varied from 26.89% in the muscle 

to 45.26% in the blood and the opposite from 28.89% in the muscle to 10.31% in the 

blood (Figure 3-5C). 
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Figure 3-5 – Posterior distributions of the probabilistic niche overlap metrics of four 

variables (δ15N, δ13C and the first two dimensions of the PCA using FA 

compositions of the three species) separately performed for muscle and blood 

tissues. Means are presented in full lines and 95% credible intervals in dash lines. 

Overlaps are estimated as the probability of one shark (i.e., color of the histogram) 

being found within the niche of another shark (i.e., shark icon). For example, the 

first top left panel represents the probability distribution of the scalloped 

hammerhead shark being found in the niche of the Pacific sharpnose shark using 

muscle values. 

5. Discussion 

Although our results suggest that the three species rely on a same coastal food web, 

slight, yet significant, differences in SI and FA composition among species suggest 

differences in resource use. Inter-specific mean δ13C and δ15N values did not differ by 

more than 1‰ between species, suggesting sharks relied on similar prey deriving their 

carbon from an homogeneous pool of primary producers and foraging at equivalent 

trophic levels (Bird et al., 2018; Hussey et al., 2014). The range of isotopic values 

suggest sharks were tertiary consumers foraging mainly on coastal areas in 

accordance with published values of marine biota in the Gulf of California (i.e., δ15N 

higher than 20‰ and δ13C from -15 to -12‰ for coastal tertiary consumers in Aurioles-

Gamboa et al., 2013) and supported by the overlapping niches of hammerheads and 

coastal mesopredator Pacific sharpnose sharks (Alatorre-Ramirez et al., 2013). 

Although largely overlapping, FA compositions differed between hammerheads and 

Pacific sharpnose sharks. As FA are transferred along the food webs trough dietary 

intakes, different prey and/or metabolic requirement can lead to inter-specific 

differences in FA composition (Dalsgaard et al., 2003; Gladyshev et al., 2018; Iverson, 

2009). The similar spectrum of FA observed between the three species, their high 

contents in DHA which cannot be synthetize by sharks (Sargent et al., 1995), and the 

analysis performed on neutral lipids known to reflect dietary inputs with a lower 

influence of internal processes (Arts et al., 2001), likely point to a dietary assimilation. 

Observed inter-specific differences in FA proportions are therefore likely to reflect 

differences in diet, as generally assumed in shark species assemblages (Meyer et al., 

2019; Pethybridge et al., 2010; Rangel et al., 2019). Such contrasted diet is further 

supported by the slight but significant inter-specific isotopic niche differences observed 

in both tissues.  
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The trophic niche of juvenile smooth hammerhead sharks suggested they already 

initiated their ontogenetic shift toward offshore ecosystems, owing to a stronger 

reliance on pelagic resources. Here, sampled smooth hammerhead sharks were 

around 120 cm (TL), which corresponds to 4 years old individuals based on growth 

model established in the region (Villatoro and Maythé, 2018). Smooth hammerhead 

sharks were systematically characterized by the lowest δ13C (and to a lesser extent 

δ15N) values. Contrary to the other two species, their isotopic niche was similar for both 

muscle and blood tissues (i.e., similar kernel surface, TA, δ15N rg, although slightly 

increasing δ13C rg in blood values). Lower δ13C values may indicate a stronger 

influence of pelagic prey, where carbon originates from 13C-depleted phytoplankton 

(Fry and Sherr, 1984; Magozzi et al., 2017). This species was also characterized by 

higher level of DHA in both tissues and lower levels of 16:1n-7 in blood. DHA is 

recognized as a biomarker of dinoflagellate based food web (along with lower levels of 

16:1n-7), which supports the hypothesis of a stronger reliance towards a pelagic food 

web (Dalsgaard et al., 2003; Gladyshev et al., 2018; Parrish et al., 2015). Besides, the 

probability of encountering smooth hammerhead sharks inside the niche of coastal 

Pacific sharpnose sharks was the lowest. This may suggests that the size classes 

sampled in this study for smooth hammerhead sharks have already performed the 

transition between their coastal nursery and their juvenile offshore habitat. In the 

northeastern Pacific, movement studies of the species established the switch from a 

coastal-dominant to a mesopelagic-dominant diet happened around 3 years old 

(detailed in Chapter 5). Given muscle turnover rate (i.e., months to years) (Logan and 

Lutcavage, 2010), the fact that sampled smooth hammerhead shark have already 

initiated their ontogenetic diet switch at 120 cm (i.e., still overlapping with coastal 

species but with clear markers of a pelagic diet) is in direct accordance with a switch 

occurring around 3 years old for the species as demonstrated in Chapter 5. 

The scalloped hammerhead shark isotopic niche was not consistent when analyzed in 

muscle or whole blood, reflecting a more recent transition towards a phytoplankton 

based food web than the smooth hammerhead shark. The species had higher δ13C 

values in muscle compared to the smooth hammerhead shark suggesting it more 

extensively relies on coastal prey (Bird et al., 2018; Fry and Sherr, 1984). In blood, 

scalloped hammerhead sharks trophic niche was narrower (i.e., smaller kernel density 

surface and TA) and closer to the one of smooth hammerhead sharks than in the 
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muscle. Evidence for a diet shift towards pelagic sources was therefore found only in 

whole blood tissue. Blood has a shorter turnover and should therefore reflect more 

recent diet source compare to muscle (Malpica-Cruz et al., 2012), suggesting that if 

scalloped hammerhead sharks sampled in this study have already initiated their 

ontogenetic diet shift, this was more recent than for smooth hammerhead sharks.  

The different muscle SI and FA composition observed in scalloped hammerhead 

sharks could be explained by the residual trophic signal of coastal nurseries and/or 

maternal provisioning (Belicka et al., 2012; Olin et al., 2011). Even if not explicitly 

tested in this study, we believe that scalloped hammerhead sharks in the size classes 

sampled here do not reflect maternal provisioning. Indeed, the mean size of scalloped 

hammerhead sharks was 97 cm (TL) corresponding to approximately 2 to 3 years old 

shark according to growth model estimations of the species in the eastern Pacific 

(Anislado-Tolentino and Robinson-Mendoza, 2001). Maternal signal in scalloped 

hammerhead sharks muscle have been observed in individuals from 0 to 1 year old, 

corresponding to individuals not exceeding 75 cm (TL) not sampled in this study 

(Estupiñán-Montaño et al., 2021b). Moreover, umbilical scars were healed for all 

sampled individuals and it has been shown that maternal resources are rapidly 

consumed and compensated by active foraging in neonate hammerhead sharks 

(Duncan and Holland, 2006; Lyons et al., 2020). FA composition of shark muscle did 

not reflect maternal provisioning, as previously identified in elasmobranch species 

(e.g., high level of ARA or FA deficiency marker such as 20:3n-9 due to decreasing 

reliance on maternal provisioning and poorly developed foraging skills Belicka et al., 

2012; Rangel et al., 2021a). Therefore, differences observed in the scalloped 

hammerhead shark isotopic niches between muscle and blood likely resulted from a 

shift in dietary resources used. The pronounced coastal signal in the muscle could 

potentially originate from nursery grounds. Within nurseries, hammerhead shark 

movements are limited to a small core area (Duncan and Holland, 2006; Rosende-

Pereiro et al., 2018). Therefore, while coastal nursery signal might explain higher δ13C 

ranges, the wider isotopic niche of scalloped hammerheads in muscle is likely to be 

explained by some individuals already showing a post-nursery ontogenetic signal 

toward more pelagic foraging grounds (increasing δ13C and possibly δ15N range). This 

hypothesis is supported by the degree of decreasing estimated probability between 
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muscle and blood of encountering scalloped hammerhead sharks inside the trophic 

niche of the coastal Pacific sharpnose shark. 

In the central Gulf of California, scalloped and smooth hammerhead sharks co-exist at 

different stages of their ontogenetic shift. Smooth hammerhead sharks show a more 

important reliance to pelagic dietary resources in both tissues and likely left nursery 

grounds earlier than scalloped hammerhead sharks, for which coastal resources 

(probably from nurseries) were still detectable. Scalloped hammerheads were sampled 

closer to size at birth (~50 cm) while smooth hammerhead sharks were older juveniles, 

yet none of the sampled individuals has reached the size at sexual maturity (beyond 

150 cm) (Estupiñán-Montaño et al., 2021a; Francis, 2016; Nava Nava and Márquez-

Farías, 2014). Therefore, the smallest sampled scalloped hammerhead sharks were 

more likely to rely on coastal resources, in agreement with the observed mismatch 

between stages of ontogenetic shifts between hammerhead species. Resource and 

habitat partitioning are generally observed among shark juveniles (Heupel et al., 2019; 

Kinney et al., 2011; Legare et al., 2015; Shaw et al., 2016), including between large 

and small-bodied coastal hammerhead species (Bethea et al., 2011; Galindo et al., 

2021). However, scalloped and smooth hammerhead sharks are morphologically close 

species (Gallagher and Klimley, 2018) with similar opportunistic feeding strategies at 

early life stages (Bethea et al., 2011; Bush and Holland, 2002; Estupiñán-Montaño et 

al., 2019). The observed mismatch in species ontogenetic shifts in a shared ecosystem 

could allow for the optimization of resource partitioning, favoring the fitness of sensible 

early life stages.  

While we would expect that hammerhead sharks, connecting coastal and pelagic 

ecosystems, would encompass a larger trophic niche than coastal resident Pacific 

sharpnose sharks, the opposite was found, especially for blood. Trophic niches of 

Pacific sharpnose sharks were larger, explaining the high probability of the species to 

be found in the niche of both hammerhead shark species. Even if not migratory, 

sharpnose sharks (Rhizoprionodon spp.) can display significant movement throughout 

coastal ecosystems (Carlson et al., 2008; Heupel et al., 2019; Munroe et al., 2014b) 

with important trophic plasticity (Drymon et al., 2012). In southern regions of the 

Mexican Pacific, the Pacific sharpnose shark has been described as an opportunistic 

species foraging upon a wide range of coastal prey (Alatorre-Ramirez et al., 2013). A 

combination of movement and diversified diet could therefore explain such wide trophic 
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niches. In the meantime, it suggests that scalloped and smooth hammerhead sharks 

are more specialized after their ontogenetic diet shift, potentially resulting from lower 

prey diversity in the pelagic environment where scalloped and smooth hammerhead 

sharks target principally mesopelagic cephalopods (Estupiñán-Montaño et al., 2019; 

Galván-Magaña et al., 2013; Torres-Rojas et al., 2015). 

This study conclusions are in accordance with data from larger scalloped hammerhead 

sharks tagged in the Gulf of California, that showed a dominant offshore habitat in 

juveniles close to sexual maturity (Jorgensen et al., 2009; Klimley et al., 1993). Hoyos-

Padilla et al. (2014) recorded the movement of a single female on the occidental coast 

of the Gulf of California, captured at 95 cm (TL) and recaptured at 123 cm (TL) in the 

Bay of La Paz, 360 km south of our sampling site. Its movement pattern was 

characterized by an increasing exploration of pelagic grounds with increasing use of 

mesopelagic layers probably for foraging purposes with horizontal migration up to this 

study’s sampled site.  

Once leaving nursery grounds, early life stages of hammerhead shark species seem 

to initiate their movement toward offshore habitats after a prolonged period during 

which they still rely on coastal resources. Here, both hammerhead shark species are 

supposed to be still in transition between coastal and offshore habitats. This hypothesis 

is particularly supported by the overall coastal signal of the three species and by the 

similar overlapping probabilities between scalloped and smooth hammerhead sharks. 

Such prolonged reliance on coastal ecosystems could be one of the reason of the 

decline of hammerhead shark species observed in the region (Hoyos-Padilla et al., 

2014; Pérez-Jiménez, 2014) as shark fishing mainly target coastal habitats in the Gulf 

of California (Saldaña-Ruiz et al., 2017). While rigorous testing of hammerhead shark 

nursery criteria are needed to clearly identify nursery grounds, overall coastal areas 

extensively used by juveniles, should also be considered as a conservation priority if 

we were to maintain hammerhead shark populations at sustainable levels.  
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CHAPTER 4: FORAGING DEPTH DEPICTS RESOURCE PARTITIONING AND 

CONTAMINATION LEVEL IN A PELAGIC SHARK ASSEMBLAGE: INSIGHTS FROM 

MERCURY STABLE ISOTOPES. 
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1. Abstract 

The decline of shark populations in the world ocean is affecting ecosystem structure 

and function in an unpredictable way and new ecological information is today needed 

to better understand the role of sharks in their habitats. In particular, the 

characterization of foraging patterns is crucial to understand and foresee the evolution 

of dynamics between sharks and their prey. Many shark species use the mesopelagic 

area as a major foraging ground but the degree to which different pelagic sharks rely 

on this habitat remains overlooked. In order to depict the vertical dimension of their 

trophic ecology, we used mercury stable isotopes in the muscle of three pelagic shark 

species (the blue shark Prionace glauca, the shortfin mako shark Isurus oxyrinchus 

and the smooth hammerhead shark Sphyrna zygaena) from the northeastern Pacific 

region. The Δ199Hg values, ranging from 1.40 to 2.13‰ in sharks, suggested a diet 

mostly based on mesopelagic prey in oceanic habitats. We additionally used carbon 

and nitrogen stable isotopes (δ13C, δ15N) alone or in combination with Δ199Hg values, 

to assess resource partitioning between the three shark species. Adding Δ199Hg 

resulted in a decrease in trophic overlap estimates compared to those based on 

δ13C/δ15N alone, demonstrating that multi-isotope modeling is needed for accurate 

trophic description of the three species. Mainly, it reveals that they forage at different 

average depths and that resource partitioning is mostly expressed through the vertical 

dimension within pelagic shark assemblages. Concomitantly, muscle total mercury 

concentration (THg) differed between species and increased with feeding depth. 

Overall, this study highlights the key role of the mesopelagic zone for shark species 

foraging among important depth gradients and reports new ecological information on 

trophic competition using mercury isotopes. It also suggests that foraging depth may 

play a pivotal role in the differences between muscle THg from co-occurring high 

trophic level shark species. 
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2. Introduction 

Sharks are facing worldwide a large variety of threats such as overfishing, pollution, 

ecosystem degradation and others (Dulvy et al., 2014; Hazen et al., 2013; Queiroz et 

al., 2019). In recent years, the decline of many shark populations in the global ocean 

has raised public concern due to the iconic nature of these top predators and their 

influence on marine ecosystems over various temporal and spatial scales (Ferretti et 

al., 2010; Heithaus et al., 2008). Since the consequences of their removal are difficult 

to assess and predict (Baum and Worm, 2009; Ferretti et al., 2010), ecological 

information on habitat use and foraging grounds is needed to better assess future 

changes in marine ecosystems (Shiffman et al., 2012). 

Large sharks, such as most marine predators, influence their ecosystem mainly 

through trophic interactions, either by predation on mesopredators, i.e. top-down 

control (Baum and Worm, 2009; Ferretti et al., 2010), competition with sympatric (i.e. 

co-occurring) high trophic level predators (Matich et al., 2017a), or more complex 

interactions (Heithaus et al., 2008; Jorgensen et al., 2019). Competition for a shared 

trophic resource can result in lower food availability, change in physiological condition, 

and ultimately, reduced fitness (Jorgensen et al., 2019). Therefore, evolutionary 

processes tend to favor resource partitioning in co-occurring top predators (Heithaus 

et al., 2013). Tracking studies have highlighted differences in habitat use between 

shark species suspected to compete for food (Meyer et al., 2010; Musyl et al., 2011), 

but this method appears limited to discriminate the diet of species sharing a same 

trophic ground. Isotopic trophic tracers, such as stable carbon and nitrogen isotopes, 

have been used to assess resource partitioning between sympatric predators 

(Heithaus et al., 2013). However, contrary to coastal ecosystems, pelagic trophic webs 

are most of the time based on phytoplankton production only resulting in homogeneous 

isotopic signatures and in overlapping isotopic niches between predators (Kiszka et 

al., 2015; Klarian et al., 2018; Rosas-Luis et al., 2017). Rather than competition, 

overlapping regions of isotopic niches might therefore be due to some inherent 

approach limitations. For instance, stable isotopes have a poor ability to discriminate 

foraging depth for top predators likely to feed in deep oceanic habitats (Choy et al., 

2015; Kiszka et al., 2015) and only few studies have investigated the vertical dimension 

of resource partitioning in pelagic predator assemblages (Le Croizier et al., 2020b, 

2020a). 
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The mesopelagic zone (200-1000 m below the ocean surface) contains one of the most 

important animal biomass on earth (Aksnes et al., 2017; Irigoien et al., 2014), 

principally gathered inside the “deep scattering layer” community (Costello and Breyer, 

2017). It is mainly composed of fishes and invertebrates that are commonly targeted 

by marine megafauna (Aksnes et al., 2017; Davison et al., 2015; Hazen and Johnston, 

2010). Among these predators, some pelagic shark species display typical deep diving 

patterns suggesting that they rely on this compartment, such as great white (Le Croizier 

et al., 2020a), blue (Braun et al., 2019) or scalloped hammerhead sharks (Jorgensen 

et al., 2009). Surprisingly, although the combined effect of climate change and fishing 

pressure is dramatically changing epipelagic fish biomass and dynamic (Pinsky et al., 

2011; Tu et al., 2018), little attention has been paid to the mesopelagic zone which is 

also predicted to be affected by climate change (Proud et al., 2017). In this context, 

the importance of deeper mesopelagic prey for different oceanic shark species must 

be better assessed. 

Mercury is a globally distributed atmospheric pollutant (Fitzgerald et al., 2007) having 

deleterious toxic effects on marine fauna (Eisler, 2006). Entering the ocean in its 

inorganic form, its bioavailability increases through methylation by microbial activity 

(Sunderland et al., 2009). The resulting methylmercury (MeHg) is incorporated and 

bioaccumulated, i.e. increase in concentration with age/length, naturally in marine 

organisms as well as biomagnified, i.e. increase in concentration with trophic position 

(Biton-Porsmoguer et al., 2018; Lavoie et al., 2013; Le Bourg et al., 2019). As long-

lived predators at the top of food webs, sharks naturally exhibit high mercury 

concentrations (Schartup et al., 2019), predominantly in the MeHg form (Carvalho et 

al., 2014; Kim et al., 2016; Storelli et al., 2003). Alongside these processes, mercury 

accumulation in marine predators appears to be also driven by other physiological (e.g. 

metabolism, ontogeny, detoxification mechanisms) (Bolea-Fernandez et al., 2019; Li 

et al., 2020), ecological (e.g. habitat, systems productivity, food web structure, foraging 

depth) (Ferriss and Essington, 2014; Lavoie et al., 2013; Le Croizier et al., 2019; Senn 

et al., 2010) and physical parameters (e.g. oxygen level, sea temperature) (Houssard 

et al., 2019; Le Bourg et al., 2019; Schartup et al., 2019). In the ocean, mercury is 

subject to mass-independent isotopic fractionation (“MIF”, generally represented 

through Δ199Hg values) due to its photochemicaltransformation in the water column 

(Bergquist and Blum, 2007). Following light attenuation with depth, Δ199Hg values 
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decrease from the surface to aphoticwaters (Blum et al., 2013). Δ199Hg values are also 

conserved during trophic transfer between a prey and its predator (Kwon et al., 2016; 

Laffont et al., 2011), making this nontraditional isotope a powerful proxy to address 

trophic resources and feeding depth in marine predators (Le Croizier et al., 2020b; 

Madigan et al., 2018). Mercury isotopic composition is also affected by mass-

dependent fractionation (“MDF”), studied through δ202Hg values (Bergquist and Blum, 

2007; Blum et al., 2013). δ202Hg is modified during physico-chemical processes such 

as photoreduction (Bergquist and Blum, 2007) and volatilization (Zheng et al., 2007), 

but also during biological processes such as methylation (Janssen et al., 2016) and 

demethylation (Perrot et al., 2016). It is therefore a useful tool to study mercury 

metabolism in species capable of demethylating MeHg (Bolea-Fernandez et al., 2019; 

Li et al., 2020). 

In this study, we used a combination of carbon, nitrogen and mercury stable isotope 

analyses to address resource partitioning in three sympatric pelagic shark species 

(blue, shortfin mako and smooth hammerhead sharks) off the west coast of the Baja 

California peninsula (Mexico) in the northeastern Pacific. Based on stomach contents 

and carbon and nitrogen stable isotopic analyses, these three species have previously 

been reported to display highly overlapping trophic niches (Klarian et al., 2018; Kone 

et al., 2014). However, because these sharks display different diving behavior patterns 

(Logan et al., 2020; Musyl et al., 2011; Santos and Coelho, 2018) leading to different 

abilities to access potential prey in the mesopelagic layer, we tested the hypothesis 

that resource partitioning occurs along the vertical dimension of their habitat. From an 

ecological perspective, this would confirm the key importance of the mesopelagic 

compartment even for predators spending most of their time in the upper layers (Le 

Croizier et al., 2020b, 2020a). It would also highlight the limitations of studying only 

carbon and nitrogen isotopic composition in pelagic assemblages to assess the degree 

of trophic similarities and the importance of the addition of relevant biomarkers to better 

address resource partitioning. Finally, as vertical habitat has been suspected to 

influence mercury contamination in marine predators (Choy et al., 2009; Le Bourg et 

al., 2019), we sought to evaluate if the total mercury levels found in these shark species 

could be related to foraging depth. 

3. Materials and Methods 
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a. Sampling strategy 

From 2014 to 2016, samples were collected in the artisanal fishing camp of Punta 

Lobos (southern Baja California Sur, Mexico, northeast Pacific). Sharks were fished 

using longlines equipped with hooks. Sex and total length (TL) were recorded for each 

shark and approximately 1 g of muscle was extracted from the dorsal muscle between 

the first dorsal fin and the snout. Immediately after collection, samples were 

transported to the laboratory on ice packs, preserved at -20°C and freeze-dried prior 

to analysis. In total, 13 blue sharks (Prionace glauca), 10 shortfin mako sharks (Isurus 

oxyrinchus) and 13 smooth hammerhead sharks (Sphyrna zygaena) were sampled. 

b. Carbon and nitrogen stable isotopes 

Following the methodology proposed by Li et al. (2016b), two extractions were 

performed prior to isotopic ratio determination. To avoid δ13C misinterpretation, lipids 

were extracted by placing each sample in 6 mL of a 2:1 chloroform:methanol Folch 

solution (Folch et al., 1957). Mechanical crushing using a Dounce homogenizer 

enhanced the extraction. The mixture was then vortexed for 1 min, left overnight at 

room temperature and centrifuged for another 10 min before tissue extraction. This 

process was repeated three times. For δ15N determination, urea was also removed 

from the samples. Samples were immerged in 5 mL of distilled water, vortexed for 1 

min and left at room temperature for 24 h. The aqueous phase was separated from the 

tissue after another 5 min centrifugation and this process was repeated three 

consecutive times. Samples were then re-dried and homogenized prior to analysis. 

A sample of 0.50 mg of muscle powder was weighted into tin cups using a XPR10 

microbalance (METTLER TOLEDO). Stable carbon and nitrogen isotope 

measurements were carried out using a continuous flow on a Thermo Scientific Flash 

EA 2000 elemental analyzer coupled to a Delta V Plus mass spectrometer (Pole 

Spectrométrie Océan, IUEM, Plouzané, France). Based on international standards 

(Vienna Pee Dee Belemnite for δ13C and atmospheric nitrogen for δ15N), isotopic ratio 

(δ) are expressed in per mil (‰) following: δX = ([Rsample/Rstandard] - 1) × 1000 where X 

is 13C or 15N and R is the corresponding ratio 13C/12C or 15N/14N. We repeatedly 

measured known international isotopic standards (i.e. IAEA-600 Caffeine, IAEAeCHe6 

Sucrose, IAEA-N-1 and IAEA-N-2 Ammonium Sulphate) and an in-lab certified 

standard substance (i.e. Acetanilide) indicating analytical uncertainties of ± 0.23‰ for 
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δ13C and ± 0.16‰ for δ15N. C:N ratios for all samples were ranging from 3.07 to 3.36, 

validating good extractions as shown by Li et al. (2016b) (i.e. mean C:N ratio after lipid 

and urea removal of 3.2 for blue and smooth hammerhead shark and 3.1 for shortfin 

mako shark). 

c. Total mercury concentration 

As total mercury concentration (THg) is known to be almost exclusively in the MeHg 

form in shark muscle, including for the species analyzed here, e.g. 95-98% in blue 

sharks (Carvalho et al., 2014; Kim et al., 2016; Storelli et al., 2003), THg was used as 

a proxy for MeHg. THg is expressed on a dry weight basis with an analytical detection 

limit of 0.005 mg·g-1 dw. A 20 mg aliquot section of dry muscle was analyzed using a 

DMA80 analyzer (Milestone, USA) after combustion, gold trapping and atomic 

absorption spectrophotometry detection. The analysis accuracy and reproducibility 

was assessed from repeated measurements of two reference materials, a lobster 

hepatopancreas (TORT 3, NRCC, 0.292 ± 0.022 mg·g-1 dw) and a homogenate of tuna 

flesh (IAEA 436, INMM, 4.19 ± 0.36 mg·g-1 dw). Both reference materials were 

reproduced within the confidence limits (i.e. 0.286 ± 0.024 mg·g-1 dw for TORT 3, n=10, 

and 4.20 ± 0.09 mg·g-1 dw for IAEA 436, n=10). 

d. Mercury isotopes 

A segment of 20 mg of dry muscle was immersed into 3 mL of pure bi-distilled nitric 

acid (HNO3) and left at room temperature overnight. Samples were then digested at 

85°C for 6 h in pyrolyzed glass vessels closed by Teflon caps on a hotplate. After the 

addition of 1 mL of hydrogen peroxide (H2O2), digestion continued for another 6 h and 

100 mL of BrCl were added to complete the extraction. Finally, the solution was diluted 

in an inverse aqua regia (3:1 HNO3:HCl with 20 vol% MilliQ water) to reach a total 

mercury concentration of 1 ng·mL-1. 

Mercury isotopic compositions were measured at the Observatoire Midi-Pyrenées 

(Toulouse, France) using inductively coupled plasma mass spectrometry (MC-ICP-MS, 

Thermo Finnigan Neptune) with continuous-flow cold vapor (CV) generation using 

Sn(II) reduction (CETAC HGX-200), according to a previously published method (e.g. 

Le Croizier et al., 2020b). Mercury isotopic composition is expressed in δ notation, 

reported in per mil (‰) deviation from the NIST SRM 3133 standard and determined 



103 
 

by sample-standard bracketing according to the following equation: δXXXHg (‰) = 

([(XXXHg/198Hg)sample/(XXXHg/198Hg)standard] - 1) × 1000 where XXX represents mercury 

isotope different masses. δ202Hg represents Hg MDF, and Δ notation is used to express 

Hg MIF by the following equation: ΔXXXHg (‰) = δXXXHg - (δ202Hg × a) (Bergquist and 

Blum, 2007), where a=0.252, 0.502, 0.752 and 1.493 for isotopes 199, 200, 201 and 

204, respectively. 

Blanks as well as certified materials (i.e. NRC-TORT-3 and ERM-BCR- 464) were 

analyzed with the same procedure. Total mercury concentration in the diluted digest 

mixtures was monitored by the 202Hg signals provided by MC-ICP-MS. A recovery rate 

of 96 ± 7% (n=37) for shark samples and 95 ± 6% (n=7) for certified reference materials 

was obtained. Reproducibility of mercury isotope measurements was assessed by 

analyzing UM-Almadén (n=4), ETH-Fluka (n=4) and the biological tissue procedural 

standards NRC-TORT-3 (n=3) and ERM-BCR-464 (n=4). Only one analysis was 

performed per sample, but measured isotope signatures as well as analytical 

reproducibility of standards agreed with previously published values (Appendix 4-1). 

e. Data analysis 

For comparison between shark species, data was first checked for normality using 

Shapiro-Wilk test and for equality of variances using Bartlett’s test. When both 

conditions were met, one-way ANOVA were performed followed by a post-hoc Tukey’s 

HSD test. Otherwise, we used its non-parametric analogue, the Kruskal-Wallis test, 

followed by Dunn’s post hoc test with Bonferroni’s adjustment in the presence of 

several groups. Between-sex comparisons (Student t-test or its non-parametric 

analogue Wilcoxon test) are described in Appendix 4-2. 

We used 2D (δ13C and δ15N) ellipse areas encompassing 95% of the data (EA) 

calculated using the SIBER package (Jackson et al., 2011) from R programming 

language (R Core Team, 2020). 3D (δ13C, δ15N and Δ199Hg) ellipsoid volumes 

encompassing 95% of the data (EV) were calculated using the SIBER-derived model 

described by Skinner et al. (2019) for three-dimensional coordinate systems. To allow 

for comparison between the two model outputs, we expressed isotopic overlap as a 

proportion of the non-overlapping area of the two 2D ellipses (EA) or 3D ellipsoids 

(EV). 
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Pearson correlation test was used to describe the linear correlation between THg and 

Δ199Hg. Generalized linear models (GLMs) were used to evaluate the influence of 

species, total length, C, N and Hg isotope values on muscle mercury levels. GLMs 

were built with the LME4 package (Bates et al., 2015) using THg as the response 

variable. Based on diagnostic plots of the residuals, a Gaussian distribution and 

identity link function were used in the GLMs. Predictor variables were species, age, 

δ13C, δ15N, Δ199Hg and δ202Hg. Age was estimated for each individual using growth 

parameters established for blue (Blanco-Parra et al., 2008), shortfin mako (Ribot-

Carballal et al., 2005) and smooth hammerhead sharks (Morán-Villatoro et al., 2018) 

in the studied region. Models were built using backward stepwise selection which 

consists in building a model containing all predictor variables and removing gradually 

each predicator variable until no variable is left in the model (i.e. null model). Akaike’s 

Information Criterion (AIC) was used to define the order of deletion as the model with 

the lowest AIC is retained for the next step. All models were ranked based on Akaike’s 

Information Criterion adjusted for small sample sizes (AICc) and Akaike weights (w) 

using the R package WIQID (Meredith, 2020). Marginal R2 were applied to assess 

each model predictive power using the R package R2GLMM (Jaeger, 2017). 

4. Results and discussion 

a. Carbon and nitrogen isotopic composition 

A summary of the results is presented in Table 1. For all variables (TL, δ13C, δ15N, 

Δ199Hg, δ202Hg and THg), no significant difference between sexes within species was 

detected (Appendix 4-2). In marine ecosystems, δ13C is known to vary between 

habitats (e.g. coastal versus oceanic), according to primary producers supporting the 

food webs (e.g. benthic producers versus phytoplankton) (Fry and Sherr, 1984). Here, 

no significant difference in δ13C was detected between the three species (²35,2 = 6.1, 

p > 0.05). These similarities in δ13C profiles (Table 4-1) suggest that they forage on 

equivalent pelagic food webs derived from phytoplankton production, in accordance 

with reported data on shortfin mako and blue sharks in the study area (Hernández-

Aguilar et al., 2016; Tamburin et al., 2019). 
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Table 4-1 – Number of individuals, total length, C, N and Hg isotope composition, and 

total mercury concentration (THg) in the muscle of blue, shortfin mako and smooth 

hammerhead sharks. Data are means (±standard deviation). THg is expressed on a dry 

weight basis. Different letters indicate significant differences between species for each 

variable. 

Species N 
Total length  

(m) 
δ13C (‰) δ15N (‰) 

Δ199Hg 

(‰) 

δ202Hg 

(‰) 

THg 

(ng·g-1) 

Blue  13 
1.98  

(± 0.36) 

-16.81  

(± 0.91) A 

18.15  

(± 1.07) A 

1.56  

(± 0.10) A 

0.63  

(± 0.16) AB 

7804  

(± 2699) A 

Shortfin 

mako  
10 

1.49  

(± 0.43) 

-16.36  

(± 0.55) A 

19.13  

(± 1.10) B 

1.94  

(± 0.23) B 

0.53  

(± 0.15) A 

4772  

(± 3892) B 

Smooth 

hammerhead  
13 

1.67  

(± 0.16) 

-16.25  

(± 0.85) A 

20.30  

(± 0.60) C 

1.82  

(± 0.15) B 

0.71  

(± 0.12) B 

3600  

(± 1524) B 

 

We found significant δ15N differences between species (F35,2 = 17.2, p < 0.001). The 

smooth hammerhead shark presented significantly higher δ15N than both the shortfin 

mako (Tukey’s HSD test, p < 0.05) and the blue shark (Tukey’s HSD test, p < 0.001). 

In contrast, the blue shark was 15N-depleted compared to the shortfin mako shark 

(Tukey’s HSD test, p < 0.05). In the case of mobile top predator species evolving in 

the pelagic habitat, these differences in δ15N can reflect either differences in relative 

trophic position (Cabana and Rasmussen, 1994) or foraging in different regions with 

contrasted δ15N baselines (Lorrain et al., 2015). In the northeastern Pacific region, no 

information is available on smooth hammerhead shark movement, while both blue and 

shortfin mako are known to perform limited horizontal movements without a clear 

seasonal pattern that could suggest foraging on broad different δ15N ecosystem 

baselines (Musyl et al., 2011; Queiroz et al., 2019; Sepulveda et al., 2004). Therefore, 

their isotopic signatures likely represent an integrated signal of these shared habitat 

baselines. The significant differences observed in δ15N signature between the three 

species might overall be due to differences in trophic levels, with blue sharks occupying 

the lowest trophic level and smooth hammerhead sharks the highest. In the study 

region, all three species are known to principally rely on different cephalopod species 

as observed in previous stomach content analyses. Shortfin mako sharks feed on 

Dosidicus gigas (Velasco Tarelo and Galván-Magaña, 2005), blue sharks on 

Onychoteuthis banksii, Gonatus californiensis and D. gigas and smooth hammerhead 

sharks on D. gigas, Ancitrocheirus lesueurii and O. banksii (Galván-Magaña et al., 

2013). The apparent differences between the trophic levels of the three shark species 
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could be the result of broad differences in cephalopod trophic levels. Indeed, the 

observed mean difference in δ15N values between blue and smooth hammerhead 

sharks (2.15‰) matches the important variation in δ15N signatures previously observed 

for cephalopod species sampled in the region (Madigan et al., 2012). 

b. Inter-specific differences in foraging depth 

Both Δ199Hg and δ202Hg values vary vertically throughout the water column due to the 

photochemical transformation of Hg, which follows the decrease in solar radiation from 

surface to deep water layers (Bergquist and Blum, 2007; Blum et al., 2013). However, 

while Δ199Hg is only affected by photochemical reactions and is conserved from prey 

to predator, δ202Hg is also modified by physiological processes like methylation or 

demethylation of mercury (Bolea-Fernandez et al., 2019; Janssen et al., 2016; Li et al., 

2020; Perrot et al., 2016) and undergoes inconstant trophic discrimination factors from 

prey to predator (Kwon et al., 2016; Laffont et al., 2011), especially in shark species 

(Le Croizier et al., 2020b). Moreover, metabolic MeHg detoxification pathways seem 

to occur for blue, shortfin mako and smooth hammerhead sharks. Indeed, the 

Δ199Hg/δ202Hg slope is traditionally used to assess the influence of photodegradation 

versus microbial transformation on the isotopic signature of mercury before its 

incorporation into the food web (Blum et al., 2013; Madigan et al., 2018). Here, no 

significant linear regression could be obtained between Δ199Hg and δ202Hg for all shark 

species at the inter- or intraspecific level (Appendix 4-3). This lack of correlation 

between Δ199Hg and δ202Hg is observed in species showing in vivo demethylation 

modifying the δ202Hg values (Li et al., 2020) and suggests possible MeHg detoxification 

processes in the shark species studied here (Le Croizier et al., 2020b). Therefore, as 

δ202Hg in all three shark species appeared to depend on both trophic and physiological 

features, this isotopic ratio was not taken into account to assess differences in trophic 

ecology and subsequently to study the possible food competition between species. 

In nearshore ecosystems, Δ199Hg can vary seasonally and spatially due to coastal 

phenomena affecting water turbidity (Senn et al., 2010). In this study, the fact that all 

three sharks were pelagic species using oceanic habitats (as inferred by δ13C values) 

confirms that reported Δ199Hg may vary primarily over a vertical gradient depending on 

photochemical processes affected by depth (Blum et al., 2013). Therefore, the range 

of individual Δ199Hg values (1.40-2.13‰) observed in this study highlights the 
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importance of mesopelagic prey in the diet of all three oceanic species. In the north 

Pacific oceanic region, similar Δ199Hg signatures in fish muscle have been observed 

for species foraging in the twilight zone near Hawaii, i.e. 1.00-2.56‰ (Blum et al., 

2013), and off the coast of California, i.e. 0.95-2.31‰ (Madigan et al., 2018), including 

for the great white shark, Carcharodon carcharias, i.e. 1.25-1.95‰ (Le Croizier et al., 

2020a). This conclusion is supported by the consistent presence of mesopelagic 

species in stomach contents of blue (Hernández-Aguilar et al., 2016; Markaida and 

Sosa-Nishizaki, 2010), shortfin mako (Lopez et al., 2009; Preti et al., 2012) and smooth 

hammerhead sharks (Estupiñán-Montaño et al., 2019; Galván-Magaña et al., 2013) 

sampled off the west coast of Baja California and across the Pacific Ocean. As mercury 

has a similar turnover rate as carbon and nitrogen in fish muscle, i.e. 1 year or more 

(Kwon et al., 2016), deep foraging appears as a constant strategy through time. The 

three shark species remain most of the time inside the boundaries of the surface mixed 

layer but exhibit differences in their diving behaviors in the study length range. Indeed, 

while blue sharks perform frequent deep dives (Campana et al., 2011; Queiroz et al., 

2010), shortfin mako sharks seem to exploit deep water more sporadically and to 

undergo less frequent dives in the mesopelagic zone (Abascal et al., 2011; Musyl et 

al., 2011). Finally, although no study reported depth habitat use in smooth 

hammerhead sharks in the Pacific region, data from the Atlantic Ocean demonstrated 

limited diving frequency associated with shallower dives than both shortfin mako and 

blue sharks (Logan et al., 2020; Santos and Coelho, 2018). Here, Δ199Hg corroborates 

the deep diving behavior observed for blue and shortfin mako sharks and proves that 

they are associated with foraging in the mesopelagic layer. It also suggests that smooth 

hammerhead sharks might feed at depth and that populations from the northeastern 

Pacific region might differ from the Atlantic ones by using deeper water layers (Logan 

et al., 2020; Santos and Coelho, 2018). 

There were significant inter-specific differences in Δ199Hg ratio between species (²35,2 

= 17.8, p < 0.001) revealing differences in mean foraging depth. Blue sharks presented 

Δ199Hg values significantly lower than shortfin mako sharks (Dunn’s test, p < 0.001) 

and smooth hammerhead sharks (Dunn’s test, p < 0.01). These variations could not 

be explained by different isotope fractionation between prey and predator, as Δ199Hg 

values are conserved during trophic transfers (Kwon et al., 2016; Laffont et al., 2011). 

Thus, the significant gap in Δ199Hg between species suggests systematic differences 
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in foraging depth (Le Croizier et al., 2020b). The lower Δ199Hg of the blue shark 

suggests constant foraging in deeper water than the two other species. This conclusion 

is supported by stomach content analyses, which revealed that this species was the 

only one with bathypelagic prey in its gut (Galván-Magaña et al., 2013). On the other 

hand, epipelagic prey were also commonly reported in the stomach of the three shark 

species (Galván-Magaña et al., 2013; Hernández-Aguilar et al., 2016; Wood et al., 

2009). Δ199Hg signatures observed in this study may thus be the result of the 

consumption of both epi- and mesopelagic prey as reported for the Pacific bluefin tuna, 

Thunnus orientalis (Madigan et al., 2018). Differences in the relative importance of prey 

from these two compartments could therefore result in the observed Δ199Hg differences 

between sharks. Compared to deeper species, epipelagic prey may form dense 

aggregations with higher nutritive and energetic value (Madigan et al., 2018; Spitz et 

al., 2010a). However, they are more scattered across time and space resulting in shark 

feeding opportunistically on them depending on the season, geographic position and 

maturity stage (Hernández-Aguilar et al., 2016; Maia et al., 2006; Rosas-Luis et al., 

2017). This behavior is frequently observed in shortfin mako sharks, which favor a diet 

dominated by shallower teleost when seasonally and locally available (Harford, 2013; 

Maia et al., 2006). Compared to the shortfin mako, blue sharks display a more 

consistent diet targeting less nutritive but more reliable mesopelagic prey (Preti et al., 

2012; Vollenweider et al., 2011). The mesopelagic food web indeed appears more 

stable through time and supports high prey biomasses in the northeast Pacific (Davison 

et al., 2015; Hazen and Johnston, 2010). Therefore, foraging on these deeper prey 

might represent a more reliable feeding strategy and involve less metabolic costs 

associated to foraging on more scattered epipelagic prey. Overall, the higher Δ199Hg 

of blue sharks compared to shortfin mako sharks might be the result of different 

foraging strategies, with the blue shark occupying a deeper ecological niche and the 

shortfin mako shark favoring opportunistic foraging on epipelagic prey. Smooth 

hammerhead shark Δ199Hg was not significantly different from the shortfin mako shark 

(Dunn’s test, p > 0.05), hence, suggesting feeding at shallower depths than blue sharks 

and/or at equivalent rates on deeper organisms than shortfin mako sharks. 

c. Resource partitioning between co-occurring predators 

The overlaps between the three species EA (i.e. δ13C and δ15N, Figure 4-1) and EV 

(i.e. δ13C, δ15N and Δ199Hg, Figure 4-2) are presented in Table 4-2. The limited 
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differences between δ13C and δ15N isotopic compositions resulted in significant 

isotopic overlaps between species except between blue and smooth hammerhead 

sharks (16.8%). The overlap systematically decreased by adding Δ199Hg for all pairs 

of species. This decrease was the strongest for shortfin mako and blue sharks (from 

42.0% to 23.0%). A smaller overlap decrease was observed between shortfin mako 

and smooth hammerhead sharks, which presented no significant difference in Δ199Hg, 

and between blue and smooth hammerhead sharks, already well separated by δ15N 

and to a lesser extent by δ13C (i.e. 5.9% and 3.9% decrease respectively). In the latter 

case, even if significant differences occurred in Δ199Hg, EA and EV overlapping areas 

appeared equivalent suggesting that carbon and nitrogen isotopic ratios can be 

sufficient to depict resource partitioning in the case of co-existing shark species feeding 

on different habitats or prey (Curnick et al., 2019), although always overlooking the 

vertical dimension. 

 

Figure 4-1 – δ13C and δ15N of blue ( ), shortfin mako ( ), and smooth hammerhead 

( ) sharks. The represented ellipses encompass 95% of the data. 
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Figure 4-2 – 95% ellipsoids using δ13C, δ15N and Δ199Hg for blue, shortfin mako 

and smooth hammerhead sharks respectively represented in blue, grey and 

yellow. 

Table 4-2 – Isotopic overlaps between blue, shortfin mako and smooth hammerhead 

sharks. Comparison is made between the SIBER ellipse metric for δ13C and δ15N (EA) 

(Jackson et al., 2011) and the ellipsoid approach combining δ13C, δ15N and Δ199Hg (EV) 

(Skinner et al., 2019). 

 δ13C/δ15N δ13C/δ15N/Δ199Hg 

Blue | Shortfin mako 42.0% 23.0% 

Shortfin mako | Smooth hammerhead 33.3% 27.4% 

Blue | Smooth hammerhead 16.8% 12.9% 

 

Resource partitioning within pelagic shark assemblages has been extensively studied 

using δ13C and δ15N, yielding frequent records of important overlapping areas (Kiszka 

et al., 2015; Li et al., 2016a) suggesting similar foraging niches. In the eastern Pacific, 

such overlaps were recorded between shortfin mako and blue shark (Klarian et al., 

2018; Rosas-Luis et al., 2017). From a methodological perspective, these similarities 

could however be expected in the case of these pelagic species. Indeed, by foraging 

in the same region and on similar phytoplankton-derived food web, sympatric pelagic 

sharks would exhibit similar δ13C values (Bird et al., 2018), and possibly similar δ15N 

depending on prey trophic position, even when feeding on different prey. The observed 

similarities in carbon and nitrogen isotopic niches between blue and shortfin mako 

sharks (overlapping at 42.0%) in this study may therefore be due to these processes, 



111 
 

rather than to a clear similarity in dietary habits. Moreover, important overlaps in 

isotopic signatures are not in accordance with previous stomach content analysis of 

both species in the northeastern Pacific region (Preti et al., 2012; Rosas-Luis et al., 

2017). Hence, the differences in mean foraging depth between the two species 

increased resource partitioning estimation between the blue shark and the shortfin 

mako shark (19.0% decrease in overlapping area). 

Our results demonstrate that carbon and nitrogen isotopic signatures overestimate 

overlapping areas by not reflecting the importance of foraging depth. In the case of 

pelagic sharks migrating vertically, carbon and nitrogen stable isotope analysis has 

shown some limitations in its capacity to address foraging depth issues. Indeed, even 

if vertical patterns in nitrogen isotopic baselines have been reported in zooplankton 

(Hannides et al., 2013), such patterns are rarely observed for top predators (Choy et 

al., 2015). However, the vertical foraging component has been suspected of being of 

critical importance in the ecology of marine predators. For example, computational 

models based on prey distribution systematically resulted in the emergence of vertical 

movements in tropical oceanic predatory fishes (Dagorn et al., 2000). Furthermore, 

differences in vertical movement patterns in sympatric pelagic top predators, including 

sharks, have already been demonstrated (Choy et al., 2015; Musyl et al., 2011). In our 

study, the systematic decrease in overlapping area for all pair of comparisons after the 

incorporation of Δ199Hg demonstrates that differences in foraging depth better explain 

trophic niche partitioning between pelagic shark species. 

d. Influence of foraging depth on mercury exposure 

Muscle THg (Table 4-1) significantly differed between the three species (²35,2 = 15.2, 

p < 0.001). Blue sharks presented higher THg compared to shortfin mako (Dunn’s test, 

p < 0.05) and smooth hammerhead sharks (Dunn’s test, p < 0.001), as already 

observed in a previous study in the area (Maz-Courrau et al., 2012). The blue shark 

was the species presenting both higher THg and lower Δ199Hg. Regardless of the 

species, THg was higher for individuals foraging on the deepest mesopelagic prey (i.e. 

exhibiting the lowest Δ199Hg) as shown by the significant and negative correlation 

between the two variables (Figure 4-3). In the open Pacific Ocean, MeHg, the most 

bioavailable form of mercury, is mainly produced in the mesopelagic layer and 

especially in the Oxygen Minimum Zone (Blum et al., 2013; Fitzgerald et al., 2007). As 
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MeHg is trophically incorporated in food webs, sharks feeding in the mesopelagic zone 

will be exposed to higher MeHg levels compared to shallow feeding sharks, as 

highlighted by our results. This is in agreement with previous observations on fish 

(Monteiro et al., 1996), seabirds (Thompson et al., 1998) and pelagic predators (Choy 

et al., 2009; Houssard et al., 2019; Le Bourg et al., 2019; Madigan et al., 2018) that 

demonstrated higher mercury contamination in deeper foraging individuals or species. 

 

Figure 4-3 – Variation of THg with Δ199Hg values in the muscle of blue ( ), shortfin 

mako ( ) and smooth hammerhead ( ) sharks. Data fit a linear curve. Pearson 

correlation (R2 value) was significant as indicated by its p-value. 

In generalized linear models (GLMs), Δ199Hg and species were the main factors 

explaining shark THg compared to other variables (Appendix 4-4), confirming that 

foraging depth was a key driver of shark mercury concentration in our dataset. 

Foraging depth has rarely been assessed in THg accumulation studies of marine 

predators except by qualitative approaches such as attributing a median depth of 

occurrence (Choy et al., 2009) or habitat preference (Le Bourg et al., 2019) to the 

studied species. It is interesting to note that this approach would not have been 

relevant for blue, shortfin mako and smooth hammerhead sharks that remain in the 

upper oceanic layers and occasionally undergo deep bounce dives to feed on 

mesopelagic prey (Abascal et al., 2011; Campana et al., 2009; Queiroz et al., 2010; 
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Sepulveda et al., 2004). In our study, mercury isotopic composition offers new 

opportunities to implement quantitative approaches of foraging depth. As Δ199Hg was 

the main driver of THg (along with species), we suggest that this factor should be 

investigated in future research regarding mercury accumulation patterns in 

elasmobranchs. 

In shark species, the pattern observed for THg in muscular tissue has been generally 

linked to changes in trophic level, generally estimated through δ15N values (Biton-

Porsmoguer et al., 2018; Le Bourg et al., 2019). Here, δ15N did not explain THg 

variation. Although the limited number of samples may not cover the entire spectrum 

of length and trophic levels for all shark species, influence of such small δ15N spectrum 

on THg has been previously demonstrated (Le Croizier et al., 2019). This therefore 

implies that foraging depth could affect more significantly THg in pelagic shark species 

than their respective trophic levels, but further investigations at a specific level or with 

broader size and δ15N range are needed to confirm this effect. 

THg in marine organisms depends not only on trophic features (Ferriss and Essington, 

2014; Le Bourg et al., 2019; Thompson et al., 1998) but also on species physiological 

characteristics such as longevity, metabolic, growth and feeding rates and/or possible 

detoxication processes (Bolea-Fernandez et al., 2019; Houssard et al., 2019; Li et al., 

2020; Senn et al., 2010). This can be seen in our results as the best-fitted model 

incorporated species as a key variable explaining THg (along with Δ199Hg). However, 

all these parameters could not be tested in this study, except for longevity and 

demethylation mechanisms which are known to increase δ202Hg values (Bolea-

Fernandez et al., 2019; Senn et al., 2010). Here, δ202Hg values varied significantly 

between species (Table 4-1; F35,2 = 4.4, p < 0.05), as previously observed for other co-

occurring shark species (Le Croizier et al., 2020b). Still, δ202Hg variations did not affect 

THg in GLMs (as it can also be seen in the relation between the two variables in 

Appendix 4-5) showing no link between mercury contamination and the demethylation 

process previously highlighted by the absence of correlation between Δ199Hg and 

δ202Hg (Appendix 4-3). Age was also not affecting THg while differences between 

species were also significant (F35,2 = 8.6, p < 0.001), with blue sharks encompassing 

the oldest individuals and shortfin mako sharks the youngest ones (Appendix 4-6). 

Overall, the fact that metabolic demethylation and individual age did not critically affect 

THg strengthens the hypothesis that ecological characteristics were mainly driving 
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muscle mercury contamination. As all physiological characteristics could not be 

analyzed in this study, future investigations on physiological intra-specific differences 

between blue, shortfin mako and smooth hammerhead sharks might help to identify 

the entire mechanisms behind their THg. 

e. Insights into mercury cycle 

In the northeastern Pacific region, atmospheric mercury deposition dominates mercury 

inputs to the water column as river influence appears negligible (Masbou et al., 2018; 

Zhang et al., 2014). This deposition at the atmosphere/ocean interface has two 

different origins: inorganic mercury (iHg) via precipitation and atmospheric gaseous 

mercury (Hg(0)) through dissolution (Gratz et al., 2010; Zhang et al., 2014). While the 

mechanisms causing mass-independent isotopic fractionation (MIF) of even-mass Hg 

isotopes are still poorly understood, processes such as photooxidation of Hg(0) to iHg 

in the atmosphere (e.g. tropopause) may be involved leading to isotopic fractionation 

(Chen et al., 2012). Therefore, iHg deposition by precipitation presents slightly different 

Δ200Hg values ranging from 0 to 0.3‰ than atmospheric Hg(0) dissolution 

characterized by Δ200Hg between -0.11 and -0.01‰ (Enrico et al., 2016; Gratz et al., 

2010). Once in the water column, Δ200Hg values are conserved, making it a robust 

tracer of atmospheric deposition pathways even when analyzed in top-predator 

species (Enrico et al., 2016; Le Croizier et al., 2020b). Here, Δ200Hg values ranged 

from -0.07 to 0.14‰ with no significant differences between species (F35,2 = 1.4, p > 

0.05; i.e. 0.05 ± 0.05‰ for blue and smooth hammerhead sharks and 0.02 ± 0.05‰ for 

shortfin mako sharks). These values are similar to those observed in bottomfish from 

Hawaii, i.e. -0.04 to 0.10‰ (Sackett et al., 2017), and to other coastal shark species 

sampled off La Réunion Island, i.e. 0.08 ± 0.04‰ in bull sharks, Carcharhinus leucas, 

and 0.06 ± 0.04‰ in tiger sharks, Galeocerdo cuvier (Le Croizier et al., 2020b). For 

the three shark species, Δ200Hg values suggest a common origin in the mercury 

precursors of MeHg in shark tissues, probably from a combined source of both iHg and 

Hg(0) because of both positive and negative Δ200Hg (Le Croizier et al., 2020b). 

Due to solar radiation, photodemethylation can transform dissolved MeHg into iHg and 

photoreduction can convert iHg into Hg(0) in the water column. Both of these reactions 

are characterized by a Δ199Hg/Δ201Hg ratio of respectively 1.36 and 1.00 (Bergquist 

and Blum, 2007). All shark species considered, Δ199Hg/Δ201Hg slope was 1.16 
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(Appendix 4-7), not clearly indicating the prevalence of one reaction over another. 

Surprisingly this is not in accordance with previous studies reporting the dominance of 

MeHg demethylation in oceanic island marine ecosystems (Le Croizier et al., 2020b; 

Sackett et al., 2017). Indeed, the ratio observed here seems to represent a mixed 

signature of both phenomena. Interestingly, in Hawaii, deep-foraging species exhibit a 

flatter Δ199Hg/Δ201Hg slope (1.05 ratio) compared to shallower species (1.21 ratio) 

(Blum et al., 2013; Masbou et al., 2018). The intermediate slope in this study is 

therefore consistent with shark species foraging on mesopelagic prey exhibiting a 

flatter slope than epipelagic ones, reinforcing the conclusion that all three shark 

species foraged mainly at depth. 

5. Conclusions 

Based on δ13C, δ15N and Δ199Hg, this study provided new information on the trophic 

ecology of blue, shortfin mako and smooth hammerhead sharks in the eastern Pacific 

region. Mesopelagic prey appeared as a major component in the diet of the three 

species. Our study demonstrated the importance of considering foraging depth when 

studying resource partitioning between co-occurring pelagic predators. In the 

northeastern Pacific, blue sharks appeared to forage deeper than mako and smooth 

hammerhead sharks and these foraging strategies seemed to reduce trophic 

competition between them. Since carbon and nitrogen isotopes did clearly 

underestimate resource partitioning, this study confirmed the usefulness of multi-

isotopic approaches to help fine scaling resource partitioning in top predators 

depending on the ecology of the studied species. Our results highlighted the 

underexploited potential of mercury stable isotopes for marine ecology studies. This 

new tool has the potential to elucidate possible ontogenetic variation in depth utilization 

for these species, as deep diving at early life stages is a rare pattern for blue and 

shortfin mako sharks (Nosal et al., 2019) and could be limited inside shallow coastal 

nursery areas for smooth hammerhead sharks (Francis, 2016; Santos and Coelho, 

2018). Moreover, there are increasing evidences of vertical habitat partitioning 

between different predator species in other pelagic ecosystems (Madigan et al., 2020a) 

and mercury stable isotopes could help to precise the mechanisms behind such vertical 

structuring. As foraging depth appeared as a key factor influencing mercury exposure 

for the three species, it should be more extensively studied to understand mercury 

accumulation in top predators. In the context of climate change, Oxygen Minimum 
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Zones are observed at shallower depth in tropical and subtropical regions, acting as a 

physical barrier and preventing sharks to forage deeper in the water column (Vedor et 

al., 2021), particularly in the tropical eastern Pacific (Trucco-Pignata et al., 2019). This 

habitat compression could therefore limit the possibility for co-occurring shark species 

to forage at significant different depths and could lead to new competition processes 

between pelagic predators that should be carefully monitored.



117 
 

CHAPTER 5: MERCURY ISOTOPE CLOCKS PREDICT COASTAL RESIDENCY AND 

MIGRATION TIMING OF HAMMERHEAD SHARKS. 
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1. Abstract 

The management of migratory taxa relies on the knowledge of their movements. 

Among them, ontogenetic habitat shift, from nurseries to adult habitats, is a behavioral 

trait shared across marine taxa allowing resource partitioning between life stages and 

reducing predation risk. As this movement is consistent over time, characterizing its 

timing is critical to implement efficient management plans, notably in coastal areas 

where nurseries mostly occur. In the Mexican Pacific, habitat use of the smooth 

hammerhead shark (Sphyrna zygaena) is poorly described, while the species is heavily 

harvested. Given the large uncertainties associated with the timing of out-migration 

from coastal nursery grounds to offshore waters prior to reproductive maturity, an 

assessment of smooth hammerhead shark movements is needed. Photochemical 

degradation of mercury imparts mass-independent isotope fractionation (Δ199Hg) 

which can be used to discriminate between coastal shallow and offshore deep foraging 

patterns. Here, we present the application of muscle Δ199Hg as molecular clocks to 

predict the timing of ontogenetic habitat shifts by smooth hammerhead sharks, based 

on their isotopic compositions at the initial and arrival habitats and on muscle isotopic 

turnover rate. We observed decreases in Δ199Hg values with shark body length, 

reflecting increasing reliance on offshore mesopelagic prey with age. Coastal 

residency estimates indicated that smooth hammerhead sharks utilize coastal 

resources for up to three years prior to offshore migration, suggesting longer residency 

in these ecosystems than previously assumed.  

Policy implications: This study demonstrates how mercury stable isotopes and isotopic 

clocks can be implemented as a complementarity tool for stock management by 

predicting the timing of animal migrations—a key aspect in the conservation of marine 

taxa. In the Mexican Pacific, fishing pressure on shark species occurs in coastal 

habitats depleting juvenile stocks. Consequently, management decision support tools 

are imperative for effectively maintaining early life stage population levels over time. 

The finding that juvenile smooth hammerhead sharks extensively rely on highly fished 

coastal habitats for three years after parturition have important management 

consideration. Particularly, it supports the relevance of establishing permanent marine 

reserves, as the current seasonal time-area closure of coastal habitat to fisheries could 

lack efficiency. 



120 
 

2. Introduction 

Managing mobile species relies on the knowledge of their non-random predictable 

movements as individuals connect habitats with different levels of threats and 

protections (Harrison et al., 2018; Lascelles et al., 2014; Queiroz et al., 2019). Among 

these movements, ontogenetic habitat shift from coastal nursery grounds to offshore 

adult habitats is a common behavior-trait of marine fauna (Beck et al., 2001; 

Nagelkerken et al., 2015). Its main drivers are the diminution of predation risk, juveniles 

inhabiting nursery areas with less predators, and the enhancement of intra-specific 

resource partitioning between life stages (Sánchez-Hernández et al., 2019). 

Ontogenetic migrations are highly consistent in routes and timing, allowing 

management priorities to be set when these movements are characterized (Beck et 

al., 2001; Nagelkerken et al., 2015). 

More than one-third of all chondrichthyan species are threatened by overfishing (Dulvy 

et al., 2021). Due to their slow growth, late maturity, habitat, behavior (e.g., schooling 

in large groups, site fidelity, seasonal residency) and by-catch sensitivity, hammerhead 

sharks are among the most threatened families of chondrichtyans (Gallagher et al., 

2014a; Gallagher and Klimley, 2018). While still extensively fished in the Mexican 

Pacific, the smooth hammerhead shark (Sphyrna zygaena) is the least studied of all 

large hammerhead species, and effective management requires the characterization 

of movement trajectories and their associated timing (Cartamil et al., 2011; Castillo-

Geniz and Tovar-Ávila, 2016; Ramírez-Amaro and Galván-Magaña, 2019). In the 

northeastern Pacific, movement data are currently unavailable for smooth 

hammerhead sharks, hindering knowledge on core habitats utilized through ontogeny. 

Biochemical tracers, such as naturally occurring stable isotopes, offer a retrospective, 

rapid and low cost solution for studying the location and the timing of habitat shifts in 

organisms (Madigan et al., 2020b; Madigan et al., 2014; Trueman and St John Glew, 

2019). The isotopic composition of an animal mainly reflects that of its diet, the local 

ecosystem where the diet was consumed and physiological processes that can elicit 

distinct patterns of isotopic fractionation (Shipley and Matich, 2020). The isotopic 

composition of primary producers (i.e., isotopic baselines) is driven by local 

environmental conditions (e.g., temperature, dissolved CO2 concentrations, 

denitrification), biochemical proprieties (e.g., phytoplankton growth rate, cell size, NO3
- 

uptake and community dynamics) and varies significantly across space (e.g., Magozzi 
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et al., 2017). Thus, the tissues of animals migrating between two isotopically distinct 

regions reflect a mixture of multiple isotopic baselines and will ultimately reach isotopic 

steady-state over time. 

After migration, the rate at which an organism’s tissues reach steady-state with a new 

isotopic baseline is determined by the isotopic turnover rate, which varies between 

metabolically active tissues (e.g., liver and blood plasma) integrating new isotopic 

information faster than less metabolically active (e.g., muscle and bone collagen) 

(Carter et al., 2019; Thomas and Crowther, 2015). This information can be leveraged 

to determine the timing of animal movements between regions with distinct isotopic 

baselines. Following this principle, isotopic clocks have been applied in marine 

ecosystems to study both fine habitat-scale (Shipley et al., 2021) and ocean-basin 

scale movement dynamics (Madigan et al., 2014) using nitrogen (δ15N) and carbon 

(δ13C) isotopes, due to their distinct regional variability (Madigan et al., 2020b; Magozzi 

et al., 2017; Somes et al., 2010). Isotopic clocks calculate the timing of an animal 

movements into a new habitat as a function of the differences between its own isotopic 

composition and the baseline isotopic compositions at the initial and arrival habitats, 

taking into account the tissue isotopic turnover rate (Klaassen et al., 2010). However, 

traditional isotope systems are limited if migrations occurs over isotopically 

homogenous environments like in the Pacific coast of Mexico (Besnard et al., 2021). 

Mercury (Hg) bioaccumulates in marine fauna primarily in the form of 

monomethylmercury (MeHg) (Storelli et al., 2003). MeHg undergoes photochemical 

degradation, which imparts mass-independent isotope fractionation, represented by 

Δ199Hg signatures (Bergquist and Blum, 2007). In surface waters, light penetration 

drives high Δ199Hg values, which subsequently decrease with depth until the aphotic 

water layer. This vertical isotopic gradient is reflected in marine fauna (Blum et al., 

2013; Sackett et al., 2017) and Δ199Hg values have been subsequently used to 

characterize the foraging depth of marine predators (Besnard et al., 2021; Le Croizier 

et al., 2020b; Madigan et al., 2018). Unlike traditional isotopes, Δ199Hg values are 

conserved during trophic transfers between consumer and their prey such that isotopic 

baseline values are directly reflected in the tissues of predators (Kwon et al., 2016; 

Laffont et al., 2011). Moreover, turnover rates of Hg isotopes are slow in large-bodied 

fish species (Kwon et al., 2016), holding the potential to depict ontogenetic migrations. 

The application of isotopic clocks using Hg isotopes therefore represents a new 
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opportunity to assess movements across vertical gradients without the constraints 

related to diet-tissue discriminator factors (Madigan et al., 2020b; Shipley et al., 2021). 

This study demonstrates how Hg isotopes (Δ199Hg) can be used as molecular clocks 

to characterize movement across habitats in smooth hammerhead sharks. In the 

Mexican Pacific, coastal sharks are particularly vulnerable due to higher fishing efforts 

compared to offshore habitats. Juvenile smooth hammerhead sharks display an 

ontogenetic habitat shift, whereby pups and young juveniles feed on shallow prey 

within coastal nursery areas and close-to-maturity individuals forage at depth in 

oceanic waters (Besnard et al., 2021; Francis, 2016; Li et al., 2016a; Santos and 

Coelho, 2018). Using samples obtained during artisanal fisheries surveys, we 

estimated the timing of smooth hammerhead shark migration into offshore pelagic 

habitats and inferred its coastal residency periods during which sharks are particularly 

sensitive to fishing activities. 

3. Materials and Methods 

a. Study sites and sample collection 

Research was conducted along the western coast of Baja California Sur (Mexico), an 

area influenced by the southern extension of the California Current and scattered with 

productive lagoon systems (Ibarra-Obando et al., 2001). Juvenile smooth 

hammerhead sharks were caught by gillnets and longlines in 2009 and from 2014 to 

2018. Sharks (n=102) were sampled in artisanal fishing camps at four locations: Bahía 

Tortugas, Las Barrancas, San Lázaro and Punta Lobos (Figure 5-1). For each 

individual, approximately 1 g of dorsal white muscle tissue was sampled from sharks 

ranging from 66 to 192 cm (total length). Samples were transported on ice, stored at -

20°C at the laboratory (Centro Interdisciplinario de Ciencias Marinas, La Paz, B.C.S., 

México) and ultimately freeze-dried prior to transport and further treatments. 
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Figure 5-1 – Map of the sampling locations in the Mexican Pacific, with the 200 m 

bathymetric line represented. All samples came from four artisanal fishing camps. 

Circled regions delineate the area covered by fishermen during their fishing 

activities. 

b. Mercury isotope analysis 

Total Hg concentration (THg) was used as a proxy for MeHg concentration as MeHg 

represents more than 85% of THg in smooth hammerhead shark muscle (Storelli et 

al., 2003). THg was determined in a 20 mg aliquot of each sample using a Direct 

Mercury Analyzer (DMA-80, Milestone, USA), by combustion, gold trapping and atomic 

absorption spectrophotometry detection (Observatoire Midi-Pyrénées, Toulouse, 

France). THg analytical detection limit was 0.005 μg·g−1 dw (dry weight). Repeated 

measurements of a tuna flesh homogenate (BCR-464, Institute for Reference Materials 

and Measurements, 5.24 ± 0.10 μg·g−1 dw) tested the analysis reproducibility and 

accuracy. BCR-464 measurements (n=9) were reproduced within the confidence 

limits: 5.30 ± 0.44 μg·g−1 dw. 
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Another 20 mg muscle sample was then diluted into 3 mL of pure bi-distilled nitric acid 

(HNO3), left overnight at room temperature and digested at 100°C for 6 hours in 

pyrolyzed glass vessels closed by Teflon caps on a hotplate. We added 1 mL of 

hydrogen peroxide (H2O2), left the digestion to continue for another 6 hours and 

completed the extraction with 100 µL of bromine monochloride (BrCl), to convert 

solubilized MeHg into inorganic Hg. Depending on THg concentration in each sample, 

we reached a Hg concentration of 1 ng·mL−1 by dilution of the solution in an inverse 

aqua regia (3:1 HNO3:HCl with 20 vol.% of MilliQ water). Hg isotope composition was 

measured at the Observatoire Midi-Pyrénées (Toulouse, France) by inductively 

coupled plasma mass spectrometry (MC−ICP−MS, Thermo Finnigan Neptune) with 

continuous-flow cold vapor (CV) generation using Sn(II) reduction (CETAC HGX-200). 

Hg isotopic compositions are expressed in δ notation (‰). Sample values are 

expressed relatively to their deviation from the National Institute of Standards and 

Technology (NIST) SRM-3133 standard and calculated by sample-standard 

bracketing: 

𝛿𝑋𝑋𝑋𝐻𝑔 (‰) = (
 𝑋𝑋𝑋𝐻𝑔 / 198𝐻𝑔𝑠𝑎𝑚𝑝𝑙𝑒

 𝑋𝑋𝑋𝐻𝑔 / 198𝐻𝑔𝑁𝐼𝑆𝑇−𝑆𝑅𝑀−3133 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1)  × 1000 

where XXX represents Hg isotope masses. Hg isotopic composition is affected by 

mass-dependent fractionation (δ202Hg) and by mass-independent fractionation (e.g., 

Δ199Hg). This study focuses on Δ199Hg which is expressed in regards of its fractionation 

factor (Bergquist and Blum, 2007; Blum et al., 2013): 

∆199𝐻𝑔 (‰) =  𝛿199𝐻𝑔 − (𝛿202𝐻𝑔 ×  0.252) 

Along the procedure, THg in the solution was monitored by the 202Hg signal provided 

by MC-ICP-MS. We measured blanks and BCR-464 certified materials following the 

same procedure as for shark samples. We recovered 84 ± 19% of Hg in shark samples 

and 90 ± 2% in BCR-464 replicates (n=10). Isotopic measurement reproducibility was 

assessed by analyzing UM-Almadén (n=8), ETH-Fluka (n=8) and the biological tissue 

procedural standards BCR-464 (n=10). Measured isotope signatures as well as 

analytical reproducibility of standards agreed with previously published values 

(Appendix 5-1). We simultaneously estimated Δ200Hg and Δ201Hg values for each 

sample (detailed in Appendices). Measured δ202Hg and Δ199Hg variability was typical 

of marine biota and the Δ199Hg/Δ201Hg slope characteristic of photochemical MeHg 
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breakdown in the marine environment (Blum et al., 2013), further validating smooth 

hammerhead shark Hg isotopes measurement (Appendix 5-2 and 5-3). 

c. Isotopic clock model parameterization 

The isotopic clock was parameterized following Klaassen et al., (2010): 

𝑡𝑖 =

𝑙𝑛 (
𝛥0𝑖

−  𝛥𝑓𝑖

𝛥𝑡𝑖
−  𝛥𝑓𝑖

)

𝜆𝑖
 

where t can be expressed as residency, or time-since-immigration of an individual into 

the arrival/new habitat, Δ0 is the isotopic composition of the organism at isotopic 

steady-state with the initial habitat, Δf is the isotopic composition of the organism at 

isotopic steady-state with the arrival habitat, Δt is the measured isotopic composition 

of the organism in the arrival habitat and λ is the isotopic incorporation rate of the 

analyzed tissue—i represents the statistical resampling from n iterations. 

In this study, isotopic clocks were used to estimate the time-since-immigration of 

smooth hammerhead sharks to the offshore pelagic habitat (ti). Young-of-the-year 

smooth hammerhead sharks inhabit inshore bays or lagoon ecosystems, where they 

feed in shallow water, before migrating into pelagic ecosystems prior to reaching 

sexual maturity, where individuals forage on deeper mesopelagic prey (Besnard et al., 

2021; Li et al., 2016a; Santos and Coelho, 2018). This ontogenetic habitat and diet 

shift is expressed vertically (i.e., shallow to deep foraging) and is traceable via Δ199Hg 

values (Blum et al., 2013; Sackett et al., 2017) (Figure 5-2). 
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Figure 5-2 – Proposed migration of juvenile smooth hammerhead sharks in the 

northeastern Pacific region in relation to parameters used in the isotopic clock 

approach (Δ0, Δt and Δf). Young-of-the-year inhabit coastal nurseries where they 

feed on shallow water prey before migrating offshore where close-to-maturity 

specimens feed on deep mesopelagic prey. In shallow water, light penetration is 

strong which drives high Δ199Hg values compared to deeper water layers. 

Age was estimated from the total length of each individual (Appendix 5-4). Δ0 was 

parametrized by the Δ199Hg values from the six individuals identified as young-of-the-

year (Δ199Hg comprised between 2.12 and 2.24‰). Young-of-the-year are expected to 

be at isotopic steady-state with the inshore coastal habitat as they actively forage in 

their nurseries (e.g., Lyons et al., 2020). As smooth hammerhead shark sexual maturity 

has been estimated to be between 9 and 10 years old in adjacent regions (Nava Nava 

and Márquez-Farías, 2014), close-to-maturity individuals were selected as ranging 

from 8 to 9 years old. Δf was parametrized by the Δ199Hg values from the identified 

nine close-to-maturity individuals expected to be at isotopic steady-state with the 
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offshore pelagic environment (Δ199Hg comprised between 1.43 and 1.96‰). Following 

normality and variances homogeneity, Wilcoxon singed rank test was used to assess 

statistical differences in median Δ199Hg among Δ0 and Δf and Student’s t-test was used 

to test for statistical differences in mean Δ199Hg between sexes (α=0.05). 

Coastal MeHg from sediments or turbid waters (where light penetration is restricted) 

can display low Δ199Hg values in coastal ecosystems (Meng et al., 2020; Senn et al., 

2010). Here, young-of-the-year Δ199Hg values (2.17 ± 0.05‰) were similar to that of 

other shark species (2.08 ± 0.16‰) foraging on coastal shallow prey in ecosystems 

where MeHg did not originate from coastal sediment or turbid water but from the water 

column (Le Croizier et al., 2020b). Observed Δ199Hg differences between Δ0 and Δf 

individuals therefore originate from the photochemical breakdown of MeHg in the water 

column and Δ199Hg values are assumed to vary with foraging depth, allowing the 

isotopic clock model to efficiently characterize shark ontogenetic migration from 

shallow coastal habitats to offshore deeper ecosystems. Other Hg isotopes (δ202Hg or 

Δ200Hg) were not applied due to potential biotic fractionation or absence of variability 

in sharks (Appendix 5-5). 

In the first months of their life, newborn sharks exhibit a rapid ontogenetic diet switch 

from maternal energy sources to active foraging (Lyons et al., 2020; Matich et al., 

2015). This maternal provisioning comes with the transfer of both Hg (Lyons et al., 

2013) and heavy 13C and 15N isotopes from the mother to the tissue of neonates 

(Matich et al., 2015; Olin et al., 2011). This effect was nevertheless not included in the 

isotopic clock model due to the absence of data on Hg isotope maternal transfers, high 

uncertainty about the trophic habitat of large female smooth hammerhead sharks 

(Gallagher and Klimley, 2018), and as active feeding starts early and maternal energy 

is quickly consumed in hammerhead neonates (Lyons et al., 2020). 

The isotopic clock model parametrization assumes that the time at which smooth 

hammerhead sharks leave coastal areas for pelagic grounds is unknown and could be 

reflected in sharks ranging from 1 to 8 years old. For these individuals, Δ199Hg values 

were subsequently assigned to Δt (n=87, Table 5-1). The isotopic turnover rate, λ, was 

0.0028 ± 0.001 day-1 based on estimates derived from Pacific bluefin tunas, Thunnus 

orientalis, held captive during a 2,914 days experiment (Kwon et al., 2016), as there 

are no direct estimates for elasmobranchs. While physiological differences between 

juvenile hammerhead sharks and Pacific bluefin tuna might lead to different λ, their 
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similarities in body mass, life span, diet and Hg concentration make this λ estimate the 

most reasonable to use (Madigan et al., 2018; Shimose et al., 2009; Thomas and 

Crowther, 2015). 

Table 5-1 – Parameterization of the isotopic clock model to estimate smooth 

hammerhead shark time-since-immigration in the offshore pelagic habitat. 

 
Mean values ± standard 

deviation 
Samples analyzed 

Δ0 2.17 ± 0.05‰ 

Muscle Δ199Hg values of young-of-the-year smooth 

hammerhead sharks sampled in the area of Bahía 

Tortugas (This study) 

Δt 1.92 ± 0.19‰ 

Muscle Δ199Hg values of 1 to 8 years old smooth 

hammerhead sharks sampled across the Pacific coast of 

Baja California Sur, Mexico (This study) 

Δf 1.77 ± 0.16‰ 

Muscle Δ199Hg values of close-to-maturity (8 to 9 years 

old) smooth hammerhead sharks sampled across the 

Pacific coast of Baja California Sur, Mexico (This study) 

λ 0.0028 ± 0.001 day-1 

White muscle Δ199Hg isotopic incorporation rate of captive 

Pacific bluefin tunas, Thunnus orientalis (Kwon et al., 

2016). Standard deviation was originally estimated at ± 

0.0008 but we instead used ± 0.001 to make the 

parameter more conservative.   

 

For each Δt individual, we computed 10,000 estimates of ti by resampling from the 

mean (�̅�𝑖) and standard deviation (σ𝑖) of each input parameter (i.e., Δ0i, Δfi, Δti and λi) 

assuming a Gaussian distribution. As this function can produce a large range of values, 

a rejection sampling algorithm was used to resample ecologically implausible 

simulated ti values (von Neumann, 1951). Estimates that were considered implausible 

include: 1) when ti cannot be solved because Δti values fell outside the mixing space 

(e.g., when Δf > Δt while Δ0 > Δf); 2) when ti were negatives; 3) when ti exceeded Δ199Hg 

time to steady-state in muscle (i.e., 1,070 days) (Kwon et al., 2016); 4) when simulated 

λi were negatives. In these cases, the rejection sampling algorithm rejected ti estimates 

and recalculated new ones based on the distribution of the parameters. This procedure 

was iteratively repeated until no ti was left to be rejected. Rejection sampling rates 

were calculated to assess the appropriateness of model parameterization, with higher 

rejection rates indicating poorer model performance (i.e., more individuals falling 

beyond the mixing space). For each individual, we extracted the median ti values to 
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obtain a better measure of the distribution central tendency relative to the mean and 

calculated their 95% confidence intervals (95% CI), assuming t-distribution. 

d. Timing of migration from coastal to offshore pelagic habitat 

Ordinary least squares linear regression was used to describe the relationship between 

median ti and shark total length. Median ti estimates underwent min-max normalization 

procedure to scale values between 0 and 1 (referred to as ‘normalized medians’). 

Values were scaled down to 0 being a fully coastal resident individual (ti = 0 days) and 

1 being the maximum median ti exhibited by juvenile smooth hammerhead sharks. We 

applied a Michaelis-Menten model to the change in normalized median ti following 

shark age, assuming that differences in ti were diminishing approaching isotopic 

steady-state: 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑚𝑒𝑑𝑖𝑎𝑛𝑠 𝑜𝑓 𝑡𝑖 𝜖 [0; 1] = 𝑎 ×
𝐴𝑔𝑒

𝐴𝑔𝑒 + 𝑏
  

where 𝑎 generally corresponds to the model maximum value of normalized median of 

ti and 𝑏 to the value in days corresponding to half of the maximum value of normalized 

median of ti (i.e., 1 2⁄ 𝑎). We used a nonlinear least square method to fit the Michaelis-

Menten model to the data and estimate the mean and standard error of 𝑎 and 𝑏 (Bates 

and Watts, 1988). Based on these estimates, a time of departure from coastal areas 

was calculated (Age50%) corresponding to the age, in days, at which more than half of 

the population showed an offshore mesopelagic signature. The analysis was 

performed using R software (R Core Team, 2021) and the Tidyverse package 

(Wickham et al., 2019). 

4. Results 

Median Δ199Hg values were significantly different between Δ0 (2.15‰) and Δf (1.80‰) 

individuals (W=54, p < 0.01). Among Δt sharks, Δ199Hg values ranged from 1.34 to 

2.35‰ (Figure 5-3A) with no significant differences in mean Δ199Hg values between 

females (1.89 ± 0.19‰) and males (1.93 ± 0.19‰) (t(62)=0.96, p > 0.05). 

The isotope clock model simulated 870,000 ti estimates of time-since-immigration to 

the offshore pelagic habitat for juvenile smooth hammerhead sharks (Figure 5-3B). 

The rejection sampling procedure resulted in the random resampling of 31 ± 22% of t i 

estimates on average. At the individual level, rejection rates varied from 2 to 95% (all 
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individuals were kept for the final analysis). Rejection rate appeared to increase when 

Δt fell outside of the isotopic clock mixing space consistent with the rejection sampling 

procedure. Most rejections were explained by low Δ199Hg Δt values relative to Δ199Hg 

Δf (Figure 5-4). At the population scale, mean values of each individual median ti was 

242 (95% CI 227 – 258) days. 
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Figure 5-3 – (A.) Change in muscle Δ199Hg values in relation to the total length of 

juvenile smooth hammerhead sharks. Red dots correspond to young-of-the-year 

and blue dots to close-to-maturity individuals that were used to respectively define 

Δ0 and Δf in the isotopic clocks model parametrization. The red bar characterizes 

Δ0 and the blue bar Δf based on the mean and standard deviation of Δ199Hg values. 

Grey dots are values from 1 to 8 years old individuals that were assumed in 

possible transition state between coastal and offshore pelagic habitats (Δt). (B.) 

Kernel density distribution of time-since-immigration in the offshore pelagic habitat 

(ti). Gray lines represent density ti estimates for each Δt individual. Tail probability 

is color-coded using the empirical cumulative function for the joint distribution of ti. 

Probability between 0.05 and 0.5 represents 2.5 to 97.5% of the distribution. 
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Figure 5-4 – Mean proportion of rejected ti values according to the difference 

between mean Δ199Hg values of Δt and Δf for all Δt individuals. 

Individually, both the mean and the distribution (i.e., minimum and maximum 

estimates) of medians of ti shifted with shark age (Table 5-2) with median estimates of 

ti increasing with smooth hammerhead shark total length (Figure 5-5A). After 

normalization of the medians and based on the Michaelis-Menten model, Age50% was 

estimated at 1,121 days corresponding to approximately 3 years (Figure 5-5B). Based 

on the standard errors of 𝑎 and 𝑏, Age50% varied between 1,005 and 1,163 days. 
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Table 5-2 – Output of the isotopic clock model according to juvenile smooth hammerhead 

shark age classes. Mean total length (TL), number of individuals (N), mean rejection 

rates (± standard deviation) and median ti estimates are presented (i.e., mean 

minimum/maximum of the medians and the overall mean of the medians with 95% 

confidence intervals written in italic). 

Age class 

(in years) 

Mean TL 

(in cm) N 

Mean 

rejection 

rate (± SD) 

Median ti estimates after rejection 

sampling procedure (in days) 

♀ ♂ min mean max 

]1;2] 89 85 13 0.15 ± 0.15 
93 

(90 – 96) 

171 

(137 – 204) 

332 

(327 – 336) 

]2;3] 104 93 15 0.18 ± 0.16 
102 

(99 – 105) 

188 

(156 – 220) 

342 

(338 – 346) 

]3;4] 116 109 10 0.28 ± 0.24 
110 

(107 – 113) 

224 

(169 – 279) 

372 

(368 – 376) 

]4;5] 126 119 17 0.40 ± 0.19 
108 

(105 – 111) 

280 

(248 – 312) 

353 

(349 – 357) 

]5;6] 137 136 12 0.39 ± 0.24 
137 

(133 – 140) 

274 

(229 – 320) 

392 

(388 – 396) 

]6;7] 152 151 9 0.39 ± 0.22 
198 

(194 – 202) 

280 

(234 – 326) 

436 

(431 – 440) 

]7;8] 167 166 11 0.43 ± 0.21 
217 

(213 – 221) 

294 

(258 – 330) 

447 

(443 – 452) 

Global 127 119 87 0.31 ± 0.22 
93 

(90 – 96) 

242 

(227 – 258) 

447 

(443 – 452) 
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Figure 5-5 – (A.) Median time-since-immigration in the offshore habitat (ti) in Δt 

smooth hammerhead sharks. A linear regression (R²=0.25, F=28.9, p < 0.001) was 

applied to describe the increase of median ti with shark total length with associated 

standard error in blue. (B.) Change in normalized ti median values as a function of 

shark age. Michaelis-Menten model constants were 𝑎 = 0.85 (± 0.10) and 𝑏 = 

784.43 (± 262.07). The red area represents the model standard error. The star icon 

shows the pivotal point for the determination of Age50%. 
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5. Discussion 

In the Mexican Pacific, time-since-immigration estimates suggest that smooth 

hammerhead sharks rely on shallow water prey in coastal food webs for approximately 

three years following parturition. Optimal foraging theory predicts a tradeoff between 

movement and resource use to optimize fitness (Pyke, 1984). Foraging in coastal 

ecosystems might benefit smooth hammerhead shark compared to offshore dietary 

opportunities. Inshore prey are usually more abundant and lipid-rich (Spitz et al., 

2010b), representing an energy gain for the species to fulfill its requirements compared 

to shark mesopelagic diet in offshore ecosystems (Madigan et al., 2018; Spitz et al., 

2012). Extended dietary reliance on coastal habitats could therefore maximize growth 

and promote larger size at maturity (Gallagher and Klimley, 2018; Sánchez-Hernández 

et al., 2019). Reliance of smooth hammerhead sharks on coastal waters could be 

driven by the existence of secondary nurseries inhabited by older sharks. These areas 

could be distinct from primary nursery areas (i.e., where newborns spend the first 

months of their lives) but could also overlap spatially (and isotopically) (Chapman et 

al., 2009; Heupel et al., 2007). In the Mexican Pacific region, smooth hammerhead 

sharks could therefore either forage on a range of productive systems scattered along 

the coast (Ibarra-Obando et al., 2001) or could remain highly reliant on their birthing 

area. 

In the Atlantic Ocean, late juveniles (>160 cm TL) inhabit pelagic waters but 

occasionally exploit coastal ecosystems (Logan et al., 2020; Santos and Coelho, 

2018). Similar back and forth movement patterns could probably occur in the 

northeastern Pacific and explain the Δ199Hg variability observed for juvenile sharks. 

However, the absence of data on early life stages in the Atlantic prevented the precise 

estimation of the age or length at ontogenetic shift. In the southwestern Pacific region, 

a previous study based on commercial fishing records and research trawl surveys 

estimated that the species inhabit shallow coastal area for about two years (Francis, 

2016). Our study therefore suggests that smooth hammerhead sharks may spend 

more time in coastal habitats than previously thought, at least in the northeastern 

Pacific region. 

The life cycles of most hammerhead shark species are generally poorly known with 

the exception of scalloped hammerhead sharks (Sphyrna lewini) and, to a lesser 

extent, great hammerhead sharks (Sphyrna mokarran) (Gallagher and Klimley, 2018). 
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These two species are highly sensitive to fishing pressure due to their unique 

ecological (i.e., slow growth, late sexual maturity, low reproductive rate, relatively low 

number of offspring), functional (i.e., increase in physiological disturbances following 

catch resulting in high mortality rates even if the sharks are released post-capture) and 

behavioral (i.e., schooling, alternation between coastal and pelagic habitats) 

specificities (Gallagher et al., 2014a, 2014b). The present study suggests that smooth 

hammerhead sharks share one of these behavioral traits, with long periods of coastal 

residency increasing vulnerability to fisheries in the Pacific coast of Mexico. The 

studied region has an important community of artisanal anglers who are responsible 

for the major part of shark captures in coastal areas (Cartamil et al., 2011; Ramírez-

Amaro et al., 2013). This fishing pressure has led to the disappearance of four other 

hammerhead shark species from the Mexican Pacific (Pérez-Jiménez, 2014). As 

smooth hammerhead sharks remain heavily fished in the region (Cartamil et al., 2011; 

Castillo-Geniz and Tovar-Ávila, 2016; Ramírez-Amaro and Galván-Magaña, 2019), 

limiting their interaction with fishing gears should become a conservation priority to 

maintain population levels in the future (Gallagher et al., 2014a). Since 2012, the 

Mexican law forbids shark fishing from May to July to protect elasmobranch 

reproductive cycles (Diario Oficial de la Federación, 2012). This study suggests that 

this seasonal time-area closure of core habitat (e.g., inshore nurseries) to fishing boats 

might not be sufficient for smooth hammerhead sharks relying on coastal habitats for 

consecutive years and that the creation of coastal marine reserves could be needed to 

significantly decrease fishing mortality (Gallagher and Klimley, 2018). 

Our approach, combining isotope clocks and Hg isotopes, represents promising 

insights into the development of future management and conservation measures for 

marine migratory species. Biotelemetry approaches, the main approach to assess 

species movements so far, can be limited by the temporal duration between tag 

deployment and data retrieval, cost, and the associated tag burden precluding 

deployment on small species or early life stages (Hazen et al., 2012; Jepsen et al., 

2015). In the framework of ontogenetic habitat shifts, we demonstrate that the 

combination of mercury stable isotopes and isotopic clock can allow for a rapid 

estimation of migration timing and habitat use, providing insights for management 

decisions. This approach is a powerful tool that can be applied to a broad number of 

predator species with the opportunity to be more systematic than biotelemetry studies 
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as based on various tissue types routinely sampled in traditional field procedures 

(Madigan et al., 2020b). 

6. Conclusions 

When used in an isotopic clocks framework, Hg isotopes allow to evaluate the 

movement and foraging habitats of top predators during their life cycle. By identifying 

different degrees of habitat reliance between species, this approach offers promising 

perspectives in coastal management to target conservation issues. In order for this 

method to be broadly applied, there is a need for more feeding experiments under 

controlled conditions to gain data on Hg isotope turnover rates in tissues of marine 

species. In the Mexican Pacific, smooth hammerhead sharks exhibit unexpected long-

term reliance to coastal habitats. This has direct management implications, as 

hammerhead species are particularly sensitive to coastal fishing pressure in the region.  
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CHAPTER 6: VARIATION IN THE TROPHIC STRUCTURE OF ELASMOBRANCH 

ASSEMBLAGES REVEALED BY COMPLEMENTARY MERCURY, NITROGEN AND 

CARBON STABLE ISOTOPE ANALYSES. 
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1. Abstract 

The resilience of marine ecosystems facing climate variations and anthropogenic 

disturbances depends largely on their trophic structure. Marine food webs are dynamic 

systems including many species with complex trophic interactions. Elasmobranchs 

occupy meso- to top-predator positions and their interactions with associated 

communities have mainly been examined from a fisheries perspective, while the 

mesoscale diversity of their trophic structures remains poorly documented. In this 

study, we described and compared the trophic structure of elasmobranch assemblages 

in two systems from the Mexican Pacific and the Gulf of California, including coastal 

rays and large pelagic sharks, using mercury, nitrogen and carbon stable isotope 

analyses. Despite being composed of similar species, the trophic structure of the two 

assemblages differed. On the Pacific side of the Baja California peninsula, all 

elasmobranchs relied on pelagic basal food sources, probably reflecting the upwelling 

influence. Overlapping trophic spectra between large apex predators and small 

mesopredator rays were unraveled through homogeneous δ13C and δ15N values and 

a dominant source of Hg for all co-occurring species. In the Gulf of California, coastal 

rays and small neritic sharks relied on a coastal food web distinct from the pelagic one, 

as highlighted by the differences in δ13C and δ15N patterns. Hg origin also differed 

between pelagic sharks and coastal rays, the later characterized by low Δ199Hg and 

δ202Hg values probably reflecting a sedimentary origin. This study demonstrates that 

the trophic structure of elasmobranch assemblages can vary spatially, which may 

affect their resilience to climate and fishing pressures. 
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2. Introduction  

Global environmental changes, including overfishing (Chavez et al., 2003; Frank et al., 

2005; Utne-Palm et al., 2010), are major destabilizing forces that marine food webs 

have to face worldwide (Tunney et al., 2014; Walther et al., 2002). The resilience of 

marine ecosystems to such pressures partly depends on their trophic structure, which 

can be defined as the biodiversity, network of interactions and distribution of biomass 

across trophic levels. Resilience has been mainly linked to biodiversity, as it influences 

the potential for redundant species to compensate for taxa losses (Loreau and de 

Mazancourt, 2013; Peterson et al., 1998). However, food webs are shaped by the 

balance between biomass-related top-down and bottom-up controls, and trophic 

interactions play a pivotal role in marine ecosystem resilience (Rooney et al., 2008). 

The strength of top-down and bottom-up controls within marine food webs fluctuates 

over time and space, resulting in a variety of community structure and dynamics (Baum 

and Worm, 2009; Hunter and Price, 1992). In most upwelling systems, trophic 

regulation is generally initiated by intermediate trophic levels, like planktivorous fishes, 

controlling the biomass of their predators via bottom-up linkages and of their prey via 

top-down processes, in the so-called wasp-waist ecosystems (Cury et al., 2000). Food 

webs are therefore dynamic structures where consumers diet shifts depend on the 

environmentally induced range of available resources (Briand and Cohen, 1987; 

McCann and Rooney, 2009; McMeans et al., 2015). Temporal and spatial variations in 

current, temperature and oxygen level in pelagic ecosystems, terrestrial organic matter 

inputs in estuaries, bleaching in coral habitats or sea ice cover in polar regions have 

been associated to major changes in species compositions, trophic interactions and 

ultimately food web structures (Hempson et al., 2018; Kortsch et al., 2019; Liu et al., 

2020; Michel et al., 2019; Pethybridge et al., 2018a; Shin et al., 2022). 

Elasmobranch species nearly cover the entire spectrum of marine food webs with 

large-bodied carnivorous sharks being apex predators, while small-bodied rays occupy 

secondary consumers to higher mesopredator positions (Cortés, 1999; Flowers et al., 

2021; Heupel et al., 2014). The analysis of elasmobranch assemblages therefore 

represents a relevant integrative approach to assess the structure and dynamics of 

marine food webs. Moreover, overfishing is currently driving many elasmobranch 

populations to near collapse (Dulvy et al., 2021) and their functional role in marine 

ecosystem is often used as an argument supporting their conservation despite a lack 
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of clear empirical data. New investigations on their trophic roles and interactions are 

therefore needed to clearly define the ecological function of elasmobranchs 

(Jorgensen et al., 2022). This topic has been studied through the prism of 

anthropogenic stressors (e.g., Baum and Worm, 2009; Ferretti et al., 2010), while 

naturally occurring spatial variations in trophic structure are still unclear and could 

influence the potential cascading effects of elasmobranch reduction or complete 

removal. 

Trophic interactions within elasmobranch assemblages have mostly been addressed 

through the use of dietary tracers such as stable isotopes (Bird et al., 2018; Hussey et 

al., 2015). Specifically, the combination of δ13C and δ15N values represents a proxy for 

trophic niches, allowing the characterization of species trophic interactions at the scale 

of communities (Layman et al., 2007). Carbon and nitrogen stable isotopes allow 

describing habitat use, as isotopic baselines are driven by local environmental 

conditions (e.g., phytoplankton growth rate, cell sizes, temperature, denitrification), 

which vary spatially depending on the habitat characteristics and primary producers 

(Bird et al., 2018; Lorrain et al., 2015). Of particular interest, δ13C values efficiently 

discriminate between coastal and pelagic foraging habitats, higher values being 

reported in coastal primary producers (e.g., algae, macrophytes, seagrasses) 

compared to pelagic phytoplanktonic species (Fry and Sherr, 1984; Magozzi et al., 

2017). While also varying spatially, the most common use of δ15N is the 

characterization of trophic levels due to stepwise 15N-enrichment through the food web 

(Cabana and Rasmussen, 1994; Post, 2002).  

Methylmercury (MeHg), the most bioavailable and toxic form of mercury, is mostly 

assimilated by sharks and rays from dietary sources (Barone et al., 2021; Kim et al., 

2016). MeHg is subject to mass-dependent isotope fractionation (expressed as δ202Hg) 

and mass-independent fractionation of odd-mass (e.g., Δ199Hg) and even-mass (e.g., 

Δ200Hg) isotopes (Bergquist and Blum, 2007). Mass-independent fractionation of odd-

mass isotopes happens during aquatic photochemical reactions, resulting in high 

Δ199Hg where light penetration is high, such as in surface and oligotrophic sub-surface 

waters (Blum et al., 2013; Le Croizier et al., 2020b), while turbid and deep waters, as 

well as sediments, are characterized by lower Δ199Hg (Meng et al., 2020; Senn et al., 

2010). As Δ199Hg values are conserved during trophic interactions (Kwon et al., 2016), 

they allow the foraging habitat of high trophic level consumers to be traced by 
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distinguishing between species feeding in coastal versus oceanic ecosystems, or at 

different depths in pelagic environments (Besnard et al., 2021, Chapter 4). 

Photochemical reactions also affect δ202Hg fractionation along with other processes, 

both abiotic, such as volatilization (Zheng et al., 2007), or biotic, like demethylation 

(Perrot et al., 2016) and methylation (Janssen et al., 2016). Finally, mass-independent 

fractionation of even-mass isotopes occurs in the upper atmosphere (Chen et al., 2012) 

and Δ200Hg values discriminate between atmospheric gaseous Hg(0) and inorganic 

Hg(II) wet and dry deposition at the ocean-atmosphere interface (Jiskra et al., 2021). 

As coastal habitats are more prone to indirect Hg(0) inputs via terrestrial runoff, Δ200Hg 

have been locally used as a coastal to pelagic horizontal dietary tracer (Le Croizier et 

al., 2022). 

In the present study, we combined Hg, N and C isotope analyses to assess the trophic 

structure of elasmobranch assemblages in two contrasted region in terms of 

environmental parameters. We aimed to characterize to which extent the coastal and 

pelagic food webs overlapped and to infer the degree of resource partitioning within 

predatory assemblages. Such aspects are likely to affect the ecological function of 

elasmobranch within marine ecosystems, driving the intensity of top-down control on 

the whole biological community and the vulnerability of these organisms to coastal 

fisheries or extreme climatic events. For that purpose, we sampled a large diversity of 

elasmobranch species from the Pacific coast of Baja California Sur (Mexico), a region 

strongly influenced by upwelling impulses, and compared the trophic structure with a 

largely similar assemblage from the Gulf of California.  

3. Materials and Methods 

a. Study area and sample collection 

Elasmobranchs were sampled in two different locations of the Baja California peninsula 

(Mexico). Sharks and rays (n=169 individuals) were fished on the Pacific coast around 

Bahía Tortugas from 2013 to 2017 and on the western coast of the Gulf of California 

around Santa Rosalía from 2019 to 2020. Both sites correspond to artisanal fishing 

camps where sharks and rays were fished using gillnets or longlines. Samples were 

collected upon fishing boats return. Sex and total length (TL) were recorded for each 

specimen and a muscle sample extracted from the dorsal region. Samples were kept 

in vials and transported on ice to the laboratory (Centro Interdisciplinario de Ciencias 
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Marinas, La Paz, B.C.S., México) where they were stored at -20°C until further 

treatments. These two areas were selected based on the similarities of their respective 

elasmobranch assemblages and on the occurrence of upwelling impulses on the 

Pacific coast (Ibarra-Obando et al., 2001; Zaytsev et al., 2003), while absent from the 

western coast of the Gulf of California (Figure 6-1).  

 

Figure 6-1 – Map of the sampling locations with the 200 m (in blue) and the 2000 

m (in red) isobaths represented. Circle areas delineate the areas covered by 

anglers in the two artisanal fishing camps where the elasmobranch samples came 

from. The approximate locations of coastal upwelling, as well as the main currents, 

are represented. 

b. Species theoretical trophic habitats 

Species were classified as pelagic sharks (i.e., offshore, including oceanic species), 

neritic sharks or coastal rays owing to their theoretical established habitats in previous 
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published studies (Appendix 6-1). A total of 10 different species were sampled in Bahía 

Tortugas (Pacific Ocean) while 9 different species were sampled in Santa Rosalía (Gulf 

of California). Pelagic sharks from the Pacific Ocean included the common thresher 

shark, Alopias vulpinus (n=8), the shortfin mako shark, Isurus oxyrinchus (n=9) and 

the blue shark, Prionace glauca (n=10). Pelagic sharks from Santa Rosalía were the 

pelagic thresher shark, Alopias pelagicus (n=10), the silky shark, Carcharhinus 

falciformis (n=8) and one specimen of shortfin mako shark. Neritic sharks from the 

Pacific Ocean were the tope shark, Galeorhinus galeus (n=8), the grey smooth-hound 

shark, Mustelus californicus (n=10), the brown smooth-hound shark, Mustelus henlei 

(n=8) and the smooth hammerhead shark, Sphyrna zygaena (n=10). Neritic sharks 

from the Gulf of California were the brown smooth-hound shark (n=10), the Pacific 

sharpnose shark, Rhizoprionodon longurio (n=10) and the scalloped hammerhead 

shark, Sphyrna lewini (n=10). The same species of coastal rays were sampled in both 

locations: the California butterfly ray, Gymnura marmorata (n=10 in both sites), the bat 

ray, Myliobatis californica (n=10 in the Pacific Ocean and n=9 in the Gulf of California) 

and the shovelnose guitarfish, Pseudobatos productus (n=9 in the Pacific Ocean and 

n=10 in the Gulf of California). 

c. C and N stable isotope analysis 

In elasmobranch muscle, lipids and urea are known to affect δ13C and δ15N values 

(Carlisle et al., 2016; Li et al., 2016b) and were therefore chemically extracted following 

the approach described by Li et al. (2016). Samples were then freeze-dried and 

homogenized prior to stable isotope measurements. Between 0.30 and 0.50 mg of 

muscle powder was weighted into tin cups. The measurements were carried out using 

a continuous flow on a Thermo Scientific Flash EA 2000 elemental analyzer coupled 

to a Delta V Plus mass spectrometer at the Pole Spectrométrie Océan (Plouzané, 

France). Based on international standards (Vienna Pee Dee Belemnite for δ13C and 

atmospheric nitrogen for δ15N), isotopic ratio (δ) are expressed in per mil (‰) following: 

δX = ((Rsample/Rstandard) – 1) × 1000 where X is 13C or 15N and R is the corresponding 

ratio 13C/12C or 15N/14N. We repeatedly measured known international isotopic 

standards (i.e. IAEA-600 Caffeine, IAEA-CH-6 Sucrose, IAEA-N-1 and IAEA-N-2 

Ammonium Sulphate) to ensure correct isotopic measurements throughout the 

samples run. Repeated measurements of an in-lab Acetanilide certified standards 

estimated the analytical uncertainties at ± 0.24‰ for δ13C and ± 0.09‰ for δ15N. 
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d. Hg stable isotope analysis 

Total Hg concentrations were first determined on a 10 to 20 mg aliquot section of dry 

muscle using a Direct Mercury Analyzer (DMA-80, Milestone, USA) after combustion, 

gold trapping and atomic absorption spectrophotometry detection, with an analytical 

detection limit of 0.005 μg·g−1 dw (dry weight). Repeated measurements of a tuna flesh 

homogenate (BCR-464, Institute for Reference Materials and Measurements, 5.24 ± 

0.10 μg·g−1 dw) tested the analysis reproducibility and accuracy. BCR-464 

measurements (n=18) were reproduced within the confidence limits (i.e., 5.21 ± 0.30 

μg·g−1 dw) validating the accuracy of the analysis. 

Elasmobranch muscle Hg concentrations varied between 0.07 and 8.07 μg·g−1 dw 

(Appendix 6-6). For samples with Hg concentrations between 0.57 and 8.07 μg·g−1 dw, 

an aliquot of 17 to 45 mg of dry muscle was immersed into 3 mL of pure bi-distilled 

nitric acid (HNO3) and left at room temperature overnight. Samples were then digested 

at 85°C for 6 hours in pyrolyzed glass vessels closed by Teflon caps on a hotplate. 

After the addition of 1 mL of hydrogen peroxide (H2O2), digestion continued for another 

6 hours. A volume of 100 µL of BrCl was then added to ensure a full conversion of 

MeHg to inorganic Hg. Finally, the solution was diluted in an inverse aqua regia (3:1 

HNO3:HCl with 20 vol.% MilliQ water) to reach a total Hg concentration of 1 ng·mL−1. 

For samples with Hg concentrations below 0.07 μg·g−1 dw, the protocol was adapted 

to reach the same 1 ng·mL−1 concentration without saturating the reaction by an 

excess of biological tissue. For these samples, the analysis relied on an aliquot of 21 

to 185 mg of muscle tissue immersed in 1.6 mL of HNO3 with same quantity of BrCl 

and dilution in an inverse aqua regia. 

Hg isotopic compositions were measured using inductively coupled plasma mass 

spectrometry (MC−ICP−MS, Thermo Finnigan Neptune) with continuous-flow cold 

vapor (CV) generation using Sn(II) reduction (CETAC HGX-200) at the Observatoire 

Midi-Pyrenées (Toulouse, France). Values are expressed in δ notation, reported in per 

mil (‰) deviation from the SRM-3133 standard (National Institute of Standards and 

Technology) and determined by sample-standard bracketing according to the following 

equation: δXXXHg (‰) = (((XXXHg/198Hg)sample / (XXXHg/198Hg)standard) – 1) x 1000 where 

XXX represents Hg isotope different masses. Hg mass-dependent fractionation is 

expressed as δ202Hg and mass-independent fractionation is expressed in Δ notation 
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following: ΔXXXHg (‰) = δXXXHg - (δ202Hg × a) (Bergquist and Blum, 2007), where a is 

0.252, 0.502, 0.752 and 1.493 for isotopes 199, 200, 201 and 204, respectively. 

Along with elasmobranch muscles, blanks and certified materials (i.e., UM-Almadén, 

ETH-Fluka and BCR-464) were analyzed following the same procedure. Total Hg 

concentration in the diluted digest mixture was monitored by the 202Hg signal provided 

by MC-ICP-MS. Hg recovery rate was 89 ± 13% (n=169) for elasmobranch samples, 

89 ± 6% (n=10) for UM-Almadén, 96 ± 8% (n=14) for ETH-Fluka and 95 ± 3% (n=10) 

for BCR-464. One analysis was performed per sample and measured isotope values 

as well as analytical reproducibility of the certified materials agreed with previously 

published values (see Appendix 6-2 and details of stable isotope values and total 

length for each species in Appendix 6-3). 

e. Data analysis 

Data were first checked for normality (Shapiro–Wilk test) and homogeneity of 

variances (Bartlett test). When these conditions were met, one-way ANOVA followed 

by a post-hoc Tukey’s HSD test was used to test for statistical differences in isotopic 

values between elasmobranch species (for δ13C, Δ200Hg, δ15N in the Pacific Ocean, 

and Δ199Hg/δ202Hg in the Gulf of California). Otherwise, Kruskal-Wallis tests followed 

by Dunn’s post hoc test with Bonferonni adjustment were used (for δ15N in the Gulf of 

California and Δ199Hg/δ202Hg in the Pacific Ocean). For all statistical tests, a 

significance threshold of 0.05 was admitted. 

Standard ellipse areas encompassing 40% of the data, based on Δ199Hg and δ202Hg 

values, were performed using the SIBER package to quantify the overlap between 

coastal rays, neritic sharks and pelagic sharks (Jackson et al., 2011). Isotopic overlaps 

were expressed as a proportion of the non-overlapping area of the two ellipses. 

Classification trees were used to evaluate how stable isotopes discriminate between 

pelagic, neritic and coastal individuals and were built using the rpart package 

(Therneau et al., 2022). Classification trees were run separately for the Pacific Ocean 

and Gulf of California assemblages using theoretical individual habitat as the response 

variable. Predictor variables were first δ13C and δ15N and δ13C, δ15N, Δ199Hg and 

δ202Hg. Each tree explanatory power was assessed by its accuracy and Kappa 

statistics, and graphically represented by chord diagrams using the confusion matrix 

(observed vs predicted values) of each tree. Accuracy is calculated as the number of 
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agreements between theoretical and predicted habitats divided by the total number of 

predictions. Kappa measures the rate of agreement between theoretical and predicted 

habitats taking into account the hypothetical probability of random agreement(s). Both 

values vary between 0 (i.e., no agreement) and 1 (i.e., perfect agreement). Random 

forest analyses (i.e., numerous iterations of classification trees) were also tested. 

However, owing to accuracy and Kappa statistics, classification trees were 

systematically preferred to random forests as they performed better in each site and 

for all different combination of stable isotope values (Appendix 6-4). All analyses were 

performed under R programming language (R Core Team, 2021).  

4. Results 

a. Stable isotope analysis 

In the Pacific Ocean, δ13C values ranged from -18.3‰ to -14.0‰, whereas in the Gulf 

of California δ13C values ranged from -16.7‰ to -13.4‰. Patterns of δ13C values from 

pelagic shark to coastal rays were different between assemblages from the Pacific 

Ocean and the Gulf of California (Figure 6-2). In the Pacific Ocean, significant 

differences existed between species (F90,9=16.2, p < 0.001) but were mainly explained 

by the lower values exhibited by P. glauca (-17.78 ± 0.38‰) and the higher value of G. 

marmorata (-15.16 ± 0.73‰) as the rest of the species presented equivalent values. In 

the Gulf of California, δ13C values significantly differed between many species 

(F76,7=31.3, p < 0.001). Pelagic species exhibited similar δ13C values that were lower 

than for the rest of the species, while G. marmorata, M. californica and S. lewini 

presented the highest values (Tukey’s HSD test).  

A similar pattern was observed for δ15N values with more homogeneous values in the 

assemblage from the Pacific Ocean compared to the one in the Gulf of California 

(Figure 6-2). While values were significantly different (F90,9=16.4, p < 0.001), they 

overlapped between sampled species in the Pacific Ocean. Lowest δ15N values were 

observed for P. glauca and M. californica and highest values for I. oxyrinchus and G. 

galeus (Tukey’s HSD test). In the Gulf of California, significant differences (²76,7=64.8, 

p < 0.001) highlighted highest values for the neritic R. longurio and S. lewini. 

Interestingly, there were no significant differences in δ15N values between C. 

falciformis and M. californica and between A. pelagicus and P. productus (Dunn’s test). 
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Figure 6-2 – Boxplots of muscle δ13C, δ15N, Δ199Hg and δ202Hg values (in ‰) for 

each sampled species in the Pacific Ocean (on the left) and in the Gulf of California 

(on the right). Colors correspond to the species theoretical trophic habitat with 

pelagic sharks in blue, neritic sharks in green and coastal rays in red. 

As for δ13C and δ15N, Δ199Hg and δ202Hg values clearly differed between species in the 

Gulf of California (F76,7=80.1, p < 0.001 for Δ199Hg and F76,7=28.7, p < 0.001 for δ202Hg), 

while overlapping values between species with different theoretical foraging habitats 

were observed in the Pacific Ocean despite significant differences (²90,9=71.2, p < 

0.001 for Δ199Hg and ²90,9=51.0, p < 0.001 for δ202Hg) (Figure 6-2). In the Gulf of 

California, pelagic species were characterized by higher Δ199Hg than neritic sharks and 

G. marmorata, while M. californica and P. productus had the lowest values (Tukey’s 
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HSD test). Two groups were separated by δ202Hg values with the highest values 

measured in pelagic species and M. henlei. Finally, Δ200Hg values did not significantly 

vary between studied sites or among species theoretical trophic habitats (F168,5=0.7, p 

> 0.05) (Appendix 6-7). 

Contrasted patterns between sampling locations were observed in the Δ199Hg-δ202Hg 

niche space (Figure 6-3). In the Pacific Ocean, pelagic, neritic and coastal individuals 

had higher overlapping regions in the δ-space compared to the Gulf of California. In 

the Pacific Ocean, overlap estimates were 20% between neritic sharks and coastal 

rays, 10% between pelagic sharks and coastal rays and 27% between neritic and 

pelagic sharks. Furthermore, a limited number of individuals had Δ199Hg values below 

1.00‰ (n=3 coastal rays only) or negative δ202Hg values (n=4 coastal ray and n=1 

neritic shark). In the Gulf of California, coastal ray and neritic shark values weakly 

overlapped (8%), exhibiting overall Δ199Hg values between 0.5‰ and 1.33‰ and 

δ202Hg values between -0.38‰ and 0.91‰. Pelagic sharks in the δ-space had a 

singular profile with higher Δ199Hg and δ202Hg values (i.e., 1.38‰ ≤ Δ199Hg ≤ 2.26‰ 

and 0.52‰ ≤ δ202Hg ≤ 1.30‰ and not overlapping with neither of the coastal or neritic 

specimens). 

 

Figure 6-3 – Δ199Hg values (‰) in relation to δ202Hg values (‰) in the muscle of 

shark and ray species from the Pacific Ocean (on the left) and from the Gulf of 

California (on the right). Blue square points correspond to pelagic sharks, green 

triangle points to neritic sharks and red circle points to coastal rays. 
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b. Classification trees 

Classification trees performed differently in their ability to categorize individuals as 

pelagic, neritic or coastal species based on stable isotope compositions (Figure 6-4). 

The distinction between foraging habitats was systematically more efficient in the Gulf 

of California compared to the Pacific Ocean (i.e., accuracy and kappa statistics), 

regardless of the combination of stable isotope values used. At each site, combining 

δ13C, δ15N, Δ199Hg and δ202Hg values resulted in better foraging habitat 

characterization compared to δ13C and δ15N values alone (details of each classification 

trees in Appendix 6-8 to 6-10). 

 

Figure 6-4 – Chord diagrams of the links between theoretical and predicted pelagic 

(in blue), neritic (in green) and coastal (in red) elasmobranchs established by 

classification trees. Each line represents an individual classified differently 

between its theoretical and predicted trophic habitat. Lines thickness is 

proportionated to the number of individuals concerned. 
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In the Pacific Ocean, the classification tree based on the analysis of δ13C and δ15N 

values misclassified twenty-seven individuals (~30% of the individuals) including five 

coastal (M. californica and P. productus), thirteen neritic (M. californicus, M. henlei and 

S. zygaena) and nine pelagic (I. oxyrinchus, P. glauca and A. vulpinus). By adding Hg 

isotopes, this number decreased to eighteen individuals (~20% of the individuals) 

including four coastal (P. productus), ten neritic (G. galeus, M. californicus, M. henlei 

and S. zygaena) and four pelagic (I. oxyrinchus, P. glauca and A. vulpinus). 

In the Gulf of California, classification tree based on the analysis of δ13C and δ15N 

values misclassified nine individuals (~12% of the individuals) including four coastal 

(P. productus), one neritic (M. henlei) and four pelagic (C. falciformis, I. oxyrinchus and 

A. pelagicus). Using δ13C, δ15N, Δ199Hg and δ202Hg values, only two P. productus, 

theoretically coastal, were classified as neritic. 

5. Discussion 

a. Separated coastal and pelagic food webs in the Gulf of 

California 

In the Gulf of California, stable isotope analyses differentiated between a benthic 

coastal food web and a pelagic one. This was explained by the unique composition of 

rays and neritic sharks, suggesting they foraged upon a different baseline than pelagic 

species. Broad differences in Δ199Hg and δ202Hg values between compartments 

revealed that MeHg exposure was derived from different sources (Figure 6-2 and 6-3). 

Neritic and coastal species had significantly lower Δ199Hg and δ202Hg values, 

suggesting MeHg was less influenced by photoreduction before incorporation in 

tissues compared to pelagic species (Bergquist and Blum, 2007; Blum et al., 2013). 

Previous reports of coastal to offshore Hg isotopic gradients have generally found 

lower photochemical degradation in coastal environments, due to the higher turbidity 

induced by river discharge (Meng et al., 2020; Senn et al., 2010). Except for large 

riverine inputs in the northern and eastern shores of the Gulf of California, no major 

terrestrial inputs is likely to induce turbidity increases on the coast of Santa Rosalía. 

Our interpretation of such low Δ199Hg (and δ202Hg values) in coastal/neritic 

elasmobranchs is that they reflect MeHg produced by microbial activity at the sediment 

interface that has not been subjected to photochemical degradation prior to its 

integration in the food web (Gantner et al., 2009; Meng et al., 2020; Yin et al., 2015). 
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Higher Δ199Hg values in pelagic sharks implied their MeHg were more affected by 

photochemical degradation, a characteristic pattern of sharks foraging within offshore 

food webs (Besnard et al., 2021).  

The different origin of MeHg concurs to trophic niches described by traditional C and 

N stable isotope analysis, and support the fact that pelagic sharks fed on a different 

baseline than other species. Indeed, δ13C decreased from coastal to pelagic species 

(Figure 6-2), which is classically observed across marine biota as a result of the 

different inorganic carbon sources and subsequent metabolic pathways mobilized 

among primary producers, with lower δ13C values in pelagic specimens, deriving C 

from phytoplankton (Magozzi et al., 2017; Miller et al., 2010). The same difference in 

baseline foraging grounds was observed in δ15N values. Under the hypothesis of a 

common foraging ground with homogeneous baseline, δ15N would likely reflect 

differences between trophic levels (Hussey et al., 2011; Post, 2002), whereas, here, 

numerous mismatches were observed between δ15N and the known diet of these 

species (Figure 6-2). Indeed, highest values were observed in mesopredatory species 

such as R. longurio (Alatorre-Ramirez et al., 2013) and early life stages S. lewini 

(Chapter 3), while pelagic top-predators had similar δ15N values as coastal rays, like 

between the cephalopod-feeding C. falciformis and M. californica foraging on small 

mollusks or polychaetes (Bezerra et al., 2021; Bizzarro et al., 2017). This supports the 

finding that coastal and pelagic food webs were separated in the Gulf of California and 

suggests that the δ15N baseline was higher in the coastal food web.  

Within the coastal food web, the significant difference between neritic shark and 

coastal ray δ15N values revealed a clear-cut difference in their trophic levels, in 

accordance with their respective documented diet (Bezerra et al., 2021; Bizzarro et al., 

2017; Curiel-Godoy et al., 2016; de la Cruz Agüero et al., 1997). This implies limited 

competition for resource, a conclusion supported by their contrasted δ13C values. 

Under such segregation between trophic habitats (both between pelagic and coastal 

species, and between trophic levels within the coastal food web), competition for 

dietary resources is likely to be reduced. This was observed in classification trees 

performed in the Gulf of California that efficiently discriminated between theoretical 

foraging habitats (Figure 6-4). While incorporation of the isotopic composition of MeHg 

sources enhanced the discrimination of foraging grounds, δ13C and δ15N values alone 

also showed a good accuracy, with ~88% of individuals correctly classified. 
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Consequently, whenever baselines are sufficiently discriminating and resource 

partitioning significant, such as around Santa Rosalía in the Gulf of California, δ13C 

and δ15N efficiently characterize trophic niches. 

b. Elasmobranch assemblage supported by pelagic subsidies 

in the Pacific upwelling system 

In the Pacific Ocean, Hg, N and C isotopes revealed that pelagic production was the 

main source of nutrients and Hg inputs in elasmobranch assemblage. The analysis of 

Hg isotopes (Δ199Hg and δ202Hg) revealed no major difference in MeHg exposure 

source between individuals of different foraging habitats (Figure 6-3). MeHg affected 

by photochemical degradation in the pelagic environment is characterized by Δ199Hg 

values higher than 1.00‰, as observed in teleost fishes (Blum et al., 2013; Sackett et 

al., 2017), birds (Renedo et al., 2020) and sharks (Besnard et al., 2021; Le Croizier et 

al., 2022). In the present study, such values were found in pelagic sharks (1.92 ± 

0.25‰), as well as in small-bodied neritic sharks (mostly <100 cm TL) (1.84 ± 0.25‰) 

and coastal rays (1.51 ± 0.35‰) (Figure 6-2) suggesting that all species mainly derived 

their MeHg from pelagic subsidies. 

Pathways to nutrient acquisition also led to more homogeneous δ15N and δ13C values 

compared to species from the Gulf of California (Figure 6-2). Indeed, δ13C values were 

globally similar and did not vary between foraging habitats such as observed in the 

Gulf of California. Homogeneous δ15N values were also found, except for the case of 

15N-depleted P. glauca and M. californica and 15N-enriched I. oxyrinchus and G. 

galeus. Pelagic shark species sampled in the Pacific Ocean are known to be migratory 

but show limited horizontal movement in the studied region (Madigan et al., 2021; 

Musyl et al., 2011; Nosal et al., 2019; Sepulveda et al., 2004). It is therefore unlikely 

that differences in δ15N baseline could explain the observed values between species 

due to the limited dispersal capacity of small-bodied sharks and rays. Regardless of 

metabolic differences that could not have been tested in this study (e.g., diet-tissue 

discrimination factor), we suggest elasmobranch δ15N values reflect an integrated 

signal of foraging at intermediate trophic levels (Hussey et al., 2011; Post, 2002). 

Sharks, especially the large-bodied pelagic species, can feed on high trophic level prey 

(predatory fishes, cephalopods), which small coastal rays are unlikely to do (Flowers 

et al., 2021; Galván-Magaña et al., 2013). Consequently, we suggest that the similar 
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trophic levels displayed by elasmobranchs sampled in this area reflect average 

foraging, where large sharks are characterized by a highly omnivorous diet (Madigan 

et al., 2012) feeding on both high and low trophic levels, while coastal rays feed on 

intermediate trophic levels. For instance, stomach content analyses carried out on blue 

sharks, P. glauca, revealed a diet mainly composed of the pelagic red crab, 

Pleuroncodes planipes, and secondarily by large mesopelagic cephalopods (Galván-

Magaña et al., 2013; Hernández-Aguilar et al., 2016; Maya Meneses et al., 2016). 

Furthermore, high omnivory in top predator species agrees with the description of the 

pelagic upwelling system associated to the California Current made by Madigan et al. 

(2012).  

The pelagic signature of elasmobranch MeHg (Δ199Hg and δ202Hg) coupled to 

homogeneous δ13C and δ15N values between the different species are likely to be a 

result of the strong upwelling activity observed in the study region (Ibarra-Obando et 

al., 2001). Indeed, in this area, the transport of pelagic nutrients to coastal habitats is 

enhanced by the coupling of coastal upwelling (Figure 6-1) and tidal pumping of 

surface waters (Zaytsev et al., 2003). For instance, the reliance of coastal invertebrates 

towards pelagic production has been highlighted inside the lagoon of Ojo de Liebre 

(included in the sampling area) for the suspension-feeding bivalve Spondylus 

crassisquama (Mathieu-Resuge et al., 2019). Upwelling impulses in marine 

ecosystems are generally shifting δ15N and δ13C baselines, ultimately affecting marine 

consumers isotopic signatures over different spatial (i.e., distance from the upwelling 

core area) and temporal (i.e., upwelling seasonality) scales (Chouvelon et al., 2012; 

Lopez-Lopez et al., 2017). Such confounding effects could be one reason of 

homogeneous δ13C and δ15N values observed for elasmobranchs, especially as we 

measured stable isotopes inside muscle tissues, which provide an integrated signal 

beyond seasonal variations (Thomas and Crowther, 2015). As a result, classification 

trees poorly performed in the study region located on the Pacific coast compared to 

the Gulf of California (Figure 6-4). Rather than a poorly discriminatory power of Hg, N 

and C stable isotope analyses, we suggest that the observed values reflect local 

ecological dynamics due to the presence of the upwelling scattering pelagic subsidies 

from offshore to coastal habitats. This result reinforces the idea that special attention 

must be paid to local environmental conditions when studying the ecology of marine 

consumers using stable isotopes. On the other hand, while complementary Hg isotope 
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analysis offer a better precision in depicting foraging habitats, common MeHg sources 

between pelagic and coastal species could limit the discriminatory power of such 

approach.      

c. Atmospheric Hg origin, incorporation in the water column 

and potential biotic fractionation in elasmobranch: 

In marine ecosystems, Hg is supplied by atmospheric deposition following two 

mechanisms: gaseous Hg(0) uptake and wet or dry inorganic Hg(II) deposition (Jiskra 

et al., 2021). Dissolution of Hg(0) is characterized by slightly negative Δ200Hg values 

while precipitation and dry deposition of Hg(II) are characterized by positive Δ200Hg 

values (> 0.10‰) (Enrico et al., 2016). Even if Δ200Hg variation remains small in 

environmental samples (Blum and Johnson, 2017), values are conserved and are 

ultimately reflected in the MeHg bioaccumulated by marine biota, allowing the use of 

Δ200Hg values as a tracer of atmospheric Hg entry points in marine ecosystems (Le 

Croizier et al., 2022; Masbou et al., 2018). Here, elasmobranch mean Δ200Hg values 

were 0.04 ±0.05‰ from the Pacific Ocean and 0.05 ±0.04‰ from the Gulf of California, 

suggesting approximately equal contribution of both deposition pathways in these two 

contrasted marine ecosystems, as indicated in a recent global analysis of Δ200Hg 

latitudinal variations in seawater, sediment and marine biota (Jiskra et al., 2021). 

Continental ecosystems (i.e., flora and soil) have been suspected to be more prone to 

Hg(0) dissolution than Hg(II) deposition, leading to lower Δ200Hg values in marine biota 

foraging in coastal ecosystems where terrestrial inputs can be exacerbated (e.g., 

terrestrial runoff trough rivers) (Meng et al., 2020; Obrist et al., 2017). However, Δ200Hg 

values did not significantly changed from coastal to oceanic species with similar values 

than reported for other shark species in the eastern Pacific region (e.g., 0.06‰ Le 

Croizier et al., 2022, 0.05‰ Besnard et al., 2021). Homogeneous Δ200Hg in 

elasmobranchs is likely the result of a common atmospheric origin of Hg in marine 

ecosystems with no Δ200Hg spatial differences between coastal and offshore species. 

This hypothesis is supported by both the global low contribution of rivers to the total 

Hg in the Pacific Ocean (Masbou et al., 2018; Zhang et al., 2014) and the absence of 

major river-brought terrestrial inputs to marine environments in the studied region 

(Alvarez-Borrego, 2010; Thunell et al., 1994).   
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The Δ199Hg/Δ201Hg slope (Appendix 6-11) is characteristic of MeHg photochemical 

transformation in marine environments prior to incorporation in the food webs 

(Bergquist and Blum, 2007). Two photoreduction reactions result in different 

Δ199Hg/Δ201Hg ratios: Hg(II) photoreduction to Hg(0) with a ratio of 1.00 (±0.02, 2 SE) 

and the photodegradation of MeHg to Hg(II) with a ratio of 1.36 (±0.02, 2 SE) (Bergquist 

and Blum, 2007). In the elasmobranch species sampled from the Pacific Ocean and 

the Gulf of California, this ratio was 1.26 and 1.30, respectively, suggesting that 

photodegradation of MeHg is the main mechanism affecting Δ199Hg in both sites, such 

as previously reported in the eastern Pacific region (Blum et al., 2013; Le Croizier et 

al., 2022; Sackett et al., 2017).  

Photochemical transformation of Hg in the water column leads to both Δ199Hg and 

δ202Hg fractionations, explaining the similar pattern observed at both sites (Figure 6-2) 

(Bergquist and Blum, 2007; Blum et al., 2013). The smaller differences in δ202Hg values 

between pelagic, neritic and coastal elasmobranchs compared to Δ199Hg could be 

explained by an effect of metabolic detoxication. Detoxication of Hg in waterbirds and 

marine mammals has been reported to involve tissue-dependent mechanisms 

including in-vivo hepatic MeHg demethylation, increasing δ202Hg values in an Hg pool 

redistributed to less metabolically active tissues such as muscle (Bolea-Fernandez et 

al., 2019; Li et al., 2020; Perrot et al., 2016; Poulin et al., 2021). As only δ202Hg values 

are affected by biotic processes, high muscle δ202Hg values and a Δ199Hg/δ202Hg slope 

equal to 0 are expected following Hg detoxification (e.g., Li et al., 2020). Such a pattern 

has been observed in different shark species (Besnard et al., 2021; Le Croizier et al., 

2022, 2020b). Besides, fish muscle Δ199Hg/δ202Hg slope was 0.96 (Sackett et al., 

2017), 1.50 or 1.77 (Madigan et al., 2018) in species which supposedly do not undergo 

demethylation. For the species analyzed in this study, Δ199Hg and δ202Hg values were 

mostly not significantly correlated with putative slopes varying between 0.01 to 1.74, 

suggesting possible Hg demethylation even for some small-bodied sharks and rays 

(Appendix 6-5). 

6. Conclusions on ecosystem resilience 

Based on the complementarity between Hg, N and C stable isotope analyses, this 

study shows that the trophic structure of elasmobranch assemblages can spatially 

differ. Even if not directly tested here, the strong pelagic signal observed in all 

individuals of the region of Bahía Tortugas in the Pacific coast is likely the result of 
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coastal upwelling processes. Trophic interactions are likely to diverge between these 

two assemblages, implying that the same species would not play the same functional 

role in both food webs (Hussey et al., 2015). In the Gulf of California, separated pelagic 

and coastal compartments lead to separate trophic niches, probably reducing dietary 

competition. In the Pacific Ocean, shark trophic plasticity is leading to omnivory and 

potentially higher degree of interaction between species. Such foraging habits among 

sharks could lead to overlapping trophic niches, increasing dietary competition within 

the assemblage. As sharks are major predators in the ecosystems, such a competition 

could have important ecological implications for the resilience of marine ecosystems 

facing fishing pressure and climatic perturbations, either periodic (Pacific Decadal 

Oscillations, El Niño Southern Oscillations) or chronic (climate change). Despite 

potential competition, one could argue that the strength of top-down control is expected 

to be attenuated in the Pacific coast, due to strong trophic connectivity and redundancy 

through omnivory. Conversely, a more complex trophic structure could imply a mosaic 

of responses to perturbations that could stabilize the ecosystem against the loss of 

predatory taxa (Gross et al., 2009; Rooney et al., 2008). In the Gulf of California, due 

to separate niches, strong cascading effects could therefore be expected following the 

loss of shark species, decreasing the overall ecosystem resilience. Finally, this study 

shows the limitation of traditional stable isotope analysis whenever baselines are not 

sufficiently discriminating, or when resource partitioning not marked enough. Additional 

compounds such as Hg or S (which will be later incorporated to this study) provide a 

promising insight in this situation to unravel food web structure and ecological 

mechanisms at play, with potentially a major influence on the regulation of marine 

ecosystems resilience.   
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CHAPTER 7: DISCUSSION AND PERSPECTIVES 
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Understanding what drives the limitation of fundamental trophic niches toward realized 

trophic niches in predators is a major challenge in ecology, as it depends on different 

mechanisms that occur over different spatial (both horizontal and vertical) and 

temporal scales. Among these mechanisms, resource partitioning is probably one of 

the most important ecological drivers underlying the maintenance of species diversity 

and ecosystem services (Chesson, 2000). Resource partitioning in sharks occurs at 

many different scales. At the intra-specific level, some shark species tend to separate 

habitat and resource use between life stages. At the inter-specific level, similar patterns 

exist between co-occurring species to avoid competitive exclusion forces, a 

mechanism observed in both shared nurseries and adult habitats. The resulting 

plasticity in shark realized trophic niche may modify the control top-predators exert on 

the entire ecosystem via top-down cascading effects. Characterizing highly-complex 

realized trophic niches in top-predatory shark species is therefore needed to 

understand such effects and their variability, all the more urgent when considering the 

alarming rate of declining shark populations worldwide under the effect of overfishing 

and climate change (Dulvy et al., 2021). In the Mexican Pacific, such considerations 

are particularly urgent as the region harbors a multitude of artisanal fishing camps, 

main actors of shark fishing in Mexico, leading the country among the top 10th 

producers of shark-derived products worldwide. Recent calls for action following 

observed decreased abundance of shark species have led the Mexican jurisdiction to 

take decision in prohibiting the catch of some species (e.g., giant manta rays and great 

white sharks) or the fishing ban from May to July to allow some species to reproduce. 

However, these efforts may as well be ineffective in the absence of ecological 

knowledge on local shark populations.    

In this context, the first objective was to describe the partitioning of food and habitat 

across different shark assemblages. This issue was at the center of the scientific 

questions tackled in this thesis and was transverse to all chapters. Using a combination 

of trophic tracers adapted to the studied species, resource partitioning was assessed 

at the intra-specific scale, studying the segregation in resource used and trophic 

habitat across hammerhead shark juvenile stages both in the Gulf of California 

(Chapter 3) and on the Pacific coast of Baja California Sur (Chapter 5). Resource 

partitioning was also addressed for co-occurring shark species displaying putative 

similar trophic spectra, as with the case of sympatric juvenile scalloped and smooth 
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hammerhead sharks in the Gulf of California (Chapter 3) or pelagic species in the 

northeastern Pacific region (Chapter 4). Finally, a focus was made on the potential 

differences in resource partitioning at the scale of the elasmobranch assemblage, from 

pelagic top-predator shortfin mako sharks to mesopredator coastal rays, by comparing 

the trophic dynamic of elasmobranch communities of both coasts of Baja California 

Sur with contrasted environmental and oceanographic dynamics (Chapter 6). Another 

objective of this thesis was to characterize the trophic niches of shark species at 

different stages of their life, from young juveniles to adults. We were finally able to 

focus only on the juvenile phases of most species, as we relied on samples obtained 

in artisanal fishing camps, for which catch composition is dominated by juvenile 

specimens (Ramírez-Amaro et al., 2013; Saldaña-Ruiz et al., 2017). Still, important 

ontogenetic shifts in trophic niches were observed in the case of hammerhead sharks 

(Chapter 3 and 5). Owing to the high fishing pressure sharks are facing in the Mexican 

Pacific, this thesis also seeks to assess the ecological drivers that could increase their 

vulnerability. This question was mainly targeted by studying the reliance of smooth 

hammerhead sharks to coastal habitats, highly targeted by fishing activities, before 

their migration to oceanic regions (Chapter 5). From a methodological perspective, 

different biomarkers were analyzed throughout this document (fatty acid composition, 

carbon, nitrogen and mercury isotopes, and two studies will be completed by sulfur 

isotopes). Their insights and complementarity in regards of species ecology and 

oceanographic conditions is a consideration extending across all studies and will be 

particularly discussed in the following chapter. 
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Figure 7-1 – Summary scheme of the four different studies (Chapters 3, 4, 5 and 

6) exploring the trophic niches of shark species in Baja California Sur with a central 

focus on the case of the smooth hammerhead shark. 

1. Shark trophic niches 

a. Resource partitioning and foraging depth 

For hammerhead shark species, the realized trophic niche variability did mainly 

depend on habitat and resource partitioning between life stages. As demonstrated in 

Chapter 3 and 5, the ontogenetic shift allows for the distinction of separated ecological 

niches between neonates and juveniles in habitat use (i.e., from coastal areas to 

offshore and oceanic habitats) and dietary habits (i.e., increasing reliance on 
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mesopelagic prey). These studies (especially Chapter 5) further highlighted that such 

a switch is gradual. Hammerhead sharks did not move from their nurseries straight to 

offshore habitats, but did exhibit long-term reliance to coastal ecosystems (i.e., 

estimated at three years for the smooth hammerhead shark in the Pacific coast). The 

resulting differences in prey composition between life stages imply that hammerhead 

sharks play a different trophic role within distinct food webs throughout their life. It 

would be crucial to take into account such trophic complexity in ecosystem modelling 

to assess the effects of species removal from overfishing or environmental variations 

(Heithaus et al., 2008; Hussey et al., 2015). It is also important to note that ontogenetic 

diet shift is a common trait of mesopredator to top-predator marine fishes and does not 

necessary occur along with a clear habitat separation between life stages (Sánchez-

Hernández et al., 2019). Indeed, ontogenetic diet shifts also result from increasing 

body length, mouth gap and stomach size, hunting capacities and energetic demands, 

a commonly observed trait of small mesopredator species (e.g., Besnard et al., 2022). 

The integration of trophic intra-specific variability within ecosystem models will be 

crucial to understand the spatial and temporal variability of marine food web structure. 

In marine ecosystems, horizontal movements generally come with a change in the 

extent of vertical niche available, an aspect overlooked in the characterization of 

predator ecological niches. Addressing depth range changes in sharks at the intra-

specific scale is particularly intuitive and relevant in the context of coast-to-offshore 

movements (as for juvenile hammerhead sharks) but also for oceanic migrations, due 

to different bathymetric structures, thermal conditions or concentrations of dissolved 

oxygen within the water column (Queiroz et al., 2010; Rogers et al., 2015; Vaudo et 

al., 2016). At the inter-specific scale, vertical habitat segregation is also occurring 

among pelagic predators exhibiting different patterns in depth use (Madigan et al., 

2020a). The most likely explanation for deep diving in shark species is foraging on 

mesopelagic prey (e.g., Braun et al., 2019; Jorgensen et al., 2009). Chapter 4 

highlighted the importance of the vertical dimension for assessing segregation in 

trophic niches between similar pelagic species spending most of their time in upper 

water layers and frequently deep diving. Such an importance of foraging depth was 

until then difficult to assess and was revealed in the present work thanks to Hg 

isotopes, which hold the power to explore a dimension of the niche of marine predators 

critically unexplored. 
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In Chapter 4 and 5, Δ199Hg was used as a tracer of foraging depth. In long-term 

integrating tissues such as muscle (Kwon et al., 2016), Hg isotopes could first help to 

characterize the mean foraging depth. In marine species, attributing a mean depth for 

habitat use is particularly challenging. While some studies have used median depth of 

occurrence (Blum et al., 2013; Choy et al., 2009) or putative habitat preference (Le 

Bourg et al., 2019), Δ199Hg is the first explicit (i.e., directly results from what is 

assimilated, not from an associated behavior) and non-ambiguous (δ15N has 

sometimes been used for this purpose, although no clear global depth-related pattern 

has been reported to date) proxy to address this crucial dimension in the trophic 

ecology of pelagic predators. Deep-diving is a trait shared across birds, reptiles, 

elasmobranchs, teleosts and mammals and has been linked to diverse functions, 

namely foraging on the mesopelagic layer, avoiding predators, identifying migration 

pathways (e.g., light, bathymetric structure, magnetic/electrical fields), saving energy, 

avoiding parasitic infections, thermoregulating or interacting trough social bounds 

(reviewed in Braun et al., 2022). While the use of biologging sensors equipped with 

camera and telemetry receivers could help disentangle such processes from one 

another (e.g., Papastamatiou et al., 2022), Hg isotopes, when correctly applied and 

under the right assumptions, could offer the opportunity for a first assessment of why 

a given species exhibit frequent deep diving patterns. Such opportunity for a new vision 

of marine species movement could be notably enhanced by coupling tracking devices 

and Hg isotopes, and analyze the mismatch or correspondence between information 

provided by both approaches. Better than using long-term integrating muscle, such 

studies could rely on blood samples providing a foraging signal at short time scale, as 

previously analyzed in birds (Renedo et al., 2021) or mammals (Bolea-Fernandez et 

al., 2019). 

In the context of climate change, Oxygen Minimum Zones (OMZ) are observed at 

shallower depth and spatially-extending both horizontally and vertically (Stramma et 

al., 2008). Large pelagic sharks are known to commonly dive at depth to forage on 

mesopelagic taxa sometimes even beyond OMZ (Coffey et al., 2017; Jorgensen et al., 

2009) but still favor normoxic waters (Vedor et al., 2021). As suggested in Chapter 4, 

habitat compression could limit the vertical resource partitioning between co-occurring 

oceanic species but could also affect hammerhead shark trophic niches owing to the 

gradually increasing importance of mesopelagic prey in juveniles (Chapter 3 and 5). 
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Inter-specific differences in the physiological capacities to forage in deoxygenized 

water could influence foraging grounds (both horizontally and vertically) in sharks, with 

some species able to forage on prey that developed capacities to live outside normoxic 

water boundaries, like cephalopods (Rosa and Seibel, 2010). As long-term tracking 

data are limited and most of the time unavailable to trace back changes in diving depth, 

the study of archived shark muscle samples could enable to potentially retrace such 

effects and anticipate on future vertical migration of foraging grounds in the next years.  

b. Complementarity in trophic tracers 

The more co-existing species are ecologically close, the more efficient the combined 

use of different biomarkers is likely to depict resource partitioning. This was particularly 

the case for pelagic species that can display similar isotopic niches for some elements, 

despite having contrasted diets. This was largely due to the lack of discrimination 

according to δ13C, as a result of carbon originating from phytoplankton for most oceanic 

food chains. As seen in Chapter 4 for such co-existing pelagic species, δ15N could 

explain some part of the resource partitioning, while ecological drivers of such 

differences can be difficult to identify unambiguously (i.e., horizontal/vertical baseline 

variations, trophic level, metabolism). In the end, an overall better picture of the 

separation of trophic niches was obtained once Δ199Hg was considered in the analysis. 

Ultimately, combining carbon and nitrogen isotopes with other isotopic signatures (e.g., 

δ34S, Skinner et al., 2019), fatty acids (Pethybridge et al., 2010), organic contaminant 

analysis (Lyons et al., 2019), or with direct observations from stomach content analysis 

(i.e., to gain a qualitative diet description) or from tracking studies (i.e., to assess 

differences in vertical or horizontal habitat use) might be necessary to clearly identify 

resource partitioning between sympatric species. However, most of these 

methodologies will often overlook the vertical dimension of trophic niches, except for 

tracking studies, whose drawbacks are discussed in Chapter 5. Hg isotopes as a 

complementary tool for trophic ecology studies therefore offer the opportunity to better 

highlight the dietary niches and interactions of species inside marine food webs, taking 

Hg contamination as a proxy for feeding. It is still important to consider that while all of 

these biomarkers have a dietary origin, their accumulation pattern and metabolic fate 

can drastically differ. C and N isotopes, as well as fatty acids, are associated to 

nutrients and can have a very diverse fate within animals’ tissues due to the different 

metabolic pathways they may be involved in. In contrast, Hg is a contaminant that 
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bears no physiological interest, not homogeneously distributed within potential food 

sources, whose detoxication is limited in many taxa, and whose fate within animals’ 

tissues is relatively independent from the nutrients along with it was assimilated. 

Consequently, although both assimilation and metabolization pathways of C, N and 

fatty acids are relevant to explain their distribution in animals, exposure sources are 

dominant in explaining the distribution of contaminant-based biomarkers. 

While Δ199Hg is a relevant proxy for foraging depth, it is important to acknowledge that 

the composition of other stable isotopes varies vertically from the epipelagic layer to 

deep-sea ecosystems. Indeed, microbial degradation and the recycling of sinking POM 

can result in heavy isotope enriched values in benthic consumers compared to pelagic 

ones, notably for δ15N (Trueman et al., 2014). Such vertically changing δ15N values 

have been observed in suspended particle and zooplankton (Hannides et al., 2013) 

but not systematically in higher order consumers, probably because they forage across 

broad vertical dimensions, which, associated to limited baseline contrasts and 

confounding factors, such as trophic fractionation, buffers such signals (Choy et al., 

2015). In smooth hammerhead sharks sampled on the Pacific coast of Baja California 

Sur (i.e., juveniles sampled for Chapter 5 and additional 10 mature specimens), 

muscle δ15N values significantly increased with decreasing Δ199Hg values (Figure 7-

2). Such pattern highlights potential 15N-enriched foraging baseline at depth for the 

species. However, any definitive conclusion on a potential redundancy in the ecological 

information provided by both isotopic signals in the northeastern Pacific is difficult. 

Indeed, Δ199Hg values is known to be only impacted by photochemical reaction in the 

water column (Bergquist and Blum, 2007), whereas δ15N values could result from the 

interplay between baseline changes (both vertically and horizontally), trophic levels 

and metabolism.  
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Figure 7-2 – Correlation between δ15N and Δ199Hg values in the muscle of juvenile 

and adult smooth hammerhead sharks sampled on the Pacific coast of Baja 

California Sur. A linear regression was applied to describe the decrease in δ15N 

values as a function of increasing Δ199Hg values (R² and p-value reported in the 

figure, F=125.2). Point shapes correspond to the different sampling sites.  

The complementarity between stable isotope analyses to understand basal 

biochemical processes affecting nutrient cycles and the functioning of local food web 

is particularly needed in dynamic ecosystems. This was particularly observed in 

Chapter 6 in the case of upwelling system mixing the water column. In the Pacific 

coast of Baja California Sur, the upwelling system supports a food web on which the 

whole elasmobranch assemblage relies, resulting in δ13C, δ15N and Δ199Hg values 

poorly discriminating among species (e.g., chord diagram Chapter 6).  

One of the challenging aspect of studying elasmobranch ecology is the delimitation 

between their coastal and offshore life stages, as such delimitation can be important 

for conservation purposes given the actual anthropogenic pressures exercised on 

nearshore ecosystems (Knip et al., 2010). Such aspects are traditionally assessed 

from δ13C but could be also completed in the future from Δ199Hg values, given the fact 

that some coastal ecosystems are characterized by Hg entering the food web without 
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being impacted by strong mass-independent fractionation of odd-mass Hg isotope 

(such as in the Gulf of California, Chapter 6). We sought to investigate coastal to 

offshore isotopic patterns with δ34S signatures and compare the outcomes with both 

δ13C values and Δ199Hg values in Chapter 3 and 6. Unfortunately, as a result of late 

samples acquisition after COVID restrictions, this analysis could not have been 

achieved in time for being included in this manuscript. 

An explanatory approach presented in this document concerned the use of Δ199Hg 

values to estimate the migration timing of juvenile smooth hammerhead sharks using 

isotopic clocks. Such an approach offers promising perspectives, on one hand as 

ontogenetic diet shifts from coastal shallow water nurseries to pelagic grounds is a 

common trait in fish species and on the other hand as isotopic clocks are relatively 

easy to settle (i.e., the methodology used in Chapter 5 will soon be edited as an R 

package). The benefits of using Δ199Hg compared to traditional stable isotopes mainly 

lies in its sole dependence on baseline effects. An example of such effect was 

particularly highlighted by the described relationship between Δ199Hg and δ15N values 

(Figure 7-2). In the absence of prey data, using δ15N in a similar isotopic clock 

approach would have relied on better-established isotopic turnover rate (Shipley et al., 

2021) but observed ontogenetic shift could have been linked to the well-described 

increasing trophic level with size, and not to vertical or horizontal changes in baseline 

values. The study of predators movement using stable isotopes often relies on 

isoscapes (Graham et al., 2010; Trueman and St John Glew, 2019). Isoscapes 

represent the horizontal variations in baseline stable isotope composition that allow the 

reconstruction of animal migrations. Considering pelagic ecosystems, existing data 

suggest that Δ199Hg values principally vary with foraging depth or with depth of MeHg 

production. Consequently, although Hg isotopes yielded original information on shark 

migration at the regional scale (e.g., coastal to offshore movements), traditional stable 

isotopes remain probably a more efficient approach to investigate animal migration 

across larger scales. 

Overall, the application of Hg isotopes in movement studies and their long-lasting 

implementation in shark trophic ecology studies remain dependent on future 

experimental developments. For the isotopic clock approach, we had to rely on the 

Δ199Hg turnover rate of the Pacific bluefin tuna in the absence of estimation for shark 

species. As it has been achieved for δ13C and δ15N values (e.g., Hussey et al., 2010; 
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Kim et al., 2012; Malpica-Cruz et al., 2012), experiments evaluating Hg isotope 

turnover rates and further confirming the absence of diet-tissue discrimination factors 

from prey to sharks (Kwon et al., 2016, 2013) are needed. Hg isotopes are likely to 

reflect the largest dietary Hg intake, which depend on prey Hg concentration and 

consumption rates. To what extend Hg concentration will affect Hg isotope composition 

in top-predator species such as sharks with a diversified diet made of epipelagic and 

mesopelagic prey yet remains also to be tested. Under natural conditions, our studies 

also call for more investigations on Hg stable isotopes composition of zooplankton 

across the water column and in prey species exhibiting diel vertical migration. Indeed, 

shark mesopelagic prey performing such migrations could present similar Δ199Hg 

signal than epipelagic prey if they were to consistently feed at the surface. 

2. Management perspectives in the Mexican Pacific 

a. Unraveling the life cycle of smooth hammerhead sharks 

Hammerheads are globally highly threatened (Dulvy et al., 2021) and include the 

smooth hammerhead shark, which is the least known species of the three large 

hammerhead species (Gallagher and Klimley, 2018). The smooth hammerhead shark 

was considered in this study as a model species, critically affected by overfishing 

(Castillo-Geniz and Tovar-Ávila, 2016; Pérez-Jiménez, 2014; Saldaña-Ruiz et al., 

2017) and largely data deficient, which impedes the implementation of effective 

management plans. The case of the smooth hammerhead shark could further be 

regarded as an illustration of emergent research priorities for shark conservation 

across marine ecosystems worldwide, where conservation often suffer from a lack of 

ecological data (Dulvy et al., 2021; Jorgensen et al., 2022). Based on biomarkers 

analyzed on readily available samples obtained from artisanal fishing camps, 

Chapters 3 to 5 provide new elements on the species life cycle in the region, mostly 

at juvenile stages, and potential inferences on adult habitats could be drawn for the 

rare large specimens that we were able to sample. 

Smooth hammerhead sharks were highly suspected to use nursery areas (Francis, 

2016; Santos and Coelho, 2018; Segura-Cobeña et al., 2021). On the Pacific coast of 

Baja California Sur, samples from young-of-the-year (Chapter 5) all came from the 

fishing camp of Bahía Tortugas, including the region of Bahía Sebastián Vizcaíno. 

Bahía Sebastián Vizcaíno was already hypothesized as a nursery ground for other 
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species such as shortfin mako or great white sharks (García-Rodríguez and Sosa-

Nishizaki, 2020; Tamburin et al., 2019). The area is characterized by a wide continental 

shelf covering the entire embayment with shallow waters that expand up to a lagoon 

ecosystem (Laguna Ojo de Liebre). Neonates and early juveniles of smooth 

hammerhead sharks were previously reported in the Bay (Castillo-Geniz and Tovar-

Ávila, 2016; García-Rodríguez et al., 2021). Bahía Sebastián Vizcaíno and the Laguna 

Ojo de Liebre could satisfy the major roles of nursery areas for this species, namely 

the protection from predators (i.e., shallow water with potential utilization of lagoon 

ecosystems as shelters and co-occurrence of only juvenile size large-bodied sharks) 

and food availability (García-Rodríguez et al., 2021), even if strict nursery criteria 

remain to be tested (Heupel et al., 2007).   

In the Gulf of California, we found smooth hammerhead sharks at juvenile sizes 

probably having already left their nurseries (Chapter 3). Along the continental coast of 

the Gulf of California, smooth hammerhead sharks have been found at neonate sizes 

along the coastline of Sonora (Bizzarro et al., 2009c), while it was not the case in the 

occidental coast studied in Chapter 3 (Bizzarro et al., 2009b). These differences in 

observed ontogenetic stages could therefore result from the use of the continental 

coast as nurseries and the rest of the Gulf of California as secondary foraging ground 

for juveniles. Interestingly, the catch of smooth hammerhead sharks was reported in 

the northern part of the Gulf of California (Figure 7-3), supporting the idea that this 

epicontinental sea also remains a possible important foraging or nursery ground for 

the species. 
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Figure 7-3 – Geographic regions where smooth hammerhead sharks were caught 

by medium-sized fleets using longlines and nets in the Mexican Pacific based on 

data from Castillo-Geniz and Tovar-Ávila (2016). Different colors correspond to 

different fishing fleets and monitored years: in blue the fleet of Ensenada (2006-

2014), in green the fleet of Mazatlán (2006-2014) and in red the fleet of Puerto 

Peñasco (2006-2009). 

Using multiple nursery grounds could allow smooth hammerhead sharks to gain benefit 

from “portfolio effects”. As different nurseries would provide different levels of benefits, 

using multiple ones would allow a good maintenance of shark biomass through time 

(Heupel et al., 2018). Both the Pacific coast of Baja California Sur and the Gulf of 

California offer a mosaic of diversified environments where sharks are known to settle 

nursery grounds like mangroves, coastal bays, lagoons, estuaries and wetlands, which 

could also be used by smooth hammerhead sharks (Aburto-Oropeza et al., 2008; 

Lluch-Cota et al., 2007; Salomón-Aguilar et al., 2009). 

In Chapter 5, the coastal residency of juvenile smooth hammerhead sharks in the 

Pacific coast was estimated around three years, exceeding previous estimations for 

the species based on catch data (e.g., Francis, 2016). The potential use of secondary 

nurseries by the species fit in the “seascape nurseries” concept developed by 
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Nagelkerken et al. (2015). Seascape nurseries are defined as a framework of multiple 

habitat patches functionally connected by mobile organisms of a given species with 

irregular density hotspots. Such pattern could occur over large spatial scale for the 

smooth hammerhead shark given its mobility (Logan et al., 2020; Santos and Coelho, 

2018). In scalloped hammerhead sharks, females have been hypothesized to leave 

coastal nursery grounds earlier than males to maximize their growth and reach larger 

size at maturity (Gallagher and Klimley, 2018). Differences in the use of coastal 

ecosystems between females and males could not have been directly tested in the 

isotopic clock approach in Chapter 5, as outcomes of the models for females were not 

robust enough due to lower sample size. Nevertheless, the lower regression slope 

between Δ199Hg (or δ15N) and total length in females (Figure 7-4) could suggest that 

females were not leaving coastal areas before males, but this hypothesis needs to be 

specifically addressed. At size close to sexual maturity, Chapter 4 demonstrated that 

smooth hammerhead sharks relied on mesopelagic prey, although less significantly 

than for co-occurring blue sharks.   
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Figure 7-4 – Scatter plots of muscle δ13C, δ15N, Δ199Hg and δ202Hg values as a 

function of smooth hammerhead shark total length on the Pacific coast of Baja 

California Sur. The different point shapes correspond to the different sampling 

sites. Females and males are represented in red and blue, respectively. Dashed 

lines for each sex represents size at maturity (L50%) owing to previous published 

data in the studied region (Nava Nava & Márquez-Farías, 2014). For each sex, 

linear regressions were applied to describe the decrease or increase in isotopic 

values with shark length in juvenile individuals, with R² and p-value reported in the 

Figure. Regressions were significant for δ15N (F=6.8 for females and F=25.6 for 

males), Δ199Hg (F=10.0 for females and F=41.9 for males) and δ202Hg for males 

(F=17.6). 

Based on the capture of 10 mature smooth hammerhead sharks (the furthermost right 

data points in Figure 7-4), some hypotheses can be formulated regarding the trophic 

niche and movements of adult smooth hammerhead sharks. Most of these large 

individuals were caught in Punta Lobos, a site with a very specific bathymetry 



177 
 

characterized by the narrowest continental shelf of the southern peninsula of Baja 

California leading to an abrupt slope where fisherman are fishing with longlines in 

deeper waters compared to other fishing camps. Higher occurrence of large adults in 

deeper water is in accordance with the ontogenetic shift described throughout this 

thesis as well as reports of the catch of large smooth hammerhead sharks in deep 

oceanic regions (Li et al., 2016 and Figure 7-3). Interestingly, large smooth 

hammerhead sharks had highly variable Δ199Hg values with some females presenting 

unexpected high values, similar to the ones of neonates sampled in shallow coastal 

areas (Figure 7-4). Such values could correspond to the comeback of females around 

parturition within (or close to) coastal nursery grounds. Indeed, previous data on the 

genetic structure of this species in the northeastern Pacific suggested that females 

were characterized by natal philopatry, preferentially returning to their birthing site for 

parturition (Félix‐ López et al., 2019). 

There are many parallels between the life cycle of smooth and scalloped hammerhead 

sharks. The scalloped hammerhead shark also inhabits nursery areas (Bush and 

Holland, 2002; Duncan and Holland, 2006; Lyons et al., 2020) and undergoes an 

ontogenetic shift toward offshore regions (Gallagher and Klimley, 2018; Hussey et al., 

2011), as suggested in Chapter 3 based on stable isotopes and fatty acid composition. 

In the eastern Pacific, movement and connectivity have been established for the 

scalloped hammerhead shark by tracking devices, allowing the implementation of 

conservation measures. Moreover, scalloped hammerhead sharks form large schools 

near oceanic seamounts in the Pacific tropical regions where marine protected areas 

have been established, in part, for their protection (e.g., Aldana‐ Moreno et al., 2020; 

Gallagher and Klimley, 2018). Schooling of similar scales have not yet been observed 

for the smooth hammerhead shark and its movements have still not been clearly 

characterized through tracking approaches in the region, providing the implementation 

of management measure for this species. Chapter 5 offers what we think is a 

reasonable ground to establish enhanced protection of coastal habitat for the species. 

The habitat use of smooth hammerhead sharks in oceanic region of the northeastern 

Pacific remains unresolved, while it is a key aspect for the conservation of this species.  

b. Ecological gap and future directions 
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As detailed above, both the Pacific coast and the Gulf of California offer a large 

diversity of potential nurseries for many shark species. These nurseries seem to 

overlap with fishing activities as artisanal fishing camp catches are dominated by early 

juvenile and neonate specimens (Ramírez-Amaro et al., 2013; Saldaña-Ruiz et al., 

2017). However, an important biomass of early life stages in an area is not sufficient 

to confirm the presence of a nursery (Heupel et al., 2007). Identifying nursery resides 

mainly in understanding the benefice of one area compared to another for the 

recruitment of juveniles into adult population. Therefore, future surveys within and 

outside suspected nurseries could be conducted with acoustic tagging or capture-

recapture approaches to specifically assess the three criteria of shark nursery, which, 

given the scale of artisanal fishing in coastal habitats and under limited management 

budget, could become conservation hotspots (Heupel et al., 2018).  

Protecting coastal habitats could have cascading beneficial effects to many small-

bodied species massively fished in the region and that are known to spend their entire 

life in coastal ecosystems over the shelf area like Rhizoprionodon spp. or Mustelus 

spp. (Ramírez-Amaro et al., 2013; Ramírez-Amaro and Galván-Magaña, 2019; 

Saldaña-Ruiz et al., 2017). However, for large-bodied shark species using nursery for 

early life stages with a more pelagic adult phase, the question of where to focus 

management efforts remains open. For such species, not protecting late juvenile 

phases has been shown to reverse the beneficial effect of nursery protection (Kinney 

and Simpfendorfer, 2009). There is a global lack of ecological information on shark late 

life stages in the region and future research should focus on establishing their habitat 

use and trophic niche. A first step towards a global management of the area would be 

to collect more reliable fisheries data, from artisanal to industrial fleets, to gain 

information on the threats faced by sharks throughout their life cycle and to allow the 

implementation of effective conservation plans (Galván-Magaña et al., 2019). 

The studied region is home to a high diversity of sharks, suggesting the area is 

particularly profitable in terms of environmental conditions and food supply. Of 

particular interest, the highly migratory species studied here are known to exhibit high 

level of fidelity to restricted areas in the northeastern Pacific. This was the case for 

blue and shortfin mako sharks (Madigan et al., 2021; Nosal et al., 2019). 

Understanding what environmental variables drive this site fidelity is also a major 

challenge. By demonstrating the importance of foraging depth in the resource 



179 
 

partitioning between pelagic sharks, Chapter 4 suggests that the expanding OMZ 

present all around the coast of Baja California Sur could increase competition among 

species. Chapter 6 also shows that the coastal upwelling in the Pacific coast of Baja 

California Sur was likely to lead to a different trophic structure than in the Gulf of 

California. Both these features could modify the trophic role and control a single shark 

species can exercise through space and time. Such effects of environmental variables 

remain to be specifically addressed in the region. A possible approach would be to 

establish stable isotope time series with regards to environmental data indices (e.g., 

strength of the upwelling, OMZ, Pacific oscillation, ENSO) to understand food web 

architecture and how the removing of sharks could induce top-down cascading effects 

under different scenarios. 

3. Conclusion 

The results obtained during this thesis demonstrate the need to further investigate 

shark trophic niches. We have highlighted the importance of resource partitioning in 

shaping shark realized trophic niche both at the intra- and at the inter-specific level. 

This mechanism reduces competitive pressures in juvenile sharks, and appears to be 

driven by the use of distinct habitats between early life stages and close to sexual 

maturity individuals in smooth hammerhead sharks. Moreover, sympatric species in 

pelagic regions might reduce competition by foraging at different depth. Dietary habits 

are at the basis of the trophic control and cascading effects a predator can have on its 

entire associated community. Understanding such control is becoming urgent, notably 

in the Mexican Pacific where sharks are overfished. All the studies conducted here 

illustrate how trophic biomarkers can fill ecological gaps over multiple scales and the 

key vision such approaches can provide to resolve trophic niches and ecological 

controls. Multi-biomarker approaches should be used more consistently in the field of 

marine predator conservation. Moreover, the development of Hg isotopes offers 

promising grounds to tackle the future challenges of understanding shark trophic 

niches evolutions facing anthropogenic global changes, such as the expansion of 

OMZ. The use of such tracers can be viewed as a preliminary or complementary 

approach to many different tools, such as nowadays frequently used tracking devices, 

as they rely on low amount of tissue that can easily be sampled during tagging 

campaigns, fishery surveys or animal stranding. A key role that mobile predatory 

species play in the stability of marine food webs reside in their capacity to link distinct 
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food webs or different energy channels inside a single food web (Rooney et al., 2006). 

The trophic control exerted by sharks on Baja California Sur marine ecosystems is 

likely to be preponderant, as they appear to link coastal and pelagic or epipelagic and 

mesopelagic habitats. However, such effects might be dependent on local 

environmental forcing. Direct evidences of shark trophic control are still difficult to 

clearly demonstrate due to the highly dynamic properties of marine ecosystems, yet is 

frequently used as a keystone argument for shark conservation. Bringing together data 

from multidisciplinary approaches and integrating them into a global framework of 

analysis will ultimately help to predict the consequences of the removal of 

elasmobranch predation effects on the overall ecosystems. 
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Arreguıń-Sánchez, F., Hernández-Herrera, A., Ramı́rez-Rodrı́guez, M., Pérez-España, H., 2004. Optimal 
management scenarios for the artisanal fisheries in the ecosystem of La Paz Bay, Baja California Sur, 
Mexico. Ecol. Model., Placing Fisheries in their Ecosystem Context 172, 373–382. 
https://doi.org/10.1016/j.ecolmodel.2003.09.018 

Arts, M.T., Ackman, R.G., Holub, B.J., 2001. “Essential fatty acids” in aquatic ecosystems: a crucial link between 
diet and human health and evolution. Can. J. Fish. Aquat. Sci. https://doi.org/10.1139/f00-224 

Aurioles-Gamboa, D., Rodríguez-Pérez, M.Y., Sánchez-Velasco, L., Lavín, M.F., 2013. Habitat, trophic level, and 
residence of marine mammals in the Gulf of California assessed by stable isotope analysis. Mar. Ecol. 
Prog. Ser. 488, 275–290. https://doi.org/10.3354/meps10369 

Bangley, C.W., Rulifson, R.A., 2017. Habitat partitioning and diurnal-nocturnal transition in the elasmobranch 
community of a North Carolina estuary. Bull. Mar. Sci. 93, 319–338. 
https://doi.org/10.5343/bms.2016.1038 

Barbier, E.B., Hacker, S.D., Kennedy, C., Koch, E.W., Stier, A.C., Silliman, B.R., 2011. The value of estuarine and 
coastal ecosystem services. Ecol. Monogr. 81, 169–193. https://doi.org/10.1890/10-1510.1 

Barone, G., Storelli, A., Meleleo, D., Dambrosio, A., Garofalo, R., Busco, A., Storelli, M.M., 2021. Levels of Mercury, 
Methylmercury and Selenium in Fish: Insights into Children Food Safety. Toxics 9, 39. 
https://doi.org/10.3390/toxics9020039 

Bates, D., Mächler, M., Bolker, B., Walker, S., 2015. Fitting Linear Mixed-Effects Models Using lme4. J. Stat. Softw. 
67, 1–48. https://doi.org/10.18637/jss.v067.i01 

Bates, D.M., Watts, D.G., 1988. Nonlinear Regression Analysis and Its Applications. John Wiley & Sons, Ltd. 
Baum, J.K., Worm, B., 2009. Cascading top-down effects of changing oceanic predator abundances. J. Anim. Ecol. 

78, 699–714. https://doi.org/10.1111/j.1365-2656.2009.01531.x 
Becerril-García, E.E., Bernot-Simon, D., Arellano-Martínez, M., Galván-Magaña, F., Santana-Morales, O., Hoyos-

Padilla, E.M., 2020. Evidence of interactions between white sharks and large squids in Guadalupe Island, 
Mexico. Sci. Rep. 10, 17158. https://doi.org/10.1038/s41598-020-74294-4 

Beck, M.W., Heck, K.L., Able, K.W., Childers, D.L., Eggleston, D.B., Gillanders, B.M., Halpern, B., Hays, C.G., 
Hoshino, K., Minello, T.J., Orth, R.J., Sheridan, P.F., Weinstein, M.P., 2001. The Identification, 
Conservation, and Management of Estuarine and Marine Nurseries for Fish and Invertebrates: A better 
understanding of the habitats that serve as nurseries for marine species and the factors that create site-
specific variability in nursery quality will improve conservation and management of these areas. BioScience 
51, 633–641. https://doi.org/10.1641/0006-3568(2001)051[0633:TICAMO]2.0.CO;2 

Beckmann, C.L., Mitchell, J.G., Seuront, L., Stone, D.A.J., Huveneers, C., 2013a. Experimental Evaluation of Fatty 
Acid Profiles as a Technique to Determine Dietary Composition in Benthic Elasmobranchs. Physiol. 
Biochem. Zool. 86, 266–278. https://doi.org/10.1086/669539 

Beckmann, C.L., Mitchell, J.G., Stone, D.A.J., Huveneers, C., 2014. Inter-Tissue Differences in Fatty Acid 
Incorporation as a Result of Dietary Oil Manipulation in Port Jackson Sharks (Heterodontus 
portusjacksoni). Lipids 49, 577–590. https://doi.org/10.1007/s11745-014-3887-6 



184 
 

Beckmann, C.L., Mitchell, J.G., Stone, D.A.J., Huveneers, C., 2013b. A controlled feeding experiment investigating 
the effects of a dietary switch on muscle and liver fatty acid profiles in Port Jackson sharks Heterodontus 
portusjacksoni. J. Exp. Mar. Biol. Ecol. 448, 10–18. https://doi.org/10.1016/j.jembe.2013.06.009 

Belicka, L.L., Matich, P., Jaffé, R., Heithaus, M.R., 2012. Fatty acids and stable isotopes as indicators of early-life 
feeding and potential maternal resource dependency in the bull shark Carcharhinus leucas. Mar. Ecol. 
Prog. Ser. 455, 245–256. https://doi.org/10.3354/meps09674 

Bergquist, B.A., Blum, J.D., 2007. Mass-Dependent and -Independent Fractionation of Hg Isotopes by 
Photoreduction in Aquatic Systems. Science 318, 417–420. https://doi.org/10.1126/science.1148050 

Bertram, J., Kajiura, S., Blake, R., 2007. Span-wise flow and lift in the hammerhead shark at slow swimming speeds: 
A new explanation for the cephalofoil? J. Morphol. 268, 1049–1049. 

Besnard, L., Duchatelet, L., Bird, C.S., Le Croizier, G., Michel, L., Pinte, N., Lepoint, G., Schaal, G., Vieira, R.P., 
Gonçalves, J.M.S., Martin, U., Mallefet, J., 2022. Diet consistency but large-scale isotopic variations in a 
deep-sea shark: The case of the velvet belly lantern shark, Etmopterus spinax, in the northeastern Atlantic 
region and Mediterranean Sea. Deep Sea Res. Part Oceanogr. Res. Pap. 182, 103708. 
https://doi.org/10.1016/j.dsr.2022.103708 

Besnard, L., Le Croizier, G., Galván-Magaña, F., Point, D., Kraffe, E., Ketchum, J., Martinez Rincon, R.O., Schaal, 
G., 2021. Foraging depth depicts resource partitioning and contamination level in a pelagic shark 
assemblage: Insights from mercury stable isotopes. Environ. Pollut. 283, 117066. 
https://doi.org/10.1016/j.envpol.2021.117066 

Bethea, D.M., Carlson, J.K., Hollensead, L.D., Papastamatiou, Y.P., Graham, B.S., 2011. A Comparison of the 
Foraging Ecology and Bioenergetics of the Early Life-Stages of Two Sympatric Hammerhead Sharks. Bull. 
Mar. Sci. 87, 873–889. https://doi.org/10.5343/bms.2010.1047 

Bezerra, M.F., Seminoff, J.A., Lemons, G.E., Slotton, D.G., Watanabe, K., Lai, C.T., 2021. Trophic ecology of 
sympatric batoid species (Chondrichthyes: Batoidea) assessed by multiple biogeochemical tracers (δ13C, 
δ15N and total Hg). Environ. Res. 199, 111398. https://doi.org/10.1016/j.envres.2021.111398 

Bierwagen, S.L., Pethybridge, H., Heupel, M.R., Chin, A., Simpfendorfer, C.A., 2019. Trophic niches determined 
from fatty acid profiles of sympatric coral reef mesopredators. Mar. Ecol. Prog. Ser. 632, 159–174. 
https://doi.org/10.3354/meps13150 

Bird, C.S., Veríssimo, A., Magozzi, S., Abrantes, K.G., Aguilar, A., Al-Reasi, H., Barnett, A., Bethea, D.M., Biais, 
G., Borrell, A., Bouchoucha, M., Boyle, M., Brooks, E.J., Brunnschweiler, J., Bustamante, P., Carlisle, A., 
Catarino, D., Caut, S., Cherel, Y., Chouvelon, T., Churchill, D., Ciancio, J., Claes, J., Colaço, A., Courtney, 
D.L., Cresson, P., Daly, R., de Necker, L., Endo, T., Figueiredo, I., Frisch, A.J., Hansen, J.H., Heithaus, 
M., Hussey, N.E., Iitembu, J., Juanes, F., Kinney, M.J., Kiszka, J.J., Klarian, S.A., Kopp, D., Leaf, R., Li, 
Y., Lorrain, A., Madigan, D.J., Maljković, A., Malpica-Cruz, L., Matich, P., Meekan, M.G., Ménard, F., 
Menezes, G.M., Munroe, S.E.M., Newman, M.C., Papastamatiou, Y.P., Pethybridge, H., Plumlee, J.D., 
Polo-Silva, C., Quaeck-Davies, K., Raoult, V., Reum, J., Torres-Rojas, Y.E., Shiffman, D.S., Shipley, O.N., 
Speed, C.W., Staudinger, M.D., Teffer, A.K., Tilley, A., Valls, M., Vaudo, J.J., Wai, T.-C., Wells, R.J.D., 
Wyatt, A.S.J., Yool, A., Trueman, C.N., 2018. A global perspective on the trophic geography of sharks. 
Nat. Ecol. Evol. 2, 299–305. https://doi.org/10.1038/s41559-017-0432-z 

Biton-Porsmoguer, S., Bǎnaru, D., Boudouresque, C.F., Dekeyser, I., Bouchoucha, M., Marco-Miralles, F., 
Lebreton, B., Guillou, G., Harmelin-Vivien, M., 2018. Mercury in blue shark (Prionace glauca) and shortfin 
mako (Isurus oxyrinchus) from north-eastern Atlantic: Implication for fishery management. Mar. Pollut. Bull. 
127, 131–138. https://doi.org/10.1016/j.marpolbul.2017.12.006 

Biton-Porsmoguer, S.B., Bănaru, D., Béarez, P., Dekeyser, I., Fornelino, M.M., Boudouresque, C.F., 2014. 
Unexpected Headless and Tailless Fish in the Stomach Content of Shortfin Mako Isurus oxyrinchus. PLOS 
ONE 9, e88488. https://doi.org/10.1371/journal.pone.0088488 

Bizzarro, J.J., Carlisle, A.B., Smith, W.D., Cortés, E., 2017. Chapter Four - Diet Composition and Trophic Ecology 
of Northeast Pacific Ocean Sharks, in: Larson, S.E., Lowry, D. (Eds.), Advances in Marine Biology, 
Northeast Pacific Shark Biology, Research and Conservation Part A. Academic Press, pp. 111–148. 
https://doi.org/10.1016/bs.amb.2017.06.001 

Bizzarro, J.J., Smith, W.D., Castillo-Geniz, J.L., Ocampo-Torres, A., Marquez-Farias, F.J., Hueter, R.E., 2009a. 
The seasonal importance of small coastal sharks and rays in the artisanal elasmobranch fishery of Sinaloa, 
Mexico. Pan-Am. J. Aquat. Sci. 4, 513–531. 

Bizzarro, J.J., Smith, W.D., Hueter, R.E., Villavicencio–Garayzar, C.J., 2009b. Activities and Catch Composition of 
Artisanal Elasmobranch Fishing Sites on the Eastern Coast of Baja California Sur, Mexico. Bull. South. 
Calif. Acad. Sci. 108, 137–151. https://doi.org/10.3160/0038-3872-108.3.137 

Bizzarro, J.J., Smith, W.D., Márquez-Farías, J.F., Tyminski, J., Hueter, R.E., 2009c. Temporal variation in the 
artisanal elasmobranch fishery of Sonora, Mexico. Fish. Res. 97, 103–117. 
https://doi.org/10.1016/j.fishres.2009.01.009 

Blanco-Parra, M. del P., Magaña, F.G., Farías, F.M., 2008. Age and growth of the blue shark, Prionace glauca 
Linnaeus, 1758, in the Northwest coast off Mexico. Rev. Biol. Mar. Oceanogr. 43, 513–520. 

Blum, J.D., Johnson, M.W., 2017. Recent Developments in Mercury Stable Isotope Analysis. Rev. Mineral. 
Geochem. 82, 733–757. https://doi.org/10.2138/rmg.2017.82.17 

Blum, J.D., Popp, B.N., Drazen, J.C., Choy, A.C., Johnson, M.W., 2013. Methylmercury production below the mixed 
layer in the North Pacific Ocean. Nat. Geosci. 6, 879–884. https://doi.org/10.1038/ngeo1918 

Bolaño-Martínez, N., Hernández-Muñoz, S., Uribe-Alcocer, M., Galván-Magaña, F., Ritchie, P.A., García-De León, 
F.J., Díaz-Jaimes, P., 2019. Population genetic divergence as consequence of past range expansion of 



185 
 

the smooth hammerhead shark Sphyrna zygaena. Hydrobiologia 837, 31–46. 
https://doi.org/10.1007/s10750-019-3957-0 

Bolea-Fernandez, E., Rua-Ibarz, A., Krupp, E.M., Feldmann, J., Vanhaecke, F., 2019. High-precision isotopic 
analysis sheds new light on mercury metabolism in long-finned pilot whales ( Globicephala melas ). Sci. 
Rep. 9, 1–10. https://doi.org/10.1038/s41598-019-43825-z 

Bornatowski, H., Costa, L., Robert, M. de C., Pina, J.V. da, 2007. Hábitos alimentares de tubarões-martelo jovens, 
Sphyrna zygaena (Carcharhiniformes: Sphyrnidae), no litoral sul do Brasil. Biota Neotropica 7, 0–0. 
https://doi.org/10.1590/S1676-06032007000100025 

Bowman, K.L., Lamborg, C.H., Agather, A.M., 2020. A global perspective on mercury cycling in the ocean. Sci. 
Total Environ. 710, 136166. https://doi.org/10.1016/j.scitotenv.2019.136166 

Braun, C.D., Arostegui, M.C., Thorrold, S.R., Papastamatiou, Y.P., Gaube, P., Fontes, J., Afonso, P., 2022. The 
Functional and Ecological Significance of Deep Diving by Large Marine Predators. Annu. Rev. Mar. Sci. 
14, null. https://doi.org/10.1146/annurev-marine-032521-103517 

Braun, C.D., Gaube, P., Sinclair-Taylor, T.H., Skomal, G.B., Thorrold, S.R., 2019. Mesoscale eddies release pelagic 
sharks from thermal constraints to foraging in the ocean twilight zone. Proc. Natl. Acad. Sci. 116, 17187–
17192. https://doi.org/10.1073/pnas.1903067116 

Briand, F., Cohen, J.E., 1987. Environmental Correlates of Food Chain Length. Science 238, 956–960. 
https://doi.org/10.1126/science.3672136 

Brownscombe, J.W., Lédée, E.J.I., Raby, G.D., Struthers, D.P., Gutowsky, L.F.G., Nguyen, V.M., Young, N., 
Stokesbury, M.J.W., Holbrook, C.M., Brenden, T.O., Vandergoot, C.S., Murchie, K.J., Whoriskey, K., Mills 
Flemming, J., Kessel, S.T., Krueger, C.C., Cooke, S.J., 2019. Conducting and interpreting fish telemetry 
studies: considerations for researchers and resource managers. Rev. Fish Biol. Fish. 29, 369–400. 
https://doi.org/10.1007/s11160-019-09560-4 

Bush, A., 2003. Diet and Diel Feeding Periodicity of Juvenile Scalloped Hammerhead Sharks, Sphyrna lewini, in 
Kāne’ohe Bay, Ō’ahu, Hawai’i. Environ. Biol. Fishes 67, 1–11. https://doi.org/10.1023/A:1024438706814 

Bush, A., Holland, K., 2002. Food limitation in a nursery area: estimates of daily ration in juvenile scalloped 
hammerheads, Sphyrna lewini (Griffith and Smith, 1834) in Kāne’ohe Bay, Ō’ahu, Hawai’i. J. Exp. Mar. 
Biol. Ecol. 278, 157–178. https://doi.org/10.1016/S0022-0981(02)00332-5 

Cabana, G., Rasmussen, J.B., 1994. Modelling food chain structure and contaminant bioaccumulation using stable 
nitrogen isotopes. Nature 372, 255–257. https://doi.org/10.1038/372255a0 

Campana, S.E., Dorey, A., Fowler, M., Joyce, W., Wang, Z., Wright, D., Yashayaev, I., 2011. Migration Pathways, 
Behavioural Thermoregulation and Overwintering Grounds of Blue Sharks in the Northwest Atlantic. PLOS 
ONE 6, e16854. https://doi.org/10.1371/journal.pone.0016854 

Campana, S.E., Joyce, W., Manning, M.J., 2009. Bycatch and discard mortality in commercially caught blue sharks 
Prionace glauca assessed using archival satellite pop-up tags. Mar. Ecol. Prog. Ser. 387, 241–253. 
https://doi.org/10.3354/meps08109 

Carey, F.G., Scharold, J.V., Kalmijn, Ad.J., 1990. Movements of blue sharks (Prionace glauca) in depth and course. 
Mar. Biol. 106, 329–342. https://doi.org/10.1007/BF01344309 

Carlisle, A.B., Kim, S.L., Semmens, B.X., Madigan, D.J., Jorgensen, S.J., Perle, C.R., Anderson, S.D., Chapple, 
T.K., Kanive, P.E., Block, B.A., 2012. Using Stable Isotope Analysis to Understand the Migration and 
Trophic Ecology of Northeastern Pacific White Sharks (Carcharodon carcharias). PLOS ONE 7, e30492. 
https://doi.org/10.1371/journal.pone.0030492 

Carlisle, A.B., Litvin, S.Y., Madigan, D.J., Lyons, K., Bigman, J.S., Ibarra, M., Bizzarro, J.J., 2016. Interactive effects 
of urea and lipid content confound stable isotope analysis in elasmobranch fishes. Can. J. Fish. Aquat. 
Sci. 74, 419–428. https://doi.org/10.1139/cjfas-2015-0584 

Carlson, J.K., Heupel, M.R., Bethea, D.M., Hollensead, L.D., 2008. Coastal Habitat Use and Residency of Juvenile 
Atlantic Sharpnose Sharks (Rhizoprionodon terraenovae). Estuaries Coasts 31, 931–940. 

Carpenter, S.R., Kitchell, J.F., Hodgson, J.R., Cochran, P.A., Elser, J.J., Elser, M.M., Lodge, D.M., Kretchmer, D., 
He, X., von Ende, C.N., 1987. Regulation of Lake Primary Productivity by Food Web Structure. Ecology 
68, 1863–1876. https://doi.org/10.2307/1939878 

Cartamil, D., Santana-Morales, O., Escobedo-Olvera, M., Kacev, D., Castillo-Geniz, L., Graham, J.B., Rubin, R.D., 
Sosa-Nishizaki, O., 2011. The artisanal elasmobranch fishery of the Pacific coast of Baja California, 
Mexico. Fish. Res. 108, 393–403. https://doi.org/10.1016/j.fishres.2011.01.020 

Carter, W.A., Bauchinger, U., McWilliams, S.R., 2019. The Importance of Isotopic Turnover for Understanding Key 
Aspects of Animal Ecology and Nutrition. Diversity 11, 84. https://doi.org/10.3390/d11050084 

Carvalho, G.G.A. de, Degaspari, I.A.M., Branco, V., Canário, J., Amorim, A.F. de, Kennedy, V.H., Ferreira, J.R., 
2014. Assessment of Total and Organic Mercury Levels in Blue Sharks ( Prionace glauca ) from the South 
and Southeastern Brazilian Coast. Biol. Trace Elem. Res. 159, 128–134. https://doi.org/10.1007/s12011-
014-9995-6 

Casey, J.G., Kohler, N.E., 1992. Tagging studies on the Shortfin Mako Shark (Isurus oxyrinchus) in the Western 
North Atlantic. Mar. Freshw. Res. 43, 45–60. https://doi.org/10.1071/mf9920045 

Castillo-Geniz, J.L., Tovar-Ávila, J., 2016. Tiburones Mexicanos de importancia pesquera en la CITES. 
Caut, S., Jowers, M.J., Michel, L., Lepoint, G., Fisk, A.T., 2013. Diet- and tissue-specific incorporation of isotopes 

in the shark Scyliorhinus stellaris, a North Sea mesopredator. Mar. Ecol. Prog. Ser. 492, 185–198. 
https://doi.org/10.3354/meps10478 



186 
 

Chapman, D.D., Babcock, E.A., Gruber, S.H., Dibattista, J.D., Franks, B.R., Kessel, S.A., Guttridge, T., Pikitch, 
E.K., Feldheim, K.A., 2009. Long-term natal site-fidelity by immature lemon sharks (Negaprion brevirostris) 
at a subtropical island. Mol. Ecol. 18, 3500–3507. https://doi.org/10.1111/j.1365-294X.2009.04289.x 

Chapman, D.D., Feldheim, K.A., Papastamatiou, Y.P., Hueter, R.E., 2015. There and Back Again: A Review of 
Residency and Return Migrations in Sharks, with Implications for Population Structure and Management. 
Annu. Rev. Mar. Sci. 7, 547–570. https://doi.org/10.1146/annurev-marine-010814-015730 

Chavez, F.P., Ryan, J., Lluch-Cota, S.E., C, M.Ñ., 2003. From Anchovies to Sardines and Back: Multidecadal 
Change in the Pacific Ocean. Science 299, 217–221. https://doi.org/10.1126/science.1075880 

Chen, J., Hintelmann, H., Feng, X., Dimock, B., 2012. Unusual fractionation of both odd and even mercury isotopes 
in precipitation from Peterborough, ON, Canada. Geochim. Cosmochim. Acta 90, 33–46. 
https://doi.org/10.1016/j.gca.2012.05.005 

Chesson, P., 2000. Mechanisms of Maintenance of Species Diversity. Annu. Rev. Ecol. Syst. 31, 343–366. 
https://doi.org/10.1146/annurev.ecolsys.31.1.343 

Chouvelon, T., Cresson, P., Bouchoucha, M., Brach-Papa, C., Bustamante, P., Crochet, S., Marco-Miralles, F., 
Thomas, B., Knoery, J., 2018. Oligotrophy as a major driver of mercury bioaccumulation in medium-to 
high-trophic level consumers: A marine ecosystem-comparative study. Environ. Pollut. 233, 844–854. 
https://doi.org/10.1016/j.envpol.2017.11.015 

Chouvelon, T., Spitz, J., Caurant, F., Mèndez-Fernandez, P., Chappuis, A., Laugier, F., Le Goff, E., Bustamante, 
P., 2012. Revisiting the use of δ15N in meso-scale studies of marine food webs by considering spatio-
temporal variations in stable isotopic signatures – The case of an open ecosystem: The Bay of Biscay 
(North-East Atlantic). Prog. Oceanogr. 101, 92–105. https://doi.org/10.1016/j.pocean.2012.01.004 

Choy, C.A., Popp, B.N., Hannides, C.C.S., Drazen, J.C., 2015. Trophic structure and food resources of epipelagic 
and mesopelagic fishes in the North Pacific Subtropical Gyre ecosystem inferred from nitrogen isotopic 
compositions. Limnol. Oceanogr. 60, 1156–1171. https://doi.org/10.1002/lno.10085 

Choy, C.A., Popp, B.N., Kaneko, J.J., Drazen, J.C., 2009. The influence of depth on mercury levels in pelagic fishes 
and their prey. Proc. Natl. Acad. Sci. 106, 13865–13869. https://doi.org/10.1073/pnas.0900711106 

Clarke, M.R., 1996. The diet of the blue shark (Prionace glauca L.) in Azorean waters. Arquipél. Life Mar. Sci. 14, 
41–56. 

Coffey, D.M., Carlisle, A.B., Hazen, E.L., Block, B.A., 2017. Oceanographic drivers of the vertical distribution of a 
highly migratory, endothermic shark. Sci. Rep. 7, 1–14. https://doi.org/10.1038/s41598-017-11059-6 

Compagno, L.J.V., 2001. Sharks of the World: An Annotated and Illustrated Catalogue of Shark Species Known to 
Date. Food & Agriculture Org. 

Compagno, L.J.V., 1988. Sharks of the Order Carcharhiniformes. Princeton University Press. 
Conde-Moreno, M., Galván-Magaña, F., 2006. Reproductive biology of the mako shark Isurus oxyrinchus on the 

south-western coast of Baja California, Mexico 30(4), 75–83. 
Connell, J.H., 1961. The Influence of Interspecific Competition and Other Factors on the Distribution of the Barnacle 

Chthamalus Stellatus. Ecology 42, 710–723. https://doi.org/10.2307/1933500 
Cordova, J.A., Ebert, D.A., 2021. Apristurus manocheriani (Carcharhiniformes: Pentanchidae), a new species of 

catshark from the Southwest Indian Ocean. J. Ocean Sci. Found. 38, 13–26. 
https://doi.org/10.5281/zenodo.5081131 

Cortés, E., 1999. Standardized diet compositions and trophic levels of sharks. ICES J. Mar. Sci. 56, 707–717. 
https://doi.org/10.1006/jmsc.1999.0489 

Cortés, E., 1997. A critical review of methods of studying fish feeding based on analysis of stomach contents: 
application to elasmobranch fishes. Can. J. Fish. Aquat. Sci. 54, 726–738. https://doi.org/10.1139/f96-316 

Costanza, R., d’Arge, R., de Groot, R., Farber, S., Grasso, M., Hannon, B., Limburg, K., Naeem, S., O’Neill, R.V., 
Paruelo, J., Raskin, R.G., Sutton, P., van den Belt, M., 1997. The value of the world’s ecosystem services 
and natural capital. Nature 387, 253–260. https://doi.org/10.1038/387253a0 

Costello, M.J., Breyer, S., 2017. Ocean Depths: The Mesopelagic and Implications for Global Warming. Curr. Biol. 
27, R36–R38. https://doi.org/10.1016/j.cub.2016.11.042 

Couto, A., Queiroz, N., Ketchum, J.T., Sampaio, E., Furtado, M., Cid, A.A., Castro, J., Rosa, R., 2018. Smooth 
hammerhead sharks (Sphyrna zygaena) observed off the Portuguese southern coast. Environ. Biol. Fishes 
101, 1261–1268. https://doi.org/10.1007/s10641-018-0773-8 

Couturier, L.I.E., Michel, L.N., Amaro, T., Budge, S.M., da Costa, E., De Troch, M., Di Dato, V., Fink, P., Giraldo, 
C., Le Grand, F., Loaiza, I., Mathieu-Resuge, M., Nichols, P.D., Parrish, C.C., Sardenne, F., Vagner, M., 
Pernet, F., Soudant, P., 2020. State of art and best practices for fatty acid analysis in aquatic sciences. 
ICES J. Mar. Sci. 77, 2375–2395. https://doi.org/10.1093/icesjms/fsaa121 

Croisetière, L., Hare, L., Tessier, A., Cabana, G., 2009. Sulphur stable isotopes can distinguish trophic dependence 
on sediments and plankton in boreal lakes. Freshw. Biol. 54, 1006–1015. https://doi.org/10.1111/j.1365-
2427.2008.02147.x 

Curiel-Godoy, P., del Rosario Simental-Anguiano, M., Galván Magaña, F., 2016. Hábitos alimentarios de la raya 
guitarra Pseudobatos productus en Bahía Tortugas, Baja California Sur, México. Cienc. Pesq. 24, 55–68. 

Curnick, D.J., Carlisle, A.B., Gollock, M.J., Schallert, R.J., Hussey, N.E., 2019. Evidence for dynamic resource 
partitioning between two sympatric reef shark species within the British Indian Ocean Territory. J. Fish 
Biol. 94, 680–685. https://doi.org/10.1111/jfb.13938 

Cury, P., Bakun, A., Crawford, R.J.M., Jarre, A., Quiñones, R.A., Shannon, L.J., Verheye, H.M., 2000. Small 
pelagics in upwelling systems: patterns of interaction and structural changes in “wasp-waist” ecosystems. 
ICES J. Mar. Sci. 57, 603–618. https://doi.org/10.1006/jmsc.2000.0712 



187 
 

Cury, P.M., Boyd, I.L., Bonhommeau, S., Anker-Nilssen, T., Crawford, R.J.M., Furness, R.W., Mills, J.A., Murphy, 
E.J., Österblom, H., Paleczny, M., Piatt, J.F., Roux, J.-P., Shannon, L., Sydeman, W.J., 2011. Global 
Seabird Response to Forage Fish Depletion—One-Third for the Birds. Science. 
https://doi.org/10.1126/science.1212928 

Dagorn, L., Menczer, F., Bach, P., Olson, R.J., 2000. Co-evolution of movement behaviours by tropical pelagic 
predatory fishes in response to prey environment: a simulation model. Ecol. Model. 134, 325–341. 
https://doi.org/10.1016/S0304-3800(00)00374-4 

Dalsgaard, J., St John, M., Kattner, G., Müller-Navarra, D., Hagen, W., 2003. Fatty acid trophic markers in the 
pelagic marine environment. Adv. Mar. Biol. 46, 225–340. https://doi.org/10.1016/s0065-2881(03)46005-
7 

Daly, R., Smale, M., 2013. Evaluation of an underwater biopsy probe for collecting tissue samples from bull sharks 
Carcharhinus leucas. Afr. J. Mar. Sci. 35, 129–132. https://doi.org/10.2989/1814232X.2013.769910 

Darwin, C., 1859. On the Origin of Species by means of Natural Selection, or Preservation of Favoured Races in 
the Struggle for Life. John Murray, London. 

Davison, P., Lara-Lopez, A., Anthony Koslow, J., 2015. Mesopelagic fish biomass in the southern California current 
ecosystem. Deep Sea Res. Part II Top. Stud. Oceanogr., CCE-LTER: Responses of the California Current 
Ecosystem to Climate Forcing 112, 129–142. https://doi.org/10.1016/j.dsr2.2014.10.007 

de la Cruz Agüero, J., Arellano Martínez, J.M., Cota Gómez, V.M., de la Cruz Agüero, G., 1997. Catálogo de los 
peces marinos de Baja California Sur. Instituto Politécnico Nacional, Centro Interdisciplinario de Ciencias 
Marinas, La Paz, Mexico. 

DeNiro, M.J., Epstein, S., 1977. Mechanism of Carbon Isotope Fractionation Associated with Lipid Synthesis. 
Science 197, 261–263. https://doi.org/10.1126/science.327543 

Diario Oficial de la Federación, 2019. Modificación del Anexo Normativo III, Lista de especies en riesgo de la Norma 
Oficial Mexicana NOM-059-SEMARNAT-2010, Protección ambiental-Especies nativas de México de flora 
y fauna silvestres-Categorías de riesgo y especificaciones para su inclusión, exclusión o cambio-Lista de 
especies en riesgo, publicada el 30 de diciembre de 2010. Secretaria del Medio Ambiente y Recursos 
Naturales, México. 

Diario Oficial de la Federación, 2012. Acuerdo por el que se modifica el Aviso por el que se da a conocer el 
establecimiento de épocas y zonas de veda para la pesca de diferentes especies de la fauna acuática en 
aguas de jurisdicción federal de los Estados Unidos Mexicanos, publicado el 16 de marzo de 1994 para 
establecer los periodos de veda de pulpo en el Sistema Arrecifal Veracruzano, jaiba en Sonora y Sinaloa, 
tiburones y rayas en el Océano Pacífico y tiburones en el Golfo de México. Secretaria de Agricultura, 
Ganadería, Desarrollo Rural, Pesca y Alimentación, México. 

Diario Oficial de la Federación, 2010. Norma Oficial Mexicana NOM-059-SEMARNAT-2010, Protección ambiental-
Especies nativas de México de flora y fauna silvestres-Categorías de riesgo y especificaciones para su 
inclusión, exclusión o cambio-Lista de especies en riesgo. Secretaria del Medio Ambiente y Recursos 
Naturales, México. 

Diario Oficial de la Federación, 2007. Norma Oficial Mexicana NOM-029-PESC-2006, Pesca responsable de 
tiburones y rayas. Especificaciones para su aprovechamiento. Secretaría de Agricultura, Ganadería, 
Desarrollo Rural, Pesca y Alimentación, México. 

Díaz Ochoa, M.R., 2009. Espectro trófico del tiburón martillo Sphyrna zygaena ( Linnaeus, 1758 ) en Baja California 
Sur: aplicación de δ13C Y δ 15N (Thesis). Instituto Politécnico Nacional. Centro Interdisciplinario de 
Ciencias Marinas. 

Dicken, M.L., Hussey, N.E., Christiansen, H.M., Smale, M.J., Nkabi, N., Cliff, G., Wintner, S.P., 2017. Diet and 
trophic ecology of the tiger shark (Galeocerdo cuvier) from South African waters. PLOS ONE 12, 
e0177897. https://doi.org/10.1371/journal.pone.0177897 

Diemer, K.M., Mann, B.Q., Hussey, N.E., 2011. Distribution and movement of scalloped hammerhead Sphryna 
lewini and smooth hammerhead Sphyrna zygaena sharks along the east coast of southern Africa. Afr. J. 
Mar. Sci. 33, 229–238. https://doi.org/10.2989/1814232X.2011.600291 

Doan, M.D., Kajiura, S.M., 2020. Adult blacktip sharks (Carcharhinus limbatus) use shallow water as a refuge from 
great hammerheads (Sphyrna mokarran). J. Fish Biol. 96, 1530–1533. https://doi.org/10.1111/jfb.14342 

Drymon, J.M., Powers, S.P., Carmichael, R.H., 2012. Trophic plasticity in the Atlantic sharpnose shark 
(Rhizoprionodon terraenovae) from the north central Gulf of Mexico. Environ. Biol. Fishes 95, 21–35. 
https://doi.org/10.1007/s10641-011-9922-z 

Dulvy, N.K., Fowler, S.L., Musick, J.A., Cavanagh, R.D., Kyne, P.M., Harrison, L.R., Carlson, J.K., Davidson, L.N., 
Fordham, S.V., Francis, M.P., Pollock, C.M., Simpfendorfer, C.A., Burgess, G.H., Carpenter, K.E., 
Compagno, L.J., Ebert, D.A., Gibson, C., Heupel, M.R., Livingstone, S.R., Sanciangco, J.C., Stevens, J.D., 
Valenti, S., White, W.T., 2014. Extinction risk and conservation of the world’s sharks and rays. eLife 3, 
e00590. https://doi.org/10.7554/eLife.00590 

Dulvy, N.K., Pacoureau, N., Rigby, C.L., Pollom, R.A., Jabado, R.W., Ebert, D.A., Finucci, B., Pollock, C.M., Cheok, 
J., Derrick, D.H., Herman, K.B., Sherman, C.S., VanderWright, W.J., Lawson, J.M., Walls, R.H.L., Carlson, 
J.K., Charvet, P., Bineesh, K.K., Fernando, D., Ralph, G.M., Matsushiba, J.H., Hilton-Taylor, C., Fordham, 
S.V., Simpfendorfer, C.A., 2021. Overfishing drives over one-third of all sharks and rays toward a global 
extinction crisis. Curr. Biol. 0. https://doi.org/10.1016/j.cub.2021.08.062 

Duncan, K.M., Holland, K.N., 2006. Habitat use, growth rates and dispersal patterns of juvenile scalloped 
hammerhead sharks Sphyrna lewini in a nursery habitat. Mar. Ecol. Prog. Ser. 312, 211–221. 
https://doi.org/10.3354/meps312211 



188 
 

Eckrich, C.A., Albeke, S.E., Flaherty, E.A., Bowyer, R.T., Ben-David, M., 2020. rKIN: Kernel-based method for 
estimating isotopic niche size and overlap. J. Anim. Ecol. 89, 757–771. https://doi.org/10.1111/1365-
2656.13159 

Eisler, R., 2006. Mercury Hazards to Living Organisms. CRC Press. https://doi.org/10.1201/9781420008838 
Elton, C.S., 1927. Animal ecology. The Macmillan Company, New York. 
Enrico, M., Roux, G.L., Marusczak, N., Heimbürger, L.-E., Claustres, A., Fu, X., Sun, R., Sonke, J.E., 2016. 

Atmospheric Mercury Transfer to Peat Bogs Dominated by Gaseous Elemental Mercury Dry Deposition. 
Environ. Sci. Technol. 50, 2405–2412. https://doi.org/10.1021/acs.est.5b06058 

Estes, J.A., Palmisano, J.F., 1974. Sea Otters: Their Role in Structuring Nearshore Communities. Science 185, 
1058–1060. https://doi.org/10.1126/science.185.4156.1058 

Estes, J.A., Terborgh, J., Brashares, J.S., Power, M.E., Berger, J., Bond, W.J., Carpenter, S.R., Essington, T.E., 
Holt, R.D., Jackson, J.B.C., Marquis, R.J., Oksanen, L., Oksanen, T., Paine, R.T., Pikitch, E.K., Ripple, 
W.J., Sandin, S.A., Scheffer, M., Schoener, T.W., Shurin, J.B., Sinclair, A.R.E., Soulé, M.E., Virtanen, R., 
Wardle, D.A., 2011. Trophic Downgrading of Planet Earth. Science 333, 301–306. 
https://doi.org/10.1126/science.1205106 

Estupiñán-Montaño, C., Carrera-Fernández, M., Galván-Magaña, F., 2021a. Reproductive biology of the scalloped 
hammerhead (Sphyrna lewini) in the central-eastern Pacific Ocean. J. Mar. Biol. Assoc. U. K. 101, 465–
470. https://doi.org/10.1017/S0025315421000138 

Estupiñán-Montaño, C., Cedeño-Figueroa, L., Estupiñán-Ortiz, J.F., Galván-Magaña, F., Sandoval-Londoño, A., 
Castañeda-Suarez, D., Polo-Silva, C.J., 2019. Feeding habits and trophic level of the smooth hammerhead 
shark, Sphyrna zygaena (Carcharhiniformes: Sphyrnidae), off Ecuador. J. Mar. Biol. Assoc. U. K. 99, 673–
680. https://doi.org/10.1017/S0025315418000474 

Estupiñán-Montaño, C., Galván-Magaña, F., Elorriaga-Verplancken, F., Zetina-Rejón, M.J., Sánchez-González, A., 
Polo-Silva, C.J., Villalobos-Ramírez, D.J., Rojas-Cundumí, J., Delgado-Huertas, A., 2021b. Ontogenetic 
feeding ecology of the scalloped hammerhead shark Sphyrna lewini in the Colombian Eastern Tropical 
Pacific. Mar. Ecol. Prog. Ser. 663, 127–143. https://doi.org/10.3354/meps13639 

Félix‐López, D.G., Bolaño‐Martinez, N., Díaz‐Jaimes, P., Oñate‐González, E.C., Ramírez‐Pérez, J.S., García‐
Rodríguez, E., Corro‐Espinosa, D., Osuna‐Soto, J.E., Saavedra‐Sotelo, N.C., 2019. Possible female 
philopatry of the smooth hammerhead shark Sphyrna zygaena revealed by genetic structure patterns. J. 
Fish Biol. 94, 671–679. https://doi.org/10.1111/jfb.13949 

Ferretti, F., Worm, B., Britten, G.L., Heithaus, M.R., Lotze, H.K., 2010. Patterns and ecosystem consequences of 
shark declines in the ocean. Ecol. Lett. 13, 1055–1071. https://doi.org/10.1111/j.1461-0248.2010.01489.x 

Ferriss, B.E., Essington, T.E., 2014. Does trophic structure dictate mercury concentrations in top predators? A 
comparative analysis of pelagic food webs in the Pacific Ocean. Ecol. Model. 278, 18–28. 
https://doi.org/10.1016/j.ecolmodel.2014.01.029 

Finke, D.L., Snyder, W.E., 2008. Niche Partitioning Increases Resource Exploitation by Diverse Communities. 
Science 321, 1488–1490. https://doi.org/10.1126/science.1160854 

Fitzgerald, W.F., Lamborg, C.H., Hammerschmidt, C.R., 2007. Marine Biogeochemical Cycling of Mercury. Chem. 
Rev. 107, 641–662. https://doi.org/10.1021/cr050353m 

Flores-Martínez, I.A., Torres-Rojas, Y.E., Galván-Magaña, F., Ramos-Miranda, J., 2017. Diet comparison between 
silky sharks (Carcharhinus falciformis) and scalloped hammerhead sharks (Sphyrna lewini) off the south-
west coast of Mexico. J. Mar. Biol. Assoc. U. K. 97, 337–345. https://doi.org/10.1017/S0025315416000424 

Flowers, K.I., Heithaus, M.R., Papastamatiou, Y.P., 2021. Buried in the sand: Uncovering the ecological roles and 
importance of rays. Fish Fish. 22, 105–127. https://doi.org/10.1111/faf.12508 

Folch, J., Lees, M., Sloane Stanley, G.H., 1957. A simple method for the isolation and purification of total lipides 
from animal tissues. J. Biol. Chem. 226, 497–509. 

Food and Agriculture Organization of the United Nations (FAO), 2015. State of the global market for shark products. 
France, R., 1995. Critical examination of stable isotope analysis as a means for tracing carbon pathways in stream 

ecosystems. Can. J. Fish. Aquat. Sci. 52, 651–656. https://doi.org/10.1139/f95-065 
France, R.L., Peters, R.H., 1997. Ecosystem differences in the trophic enrichment of 13C in aquatic food webs. 

Can. J. Fish. Aquat. Sci. 54, 1255–1258. https://doi.org/10.1139/f97-044 
Francis, M.P., 2016. Distribution, habitat and movement of juvenile smooth hammerhead sharks (Sphyrna zygaena) 

in northern New Zealand. N. Z. J. Mar. Freshw. Res. 50, 506–525. 
https://doi.org/10.1080/00288330.2016.1171244 

Frank, K.T., Petrie, B., Choi, J.S., Leggett, W.C., 2005. Trophic Cascades in a Formerly Cod-Dominated Ecosystem. 
Science 308, 1621–1623. https://doi.org/10.1126/science.1113075 

Fry, B., Sherr, E.B., 1984. δ13C Measurements as Indicators of Carbon Flow in Marine and Freshwater 
Ecosystems, in: Rundel, P.W., Ehleringer, J.R., Nagy, K.A. (Eds.), Stable Isotopes in Ecological Research, 
Ecological Studies. Springer, New York, NY, pp. 196–229. https://doi.org/10.1007/978-1-4612-3498-2_12 

Fujinami, Y., Nakatsuka, S., Ohshimo, S., 2018. Feeding Habits of the Blue Shark (Prionace glauca) in the 
Northwestern Pacific Based on Stomach Contents and Stable Isotope Ratios1. Pac. Sci. 72, 21–39. 
https://doi.org/10.2984/72.1.2 

Fujinami, Y., Shiozaki, K., Hiraoka, Y., Semba, Y., Ohshimo, S., Kai, M., 2021. Seasonal migrations of pregnant 
blue sharks Prionace glauca in the northwestern Pacific. Mar. Ecol. Prog. Ser. 658, 163–179. 
https://doi.org/10.3354/meps13557 



189 
 

Galindo, E., Giraldo, A., Navia, A.F., 2021. Feeding habits and trophic interactions of four sympatric hammerhead 
shark species reveal trophic niche partitioning. Mar. Ecol. Prog. Ser. 665, 159–175. 
https://doi.org/10.3354/meps13681 

Gallagher, A.J., Hammerschlag, N., Shiffman, D.S., Giery, S.T., 2014a. Evolved for Extinction: The Cost and 
Conservation Implications of Specialization in Hammerhead Sharks. BioScience 64, 619–624. 
https://doi.org/10.1093/biosci/biu071 

Gallagher, A.J., Klimley, A.P., 2018. The biology and conservation status of the large hammerhead shark complex: 
the great, scalloped, and smooth hammerheads. Rev. Fish Biol. Fish. 28, 777–794. 
https://doi.org/10.1007/s11160-018-9530-5 

Gallagher, A.J., Serafy, J.E., Cooke, S.J., Hammerschlag, N., 2014b. Physiological stress response, reflex 
impairment, and survival of five sympatric shark species following experimental capture and release. Mar. 
Ecol. Prog. Ser. 496, 207–218. https://doi.org/10.3354/meps10490 

Galvan Magaña, F., 2009. La pesqueria de tiburones en Baja California Sur, in: Recursos Marinos y Servicios 
Ambientales En El Desarrollo Regional. La Paz, Baja California Sur, Mexico, p. 227. 

Galván-Magaña, F., Castillo-Geniz, J.L., Hoyos-Padilla, M., Ketchum, J., Klimley, A.P., Ramírez-Amaro, S., Torres-
Rojas, Y.E., Tovar-Ávila, J., 2019. Chapter Three - Shark ecology, the role of the apex predator and current 
conservation status, in: Larson, S.E., Lowry, D. (Eds.), Advances in Marine Biology, Sharks in Mexico: 
Research and Conservation Part A. Academic Press, pp. 61–114. 
https://doi.org/10.1016/bs.amb.2019.08.005 

Galván-Magaña, F., Polo-Silva, C., Berenice Hernández-Aguilar, S., Sandoval-Londoño, A., Ruth Ochoa-Díaz, M., 
Aguilar-Castro, N., Castañeda-Suárez, D., Cabrera Chavez-Costa, A., Baigorrí-Santacruz, Á., Eden 
Torres-Rojas, Y., Andrés Abitia-Cárdenas, L., 2013. Shark predation on cephalopods in the Mexican and 
Ecuadorian Pacific Ocean. Deep Sea Res. Part II Top. Stud. Oceanogr., The Role of Squids in Pelagic 
Ecosystems 95, 52–62. https://doi.org/10.1016/j.dsr2.2013.04.002 

Gantner, N., Hintelmann, H., Zheng, W., Muir, D.C., 2009. Variations in Stable Isotope Fractionation of Hg in Food 
Webs of Arctic Lakes. Environ. Sci. Technol. 43, 9148–9154. https://doi.org/10.1021/es901771r 

García Huante, A., Rodríguez Cueto, Y., Silva, R., Mendoza, E., Vega, L.A., 2018. Determination of the Potential 
Thermal Gradient for the Mexican Pacific Ocean. J. Mar. Sci. Eng. 6, 20. 
https://doi.org/10.3390/jmse6010020 

García-Rodríguez, E., Herzka, S.Z., Sosa-Nishizaki, O., Lowe, C.G., O’Sullivan, J.B., 2021. Stable Isotope Analysis 
of Juvenile White Sharks Inside a Nursery Area Reveals Foraging in Demersal-Inshore Habitats and 
Trophic Overlap With Sympatric Sharks. Front. Mar. Sci. 0. https://doi.org/10.3389/fmars.2021.687738 

García-Rodríguez, E., Sosa-Nishizaki, O., 2020. Artisanal fishing activities and their documented interactions with 
juvenile white sharks inside a nursery area. Aquat. Conserv. Mar. Freshw. Ecosyst. 30, 903–914. 
https://doi.org/10.1002/aqc.3300 

Gaube, P., Braun, C.D., Lawson, G.L., McGillicuddy, D.J., Penna, A.D., Skomal, G.B., Fischer, C., Thorrold, S.R., 
2018. Mesoscale eddies influence the movements of mature female white sharks in the Gulf Stream and 
Sargasso Sea. Sci. Rep. 8, 1–8. https://doi.org/10.1038/s41598-018-25565-8 

Gause, G.F., 1934. The struggle for existence. The Williams & Wilkins company, Baltimore. 
Gladyshev, M.I., Sushchik, N.N., Tolomeev, A.P., Dgebuadze, Y.Y., 2018. Meta-analysis of factors associated with 

omega-3 fatty acid contents of wild fish. Rev. Fish Biol. Fish. 28, 277–299. https://doi.org/10.1007/s11160-
017-9511-0 

González-Acosta, A.F., Monsalvo-Flores, A.E., Tovar-Ávila, J., Jiménez-Castañeda, M.F., Alejo-Plata, M. del C., 
De La Cruz-Agüero, G., 2021. Diversity and conservation of Chondrichthyes in the Gulf of California. Mar. 
Biodivers. 51, 46. https://doi.org/10.1007/s12526-021-01186-9 

Gonzalez-Pestana, A., Acuna-Perales, N., Coasaca-Cespedes, J., Cordova-Zavaleta, F., Alfaro-Shigueto, J., 
Mangel, J.C., Espinoza, P., 2017. Trophic ecology of the smooth hammerhead shark (Sphyrna zygaena) 
off the coast of northern Peru. Fish. Bull. 115, 451–460. 

Gorni, G., Loibel, S., Goitein, R., Amorim, A., 2012. Stomach contents analysis of shortfin mako (Isurus oxyrinchus) 
caught off southern Brazil: A Bayesian analysis. Collect. Vol. Sci. Pap. 68, 1933–1937. 

Graham, B.S., Koch, P.L., Newsome, S.D., McMahon, K.W., Aurioles, D., 2010. Using Isoscapes to Trace the 
Movements and Foraging Behavior of Top Predators in Oceanic Ecosystems, in: West, J.B., Bowen, G.J., 
Dawson, T.E., Tu, K.P. (Eds.), Isoscapes: Understanding Movement, Pattern, and Process on Earth 
through Isotope Mapping. Springer Netherlands, Dordrecht, pp. 299–318. https://doi.org/10.1007/978-90-
481-3354-3_14 

Grant, P.R., Grant, B.R., 2006. Evolution of Character Displacement in Darwin’s Finches. Science 313, 224–226. 
https://doi.org/10.1126/science.1128374 

Gratz, L.E., Keeler, G.J., Blum, J.D., Sherman, L.S., 2010. Isotopic Composition and Fractionation of Mercury in 
Great Lakes Precipitation and Ambient Air. Environ. Sci. Technol. 44, 7764–7770. 
https://doi.org/10.1021/es100383w 

Gray, J.S., 1997. Marine biodiversity: patterns, threats and conservation needs. Biodivers. Conserv. 6, 153–175. 
https://doi.org/10.1023/A:1018335901847 

Griffin, J.N., de la Haye, K.L., Hawkins, S.J., Thompson, R.C., Jenkins, S.R., 2008. Predator diversity and 
ecosystem functioning: density modifies the effect of resource partitioning. Ecology 89, 298–305. 
https://doi.org/10.1890/07-1220.1 

Grinnell, J., 1917. The Niche-Relationships of the California Thrasher. The Auk 34, 427–433. 
https://doi.org/10.2307/4072271 



190 
 

Grinnell, J., Swarth, H.S., 1913. An account of the birds and mammals of the San Jacinto area of Southern California 
with remarks upon the behavior of geographic races on the margins of their habitats. Berkeley: University 
of California Press. 

Gross, T., Rudolf, L., Levin, S.A., Dieckmann, U., 2009. Generalized Models Reveal Stabilizing Factors in Food 
Webs. Science 325, 747–750. https://doi.org/10.1126/science.1173536 

Hairston, N.G., Smith, F.E., Slobodkin, L.B., 1960. Community Structure, Population Control, and Competition. Am. 
Nat. 94, 421–425. https://doi.org/10.1086/282146 

Hammerschlag, N., Broderick, A.C., Coker, J.W., Coyne, M.S., Dodd, M., Frick, M.G., Godfrey, M.H., Godley, B.J., 
Griffin, D.B., Hartog, K., Murphy, S.R., Murphy, T.M., Nelson, E.R., Williams, K.L., Witt, M.J., Hawkes, 
L.A., 2015. Evaluating the landscape of fear between apex predatory sharks and mobile sea turtles across 
a large dynamic seascape. Ecology 96, 2117–2126. https://doi.org/10.1890/14-2113.1 

Hammerschlag, N., Gallagher, A.J., Lazarre, D.M., 2011. A review of shark satellite tagging studies. J. Exp. Mar. 
Biol. Ecol. 398, 1–8. https://doi.org/10.1016/j.jembe.2010.12.012 

Hammerschmidt, C.R., Bowman, K.L., 2012. Vertical methylmercury distribution in the subtropical North Pacific 
Ocean. Mar. Chem. 132–133, 77–82. https://doi.org/10.1016/j.marchem.2012.02.005 

Hannides, C.C.S., Popp, B.N., Choy, C.A., Drazen, J.C., 2013. Midwater zooplankton and suspended particle 
dynamics in the North Pacific Subtropical Gyre: A stable isotope perspective. Limnol. Oceanogr. 58, 1931–
1946. https://doi.org/10.4319/lo.2013.58.6.1931 

Harford, W.J., 2013. Trophic Modeling of Shortfin Mako (Isurus Oxyrinchus) and Bluefish (Pomatomus Saltatrix) 
Interactions in the Western North Atlantic Ocean. Bull. Mar. Sci. 89, 161–188. 
https://doi.org/info:doi/10.5343/bms.2011.1150 

Harrison, A.-L., Costa, D.P., Winship, A.J., Benson, S.R., Bograd, S.J., Antolos, M., Carlisle, A.B., Dewar, H., 
Dutton, P.H., Jorgensen, S.J., Kohin, S., Mate, B.R., Robinson, P.W., Schaefer, K.M., Shaffer, S.A., 
Shillinger, G.L., Simmons, S.E., Weng, K.C., Gjerde, K.M., Block, B.A., 2018. The political biogeography 
of migratory marine predators. Nat. Ecol. Evol. 2, 1571–1578. https://doi.org/10.1038/s41559-018-0646-8 

Hazen, E.L., Johnston, D.W., 2010. Meridional patterns in the deep scattering layers and top predator distribution 
in the central equatorial Pacific. Fish. Oceanogr. 19, 427–433. https://doi.org/10.1111/j.1365-
2419.2010.00561.x 

Hazen, E.L., Jorgensen, S., Rykaczewski, R.R., Bograd, S.J., Foley, D.G., Jonsen, I.D., Shaffer, S.A., Dunne, J.P., 
Costa, D.P., Crowder, L.B., Block, B.A., 2013. Predicted habitat shifts of Pacific top predators in a changing 
climate. Nat. Clim. Change 3, 234–238. https://doi.org/10.1038/nclimate1686 

Hazen, E.L., Maxwell, S.M., Bailey, H., Bograd, S.J., Hamann, M., Gaspar, P., Godley, B.J., Shillinger, G.L., 2012. 
Ontogeny in marine tagging and tracking science: technologies and data gaps. Mar. Ecol. Prog. Ser. 457, 
221–240. https://doi.org/10.3354/meps09857 

Heithaus, E.R., Heithaus, P.A., Heithaus, M.R., Burkholder, D., Layman, C.A., 2011. Trophic dynamics in a relatively 
pristine subtropical fringing mangrove community. Mar. Ecol. Prog. Ser. 428, 49–61. 
https://doi.org/10.3354/meps09052 

Heithaus, M.R., Dill, L.M., 2002. Food Availability and Tiger Shark Predation Risk Influence Bottlenose Dolphin 
Habitat Use. Ecology 83, 480–491. https://doi.org/10.1890/0012-9658(2002)083[0480:FAATSP]2.0.CO;2 

Heithaus, M.R., Frid, A., Wirsing, A.J., Worm, B., 2008. Predicting ecological consequences of marine top predator 
declines. Trends Ecol. Evol. 23, 202–210. https://doi.org/10.1016/j.tree.2008.01.003 

Heithaus, M.R., Vaudo, J.J., Kreicker, S., Layman, C.A., Krützen, M., Burkholder, D.A., Gastrich, K., Bessey, C., 
Sarabia, R., Cameron, K., Wirsing, A., Thomson, J.A., Dunphy-Daly, M.M., 2013. Apparent resource 
partitioning and trophic structure of large-bodied marine predators in a relatively pristine seagrass 
ecosystem. Mar. Ecol. Prog. Ser. 481, 225–237. https://doi.org/10.3354/meps10235 

Helly, J.J., Levin, L.A., 2004. Global distribution of naturally occurring marine hypoxia on continental margins. Deep 
Sea Res. Part Oceanogr. Res. Pap. 51, 1159–1168. https://doi.org/10.1016/j.dsr.2004.03.009 

Hemminga, M., Mateo, M., 1996. Stable carbon isotopes in seagrasses: variability in ratios and use in ecological 
studies. Mar. Ecol. Prog. Ser. 140, 285–298. https://doi.org/10.3354/meps140285 

Hempson, T.N., Graham, N.A.J., MacNeil, M.A., Hoey, A.S., Wilson, S.K., 2018. Ecosystem regime shifts disrupt 
trophic structure. Ecol. Appl. 28, 191–200. https://doi.org/10.1002/eap.1639 

Hernández-Aguilar, S.B., Escobar-Sánchez, O., Galván-Magaña, F., Abitia-Cárdenas, L.A., 2016. Trophic ecology 
of the blue shark (Prionace glauca) based on stable isotopes (δ13C and δ15N) and stomach content. J. 
Mar. Biol. Assoc. U. K. 96, 1403–1410. https://doi.org/10.1017/S0025315415001393 

Heupel, M.R., Carlson, J.K., Simpfendorfer, C.A., 2007. Shark nursery areas: concepts, definition, characterization 
and assumptions. Mar. Ecol. Prog. Ser. 337, 287–297. https://doi.org/10.3354/meps337287 

Heupel, M.R., Kanno, S., Martins, A.P.B., Simpfendorfer, C.A., Heupel, M.R., Kanno, S., Martins, A.P.B., 
Simpfendorfer, C.A., 2018. Advances in understanding the roles and benefits of nursery areas for 
elasmobranch populations. Mar. Freshw. Res. 70, 897–907. https://doi.org/10.1071/MF18081 

Heupel, M.R., Knip, D.M., Simpfendorfer, C.A., Dulvy, N.K., 2014. Sizing up the ecological role of sharks as 
predators. Mar. Ecol. Prog. Ser. 495, 291–298. https://doi.org/10.3354/meps10597 

Heupel, M.R., Munroe, S.E.M., Lédée, E.J.I., Chin, A., Simpfendorfer, C.A., 2019. Interspecific interactions, 
movement patterns and habitat use in a diverse coastal shark assemblage. Mar. Biol. 166, 68. 
https://doi.org/10.1007/s00227-019-3511-7 

Heupel, M.R., Semmens, J.M., Hobday, A.J., Heupel, M.R., Semmens, J.M., Hobday, A.J., 2006. Automated 
acoustic tracking of aquatic animals: scales, design and deployment of listening station arrays. Mar. 
Freshw. Res. 57, 1–13. https://doi.org/10.1071/MF05091 



191 
 

Heupel, M.R., Simpfendorfer, C.A., Espinoza, M., Smoothey, A.F., Tobin, A., Peddemors, V., 2015. Conservation 
challenges of sharks with continental scale migrations. Front. Mar. Sci. 0. 
https://doi.org/10.3389/fmars.2015.00012 

Hobson, K.A., 1999. Tracing origins and migration of wildlife using stable isotopes: a review. Oecologia 120, 314–
326. https://doi.org/10.1007/s004420050865 

Houssard, P., Point, D., Tremblay-Boyer, L., Allain, V., Pethybridge, H., Masbou, J., Ferriss, B.E., Baya, P.A., 
Lagane, C., Menkes, C.E., Letourneur, Y., Lorrain, A., 2019. A Model of Mercury Distribution in Tuna from 
the Western and Central Pacific Ocean: Influence of Physiology, Ecology and Environmental Factors. 
Environ. Sci. Technol. 53, 1422–1431. https://doi.org/10.1021/acs.est.8b06058 

Hoyos-Padilla, E.M., Ketchum, J.T., Klimley, A.P., Galván-Magaña, F., 2014. Ontogenetic migration of a female 
scalloped hammerhead shark Sphyrna lewini in the Gulf of California. Anim. Biotelemetry 2, 17. 
https://doi.org/10.1186/2050-3385-2-17 

Hoyos-Padilla, M., Papastamatiou, Y.P., O’Sullivan, J., Lowe, C.G., 2013. Observation of an Attack by a 
Cookiecutter Shark (Isistius brasiliensis) on a White Shark (Carcharodon carcharias). Pac. Sci. 67, 129–
134. https://doi.org/10.2984/67.1.10 

Hunter, M.D., Price, P.W., 1992. Playing Chutes and Ladders: Heterogeneity and the Relative Roles of Bottom-Up 
and Top-Down Forces in Natural Communities. Ecology 73, 724–732. 

Hussey, N.E., Brush, J., McCarthy, I.D., Fisk, A.T., 2010a. δ15N and δ13C diet–tissue discrimination factors for 
large sharks under semi-controlled conditions. Comp. Biochem. Physiol. A. Mol. Integr. Physiol., Special 
Issue of papers derived from a presentation at the session entitled ‘Biology of Elasmobranchs: from Genes 
to Ecophysiology and Behaviour’ at the Society for Experimental Biology’s Annual Main Meeting, Glasgow, 
UK, 28 June–1 July, 2009 155, 445–453. https://doi.org/10.1016/j.cbpa.2009.09.023 

Hussey, N.E., Dudley, S.F.J., McCarthy, I.D., Cliff, G., Fisk, A.T., 2011. Stable isotope profiles of large marine 
predators: viable indicators of trophic position, diet, and movement in sharks? Can. J. Fish. Aquat. Sci. 
https://doi.org/10.1139/f2011-115 

Hussey, N.E., MacNeil, M.A., Fisk, A.T., 2010b. The requirement for accurate diet-tissue discrimination factors for 
interpreting stable isotopes in sharks. Hydrobiologia 654, 1–5. https://doi.org/10.1007/s10750-010-0361-
1 

Hussey, N.E., MacNeil, M.A., McMeans, B.C., Olin, J.A., Dudley, S.F.J., Cliff, G., Wintner, S.P., Fennessy, S.T., 
Fisk, A.T., 2014. Rescaling the trophic structure of marine food webs. Ecol. Lett. 17, 239–250. 
https://doi.org/10.1111/ele.12226 

Hussey, N.E., MacNeil, M.A., Olin, J.A., McMeans, B.C., Kinney, M.J., Chapman, D.D., Fisk, A.T., 2012. Stable 
isotopes and elasmobranchs: tissue types, methods, applications and assumptions. J. Fish Biol. 80, 1449–
1484. https://doi.org/10.1111/j.1095-8649.2012.03251.x 

Hussey, N.E., MacNeil, M.A., Siple, M.C., Popp, B.N., Dudley, S.F.J., Fisk, A.T., 2015. Expanded trophic complexity 
among large sharks. Food Webs 4, 1–7. https://doi.org/10.1016/j.fooweb.2015.04.002 

Hutchinson, G.E., 1957. Concluding Remarks. Cold Spring Harb. Symp. Quant. Biol. 22, 415–427. 
https://doi.org/10.1101/SQB.1957.022.01.039 

Hyslop, E.J., 1980. Stomach contents analysis—a review of methods and their application. J. Fish Biol. 17, 411–
429. https://doi.org/10.1111/j.1095-8649.1980.tb02775.x 

Ibarra-Obando, S.E., Camacho-Ibar, V.F., Carriquiry, J.D., Smith, S.V., 2001. Upwelling and Lagoonal Ecosystems 
of the Dry Pacific Coast of Baja California, in: Seeliger, U., Kjerfve, B. (Eds.), Coastal Marine Ecosystems 
of Latin America, Ecological Studies. Springer, Berlin, Heidelberg, pp. 315–330. 
https://doi.org/10.1007/978-3-662-04482-7_22 

INEGI, 2020. México en cifras (Instituto Nacional de Estadística y Geografía). [WWW Document]. URL 
https://www.inegi.org.mx/app/areasgeograficas/ (accessed 9.3.21). 

Irigoien, X., Klevjer, T.A., Røstad, A., Martinez, U., Boyra, G., Acuña, J.L., Bode, A., Echevarria, F., Gonzalez-
Gordillo, J.I., Hernandez-Leon, S., Agusti, S., Aksnes, D.L., Duarte, C.M., Kaartvedt, S., 2014. Large 
mesopelagic fishes biomass and trophic efficiency in the open ocean. Nat. Commun. 5, 1–10. 
https://doi.org/10.1038/ncomms4271 

Iverson, S.J., 2009. Tracing aquatic food webs using fatty acids: from qualitative indicators to quantitative 
determination, in: Kainz, M., Brett, M.T., Arts, M.T. (Eds.), Lipids in Aquatic Ecosystems. Springer, New 
York, NY, pp. 281–308. https://doi.org/10.1007/978-0-387-89366-2_12 

Jackson, A.L., Inger, R., Parnell, A.C., Bearhop, S., 2011. Comparing isotopic niche widths among and within 
communities: SIBER – Stable Isotope Bayesian Ellipses in R. J. Anim. Ecol. 80, 595–602. 
https://doi.org/10.1111/j.1365-2656.2011.01806.x 

Jaeger, B., 2017. r2glmm: Computes R Squared for Mixed (Multilevel) Models. 
Jaime-Rivera, M., Caraveo-Patiño, J., Hoyos-Padilla, M., Galván-Magaña, F., 2013. Evaluation of biopsy systems 

for sampling white shark Carcharodon carcharias (Lamniformes: Lamnidae) muscle for stable isotope 
analysis. Rev. Biol. Mar. Oceanogr. 48, 345–351. https://doi.org/10.4067/S0718-19572013000200013 

Janssen, S.E., Schaefer, J.K., Barkay, T., Reinfelder, J.R., 2016. Fractionation of Mercury Stable Isotopes during 
Microbial Methylmercury Production by Iron- and Sulfate-Reducing Bacteria. Environ. Sci. Technol. 50, 
8077–8083. https://doi.org/10.1021/acs.est.6b00854 

Jepsen, N., Thorstad, E.B., Havn, T., Lucas, M.C., 2015. The use of external electronic tags on fish: an evaluation 
of tag retention and tagging effects. Anim. Biotelemetry 3, 49. https://doi.org/10.1186/s40317-015-0086-z 



192 
 

Jiskra, M., Heimbürger-Boavida, L.-E., Desgranges, M.-M., Petrova, M.V., Dufour, A., Ferreira-Araujo, B., Masbou, 
J., Chmeleff, J., Thyssen, M., Point, D., Sonke, J.E., 2021. Mercury stable isotopes constrain atmospheric 
sources to the ocean. Nature 597, 678–682. https://doi.org/10.1038/s41586-021-03859-8 

Jorgensen, S.J., Anderson, S., Ferretti, F., Tietz, J.R., Chapple, T., Kanive, P., Bradley, R.W., Moxley, J.H., Block, 
B.A., 2019. Killer whales redistribute white shark foraging pressure on seals. Sci. Rep. 9, 6153. 
https://doi.org/10.1038/s41598-019-39356-2 

Jorgensen, S.J., Arnoldi, N.S., Estess, E.E., Chapple, T.K., Rückert, M., Anderson, S.D., Block, B.A., 2012. Eating 
or Meeting? Cluster Analysis Reveals Intricacies of White Shark (Carcharodon carcharias) Migration and 
Offshore Behavior. PLOS ONE 7, e47819. https://doi.org/10.1371/journal.pone.0047819 

Jorgensen, S.J., Klimley, A.P., Muhlia‐Melo, A.F., 2009. Scalloped hammerhead shark Sphyrna lewini, utilizes 
deep-water, hypoxic zone in the Gulf of California. J. Fish Biol. 74, 1682–1687. 
https://doi.org/10.1111/j.1095-8649.2009.02230.x 

Jorgensen, S.J., Micheli, F., White, T.D., Houtan, K.S.V., Alfaro-Shigueto, J., Andrzejaczek, S., Arnoldi, N.S., Baum, 
J.K., Block, B., Britten, G.L., Butner, C., Caballero, S., Cardeñosa, D., Chapple, T.K., Clarke, S., Cortés, 
E., Dulvy, N.K., Fowler, S., Gallagher, A.J., Gilman, E., Godley, B.J., Graham, R.T., Hammerschlag, N., 
Harry, A.V., Heithaus, M.R., Hutchinson, M., Huveneers, C., Lowe, C.G., Lucifora, L.O., MacKeracher, T., 
Mangel, J.C., Martins, A.P.B., McCauley, D.J., McClenachan, L., Mull, C., Natanson, L.J., Pauly, D., 
Pazmiño, D.A., Pistevos, J.C.A., Queiroz, N., Roff, G., Shea, B.D., Simpfendorfer, C.A., Sims, D.W., Ward-
Paige, C., Worm, B., Ferretti, F., 2022. Emergent research and priorities for shark and ray conservation. 
Endanger. Species Res. 47, 171–203. https://doi.org/10.3354/esr01169 

Kahmen, A., Renker, C., Unsicker, S.B., Buchmann, N., 2006. Niche Complementarity for Nitrogen: An Explanation 
for the Biodiversity and Ecosystem Functioning Relationship? Ecology 87, 1244–1255. 
https://doi.org/10.1890/0012-9658(2006)87[1244:NCFNAE]2.0.CO;2 

Kajiura, S.M., Forni, J.B., Summers, A.P., 2003. Maneuvering in juvenile carcharhinid and sphyrnid sharks: the role 
of the hammerhead shark cephalofoil. Zoology 106, 19–28. https://doi.org/10.1078/0944-2006-00086 

Kajiura, S.M., Holland, K.N., 2002. Electroreception in juvenile scalloped hammerhead and sandbar sharks. J. Exp. 
Biol. 205, 3609–3621. https://doi.org/10.1242/jeb.205.23.3609 

Kerr, L.A., Andrews, A.H., Cailliet, G.M., Brown, T.A., Coale, K.H., 2006. Investigations of Δ14C, δ13C, and δ15N 
in vertebrae of white shark (Carcharodon carcharias) from the eastern North Pacific Ocean. Environ. Biol. 
Fishes 77, 337–353. https://doi.org/10.1007/s10641-006-9125-1 

Ketchum, J.T., Hearn, A., Klimley, A.P., Espinoza, E., Peñaherrera, C., Largier, J.L., 2014a. Seasonal changes in 
movements and habitat preferences of the scalloped hammerhead shark (Sphyrna lewini) while refuging 
near an oceanic island. Mar. Biol. 161, 755–767. https://doi.org/10.1007/s00227-013-2375-5 

Ketchum, J.T., Hearn, A., Klimley, A.P., Peñaherrera, C., Espinoza, E., Bessudo, S., Soler, G., Arauz, R., 2014b. 
Inter-island movements of scalloped hammerhead sharks (Sphyrna lewini) and seasonal connectivity in a 
marine protected area of the eastern tropical Pacific. Mar. Biol. 161, 939–951. 
https://doi.org/10.1007/s00227-014-2393-y 

Kim, S.-J., Lee, H.-K., Badejo, A.C., Lee, W.-C., Moon, H.-B., 2016. Species-specific accumulation of methyl and 
total mercury in sharks from offshore and coastal waters of Korea. Mar. Pollut. Bull. 102, 210–215. 
https://doi.org/10.1016/j.marpolbul.2015.11.038 

Kim, S.L., Koch, P.L., 2012. Methods to collect, preserve, and prepare elasmobranch tissues for stable isotope 
analysis. Environ. Biol. Fishes 95, 53–63. https://doi.org/10.1007/s10641-011-9860-9 

Kim, S.L., Rio, C.M. del, Casper, D., Koch, P.L., 2012. Isotopic incorporation rates for shark tissues from a long-
term captive feeding study. J. Exp. Biol. 215, 2495–2500. https://doi.org/10.1242/jeb.070656 

Kinney, M.J., Hussey, N.E., Fisk, A.T., Tobin, A.J., Simpfendorfer, C.A., 2011. Communal or competitive? Stable 
isotope analysis provides evidence of resource partitioning within a communal shark nursery. Mar. Ecol. 
Prog. Ser. 439, 263–276. https://doi.org/10.3354/meps09327 

Kinney, M.J., Simpfendorfer, C.A., 2009. Reassessing the value of nursery areas to shark conservation and 
management. Conserv. Lett. 2, 53–60. https://doi.org/10.1111/j.1755-263X.2008.00046.x 

Kiszka, J.J., Aubail, A., Hussey, N.E., Heithaus, M.R., Caurant, F., Bustamante, P., 2015. Plasticity of trophic 
interactions among sharks from the oceanic south-western Indian Ocean revealed by stable isotope and 
mercury analyses. Deep Sea Res. Part Oceanogr. Res. Pap. 96, 49–58. 
https://doi.org/10.1016/j.dsr.2014.11.006 

Kiszka, J.J., Charlot, K., Hussey, N.E., Heithaus, M.R., Simon-Bouhet, B., Humber, F., Caurant, F., Bustamante, 
P., 2014. Trophic ecology of common elasmobranchs exploited by artisanal shark fisheries off south-
western Madagascar inferred from stable isotopes. Aquat. Biol. 23, 29–38. 

Klaassen, M., Piersma, T., Korthals, H., Dekinga, A., Dietz, M.W., 2010. Single-point isotope measurements in 
blood cells and plasma to estimate the time since diet switches. Funct. Ecol. 24, 796–804. 
https://doi.org/10.1111/j.1365-2435.2010.01689.x 

Klarian, S.A., Canales-Cerro, C., Barría, P., Zárate, P., Concha, F., Hernández, S., Heidemeyer, M., Sallaberry-
Pincheira, P., Meléndez, R., 2018. New insights on the trophic ecology of blue (Prionace glauca) and 
shortfin mako sharks (Isurus oxyrinchus) from the oceanic eastern South Pacific. Mar. Biol. Res. 14, 173–
182. https://doi.org/10.1080/17451000.2017.1396344 

Klimley, A.P., 1987. The determinants of sexual segregation in the scalloped hammerhead shark,Sphyrna lewini. 
Environ. Biol. Fishes 18, 27–40. https://doi.org/10.1007/BF00002325 

Klimley, A.P., 1985. Schooling in Sphyrna lewini, a Species with Low Risk of Predation: a Non-egalitarian State. Z. 
Für Tierpsychol. 70, 297–319. https://doi.org/10.1111/j.1439-0310.1985.tb00520.x 



193 
 

Klimley, A.P., Butler, S.B., Nelson, D.R., Stull, A.T., 1988. Diel movements of scalloped hammerhead sharks, 
Sphyrna lewini Griffith and Smith, to and from a seamount in the Gulf of California. J. Fish Biol. 33, 751–
761. https://doi.org/10.1111/j.1095-8649.1988.tb05520.x 

Klimley, A.P., Cabrera-Mancillas, I., Castillo-Geniz, J.L., 1993. Horizontal and vertical movements of the scalloped 
hammerhead shark, Sphyrna lewini, in the southern Gulf Of California, Mexico. Cienc. Mar. 19, 95–115. 
https://doi.org/10.7773/cm.v19i1.918 

Klimley, P.A., Beavers, S.C., Curtis, T.H., Jorgensen, S.J., 2002. Movements and Swimming Behavior of Three 
Species of Sharks in La Jolla Canyon, California. Environ. Biol. Fishes 63, 117–135. 
https://doi.org/10.1023/A:1014200301213 

Knip, D.M., Heupel, M.R., Simpfendorfer, C.A., 2010. Sharks in nearshore environments: models, importance, and 
consequences. Mar. Ecol. Prog. Ser. 402, 1–11. https://doi.org/10.3354/meps08498 

Kone, A., Agnissan, J.-P.A., Kouassi, S.K., N’da, K., 2014. Diet of two sharks: Sphyrna zygeana (Linnaeus, 1758) 
and Isurus oxyrinchus (Rafinesque, 1809) of the Ivorian coast. Int. J. Innov. Appl. Stud. 8, 1173–1186. 

Kortsch, S., Primicerio, R., Aschan, M., Lind, S., Dolgov, A.V., Planque, B., 2019. Food-web structure varies along 
environmental gradients in a high-latitude marine ecosystem. Ecography 42, 295–308. 
https://doi.org/10.1111/ecog.03443 

Krey, A., Ostertag, S.K., Chan, H.M., 2015. Assessment of neurotoxic effects of mercury in beluga whales 
(Delphinapterus leucas), ringed seals (Pusa hispida), and polar bears (Ursus maritimus) from the 
Canadian Arctic. Sci. Total Environ., Special Issue: Mercury in Canada’s North 509–510, 237–247. 
https://doi.org/10.1016/j.scitotenv.2014.05.134 

Kubodera, T., Watanabe, H., Ichii, T., 2006. Feeding habits of the blue shark, Prionace glauca, and salmon shark, 
Lamna ditropis, in the transition region of the Western North Pacific. Rev. Fish Biol. Fish. 17, 111. 
https://doi.org/10.1007/s11160-006-9020-z 

Kwon, S.Y., Blum, J.D., Carvan, M.J., Basu, N., Head, J.A., Madenjian, C.P., David, S.R., 2012. Absence of 
Fractionation of Mercury Isotopes during Trophic Transfer of Methylmercury to Freshwater Fish in 
Captivity. Environ. Sci. Technol. 46, 7527–7534. https://doi.org/10.1021/es300794q 

Kwon, S.Y., Blum, J.D., Chirby, M.A., Chesney, E.J., 2013. Application of mercury isotopes for tracing trophic 
transfer and internal distribution of mercury in marine fish feeding experiments. Environ. Toxicol. Chem. 
32, 2322–2330. https://doi.org/10.1002/etc.2313 

Kwon, S.Y., Blum, J.D., Madigan, D.J., Block, B.A., Popp, B.N., 2016. Quantifying mercury isotope dynamics in 
captive Pacific bluefin tuna (Thunnus orientalis). Elem Sci Anth 4, 000088. 
https://doi.org/10.12952/journal.elementa.000088 

Laffont, L., Sonke, J.E., Maurice, L., Monrroy, S.L., Chincheros, J., Amouroux, D., Behra, P., 2011. Hg Speciation 
and Stable Isotope Signatures in Human Hair As a Tracer for Dietary and Occupational Exposure to 
Mercury. Environ. Sci. Technol. 45, 9910–9916. https://doi.org/10.1021/es202353m 

Lanz, E., Nevárez-Martínez, M.O., López-Martínez, J., Dworak, J.A., 2008. Spatial distribution and species 
composition of small pelagic fishes in the Gulf of California. Rev. Biol. Trop. 56, 575–590. 

Lascelles, B., Notarbartolo Di Sciara, G., Agardy, T., Cuttelod, A., Eckert, S., Glowka, L., Hoyt, E., Llewellyn, F., 
Louzao, M., Ridoux, V., Tetley, M.J., 2014. Migratory marine species: their status, threats and conservation 
management needs. Aquat. Conserv. Mar. Freshw. Ecosyst. 24, 111–127. 
https://doi.org/10.1002/aqc.2512 

Lavín, M.F., Castro, R., Beier, E., Cabrera, C., Godínez, V.M., Amador-Buenrostro, A., 2014. Surface circulation in 
the Gulf of California in summer from surface drifters and satellite images (2004–2006). J. Geophys. Res. 
Oceans 119, 4278–4290. https://doi.org/10.1002/2013JC009345 

Lavoie, R.A., Jardine, T.D., Chumchal, M.M., Kidd, K.A., Campbell, L.M., 2013. Biomagnification of Mercury in 
Aquatic Food Webs: A Worldwide Meta-Analysis. Environ. Sci. Technol. 47, 13385–13394. 
https://doi.org/10.1021/es403103t 

Layman, C.A., Araujo, M.S., Boucek, R., Hammerschlag‐Peyer, C.M., Harrison, E., Jud, Z.R., Matich, P., 
Rosenblatt, A.E., Vaudo, J.J., Yeager, L.A., Post, D.M., Bearhop, S., 2012. Applying stable isotopes to 
examine food-web structure: an overview of analytical tools. Biol. Rev. 87, 545–562. 
https://doi.org/10.1111/j.1469-185X.2011.00208.x 

Layman, C.A., Arrington, D.A., Montaña, C.G., Post, D.M., 2007. Can Stable Isotope Ratios Provide for Community-
Wide Measures of Trophic Structure? Ecology 88, 42–48. https://doi.org/10.1890/0012-
9658(2007)88[42:CSIRPF]2.0.CO;2 

Le Bourg, B., Kiszka, J.J., Bustamante, P., Heithaus, M.R., Jaquemet, S., Humber, F., 2019. Effect of body length, 
trophic position and habitat use on mercury concentrations of sharks from contrasted ecosystems in the 
southwestern Indian Ocean. Environ. Res. 169, 387–395. https://doi.org/10.1016/j.envres.2018.11.024 

Le Croizier, G., Lorrain, A., Sonke, J.E., Hoyos-Padilla, E.M., Galván-Magaña, F., Santana-Morales, O., Aquino-
Baleytó, M., Becerril-García, E.E., Muntaner-López, G., Ketchum, J., Block, B., Carlisle, A., Jorgensen, 
S.J., Besnard, L., Jung, A., Schaal, G., Point, D., 2020a. The Twilight Zone as a Major Foraging Habitat 
and Mercury Source for the Great White Shark. Environ. Sci. Technol. 
https://doi.org/10.1021/acs.est.0c05621 

Le Croizier, G., Lorrain, A., Sonke, J.E., Jaquemet, S., Schaal, G., Renedo, M., Besnard, L., Cherel, Y., Point, D., 
2020b. Mercury isotopes as tracers of ecology and metabolism in two sympatric shark species. Environ. 
Pollut. 265, 114931. https://doi.org/10.1016/j.envpol.2020.114931 

Le Croizier, G., Schaal, G., Gallon, R., Fall, M., Le Grand, F., Munaron, J.-M., Rouget, M.-L., Machu, E., Le Loc’h, 
F., Laë, R., De Morais, L.T., 2016. Trophic ecology influence on metal bioaccumulation in marine fish: 



194 
 

Inference from stable isotope and fatty acid analyses. Sci. Total Environ. 573, 83–95. 
https://doi.org/10.1016/j.scitotenv.2016.08.035 

Le Croizier, G., Schaal, G., Point, D., Le Loc’h, F., Machu, E., Fall, M., Munaron, J.-M., Boyé, A., Walter, P., Laë, 
R., Tito De Morais, L., 2019. Stable isotope analyses revealed the influence of foraging habitat on mercury 
accumulation in tropical coastal marine fish. Sci. Total Environ. 650, 2129–2140. 
https://doi.org/10.1016/j.scitotenv.2018.09.330 

Le Croizier, G., Sonke, J.E., Lorrain, A., Renedo, M., Hoyos-Padilla, M., Santana-Morales, O., Meyer, L., 
Huveneers, C., Butcher, P., Amezcua-Martinez, F., Point, D., 2022. Foraging plasticity diversifies mercury 
exposure sources and bioaccumulation patterns in the world’s largest predatory fish. J. Hazard. Mater. 
425, 127956. https://doi.org/10.1016/j.jhazmat.2021.127956 

Le Grand, F., Kraffe, E., Marty, Y., Donaghy, L., Soudant, P., 2011. Membrane phospholipid composition of 
hemocytes in the Pacific oyster Crassostrea gigas and the Manila clam Ruditapes philippinarum. Comp. 
Biochem. Physiol. A. Mol. Integr. Physiol. 159, 383–391. https://doi.org/10.1016/j.cbpa.2011.04.006 

Le Grand, F., Soudant, P., Siah, A., Tremblay, R., Marty, Y., Kraffe, E., 2014. Disseminated Neoplasia in the Soft-
Shell Clam Mya arenaria: Membrane Lipid Composition and Functional Parameters of Circulating Cells. 
Lipids 49, 807–818. https://doi.org/10.1007/s11745-014-3917-4 

Legare, B., Kneebone, J., DeAngelis, B., Skomal, G., 2015. The spatiotemporal dynamics of habitat use by blacktip 
(Carcharhinus limbatus) and lemon (Negaprion brevirostris) sharks in nurseries of St. John, United States 
Virgin Islands. Mar. Biol. 162, 699–716. https://doi.org/10.1007/s00227-015-2616-x 

Legendre, P., Gallagher, E.D., 2001. Ecologically meaningful transformations for ordination of species data. 
Oecologia 129, 271–280. https://doi.org/10.1007/s004420100716 

Lemes, M., Wang, F., 2009. Methylmercury speciation in fish muscle by HPLC-ICP-MS following enzymatic 
hydrolysis. J. Anal. At. Spectrom. 24, 663–668. https://doi.org/10.1039/B819957B 

Lepak, R.F., Yin, R., Krabbenhoft, D.P., Ogorek, J.M., DeWild, J.F., Holsen, T.M., Hurley, J.P., 2015. Use of Stable 
Isotope Signatures to Determine Mercury Sources in the Great Lakes. Environ. Sci. Technol. Lett. 2, 335–
341. https://doi.org/10.1021/acs.estlett.5b00277 

Li, M., Juang, C.A., Ewald, J.D., Yin, R., Mikkelsen, B., Krabbenhoft, D.P., Balcom, P.H., Dassuncao, C., 
Sunderland, E.M., 2020. Selenium and stable mercury isotopes provide new insights into mercury 
toxicokinetics in pilot whales. Sci. Total Environ. 710, 136325. 
https://doi.org/10.1016/j.scitotenv.2019.136325 

Li, M., Sherman, L.S., Blum, J.D., Grandjean, P., Mikkelsen, B., Weihe, P., Sunderland, E.M., Shine, J.P., 2014. 
Assessing Sources of Human Methylmercury Exposure Using Stable Mercury Isotopes. Environ. Sci. 
Technol. 48, 8800–8806. https://doi.org/10.1021/es500340r 

Li, Y., Zhang, Y., Dai, X., 2016a. Trophic interactions among pelagic sharks and large predatory teleosts in the 
northeast central Pacific. J. Exp. Mar. Biol. Ecol. 483, 97–103. https://doi.org/10.1016/j.jembe.2016.04.013 

Li, Y., Zhang, Y., Hussey, N.E., Dai, X., 2016b. Urea and lipid extraction treatment effects on δ15N and δ13C values 
in pelagic sharks. Rapid Commun. Mass Spectrom. 30, 1–8. https://doi.org/10.1002/rcm.7396 

Lim, D.D., Motta, P., Mara, K., Martin, A.P., 2010. Phylogeny of hammerhead sharks (Family Sphyrnidae) inferred 
from mitochondrial and nuclear genes. Mol. Phylogenet. Evol. 55, 572–579. 
https://doi.org/10.1016/j.ympev.2010.01.037 

Liu, M., Zhang, Q., Maavara, T., Liu, S., Wang, X., Raymond, P.A., 2021. Rivers as the largest source of mercury 
to coastal oceans worldwide. Nat. Geosci. 14, 672–677. https://doi.org/10.1038/s41561-021-00793-2 

Liu, Q., Yi, Y., Hou, C., Wu, X., Song, J., 2020. Response of trophic structure and isotopic niches of the food web 
to flow regime in the Yellow River estuary. Mar. Geol. 430, 106329. 
https://doi.org/10.1016/j.margeo.2020.106329 

Lluch-Belda, D., 2000. CENTROS DE ACTIVIDAD BIOLÓGICA EN LA COSTA OCCIDENTAL DE BAJA 
CALIFORNIA, in: BAC: Centros de Actividad Biológica del Pacífico mexicano. Centro de Investigaciones 
Biológicas del Noroeste, S. C., pp. 49–64. 

Lluch-Cota, S.E., 2000. Coastal upwelling in the eastern Gulf of California. Oceanol. Acta 23, 731–740. 
https://doi.org/10.1016/S0399-1784(00)00121-3 

Lluch-Cota, S.E., Aragón-Noriega, E.A., Arreguín-Sánchez, F., Aurioles-Gamboa, D., Jesús Bautista-Romero, J., 
Brusca, R.C., Cervantes-Duarte, R., Cortés-Altamirano, R., Del-Monte-Luna, P., Esquivel-Herrera, A., 
Fernández, G., Hendrickx, M.E., Hernández-Vázquez, S., Herrera-Cervantes, H., Kahru, M., Lavín, M., 
Lluch-Belda, D., Lluch-Cota, D.B., López-Martínez, J., Marinone, S.G., Nevárez-Martínez, M.O., Ortega-
García, S., Palacios-Castro, E., Parés-Sierra, A., Ponce-Díaz, G., Ramírez-Rodríguez, M., Salinas-Zavala, 
C.A., Schwartzlose, R.A., Sierra-Beltrán, A.P., 2007. The Gulf of California: Review of ecosystem status 
and sustainability challenges. Prog. Oceanogr. 73, 1–26. https://doi.org/10.1016/j.pocean.2007.01.013 

Loefer, J.K., Sedberry, G.R., McGovern, J.C., 2005. Vertical Movements of a Shortfin Mako in the Western North 
Atlantic as Determined by Pop-up Satellite Tagging. Southeast. Nat. 4, 237–246. 

Logan, J.M., Lutcavage, M.E., 2010. Stable isotope dynamics in elasmobranch fishes. Hydrobiologia 644, 231–244. 
https://doi.org/10.1007/s10750-010-0120-3 

Logan, R.K., Vaudo, J.J., Sousa, L.L., Sampson, M., Wetherbee, B.M., Shivji, M.S., 2020. Seasonal Movements 
and Habitat Use of Juvenile Smooth Hammerhead Sharks in the Western North Atlantic Ocean and 
Significance for Management. Front. Mar. Sci. 7. https://doi.org/10.3389/fmars.2020.566364 

Long, J.A., 1995. The Rise of Fishes: 500 Million Years of Evolution. Johns Hopkins University Press. 



195 
 

Lopez, S., Meléndez, R., Barría, P., 2010. Preliminary diet analysis of the blue shark Prionace glauca in the eastern 
South Pacific. Rev. Biol. Mar. Oceanogr. 45, 745–749. https://doi.org/10.4067/S0718-
19572010000400017 

Lopez, S., Meléndez, R., Barría, P., 2009. Alimentación del tiburón marrajo Isurus oxyrinchus Rafinesque, 1810 
(Lamniformes: Lamnidae) en el Pacífico suroriental. Rev. Biol. Mar. Oceanogr. 44, 439–451. 
https://doi.org/10.4067/S0718-19572009000200017 

Lopez-Lopez, L., Preciado, I., Muñoz, I., Decima, M., Molinero, J.C., Tel, E., 2017. Does upwelling intensity 
influence feeding habits and trophic position of planktivorous fish? Deep Sea Res. Part Oceanogr. Res. 
Pap. 122, 29–40. https://doi.org/10.1016/j.dsr.2017.01.017 

Loreau, M., de Mazancourt, C., 2013. Biodiversity and ecosystem stability: a synthesis of underlying mechanisms. 
Ecol. Lett. 16, 106–115. https://doi.org/10.1111/ele.12073 

Lorrain, A., Graham, B.S., Popp, B.N., Allain, V., Olson, R.J., Hunt, B.P.V., Potier, M., Fry, B., Galván-Magaña, F., 
Menkes, C.E.R., Kaehler, S., Ménard, F., 2015. Nitrogen isotopic baselines and implications for estimating 
foraging habitat and trophic position of yellowfin tuna in the Indian and Pacific Oceans. Deep Sea Res. 
Part II Top. Stud. Oceanogr., Impacts of climate on marine top predators 113, 188–198. 
https://doi.org/10.1016/j.dsr2.2014.02.003 

Lowe, C.G., 2002. Bioenergetics of free-ranging juvenile scalloped hammerhead sharks (Sphyrna lewini) in 
Kāne’ohe Bay, Ō’ahu, HI. J. Exp. Mar. Biol. Ecol. 278, 141–156. https://doi.org/10.1016/S0022-
0981(02)00331-3 

Lyons, K., Carlisle, A., Preti, A., Mull, C., Blasius, M., O’Sullivan, J., Winkler, C., Lowe, C.G., 2013. Effects of trophic 
ecology and habitat use on maternal transfer of contaminants in four species of young of the year 
lamniform sharks. Mar. Environ. Res. 90, 27–38. https://doi.org/10.1016/j.marenvres.2013.05.009 

Lyons, K., Galloway, A.S., Adams, D.H., Reyier, E.A., Barker, A.M., Portnoy, D.S., Frazier, B.S., 2020. Maternal 
provisioning gives young-of-the-year Hammerheads a head start in early life. Mar. Biol. 167, 157. 
https://doi.org/10.1007/s00227-020-03766-y 

Lyons, K., Kacev, D., Preti, A., Gillett, D., Dewar, H., 2019. Organic contaminants as an ecological tool to explore 
niche partitioning: a case study using three pelagic shark species. Sci. Rep. 9, 1–7. 
https://doi.org/10.1038/s41598-019-48521-6 

Lyons, K., Preti, A., Madigan, D.J., Wells, R.J.D., Blasius, M.E., Snodgrass, O.E., Kacev, D., Harris, J.D., Dewar, 
H., Kohin, S., MacKenzie, K., Lowe, C.G., 2015. Insights into the life history and ecology of a large shortfin 
mako shark Isurus oxyrinchus captured in southern California. J. Fish Biol. 87, 200–211. 
https://doi.org/10.1111/jfb.12709 

MacArthur, R.H., 1958. Population Ecology of Some Warblers of Northeastern Coniferous Forests. Ecology 39, 
599–619. https://doi.org/10.2307/1931600 

MacNeil, M.A., Drouillard, K.G., Fisk, A.T., 2006. Variable uptake and elimination of stable nitrogen isotopes 
between tissues in fish. Can. J. Fish. Aquat. Sci. https://doi.org/10.1139/f05-219 

MacNeil, M.A., Skomal, G.B., Fisk, A.T., 2005. Stable isotopes from multiple tissues reveal diet switching in sharks. 
Mar. Ecol. Prog. Ser. 302, 199–206. https://doi.org/10.3354/meps302199 

Madigan, D.J., Baumann, Z., Carlisle, A.B., Hoen, D.K., Popp, B.N., Dewar, H., Snodgrass, O.E., Block, B.A., 
Fisher, N.S., 2014. Reconstructing transoceanic migration patterns of Pacific bluefin tuna using a chemical 
tracer toolbox. Ecology 95, 1674–1683. https://doi.org/10.1890/13-1467.1 

Madigan, D.J., Carlisle, A.B., Dewar, H., Snodgrass, O.E., Litvin, S.Y., Micheli, F., Block, B.A., 2012. Stable Isotope 
Analysis Challenges Wasp-Waist Food Web Assumptions in an Upwelling Pelagic Ecosystem. Sci. Rep. 
2, 654. https://doi.org/10.1038/srep00654 

Madigan, D.J., Li, M., Yin, R., Baumann, H., Snodgrass, O.E., Dewar, H., Krabbenhoft, D.P., Baumann, Z., Fisher, 
N.S., Balcom, P., Sunderland, E.M., 2018. Mercury Stable Isotopes Reveal Influence of Foraging Depth 
on Mercury Concentrations and Growth in Pacific Bluefin Tuna. Environ. Sci. Technol. 52, 6256–6264. 
https://doi.org/10.1021/acs.est.7b06429 

Madigan, D.J., Richardson, A.J., Carlisle, A.B., Weber, S.B., Brown, J., Hussey, N.E., 2020a. Water column 
structure defines vertical habitat of twelve pelagic predators in the South Atlantic. ICES J. Mar. Sci. 
https://doi.org/10.1093/icesjms/fsaa222 

Madigan, D.J., Shipley, O.N., Carlisle, A.B., Dewar, H., Snodgrass, O.E., Hussey, N.E., 2021. Isotopic Tracers 
Suggest Limited Trans-Oceanic Movements and Regional Residency in North Pacific Blue Sharks 
(Prionace glauca). Front. Mar. Sci. 8, 489. https://doi.org/10.3389/fmars.2021.653606 

Madigan, D.J., Shipley, O.N., Hussey, N.E., 2020b. Applying isotopic clocks to identify prior migration patterns and 
critical habitats in mobile marine predators, in: Conservation Physiology. Oxford University Press, Oxford. 
https://doi.org/10.1093/oso/9780198843610.003.0005 

Magozzi, S., Thorrold, S.R., Houghton, L., Bendall, V.A., Hetherington, S., Mucientes, G., Natanson, L.J., Queiroz, 
N., Santos, M.N., Trueman, C.N., 2021. Compound-Specific Stable Isotope Analysis of Amino Acids in 
Pelagic Shark Vertebrae Reveals Baseline, Trophic, and Physiological Effects on Bulk Protein Isotope 
Records. Front. Mar. Sci. 8, 1156. https://doi.org/10.3389/fmars.2021.673016 

Magozzi, S., Yool, A., Zanden, H.B.V., Wunder, M.B., Trueman, C.N., 2017. Using ocean models to predict spatial 
and temporal variation in marine carbon isotopes. Ecosphere 8, e01763. https://doi.org/10.1002/ecs2.1763 

Maia, A., Queiroz, N., Correia, J.P., Cabral, H., 2006. Food habits of the shortfin mako, Isurus oxyrinchus , off the 
southwest coast of Portugal. Environ. Biol. Fishes 77, 157–167. https://doi.org/10.1007/s10641-006-9067-
7 



196 
 

Majdi, N., Hette-Tronquart, N., Auclair, E., Bec, A., Chouvelon, T., Cognie, B., Danger, M., Decottignies, P., Dessier, 
A., Desvilettes, C., Dubois, S., Dupuy, C., Fritsch, C., Gaucherel, C., Hedde, M., Jabot, F., Lefebvre, S., 
Marzloff, M.P., Pey, B., Peyrard, N., Powolny, T., Sabbadin, R., Thébault, E., Perga, M.-E., 2018. There’s 
no harm in having too much: A comprehensive toolbox of methods in trophic ecology. Food Webs 17, 
e00100. https://doi.org/10.1016/j.fooweb.2018.e00100 

Malpica‐Cruz, L., Herzka, S.Z., Sosa‐Nishizaki, O., Escobedo‐Olvera, M.A., 2013. Tissue-specific stable isotope 
ratios of shortfin mako (Isurus oxyrinchus) and white (Carcharodon carcharias) sharks as indicators of 
size-based differences in foraging habitat and trophic level. Fish. Oceanogr. 22, 429–445. 
https://doi.org/10.1111/fog.12034 

Malpica-Cruz, L., Herzka, S.Z., Sosa-Nishizaki, O., Lazo, J.P., 2012. Tissue-specific isotope trophic discrimination 
factors and turnover rates in a marine elasmobranch: empirical and modeling results. Can. J. Fish. Aquat. 
Sci. 69, 551–564. https://doi.org/10.1139/f2011-172 

Markaida, U., Sosa-Nishizaki, O., 2010. Food and feeding habits of the blue shark Prionace glauca caught off 
Ensenada, Baja California, Mexico, with a review on its feeding. J. Mar. Biol. Assoc. U. K. 90, 977–994. 
https://doi.org/10.1017/S0025315409991597 

Márquez-Farías, J.F., Corro-Espinosa, D., Castillo-Geniz, J., 2005. Observations on the Biology of the Pacific 
Sharpnose Shark ( Rhizoprionodon longurio , Jordan and Gilbert, 1882), Captured in Southern Sinaloa, 
México>. J. Northwest Atl. Fish. Sci. 37, 107–114. https://doi.org/10.2960/J.v35.m506 

Marty, Y., Soudant, P., Perrotte, S., Moal, J., Dussauze, J., Samain, J.F., 1999. Identification and occurrence of a 
novel cis-4,7,10,trans-13-docosatetraenoic fatty acid in the scallop Pecten maximus (L.). J. Chromatogr. 
A 839, 119–127. https://doi.org/10.1016/S0021-9673(99)00217-4 

Masbou, J., Sonke, J.E., Amouroux, D., Guillou, G., Becker, P.R., Point, D., 2018. Hg-Stable Isotope Variations in 
Marine Top Predators of the Western Arctic Ocean. ACS Earth Space Chem. 2, 479–490. 
https://doi.org/10.1021/acsearthspacechem.8b00017 

Mathieu-Resuge, M., Kraffe, E., Le Grand, F., Boens, A., Bideau, A., Lluch-Cota, S.E., Racotta, I.S., Schaal, G., 
2019. Trophic ecology of suspension-feeding bivalves inhabiting a north-eastern Pacific coastal lagoon: 
Comparison of different biomarkers. Mar. Environ. Res. 145, 155–163. 
https://doi.org/10.1016/j.marenvres.2019.02.016 

Matich, P., Ault, J.S., Boucek, R.E., Bryan, D.R., Gastrich, K.R., Harvey, C.L., Heithaus, M.R., Kiszka, J.J., Paz, V., 
Rehage, J.S., Rosenblatt, A.E., 2017a. Ecological niche partitioning within a large predator guild in a 
nutrient-limited estuary. Limnol. Oceanogr. 62, 934–953. https://doi.org/10.1002/lno.10477 

Matich, P., Heithaus, M.R., 2014. Multi-tissue stable isotope analysis and acoustic telemetry reveal seasonal 
variability in the trophic interactions of juvenile bull sharks in a coastal estuary. J. Anim. Ecol. 83, 199–
213. https://doi.org/10.1111/1365-2656.12106 

Matich, P., Heithaus, M.R., Layman, C.A., 2011. Contrasting patterns of individual specialization and trophic 
coupling in two marine apex predators. J. Anim. Ecol. 80, 294–305. https://doi.org/10.1111/j.1365-
2656.2010.01753.x 

Matich, P., Heithaus, M.R., Layman, C.A., 2010. Size-based variation in intertissue comparisons of stable carbon 
and nitrogen isotopic signatures of bull sharks (Carcharhinus leucas) and tiger sharks (Galeocerdo cuvier). 
Can. J. Fish. Aquat. Sci. 67, 877–885. https://doi.org/10.1139/F10-037 

Matich, P., Kiszka, J.J., Heithaus, M.R., Mourier, J., Planes, S., 2015. Short-term shifts of stable isotope (δ13C, 
δ15N) values in juvenile sharks within nursery areas suggest rapid shifts in energy pathways. J. Exp. Mar. 
Biol. Ecol. 465, 83–91. https://doi.org/10.1016/j.jembe.2015.01.012 

Matich, P., Kiszka, J.J., Mourier, J., Planes, S., Heithaus, M.R., 2017b. Species co-occurrence affects the trophic 
interactions of two juvenile reef shark species in tropical lagoon nurseries in Moorea (French Polynesia). 
Mar. Environ. Res. 127, 84–91. https://doi.org/10.1016/j.marenvres.2017.03.010 

Matsuzaki, S.S., Suzuki, K., Kadoya, T., Nakagawa, M., Takamura, N., 2018. Bottom-up linkages between primary 
production, zooplankton, and fish in a shallow, hypereutrophic lake. Ecology 99, 2025–2036. 
https://doi.org/10.1002/ecy.2414 

Matulik, A.G., Kerstetter, D.W., Hammerschlag, N., Divoll, T., Hammerschmidt, C.R., Evers, D.C., 2017. 
Bioaccumulation and biomagnification of mercury and methylmercury in four sympatric coastal sharks in 
a protected subtropical lagoon. Mar. Pollut. Bull. 116, 357–364. 
https://doi.org/10.1016/j.marpolbul.2017.01.033 

Maxwell, S.M., Scales, K.L., Bograd, S.J., Briscoe, D.K., Dewar, H., Hazen, E.L., Lewison, R.L., Welch, H., Crowder, 
L.B., 2019. Seasonal spatial segregation in blue sharks (Prionace glauca) by sex and size class in the 
Northeast Pacific Ocean. Divers. Distrib. 25, 1304–1317. https://doi.org/10.1111/ddi.12941 

Maya Meneses, C.I., Torres Rojas, Y.E., Galván Magaña, F., Aguiñiga García, S., Trasviña Carrillo, L.D., 2016. 
Trophic overlap between blue sharks (Prionace glauca) and shortfin makos (Isurus oxyrinchus): Trophic 
linkages between two shark species in the Eastern Pacific Ocean food web. Food Webs 7, 13–19. 
https://doi.org/10.1016/j.fooweb.2016.03.002 

Maz-Courrau, A., López-Vera, C., Galván-Magaña, F., Escobar-Sánchez, O., Rosíles-Martínez, R., Sanjuán-
Muñoz, A., 2012. Bioaccumulation and Biomagnification of Total Mercury in Four Exploited Shark Species 
in the Baja California Peninsula, Mexico. Bull. Environ. Contam. Toxicol. 88, 129–134. 
https://doi.org/10.1007/s00128-011-0499-1 

McCann, K.S., Rooney, N., 2009. The more food webs change, the more they stay the same. Philos. Trans. R. Soc. 
B Biol. Sci. 364, 1789–1801. https://doi.org/10.1098/rstb.2008.0273 



197 
 

McCauley, D.J., Pinsky, M.L., Palumbi, S.R., Estes, J.A., Joyce, F.H., Warner, R.R., 2015. Marine defaunation: 
Animal loss in the global ocean. Science 347. https://doi.org/10.1126/science.1255641 

McComb, D.M., Tricas, T.C., Kajiura, S.M., 2009. Enhanced visual fields in hammerhead sharks. J. Exp. Biol. 212, 
4010–4018. https://doi.org/10.1242/jeb.032615 

McCord, M., Campana, S.E., 2003. A Quantitative Assessment of the Diet of the Blue Shark (Prionace glauca) off 
Nova Scotia, Canada. J. Northwest Atl. Fish. Sci. 32, 57–63. 

McKinney, M.A., Dean, K., Hussey, N.E., Cliff, G., Wintner, S.P., Dudley, S.F.J., Zungu, M.P., Fisk, A.T., 2016. 
Global versus local causes and health implications of high mercury concentrations in sharks from the east 
coast of South Africa. Sci. Total Environ. 541, 176–183. https://doi.org/10.1016/j.scitotenv.2015.09.074 

McMeans, B.C., McCann, K.S., Humphries, M., Rooney, N., Fisk, A.T., 2015. Food Web Structure in Temporally-
Forced Ecosystems. Trends Ecol. Evol. 30, 662–672. https://doi.org/10.1016/j.tree.2015.09.001 

McMillan, M.N., Semmens, J.M., Huveneers, C., Sims, D.W., Stehfest, K.M., Gillanders, B.M., 2021. Grow or go? 
Energetic constraints on shark pup dispersal from pupping areas. Conserv. Physiol. 9. 
https://doi.org/10.1093/conphys/coab017 

Médieu, A., Point, D., Itai, T., Angot, H., Buchanan, P.J., Allain, V., Fuller, L., Griffiths, S., Gillikin, D.P., Sonke, J.E., 
Heimbürger-Boavida, L.-E., Desgranges, M.-M., Menkes, C.E., Madigan, D.J., Brosset, P., Gauthier, O., 
Tagliabue, A., Bopp, L., Verheyden, A., Lorrain, A., 2022. Evidence that Pacific tuna mercury levels are 
driven by marine methylmercury production and anthropogenic inputs. Proc. Natl. Acad. Sci. 119. 
https://doi.org/10.1073/pnas.2113032119 

Meng, M., Sun, R., Liu, H., Yu, B., Yin, Y., Hu, L., Chen, J., Shi, J., Jiang, G., 2020. Mercury isotope variations 
within the marine food web of Chinese Bohai Sea: Implications for mercury sources and biogeochemical 
cycling. J. Hazard. Mater. 384, 121379. https://doi.org/10.1016/j.jhazmat.2019.121379 

Meredith, M., 2020. wiqid: Quick and Dirty Estimates for Wildlife Populations. 
Meyer, C.G., Papastamatiou, Y.P., Holland, K.N., 2010. A multiple instrument approach to quantifying the 

movement patterns and habitat use of tiger (Galeocerdo cuvier) and Galapagos sharks (Carcharhinus 
galapagensis) at French Frigate Shoals, Hawaii. Mar. Biol. 157, 1857–1868. 
https://doi.org/10.1007/s00227-010-1457-x 

Meyer, L., Fox, A., Huveneers, C., 2018. Simple biopsy modification to collect muscle samples from free-swimming 
sharks. Biol. Conserv. 228, 142–147. https://doi.org/10.1016/j.biocon.2018.10.024 

Meyer, L., Pethybridge, H., Nichols, P.D., Beckmann, C., Huveneers, C., 2019. Abiotic and biotic drivers of fatty 
acid tracers in ecology: A global analysis of chondrichthyan profiles. Funct. Ecol. 33, 1243–1255. 
https://doi.org/10.1111/1365-2435.13328 

Michel, L.N., Danis, B., Dubois, P., Eleaume, M., Fournier, J., Gallut, C., Jane, P., Lepoint, G., 2019. Increased sea 
ice cover alters food web structure in East Antarctica. Sci. Rep. 9, 8062. https://doi.org/10.1038/s41598-
019-44605-5 

Miller, T.W., Brodeur, R.D., Rau, G., Omori, K., 2010. Prey dominance shapes trophic structure of the northern 
California Current pelagic food web: evidence from stable isotopes and diet analysis. Mar. Ecol. Prog. Ser. 
420, 15–26. https://doi.org/10.3354/meps08876 

Monteiro, L., Costa, V., Furness, R., Santos, R., 1996. Mercury concentrations in prey fish indicate enhanced 
bioaccumulation in mesopelagic environments. Mar. Ecol. Prog. Ser. 141, 21–25. 
https://doi.org/10.3354/meps141021 

Morán-Villatoro, J.M., Galvan-Magaña, F., Hernández Herrera, A., 2018. Edad y crecimiento del tiburon martillo 
Sphyrna zygaena (LINNAEUS, 1758) en  la costa occidental de baja california sur. (Thesis). Instituto 
Politécnico Nacional. Centro Interdisciplinario de Ciencias Marinas. 

Morel, F.M.M., 1987. Kinetics of Nutrient Uptake and Growth in Phytoplankton1. J. Phycol. 23, 137–150. 
https://doi.org/10.1111/j.0022-3646.1987.00137.x 

Morzaria-Luna, H.N., Cruz-Piñón, G., Brusca, R.C., López-Ortiz, A.M., Moreno-Báez, M., Reyes-Bonilla, H., Turk-
Boyer, P., 2018. Biodiversity hotspots are not congruent with conservation areas in the Gulf of California. 
Biodivers. Conserv. 27, 3819–3842. https://doi.org/10.1007/s10531-018-1631-x 

Motta, L.C., Blum, J.D., Johnson, M.W., Umhau, B.P., Popp, B.N., Washburn, S.J., Drazen, J.C., Benitez-Nelson, 
C.R., Hannides, C.C.S., Close, H.G., Lamborg, C.H., 2019. Mercury Cycling in the North Pacific 
Subtropical Gyre as Revealed by Mercury Stable Isotope Ratios. Glob. Biogeochem. Cycles 33, 777–794. 
https://doi.org/10.1029/2018GB006057 

Mourier, J., Planes, S., Buray, N., 2013. Trophic interactions at the top of the coral reef food chain. Coral Reefs 32, 
285–285. https://doi.org/10.1007/s00338-012-0976-y 

Munroe, S.E.M., Simpfendorfer, C.A., Heupel, M.R., 2014a. Defining shark ecological specialisation: concepts, 
context, and examples. Rev. Fish Biol. Fish. 24, 317–331. https://doi.org/10.1007/s11160-013-9333-7 

Munroe, S.E.M., Simpfendorfer, C.A., Heupel, M.R., Munroe, S.E.M., Simpfendorfer, C.A., Heupel, M.R., 2014b. 
Habitat and space use of an abundant nearshore shark, Rhizoprionodon taylori. Mar. Freshw. Res. 65, 
959–968. https://doi.org/10.1071/MF13272 

Murchie, K.J., Schwager, E., Cooke, S.J., Danylchuk, A.J., Danylchuk, S.E., Goldberg, T.L., Suski, C.D., Philipp, 
D.P., 2010. Spatial ecology of juvenile lemon sharks (Negaprion brevirostris) in tidal creeks and coastal 
waters of Eleuthera, The Bahamas. Environ. Biol. Fishes 89, 95–104. https://doi.org/10.1007/s10641-010-
9693-y 

Musyl, M.K., Brill, R.W., Curran, D.S., Fragoso, N.M., McNaughton, L.M., Nielsen, A., Kikkawa, B.S., Moyes, C.D., 
2011. Postrelease survival, vertical and horizontal movements, and thermal habitats of five species of 
pelagic sharks in the central Pacific Ocean. Fish. Bull. 109, 341–369. 



198 
 

Myers, R.A., Worm, B., 2003. Rapid worldwide depletion of predatory fish communities. Nature 423, 280–283. 
https://doi.org/10.1038/nature01610 

Nagelkerken, I., Sheaves, M., Baker, R., Connolly, R.M., 2015. The seascape nursery: a novel spatial approach to 
identify and manage nurseries for coastal marine fauna. Fish Fish. 16, 362–371. 
https://doi.org/10.1111/faf.12057 

Nava Nava, P., Márquez-Farías, J.F., 2014. Talla de madurez del tiburón martillo, Sphyrna zygaena, capturado en 
el Golfo de California. Hidrobiológica 24, 129–135. 

Nelson, G.J., 1992. Dietary fatty acids and lipid metabolism, in: Fatty Acids in Foods and Their Health Implications. 
Marcel Dekker, Inc., pp. 437–471. 

Newman, S.P., Handy, R.D., Gruber, S.H., 2012. Ontogenetic diet shifts and prey selection in nursery bound lemon 
sharks, Negaprion brevirostris, indicate a flexible foraging tactic. Environ. Biol. Fishes 95, 115–126. 
https://doi.org/10.1007/s10641-011-9828-9 

Newsome, S.D., Rio, C.M. del, Bearhop, S., Phillips, D.L., 2007. A Niche for Isotopic Ecology. Front. Ecol. Environ. 
5, 429–436. 

Niella, Y., Raoult, V., Gaston, T., Peddemors, V.M., Harcourt, R., Smoothey, A.F., 2021. Overcoming multi-year 
impacts of maternal isotope signatures using multi-tracers and fast turnover tissues in juvenile sharks. 
Chemosphere 269, 129393. https://doi.org/10.1016/j.chemosphere.2020.129393 

Nielsen, J.M., Clare, E.L., Hayden, B., Brett, M.T., Kratina, P., 2018. Diet tracing in ecology: Method comparison 
and selection. Methods Ecol. Evol. 9, 278–291. https://doi.org/10.1111/2041-210X.12869 

Nosal, A.P., Cartamil, D.P., Wegner, N.C., Lam, C.H., Hastings, P.A., 2019. Movement ecology of young-of-the-
year blue sharks Prionace glauca and shortfin makos Isurus oxyrinchus within a putative binational nursery 
area. Mar. Ecol. Prog. Ser. 623, 99–115. https://doi.org/10.3354/meps13021 

Obrist, D., Agnan, Y., Jiskra, M., Olson, C.L., Colegrove, D.P., Hueber, J., Moore, C.W., Sonke, J.E., Helmig, D., 
2017. Tundra uptake of atmospheric elemental mercury drives Arctic mercury pollution. Nature 547, 201–
204. https://doi.org/10.1038/nature22997 

O’Bryhim, J.R., Adams, D.H., Spaet, J.L.Y., Mills, G., Lance, S.L., 2017. Relationships of mercury concentrations 
across tissue types, muscle regions and fins for two shark species. Environ. Pollut. 223, 323–333. 
https://doi.org/10.1016/j.envpol.2017.01.029 

Olin, J.A., Hussey, N.E., Fritts, M., Heupel, M.R., Simpfendorfer, C.A., Poulakis, G.R., Fisk, A.T., 2011. Maternal 
meddling in neonatal sharks: implications for interpreting stable isotopes in young animals. Rapid 
Commun. Mass Spectrom. 25, 1008–1016. https://doi.org/10.1002/rcm.4946 

Outridge, P.M., Mason, R.P., Wang, F., Guerrero, S., Heimbürger-Boavida, L.E., 2018. Updated Global and 
Oceanic Mercury Budgets for the United Nations Global Mercury Assessment 2018. Environ. Sci. Technol. 
52, 11466–11477. https://doi.org/10.1021/acs.est.8b01246 

Pacoureau, N., Rigby, C.L., Kyne, P.M., Sherley, R.B., Winker, H., Carlson, J.K., Fordham, S.V., Barreto, R., 
Fernando, D., Francis, M.P., Jabado, R.W., Herman, K.B., Liu, K.-M., Marshall, A.D., Pollom, R.A., 
Romanov, E.V., Simpfendorfer, C.A., Yin, J.S., Kindsvater, H.K., Dulvy, N.K., 2021. Half a century of global 
decline in oceanic sharks and rays. Nature 589, 567–571. https://doi.org/10.1038/s41586-020-03173-9 

Papastamatiou, Y.P., Friedlander, A.M., Caselle, J.E., Lowe, C.G., 2010. Long-term movement patterns and trophic 
ecology of blacktip reef sharks (Carcharhinus melanopterus) at Palmyra Atoll. J. Exp. Mar. Biol. Ecol. 386, 
94–102. https://doi.org/10.1016/j.jembe.2010.02.009 

Papastamatiou, Y.P., Lowe, C.G., 2012. An analytical and hypothesis-driven approach to elasmobranch movement 
studies. J. Fish Biol. 80, 1342–1360. https://doi.org/10.1111/j.1095-8649.2012.03232.x 

Papastamatiou, Y.P., Mourier, J., TinHan, T., Luongo, S., Hosoki, S., Santana-Morales, O., Hoyos-Padilla, M., 2022. 
Social dynamics and individual hunting tactics of white sharks revealed by biologging. Biol. Lett. 18. 
https://doi.org/10.1098/rsbl.2021.0599 

Papastamatiou, Y.P., Wetherbee, B.M., Lowe, C.G., Crow, G.L., 2006. Distribution and diet of four species of 
carcharhinid shark in the Hawaiian Islands: evidence for resource partitioning and competitive exclusion. 
Mar. Ecol. Prog. Ser. 320, 239–251. https://doi.org/10.3354/meps320239 

Parrish, C.C., 2013. Lipids in Marine Ecosystems. ISRN Oceanogr. 2013, e604045. 
https://doi.org/10.5402/2013/604045 

Parrish, C.C., 1999. Determination of Total Lipid, Lipid Classes, and Fatty Acids in Aquatic Samples, in: Arts, M.T., 
Wainman, B.C. (Eds.), Lipids in Freshwater Ecosystems. Springer, New York, NY, pp. 4–20. 
https://doi.org/10.1007/978-1-4612-0547-0_2 

Parrish, C.C., Pethybridge, H., Young, J.W., Nichols, P.D., 2015. Spatial variation in fatty acid trophic markers in 
albacore tuna from the southwestern Pacific Ocean—A potential ‘tropicalization’ signal. Deep Sea Res. 
Part II Top. Stud. Oceanogr., Impacts of climate on marine top predators 113, 199–207. 
https://doi.org/10.1016/j.dsr2.2013.12.003 

Pérez-Jiménez, J., Sosa-Nishizaki, O., Furlong-Estrada, E., Corro-Espinosa, D., Venegas-Herrera, A., Barragán-
Cuencas, O., 2005. Artisanal Shark Fishery at “Tres Marias” Islands and Isabel Island in the Central 
Mexican Pacific. J. Northwest Atl. Fish. Sci. 37, 333–343. https://doi.org/10.2960/J.v35.m489 

Pérez-Jiménez, J.C., 2014. Historical records reveal potential extirpation of four hammerhead sharks (Sphyrna 
spp.) in Mexican Pacific waters. Rev. Fish Biol. Fish. 24, 671–683. https://doi.org/10.1007/s11160-014-
9353-y 

Perrot, V., Masbou, J., Pastukhov, M.V., Epov, V.N., Point, D., Bérail, S., Becker, P.R., Sonke, J.E., Amouroux, D., 
2016. Natural Hg isotopic composition of different Hg compounds in mammal tissues as a proxy for in vivo 
breakdown of toxic methylmercury. Metallomics 8, 170–178. https://doi.org/10.1039/C5MT00286A 



199 
 

Peterson, B.J., Fry, B., 1987. Stable Isotopes in Ecosystem Studies. Annu. Rev. Ecol. Syst. 18, 293–320. 
Peterson, G., Allen, C.R., Holling, C.S., 1998. Ecological Resilience, Biodiversity, and Scale. Ecosystems 1, 6–18. 

https://doi.org/10.1007/s100219900002 
Peterson, S.H., Ackerman, J.T., Crocker, D.E., Costa, D.P., 2018. Foraging and fasting can influence contaminant 

concentrations in animals: an example with mercury contamination in a free-ranging marine mammal. 
Proc. Biol. Sci. 285. https://doi.org/10.1098/rspb.2017.2782 

Pethybridge, H., Choy, C.A., Logan, J.M., Allain, V., Lorrain, A., Bodin, N., Somes, C.J., Young, J., Ménard, F., 
Langlais, C., Duffy, L., Hobday, A.J., Kuhnert, P., Fry, B., Menkes, C., Olson, R.J., 2018a. A global meta-
analysis of marine predator nitrogen stable isotopes: Relationships between trophic structure and 
environmental conditions. Glob. Ecol. Biogeogr. 27, 1043–1055. https://doi.org/10.1111/geb.12763 

Pethybridge, H., Daley, R., Virtue, P., Nichols, P., 2010. Lipid composition and partitioning of deepwater 
chondrichthyans: inferences of feeding ecology and distribution. Mar. Biol. 157, 1367–1384. 
https://doi.org/10.1007/s00227-010-1416-6 

Pethybridge, H., Choy, C.A., Polovina, J.J., Fulton, E.A., 2018b. Improving Marine Ecosystem Models with 
Biochemical Tracers. Annu. Rev. Mar. Sci. 10, 199–228. https://doi.org/10.1146/annurev-marine-121916-
063256 

Pilecky, M., Závorka, L., Arts, M.T., Kainz, M.J., 2021. Omega-3 PUFA profoundly affect neural, physiological, and 
behavioural competences – implications for systemic changes in trophic interactions. Biol. Rev. 96, 2127–
2145. https://doi.org/10.1111/brv.12747 

Pinsky, M.L., Jensen, O.P., Ricard, D., Palumbi, S.R., 2011. Unexpected patterns of fisheries collapse in the world’s 
oceans. Proc. Natl. Acad. Sci. 108, 8317–8322. https://doi.org/10.1073/pnas.1015313108 

Pocheville, A., 2015. The Ecological Niche: History and Recent Controversies, in: Handbook of Evolutionary 
Thinking in the Sciences. pp. 547–586. https://doi.org/10.13140/RG.2.1.3205.8405 

Polovina, J.J., Howell, E.A., Abecassis, M., 2008. Ocean’s least productive waters are expanding. Geophys. Res. 
Lett. 35. https://doi.org/10.1029/2007GL031745 

Post, D.M., 2002. Using Stable Isotopes to Estimate Trophic Position: Models, Methods, and Assumptions. Ecology 
83, 703–718. https://doi.org/10.1890/0012-9658(2002)083[0703:USITET]2.0.CO;2 

Post, D.M., Layman, C.A., Arrington, D.A., Takimoto, G., Quattrochi, J., Montaña, C.G., 2007. Getting to the fat of 
the matter: models, methods and assumptions for dealing with lipids in stable isotope analyses. Oecologia 
152, 179–189. https://doi.org/10.1007/s00442-006-0630-x 

Poulin, B.A., Janssen, S.E., Rosera, T.J., Krabbenhoft, D.P., Eagles-Smith, C.A., Ackerman, J.T., Stewart, A.R., 
Kim, E., Baumann, Z., Kim, J.-H., Manceau, A., 2021. Isotope Fractionation from In Vivo Methylmercury 
Detoxification in Waterbirds. ACS Earth Space Chem. 5, 990–997. 
https://doi.org/10.1021/acsearthspacechem.1c00051 

Preti, A., Soykan, C.U., Dewar, H., Wells, R.J.D., Spear, N., Kohin, S., 2012. Comparative feeding ecology of 
shortfin mako, blue and thresher sharks in the California Current. Environ. Biol. Fishes 95, 127–146. 
https://doi.org/10.1007/s10641-012-9980-x 

Proud, R., Cox, M.J., Brierley, A.S., 2017. Biogeography of the Global Ocean’s Mesopelagic Zone. Curr. Biol. 27, 
113–119. https://doi.org/10.1016/j.cub.2016.11.003 

Pyke, G., 1984. Optimal Foraging Theory: A Critical Review. Annu. Rev. Ecol. Evol. Syst. 15, 523–575. 
https://doi.org/10.1146/annurev.ecolsys.15.1.523 

Pyke, G.H., 1982. Local Geographic Distributions of Bumblebees Near Crested Butte, Colorado: Competition and 
Community Structure. Ecology 63, 555–573. https://doi.org/10.2307/1938970 

Queiroz, N., Humphries, N.E., Couto, A., Vedor, M., da Costa, I., Sequeira, A.M.M., Mucientes, G., Santos, A.M., 
Abascal, F.J., Abercrombie, D.L., Abrantes, K., Acuña-Marrero, D., Afonso, A.S., Afonso, P., Anders, D., 
Araujo, G., Arauz, R., Bach, P., Barnett, A., Bernal, D., Berumen, M.L., Bessudo Lion, S., Bezerra, N.P.A., 
Blaison, A.V., Block, B.A., Bond, M.E., Bonfil, R., Bradford, R.W., Braun, C.D., Brooks, E.J., Brooks, A., 
Brown, J., Bruce, B.D., Byrne, M.E., Campana, S.E., Carlisle, A.B., Chapman, D.D., Chapple, T.K., 
Chisholm, J., Clarke, C.R., Clua, E.G., Cochran, J.E.M., Crochelet, E.C., Dagorn, L., Daly, R., Cortés, 
D.D., Doyle, T.K., Drew, M., Duffy, C.A.J., Erikson, T., Espinoza, E., Ferreira, L.C., Ferretti, F., Filmalter, 
J.D., Fischer, G.C., Fitzpatrick, R., Fontes, J., Forget, F., Fowler, M., Francis, M.P., Gallagher, A.J., 
Gennari, E., Goldsworthy, S.D., Gollock, M.J., Green, J.R., Gustafson, J.A., Guttridge, T.L., Guzman, H.M., 
Hammerschlag, N., Harman, L., Hazin, F.H.V., Heard, M., Hearn, A.R., Holdsworth, J.C., Holmes, B.J., 
Howey, L.A., Hoyos, M., Hueter, R.E., Hussey, N.E., Huveneers, C., Irion, D.T., Jacoby, D.M.P., Jewell, 
O.J.D., Johnson, R., Jordan, L.K.B., Jorgensen, S.J., Joyce, W., Keating Daly, C.A., Ketchum, J.T., 
Klimley, A.P., Kock, A.A., Koen, P., Ladino, F., Lana, F.O., Lea, J.S.E., Llewellyn, F., Lyon, W.S., 
MacDonnell, A., Macena, B.C.L., Marshall, H., McAllister, J.D., McAuley, R., Meÿer, M.A., Morris, J.J., 
Nelson, E.R., Papastamatiou, Y.P., Patterson, T.A., Peñaherrera-Palma, C., Pepperell, J.G., Pierce, S.J., 
Poisson, F., Quintero, L.M., Richardson, A.J., Rogers, P.J., Rohner, C.A., Rowat, D.R.L., Samoilys, M., 
Semmens, J.M., Sheaves, M., Shillinger, G., Shivji, M., Singh, S., Skomal, G.B., Smale, M.J., Snyders, 
L.B., Soler, G., Soria, M., Stehfest, K.M., Stevens, J.D., Thorrold, S.R., Tolotti, M.T., Towner, A., 
Travassos, P., Tyminski, J.P., Vandeperre, F., Vaudo, J.J., Watanabe, Y.Y., Weber, S.B., Wetherbee, 
B.M., White, T.D., Williams, S., Zárate, P.M., Harcourt, R., Hays, G.C., Meekan, M.G., Thums, M., Irigoien, 
X., Eguiluz, V.M., Duarte, C.M., Sousa, L.L., Simpson, S.J., Southall, E.J., Sims, D.W., 2019. Global spatial 
risk assessment of sharks under the footprint of fisheries. Nature 572, 461–466. 
https://doi.org/10.1038/s41586-019-1444-4 



200 
 

Queiroz, N., Humphries, N.E., Noble, L.R., Santos, A.M., Sims, D.W., 2010. Short-term movements and diving 
behaviour of satellite-tracked blue sharks Prionace glauca in the northeastern Atlantic Ocean. Mar. Ecol. 
Prog. Ser. 406, 265–279. https://doi.org/10.3354/meps08500 

R Core Team, 2022. R: A language and environment for statistical computing. R Foundation for Statistical 
Computing, Vienna, Austria. 

R Core Team, 2021. R: A language and environment for statistical computing. R Foundation for Statistical 
Computing, Vienna, Austria. 

Ramírez-Amaro, S., Cartamil, D., Galvan-Magaña, F., Gonzalez-Barba, G., Graham, J.B., Carrera-Fernandez, M., 
Escobar-Sanchez, O., Sosa-Nishizaki, O., Rochin-Alamillo, A., 2013. The artisanal elasmobranch fishery 
of the Pacific coast of Baja California Sur, Mexico, management implications. Sci. Mar. 77, 473–487. 
https://doi.org/10.3989/scimar.03817.05A 

Ramírez-Amaro, S., Galván-Magaña, F., 2019. Effect of gillnet selectivity on elasmobranchs off the northwestern 
coast of Mexico. Ocean Coast. Manag. 172, 105–116. https://doi.org/10.1016/j.ocecoaman.2019.02.001 

Rangel, B. de S., Hammerschlag, N., Sulikowski, J.A., Moreira, R.G., 2021a. Dietary and reproductive biomarkers 
in a generalist apex predator reveal differences in nutritional ecology across life stages. Mar. Ecol. Prog. 
Ser. 664, 149–163. https://doi.org/10.3354/meps13640 

Rangel, B. de S., Hussey, N.E., Gomes, A.D., Rodrigues, A., Martinelli, L.A., Moreira, R.G., 2019. Resource 
partitioning between two young-of-year cownose rays Rhinoptera bonasus and R. brasiliensis within a 
communal nursery inferred by trophic biomarkers. J. Fish Biol. 94, 781–788. 
https://doi.org/10.1111/jfb.13958 

Rangel, B. de S., Moreira, R.G., Niella, Y.V., Sulikowski, J.A., Hammerschlag, N., 2021b. Metabolic and nutritional 
condition of juvenile tiger sharks exposed to regional differences in coastal urbanization. Sci. Total Environ. 
780, 146548. https://doi.org/10.1016/j.scitotenv.2021.146548 

Raoult, V., Broadhurst, M.K., Peddemors, V.M., Williamson, J.E., Gaston, T.F., 2019. Resource use of great 
hammerhead sharks (Sphyrna mokarran) off eastern Australia. J. Fish Biol. 95, 1430–1440. 
https://doi.org/10.1111/jfb.14160 

Reisewitz, S.E., Estes, J.A., Simenstad, C.A., 2006. Indirect food web interactions: sea otters and kelp forest fishes 
in the Aleutian archipelago. Oecologia 146, 623–631. https://doi.org/10.1007/s00442-005-0230-1 

Renedo, M., Bustamante, P., Cherel, Y., Pedrero, Z., Tessier, E., Amouroux, D., 2020. A “seabird-eye” on mercury 
stable isotopes and cycling in the Southern Ocean. Sci. Total Environ. 742, 140499. 
https://doi.org/10.1016/j.scitotenv.2020.140499 

Renedo, M., Pedrero, Z., Amouroux, D., Cherel, Y., Bustamante, P., 2021. Mercury isotopes of key tissues 
document mercury metabolic processes in seabirds. Chemosphere 263, 127777. 
https://doi.org/10.1016/j.chemosphere.2020.127777 

Ribot-Carballal, M.C., Galván-Magaña, F., Quiñónez-Velázquez, C., 2005. Age and growth of the shortfin mako 
shark, Isurus oxyrinchus, from the western coast of Baja California Sur, Mexico. Fish. Res. 76, 14–21. 
https://doi.org/10.1016/j.fishres.2005.05.004 

Ritchie, E.G., Johnson, C.N., 2009. Predator interactions, mesopredator release and biodiversity conservation. 
Ecol. Lett. 12, 982–998. https://doi.org/10.1111/j.1461-0248.2009.01347.x 

Robin, J.H., Regost, C., Arzel, J., Kaushik, S.J., 2003. Fatty acid profile of fish following a change in dietary fatty 
acid source: model of fatty acid composition with a dilution hypothesis. Aquaculture, Proceedings Of The 
10th International Symposium On Nutrition And Feeding In Fish (Feeding For Quality). 225, 283–293. 
https://doi.org/10.1016/S0044-8486(03)00296-5 

Robinson, C.J., Gómez, J., Arenas, V., 1997. On the structure of a deep scattering layer on the coastal shelf off 
bahía magdalena, baja california, mexico. Cienc. Mar. 23, 141–154. https://doi.org/10.7773/cm.v23i1.769 

Roff, G., Brown, C.J., Priest, M.A., Mumby, P.J., 2018. Decline of coastal apex shark populations over the past half 
century. Commun. Biol. 1, 1–11. https://doi.org/10.1038/s42003-018-0233-1 

Roff, G., Doropoulos, C., Rogers, A., Bozec, Y.-M., Krueck, N.C., Aurellado, E., Priest, M., Birrell, C., Mumby, P.J., 
2016. The Ecological Role of Sharks on Coral Reefs. Trends Ecol. Evol. 31, 395–407. 
https://doi.org/10.1016/j.tree.2016.02.014 

Rogers, P.J., Huveneers, C., Page, B., Goldsworthy, S.D., Coyne, M., Lowther, A.D., Mitchell, J.G., Seuront, L., 
2015. Living on the continental shelf edge: habitat use of juvenile shortfin makos Isurus oxyrinchus in the 
Great Australian Bight, southern Australia. Fish. Oceanogr. 24, 205–218. 
https://doi.org/10.1111/fog.12103 

Rooney, N., McCann, K., Gellner, G., Moore, J.C., 2006. Structural asymmetry and the stability of diverse food 
webs. Nature 442, 265–269. https://doi.org/10.1038/nature04887 

Rooney, N., McCann, K.S., Moore, J.C., 2008. A landscape theory for food web architecture. Ecol. Lett. 11, 867–
881. https://doi.org/10.1111/j.1461-0248.2008.01193.x 

Rosa, R., Seibel, B.A., 2010. Metabolic physiology of the Humboldt squid, Dosidicus gigas: Implications for vertical 
migration in a pronounced oxygen minimum zone. Prog. Oceanogr., CLimate Impacts on Oceanic TOp 
Predators (CLIOTOP) 86, 72–80. https://doi.org/10.1016/j.pocean.2010.04.004 

Rosas-Luis, R., Navarro, J., Loor-Andrade, P., Forero, M.G., 2017. Feeding ecology and trophic relationships of 
pelagic sharks and billfishes coexisting in the central eastern Pacific Ocean. Mar. Ecol. Prog. Ser. 573, 
191–201. https://doi.org/10.3354/meps12186 

Rosas-Luis, R., Pincay Espinoza, J., Loor-Andrade, P., Carrera Fernández, M., 2016. Trophic ecology of the shortfin 
mako Isurus Oxyrinchus (lamniformes: Lamnidae) in the eastern Pacific ocean, in: Advances in Marine 
Biology (Chapter 6). p. 27. 



201 
 

Rosende-Pereiro, A., Corgos, A., Rosende-Pereiro, A., Corgos, A., 2018. Pilot acoustic tracking study on young of 
the year scalloped hammerhead sharks, Sphyrna lewini, within a coastal nursery area in Jalisco, Mexico. 
Lat. Am. J. Aquat. Res. 46, 645–659. https://doi.org/10.3856/vol46-issue4-fulltext-2 

Sackett, D.K., Drazen, J.C., Popp, B.N., Choy, C.A., Blum, J.D., Johnson, M.W., 2017. Carbon, Nitrogen, and 
Mercury Isotope Evidence for the Biogeochemical History of Mercury in Hawaiian Marine Bottomfish. 
Environ. Sci. Technol. 51, 13976–13984. https://doi.org/10.1021/acs.est.7b04893 

Sáenz-Arroyo, A., Roberts, C., Torre, J., Cariño-Olvera, M., Enríquez-Andrade, R., 2005. Rapidly shifting 
environmental baselines among fishers of the Gulf of California. Proc. R. Soc. B Biol. Sci. 272, 1957–1962. 
https://doi.org/10.1098/rspb.2005.3175 

Sala, E., Aburto-Oropeza, O., Reza, M., Paredes, G., López-Lemus, L.G., 2004. Fishing Down Coastal Food Webs 
in the Gulf of California. Fisheries 29, 19–25. https://doi.org/10.1577/1548-
8446(2004)29[19:FDCFWI]2.0.CO;2 

Saldaña-Ruiz, L.E., García-Rodríguez, E., Pérez-Jiménez, J.C., Tovar-Ávila, J., Rivera-Téllez, E., 2019. Chapter 
Two - Biodiversity and conservation of sharks in Pacific Mexico, in: Larson, S.E., Lowry, D. (Eds.), 
Advances in Marine Biology, Sharks in Mexico: Research and Conservation Part A. Academic Press, pp. 
11–60. https://doi.org/10.1016/bs.amb.2019.08.001 

Saldaña-Ruiz, L.E., Sosa-Nishizaki, O., Cartamil, D., 2017. Historical reconstruction of Gulf of California shark 
fishery landings and species composition, 1939–2014, in a data-poor fishery context. Fish. Res. 195, 116–
129. https://doi.org/10.1016/j.fishres.2017.07.011 

Salomón-Aguilar, C.A., Villavicencio-Garayzar, C.J., Reyes-Bonilla, H., 2009. Shark breeding grounds and seasons 
in the Gulf of California: Fishery management and conservation strategy. Cienc. Mar. 35, 369–388. 

Sánchez-Hernández, J., Nunn, A.D., Adams, C.E., Amundsen, P.-A., 2019. Causes and consequences of 
ontogenetic dietary shifts: a global synthesis using fish models. Biol. Rev. 94, 539–554. 
https://doi.org/10.1111/brv.12468 

Santana-Morales, O., Cartamil, D., Sosa-Nishizaki, O., Zertuche-Chanes, R., Hernández-Gutiérrez, E., Graham, J., 
2020. Artisanal elasmobranch fisheries of northwestern Baja California, Mexico. Cienc. Mar. 46, 1-18-1–
18. https://doi.org/10.7773/cm.v46i1.3023 

Santos, C.C., Coelho, R., 2019. Distribution patterns and indicators of the smooth hammerhead shark (Sphyrna 
zygaena) in the Atlantic Ocean. Fish. Res. 212, 107–113. https://doi.org/10.1016/j.fishres.2018.12.015 

Santos, C.C., Coelho, R., 2018. Migrations and habitat use of the smooth hammerhead shark (Sphyrna zygaena) 
in the Atlantic Ocean. PLOS ONE 13, e0198664. https://doi.org/10.1371/journal.pone.0198664 

Sardenne, F., Hollanda, S., Lawrence, S., Albert-Arrisol, R., Degroote, M., Bodin, N., 2017. Trophic structures in 
tropical marine ecosystems: a comparative investigation using three different ecological tracers. Ecol. 
Indic. 81, 315–324. https://doi.org/10.1016/j.ecolind.2017.06.001 

Sargent, J.R., Bell, J.G., Bell, M.V., Henderson, R.J., Tocher, D.R., 1995. Requirement criteria for essential fatty 
acids. J. Appl. Ichthyol. 

Schartup, A.T., Thackray, C.P., Qureshi, A., Dassuncao, C., Gillespie, K., Hanke, A., Sunderland, E.M., 2019. 
Climate change and overfishing increase neurotoxicant in marine predators. Nature 572, 648–650. 
https://doi.org/10.1038/s41586-019-1468-9 

Schlaff, A.M., Heupel, M.R., Simpfendorfer, C.A., 2014. Influence of environmental factors on shark and ray 
movement, behaviour and habitat use: a review. Rev. Fish Biol. Fish. 24, 1089–1103. 
https://doi.org/10.1007/s11160-014-9364-8 

Schoener, T.W., 1974. Resource partitioning in ecological communities. Science 185, 27–39. 
https://doi.org/10.1126/science.185.4145.27 

Segura-Cobeña, E., Alfaro-Shigueto, J., Mangel, J., Urzua, A., Górski, K., 2021. Stable isotope and fatty acid 
analyses reveal significant differences in trophic niches of smooth hammerhead Sphyrna zygaena 
(Carcharhiniformes) among three nursery areas in northern Humboldt Current System. PeerJ 9, e11283. 
https://doi.org/10.7717/peerj.11283 

Senn, D.B., Chesney, E.J., Blum, J.D., Bank, M.S., Maage, A., Shine, J.P., 2010. Stable Isotope (N, C, Hg) Study 
of Methylmercury Sources and Trophic Transfer in the Northern Gulf of Mexico. Environ. Sci. Technol. 44, 
1630–1637. https://doi.org/10.1021/es902361j 

Sepulveda, C.A., Kohin, S., Chan, C., Vetter, R., Graham, J.B., 2004. Movement patterns, depth preferences, and 
stomach temperatures of free-swimming juvenile mako sharks, Isurus oxyrinchus, in the Southern 
California Bight. Mar. Biol. 145, 191–199. https://doi.org/10.1007/s00227-004-1356-0 

Shaw, A.L., Frazier, B.S., Kucklick, J.R., Sancho, G., 2016. Trophic Ecology of a Predatory Community in a Shallow-
Water, High-Salinity Estuary Assessed by Stable Isotope Analysis. Mar. Coast. Fish. 8, 46–61. 
https://doi.org/10.1080/19425120.2015.1121940 

Shiffman, D.S., Frazier, B.S., Kucklick, J.R., Abel, D., Brandes, J., Sancho, G., 2014. Feeding Ecology of the 
Sandbar Shark in South Carolina Estuaries Revealed through δ13C and δ15N Stable Isotope Analysis. 
Mar. Coast. Fish. 6, 156–169. https://doi.org/10.1080/19425120.2014.920742 

Shiffman, D.S., Gallagher, A.J., Boyle, M.D., Hammerschlag-Peyer, C.M., Hammerschlag, N., 2012. Stable isotope 
analysis as a tool for elasmobranch conservation research: a primer for non-specialists. Mar. Freshw. Res. 
63, 635–643. https://doi.org/10.1071/MF11235 

Shimose, T., Tanabe, T., Chen, K.-S., Hsu, C.-C., 2009. Age determination and growth of Pacific bluefin tuna, 
Thunnus orientalis, off Japan and Taiwan. Fish. Res. 100, 134–139. 
https://doi.org/10.1016/j.fishres.2009.06.016 



202 
 

Shin, D., Park, T.H., Lee, C.-I., Hwang, K., Kim, D.N., Lee, S.-J., Kang, S., Park, H.J., 2022. Characterization of 
Trophic Structure of Fish Assemblages in the East and South Seas of Korea Based on C and N Stable 
Isotope Ratios. Water 14, 58. https://doi.org/10.3390/w14010058 

Shipley, O.N., Matich, P., 2020. Studying animal niches using bulk stable isotope ratios: an updated synthesis. 
Oecologia 193, 27–51. https://doi.org/10.1007/s00442-020-04654-4 

Shipley, O.N., Newton, A.L., Frisk, M.G., Henkes, G.A., LaBelle, J.S., Camhi, M.D., W. Hyatt, M., Walters, H., Olin, 
J.A., 2021. Telemetry-validated nitrogen stable isotope clocks identify ocean-to-estuarine habitat shifts in 
mobile organisms. Methods Ecol. Evol. 12, 897–908. https://doi.org/10.1111/2041-210X.13567 

Silva, C. da, Kerwath, S.E., Wilke, C.G., Meÿer, M., Lamberth, S.J., 2010. First documented southern transatlantic 
migration of a blue shark Prionace glauca tagged off South Africa. Afr. J. Mar. Sci. 32, 639–642. 
https://doi.org/10.2989/1814232X.2010.540777 

Skinner, C., Mill, A.C., Newman, S.P., Newton, J., Cobain, M.R.D., Polunin, N.V.C., 2019. Novel tri-isotope ellipsoid 
approach reveals dietary variation in sympatric predators. Ecol. Evol. 9, 13267–13277. 
https://doi.org/10.1002/ece3.5779 

Smale, M.J., 1991. Occurrence and feeding of three shark species, Carcharhinus brachyurus, C. obscurus and 
Sphyrna zygaena, on the Eastern Cape coast of South Africa. South Afr. J. Mar. Sci. 11, 31–42. 
https://doi.org/10.2989/025776191784287808 

Smale, M.J., Cliff, G., 1998. Cephalopods in the diets of four shark species (Galeocerdo cuvier, Sphyrna lewini, S. 
zygaena and S. mokarran) from KwaZulu-Natal, South Africa. South Afr. J. Mar. Sci. 20, 241–253. 
https://doi.org/10.2989/025776198784126610 

Smith, J.G., Tomoleoni, J., Staedler, M., Lyon, S., Fujii, J., Tinker, M.T., 2021. Behavioral responses across a 
mosaic of ecosystem states restructure a sea otter–urchin trophic cascade. Proc. Natl. Acad. Sci. 118. 
https://doi.org/10.1073/pnas.2012493118 

Solomon, C.T., Cole, J.J., Doucett, R.R., Pace, M.L., Preston, N.D., Smith, L.E., Weidel, B.C., 2009. The influence 
of environmental water on the hydrogen stable isotope ratio in aquatic consumers. Oecologia 161, 313–
324. https://doi.org/10.1007/s00442-009-1370-5 

Somes, C.J., Schmittner, A., Galbraith, E.D., Lehmann, M.F., Altabet, M.A., Montoya, J.P., Letelier, R.M., Mix, A.C., 
Bourbonnais, A., Eby, M., 2010. Simulating the global distribution of nitrogen isotopes in the ocean. Glob. 
Biogeochem. Cycles 24. https://doi.org/10.1029/2009GB003767 

Spitz, J., Mourocq, E., Leauté, J.-P., Quéro, J.-C., Ridoux, V., 2010a. Prey selection by the common dolphin: 
Fulfilling high energy requirements with high quality food. J. Exp. Mar. Biol. Ecol. 390, 73–77. 
https://doi.org/10.1016/j.jembe.2010.05.010 

Spitz, J., Mourocq, E., Schoen, V., Ridoux, V., 2010b. Proximate composition and energy content of forage species 
from the Bay of Biscay: high- or low-quality food? ICES J. Mar. Sci. 67, 909–915. 
https://doi.org/10.1093/icesjms/fsq008 

Spitz, J., Trites, A.W., Becquet, V., Brind’Amour, A., Cherel, Y., Galois, R., Ridoux, V., 2012. Cost of Living Dictates 
what Whales, Dolphins and Porpoises Eat: The Importance of Prey Quality on Predator Foraging 
Strategies. PLOS ONE 7, e50096. https://doi.org/10.1371/journal.pone.0050096 

Stevens, J.D., Bradford, R.W., West, G.J., 2010. Satellite tagging of blue sharks (Prionace glauca) and other pelagic 
sharks off eastern Australia: depth behaviour, temperature experience and movements. Mar. Biol. 157, 
575–591. https://doi.org/10.1007/s00227-009-1343-6 

Stillwell, C.E., Kohler, N.E., 1982. Food, Feeding Habits, and Estimates of Daily Ration of the Shortfin Mako (Isurus 
oxyrinchus) in the Northwest Atlantic. Can. J. Fish. Aquat. Sci. 39, 407–414. https://doi.org/10.1139/f82-
058 

Storelli, M.M., Ceci, E., Storelli, A., Marcotrigiano, G.O., 2003. Polychlorinated biphenyl, heavy metal and 
methylmercury residues in hammerhead sharks: contaminant status and assessment. Mar. Pollut. Bull. 
46, 1035–1039. https://doi.org/10.1016/S0025-326X(03)00119-X 

Stramma, L., Johnson, G.C., Sprintall, J., Mohrholz, V., 2008. Expanding Oxygen-Minimum Zones in the Tropical 
Oceans. Science 320, 655–658. https://doi.org/10.1126/science.1153847 

Stramma, L., Prince, E.D., Schmidtko, S., Luo, J., Hoolihan, J.P., Visbeck, M., Wallace, D.W.R., Brandt, P., 
Körtzinger, A., 2012. Expansion of oxygen minimum zones may reduce available habitat for tropical pelagic 
fishes. Nat. Clim. Change 2, 33–37. https://doi.org/10.1038/nclimate1304 

Sucunza, F., Doria, E., Alves, L.C.P. de S., Prado, J.H.F. do, Ferreira, E., Andriolo, A., Danilewicz, D., 2015. 
Observations of antipredator tactics among pantropical spotted dolphins (Stenella attenuata) attacked by 
smooth hammerhead sharks (Sphyrna zygaena). Mar. Mammal Sci. 31, 748–755. 
https://doi.org/10.1111/mms.12169 

Sugasini, D., Thomas, R., Yalagala, P.C.R., Tai, L.M., Subbaiah, P.V., 2017. Dietary docosahexaenoic acid (DHA) 
as lysophosphatidylcholine, but not as free acid, enriches brain DHA and improves memory in adult mice. 
Sci. Rep. 7, 11263. https://doi.org/10.1038/s41598-017-11766-0 

Sunderland, E.M., Krabbenhoft, D.P., Moreau, J.W., Strode, S.A., Landing, W.M., 2009. Mercury sources, 
distribution, and bioavailability in the North Pacific Ocean: Insights from data and models. Glob. 
Biogeochem. Cycles 23. https://doi.org/10.1029/2008GB003425 

Suraci, J.P., Clinchy, M., Dill, L.M., Roberts, D., Zanette, L.Y., 2016. Fear of large carnivores causes a trophic 
cascade. Nat. Commun. 7, 10698. https://doi.org/10.1038/ncomms10698 

Swanson, H.K., Lysy, M., Power, M., Stasko, A.D., Johnson, J.D., Reist, J.D., 2015. A new probabilistic method for 
quantifying n-dimensional ecological niches and niche overlap. Ecology 96, 318–324. 
https://doi.org/10.1890/14-0235.1 



203 
 

Tamburin, E., Kim, S.L., Elorriaga-Verplancken, F.R., Madigan, D.J., Hoyos-Padilla, M., Sánchez-González, A., 
Hernández-Herrera, A., Castillo-Geniz, J.L., Godinez-Padilla, C.J., Galván-Magaña, F., 2019. Isotopic 
niche and resource sharing among young sharks (Carcharodon carcharias and Isurus oxyrinchus) in Baja 
California, Mexico. Mar. Ecol. Prog. Ser. 613, 107–124. https://doi.org/10.3354/meps12884 

Therneau, T., Atkinson, B., port, B.R. (producer of the initial R., maintainer 1999-2017), 2022. rpart: Recursive 
Partitioning and Regression Trees. 

Thomas, S.M., Crowther, T.W., 2015. Predicting rates of isotopic turnover across the animal kingdom: a synthesis 
of existing data. J. Anim. Ecol. 84, 861–870. https://doi.org/10.1111/1365-2656.12326 

Thompson, D.R., Furness, R.W., Monteiro, L.R., 1998. Seabirds as biomonitors of mercury inputs to epipelagic and 
mesopelagic marine food chains. Sci. Total Environ. 213, 299–305. https://doi.org/10.1016/S0048-
9697(98)00103-X 

Thunell, R.C., Pilskaln, C.H., Tappa, E., Sautter, L.R., 1994. Temporal variability in sediment fluxes in the San 
Pedro Basin, southern California bight. Cont. Shelf Res. 14, 333–352. https://doi.org/10.1016/0278-
4343(94)90022-1 

Tilman, D., Kilham, S.S., Kilham, P., 1982. Phytoplankton Community Ecology: The Role of Limiting Nutrients. 
Annu. Rev. Ecol. Syst. 13, 349–372. https://doi.org/10.1146/annurev.es.13.110182.002025 

Tocher, D.R., 2010. Fatty acid requirements in ontogeny of marine and freshwater fish. Aquac. Res. 41, 717–732. 
https://doi.org/10.1111/j.1365-2109.2008.02150.x 

Torres-Rojas, Y.E., Paez Osuna, F., Camalich, J., Galvan Magaña, F., 2015. Diet and trophic level of scalloped 
hammerhead shark (Sphyrna lewini) from the Gulf of California and Gulf of Tehuantepec, Mexico. Iran. J. 
Fish. Sci. 14, 767–785. 

Torres-Rojas, Y.E., Páez-Osuna, F., Hernández-Herrera, A., Galvan-Magaña, F., Aguiñiga García, S., Villalobos 
Ortíz, H., Sampson, L., 2013. Feeding grounds of juvenile scalloped hammerhead sharks (Sphyrna lewini) 
in the south-eastern Gulf of California. Hydrobiologia 726, 81–94. https://doi.org/10.1007/s10750-013-
1753-9 

Trucco-Pignata, P.N., Hernández-Ayón, J.M., Santamaria-del-Angel, E., Beier, E., Sánchez-Velasco, L., Godínez, 
V.M., Norzagaray, O., 2019. Ventilation of the Upper Oxygen Minimum Zone in the Coastal Region Off 
Mexico: Implications of El Niño 2015–2016. Front. Mar. Sci. 6. https://doi.org/10.3389/fmars.2019.00459 

Trueman, C.N., Johnston, G., O’Hea, B., MacKenzie, K.M., 2014. Trophic interactions of fish communities at 
midwater depths enhance long-term carbon storage and benthic production on continental slopes. Proc. 
R. Soc. B Biol. Sci. 281, 20140669. https://doi.org/10.1098/rspb.2014.0669 

Trueman, C.N., MacKenzie, K.M., Palmer, M.R., 2012. Identifying migrations in marine fishes through stable-isotope 
analysis. J. Fish Biol. 81, 826–847. https://doi.org/10.1111/j.1095-8649.2012.03361.x 

Trueman, C.N., St John Glew, K., 2019. Chapter 6 - Isotopic Tracking of Marine Animal Movement, in: Hobson, 
K.A., Wassenaar, L.I. (Eds.), Tracking Animal Migration with Stable Isotopes (Second Edition). Academic 
Press, pp. 137–172. https://doi.org/10.1016/B978-0-12-814723-8.00006-4 

Tu, C.-Y., Chen, K.-T., Hsieh, C., 2018. Fishing and temperature effects on the size structure of exploited fish 
stocks. Sci. Rep. 8, 1–10. https://doi.org/10.1038/s41598-018-25403-x 

Tunney, T.D., McCann, K.S., Lester, N.P., Shuter, B.J., 2014. Effects of differential habitat warming on complex 
communities. Proc. Natl. Acad. Sci. 111, 8077–8082. https://doi.org/10.1073/pnas.1319618111 

Utne-Palm, A.C., Salvanes, A.G.V., Currie, B., Kaartvedt, S., Nilsson, G.E., Braithwaite, V.A., Stecyk, J.A.W., 
Hundt, M., van der Bank, M., Flynn, B., Sandvik, G.K., Klevjer, T.A., Sweetman, A.K., Brüchert, V., Pittman, 
K., Peard, K.R., Lunde, I.G., Strandabø, R.A.U., Gibbons, M.J., 2010. Trophic Structure and Community 
Stability in an Overfished Ecosystem. Science 329, 333–336. https://doi.org/10.1126/science.1190708 

Vandeperre, F., Aires-da-Silva, A., Fontes, J., Santos, M., Santos, R.S., Afonso, P., 2014. Movements of Blue 
Sharks (Prionace glauca) across Their Life History. PLOS ONE 9, e103538. 
https://doi.org/10.1371/journal.pone.0103538 

Vandeperre, F., Aires‐da‐Silva, A., Lennert‐Cody, C., Santos, R.S., Afonso, P., 2016. Essential pelagic habitat of 
juvenile blue shark (Prionace glauca) inferred from telemetry data. Limnol. Oceanogr. 61, 1605–1625. 
https://doi.org/10.1002/lno.10321 

Vander Zanden, M.J., Clayton, M.K., Moody, E.K., Solomon, C.T., Weidel, B.C., 2015. Stable Isotope Turnover and 
Half-Life in Animal Tissues: A Literature Synthesis. PLOS ONE 10, e0116182. 
https://doi.org/10.1371/journal.pone.0116182 

Vaudo, J.J., Wetherbee, B.M., Wood, A.D., Weng, K., Howey-Jordan, L.A., Harvey, G.M., Shivji, M.S., 2016. Vertical 
movements of shortfin mako sharks Isurus oxyrinchus in the western North Atlantic Ocean are strongly 
influenced by temperature. Mar. Ecol. Prog. Ser. 547, 163–175. https://doi.org/10.3354/meps11646 

Vedor, M., Queiroz, N., Mucientes, G., Couto, A., Costa, I. da, Santos, A. dos, Vandeperre, F., Fontes, J., Afonso, 
P., Rosa, R., Humphries, N.E., Sims, D.W., 2021. Climate-driven deoxygenation elevates fishing 
vulnerability for the ocean’s widest ranging shark. eLife 10, e62508. https://doi.org/10.7554/eLife.62508 

Velasco Tarelo, M.P., Galván-Magaña, F., 2005. Hábitos alimenticios e isótopos de 13C y 15N del tiburón mako 
Isurus oxyrinchus (Rafinesque, 1810) en la costa occidental de Baja California Sur (Thesis). Instituto 
Politécnico Nacional. Centro Interdisciplinario de Ciencias Marinas. 

Vélez-Marín, R., Márquez-Farías, J., 2009. Distribution and size of the shortfin mako (Isurus oxyrinchus) in the 
Mexican Pacific Ocean. Pan-Am. J. Aquat. Sci. 4, 490–499. 

Vetter, R., Kohin, S., Preti, A., McClatchie, S., Dewar, H., 2008. Predatory interactions and niche overlap between 
Mako Shark, Isurus oxyrinchus, and jumbo squid, Dosidicus gigas, in the California current. CalCOFI Rep. 
49, 142–156. 



204 
 

Villatoro, M., Maythé, J., 2018. Edad y crecimiento del tiburón martillo Sphyrna zygaena (Linnaeus, 1758) en la 
costa occidental de Baja California Sur (Thesis). Instituto Politécnico Nacional. Centro Interdisciplinario de 
Ciencias Marinas. 

Vögler, R., Beier, E., Ortega-García, S., Santana-Hernández, H., Valdez-Flores, J.J., 2012. Ecological patterns, 
distribution and population structure of Prionace glauca (Chondrichthyes: Carcharhinidae) in the tropical-
subtropical transition zone of the north-eastern Pacific. Mar. Environ. Res. 73, 37–52. 
https://doi.org/10.1016/j.marenvres.2011.10.009 

Vollenweider, J.J., Heintz, R.A., Schaufler, L., Bradshaw, R., 2011. Seasonal cycles in whole-body proximate 
composition and energy content of forage fish vary with water depth. Mar. Biol. 158, 413–427. 
https://doi.org/10.1007/s00227-010-1569-3 

Volterra, V., 1926. Fluctuations in the Abundance of a Species considered Mathematically. Nature 118, 558–560. 
https://doi.org/10.1038/118558a0 

von Neumann, J., 1951. Various Techniques Used in Connection with Random Digits, in: Monte Carlo Method. US 
Government Printing Office, Washington, DC, pp. 36–38. 

Walther, G.-R., Post, E., Convey, P., Menzel, A., Parmesan, C., Beebee, T.J.C., Fromentin, J.-M., Hoegh-Guldberg, 
O., Bairlein, F., 2002. Ecological responses to recent climate change. Nature 416, 389–395. 
https://doi.org/10.1038/416389a 

Wang, X., Wu, F., Wang, W.-X., 2017. In Vivo Mercury Demethylation in a Marine Fish (Acanthopagrus schlegeli). 
Environ. Sci. Technol. 51, 6441–6451. https://doi.org/10.1021/acs.est.7b00923 

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L.D., François, R., Grolemund, G., Hayes, A., Henry, 
L., Hester, J., Kuhn, M., Pedersen, T.L., Miller, E., Bache, S.M., Müller, K., Ooms, J., Robinson, D., Seidel, 
D.P., Spinu, V., Takahashi, K., Vaughan, D., Wilke, C., Woo, K., Yutani, H., 2019. Welcome to the 
Tidyverse. J. Open Source Softw. 4, 1686. https://doi.org/10.21105/joss.01686 

Wood, A.D., Wetherbee, B.M., Juanes, F., Kohler, N.E., Wilga, C., 2009. Recalculated diet and daily ration of the 
shortfin mako (Isurus oxyrinchus), with a focus on quantifying predation on bluefish (Pomatomus saltatrix) 
in the northwest Atlantic Ocean. Fish. Bull. 107, 76–88. 

Worm, B., Barbier, E.B., Beaumont, N., Duffy, J.E., Folke, C., Halpern, B.S., Jackson, J.B.C., Lotze, H.K., Micheli, 
F., Palumbi, S.R., Sala, E., Selkoe, K.A., Stachowicz, J.J., Watson, R., 2006. Impacts of Biodiversity Loss 
on Ocean Ecosystem Services. Science. https://doi.org/10.1126/science.1132294 

Yin, R., Feng, X., Chen, B., Zhang, J., Wang, W., Li, X., 2015. Identifying the Sources and Processes of Mercury in 
Subtropical Estuarine and Ocean Sediments Using Hg Isotopic Composition. Environ. Sci. Technol. 49, 
1347–1355. https://doi.org/10.1021/es504070y 

Yopak, K.E., Lisney, T.J., Collin, S.P., Montgomery, J.C., 2007. Variation in Brain Organization and Cerebellar 
Foliation in Chondrichthyans: Sharks and Holocephalans. Brain. Behav. Evol. 69, 280–300. 
https://doi.org/10.1159/000100037 

Young, C.N., Carlson, J.K., 2020. The biology and conservation status of the oceanic whitetip shark (Carcharhinus 
longimanus) and future directions for recovery. Rev. Fish Biol. Fish. 30, 293–312. 
https://doi.org/10.1007/s11160-020-09601-3 

Young, J.W., Hunt, B.P.V., Cook, T.R., Llopiz, J.K., Hazen, E.L., Pethybridge, H.R., Ceccarelli, D., Lorrain, A., 
Olson, R.J., Allain, V., Menkes, C., Patterson, T., Nicol, S., Lehodey, P., Kloser, R.J., Arrizabalaga, H., 
Anela Choy, C., 2015. The trophodynamics of marine top predators: Current knowledge, recent advances 
and challenges. Deep Sea Res. Part II Top. Stud. Oceanogr., Impacts of climate on marine top predators 
113, 170–187. https://doi.org/10.1016/j.dsr2.2014.05.015 

Zaytsev, O., Cervantes-Duarte, R., Montante, O., Gallegos-Garcia, A., 2003. Coastal Upwelling Activity on the 
Pacific Shelf of the Baja California Peninsula. J. Oceanogr. 59, 489–502. 
https://doi.org/10.1023/A:1025544700632 

Zhang, Y., Jaeglé, L., Thompson, L., 2014. Natural biogeochemical cycle of mercury in a global three-dimensional 
ocean tracer model. Glob. Biogeochem. Cycles 28, 553–570. https://doi.org/10.1002/2014GB004814 

Zheng, W., Foucher, D., Hintelmann, H., 2007. Mercury isotope fractionation during volatilization of Hg(0) from 
solution into the gas phase. J. Anal. At. Spectrom. 22, 1097–1104. https://doi.org/10.1039/B705677J 

 



205 
 

APPENDICES 

 



206 
 

  



207 
 

RELATED SCIENTIFIC PRODUCTION 

Appendix 0-1 – List of scientific production not included in the thesis document 

Publications (First author):  

Besnard, L., Duchatelet, L., Bird, C. S., Le Croizier, G., Michel, L., Pinte, N., 

Lepoint, G., Schaal, G., Vieira, R. P., Gonçalves, J. M. S., Martin, U., & Mallefet, J. 

(2022). Diet consistency but large-scale isotopic variations in a deep-sea shark: The 

case of the velvet belly lantern shark, Etmopterus spinax, in the northeastern Atlantic 

region and Mediterranean Sea. Deep Sea Research Part I: Oceanographic Research 

Papers, 182, 103708. https://doi.org/10.1016/j.dsr.2022.103708. IF = 2.955. 

Publications (Co-author): 

Le Croizier, G., Lorrain, A., Sonke, J.E., Hoyos-Padilla, E.M., Galván-Magaña, 

F., Santana-Morales, O., Aquino-Baleytó, M., Becerril-García, E.E., Muntaner-López, 

G., Ketchum, J., Block, B., Carlisle, A., Jorgensen, S.J., Besnard, L., Jung, A., Schaal, 

G., Point, D., 2020. The Twilight Zone as a Major Foraging Habitat and Mercury Source 

for the Great White Shark. Environ. Sci. Technol. 

https://doi.org/10.1021/acs.est.0c05621. IF=9.028. 

Le Croizier, G., Lorrain, A., Sonke, J.E., Jaquemet, S., Schaal, G., Renedo, M., 

Besnard, L., Cherel, Y., Point, D., 2020. Mercury isotopes as tracers of ecology and 

metabolism in two sympatric shark species. Environmental Pollution 265, 114931. 

https://doi.org/10.1016/j.envpol.2020.114931. IF=8.071. 

Le Croizier, G., Lorrain, A., Schaal, G., Ketchum, J., Hoyos-Padilla, M., 

Besnard, L., Munaron, J.-M., Le Loc’h, F., Point, D., 2020. Trophic resources and 

mercury exposure of two silvertip shark populations in the Northeast Pacific Ocean. 

Chemosphere 253, 126645. https://doi.org/10.1016/j.chemosphere.2020.126645. 

IF=7.086. 

Conferences (Oral presentation):  

 European Elasmobranch Association annual conference  

Leiden, Netherlands (3rd – 5th of November 2021) 

 Besnard, L., Lucca, B. M., Shipley, O. N., Le Croizier, G., Sonke, J., Galván-

Magaña, F., Kraffe, E., Point, D., Martinez Rincon, R.O., Ketchum, J., Schaal, G. 

Mercury isotope clocks estimate dispersal timing from natal area in hammerhead shark 

species. 

IsoEcol Interlude 11.5 - Applications of Stable Isotope Techniques to 

Ecological Studies 

Gaming, Austria (Virtual Meeting; 19th – 21st of May 2021) 

Besnard, L., Le Croizier, G., Galván-Magaña, F., Point, D., Kraffe, E., Ketchum, 

J., Martinez Rincon, R.O., Schaal, G. Foraging depth depicts resource partitioning and 

https://doi.org/10.1016/j.dsr.2022.103708


208 
 

contamination level in a pelagic shark assemblage: Insights from mercury stable 

isotopes. 

Northeast Pacific shark symposium IV (Seattle Aquarium) 

La Paz, Mexico (5th – 7th of March 2020) 

Besnard, L., Schaal, G., Le Croizier, G., Galván-Magaña, F., Ketchum, J., 

Martinez Rincon, R.O., Kraffe E. Using mercury isotopes to characterize the trophic 

ecology of sympatric shark species in the Pacific coast of Baja California Sur, Mexico. 

  



209 
 

CHAPTER 1 

 

Appendix 1-1 – Mexican current by (García Huante et al., 2018) “Circulation 

patterns in the Eastern Tropical Pacific Ocean. Nomenclature: TB (Tehuantepec 

Bowl), WMC (Western Mexican Current) and CRCC (Costa Rica Coastal Current)”. 

 

Appendix 1-2 – Main canals of commercialization of shark meat in the Mexican 

market (Castillo-Geniz et Tovar-Avila et al., 2016). 
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CHAPTER 4 

Appendix 4-1 – Summary Table (mean ± 2SD) of mercury isotopic ratios measured 

in certified reference materials (CRM).  

References:  

(1)  Blum, J.D., Popp, B.N., Drazen, J.C., Anela Choy, C., Johnson, M.W., 2013. Methylmercury production 
below the mixed layer in the North Pacific Ocean. Nat. Geosci. 6, 879–884. https://doi.org/10.1038/ngeo1918 

(2)  Jiskra, M., Wiederhold, J.G., Skyllberg, U., Kronberg, R.-M., Kretzschmar, R., 2017. Source tracing of 
natural organic matter bound mercury in boreal forest runoff with mercury stable isotopes. Environ. Sci. Process. 
Impacts 19, 1235–1248. https://doi.org/10.1039/C7EM00245A 

(3)  Li, M., Schartup, A.T., Valberg, A.P., Ewald, J.D., Krabbenhoft, D.P., Yin, R., Balcom, P.H., Sunderland, 
E.M., 2016. Environmental origins of methylmercury accumulated in subarctic estuarine fish indicated by mercury 
stable isotopes. Environ. Sci. Technol. 50, 11559–11568. https://doi.org/10.1021/acs.est.6b03206 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CRM n δ202Hg (‰)  ∆199Hg (‰) Δ200Hg (‰) Δ201Hg (‰) Δ204Hg (‰) Reference 

UM-
Almadén 

4 -0.51 ± 0.06 -0.05 ± 0.04 0.00 ± 0.08 -0.09 ± 0.08 0.00 ± 0.12 This study 

- -0.57 ± 0.05 -0.02 ± 0.03 0.01 ± 0.03 -0.03 ± 0.03 -0.01 ± 0.05 Blum et al., 20131 

ETH-Fluka 
4 -1.38 ± 0.06 0.08 ± 0.06 0.03 ± 0.02 0.04 ± 0.10 -0.09 ± 0.18 This study 

- -1.43 ± 0.12 0.07 ± 0.05 0.01 ± 0.05 0.03 ± 0.07 0.01 ± 0.11 Jiskra et al., 20172 

TORT 3 
3 -0.02 ± 0.18 0.66 ± 0.02 0.04 ± 0.14 0.50 ± 0.18 - This study 

- 0.13 ± 0.12 0.69 ± 0.10 - - - Li et al., 20163 

BCR 464 
4 0.60 ± 0.09 2.27 ± 0.04 0.07 ± 0.08 1.91 ± 0.04 -0.05 ± 0.08 This study 

- 0.69 ± 0.06 2.40 ± 0.06 0.08 ± 0.04 1.97 ± 0.05 -0.10 ± 0.05 Blum et al., 20131 

https://doi.org/10.1021/acs.est.6b03206
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Appendix 4-2 – Parametric t test results comparing females and males for total 

length (TL), δ13C, δ15N, Δ199Hg, Δ200Hg, δ202Hg and THg. When normality or 

equality of variance conditions were not met, its non-parametric equivalent, 

Wilcoxon test, was applied and noted (*) in the table. 

Species Variable 
t student test 

Wilcoxon test (*) 
p-value 

Blue shark 

TL 15.5 (*) p > 0.05 

δ13C 28.5 (*) p > 0.05 

δ15N 2.96 p < 0.05 

Δ199Hg -0.63 p > 0.05 

Δ200Hg -0.29 p > 0.05 

δ202Hg -0.09 p > 0.05 

THg 0.78 p > 0.05 

Shortfin mako shark 

TL 15 (*) p > 0.05 

δ13C 9 (*) p > 0.05 

δ15N 19 (*) p > 0.05 

Δ199Hg 12 (*) p > 0.05 

Δ200Hg 0 p > 0.05 

δ202Hg -1.26 p > 0.05 

THg -0.74 p > 0.05 

Smooth hammerhead shark 

TL -2.17 p > 0.05 

δ13C 28 (*) p > 0.05 

δ15N 1.55 p > 0.05 

Δ199Hg -1.27 p > 0.05 

Δ200Hg -2.65 p < 0.05 

δ202Hg -1.83 p > 0.05 

THg -1.66 p > 0.05 
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Appendix 4-3 – Relationship between muscle Δ199Hg and muscle δ202Hg for all 

shark species. No significant linear correlations could be established at the inter- 

or at the intraspecific level between the two isotopic profiles (Pearson, p > 0.05). 

 

Appendix 4-4 – Parametric backward stepwise selection of generalized linear 

models (GLMs) with muscle THg as the response variable (y). Models are ranked 

by ΔAICc (difference with the best fitting model) and Akaike weights (wi) with 

mentions of residual degrees of freedom (R. df), deviance explained and marginal 

r-squared (R²m). The best-fitted model is presented in bold and its coefficients 

presented in the second table.   

Model 
R. 

df 

Deviance 

explained 
AICc ΔAICc wi R²m 

y = α + β1*Δ199Hg + β2*Species + β3* δ202Hg 

+ β4*δ15N + β5*Age + β6* δ13C 
28 60.30 675.33 11.19 0.00 0.60 

y = α + β1*Δ199Hg + β2*Species + β3* δ202Hg 

+ β4* δ15N + β5*Age 
29 60.15 671.88 7.74 0.01 0.60 

y = α + β1*Δ199Hg + β2*Species + β3* δ202Hg 

+ β4* δ15N 
30 59.99 668.70 4.56 0.05 0.60 

y = α + β1*Δ199Hg + β2*Species + β3* δ202Hg 31 59.44 666.08 1.94 0.20 0.59 

y = α + β1*Δ199Hg + β2*Species 32 58.35 664.14 0 0.53 0.58 

y = α + β1*Δ199Hg 34 49.20 666.04 1.89 0.21 0.49 

y = α 35 0.00 688.03 23.89 0.00 0.00 

 

  Coefficient Standard error t value p-value 

(Intercept) 25320.96 4663.81 5.43 p < 0.001 

Δ199Hg -10581.60 2374.61 -4.46 p < 0.001 

Blue shark -1058.66 1304.34 -0.81 p > 0.05 

Smooth hammerhead shark -2438.34 969.15 -2.52 p < 0.05 
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Appendix 4-5 – Variation of THg concentration with δ202Hg values in the muscle of 

blue, shortfin mako and smooth hammerhead sharks. No significant correlations 

could be established at the inter- or at the intraspecific level (Pearson, p>0.05). 

Appendix 4-6 – Age estimation (in years) based on previous growth parameters 

established for blue (Blanco-Parra et al., 2008)1, shortfin mako (Ribot-Carballal et 

al., 2005)2 and smooth hammerhead sharks (Morán Villatoro et al., 2018)3 in the 

studied region. Data are means (± standard deviation). Different letters indicate 

significant differences between species.  

References: 

(1)  Blanco-Parra, M. del P., Magaña, F.G., Farías, F.M., 2008. Age and growth of the blue shark, Prionace 
glauca Linnaeus, 1758, in the Northwest coast off Mexico. Rev. Biol. Mar. Oceanogr. 43, 513–520. 

(2)  Ribot-Carballal, M.C., Galván-Magaña, F., Quiñónez-Velázquez, C., 2005. Age and growth of the shortfin 
mako shark, Isurus oxyrinchus, from the western coast of Baja California Sur, Mexico. Fish. Res. 76, 14–21. 
https://doi.org/10.1016/j.fishres.2005.05.004 

(3)  Morán Villatoro, J.M., Galvan-Magaña, F., Hernández Herrera, A., 2018. Edad y crecimiento del tiburon 
martillo Sphyrna zygaena (LINNAEUS, 1758) en la costa occidental de baja california sur. (Thesis). Instituto 
Politécnico Nacional. Centro Interdisciplinario de Ciencias Marinas. 

 

 Blue Shortfin mako Smooth hammerhead 

Age estimated 9.6 (± 3.4) A 4.6 (± 3.6) B 7.4 (± 1.1) AB 
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Appendix 4-7 – Relationship between muscle Δ199Hg and muscle Δ201Hg for all 

shark species. A significant linear correlation was established at the interspecific 

level between the two isotopic profiles with Δ199Hg = 1.16 x Δ201Hg + 0.08. 
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CHAPTER 5 

Appendix 5-1 – Summary (mean ± 2SD) of mercury isotopic ratios measured in 

certified reference materials (CRM).  

 

References:  

(1) Besnard, L., Le Croizier, G., Galván-Magaña, F., Point, D., Kraffe, E., Ketchum, J., Martinez Rincon, R.O., 
Schaal, G., 2021. Foraging depth depicts resource partitioning and contamination level in a pelagic shark 
assemblage: Insights from mercury stable isotopes. Environmental Pollution, 283, 117066. 
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13 -0.64 ± 0.16 -0.02 ± 0.08 - Le Croizier et al., 20202 

- -0.57 ± 0.05 -0.02 ± 0.03 -0.03 ± 0.03 Blum et al., 20133 

ETH-Fluka 

8 -1.34 ± 0.03 0.08 ± 0.03 0.02 ± 0.03 This study 

4 -1.38 ± 0.06 0.08 ± 0.06 0.04 ± 0.10 Besnard et al., 20211 

12 -1.37 ± 0.18 0.11 ± 0.08 - Le Croizier et al., 20202 

- -1.43 ± 0.12 0.07 ± 0.05 0.03 ± 0.07 Jiskra et al., 20174 

BCR 464 

10 0.81 ± 0.06 2.25 ± 0.04 1.85 ± 0.03 This study 

4 0.60 ± 0.09 2.27 ± 0.04 1.91 ± 0.04 Besnard et al., 20211 

4 0.71 ± 0.10 2.28 ± 0.06 - Le Croizier et al., 20202 

- 0.69 ± 0.06 2.40 ± 0.06 1.97 ± 0.05 Blum et al., 20133 
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Appendix 5-2 – Relationship between muscle Δ199Hg and Δ201Hg values. A linear 

regression (R²=0.92, F=1081, p < 0.001) was applied to describe the increase of 

Δ199Hg values with Δ201Hg values. 

 

Appendix 5-3 – Δ199Hg values in relation to δ202Hg values in the muscle of juvenile 

smooth hammerhead sharks. 
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Appendix 5-4 – Equation used to estimate smooth hammerhead shark age based 

on their total length (Morán-Villatoro et al., 20181). Error estimates for each 

parameters were not available from the study. TLt is the total length of the organism 

at a given time (t), TL∞ is the theoretical maximum total length of smooth 

hammerhead sharks in the region and k is the growth coefficient. These 

parameters were TL∞=338.5 cm, k=0.18 year-1, ∞=7.8, for females and TL∞=349.5 

cm, k=0.16 year-1, ∞=8.0, for males. 

𝑇𝐿𝑡 =
𝑇𝐿∞

1 + 𝑒−𝑘(𝑡−∞)
 

References:  

(1) Morán-Villatoro, J.M., Galvan-Magaña, F., Hernández Herrera, A., 2018. Edad y crecimiento del tiburon 
martillo Sphyrna zygaena (LINNAEUS, 1758) en  la costa occidental de baja california sur. Instituto Politécnico 
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Appendix 5-5 – Boxplots of Δ200Hg values in the muscle of smooth hammerhead 

sharks. No significant differences were observed between the mean Δ200Hg values 

of each age class. 

Both Δ199Hg and δ202Hg values are affected by photochemical transformation and vary 

vertically (Blum et al., 20131). However, δ202Hg is also subjected to fractionation via 

other biogeochemical processes (e.g., volatilization), internal metabolic reactions such 

as demethylation, and present inconstant discrimination factors from prey to 
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consumers (Kwon et al., 20162; Le Croizier et al., 20203; Zheng et al., 20074). Due to 

both trophic and physiological variations, δ202Hg values were not used in this study. In 

some regions, coastal areas are more influenced by atmospheric gaseous Hg(0) (with 

slightly negative Δ200Hg values) introduced via riverine and terrestrial runoff, while 

pelagic ecosystems are characterized by equal contribution of Hg(0) and inorganic 

Hg(II) (positive Δ200Hg values) delivered by precipitation (Chen et al., 20125; Meng et 

al., 20206). Given the absence of ontogenetic variability in muscle Δ200Hg values of 

smooth hammerhead sharks (Appendix 5-5), isotopic clocks were parametrized using 

muscle Δ199Hg values only. 
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Appendix 5-6 – Coefficients of the ordinary least squares linear regression used to 

describe the relationship between median ti and total length. 

 Estimate Standard error t value Pr(>|t|) 

Intercept 41.99 38.15 1.10 0.27 

Total length 1.65 0.31 5.38 p < 0.001 
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Appendix 5-7 – Parameters of the nonlinear least square method used to fit the 

Michaelis-Menten model to the normalized ti data. 

 Estimate Standard error t value Pr(>|t|) 

 𝑎 0.85 0.10 8.80 p < 0.001 

 𝑏 784.43 262.07 2.99 p < 0.01 

 

Appendix 5-8 – Outputs from the isotopic clock and Michaelis-Menten models 

separately run between female (n=31) and male (n=56) smooth hammerhead 

sharks. For median ti estimates (i.e., mean minimum/maximum of the medians and 

the overall mean of the medians), 95% confidence intervals are written in italic. 

Michaelis-Menten model constants and their associated standard error are 

reported as well as Age50% estimation. Owning to 𝑎 and  

 𝑏 standard error estimations, Age50% of males varied between 1017 and 1161 days 

and Age50% of females varied between -467 days and 692 days. 

 

Median ti estimates after rejection sampling 

procedure (in days) 
Michaelis-Menten 

model constants 

estimation 

Age50% 

(in 

days) min mean max 

Female 
110 

(107 – 113) 

252 

(226 – 279) 

427 

(423 – 431) 

𝑎 = 0.65 ± 0.09 

𝑏 = 138.66 ± 195.70 
458 

Male 
90 

(87 – 93) 

236 

(217 – 256) 

430 

(426 – 435) 

𝑎 = 1.05 ± 0.15 

𝑏 = 1210.99 ± 411.71 
1109 
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CHAPTER 6 

Appendix 6-1 – References used to classify elasmobranch species as pelagic, 

neritic and coastal. When possible, references are adapted to the species range of 

total length (TL) sampled and to the study area. Species classified as pelagic are 

all highly mobile and might occasionally forage in neritic ecosystems over 

continental shelfs and slopes. Some species classified as neritic also present one 

or numerous pelagic phases in their life cycles like for the tope (G. galeus), the 

scalloped hammerhead (S. lewini) and the smooth hammerhead (S. zygaena) 

sharks. These changes in habitats are ontogenetic and occur most of the time 

around sexual maturity. Here, tope sharks ranged between 78 and 92 cm (TL), 

scalloped hammerhead sharks between 79 and 98 cm (TL) and smooth 

hammerhead sharks between 79 and 107 cm (TL) corresponding to juvenile stages 

in all species. Therefore, we considered them as neritic, foraging between coastal 

and continental slope habitats. 

Species Habitat TL (in cm) References 

Alopias pelagicus 

Pelagic 

sharks 

200-300 
Calle-Morán & Galván-Magaña1; Páez-Rosa et 

al., 20182; Rigby et al., 20193 

Alopias vulpinus 254-340 
Cartamil et al., 20104; Cortés et al., 20105; 

Rosas-Luis et al., 20176 

Carcharhinus falciformis 167-220 
Cabrera-Chávez-Costa et al., 20107; Lopez et 

al., 20208; Musyl et al., 20119 

Isurus oxyrinchus 109-163 
Abascal et al., 201110; Musyl et al., 20119; 

Sepulveda et al., 200411; Vaudo et al., 201612  

Prionace glauca 68-135 
Madigan et al., 202113; Musyl et al., 20119; 

Queiroz et al., 201014; Stevens et al., 201015 

Galeorhinus galeus 

Neritic 

sharks 

78-92 

Lucifora et al., 200616; Nosal et al., 202117; 

Ramírez-Amaro et al., 201318; Walker et al., 

2020 19 

Mustelus californicus 81-110 
Espinoza et al., 201120; Freedman et al., 

201521; Pérez-Jiménez et al., 201522 

Mustelus henlei 52-98 
Campos et al., 200923; Pérez-Jiménez et al., 

201624; Smith et al., 200925 

Rhizoprionodon longurio 96-106 
Alatorre-Ramirez et al., 201326; Márquez-Farías 

et al., 200527; Pollom et al., 201928  
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Sphyrna lewini 79-98 

Estupiñán-Montaño et al., 202129; Hoyos-

Padilla et al., 201430; Hussey et al., 201131; 

Rosende-Pereiro et al., 201832 

Sphyrna zygaena 79-107 

Diemer et al., 201133; Francis, 201634 ; 

Gallagher and Klimley, 201835; Logan et al., 

202036  

Gymnura marmorata 

Coastal 

rays 

27-78 Pollom et al., 202037 

Myliobatis californica 22-170 
Bezerra et al., 202138; Murillo-Cisneros et al., 

201939 

Pseudobatos productus 55-92 
Márquez Farías et al., 200740; Murillo-Cisneros 

et al., 201939 
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Appendix 6-2 – Mean (± 2SD) of mercury isotopic ratios measured in certified 

reference materials (CRM). 

CRM References δ202Hg (‰) Δ199Hg (‰) Δ200Hg (‰) Δ201Hg (‰) Δ204Hg (‰) 

UM-Almadén 
Blum et al., 20131 -0.57 (0.05) -0.02 (0.03) 0.01 (0.03) -0.03 (0.03) -0.01 (0.05) 

This study (n=10) -0.54 (0.11) -0.01 (0.15) -0.02 (0.12) -0.05 (0.19) -0.03 (0.16) 

ETH-Fluka 
Jiskra et al., 20172 -1.43 (0.12) 0.07 (0.05) 0.01 (0.05) 0.03 (0.07) 0.01 (0.11) 

This study (n=14) -1.43 (0.20) 0.10 (0.13) 0.04 (0.10) 0.04 (0.10) -0.05 (0.17) 

BCR-464 
Blum et al., 20131 0.69 (0.06) 2.40 (0.06) 0.08 (0.04) 1.97 (0.05) -0.10 (0.05) 

This study (n=10) 0.75 (0.10) 2.34 (0.11) 0.08 (0.09) 1.92 (0.14) -0.08 (0.24) 

 

References: 

(1)  Blum, J.D., Popp, B.N., Drazen, J.C., Choy, A.C., Johnson, M.W., 2013. Methylmercury production below 
the mixed layer in the North Pacific Ocean. Nat. Geosci. 6, 879–884. https://doi.org/10.1038/ngeo1918. 

(2)  Jiskra, M., Wiederhold, J.G., Skyllberg, U., Kronberg, R.-M., Kretzschmar, R., 2017. Source tracing of 
natural organic matter bound mercury in boreal forest runoff with mercury stable isotopes. Environ. Sci. Process. 
Impacts 19, 1235–1248. https://doi.org/10.1039/C7EM00245A. 

https://doi.org/10.1039/C7EM00245A
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Appendix 6-3 – Mean ± standard deviation of stable isotope values in ‰ for each sampled species at each location. Number of 

sampled individuals (N) is presented as well as total length (TL) measured in cm. 

 

Species Location N Habitat TL (min-max) δ13C (‰) δ15N (‰) Δ199Hg (‰) δ202Hg (‰) Δ200Hg (‰) 

Alopias pelagicus Gulf of California 10 

Pelagic 

sharks 

200 - 300 -15.79 ± 0.28 19.99 ± 0.85 1.64 ± 0.14 0.82 ± 0.24 0.06 ± 0.04 

Alopias vulpinus Pacific Ocean 8 254 - 340 -16.37 ± 0.41 18.92 ± 0.56 2.08 ± 0.12 0.71 ± 0.15 0.03 ± 0.05 

Carcharhinus falciformis Gulf of California 8 167 - 220 -16.10 ± 0.41 18.38 ± 0.59 1.98 ± 0.21 0.91 ± 0.16 0.06 ± 0.05 

Isurus oxyrinchus 
Pacific Ocean 9 109 - 163 -16.69 ± 0.32 19.37 ± 1.10 2.10 ± 0.12 0.72 ± 0.09 0.04 ± 0.05 

Gulf of California 1 160 -15.38 21.23 1.54 0.79 0.11 

Prionace glauca Pacific Ocean 10 68 - 135 -17.78 ± 0.38 16.26 ± 0.66 1.63 ± 0.09 0.32 ± 0.16 0.04 ± 0.05 

Galeorhinus galeus Pacific Ocean 8 

Neritic 

sharks 

78 - 92 -16.79 ± 0.21 19.58 ± 0.54 1.89 ± 0.15 0.37 ± 0.24 0.02 ± 0.05 

Mustelus californicus Pacific Ocean 10 81 - 110 -16.23 ± 0.37 17.49 ± 0.73 1.55 ± 0.09 0.48 ± 0.14 0.04 ± 0.03 

Mustelus henlei 
Pacific Ocean 8 70 - 98 -17.01 ± 0.56 17.63 ± 0.63 1.79 ± 0.08 0.46 ± 0.20 0.07 ± 0.08 

Gulf of California 10 52 - 76 -15.36 ± 0.23 20.96 ± 0.38 1.18 ± 0.09 0.68 ± 0.14 0.03 ± 0.03 

Rhizoprionodon longurio Gulf of California 10 96 - 106 -15.07 ± 0.29 22.74 ± 0.20 1.00 ± 0.14 0.21 ± 0.22 0.04 ± 0.06 

Sphyrna lewini Gulf of California 10 79 - 98 -14.35 ± 0.32 22.82 ± 0.38 1.04 ± 0.14 -0.10 ± 0.22 0.03 ± 0.05 

Sphyrna zygaena Pacific Ocean 10 79 - 107 -15.81 ± 0.57 17.19 ± 1.26 2.14 ± 0.11 1.17 ± 0.36 0.05 ± 0.04 

Gymnura marmorata 
Pacific Ocean 9 

Coastal 

rays 

27 - 78 -15.16 ± 0.73 18.24 ± 1.24 1.82 ± 0.20 0.31 ± 0.28 0.03 ± 0.03 

Gulf of California 10 39 - 68 -14.42 ± 0.65 20.36 ± 0.59 1.05 ± 0.22 0.07 ± 0.32 0.03 ± 0.04 

Myliobatis californica 
Pacific Ocean 10 22 - 118 -15.99 ± 0.76 16.27 ± 0.87 1.20 ± 0.30 0.23 ± 0.36 0.04 ± 0.06 

Gulf of California 9 48 - 170 -14.00 ± 0.50 18.54 ± 1.00 0.61 ± 0.08 -0.03 ± 0.24 0.05 ± 0.04 

Pseudobatos productus 
Pacific Ocean 9 76 - 118 -16.59 ± 0.74 17.50 ± 0.74 1.60 ± 0.22 0.44 ± 0.12 0.06 ± 0.06 

Gulf of California 10 55 - 92 -15.14 ± 0.54 19.80 ± 0.38 0.71 ± 0.18 0.18 ± 0.32 0.05 ± 0.03 
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Appendix 6-4 – Comparison between the accuracy and the kappa statistics of 

single classification tree and random forest iterations using elasmobranch habitats 

(i.e., pelagic shark, neritic shark and coastal ray) as the response variable. 

Predictor variables Location 
Classification tree Random forest 

Accuracy Kappa Accuracy Kappa 

~ δ13C + δ15N 
Pacific Ocean 0.70 0.55 0.56 0.33 

Gulf of California 0.88 0.82 0.86 0.79 

~ δ13C + δ15N + Δ199Hg + δ202Hg 
Pacific Ocean 0.80 0.70 0.69 0.54 

Gulf of California 0.97 0.96 0.94 0.90 

 

Appendix 6-5 – Inter-specific differences in Δ199Hg/δ202Hg slopes at both sampled 

locations. R² and associated p-value of linear regressions are reported. 

Location Species Δ199Hg/δ202Hg slope R² p-value 

Pacific Ocean 

A. vulpinus 0.51 0.48 p>0.05 

I. oxyrinchus 0.61 0.23 p>0.05 

P. glauca 0.36 0.43 p<0.05 

G. galeus 0.43 0.46 p>0.05 

M. californicus 0.40 0.38 p>0.05 

M. henlei 0.09 0.06 p>0.05 

S. zygaena 0.48 0.39 p>0.05 

G. marmorata 0.20 0.06 p>0.05 

M. californica 0.74 0.80 p<0.001 

P. productus 1.74 0.82 p<0.001 

Gulf of 

California 

A. pelagicus 0.31 0.27 p>0.05 

C. falciformis 0.62 0.22 p>0.05 

M. henlei 0.19 0.10 p>0.05 

R. longurio 0.35 0.32 p>0.05 

S. lewini 0.13 0.04 p>0.05 

G. marmorata 0.35 0.19 p>0.05 

M. californica 0.01 0.00 p>0.05 

P. productus 0.40 0.54 p<0.05 
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Appendix 6-6 – Histogram of the total mercury concentration (THg) in dry muscle 

of elasmobranch species in Bahía Tortugas (Pacific Ocean) and Santa Rosalía 

(Gulf of California). Error bars represent standard deviation estimates. 
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Appendix 6-7 – Boxplots of muscle Δ200Hg values (in ‰) for each theoretical trophic 

habitat of elasmobranch species in the Pacific Ocean (on the left) and in the Gulf 

of California (on the right). 
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  Predicted 

  Coastal Neritic Pelagic 

Observed 

Coastal 23 3 2 

Neritic 9 23 4 

Pelagic 3 6 18 

 

Appendix 6-8 – Classification tree using elasmobranch habitats (i.e., pelagic shark, 

neritic shark and coastal ray) as the response variable and δ13C (D13C in the 

Figure), δ15N (D15N in the Figure) as predictor variables and its associated 

correlation matric in the Pacific Ocean. 
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  Predicted 

  Coastal Neritic Pelagic 

Observed 

Coastal 25 3 1 

Neritic 1 29 0 

Pelagic 0 4 15 

 

Appendix 6-9 – Classification tree using elasmobranch habitats (i.e., pelagic shark, 

neritic shark and coastal ray) as the response variable and δ13C (D13C in the 

Figure), δ15N (D15N in the Figure) as predictor variables and its associated 

correlation matric in the Gulf of California. 
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  Predicted 

  Coastal Neritic Pelagic 

Observed 

Coastal 24 3 1 

Neritic 7 26 3 

Pelagic 2 2 23 

 

Appendix 6-10 – Classification tree using elasmobranch habitats (i.e., pelagic 

shark, neritic shark and coastal ray) as the response variable and δ13C (D13C in 

the Figure), δ15N (D15N in the Figure), Δ199Hg (D199Hg in the Figure), δ202Hg 

(D202Hg in the Figure) as predictor variables and its associated correlation matric 

in the Pacific Ocean. 
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  Predicted 

  Coastal Neritic Pelagic 

Observed 

Coastal 27 2 0 

Neritic 0 30 0 

Pelagic 0 0 19 

 

Appendix 6-10 – Classification tree using elasmobranch habitats (i.e., pelagic 

shark, neritic shark and coastal ray) as the response variable and δ13C (D13C in 

the Figure), δ15N (D15N in the Figure), Δ199Hg (D199Hg in the Figure), δ202hg 

(D202Hg in the Figure) as predictor variables and its associated correlation matric 

in the Gulf of California. 
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Appendix 6-11 – Δ199Hg values (‰) in relation to Δ201Hg values (‰) in the muscle 

of shark and ray species. Blue points correspond to pelagic shark species, green 

points to neritic shark species and red points to coastal ray species. Linear 

regressions were applied to describe the increase of Δ199Hg with Δ201Hg with 

associated R² reported on the Figure. An analysis of covariance (ANCOVA) 

established that there was no statistical difference between slopes (F=0.4, p > 0.0
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