
 1 

 

UNIVERSITY OF SOUTHAMPTON 
 

FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES 
Ocean and Earth Science 

2016/2017  

 
RECONSTRUCTING ONTOGENETIC MOVEMENTS IN 
PELAGIC SHARKS COUPLING OCEAN MODELS AND 

STABLE ISOTOPE DATA IN INCREMENTALLY GROWN 
TISSUES 

 
by 
 

Sarah Magozzi 
 

Thesis for the degree of Doctor of Philosophy 
 

April 2017 
 
  

 

 
 



 2 

Abstract 

Ecological interactions in the marine pelagic environment are difficult to study, mostly 
because the open-ocean is vast and largely inaccessible. Migration is a common ecological trait in 
pelagic settings, with large impacts on community structure and dynamics, and ecosystem functioning. 
However, migratory predators are rapidly declining worldwide, with unclear ecological consequences. 

Pelagic sharks have declined regionally by > 90% in the past 15 years, largely as a result of 
overfishing and by-catch. Shark vulnerability to fishery capture depends on individual movements, 
and on the presence of movement traits across individuals, populations or species, which may imply 
shared vulnerability. Yet, the movements of pelagic sharks and other migratory oceanic animals are 
difficult to monitor or reconstruct.  

Natural-abundance stable isotopes allow retrospective movement reconstruction, by relating 
the isotopic composition of animal tissues to geographically indexed measurements or predictions of 
isotopic ratios at the base of the food web (isoscapes). Where incrementally grown, metabolically inert 
tissues are available, movements can be reconstructed throughout life. However, the application of 
stable isotopes in bulk tissues to study migration is complicated by mixed baseline and trophic effects 
and, in pelagic settings, by large uncertainties in the spatio-temporal distributions of isotopic baselines.  

In this study, I explored how the ontogenetic movements of two pelagic shark model species, 
the blue (Prionace glauca) and porbeagle (Lamna nasus) sharks, could be reconstructed using 
modelled global ocean carbon isoscapes, and carbon and nitrogen isotopes in bulk cartilage collagen 
and single amino acids from vertebrae.  

To provide a possible solution for poor sampling of isotopic baselines, I developed a 
process-based, mechanistic carbon isotope model, predicting the likely spatio-temporal distributions of 
the carbon isotopic composition of phytoplankton across the global ocean.  

To provide information on pelagic shark life-history traits, I recovered individual-level life-
history carbon and nitrogen isotope records for bulk cartilage collagen from vertebrae of sharks caught 
across the North Atlantic. I also recovered comparable carbon isotope records for single amino acids, 
producing the first compound-specific isotopic dataset of within-individual ontogenetic variance in 
sharks. Consistent ontogenetic isotope patterns across individuals of each species revealed species-
level life-history traits. Whilst the interpretation of traits for bulk collagen using modelled isoscapes 
was ultimately limited from confounding influences from trophic level change, that of traits for 
essential amino acids conclusively demonstrated ontogenetic and transgenerational movement traits. 

During juvenile growth, blue sharks increasingly utilised foraging grounds with more 
positive carbon isotopic baselines, whereas porbeagles made increasing use of isotopically more 
negative grounds. Blue shark pupping and maternal foraging occurred in isotopically distinct grounds, 
with the possibility of natal homing by adult individuals. Pregnant female porbeagles, by contrast, 
migrated to isotopically distinct foraging grounds prior to giving birth. 

Isotope-derived information on ontogenetic movements complements tag-derived 
information over a snap-shot of the entire life of individuals, but explicit isoscape-based geo-location 
is limited by large uncertainties in isoscape models, and trophic influences on bulk tissue isotopic 
compositions.  
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 Thesis introduction Chapter 1: 
The populations of marine pelagic sharks have significantly declined worldwide over the 

past century. The primary cause of such population declines is overfishing, both targeted and 
incidental (by-catch), followed by habitat destruction, persecution and climate change. The global fin 
trade is also a major driver of shark mortaility, other than the demand for their meat (Baum et al., 
2003; Clarke et al., 2006; Camhi et al., 2008; Worm et al., 2013). As highly migratory predators, 
pelagic sharks play important ecological roles within marine ecosystems, however, the ecological 
consequences of their decline are yet mostly unclear (Heupel et al., 2014; Grubbs et al., 2016; Roff et 
al., 2016; Ruppert et al., 2016).  

Recently, a systematic global analysis of the threat status of all 1041 chondrichthyan species, 
including sharks, rays and chimaera, estimated that one fourth are threatened according to the 
International Union for Conservation of Nature (IUCN) Red List Criteria, due to overfishing (Dulvy et 
al., 2014). Large-bodied sharks are at greatest risk of extinction, mainly because of typical life-history 
traits such as slow growth rate, late age at maturity, and small number of offsprings (Cortes, 2000; 
Jennings et al., 1998; Garcia et al., 2008; Hutchings et al., 2012). Improved management and 
conservation are urgently needed to avoid extinction and promote population recovery (Baum et al., 
2003; Dulvy et al., 2014).  

Many pelagic shark species are highly migratory, and move large distances across the open-
ocean, spanning multiple management zones. The pelagic environment, particularly high-seas outside 
national jurisdictions, is heavily targeted by fisheries. Therefore, management of migratory oceanic 
animals that may be transient components within disparate fished ecosystems is extremely challenging, 
and requires knowledge of the migratory life-histories of pelagic animals. 

The movements of migratory pelagic animals are, however, difficult to monitor or 
reconstruct. Electronic archival tags provide the best currently available tool to track the movements 
of individual fish at fine spatio-temporal scales, however, they can only be applied to a small number 
of individuals, large species and adult life stages. The analysis of stable isotopes in animal tissues 
allow retrospective movement reconstruction, by relating variance in tissue isotopic compositions to 
geographic variations in compositions at the base of the food web (for reviews, see Hobson, 1999; 
Graham et al., 2010; Trueman et al., 2012; McMahon et al., 2013a). It can be applied to every 
captured fish, including small, rare and/or elusive species, and juvenile stages. Additionally, where 
incrementally grown tissues are available, movements can be reconstructed throughout the entire life 
of individual fish.  

Forensic applications of stable isotope analysis, therefore, can potentially provide a valuable 
complementary tool to satellite tags to gather information on the ontogenetic movement and habitat 
use patterns of threatened species. These applications can, for instance, help in the identification of 
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essential habitat areas across life-history, as well as areas of high use by multple individuals, 
populations or species, where interactions with fisheries are of greater concern for survival, 
recruitment, reproduction and maintenance of ecosystem functions.  

 Migration 1.1
Migration is a common ecological trait in most habitats on Earth, and as such has stimulated 

a large literature. Although this literature has primarily focussed on migration itself (Bowlin et al., 
2010), the potential impacts of migration on community structure and dynamics, and ecosystem 
functioning are now being recognised (Lundberg & Moberg, 2003; Holdo et al., 2011; Bauer & Hoye, 
2014). The effects of migration on ecological networks have been reviewed by Bauer & Hoye (2014) 
for a range of terrestrial and marine systems (Fig. 1.1). 

By moving, migratory animals transport nutrients and energy (Varpe et al., 2005; Michelutti 
et al., 2009; Holtgrieve & Schindler, 2011), as well as other organisms, including propagules (Viana et 
al., 2013) and parasites (Altizer et al., 2011), and toxicants (Brimble et al., 2009) across disparate 
locations and food webs. Furthermore, migrants also forage (Brönmark et al., 2014) and are preyed 
upon (Holdo et al., 2011) along their routes, establishing transport and trophic interactions within local 
communities (Holdo et al., 2011; Bauer & Hoye, 2014).  

 
Figure 1.1  Schematics of the transport and trophic effects of migratory animals on community 
structure and dynamics, and ecosystem functioning. Taken from Bauer & Hoye (2014).  

The inputs of allochthonous nutrients and energy by migratory animals result in increased 
resource availability, with consequences for productivity at various trophic levels (Moore & Schindler, 
2004; Varpe et al., 2005; Michelutti et al., 2009; Holtgrieve & Schindler, 2011), and can potentially 
result in transitions between alternate stable states (Holtgrieve & Schindler, 2011). Furthermore, the 
long-distance dispersal of propagules or other organisms mediated by migrants may result in the 
establishment of new or lost species, and lead to maintenance of gene flow and mixing among resident 
populations (Clausen et al., 2002; Leibold et al., 2004; Viana et al., 2013). Similarly, migratory 
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animals may alter parasite transmission, diversity and evolution, by either facilitating or challenging 
parasite dispersal (Buehler et al., 2008; Krauss et al., 2010; Altizer et al., 2011).  

Foraging by migrants throughout their journeys may also establish consumer-resource 
interactions across several locations. By grazing on local primary producers, migratory herbivores 
may alter nutrient cycling, primary productivity and biomass, competitive interactions between 
primary production functional groups, and ultimately the composition of the primary producing 
community (Zacheis et al., 2001; Holdo et al., 2007; Dobson, 2009; Rooney & McCann, 2012). 
Migratory predators have the potential to exert top-down controls on resident communities through 
trophic cascades (Brönmark et al., 2014). Migratory predators may also mediate interactions between 
prey species at spatially distant locations, generating spatial patterns in trophic cascades. Prey 
availability at one location influences predator abundance, and therefore may indirectly influence the 
intensity of predator top-down regulations at other locations (Holdo et al., 2011). Spatial coupling of 
food webs by highly mobile opportunistic predators can potentially lead to increased food web 
stability (Polis et al., 1997; Lundberg & Moberg, 2003; McCann et al., 2005; Rooney et al., 2006; 
McCauley et al., 2012; Rooney & McCann, 2012). Additionally, migratory predators compete against 
resident predators, whereas migratory lower-trophic-level consumers are prey for resident predators 
(Holdo et al., 2011). The pulsed nature of resource utilisation by migrants, and the timing of their 
interactions with local communities define the relationship between migrant abundance and primary 
production for herbivores, or food web stability for predators (Fryxell et al., 1988; McCann et al., 
1998; Holdo et al., 2007; 2011; Rooney & McCann, 2012).  

In an evolutionary context, migration may determine the genetic structure of geographically 
separated populations. For example, natal homing may result in genetic isolation and adaptation to 
local environments, if dispersal is sufficiently low to allow genetic variation to occur (McMahon et al., 
2013a). 

Given the potential of migrants to uniquely alter community structure and dynamics, 
ecosystem functioning, population stability, and even speciation and extinction, “migrations are not 
simply the movements of animals; they are ecological processes intimately embedded in, and 
interacting with, resident communities” (Bauer & Hoye, 2014). Migration routes and timing may be 
shaped by resident communities, and resident communities are, in turn, influenced by migrants, by the 
carryover effects of previous locations on migrants, and the effects of consumer-resource interactions 
after migrants’ departure (Bauer & Hoye, 2014). Migrations are increasingly threatened worldwide 
through habitat loss, construction of artificial barriers, overexploitation and climate change (Wilcove 
& Wikelski, 2008; Bauer & Hoye, 2014). The loss of migrants and migratory behaviour implies the 
loss of the ecosystem functions that they provide. Nevertheless, protection of migratory animals is 
extremely difficult and inherently transnational, given that it should encompass entire migratory 
ranges, and all stages of migratory cycles (Wilcove & Wikelski, 2008; Harrison et al., 2011; Bauer & 
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Hoye, 2014). Targeted management and conservation actions should, therefore, identify ideal 
collaborations across jurisdictions (Bauer & Hoye, 2014).  

Marine pelagic ecosystems are particulalry conducive to migratory traits, as long-distance 
movement is relatively energetically efficient. Every year, large numbers of pelagic animals migrate 
across large distances in the open-ocean in pursuit of increased foraging opportunities, improved 
safety, and higher reproductive output (Dingle, 1996; Alerstam et al., 2003; Bauer & Hoye, 2014). 
Ontogenetic shifts in movement behaviour and habitat use associated with life-time changes in energy 
allocation are also common (Werner & Gilliam, 1984; Morris, 2003; Grubbs, 2010; Carlisle et al., 
2015). 

 Pelagic environment 1.2
The pelagic environment is defined as the ecological realm that includes the entire ocean 

water column. Of all the inhabited Earth’s systems, the pelagic zone has the largest volume (1368106 
km3) and the largest vertical range (0-11000 m; Angel, 1993). Within the pelagic zone, the neritic 
province includes waters above the continental shelf, the oceanic province open-ocean waters beyond 
the shelf. The neritic province is mainly distinguished from the oceanic because of higher nutrient 
concentrations from riverine runoff and upwelling. The upper portion of both the neritic and pelagic 
provinces, the epipelagic zone (0-200 m), is where photosynthesis occurs; below this zone lie the 
mesopelagic (200-1000 m), bathypelagic (1000-4000 m), abyssalpelagic (4000-6000 m), and 
hadopleagic (under 6000 m) zones (Fig. 1.2).  

 
Figure 1.2  Horizontal and vertical zonation in the pelagic environment. Taken from Encyclopedia 
Britannica. 

The pelagic community, therefore, comprises all marine organisms, from primary producers 
and heterotrophic bacteria to top predators, living in the water column. Pelagic life is found throughout 
the water column, with variations in abundance, biomass, body size and biodiversity with depth and 
distance from the shore (Angel, 1986; Backus, 1986; McGowan, 1986). Given that pelagic life, both at 
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surface and in the deep-sea, is ultimately supported by phytoplankton primary production in the 
euphotic zone (Gage, 2003; Lampitt et al., 1993), these variations mostly reflect changes in surface 
primary productivity (Valiela, 1984; Kaiser et al., 2005). Phytoplankton primary production in the 
euphotic zones varies at a range of spatio-temporal scales, and is generally highest near the coast due 
to favourable nutrients and temperature, becoming increasingly patchy offshore, with lowest levels in 
oligotrophic central open-ocean areas (Valiela, 1984; Kaiser et al., 2005). Clearly, coastal and oceanic 
areas where production is high (e.g. at fronts) can sustain high community standing stocks (i.e. 
abundance and biomass; Sommer et al., 2002; Kaiser et al., 2005). Patchiness and heterogeneity in 
physico-chemical variables and biological production are key attributes of the pelagic environment. 
These attributes, alongside the vast and largely inaccessible nature of the open-ocean, make the 
pelagic zone extremely difficult to study. 

Photosynthetically-derived organic matter in the euphotic zone, together with particles from 
faecal pellets and animal carcasses known as ‘marine snow’, is exported to the deep-sea via vertical 
sinking in the water column (Valiela, 1984; Kaiser et al., 2005). As it sinks, particulate organic matter 
is diluted into a larger volume of water, resulting in decreasing food availability, and ultimately 
decreasing standing stocks with increasing depth (Kaiser et al., 2005); however, this is not the case for 
bacteria (Rex et al., 2006). Other than by food availability, the regional and vertical distributions of 
pelagic life are regulated by light (Clarke & Denton, 1962; Angel, 1997) and oxygen (Childress & 
Siebel, 1998; Siebel, 2011) availability, temperature, pressure (Somero, 1992; Yancey et al., 2014), 
salinity and topography.  
1.2.1 Biological and microbial carbon pumps  

Primary production by phytoplankton is limited to the euphotic zone. Phytoplankton capture 
energy from sunlight, and transform inorganic carbon (CO2) into organic carbon (biomass) via 
photosynthesis. Approximately 50% of this photosynthetically-originated organic carbon (POC) enters 
the classic food web via zooplankton grazing, or is transported as sinking particles to the deep-sea for 
long-term storage via the biological pump. The remaining 50% of carbon is directly processed by 
microbial activity (Buchan et al., 2014; Fig. 1.3). As it sinks through the water column, particulate 
organic carbon enters the microbial loop, where it is first consumed by bacteria and converted into 
bacterial biomass (bacterial secondary production); it can then either be re-introduced into the classic 
food web as bacteria are preyed by zooplankton, or undergo continuous recycling within the microbial 
food web. Alternatively, a fraction of microbially-transformed organic carbon is released into the 
dissolved phase, some of which resists degradation and contributes to the large pool of recalcitrant 
dissolved organic carbon (DOC) that is stored in the ocean for thoudands of years via the microbial 
carbon pump). Viral lysis of phytoplankton and bacterial cells is also an important mechanism for the 
release of both dissolved and particulate organic carbon into the ocean, redirecting carbon away from 
higher trophic level towards the microbial realm. Dissolved organic carbon is consumed by bacteria 
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and used for growth. Microbial respiration converts organic carbon to gaseous CO2, which is 
eventually utilised by phytoplankton for photosynthesis. Bacteria also regenerate nutrients supporting 
phytoplankton growth, particularly nitrogen and phosphorus (Buchan et al., 2014; Fig. 1.3). 

 
Figure 1.3  Biological and microbial carbon pumps. 
1) Conversion of inorganic carbon (CO2) into organic carbon by phytoplankton via photosynthesis; 2) 
release of particulate (POC) and dissolved (DOC) organic carbon by phytoplankton; 3) consumption 
of phytoplankton biomass by zooplankton via grazing; 4) remineralisation and recycling of POC by 
heterotrophic bacteria; 5) transformation of POC into recalcitrant DOC via the microbial carbon pump; 
6) export of POC as sinking particles to the deep-ocean via the biological pump; 7) viral lysis of 
phytoplankton and bacterial cells and release of DOC. Taken from Buchan et al. (2014).  

 Pelagic sharks 1.3
As highly migratory top predators, pelagic sharks play fundamental roles within marine 

ecosystems. By migrating and foraging across large spatial scales, they alter nutrient and energy flows, 
ensuring connectivity between otherwise spatially or ecologically separated food webs (McCauley et 
al., 2012; Heupel et al., 2014; Roff et al., 2016; Ruppert et al., 2016). Such connectivity results in 
externally-subsidised trophic pyramids (Trebilco et al., 2013; Mourier et al., 2016), and confers 
resilience to food webs (Polis et al., 1997; Lundberg & Moberg, 2003; McCann et al., 2005; Rooney 
& McCann, 2012). Additionally, by foraging opportunistically on both resident and migratory species 
along their routes, pelagic sharks exert top-down controls on lower-trophic-level consumers across 
several locations or food webs (Holdo et al., 2011; Heupel et al., 2014; Roff et al., 2016; Ruppert et 
al., 2016).  
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Pelagic sharks and other marine top predators have declined at a rapid pace in recent decades, 
largely as a result of unsustainable harvest and by-catch (Pauly et al., 1998; Myers & Worm, 2003). 
Populations of large sharks have declined regionally by > 90% in the last 15 years (Baum et al., 2003; 
Clarke et al., 2006; Dulvy et al., 2008; Worm et al., 2013). The ecological consequences of shark 
population loss are unclear (Heupel et al., 2014; Ruppert et al., 2016; Grubbs et al., 2016), but are 
thought to include behavioural modifications by prey (Heithaus et al., 2007; 2008), changes in trophic 
cascades (Ferretti et al., 2010; Heupel et al., 2014), and modifications in ecosystem resilience to 
change (Polis et al., 1997; Lundberg & Moberg, 2003; McCann et al., 2005). 

Managing and conserving the remaining shark populations is problematic, as sharks are 
capable of travelling for thousands of kilometres over several months in high-seas across jurisdictional 
borders. This is additionally complicated by a lack of knowledge of their migratory ecology. Shark 
vulnerability to fishery capture clearly depends on individual movements, as well as on the presence 
of common, broad movement patterns across individuals, populations or species, which may imply 
shared vulnerability (Queiroz et al., 2016).  

Sharks often share life-history movement and trophic traits, which reflect changes in energy 
allocation throughout ontogeny, from a juvenile strategy maximising survival and growth, to an adult 
strategy including reproduction (Werner & Gillam, 1984; Heupel et al., 2007; Grubbs, 2010; Carlisle 
et al., 2015). A greater understanding of ontogenetic movement patterns would help in characterising 
areas of essential habitat across life-history (Vandeperre et al., 2014; 2016), where interactions with 
fisheries are of greater concern, as well as identifying general behaviours influencing shark-human 
interactions throughout ontogeny. 
1.3.1 The blue and porbeagle sharks  

This study investigated the movement and habitat use patterns of two pelagic shark model 
species, the blue (Prionace glauca, Linnaeus 1758) and porbeagle (Lamna nasus, Bonnaterre 1788) 
sharks.    

The blue shark, of the family Carcharinidae, is an ectothermic shark occurring in temperate 
and tropical waters worldwide. In the Atlantic, it ranges from Newfoundland to Argentina in the west, 
over the mid-Atlantic Ridge, and from Norway to South Africa in the east (including the 
Mediterranean; Compagno, 1984; Nakano & Stevens, 2008). It is mostly oceanic, but can occasionally 
be associated with shelf, slope and seamount environments (Queiroz et al., 2010; 2012 and references 
therein).  

Compared to most pelagic sharks, blue sharks have a more productive life-history strategy. 
They are relatively short-lived, fast-growing and fecund (i.e. producing a large number of small 
offsprings; Hoening & Gruber, 1990; Cortes, 2000; Frisk et al., 2001). In the Atlantic, males are 
sexually mature at ~ 183 cm fork length (FL; Pratt, 1979), which coincides with an age of ~ 4-5 years 
(Skomal & Natanson, 2003). Females are subadult at ~ 145 cm FL and ~ 2+ years of age, and can 
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engage in copulation and store sperm for later fertilisation (Pratt, 1979). Females reach full maturity at 
~ 185 cm FL, which corresponds to ~ 5 years of age. Blue sharks are placental viviparous; after 9-12 
months of gestation, females give birth to an average of 35 pups (Castro & Mejuto, 1995), though 
maximum litter size observed is 135 pups. At birth, average size is ~ 45 cm FL (Pratt, 1979).  

Blue sharks are known to be highly migratory. Trans-Atlantic movements have often been 
documented, providing evidence for a single, well-mixed Atlantic population (Casey & Kohler, 1991; 
Kohler et al., 2002; Kohler & Turner, 2008). However, tagging studies revealed complex spatial 
structure and dynamics, with segregation by sex and life stage (Stevens 1976; 1990; Queiroz et al., 
2005; Mucientes et al., 2009). Different segments of the population (i.e. males and females, juvenile 
and adults) undergo disparate movements, mainly in relation to seasonal temperature changes, 
reproductive condition and prey availability (Queiroz et al., 2010; Campana et al., 2011; Vandeperre 
et al., 2014; see Chapter 3).  

Stomach content analysis indicated that blue sharks feed opportunistically primarily on 
mesopelagic cephalopods, but also on epipelagic and near-bottom fish, crustaceans, birds, other 
elasmobranchs, mammals and other foaing items (Kohler, 1998; Henderson et al., 2001; McCord & 
Campana, 2003; Pusinieri et al., 2008).  

The blue shark is the most abundant pelagic shark in the Atlantic and globally, despite also 
being the most frequently caught (Baum et al., 2003; Campana et al., 2011 and references therein). 
Blue sharks are rarely caught as target species, but are a major by-catch in longline fisheries targeting 
tuna and swordfish (Buencuerpo et al., 1998; Campana et al., 2006; Mandelman et al., 2008; Mejuto 
et al., 2009). The combination of high unreported catch, and high discard and mortality rates makes 
accurate estimates of population abundance and trends difficult to obtain (Burgess et al., 2005; Aires-
da-Silva et al., 2008; Campana et al., 2009). Given these challenges, the blue shark is listed in the 
IUCN Red List as Near Threatened, despite the overall abundance of blue sharks is still considered 
substantial (Campana et al., 2009).  

The porbeagle shark is a lamind endotermic shark coastal and oceanic shark, which is 
distributed worldwide but apparently restricted to temperate and cold-temperate waters of the North 
Atlantic (including the Mediterranean and Baltic Seas) and the southern hemisphere (Compagno, 2001; 
Campana & Joyce, 2004). Porbeagles are most common on continental shelves, but can also occur 
near the coast or well offshore (Pade et al., 2009; Saunders et al., 2011; Biais et al., 2016).  

Similar to most pelagic sharks, porbeagles sharks have relatively slow growth rates, a late 
age at maturity, and low fecundity (Francis et al., 2008; Natanson et al., 2002). These life history traits 
making them extremely vulnerable to overexploitation and population depletion. In the Northwest 
Atlantic, maturity occurs at ~ 174 cm FL in males, and at ~ and 218 cm FL in females (Jensen et al., 
2002), which correspond to ~ 8 and 13 years of age, respectively (Natanson et al., 2002). Porbeagle 
sharks are ovoviviparous, producing an average of four pups, after a gestation period of 8 to 9 months. 
When pups are born, they are ~ 67 cm FL (Aasen, 1961).  
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Porbeagle sharks are thought to move short to moderate distances along continental shelves 
(Stevens, 1976; 1990; Kohler & Turner, 2001), with the possibility of movements far off the shelf by 
some individuals (Pade et al., 2009; Saunders et al., 2011; Biais et al., 2016). In the Northwest 
Atlantic, pregnant females are believed to migrate to subtropical pupping grounds as far south as the 
Sargasso Sea prior to giving birth (Campana et al., 2010; Chapter 3). So far, there has been only one 
documented case of trans-oceanic migration, implying the existence of two separate populations in the 
North Atlantic (Francis et al., 2008). Porbeagle sharks are also thought to undergo an ontogentic 
habitat shift towards slope and offshore settings (Ellis et al., 2015; Biais et al., 2016; see Chapter 3). 

Porbeagle sharks are opportunistic predators, mostly feeding on teleost fish, both pelagic and 
demersal species, and on cephalopods (Joyce et al., 2002).  

Porbeagle sharks are commercially valuable, so they have been heavily exploited by target 
and non-target fisheries in the Northeast Atlantic since the 1930s (Campana et al., 2008). In the late 
1950s, the Northeast Atlantic fishery was apparently depleted, and consequently by the 1960s 
principal finshing grounds moved to the Northwest Atlantic. However, by 1967 the Northwest Atlantic 
fishery also collapsed. Whilst in the 1990s the Northeast Atlantic population suffered from a further 
decline due to renewed fishing pressure, the Northwest Atlantic population is considered more 
depleted (Campana et al., 2003; 2008; 2009). Given to its low reproductive capacity and high 
commercial value, the porbeagle shark is listed in the IUCN Red List as Vulnerable. The International 
Council for the Exploration of the Sea (ICES) has estalished a no-take area in the eastern North 
Atlantic, and the International Commission for the Conservation of Atlantic Tuna (ICCAT) has 
reccommended that porbeagles should not be taken in international waters. Recently, the porbeagle 
was also listed in the Appendix II of CITES (Convention on International Trade in Endangered 
Species) to provide further protection from the high demand in international trade.  

Blue and porbeagle sharks have different distribution, habitat and movement patterns, as 
well as different diets. Whilst these species may sporadically co-occur in some areas of the North 
Atlantic, fundamental differences in their ontogentic spatial (and trophic) ecology are expcted, which 
reflect differences in their evolutionary and life histories.   

 Artificial physical tags  1.4
The movements of highly migratory oceanic animals, including sharks, are difficult to 

monitor or reconstruct, mostly because the open-ocean is vast and largely inacessible, and because 
migratory animals conduct extensive movements on seasonal to ontogenetic time-scales (Grubbs, 
2010; MacKenzie et al., 2011; Trueman et al., 2012; McMahon et al., 2013a).  

To date, direct information on the movements and behaviour of pelagic fish and other marine 
animals has largely come from fishing and tagging studies (e.g. Stevens, 1976; 1990; Kohler et al., 
2002; Queiroz et al., 2005; Block et al., 2011; Queiroz et al., 2016; see also Jennings et al., 2001; 
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Trueman et al., 2012). Fishing studies are complicated by biased spatio-temporal sampling, whilst 
tagging studies rely on either the recapture of tagged fishes (e.g. mark-recapture methods), or on the 
transmission of recorded data (e.g. electronic tagging studies; Trueman et al., 2012).  

In conventional mark-recapture methods, fishes are tagged at a known location, and 
subsequently caught elsewhere by research or commercial fishing vessels. Very large numbers of 
individuals are required to be tagged in order to produce statistically meaningful results (MacKenzie et 
al., 2011; Trueman et al., 2012), as a result of high mortality and low recapture rates in the pelagic 
environment (ICCAT/ICES, 2009). Furthermore, these methods are also inherently biased towards 
most heavily fished areas, and towards numerically dominant populations and species occurring within 
capture areas (Kohler & Turner, 2001; Bolle et al., 2005; MacKenzie et al., 2011; Trueman et al., 
2012). Consequently, mark-recapture studies provide biased movement information, and are not 
ideally suited to studying rare species within mixed stocks (Pine et al., 2003; MacKenzie et al., 2011; 
Trueman et al., 2012). 

Recent advances in electronic tagging technology have revolutionised knowledge of the 
movement ecology of pelagic animals (Block et al., 2011), particularly marine mammals (e.g. Stewart 
et al., 1989; Mate et al., 1998; McConnel et al., 1999; Andrews et al., 2008), sea turtles (e.g. Godley 
et al., 2008; Zbinden et al., 2011), tunas (e.g. Block et al., 2001; 2005) and sharks (e.g. Bonfil et al., 
2005; Skomal et al., 2009; Campana et al., 2010; Queiroz et al., 2010; Campana et al., 2011; for 
reviews, see Sims, 2010; Hammerschlag et al., 2011). Electronic archival tags record precise and 
accurate positional and behavioural data, providing the best currently available tool to track individual 
movements at fine spatio-temporal scales (Sibert & Nielsen, 2001; Nielsen et al., 2009). However, 
data storage tags also rely on recapture, and satellite tags on information being transmitted, which may 
fail due to tag detachment or animals feeding in deep water. Furthermore, whilst satellite tags are 
becoming cheaper, they are still too expensive and large in size to be applied to large numbers of 
individuals (but see Block et al., 2011; Queiroz et al., 2016), and juveniles or small species (but see 
Scott et al., 2014; Vandeperre et al., 2014; 2016). Lastly, electronic tags are typically deployed for no 
more than 12 months, and thus provide only a small snapshot of individual ontogenetic movements, 
particularly in long-living species (Hamady, 2014). Electronic tags are not suited for large spatial or 
population scale studies, or to tracking ontogenetic movements and identifying key habitats across 
life-histories (Hazen et al., 2012; Shillinger et al., 2012). 

Therefore, an urgent need remains for alternative methods to study the movements of pelagic 
animals at spatio-temporal scales relevant to routine stock management, particularly for widely 
dispersed stocks, and rare species within mixed stocks (MacKenzie et al., 2011; Trueman et al., 2012). 
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 Natural chemical tags 1.5
Natural chemical tags, where variations in the compositions of animal tissues can be related 

to geographic variations in the compositions of the local water or food web (see below), can provide 
valuable complementary information on animal location, movement and diet (Graham et al., 2010; 
Trueman et al., 2012, McMahon et al., 2013a, b), potentially overcoming some of the limitations 
associated with artificial tags. These tags can be applied retrospectively to any captured or 
commercially landed fish, including juveniles, and rare or elusive species. Furthermore, they are 
considerably cheaper than electronic tags, and can be applied to a larger number of individuals as well 
as in large-scale studies. Additionally, where incrementally grown tissues, or various tissues with 
different isotopic incorporation rates are available (see below), movement patterns can be 
reconstructed throughout time from a single individual (Graham et al., 2010; Trueman et al., 2012).  
In marine ecology, natural-abundance variations in stable carbon and nitrogen isotopes are commonly 
used tool to reconstruct the spatial and trophic ecology of animals retrospectively (e.g. Best & Schell, 
1996; Cherel et al., 2000; Estrada et al., 2006; Cherel et al., 2009; Newsome et al., 2009; Carlisle et 
al., 2015; for reviews, see Hobson, 1999; Post, 2002; Graham et al., 2010; Hobson et al., 2010; 
Boecklen et al., 2011; Ramos & González-Solís, 2012; Trueman et al., 2012; McMahon et al., 2013a). 
The underlying theory is that the carbon and nitrogen isotopic compositions of animal tissues reflect 
those of primary producers at the base of the local food web, overlain by relatively predictable trophic 
modifications (Vander Zanden & Rasmussen, 2001; Post, 2002; McCutchan et al., 2003; Fig. 1.4). 
The tissues of higher-trophic-level animals are, in fact, enriched in the heavy isotopes (13C, 15N) 
relative to primary producers, due to preferential excretion of the light isotopes (12C, 14N) during 
assimilation and metabolism. The isotopic fractionation associated with each trophic step (i.e. trophic 
fractionation) is highly variable (0-3 ‰ for carbon isotopes, and 2-5 ‰ for nitrogen isotopes, 
depending on the macromolecule composition of tissue; DeNiro & Epstein, 1977; 1978; 1981; Vander 
Zanden & Rasmussen, 2001; McCutchan et al., 2003), and dependend on a suite of factors including 
tissue type, diet quality, and trophic position etc. (Hussey et al., 2014; see also McMahon et al., 2010; 
2015b, c; see below). However, trophic fractionation values are conventionally assumed as constant 
(0.4 ‰ for carbon isotopes and 3.4 ‰ for nitrogen isotopes) when estimating location and/or trophic 
level. As a result of generally larger trophic fractionation in nitrogen isotopes than in carbon isotopes, 
carbon isotopes are used to estimate carbon source and location, whereas nitrogen isotopes are used to 
estimate trophic position (DeNiro & Epstein, 1978; 1981; Peterson & Fry, 1987).  

Stable isotope data are generally presented as delta values (e.g. δ13C and δ15N, ‰), 
describing the difference in the ratio of the heavy and light isotopes in a sample compared to a 
standard (Eq. 1.1).  
δ X ‰ = R (R − 1)   (1.1)  
where a is the atomic mass of the heavy isotope, and R is the ratio of the heavy versus light isotopes.  
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Figure 1.4  Carbon and nitrogen isotope biplot for a typical size-structured marine food web.  
The carbon and nitrogen isotopic compositions of primary producers at the base are transferred to 
higher-trophic-level consumers through the food chain, with a relatively predictable isotopic 
fractionation associated with each trophic step. Variations in isotopic baselines across space (and time) 
from movement (baseline isotope effects), and variations in prey isotopic compositions from trophic 
shifts are also transferred to consumers (trophic isotope effects), integrated over the time of tissue 
synthesis or isotopic incorporation.  

The carbon (δ13C) and nitrogen (δ15N) isotopic compositions of phytoplankton at the base of 
marine food webs vary greatly in space and time in response to changes in physical, chemical and 
biological variables (Sackett et al., 1965; Rau et al., 1989; Laws et al., 1995; Sigman & Casciotti, 
2001; Montoya, 2007). Isotopic variations at the base of the food web are commonly referred to as 
‘baseline isotope effects’ (Fig. 1.4). Spatio-temporal variations in isotopic baselines complicate the use 
of stable isotopes in food web research, but can provide a geo-location tool (e.g. Jennings & Warr, 
2003; Popp et al., 2007; Nielsen et al., 2016; for reviews, see Newsome et al., 2010; Ramos & 
González-Solís, 2012; Trueman et al., 2012; McMahon et al., 2013b). Animal locations and thus 
movements can be inferred retrospectively, by relating the isotopic compositions of animal tissues to 
models of spatial variation in isotopic baselines (Hobson, 1999; Ramos et al., 2009; Graham et al., 
2010; Hobson et al., 2010; Trueman et al., 2012; McMahon et al., 2013a). There are, however, several 
requirements to successfully apply stable isotopes to infer migrations. Firstly, movements must occur 
between isotopically distinct areas or food webs (Hobson, 1999; Graham et al., 2010; Hobson et al., 
2010). Secondly, the sampled tissue must have an isotopic incorporation rate sufficiently long to retain 
the isotopic signatures of previous feeding locations (Hobson, 1999; Graham et al., 2010; see below). 
Lastly, any potential influence on tissue isotopic compositions from diet or trophic level change 
(‘trophic isotope effects’; Fig. 1.4) must be accounted for. Equally, trophic shifts may be also inferred 
from tissue isotopic compositions, if accurate measurements or predictions of variability in isotopic 
baselines are available (Vander Zanden & Rasmussen, 2001; Post, 2002; McCutchan et al., 2003).  
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Thus, in general stable isotope analysis povides quantitative information on both habitat and 
resource use, which are commonly utilised to define the ecological niche space. Whilst the isotopic 
nice, defined as an area (in δ-space) with isotopic values (δ-values) as coordinates (Newsome et al., 
2007; Fig. 1.4), is not directly comparable to other niche formulations, advances in isotope mixing 
models allow transformation of isotope data into resource contribution values, provding a standardised 
means for characterising an organism’s ecological niche (Newsome et al., 2007). Implicit in this 
approach, however, is a thorough understanding of the isotopic variation within and among resources 
(i.e. prey) available to consmers, and the recognition that isotopic analysis does not typically provide 
information on taxon-specific resource use (Newsome et al., 2007). A commonly used metric for the 
estimation of isotopic niche width is standard ellipse area (corrected for small sample size, SEAc), as 
implemented in the SIAR and SIEBER R packages (Parnell & Jackson, 2013). By definition, this 
metric is related to both location and diet, and can be used for comparing individuals, populations 
species or higher taxa, or other functional groups (see Jackson et al., 2011). 
1.5.1 Tissue types 

Any tissue containing the isotope(s) of interest can potentially be sampled to reconstruct 
location, movements and/or diet. As carbon and nitrogen are structural elements, almost any tissue is 
suitable for stable isotope analysis. For all tissues, some estimate of length of time represented by the 
tissue is requred (for reviews of tissue types, see Newsome et al., 2010; Hussey et al., 2012; Kim & 
Koch, 2012; Trueman et al., 2012). Many tissues sample multiple body pools, and these body pools 
which be composed of elements derived ditecrly from the diet, or from the replacement (turnover) of 
biosynthesised tissues. The relative proportion of elements derived from a body turnover pool 
influences the time period represented by any tissue sample (Carleton & Martinez del Rio, 2010; 
Newsome et al., 2010; Trueman et al., 2012). 

For metabolically active tissues, such as muscle, liver, blood etc., the time period represented 
by any tissue sample can be difficult to constrain. In rapidly growing juvenile fish, for instance, tissue 
turnover is relatively small, and body pools of the atoms used to synthesise tissues are tightly linked to 
the diet. Thus, muscle tissue may reflect weeks to months of life (Trueman et al., 2012 and references 
therein). In slow growing adult fish, by contrast, the proportion of atoms derived from turnover may 
be high, and a muscle tissue sample may represent up to several months (or even years in sharks and 
deep-water fish with slow metabolic rates; Trueman et al., 2012). Liver and blood are even more 
active metabolically active than muscle, and thus may integrate isotopes over a shorter period of time 
(Hobson, 1999; Trueman et al., 2012).  

Incrementally grown tissues provide an solution to the probem of sample duration. After 
synthesis, these tissues are metabolically inert, providing a life-time record of the isotopic composition 
of an animal (Newsome et al., 2010; Hussey et al., 2012; Kim & Koch, 2012; Trueman et al., 2012). 
Clearly, the tissue isotopic composition at an increment reflects that of the location of isotopic 
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assimilation at the time of tissue synthesis (or an average if the animal feeds at multple locations; 
Hobson, 1999; Hobson et al., 2010; Trueman et al., 2012). That is, when interpreting data from 
incrementally grown tissues, growth rate is a much more important consideration than turnover rate. 
Examples from marine animals include: fish otoliths (e.g. Elsdon et al., 2008) and scales (MacKenzie 
et al., 2011), shark vertebrae (Estrada et al., 2006; Kerr et al., 2006; Kim et al., 2012; Carlisle et al., 
2015) and eye lenses (Nielsen et al., 2016), sea turtle scute (Vander Zanden et al., 2015a), marine 
mammal fur, vibrissae, tooth and baleen (Newsome et al., 2010 and references therein).  

Elasmobranch vertebral centra are calcified cartilage, composed primarily of the mineral 
hydroxyapatite deposited within an organic matrix, of which collagen is the primary component 
(Porter et al., 2006; Hussey et al., 2012; Kim & Koch, 2012). Similar to otoliths in bony fish, 
vertebrae grow by accretion, and are metabolically inert after synthesis (Pinnegar & Polunin, 1999), 
providing a life-time record of the isotopic composition of a shark, hence ontogentic movement and 
feeding information (e.g. Estrada et al., 2006; Kerr et al., 2006; Kim et al., 2012; Carlisle et al., 2015).  

In shark vertebrae, the temporal span of the sample can be guided by the apatite increments. 
To analyse the organic carbon and nitrogen in cartilage collagen, which are references to local food 
webs, hydroxyapatite must be removed, as it contains inorganic carbon with a different isotopic 
composition (Hussey et al. 2012; Kim & Koch, 2012). Incremental deposition results in vertebral 
growth bands (Cailliet, 1990). One translucent and one opaque band comprise a band pair, which is 
often assumed to represent one year of growth (Calliet et al., 1983; Cailliet & Gldmann, 2004; Fig. 
1.5A). Age can be estimated by counting vertebral growth band pairs (Campana, 2014); however, not 
all sharks deposit annual growth band pairs, and many are not easily distinghuishable. Thus, it is 
necessary to validate the periodicity of growth band pairs with an independent method, including 
captive rearing, mark-recapture or radiocarbon chronologies (e.g. Natanson et al., 2002; Skomal & 
Natanson, 2003; Hamady et al., 2014).  

Some elasmobranch species, such as the Greenland shark (Somniosus microcephalus), lack 
of calcified tissue, complicating the recovery of time-series isotopes, and age estimations. In 
vertebraes, the eye lens nucleus is composed of metabolically inactive cristalline proteins, which in the 
centre (i.e. the embryonic nucleaus), is formed during parental development (Nielsen et al., 2016 and 
references therein; 1.5B). That is, eye lenses may provide an attractive alternative tissue to vertebrae 
in studies of isotope ecology (Quaeck et al., unpubl. data; Bird et al., unpubl. data) and age 
determination (Nielsen et al., 2016).  
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Figure 1.5  Diagrams of A) an elasmobranch vertebra, and B) a teleost eye and eye lens.  
Panel A) shows a whole vertebrae from a porbeagle shark (Lamna nasus), and a vertebral section from 
a winter skate (Leucoraja ocellata). Panel B) shows a typical eye from a teleost, and an eye lens 
section from a black scabbardfish (Aphanopus carbo); this image was obtained from K. Quaeck. 
1.5.2 Isoscapes 

The use of stable isotopes as an explicit geo-location tool requires the construction of 
geographically indexed models of the spatio-temporal distributions of baseline isotope values 
(‘isoscapes’, sensu West et al., 2010; see also Bowen et al., 2005; Bowen & West, 2008; Bowen,  
2010a; Graham et al., 2010; McMahon et al., 2013a). Reference isoscapes may be constructed in 
various ways, from relatively simple interpolation models (Schell et al., 1998; Bowen & Revenaugh, 
2003; Bowen et al., 2005; McMahon et al., 2013a) to more complex regression (Jennings & Warr, 
2003; Meehan et al., 2004; Radabaugh et al., 2013; MacKenzie et al., 2014) or processed-based, 
mechanistic models (Hofmann et al., 2000; Tagliabue & Bopp, 2008; Somes et al., 2010; Schmittner 
& Somes, 2016).  
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In terrestrial systems, isoscape-based geo-location methods have been applied with great 
success to reconstruct migrations for a range of taxa, including insects, birds and mammals (e.g. 
Hobson et al., 2012; Van Wilgenburg et al., 2012; Flockhart et al., 2013; Cryan et al., 2014). 
Continental- to global-scale isoscapes of stable hydrogen (δ2H) and oxygen (δ18O) isotope ratios in 
precipitation have been developed, based on the spatial interpolation of large numbers of spatio-
temporally distributed isotopic measurements (Bowen & Revenaugh, 2003; Bowen et al., 2005; Fig. 
1.6), and on statistical regression relationships between measured isotope values and environmental 
predictor variables such as latitude, altitude, temperature, and rainout (e.g. Meehan et al., 2004; 
Bowen, 2010b). These isoscapes have been made web-accessible for custom-tailored application in 
studies of spatial isotope ecology (www.waterisotopes.org; www.iaea.org/water). 

By contrast, in marine environments there has been comparatively little use of isoscape-
based methods to study migration, as sampling of isotopic baselines is complicated by both a largely 
inaccessible environment, and highly dynamic biogeochemical cycles (Trueman et al., 2012, 
McMahon et al., 2013a). Values of δ2H and δ18O, and strontium isotope ratios (δ87Sr) are relatively 
homogenous in seawater (Wassenaar, 2008), whilst δ13C and δ15N values show substantial spatio-
temporal variations in phytoplankton and low-trophic-level consumers (e.g. Rau et al., 1989; Sigman 
& Casciotti, 2001; Georicke & Fry, 1994; Montoya, 2007).  

Carbon and nitrogen isoscapes have been developed in coastal and shelf systems (e.g. 
Jennings & Warr, 2003; Radabaugh et al., 2013; MacKenzie et al., 2014; Vander Zanden et al., 
2015a). In open-ocean settings, the application of stable isotopes to reconstruct broad-scale animal 
movements has, to date, been limited to high latitude systems (e.g. Schell et al., 1989a, b; Best & 
Schell, 1996; Cherel et al., 2000; Jaeger et al., 2010), where strong and predictable temperature-driven 
gradients dominate the spatial structure in carbon isotopic baselines (e.g. Dunton et al., 1989; Rau et 
al., 1989; Saupe et al., 1989; Francois et al., 1993; Schell et al., 1998). Indeed, relatively few spatio-
temporally explicit δ13C and δ15N datasets currently exist for open-ocean settings. Ocean basin-scale 
isoscapes have been constructed for the Atlantic by interpolating literature-sourced zooplankton δ13C 
and δ15N data (Graham et al., 2010; McMahon et al., 2013a; Fig. 1.6). These isoscapes are based on a 
relatively few, unevely distributed datapoints, and are strongly influenced by single datapoints or 
cruises. Additionally, they are influenced by variation associated with season and year of sampling, 
taxa sampled, and processing methods.  
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Figure 1.6  Isoscapes of stable A) hydrogen isotope ratios in precipitation and B) carbon isotope 
ratios in zooplankton across comparable spatial-scales. 
The hydrogen isoscape was obtained from the spatial interpolation of ~ 120000 monthly 
measurements (www.waterisotopes.org), the carbon isoscape from the interpolation of ~ 550 records 
(McMahon et al., 2013a).  

Process-based, mechanistic carbon and nitrogen isotope models have been recently 
developed within ocean biogeochemical models, predicting the spatio-temporal distributions of 
isotopic baselines across the global ocean (Hofmann et al., 2000; Tagliabue & Bopp, 2008; Somes et 
al., 2010; Schmittner & Somes, 2016). Nevertheless, modelled isoscapes are limited by the 
assumptions implicit in the underlying biogeochemical and fractionation models, and a lack of suitable 
field validation datasets. Furthermore, they cannot be custom-tailored by isotope ecologists, as 
isoscape development requires access to the full biogeochemical models.  

1.5.2.1  Isoscape-based geographic assignments 
Assigning a likely location based on the isotopic composition of an animal’s tissue 

essentially consists of determining the isotopic difference between the measured tissue and each 
possible location, and assigning a probability of origin to each comparison point (Wunder & Norris, 
2008a; Wunder, 2010; e.g. Fig. 1.7). Prior to this comparison, reference isoscapes should be calibrated 
to tissues, by accounting for trophic and tissue-specific isotopic fractionation (Wunder & Norris, 
2008a; Wunder, 2010). Alternatively, reference isoscapes can be constructed directly from consumers 
of known origin, and used to assign individuals of unknown origin (Vander Zanden et al., 2015a). The 
accuracy and precision of isoscape-based assignments depends in the first instance on the suitability 
and quality of the underlying isoscape (Wunder & Norris, 2008a; Graham et al., 2010; Wunder, 2010). 
Reference isoscapes must predict variation in isotopic values at scales relevant to the movements of 
the animal or species of interest (Graham et al., 2010; Wunder, 2010). Additionally, where isotopic 
baselines are highly variable in time (other than in space), temporally explicit isoscapes may be 
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preferable (MacKenzie et al., 2014; Vander Zanden et al., 2015b). Uncertainties in reference isoscapes 
must be incorporated into the assignment algorithms, together with other potential sources of variation 
in tissue isotopic values (i.e. uncertainties in trophic level and trophic and tissue-specific isotopic 
fractionation, analytical error etc.; Wunder & Norris, 2008a, b; Wunder, 2010). 

 
Figure 1.7  Probability density surface for a hypothetical adult bird feather of unknown origin with 
hydrogen isotopic composition equal to -75‰, based on an isoscape for hydrogen isotope values in 
precipitation (Bowen et al., 2005) calibrated to feather (Wunder, 2010).  
The geography of possible origins for the feather is restricted to the hypothetical breeding range of the 
bird.  
1.5.3 Compound-specific isotope analysis 

The use of carbon and nitrogen isotopes (rather than that of hydrogen and oxygen isotopes) 
to study movement in the marine environment is further complicated by mixed baseline and trophic 
isotope effects (e.g. Jennings & Warr, 2003; Popp et al., 2007; Nielsen et al., 2016; for reviews, see 
Newsome et al., 2010; Ramos & González-Solís, 2012; Trueman et al., 2012; McMahon et al., 2013b). 
Indeed, both carbon and nitrogen isotopes vary greatly across space and time (Graham et al., 2010; 
Trueman et al., 2012; McMahon et al., 2013a, b), and show variable trophic enrichment factors 
(Vander Zanden & Rasmussen, 2001; McCutchan et al., 2003; Hussey et al., 2014). Because of these 
reasons, disentangling mixed baseline and trophic isotope effects is challenging, based on bulk tissue 
isotope data alone (Trueman et al., 2012; McMahon et al., 2013b). 

The analysis of stable carbon and nitrogen isotopes in specific structural compounds within 
animal tissues, such as individual lipids or amino acids, is increasingly used in movement and trophic 
studies (e.g. Popp et al., 2007; Lorrain et al., 2009; McMahon et al., 2011a, b; Chikaraishi et al., 2014; 
for a review, see McMahon et al., 2013b), as it can potentially overcome some of the complications 
associated with mixed baseline and trophic isotope effects (Trueman et al., 2012; McMahon et al., 
2013b). The analysis of amino acid δ15N values in tropical Pacific tunas, for instance, demonstrated 
that the observed variance in bulk δ15N values reflected spatial variations in δ15N baselines and not 
trophic level variations (Popp et al., 2007; Graham et al., 2009).  
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1.5.3.1  Carbon isotopic compositions in amino acids 
With regard to carbon metabolism, amino acids are classified as essential, and non-essential, 

dependent on their synthesis by various organisms (McMahon et al., 2013b; Table 1.1). Essential 
amino acids can only be synthesised de novo by primary producers and bacteria; consumers have lost 
the enzymatic pathways to synthesise these amino acids, and therefore must acquire them directly 
through the diet. Conversely, non-essential amino acids can be synthesised by all organisms to 
maintain normal growth (Hare et al., 1991; Howland et al., 2003; Jim et al., 2006; McMahon et al., 
2013b). Essential amino acid δ13C values show a near zero trophic fractionation, whilst non-essential 
amino acid δ13C values display large trophic fractionation, and bulk δ13C values represent a weighted 
average (Hare et al., 1991; Hayes, 2001; McMahon et al., 2010; McMahon et al., 2015b). Therefore, 
values of δ13C of essential amino acids in a consumer’s tissues reflect values in primary producers 
bacteria (end-members) at the base of the consumer’s food web, without confounding influences from 
trophic discrimination (Lorrain et al., 2009; McMahon et al., 2010; 2015b). Based on this principle, 
patterns in essential amino acid δ13C values in consumers are starting to be used to construct isoscapes 
for phytoplankton (Vokhshoori et al., 2014; Vokhshoori & McCarthy, 2014). 
Table 1.1 Classification of amino acids, according to their rate of synthesis by various organisms. 
Carbon amino acids are divided into essential, non-essential and conditionally essential (indicated by 
asterisks), nitrogen amino acids into source, trophic and unknown. Modified from Karasov & 
Martínez del Rio (2007) and McMahon et al. (2013b).  
 Carbon 

Essential Non-essential 
Nitrogen Source Lysine Glycine* 

 

 
Phenylalanine Serine 
Threonine Tyrosine* 
Methionine  

Trophic Isoleucine Alanine 

 
Leucine Aspartic acid 
Valine Glutamic acid 
 Proline* 

Unknown Hystidine Arginine* 

 
Tryptophan Asparagine 
 Taurine* 
 Cystine* 

 
The inherent metabolic diversity among various prokaryotic and eukaryotic lineages 

generates distinct patterns of isotopic fractionation during amino acid biosynthesis among major 
phylogenetic end-member groups (i.e. bacteria – prokaryotes, fungi, algae and vascular plants – 
eukaryotes; Abraham & Hesse, 2003; Scott et al., 2006; Larsen et al., 2009; 2013), which are known 
as ‘carbon isotope fingerprints’ (sensu Larsen et al., 2009; 2013; Fig. 1.8). As these fingerprints are 
defined downstream of the Calvin cycle by amino acid biosynthetic pathways and associated 
branching points in the central metabolism (Larsen et al., 2009; 2013), they are largely unaffected by 
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variation in growth and environmental conditions (Larsen et al., 2013; 2015). Given that patterns in 
essential amino acid δ13C values in end-members are transferred to consumers with a near zero trophic 
fractionation (Hare et al., 1991; Hayes, 2001; Howland et al., 2003; Jim et al., 2006), patterns in 
consumers can be used to trace the origin of essential amino acids, and thus carbon flow through the 
food web, even where bulk tissue δ13C values show considerable variability (Larsen et al., 2009; 2013; 
2015). This fingerprinting approach is being increasingly used in marine ecology: to reconstruct 
residency and movements across habitats or food webs ultimately supported by differing end-members 
(McMahon et al., 2011a, b; 2012), to determine the proportion of primary versus secondary bacterial 
production within food webs (McMahon et al., 2011a, 2016; see also McCarthy et al., 2007; 2013), to 
assess the role of hindgut fermentation of consumer metabolism (Arthur et al., 2014), and to 
reconstruct shifts in the composition of the primary producing community over time (Ruiz-Cooley et 
al., 2014; Schiff et al., 2014; McMahon et al., 2015a).  

 
Figure 1.8  Carbon isotope fingerprints for various eukaryotic and prokaryotic lineages, including 
bacteria, fungi, algae and vascular plants (end-members).  
Patterns in carbon isotopic compositions of essential amino acids in end-members are transferred to 
consumers with a near zero trophic fractionation, therefore patterns in consumers can be used to trace 
the carbon flow through the food web. Taken from Larsen et al. (2013). 

Carbon isotopic compositions of non-essential amino acids undergo significant trophic 
fractionation as amino acids are synthesised (Hare et al., 1991; Hayes, 2001; Howland et al., 2003; 
Jim et al., 2006; McMahon et al., 2013b). Trophic enrichment factors between consumer and diet 
(hence δ13C patterns in non-essential amino acids) vary across taxa and diet types. Previous work has 
demonstrated that trophic fractionation is related to diet composition and quality, as well as 
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differential utilisation of dietary constitutents to the bulk carbon pool (McMahon et al., 2010; 
Newsome et al., 2011; McMahon et al., 2015b). Thus, variations in δ13C patterns of non-essential 
amino acids can provide evidence for both de novo synthesis from a bulk carbon pool, and routing 
from dietary protein (O’Brien et al., 2003; Jim et al., 2006; McMahon et al., 2010; Newsome et al., 
2011; McMahon et al., 2015b). However, additonal contolled feeding experiemnts are needed to better 
constrain these effects (McMahon et al., 2013b).  

1.5.3.2  Nitrogen isotopic compositions in amino acids 
In the case of carbon amino acids, the terms ‘essential’ and ‘non-essential’ refer explicitly to 

the organism’s ability to synthesise the side chain (R group). Thus, whilst the carbon isotopic 
composition of an essential amino acid cannot be altered during diet, the nitrogen isotopic composition, 
in theory, can. In the context of nitrogen, amino acids have been classified into ‘source’ and ‘trophic’, 
depending on the rate of nitrogen replacement within the amine group (McMahon et al., 2013b; Table 
1.1). Values of δ15N of source amino acids in a consumer are similar to those of its diet, reflecting a 
near zero trophic fractionation. The reactions associated with the metabolic-processing of source 
amino acids are assumed to neither form or break bonds containing nitrogen atoms (McClelland & 
Montoya, 2002; Chikaraishi et al., 2007; Popp et al., 2007). Values of δ15N of trophic amino acids, by 
contrast, undergo significant trophic fractionation during nitrogen metabolism, due to the removal and 
translocation of the amine functional group during deamination and transamination (Macko et al., 
1986; McMahon et al., 2015b), which often provide greater sensitivity for defining trophic position 
than bulk isotope analysis.  

When estimating trophic level, a single analysis of δ15N values of non-essential amino acids 
in a consumer can provide dual information on isotopic baseline and trophic enrichment (McClelland 
& Montoya, 2002; Chikaraishi et al., 2009; 2010; 2014). Particulalry, δ15N values of source amino 
acids provide a measurement of the isotopic baseline, the difference between δ15N values of trophic 
amino acids relative to source provides an estimate of trophic enrichment. Thus, δ15N values of non-
essential amino acids should allow for more accurate estimates of trophic position than those based on 
bulk δ15N values alone, particulalry across regions with different isotopic baselines  

Chikaraishi et al. (2009) recommended the use of the trophic amino acid glutamic acid and 
the source amino acid phenylalanine to estimate trophic position, due to relatively large and constant 
isotopic enrichment in glutamic acid relative to phenylalanine with each trophic transfer (TEFglu-phe = 
7.6 ‰), and consistent difference between the trophic and source amino acids in primary production 
(βglu/phe = 3.4 ‰). However, emerging work has demonstrated that early assumptions of a constant 
TEFglu-phe value are unfounded, and, similar to bulk δ15N values (see, for instance, Hussey et al., 2014), 
TEFglu-phe values vary systematically with trophic position, feeding ecology, and form of nitrogen 
excretion (Choy et al., 2012; Hoen et al., 2014; McMahon et al., 2015b, c; Nielsen et al., 2015). The 
mean measured βglu/phe value is also slightly lower than the assumed value and, though no consistent 
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differences are observed among phytoplankton species, large differences exist between terrestrial and 
marine plants, and for combinations of other amino acids (Nielsen et al., 2015 and references therein). 
At present, therefore, further experiments are needed to better constrain variability in the parameters 
of the trophic position equation. Particulalry, the influence of nutritional quality, form of excretion, 
differences in isotopic enrichment among amino acids and between tissues should be explored in 
detail (McMahon et al., 2013b).  

 Thesis aim, objectives and hypotheses 1.6
The aim of this project is to determine whether the ontogenetic movements of pelagic sharks 

can be reconstructed retrospectively using stable carbon and nitrogen isotopes. To address this 
question, this thesis has three main objectives: 
1) The development of a process-based, mechanistic carbon isotope model predicting the likely 

spatio-temporal distributions of the carbon isotopic composition of phytoplankton at the base 
of pelagic food webs across the global ocean (Chapter 2).  

2) The recovery of individual-level life-history records of carbon and nitrogen isotopic 
compositions of bulk cartilage collagen from vertebrae of two pelagic sharks model species, 
the blue (Prionace glauca) and porbeagle (Lamna nasus) sharks (Chapter 3).  

3) The recovery of comparable records of carbon isotopic compositions of individual amino 
acids in vertebrae from the same individual sharks (Chapter 4). 
The underlying premise of using stable isotope tracers to infer movement is that the isotopic 

composition of an animal’s tissues reflects that of the local food web, overlain by a relatively 
predictable trophic enrichment (Fig. 1.4). In principle, therefore, movements across isotopic gradients 
can be reconstructed by relating variations in tissue isotopic compositions to geographic variations in 
isotope ratios at the base of the food web. However, interpretations of variance in bulk tissue isotopic 
compositions to infer movement are limited by mixed baseline and trophic isotope effects, and by 
large uncertainties in the spatio-temporal distributions of isotopic baselines, particulalry in pelagic 
settings. 

The construction of a reference isoscape is a critical requirement for the application of 
isotope tracers as a geo-location tool. In pelagic settings, however, the development of reference 
isoscapes is limited by highly dynamic biogeochemical cycles, and poor spatio-temporal sampling of 
isotopic baselines. To address these limitations, in Chapter 2 I developed an isotopic extension to an 
existing ocean biogeochemical model, NEMO-MEDUSA, predicting the likely spatio-temporal 
distributions of carbon isotopic baselines across the global ocean. Particularly, I hypothesised that: H1 
– major spatial (and temporal) patterns in the carbon isotopic composition of phytoplankton can be 
recovered by a relatively simple function containing the principal controls of carbon isotopic 
fractionation during photosynthesis. This carbon isotope model was then used to construct isoscapes 
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for the global open-ocean, which can be readily custom-tailored by isotope ecologists, and used to 
investigate the likely influences of spatio-temporal variability in isotopic baselines on tissue isotopic 
compositions. 

The isotopic composition of an animal’s tissues reflects the interaction between the animal 
and its environment (in terms of both location and diet), and can therefore be considered a functional 
trait. The pattern in the isotopic composition of incrementally grown, metabolically inert tissues 
reflects the animal-environment interaction throughout time, and thus represents a life-history trait. 
Variance in ontogenetic isotope patterns among individuals also represents a life-history trait for a 
population or species. In Chapters 3 and 4, I recover individual-level life-history records of carbon 
(and nitrogen) isotopic compositions for bulk cartilage collagen and single amino acids from vertebrae 
of blue and porbeagle sharks caught across the North Atlantic. Pelagic sharks often share life-history 
traits, such as ontogenetic migrations between pupping and feeding grounds and trophic shifts. 
Therefore, I hypothesised that: H2 – common, broad ontogenetic patterns in isotopic compositions 
can be identified across individuals of the same species, indicating species-level life-history isotopic 
traits (e.g. Fig. 1.9). 

 
Figure 1.9  Diagram of predicted life-history isotopic traits for A) carbon and B) nitrogen isotopic 
compositions for an individual shark (or a population, species or functional group) increasing trophic 
level with size, whilst feeding at the same location throughout ontogeny.  
In size-structured ecosystems, trophic level is predicted to increase linearly with size, producing an 
increase in both carbon and nitrogen isotopic compositions throughout ontogeny, with a larger 
increase in nitrogen isotope values. In sharks, stepwise increases in trophic level have also been 
observed, producing step-changes in carbon and nitrogen isotope values (e.g. Estrada et al., 2006). 
Core regions of the vertebra reflect maternal isotopic compositions (Olin et al., 2011); mothers are 
predicted to feed at a higher trophic level than newly born and juvenile sharks, and at a comparable 
level to adults. Clearly, if movement occurs in combination to an increase in trophic level, these 
patterns may be offset by spatial variations in isotopic baselines. 

In traditional bulk tissue isotope analysis, variance in tissue isotopic compositions reflects 
both variations in isotopic baselines, and fluctuations in diet and trophic level (Fig. 1.4). Thus, whilst 
interpretations of life-history isotopic traits for bulk collagen using modelled isoscapes may provide 
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initial movement hypotheses, they are ultimately limited by mixed baseline and trophic isotope effects. 
Essential amino acids are synthesised de novo by primary producers and bacteria (food web end-
members), and subsequently assimilated by consumers directly through diet. Consequently, the carbon 
isotopic compositions of essential amino acids in a consumer’s tissues reflect weighted averages of the 
amino acid isotopic compositions for all the end-members contributing essential amino acids to the 
consumer’s food web, without confounding influences from trophic fractionation. Based on this 
premise, I hypothesised that: H3 – life-history isotopic traits for essential amino acids can be used to 
disentangle baseline from trophic effects on traits for bulk collagen, and thus can provide 
conclusive evidence for movement traits.
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 Using ocean models to predict spatial and Chapter 2: 
temporal variation in marine carbon isotopes 

This chapter is modified from a research article published in the peer-review journal 
Ecosphere: Magozzi, S. M., A. Yool, H. B. Vander Zanden, M. B. Wunder, and C. N. Trueman. 2017. 
Using ocean models to predict spatial and temporal variation in marine carbon isotopes. Ecosphere. 
In press. S. Magozzi developed the carbon isotope model, validated it against available zooplankton 
data, compared it against an alternative published model, and wrote the manuscript. C. Trueman 
adviced in model development and validation. A. Yool provided outputs from NEMO-MEDUSA, which 
were used as inputs for the carbon isotope model. M. Wunder and H. Vander Zanden adviced the 
construction of discrete isoscapes over provinces and clusters. All the co-authors provided feedback 
on the article.  

 Abstract 2.1
Natural-abundance stable isotope ratios provide a wealth of ecological information relating 

to food web structure, trophic level, and location. The correct interpretation of stable isotope data 
requires an understanding of spatial and temporal variation in the isotopic compositions at the base of 
the food web. In marine pelagic environments, accurate interpretation of stable isotope data is 
hampered by a lack of reliable, spatio-temporally distributed measurements of baseline isotopic 
compositions. In this study, we present a relatively simple, process-based carbon isotope model that 
predicts the spatio-temporal distributions of the carbon isotope composition of phytoplankton (here 
expressed as δ13CPLK) across the global ocean at one degree and monthly resolution. The model is 
driven by output from a coupled physics-biogeochemistry model, NEMO-MEDUSA, and operates off-
line; it could also be coupled to alternative underlying ocean model systems. 

Model validation is challenged by the same lack of spatio-temporally explicit data that 
motivates model development, but predictions from our model successfully reproduce major spatial 
patterns in carbon isotope values observed in zooplankton, and are consistent with simulations from 
alternative models. Model predictions represent an initial hypothesis of spatial and temporal variation 
in carbon isotopic baselines in ocean areas where a few data are currently available, and the best 
currently available tool to estimate spatial and temporal variations in baseline isotopic compositions at 
ocean basin- to global-scales. 
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 Introduction 2.2
Natural-abundance stable isotope analysis is a routine tool in ecology providing information 

on food web structuring, trophic interactions, and nutrient flux (e.g. Kelly, 2000; Post, 2002; Boecklen 
et al., 2011; Layman et al., 2012; Trueman et al., 2014; Choy et al., 2015), and offers a method for 
retrospective geolocation (e.g. Hobson, 1999; Graham et al., 2010; Hobson et al., 2010; Wunder, 2010; 
Trueman et al., 2012; Vander Zanden et al., 2015a; Trueman et al., 2016). All ecological applications 
of stable isotope data require consideration of spatial and temporal variation in the isotopic 
compositions of nutrients at the base of the food web, or in local precipitation in the case of stable 
oxygen and hydrogen isotopes. Incomplete knowledge of the likely spatio-temporal variation in 
baseline isotope values over an animal’s foraging range, and/or over seasonal, annual or multi-annual 
cycles can lead to poor sampling design and inaccurate interpretation of results.  

In terrestrial systems, continental- to global-scale isoscapes (sensu Bowen & West, 2008; 
West et al., 2010; for a review, see Bowen, 2010a) of stable hydrogen and oxygen isotope ratios in 
precipitation have been developed, based on the spatial interpolation of large numbers of spatio-
temporally distributed isotopic measurements (e.g. Bowen & Revenaugh, 2003; Bowen et al., 2005), 
and on statistical regression relationships between measured isotope values and environmental 
predictor variables such as latitude, altitude, temperature, and rainout (e.g. Meehan et al., 2004; 
Bowen, 2010b). Over the past decade, geolocation methods using precipitation-based isoscapes have 
provided the foundation for a formidable body of migration science research in a range of terrestrial 
taxa, including insects, birds, and mammals (e.g. Wunder, 2010; Hobson et al., 2012; Van Wilgenburg 
& Hobson, 2011; Van Wilgenburg et al., 2012; Flockhart et al., 2013; Rundel et al., 2013; Cryan et al., 
2014; Garcia-Perez & Hobson, 2014). 

In marine ecosystems, sampling of baseline isotope compositions is complicated by both 
highly dynamic biogeochemical cycles and a relatively inaccessible environment (for reviews, see 
Graham et al., 2010; Trueman et al., 2012; McMahon et al., 2013a). Consequently, the use of stable 
isotope data in trophic and geolocation studies is particularly challenging in open marine 
ennvironments. Stable hydrogen, oxygen and strontium isotope ratios show relatively little spatial 
variation in seawater (Wassenaar, 2008), but by contrast carbon (δ13C) and nitrogen (δ15N) isotope 
ratios show substantial spatio-temporal variations (e.g. Rau et al., 1989; Francois et al., 1993; 
Goericke & Fry, 1994; Jennings & Warr, 2003; Barnes et al., 2009; McMahon et al., 2013a and 
references therein). While carbon and nitrogen isoscapes are beginning to be developed in coastal and 
shelf areas (e.g. Jennings & Warr, 2003; Barnes et al., 2009; Radabaugh et al., 2013; MacKenzie et al., 
2014; Vokhshoori & McCarthy, 2014; Vokhshoori et al., 2014; Vander Zanden et al., 2015a; Trueman 
et al., 2016), relatively few spatio-temporally explicit δ13C and δ15N datasets currently exist for open-
ocean settings. Ocean basin-scale isoscapes have been constructed by spatial interpolation of 
published zooplankton δ13C and δ15N data (Graham et al., 2010; McMahon et al., 2013a). However, 
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such opportunistic compilations of literature data have relatively few, unevenly distributed data points 
(approximately 550 data points for the Atlantic Ocean; see McMahon et al., 2013a), and consequently 
are strongly influenced by single data points or specific cruises. Furthermore, isotopic variation 
associated with season and year of sampling, taxa sampled, and processing methods cannot easily be 
controlled from opportunistic compilations of literature data.  

In open-ocean settings, the application of stable isotopes to reconstruct broad-scale animal 
movements has been largely limited to high latitude systems (e.g. Schell et al., 1989a, Best & Schell, 
1996; Cherel et al., 2000; Cherel & Hobson, 2007; Jaeger et al., 2010), where strong and predictable 
temperature-driven gradients dominate the spatial structure in baseline carbon isotopes (e.g. Rau et al., 
1982; Dunton et al., 1989; Rau et al., 1989; Saupe et al., 1989; Francois et al., 1993; Schell et al., 
1998). Realistic predictions of the spatio-temporal distributions of baseline isotope values across the 
global ocean would help to interpret the isotopic compositions of animal tissues in the context of 
marine spatial and trophic ecology, and aid the use of stable isotopes as geolocation tools for 
migratory oceanic animals (Graham et al., 2010; Ramos & González-Solís, 2012; Trueman et al., 
2012; McMahon et al., 2013a).  

Coupled ocean physics-biogeochemistry models can provide a framework for mechanistic 
prediction of isotopic compositions of phytoplankton, and stable isotopes have been incorporated into 
several global system models (Hoffman et al., 2000; Tagliabue & Bopp, 2008; Schmittner & Somes, 
2016). Access to full global ocean models is relatively restricted due to processing time, but output 
from model simulations is widely available. Here we provide an offline extension to ocean ecosystem 
models predicting isotopic variability of carbon in phytoplankton based on parameters commonly 
simulated in global ocean biogeochemistry models. 

 
2.2.1 Carbon isotope variation in phytoplankton 

Spatial variations in the carbon isotope composition of phytoplankton (δ13CPLK) co-vary with 
variations in sea surface temperature (Sackett et al., 1965; Fontugne & Duplessy, 1981; Rau et al., 
1982; 1989; Goericke & Fry, 1994; Lara et al., 2010), concentration of dissolved CO2 ([CO2(aq)]; Rau 
et al., 1989; 1992; Goericke & Fry, 1994; Rau et al., 1997; Fischer et al., 1998), and phytoplankton 
physiology and community dynamics (Wong & Sackett, 1978; Fry & Wainright, 1991; Francois et al., 
1993; Goericke et al., 1994; Bidigare et al., 1997; Popp et al., 1999; Maranon, 2009; Lara et al., 2010). 
At high latitudes, regional- to global-scale patterns in δ13CPLK values strongly reflect sea surface 
temperature gradients, as temperature co-varies with direct drivers of isotopic fractionation, such as 
concentration of dissolved CO2, phytoplankton growth rates, and community composition (see below). 
Values of δ13CPLK are increasingly decoupled from sea surface temperature at lower latitudes, where 
smaller, often seasonal changes in phytoplankton physiological correlates (e.g. growth rates and cell 
size) and community dynamics (e.g. community composition) may have greater influences than the 
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relatively homogenous temperature. Concentration of dissolved CO2, phytoplankton growth rates, cell 
size, and community composition act as direct controls on δ13CPLK values by influencing the degree of 
carbon isotope fractionation that occurs during photosynthesis (εp). In laboratory experiments, εp is 
positively related to the concentration of dissolved CO2 (Hinga et al., 1994; Laws et al., 1995; 1997; 
Burkhardt et al., 1999), and negatively related to the specific growth rate of phytoplankton (μ; Laws et 
al., 1995; Bidigare et al., 1997; Laws et al., 1997; Burkhardt et al., 1999). The extent of isotopic 
fractionation occurring during photosynthetic carbon assimilation depends on the proportion of 
intracellular inorganic carbon that diffuses back into the surrounding water (Farquhar et al., 1982; 
Francois et al., 1993). Assuming that inorganic carbon enters the cell entirely via passive diffusion, 
this proportion is equivalent to the ratio of internal to external concentration of dissolved CO2, which, 
in turn, is proportional to the specific growth rate of phytoplankton (Farquhar et al., 1982; Laws et al., 
1995; 1997). Concentration of dissolved CO2 in the environment is also controlled by phytoplankton 
growth rates, particularly during blooms (Freeman & Hayes, 1992). In addition, because the flux of 
dissolved CO2 into and out of the cell is also proportional to the ratio of cell volume to surface area, εp 
is negatively related to phytoplankton cell size, with large phytoplankton cells (e.g. diatoms) showing 
lower levels of isotopic fractionation (and thus more positive δ13C values) than small-celled 
nanoplankton (Popp et al., 1998).  

Based on the mechanisms described above, εp can be predicted from the concentration of 
dissolved CO2, phytoplankton growth rates, size, and community composition. Given εp, and the 
isotopic composition of dissolved CO2 (δ13CCO2(aq)), δ13CPLK values can be estimated. Coupled 
circulation-biogeochemical ocean models can be used to estimate variables influencing carbon isotope 
fractionation at high spatial and temporal resolutions, and thus to predict δ13CPLK values at 
unmonitored sites and under dynamic environmental conditions (e.g. Hofmann et al., 2000; Tagliabue 
& Bopp, 2008; Somes et al., 2010; Schmittner & Somes, 2016). The choice of the underlying 
biogeochemical model should reflect a compromise between relatively simple models with a few 
variables (i.e. degrees of freedom), and more complex models with potentially increased accuracy but 
also increased computing demand and more opaque relationships between the underlying assumptions 
and the output.  

Here we use an ocean general circulation model (GCM) coupled to a biogeochemistry model 
of intermediate complexity, NEMO-MEDUSA (Madec, 2008; Yool et al., 2013), combined with 
general assumptions related to carbon isotope fractionation, to develop a relatively simple, offline, 
process-based carbon isotope model; this model predicts the spatio-temporal distributions of δ13CPLK 
values across the global surface ocean at one degree and monthly resolution. This isotopic extension 
could be coupled to any existing earth system model that generates predictions of sea surface 
temperature, concentration of CO2 and other components within the dissolved inorganic carbon (DIC) 
pool, and phytoplankton growth rates and proportional abundances.  
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Based on the underlying mechanisms of isotopic variation included in the model, as well as 
on observed patterns of variation in nature (e.g. Rau et al., 1989; Francois et al., 1993; Goericke et al., 
1994; Goericke & Fry, 1994; McMahon et al., 2013a) we expect: 1) basin- to global-scale variations 
in simulated δ13CPLK values to be largely driven by large-scale changes in the concentration and 
isotopic composition of CO2, as well as growth rates and proportional abundances of key 
phytoplankton functional groups, and thus to co-vary with sea surface temperature, 2) regional-scale 
variations in δ13CPLK values to be super-imposed on broad latitudinal isotopic gradients, and caused by 
smaller, often seasonal changes in phytoplankton physiological correlates and community dynamics, 
and 3) highest temporal variability in δ13CPLK values to occur in regions characterized by strong, 
transient phytoplankton blooms (e.g. high/temperate latitudes and upwelling regions) and by 
periodical oceanographic and/or climatic phenomena.  

 Methods 2.3
2.3.1 NEMO-MEDUSA 

We used the coupled physics-biogeochemistry model, NEMO-MEDUSA, to generate 
global-scale fields of relevant properties (sea surface temperature, concentration of dissolved CO2, 
growth rates and proportional abundances of key phytoplankton functional groups) to estimate the 
carbon isotope fractionation occurring during photosynthesis (for fractionation occurring within the 
dissolved inorganic carbon pool and during air-sea CO2 exchange, see Appendix 2.A). The physical 
component of this model, NEMO (Nucleus for the European Modelling of the Ocean; Madec, 2008), 
is a general circulation model, including a sea-ice submodel (LIM2; Timmermann et al., 2005), 
configured here at approximately 1° horizontal resolution, with vertical space divided into 64 levels 
with thicknesses increasing from 6 m at the surface to 250 m at 6000 m. The biogeochemical 
component, MEDUSA-2.0 (Model of Ecosystem Dynamics, nutrient Utilization, Sequestration and 
Acidification; Yool et al., 2013) is an intermediate complexity ecosystem model founded on the 
elemental cycles of nitrogen, carbon, silicon, and iron. NEMO-MEDUSA has been extensively 
described and validated (for a complete description, see Yool et al., 2013), thus here we only report 
information relevant to the development of the carbon isotope model.  

In brief, NEMO-MEDUSA assigns phytoplankton to two functional groups: large-celled 
‘diatoms’ and small-celled ‘non-diatoms’, which are intended to represent micro- and pico-
phytoplankton respectively. Phytoplankton growth is limited by temperature, light, and nutrient 
(nitrogen and iron) availability, with ‘diatoms’ being additionally constrained by silicon availability. 
Within NEMO-MEDUSA, dissolved inorganic carbon is always available in excess to phytoplankton, 
and is, therefore, entirely assimilated via passive diffusion in the form of CO2(aq), although in reality 
some phytoplankton groups may also actively take up HCO3- and CO32-, particularly when CO2(aq) is 
limiting (see Keller & Morel, 1999). NEMO-MEDUSA variables (nutrients, phytoplankton, 
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zooplankton, and detritus) are simulated for the full 3D water column, but the outputs used in the 
carbon isotope model (Table 2.1) are taken from the top ~ 6 m of the ocean’s surface, with the 
exception of phytoplankton growth rates and biomass, which are mixed-layer averages.  

NEMO-MEDUSA was run for the period 1860-2100 under atmospheric forcing 
(temperature, humidity, winds, downward heat, and freshwater fluxes) derived from a simulation of 
the HadGEM2-ES climate model performed as part of Phase 5 of the Coupled Model Intercomparison 
Project (CMIP5; Collins et al., 2011; Jones et al., 2011). This simulation used the historical 
atmospheric pCO2 record to 2005, then Representative Concentration Pathway (RCP) 8.5 out to 2100. 
The use of such model-derived forcing means that patterns of variability will not exactly match that 
observed for particular years since the models contain their own internal variability. 

For our analysis, we used outputs for the period 2001-2010 at monthly resolution, and re-
gridded these onto the standard World Ocean Atlas grid (regular 1° x 1° resolution). To avoid 
influences from particular years, we averaged outputs for the period 2001-2010 to create a monthly 
climatology (i.e. of 10 years of Januarys, Februarys, etc.), and then used this climatology to calculate a 
single annual average and a single intra-annual range (over all averaged months) in δ13CPLK values. 
Results of annual average δ13CPLK values over individual model years for the period 2001-2010 are 
also presented in Appendix 2.B. In addition, we calculated inter-annual range in δ13CPLK values as the 
range of annual average values over individual model years for the period 2001-2010.  
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Table 2.1 The NEMO-MEDUSA variables and other literature-derived parameters used as inputs in the carbon isotope model. The NEMO-MEDUSA 
variables are dynamic, and, in general, were simulated for the ocean’s surface, with the exception of phytoplankton growth rates and biomass, which were 
mixed-layer averages. Literature-derived parameters are fixed, and, in general, were assigned base values from Rau et al. (1996; 1997), with the exception of 
‘diatom’ and ‘non-diatom’ cell radii, which were assigned base values from Maranon (2009). The units in which model variables or fixed parameters are 
expressed in the model are also reported. 
Term Source Category Layer Value Unit (MEDUSA) 
Sea Surface Temperature (SST) MEDUSA Dynamic Surface Variable °C 
Concentration of Dissolved Inorganic Carbon ([DIC]) MEDUSA Dynamic Surface Variable mmol m-3  
Concentration of CO32- ([CO32-]) MEDUSA Dynamic Surface Variable mmol m-3  
Diatom growth rate (μd) MEDUSA Dynamic Mixed-layer Variable s-1 
Non-diatom growth rate (μn) MEDUSA Dynamic Mixed-layer Variable s-1 
Concentration of CO2(aq) ([CO2(aq)])* MEDUSA Dynamic Surface Variable mol m-3  
Diatom biomass MEDUSA Dynamic Mixed-layer Variable mmol N m2 
Non-diatom biomass MEDUSA Dynamic Mixed-layer Variable mmol N m2 
Diatom cell radius (rd) Maranon, 2009 Fixed n.a. 5*10-6 m 
Non-diatom cell radius (rn) Maranon, 2009 Fixed n.a. 1*10-6 m 
Diatom cell surface (Sd) Rau et al., 1996; 1997 Fixed n.a. 4*π*rd2 m2 
Non-diatom cell surface (Sn) Rau et al., 1996; 1997 Fixed n.a. 4*π*rn2 m2 
Diatom cell volume (Vd) Rau et al., 1996; 1997 Fixed n.a. 4/3*π*rd3 m3  
Non-diatom cell surface (Sn) Rau et al., 1996; 1997 Fixed n.a. 4/3*π*rn3 m3  
Diatom cell carbon content (γd) Rau et al., 1996; 1997 Fixed n.a. 3.154*10-14*Vd(μm3)0.758 mol C 
Non-diatom cell carbon content (γn) Rau et al., 1996; 1997 Fixed n.a. 3.154*10-14*Vn(μm3)0.758 mol C 
Enzymatic fractionation during intracellular C fixation (εf) Rau et al., 1996; 1997 Fixed n.a. 25 ‰ 
Diffusive fractionation of CO2(aq) in seawater (εd) Rau et al., 1996; 1997 Fixed n.a. 0.7 ‰ 
Temperature-sensitive diffusivity of CO2(aq) in seawater (Dt) Rau et al., 1996; 1997 Fixed n.a. 1.45*10-9 m2 s-1 
Reacto-diffusive length (rk) Rau et al., 1996; 1997 Fixed n.a. 2.06*10-4 m 
Cell wall permeability to CO2(aq) (P) Rau et al., 1996; 1997 Fixed n.a. 10-4 m s-1 
*Note that, while NEMO-MEDUSA does not distinguish between the concentration of dissolved CO2 ([CO2(aq)]) and the concentration of carbonic acid 
([H2CO3]), [H2CO3] in seawater is negligible in comparison to [CO2(aq)] (Zeebe et al., 1999). 
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2.3.2 δ13CPLK parameterization 
We defined δ13CPLK as the difference between the isotopic composition of the substrate 

CO2(aq) (δ13CCO2(aq); for parameterization, see Appendix 2.A) and the overall carbon isotope 
fractionation occurring during photosynthesis (εp; Freeman & Hayes, 1992). Indeed, εp is the major 
source of variability in δ13CPLK (Rau et al., 1982; 1989), although carbon isotope fractionation within 
the DIC pool and during air-sea CO2 exchange also contribute, to an extent, to variation in δ13CPLK (i.e. 
through influencing δ13CCO2(aq)), and thus are also parameterized in the carbon isotope model (see 
Appendix 2.A). Diazotrophs are not modeled explicitly within NEMO-MEDUSA, but some 
diazotophs such as Trichodesmium are known to display relatively low levels of isotopic fractionation, 
and thus more positive δ13C values (Carpenter et al., 1997). We therefore make an assumption that 
diazotroph contribution to total phytoplankton carbon is relatively minor. 

2.3.2.1 Photosynthetic carbon isotope fractionation 
We calculated the overall photosynthetic carbon isotope fractionation in each month (εp) as 

the average fractionation of small-celled, and silica-limited large-celled phytoplankton (i.e. ‘diatoms’ 
and ‘non-diatoms’, respectively), weighted by their proportional abundance. In this instance, we 
parameterized the photosynthetic carbon isotope fractionation of the phytoplankton group i (εpi) as a 
linear function of [CO2(aq)], used as a proxy for carbon supply, and the specific growth rate of the 
phytoplankton group i (μi), used as a proxy for carbon demand (Farquhar et al., 1982; Laws et al., 
1995); we used the same parameterization of εpi as Rau et al. (1996; 1997) (Eq. 2.1): 
ε =  ε + ( ) ; b =  −(ε − ε )  ×  × +   (2.1) 
where the terms [CO2(aq)] and μi (i.e. concentration of CO2(aq) and specific growth rate of the 
phytoplankton group i, respectively) are NEMO-MEDUSA outputs, and all the other terms are fixed 
values (Table 2.1). 

We fixed the cell radius (ri) at 50μm for ‘diatoms’, and at 10μm for ‘non-diatoms’ (Maranon, 
2009 and references therein); the cell surface area (Si) and volume (Vi) depended on ri, and the cell 
carbon content (γi), in turn, on Vi. We assigned base values from Rau et al. (1996; 1997) to enzymatic 
isotope fractionation associated with intracellular carbon fixation (εf), diffusive isotope fractionation 
of CO2(aq) in seawater (εd), temperature-sensitive diffusivity of CO2(aq) (Dt), reacto-diffusive length (rk), 
and cell wall permeability (P). Additionally, to account for the influence of cell size and geometry on 
εpi (Popp et al., 1998), and to replicate the observed minimum of εpi at high values of μi/[CO2(aq)] 
(Laws et al., 1995; 1997), we constrained εpi between 5 and 20‰, and between 10 and 26‰ for 
‘diatoms’ and ‘non-diatoms’, respectively (see Tagliabue & Bopp, 2008).  
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2.3.2.2  Day-length correction, scaling and latitude-dependent limitation of phytoplankton 
growth rates 

Ocean biogeochemical-ecosystem models frequently struggle to derive growth rate terms 
consistent with satellite estimates (Schmittner et al., 2013). Phytoplankton growth rates estimated by 
NEMO-MEDUSA represent the average growth over 24 h, whilst growth rates measured in the 
laboratory – and used to constrain Eq. 1 – reflect the proportion of growth during the photoperiod (i.e. 
specific growth rate, μ; Laws et al., 1995; 1997; see also Rau et al., 1996; 1997). To convert NEMO-
MEDUSA average growth rates to specific growth rates, therefore, we applied a day-length correction 
depending on latitude and month (Forsythe et al., 1995). Growth rates in NEMO-MEDUSA integrate 
growth throughout the mixed-layer, whereas laboratory-derived growth rates in Eq. 2.1 were 
equivalent to growth at the surface (Laws et al., 1995; 1997; see also Rau et al., 1996; 1997). To 
provide comparable growth rate units, we scaled NEMO-MEDUSA specific growth rates by a power-
law conversion (Eq. 2.2).  
μ =  β × μ   (2.2) 
where β = 1.5 and 2.00, and α = 0.2 and 0.3 for ‘diatoms’ and ‘non-diatoms’, respectively. Values of 
the β coefficient constrain maximum specific growth rate to ~ 1.5 and 2 cell divisions d-1 for ‘diatoms’ 
and ‘non-diatoms’, respectively.  

The NEMO-MEDUSA model systematically under-estimates phytoplankton growth rates 
and biomass in oligotrophic regions, attributed in part to the assumption of geographically invariant 
nutrient kinetics, which does not permit phytoplankton to adapt to oligotrophic conditions (Yool et al., 
2013). Therefore, at latitudes between 40 °N and 40 °S, we set growth rate lower limits to 1.25 and 
1.75 cell divisions d-1 for ‘diatoms’ and ‘non-diatoms’, respectively; at latitudes polewards of 60 °N 
and 60 °S, we set lower limits to 1 cell divisions d-1 for both phytoplankton groups. Optimal values of 
the α and β coefficients for the power-law conversion, cell radii, and latitude-dependent growth rate 
lower limits were defined to ensure that predicted values remained in the range of δ13C data for 
zooplankton provided by McMahon et al. (2013a).  
2.3.3 Isoscape development 

The carbon isotope model estimates the surface water distribution of δ13CPLK values at one 
degree and monthly resolution. To reduce the effect of seasonal and decadal variability on δ13CPLK 
values, and provide isoscapes more relevant to higher-trophic-level animals assimilating carbon into 
tissues over longer time-scales (Goering et al., 1990; Bump et al., 2007; see below), we estimated the 
annually averaged surface water distribution of δ13CPLK values. To do this, we calculated annual 
average εp as the mean of monthly εp values of ‘diatoms’ and ‘non-diatoms’, weighted by their 
proportional contribution to the total annual phytoplankton production. We estimated annual average 
δ13CCO2(aq) values simply as the mean of monthly δ13CCO2(aq) values. In addition, to provide an estimate 
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of the temporal variability in baseline carbon isotopes, we estimated the intra- and inter-annual range 
in δ13CPLK values. Annual average and intra-annual range in δ13CPLK values, as well as annual average 
δ13CCO2(aq) values, are estimated using a monthly climatology for the period 2001-2010, while inter-
annual range in δ13CPLK values is calculated as the range of annual average δ13CPLK over individual 
model years for the period 2001-2010. 

We displayed annual average and intra- and inter-annual range in δ13CPLK values as 
continuous surfaces, within nine (annual average and range, respectively) discrete clusters of ‘similar’ 
δ13CPLK values defined a posteriori according to model-based cluster analysis (R function mclust; 
Fraley et al., 2012), and within 54 biogeographic provinces defined a priori by Longhurst (1995; 1998; 
2006). Given the simplifications and assumptions inherent in the carbon isotope model, discrete 
isoscape maps may represent the spatio-temporal variability in δ13CPLK values at resolutions more 
realistic than one degree, and at scales more relevant to the movements of migratory oceanic animals. 
2.3.4 Validation 

Rigorous validation of model isoscapes is challenged by the same lack of spatio-temporally 
explicit reference isotope data that encourage their development (Graham et al., 2010; Trueman et al., 
2012; McMahon et al., 2013a). The most comprehensive compilation of surface ocean δ13C data is 
available from McMahon et al. (2013a) for zooplankton (i.e. δ13CZPLK) within the Atlantic Ocean, 
which we used to tune model parameters as described above. As there are insufficient published δ13C 
data to create comparative global continuous surface isoscapes, we divided the global ocean according 
to Longhurst biogeographic provinces (Longhurst 1995; 1998; 2006), and calculated the mean 
modeled annual average δ13C value and its associated standard deviation within each province. We 
then assembled available literature δ13CZPLK data across the global ocean, and estimated mean 
measured δ13CZPLK values within 49 of the 54 discrete provinces (Table 2.2). For each study, we 
calculated a mean δ13C value for zooplankton samples recovered within discrete regions. We averaged 
across the individual study means to estimate mean and variance for δ13CZPLK values in each sampled 
province. We compared modeled and measured values using Monte Carlo resampling and simple 
linear regression. For each of 500 iterations, we randomly selected 33 of the 49 provinces (67% of 
cases), and, for each province, drew from the modeled and measured distribution of available δ13C 
values. We estimated the intercept, slope and R2 values, and residual standard error associated with the 
regression model for each iteration, and reported the resulting mean or median of these regression 
coefficients across the 500 iterations. 

We also conducted a cross-model validation exercise. Alternative models predicting δ13CPLK 
values have been described, based on different underlying ocean-biogeochemical model constructs. 
Schmittner et al. (2013), Schmittner & Somes (2016) incorporated carbon and nitrogen isotopes into 
the UVic earth system model. In this framework, carbon isotopes are explicitly modeled throughout 
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the ocean carbon cycle, but phytoplankton growth rates are not included in the calculation of isotopic 
fractionation during photosynthesis. 

We also conducted a cross-model validation exercise. Alternative models predicting δ13CPLK 
values have been described, based on different underlying ocean-biogeochemical model constructs. 
Schmittner et al., (2013), Schmittner & Somes (2016) incorporated carbon and nitrogen isotopes into 
the UVic earth system model. In this framework, carbon isotopes are explicitly modeled throughout 
the ocean carbon cycle, but phytoplankton growth rates are not included in the calculation of isotopic 
fractionation during photosynthesis. 
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Table 2.2 Literature compilation of δ13C data for zooplankton (δ13CZPLK) and modeled δ13CPLK data across Longhurst biogeographic provinces (Longhurst, 
1995; 1998; 2006). Reference numbers relate to the reference list in Appendix 2.D. 
Longhurst biogeographic province  Measured mean 

δ13CZPLK 
Measured SD 
δ13CZPLK Reference(s) Modeled mean  

δ13CPLK 
Modeled SD  
δ13CPLK 

Modeled total 
range  
δ13CPLK 

Polar - Boreal Polar Province (POLR) -23.0 1.4 1,2,3,23,24 -27.4 1.1 6.6 
Polar - Atlantic Arctic Province -23.4 1.5 2,5 -26.0 1.0 4.4 
Polar - Atlantic Subarctic Province -23.7 0.9 2,6 -25.0 1.1 4.8 
Westerlies - N. Atlantic Drift Province (WWDR) -21.3 0.0 2 -23.5 1.2 4.2 
Westerlies - Gulf Stream Province -21.1 0.0 2 -20.3 1.1 5.1 
Westerlies - N. Atlantic Subtropical Gyral Province (West) (STGW) -21.2 0.7 2 -20.4 0.9 3.6 
Trades - N. Atlantic Tropical Gyral Province (TRPG) -20.4 0.3 2,4 -20.9 1.1 4.8 
Trades - Western Tropical Atlantic Province -19.6 0.4 2,4 -19.2 0.4 1.7 
Trades - Eastern Tropical Atlantic Province -21.5 0.0 2,7 -19.0 0.5 2.7 
Trades - South Atlantic Gyral Province (SATG) -20.9 0.0 2 -21.6 1.3 5.2 
Coastal - NE Atlantic Shelves Province -21.5 0.5 2,8,9,10 -23.9 1.4 6.7 
Coastal - Canary Coastal Province (EACB) -20.4 0.9 2,7 -20.1 1.5 4.6 
Coastal - Guianas Coastal Province -18.3 0.0 2 -19.4 0.6 3.2 
Coastal - NW Atlantic Shelves Province -21.6 0.5 2 -23.3 2.0 6.2 
Westerlies - Mediterranean Sea. Black Sea Province -21.6 2.3 2,11,12,13 -23.5 0.3 2.7 
Trades - Caribbean Province -21.0 0.7 2 -20.0 0.7 2.9 
Westerlies - N. Atlantic Subtropical Gyral Province (East) (STGE) -21.8 0.5 2,14 -22.3 1.2 4.6 
Coastal - Brazil Current Coastal Province -19.6 1.3 2 -21.4 1.5 5.8 
Coastal - SW Atlantic Shelves Province -22.9 0.0 2 -23.6 1.8 7.6 
Coastal - Benguela Current Coastal Province -19.4 0.0 7 -19.1 0.5 1.9 
Trades - Indian Monsoon Gyres Province -20.1 0.0 51 -18.4 0.4 2.3 
Trades - Indian S. Subtropical Gyre Province -20.5 1.3 15,16,18,51 -21.0 1.4 5.2 
Coastal - E. Africa Coastal Province -19.3 0.8 17,19 -19.4 0.7 4.4 
Coastal - Red Sea. Persian Gulf Province -19.8 1.1 18,20,21 -20.8 1.0 3.3 
Coastal - NW Arabian Upwelling Province -19.8 0.9 18,22 -18.4 0.5 2.7 
Coastal - E. India Coastal Province -19.6 0.0 18 -17.8 0.2 0.9 
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Coastal - W. India Coastal Province -19.7 0.6 51 -18.4 0.3 1.4 
Polar - N. Pacific Epicontinental Province -21.7 0.5 23,24 -25.6 1.7 9.2 
Westerlies - Pacific Subarctic Gyres Province (East) -22.0 0.0 3 -24.7 0.8 4.3 
Westerlies - Pacific Subarctic Gyres Province (West) -22.5 1.0 24 -25.6 0.9 4.1 
Westerlies - Kuroshio Current Province -20.7 1.9 26,27,28,29,30 -19.9 1.0 5.0 
Westerlies - N. Pacific Polar Front Province -21.8 2.3 3,23,31 -22.6 1.1 5.1 
Westerlies - S. Pacific Subtropical Gyre Province -23.3 1.7 25 -21.2 1.3 5.1 
Trades - N. Pacific Tropical Gyre Province -18.6 1.2 32,49 -21.6 1.8 6.3 
Trades - N. Pacific Equatorial Countercurrent Province -20.2 1.7 25,33,34,35,36 -18.8 0.4 2.3 
Trades - Pacific Equatorial Divergence Province -20.1 0.0 50 -19.2 0.7 3.2 
Trades - W. Pacific Warm Pool Province -16.2 0.0 27 -19.0 0.3 1.4 
Trades - Archipelagic Deep Basins Province -21.3 0.0 37 -19.3 0.9 3.7 
Coastal - Alaska Downwelling Coastal Province -20.8 1.5 31,38 -23.5 1.0 4.6 
Coastal - California Upwelling Coastal Province -19.0 2.1 31,39,40 -21.4 1.3 5.5 
Coastal - Central American Coastal Province -18.5 0.0 7 -18.4 0.6 2.5 
Coastal - Chile-Peru Current Coastal Province -19.6 1.6 41,50 -21.9 2.3 7.5 
Coastal - China Sea Coastal Province -19.3 0.3 42 -19.6 1.4 5.9 
Coastal - East Australian Coastal Province -21.3 0.3 43,44 -19.5 0.7 2.9 
Coastal - New Zealand Coastal Province -21.3 0.0 52 -22.2 1.3 4.7 
Westerlies - S. Subtropical Convergence Province -19.1 1.1 18,45,51 -21.8 1.0 6.5 
Westerlies - Subantarctic Province -24.2 0.2 2,46 -24.7 1.6 7.8 
Polar - Antarctic Province -27.5 1.0 2 -28.5 0.8 4.0 
Polar - Austral Polar Province -28.7 0.2 2,47,48 -29.2 0.5 2.8 
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 Results 2.4
2.4.1 Spatial patterns in δ13CPLK values 

Predicted annual average δ13CPLK values range between -31 and -16.5‰ across the global 
ocean (Fig. 2.1); the mean ± SD predicted annual average δ13CPLK value is -23.4 ± 3.7‰ for the global 
ocean. On basin- to global-scales, annual average δ13CPLK values vary across broad latitudinal 
gradients, showing steeper variation at high and temperate latitudes than in the tropics. Between 30° N 
and 30° S, annual average δ13CPLK values are relatively uniform and positive, varying between -24.5 to 
-16.5‰ (mean ± SD: -19.9 ± 1.4‰), with peaks of -18 to -16‰ in equatorial upwelling regions. 
Annual average δ13CPLK values decrease rapidly from latitudes polewards of 30° N and 30° S, varying 
between -29 and -17‰ in the subtropics and temperate latitudes, with most positive values of -22 to -
20‰ at the subtropical convergence, in upwelling regions and the Gulf Stream current. At latitudes > 
60° in the northern hemisphere, annual average δ13CPLK values range between -30 and -27‰ (mean ± 
SD: -29.0 ± 0.6‰), with most positive values of -27‰ in the Norwegian Sea and most negative values 
of -29 to -30‰ in the Chukchi and Beaufort Seas. At comparable latitudes in the southern hemisphere, 
annual average δ13CPLK values vary between -31 and -23‰ (mean ± SD: -27.2 ± 1.2‰), and reach 
most positive values of -28 to -26‰ at the edge of the subantarctic front and near the Antarctic shelf, 
and most negative values of -30‰ at the polar front (Fig. 2.1). In polar regions, annual average 
δ13CPLK values show an inter-hemispheric asymmetry, with overall more positive values in the Arctic 
Ocean than in the Antarctic Southern Ocean, with the exception of the margins of the Chukchi and 
Beaufort Seas (Fig. 2.1). These predicted broad-scale spatial patterns are mostly explained by large-
scale variations in the concentration and isotopic composition of dissolved CO2, as well as growth 
rates and proportional abundances of key phytoplankton functional groups (‘diatoms’- vs. ‘non-
diatoms’-dominated phytoplankton communities), and co-vary with sea surface temperature.  
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Figure 2.1  Modeled annually averaged surface water distribution of the carbon isotope composition 
of phytoplankton (δ13CPLK, ‰).  
Annual average δ13CPLK values are calculated using a monthly climatology for the period 2001-2010. 

Regional variations in annual average δ13CPLK values are super-imposed on the broad-scale 
latitudinal isotopic gradients described above (Fig. 2.1). In general, annual average δ13CPLK values are 
relatively positive in the Gulf Stream current, at the subtropical convergence, and in upwelling areas. 
By contrast, annual average δ13CPLK values are relatively negative in oligotrophic areas, where 
nutrients restrict phytoplankton growth, such as subtropical gyres (Fig. 2.1 and 2.2). Modeled annual 
average δ13CPLK values are also relatively negative in the Mediterranean Sea, presumably reflecting 
low phytoplankton growth rates within NEMO-MEDUSA (Fig. 2.1 and 2.2). These predicted 
regional-scale patterns are mostly explained by smaller-scale, often seasonal changes in the 
physiological correlates of phytoplankton communities, such as growth rates and proportional 
abundances of large- and small-celled phytoplankton (Fig. 2.2). As stated above, predictions of 
phytoplankton growth rates within ocean-biogeochemical models are challenging, and consequently 
predictions of regional growth rate-dependent variations in δ13CPLK values are relatively uncertain.  
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Figure 2.2  Modeled monthly-climatology distributions of: A) day-length corrected, scaled diatom growth rate (μ, number of divisions d-1); B) relative 
proportion of ‘diatoms’ (versus ‘non-diatoms’); C) δ13CPLK values (‰).  
Diatom μ and proportion are simulated for the ocean’s mixed layer by NEMO-MEDUSA. To highlight seasonality, outputs for January, April, July, and 
October for the period 2001-2010 are shown.
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2.4.2 Validation  
Comparing measured and modeled δ13CPLK values across Longhurst provinces shows close 

agreement, with a linear slope approximating 1. Mean (standard deviation) linear regression 
parameters from 500 iterations accounting for variances in the measured and modeled data are: 
δ13CPLK = 0.85 (0.15) * δ13CZPLK – 3.6 (3.1) (R2 = 0.44; p-value < 0.001; Fig. 2.3A). Thus, the mean 
slope lies within one standard deviation of a unit line. The median residual standard error associated 
with any single predicted value was 2.2‰. Predicted δ13CPLK values are on average ~ 3.5‰ more 
negative than measured δ13CZPLK values, which is within the range expected considering fractionation 
associated with increases in trophic level (Vander Zanden & Rasmussen, 2001; McCutchan et al., 
2003), and potential carnivory and omnivory in larger zooplankton. Modeled annual average δ13CPLK 
values reach more positive extreme values compared to measured δ13CPLK values, particularly in 
equatorial upwelling regions (Fig 2.3B), although zooplankton in these regions is very sparsely 
sampled. Estimated annual average δ13CPLK values are more negative than measured δ13CPLK averages 
in the Boreal Polar province due to very negative modeled δ13CPLK values in the Arctic Ocean north of 
the Chukchi Sea (Fig. 2.1). However, zooplankton sampling in this area is also limited. As indicated 
above, modeled annual average δ13CPLK values are also systematically negative compared to measured 
δ13CZPLK values in the Mediterranean Sea, most likely because of under-prediction of phytoplankton 
growth rates and possibly under-estimation of ‘diatom’ relative abundance during winter months by 
NEMO-MEDUSA (Yool et al., 2013).  

NEMO-MEDUSA is an open ocean model that omits coastal processes such as run-off or 
littoral primary production, and our isotopic extension assumes that all carbon within the food web is 
derived from atmospheric CO2. In littoral or coastal ecosystems, isotopically-distinct carbon derived 
from terrestrial plants, macroalgae and/or benthic remineralized sources can enter the food web, 
potentially influencing animal tissue isotopic compositions. Accordingly, we did not include 
zooplankton data recovered from estuarine or littoral systems in the data compilation. However, 
separating zooplankton data into Longhurst provinces defined as either coastal or open ocean areas did 
not significantly influence the relationship between modeled and measured values. Whilst this 
comparison is compromised by the limited abundance and sparse distribution of coastal zooplankton 
samples, mismatches between modeled and measured values in coastal and littoral areas may indicate 
incorporation of carbon from sources other than pelagic phytoplankton (e.g. continental-derived 
carbon).  
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Figure 2.3  Comparison of modeled δ13CPLK values from our carbon isotope model against measured 
δ13C data for zooplankton (δ13CZPLK, ‰).  
A) Estimated linear relationship between modeled annual average δ13CPLK and δ13CZPLK values over the 
Longhurst biogeographic provinces (Longhurst, 1995; 1998; 2006). Red lines indicate 500 individual 
linear regression models each reflecting a random selection of 67% of Longhurst provinces with 
available data and accounting for modeled and measured variance within each province; the black line 
indicates the mean slope and intercept across the 500 iterations (δ13CPLK = 0.85 * δ13CZPLK – 3.6; R2 = 
0.44; p-value < 0.001). B) Difference between mean modeled δ13CPLK and mean measured δ13CZPLK 
values in each province (see Table 2.2); yellow indicates provinces for which no δ13CZPLK data were 
available. 

Despite differences in the underlying earth system models, the nature of isotopic 
incorporation into the models (online versus offline isotopic extension), and differences in the 
variables influencing photosynthetic fractionation, there is strong agreement between our model and 
the UVic model (Schmittner & Somes, 2016; Fig 2.4). Simple linear regression between annual 
average δ13CPLK values predicted by our offline carbon isotope model and δ13C values estimated by the 
UVic model (δ13CPLK-SS) yielded a linear relationship with a slope approximating 1 (δ13CPLK = 1.01 * 
δ13CPLK-SS + 1.5, R2 = 0.78, p-value < 0.001; Fig. 2.4A), and a mean residual standard error of 1.7‰. 
The close agreement between the two models reflects the first-order control on δ13CPLK values from 
surface water concentration and isotopic composition of dissolved CO2. Annual average δ13CPLK values 
modeled within NEMO-MEDUSA were on average 1‰ more positive than those predicted by the 
UVic model. Values modeled within NEMO-MEDUSA also showed higher regional variability, 
presumably due to the influence of variable phytoplankton growth rates on fractionation during 
photosynthesis within the MEDUSA model but not within the UVic model. Accordingly, δ13CPLK 
values predicted within MEDUSA were more positive in temperate regions and upwelling areas where 
phytoplankton growth rates are high, and relatively negative in subtropical gyres where phytoplankton 
growth is nutrient-limited (Fig 2.4B). 



  

60 
 

 
Figure 2.4  Comparison of modeled δ13CPLK values from our carbon isotope model against modeled 
δ13CPLK values from the UVic earth system model (δ13CPLK-SS, ‰; Schmittner & Somes, 2016). 
A) Estimated linear relationship between annual average δ13CPLK values (calculated using a monthly 
climatology for the period 2001-2010) and annual average δ13CPLK-SS values (for the model year 2010; 
δ13CPLK = 1.01 * δ13CPLK-SS + 1.5, R2 = 0.78, p-value < 0.001), indicated by the red dashed line; the 
black line indicates the unit slope. B) Difference between δ13CPLK and δ13CPLK-SS values interpolated by 
inverse distance weighting; mean difference across the global ocean was -0.55‰. 
2.4.3 Temporal variability in δ13CPLK values  

Our carbon isotope model allows the prediction of temporal patterns in δ13CPLK values, and 
thus the construction of temporally-explicit isoscapes, providing isoscapes for a specific point in time, 
or isoscapes integrated over a defined period. Temporally-explicit isoscape modeling also provides an 
estimate of the intra- and inter-annual range in baseline carbon isotopes for the global ocean or any 
given basin. In the Atlantic Ocean, for instance, the predicted intra-annual range in δ13CPLK reaches ~ 
10-12‰ in high and temperate latitudes and upwelling regions characterized by strong, transient 
phytoplankton blooms, and is limited to 0-2‰ in areas typified by relatively constant temperature and 
phytoplankton growth rates throughout the year, such as the tropics and subtropical gyres (Fig. 2.5; for 
inter-annual range in δ13CPLK values, see Appendix 2.B, Fig. 2.B3). These predicted temporal patterns 
are influenced by relatively localized seasonal changes in phytoplankton growth rates and proportional 
abundances of ‘diatoms’ and ‘non-diatoms’ (Fig. 2.2). The high intra-annual variability in δ13CPLK 
values at high and temperate latitudes in the northern hemisphere reflects, for instance, the strong 
seasonal variability in phytoplankton growth rates (and concentration of dissolved CO2) typical of 
‘diatom’ blooms (Fig. 2.2). The reduced variability in δ13CPLK values at comparable latitudes in the 
Southern Ocean corresponds to lower overall growth rates throughout the year characteristic of high 
nutrient low chlorophyll zones, despite ‘diatom’ blooms in the austral summer (Fig. 2.2).  
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Figure 2.5  Modeled temporal intra-annual variability in δ13CPLK values (‰). 
A) Intra-annual range in δ13CPLK values across the Atlantic Ocean; intra-annual range of δ13CPLK values 
is calculated as the range of monthly-climatology δ13CPLK values. B) Time-series of monthly-
climatology δ13CPLK values at six locations along a latitudinal gradient, as indicated by numbers in 
panel A). 

 Discussion 2.5
The main goal of this study was to develop a relatively simple, offline carbon isotope model 

to predict the spatio-temporal distributions of the carbon isotope composition of phytoplankton (here 
expressed as δ13CPLK) at regional- to global-scales. To develop this model, we applied a basic function 
estimating carbon isotope fractionation during photosynthesis (εp; Rau et al., 1996; 1997) to ecological 
variables (i.e. sea surface temperature, concentration of dissolved CO2, growth rates and proportional 
abundances of key phytoplankton functional groups) predicted by the NEMO-MEDUSA coupled 
physics-biogeochemistry model (Yool et al., 2013). Our simplified model reproduces major spatial 
patterns in baseline carbon isotopes as observed in nature (Fig. 2.3), and agrees closely with models 
involving explicit parameterization of 12C and 13C through the underlying biogeochemical model 
(Schmittner et al., 2013; Schmittner & Somes, 2016; Fig 2.4).  

 Our carbon isotope model also allows the prediction of temporal variation in baseline 
carbon isotopes, and thus the construction of temporally-explicit isoscapes (Fig. 2.2C), as well as 
time-integrated maps of the likely intra- and inter-annual ranges in δ13CPLK values (Fig. 2.5 and 2.B3A; 
see also Fig. 2.6B, 2.7B, 2.B6A and 2.B7A). Explicit validation of predicted temporal variability in 
δ13CPLK values is, however, even more difficult than validation of geographic variance, particularly 
over large spatial scales. To our knowledge, a few studies have measured baseline carbon isotope 
values in open-ocean settings at a relatively high temporal resolution (Fry & Wainright, 1991; Dehairs 
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et al., 1997), and measurements were all taken at specific point locations usually within an area not 
larger than a grid cell. However, we argue that if our parameterization of δ13CPLK reproduces broad-
scale spatial patterns in baseline carbon isotopes, it should also be sufficient to recover broad-scale 
temporal baseline variations. Temporally-explicit isoscapes may, in fact, be less uncertain than annual 
average isoscapes as annual average δ13CPLK values must be additionally weighted by the estimates of 
monthly production. Given the practical limitations concerning temporally-explicit sampling in open-
ocean conditions, mechanistic isotope models currently provide the best available tool to explore 
temporal variability in baseline carbon isotopes. 
2.5.1 Model isoscapes’ applications in marine ecology 

Knowledge or prediction of temporal variations in baseline carbon isotopes may have 
important implications for the interpretation of animal tissue isotopic compositions for inferences on 
spatial and trophic ecology (Graham et al., 2010; Trueman et al., 2012; McMahon et al., 2013a). The 
transfer of temporal baseline variations to animal tissues generally decreases with decreasing tissue 
isotopic incorporation rate and increasing trophic level (Goering et al., 1990; Bump et al., 2007), 
potentially leading to the temporal averaging of substantial variability in baseline isotope values in 
high-trophic-level organisms. Within an organism, tissues with varying turnover rates will also inherit 
isotopic differences if the animal feeds in a region with high temporal variability in isotopic 
composition at the base of the food web. Migration across spatio-tempoal isotopic gradients adds 
additional complexity to the interpretation of stable isotope compsoitions. Simulation modeling 
provides a tool to explore how spatio-temporal variability in δ13CPLK values is likely to affect tissue 
isotopic values. 

We stress that modeled isoscapes are limited by the lack of suitable field validation datasets, 
and by the simplifications and deficiencies implicit in both the biogeochemical and isotopic 
fractionation models. Here comparison of predicted annual average δ13CPLK values against measured 
δ13C data for zooplankton yields a mean residual standard error around any single point estimate of ~ 
2‰, which is more than 10% of the total global range in δ13CPLK values (Fig. 2.1). Accordingly, we 
suggest that uncertainty inherent in modeled isoscapes is currently too large to permit explicit 
geographic assignments based on continuous isoscape surfaces (Wunder & Norris, 2008b; Wunder, 
2010). However, the relatively close agreement between modeled and measured estimates of mean 
δ13C values in Longhurst biogeographic provinces implies that modeled ocean carbon isoscapes can 
provide a spatio-temporally explicit reference to which tissue isotopic compositions can be related. 
Modeled isoscape values can be partitioned to identify isotopically distinct regions within the global 
ocean (Fig. 2.6), or summarized to describe isotopic variability within biogeographically-defined 
provinces (Longhurst, 1995; 1998; 2006; Fig. 2.7). In both cases, spatial and temporal isotopic 
variability can be quantified within each discrete region, and, if required, incorporated into geographic 
assignment algorithms (Wunder & Norris, 2008b; Wunder, 2010; Vander Zanden et al., 2015a; 
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Trueman et al., 2016). Given that most marine oceanic animals are highly mobile, and have varying 
temporal isotopic incorporation rates, discrete isotopic provinces are likely to represent spatio-
temporal variability in δ13CPLK values at scales more realistic and relevant to their spatial and temporal 
ecology.  

 
Figure 2.6  Discrete isoscapes showing cluster ID for nine clusters of similar A) annual average 
δ13CPLK grid cell values, and B) intra-annual range (i.e. difference between maximum and minimum 
value) in δ13CPLK grid cell values. Numbers in brackets are mean annual average and range δ13CPLK 
values within each cluster.  
Both annual average and intra-annual range in δ13CPLK values are calculated using a monthly 
climatology for the period 2001-2010. For standard deviations of δ13CPLK values within each cluster, 
see Fig. 2.B4.  
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Figure 2.7  Discrete isoscapes across Longhurst biogeographic provinces (Longhurst, 1995; 1998; 
2006): A) mean annual average and B) mean intra-annual range in δ13CPLK grid cell values within each 
province.  
Both annual average and intra-annual range in δ13CPLK values are calculated using a monthly 
climatology for the period 2001-2010. For standard deviations of δ13CPLK values within each province, 
see Fig. 2.B5. 

 Conclusions 2.6
1) Process-based carbon isotope models provide spatio-temporally explicit predictions of the 

carbon isotope composition of phytoplankton (δ13CPLK) at the base of marine pelagic food 
webs. Modeled isoscapes reproduce major spatial patterns in baseline carbon isotope values 
as observed in nature and predicted by alternative models.   

2) Our offline approach ensures that our model can be coupled to output from a wide range of 
alternative earth system models to explore mechanisms controlling and influencing 
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distributions of δ13CPLK values in space and time. Mismatches between modeled and 
measured values may indicate the presence of additional carbon sources within food webs 
(especially in littoral settings), or may be used to compare the performance of competing 
ocean biogeochemical models. 

3) Relatively accurate recovery of major spatial patterns in carbon isotopic baselines implies 
that modeled isoscapes also capture broad-scale temporal variations in δ13CPLK values; and 
carbon isotope models provide the best currently available tool to explore temporal 
variability in baseline carbon isotope values. 

4) Modeled isoscapes provide an estimate of the likely spatial and temporal variation in 
baseline carbon isotopes over a potential foraging range, and/or over a seasonal, annual or 
multi-annual cycle; this variation can be explicitly included in statistical models of diet 
source partitioning or isotopic niche area, as well as taken into account when trying to 
interpret tissue isotopic compositions to gather information on location and movements. 
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 Life-history isotopic traits in pelagic sharks: Chapter 3: 

reconstructing ontogenetic movements and 
trophic shifts in North Atlantic blue and 
porbeagle sharks through stable isotope 
analysis of vertebrae 

This chapter is a manuscript in prep. (to be submitted to the peer-review journal Marine 
Ecology Progress Series in spring 2017): S. Magozzi, S. Thorrold, L. Houghton, G. Skomal, L. 
Natanson, M. Santos, R. Coelho, N. Queiroz, D. Sims, V. Bendall, S. Hetherington, J. Ellis, K. Quaeck, 
C. Bird, and C. Trueman. Life-history isotopic traits in pelagic sharks: reconstructing ontogenetic 
movements and trophic shifts in North Atlantic blue and porbeagle sharks through stable isotope 
analysis of vertebrae. In prep. S. Magozzi led the research and wrote the manuscript. G. Skomal, L. 
Natanson, M. Santos, R. Coelho, N. Queiroz, D. Sims, V. Bendall, S. Hetherington and J. Ellis 
provided the shark vertebral samples, and K. Quaeck and C. Bird eye lens data. L. Houghton advised 
on sample preparation for bulk stable isotope analysis, and C. Trueman and S. Thorrold on data 
analysis and interpretation. C. Trueman also provided feedback on the chapter.  

 Abstract 3.1
Shark populations are rapidly declining worldwide; however, the ecological consequences of 

such declines remain unclear. Shark vulnerability to fishery capture and roles within marine 
ecosystems strongly depend on: i) individual ontogenetic movements, and ii) the presence of life-
history movement traits across individuals, species, higher taxa and/or functional groups. Electronic 
archival tags allow tracking individual movements at fine spatio-temporal scales; however, these tags 
record data over relatively short periods of time, and cannot be applied to juveniles. Stable isotope 
analysis of incrementally grown tissues, such as shark vertebrae, enables the retrospective 
reconstruction of the spatial and trophic ecology of individual fishes throughout life. In spite of this, 
very few individual-level life-history isotopic records currently exist for sharks. Here carbon and 
nitrogen isotope records were recovered for individual blue (Prionace glauca) and porbeagle (Lamna 
nasus) sharks from across the North Atlantic throughout their life-histories, at a high (i.e. seasonal to 
multi-annual) temporal resolution. Carbon and nitrogen isotopic compositions varied at multiple levels 
(i.e. between species, among capture areas, and within and between individuals), indicating spatial and 
trophic variability. Common, broad ontogenetic patterns in carbon and nitrogen isotope values across 
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individuals of each species revealed life-history traits in the movement and feeding ecology of blue 
and porbeagle sharks in the North Atlantic, with super-imposed variability in movement and feeding 
behaviour among areas and individuals. Furthermore, common patterns in carbon and nitrogen isotope 
values within many other shark species, and across species, indicated ubiquitous life-history traits in 
sharks, such as seasonal movements between foraging and breeding sites, ontogenetic movements 
from juvenile to adult grounds, and trophic shifts. Within individuals, variability in isotopic profiles 
was generally given by a long-term (ontogenetic) pattern, and super-imposed shorter-term (i.e. 
seasonal to multi-annual) excursions, which indicated movements and trophic shifts also over 
relatively short  temporal scales. Isotope-derived life-history information on blue and porbeagle shark 
spatial (and trophic) ecology may complement tag-derived information on short-term movements to 
implement management and conservation strategies. Nevertheless, interpretations of bulk tissue 
isotope data are ultimately limited by mixed baseline and trophic isotope effects, as seen in porbeagle 
sharks in this study. 

 Introduction 3.2
Marine top predators have declined worldwide at a rapid pace over the past century, largely 

as a result of overfishing and by-catch (Pauly et al., 1998; Myers & Worm, 2003; Worm et al., 2005; 
Estes et al., 2011). Populations of large sharks have declined regionally by > 90 % only the past 15 
years (Baum et al., 2003; Baum & Blanchard, 2010; Worm et al., 2013; Dulvy et al., 2014). The 
ecological consequences of such population declines remain unclear (Heupel et al., 2014; Ruppert et 
al., 2016; Grubbs et al., 2016); however, they may include modifications in anti-predator behaviour by 
prey (Heithaus & Dill, 2006; Heithaus et al., 2007; 2008), cascading effects through food webs such 
as mesopredator release (Scheffer et al., 2005; Myers et al., 2007; Ferretti et al., 2010; Heupel et al., 
2014), and changes in ecosystem resilience (Polis et al., 1997; Lundberg & Moberg, 2003; McCann et 
al., 2005; Rooney et al., 2006). 

Large migratory sharks play fundamental roles within marine ecosystems. By migrating and 
foraging across large spatial scales, they alter nutrient and energy flow, ensuring connectivity between 
otherwise spatially and/or ecologically separated food webs (McCauley et al., 2012; Heupel et al., 
2014; Roff et al., 2016; Ruppert et al., 2016). This connectivity confers resilience to food webs (Polis 
et al., 1997; Lundberg & Moberg, 2003; McCann et al., 2005; Rooney et al., 2006), and can 
potentially result in externally-subsidised trophic pyramids (Trebilco et al., 2013; Mourier et al., 2016). 

Sharks often share life-history traits such as seasonal movements between foraging and 
breeding sites, ontogenetic movements from juvenile to adult grounds, and trophic shifts (Estrada et 
al., 2006; Campana et al., 2010; Vandeperre et al., 2014; Carlisle et al., 2015). These life-history traits 
reflect changes in energy allocation throughout ontogeny: i.e. from a juvenile strategy maximising 
survival and growth (Werner & Gilliam, 1984; Heupel et al., 2007; Vandeperre et al., 2014) to an 
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adult strategy, which includes reproduction (Cortes, 2002; Campana et al., 2010; Grubbs, 2010; 
Carlisle et al., 2015). Because environmental influences on survival and growth vary by habitat, 
ontogenetic shifts in habitat use may have profound effects on population growth rates, species 
interactions, and community dynamics. Ontogenetic shifts in habitat and resource use often define 
transitions among life stages. Ecological and individual factors can cause variation in the timing and 
consistency of these transitions, ultimately affecting population and community dynamics through 
changes in growth and survival.  

Shark vulnerability to fishery capture and roles within marine ecosystems strongly depends 
on: i) individual ontogenetic movements, and ii) the presence of life-history movement traits across 
individuals, species, higher taxa and/or functional groups. Effective management and conservation 
strategies to protect sharks and the ecological roles they play should encompass their entire geographic 
ranges, and include all stages of their migratory cycles (Gillanders et al., 2003; Gruess et al., 2011; 
Costa et al., 2012; Briscoe et al., 2016). The identification of individual ontogenetic movements is 
needed to define areas of essential habitat across life-history, where interactions with fisheries are of 
greater concern (e.g. Vandeperre et al., 2016). The recognition of common life-history movement 
traits is required to identify behaviours influencing shark-human interactions, and to define areas of 
high use where fishing restrictions should be intensified (e.g. Queiroz et al., 2016). The movements of 
highly migratory oceanic animals are difficult to monitor or reconstruct, particularly over ontogenetic 
time-scales (Graham et al., 2010; Trueman et al., 2012; McMahon et al., 2013a). To date, data-storage 
and satellite tags provide the best tool to track individual movements at fine spatio-temporal scales 
(e.g. Block et al., 2001; 2005; Campana et al., 2010; Queiroz et al., 2010; Block et al., 2011), by 
recording precise, accurate and time-resolved positional and behavioural data (Sibert & Nielsen, 2001; 
Nielsen et al., 2009; Sims, 2010; Hammerschlag et al., 2011). However, these tags provide movement 
information over relatively short periods of time (i.e. typically < 12 months), are often too large to be 
deployed on juveniles (but see Scott et al., 2014; Vandeperre et al., 2014), and by definition cannot be 
applied retrospectively. Additionally, they are prohibitively expensive to be applied in large- or 
population-scale studies (but see Block et al., 2001; 2005; 2011; Queiroz et al., 2016). Consequently, 
electronic archival tags are not well suited to studying individual ontogenetic movements, or to 
identifying life-history movement traits across individuals, populations or species (Hazen et al., 2012; 
Shillinger et al., 2012). 

Stable isotope analysis allows the retrospective reconstruction of animal spatial and trophic 
ecology (for reviews, see Post, 2002; Graham et al., 2010; Hobson et al., 2010; Boecklen et al., 2011; 
Ramos & González-Solís, 2012; Trueman et al., 2012; McMahon et al., 2013a, b). The underlying 
premise is that the isotopic composition of an animal’s tissues reflects that of primary producers at the 
base of the food web, overlain by a relatively predictable trophic enrichment (DeNiro & Epstein, 1978; 
1981; Vander Zanden & Rasmussen, 2001; McCutchan et al., 2003). Therefore, the isotopic 
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composition of an animal’s tissues reflects the interaction between the animal and its environment (in 
terms of both location and diet), and can be considered functional trait (Fig. 3.1A). 

The time of tissue growth or recycling determines the time scale of ecological information 
(for reviews of tissue types, see Hobson, 1999; Newsome et al., 2010; Trueman et al., 2012; 
McMahon et al., 2013b). Incrementally grown, metabolically inert tissues, such as shark vertebrae and 
eye lenses, can provide whole-life, biochemical records containing spatial and trophic information (e.g. 
Estrada et al., 2006; Carlisle et al., 2015; Loor-Andrade et al., 2015; Quaeck et al., unpubl. data). The 
pattern in isotopic compositions in incrementally grown tissues within an individual reflects the 
animal-environment interaction throughout life, and can itself be considered a life-history trait for the 
individual (Fig. 3.1A). Additionally, between-individual variance in both single isotope values and 
ontogenetic patterns also conveys trait information for the species or population (Fig. 3.1B). 
Consequently, individual-level life-history isotopic traits provide a means to gather information on the 
movements throughout the life of single individuals. Additionally, species- or population-level traits 
may indicate common, broad ontogenetic movement patterns across individuals. Life-history isotopic 
traits can, therefore, be considered conceptually similar to life-time isotopic niche areas (Newsome et 
al., 2007): they also allow identifying differences and commonalities across individuals, populations, 
species, higher taxa and/or functional groups, and provide additional information on ontogenetic 
patterns.  
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Figure 3.1 Schematics for isotopic traits.  
A) Every single isotope value measured in incrementally grown tissues represents the interaction 
between an animal and its environment at a particular point in time, i.e. an isotopic trait at a point in 
time; the pattern in isotope values in incrementally grown tissues represents a life-history isotopic trait 
for the individual. B) Between-individual variances in single isotope values and/or patterns in 
incrementally grown tissues also represent isotopic traits for the species or population; in this example, 
a species- or population-level life-history isotopic trait is identified, with more variable traits in 
juveniles than adults. 
3.2.1 Life-history isotopic traits within and among shark species 

Only a few individual-level life-history isotopic records currently exist for shark species 
(Table 3.1). Most of the existing records are for carbon (δ13C) isotopes, which are often measured in 
association with radiocarbon (14C) data in ageing studies. Fewer records exist for combined carbon 
and nitrogen (δ15N) isotopes measured in ecological studies (Table 3.1). In the case of vertebrae, 
central vertebrae are used for isotope analysis where possible, as existing vertebral radius-fork length 
and fork length-age relationships are most often derived and validated for central vertebrae (e.g. 
Natanson et al., 2002; Skomal & Natanson, 2003). Shark eye lenses are also grown incrementally, and 
thus may also provide ecological information throughout ontogeny, though are more focussed on early 
life-history stages than vertebrae (Quaeck et al., unpubl. data; Bird et al., unpubl. data). Like 
vertebrae, eye lenses are also grown allometrically; as yet, however, no validated diameter-age 
relationships exist for eye lenses. 

Where individual-level life-history isotopic records are available, common, broad 
ontogenetic patterns in isotopic compositions can be identified across individuals and species (Table 
3.1; Fig. 3.2), after normalising isotope values at each life stage to the mean values for the individual 
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shark (see below) to reduce regional variation in isotopic baselines. Carbon isotopic compositions, for 
instance, consistently decrease throughout life across individual white sharks (Fig. 3.2A), with super-
imposed variability in isotopic profiles among areas and individuals (Table 3.1). Similarly, δ13C values 
measured in porbeagle eye lenses and salmon shark vertebrae consistently decrease during juvenile 
growth, and increase until reaching a relatively steady state. In porbeagles, δ13C values measured in 
vertebrae increase throughout ontogeny; however, only a few isotope datapoints are available for each 
individual (Fig. 3.2A). In white and salmon sharks, the observed ontogenetic decrease in δ13C values 
may reflect an ontogenetic habitat shift from coastal to oceanic food webs (Hamady, 2014; Carlisle et 
al., 2015). 

Common ontogenetic patterns in δ13C values can also be identified across species. Clear 
differences in δ13C values exist, for instance, between early- and mid-juvenile and adult life-history 
stages across most species. Indeed, whilst ontogenetic patterns in δ13C values vary among species, a 
step-change (increase or decrease) in δ13C values is consistently observed at a point during juvenile 
life-history stages across most species (Fig. 3.2A). Commonalities in δ15N patterns across species are 
more difficult to draw out, as δ15N records are only available for a few species (Fig. 3.2B). 

The identification of life-history isotopic traits across individuals, species, higher taxa and/or 
functional groups may imply common ontogenetic movement and habitat use patterns, despite 
potential differences in movement behaviour among areas and individuals, and thus shared 
vulnerability to fishery capture across their life-histories. In this study, individual-level life-history 
records of δ13C and δ15N values were recovered for two pelagic shark species, the blue (Prionace 
glauca) and porbeagle (Lamna nasus) sharks, from across the North Atlantic. Life-history isotopic 
traits were then tested within each species, and across species. Whilst blue and porbeagle sharks may 
sporadically co-occur in some ocean areas in the North Atlantic, they are known from tagging studies 
to have different distribution, habitat and movement patterns across life-history. Blue sharks live 
primarily in subtropical waters well offshore, and do not show consistent inshore nurseries or juvenile 
grounds (see below; Queiroz et al., 2010; Campana et al., 2011; Vandeperre et al., 2014; 2016). 
Porbeagles are restricted to temperate waters, and may present a transition from continental shelves 
when juveniles towards shelf-edge and slope settings when adults (Pade et al., 2009; Campana et al., 
2010; Saunders et al., 2011; Biais et al., 2016). Additionally, blue and porbeagle sharks are known 
from stomach content analysis to have different prey bases and feeding behaviours (Joyce et al., 2002; 
McCord & Campana, 2003; Pusineri et al., 2008). Consequently, differences in ontogenetic movement 
and feeding ecology between blue and porbeagle sharks are expected to lead to differences in life-
history isotopic records.
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Table 3.1 Literature-derived individual-level life-history records of carbon (δ13C) and nitrogen (δ15N) isotopic compositions for shark species; studies 
providing both δ13C and δ15N records are in bold. 
Species Capture area Tissue N inds. N samples per ind. Isotopes Shape Application Reference 
White shark 
(Carcharodon 
carcharias) 

Northwest Atlantic Vertebrae n.a. n.a. (27 in total) δ13C, δ15N δ13C – no pattern; 
δ15N –increase 

Ontogenetic feeding 
ecology Estrada et al., 2006 

White shark 
(Carcharodon 
carcharias) 

Northwest Atlantic Vertebrae 5 9-28 δ13C, δ15N δ13C and δ15N – no 
pattern 

Ontogenetic 
movement and 
feeding ecology 

Hamady, 2014 
White shark 
(Carcharodon 
carcharias) 

Northwest Atlantic Vertebrae 8 2-23 Δ14C, δ13C δ13C – decrease Ageing, changes in 
carbon source Hamady et al., 2014 

White shark 
(Carcharodon 
carcharias) 

Northeast Pacific Vertebrae 11 (6 SI, 9 Δ14C, 4 
both) 1-5 Δ14C, δ13C, δ15N δ13C – decrease; δ15N 

– no pattern 
Ageing, changes in 
carbon source, diet 
and trophic position 

Kerr et al., 2006 

White shark 
(Carcharodon 
carcharias) 

Northeast Pacific Vertebrae 15 7-20 δ13C, δ15N 
δ13C – decrease or no 
pattern; δ15N – 
increase or no 
pattern 

Ontogenetic and 
among- individual 
variation in foraging 
strategies 

Kim et al., 2012a 

White shark 
(Carcharodon 
carcharias) 

Southwest Indian Vertebrae 4 1-3 Δ14C, δ13C δ13C – no pattern Ageing Christiansen et al., 
2016 

Porbeagle shark 
(Lamna nasus) Northwest Atlantic Vertebrae 15 1-4 Δ14C, δ13C δ13C – increase Ageing Campana et al., 2002 
Porbeagle shark 
(Lamna nasus) 

Southwest Pacific 
(New Zealand) Vertebrae 11 3-4 Δ14C, δ13C δ13C – decrease Ageing Francis et al., 2007 

Porbeagle shark 
(Lamna nasus) Northeast Atlantic Eye lenses 47 4-26 δ13C, δ15N δ13C and δ15N – 

decrease 
Ontogenetic 
movement and 
feeding ecology 

Quaeck et al., 
unpubl. data 

Salmon shark 
(Lamna ditropis) 

Northeast Pacific 
(Alaska) Vertebrae 20 14 (max) δ13C, δ15N δ13C and δ15N –

increase 
Ontogenetic changes 
in habitat use Carlisle et al., 2015 

Smooth 
hammerhead 
(Sphyrna zygaena) 

East Pacific 
(Ecuador) Vertebrae 20 3-8 δ13C, δ15N δ13C – no pattern; 

δ15N – increase 
Population and 
individual foraging 
patterns 

Loor-Andrade et al., 
2015 

Scalloped 
hammerhead 
(Sphyrna lewini) 

East Pacific 
(Ecuador) Vertebrae 20 3-8 δ13C, δ15N δ13C and δ15N – no 

pattern 
Population and 
individual foraging 
patterns 

Loor-Andrade et al., 
2015 

Sand tiger shark 
(Carcharias taurus) 

Northwest Atlantic, 
Southwest Indian Vertebrae 10 (8 NWA, 2 SWI) 2-8 Δ14C, δ13C δ13C – increase or no 

pattern Ageing Passerotti et al., 2014 
Shortfin mako shark 
(Isurus oxyrinchus) Northwest Atlantic Vertebrae 8 2-8 Δ14C, δ13C δ13C – increase (based 

on 1 ind.) Ageing Campana et al., 2002; 
Ardizzone et al., 2006 

Great hammerhead 
shark (Sphyrna 
mokarran) 

n.a. Vertebrae 2 3-7 Δ14C, δ13C δ13C – increase Ageing Piercy et al., 2010 
Spurdog (Squalus 
acanthias) Northeast Atlantic Eye lenses 25 2-11 δ13C, δ15N δ13C – decrease; δ15N 

– increase 
Ontogenetic 
movement and 

Quaeck et al., 
unpubl. data 
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Species Capture area Tissue N inds. N samples per ind. Isotopes Shape Application Reference 
feeding ecology 

Deepwater spiny 
dogfish 
(Centrophorus 
squamosus) 

Northeast Atlantic 
(Rockall) Eye lenses 5 11-16 δ13C, δ15N δ13C – increase; δ15N 

– no pattern 
Ontogenetic 
movement and 
feeding ecology 

Bird et al., unpubl. 
data 

Portoguese dogfish 
(Centroscymnus 
coelolepis) 

Northeast Atlantic 
(Rockall) Vertebrae, eye lenses 5 10-13 δ13C, δ15N δ13C and δ15N – 

increase 
Ontogenetic 
movement and 
feeding ecology 

Bird et al., unpubl. 
data 
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Figure 3.2 Species-level life-history isotopic traits in sharks. 
Species-level life-history traits in A) carbon (δ13C) and B) nitrogen (δ15N) isotopic compositions (‰, 
measured or normalised values: i.e. averaged to the mean values for each individual shark as in Eq. 3.3) 
for i) white sharks, ii) porbeagles, iii) salmon sharks, iv) smooth and v) scalloped hammerhead sharks, 
vi) sand tiger sharks, vii) spurdogs, and viii) deep-water sharks. References for raw data are presented 
in Table 3.1; δ15N records were not available for porbeagle vertebrae and sand tiger sharks. Isotope 
records in porbeagles from the Northeast Atlantic, spurdogs and deep-water sharks are for eye lenses 
(grey plots). For each species and life stage, the boxplot displays the variation in isotope values across 
individuals. The horizontal line in each boxplot represents the median of the data (i.e. 50% of the data 
are greater than this value). The lower and upper limits of the boxplot represent the lower and upper 
quartile (i.e. 25% of the data less or greater than this value), respectively. The lower and upper 
whiskers represent the minimum and maximum value excluding outliers, respectively. Dots at the 
bottom or top of whiskers represent outliers (i.e. less and more than 3/2 times of the lower and upper 
quartile, respectively). 
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3.2.2 Known ontogenetic movements in blue and porbeagle sharks  

Common to most pelagic sharks, current knowledge of blue and porbeagle shark ontogenetic 
movement ecology is limited and often contradictory. Satellite-tracking studies on blue sharks in the 
North Atlantic revealed complex spatial dynamics with segregation by sex and life-history stage, 
influencing population structuring (Queiroz et al., 2010; Campana et al., 2011; Vandeperre et al., 
2014; 2016). Juveniles of both sexes of less than two years of age are known to reside in oceanic 
waters near the Azores in the central North Atlantic (Vandeperre et al., 2014; 2016); however, coastal 
nursery areas are also thought to exist on continental shelves of the Iberian Peninsula and North Africa 
(Queiroz et al., 2010 and references therein). In the eastern North Atlantic, juvenile and subadult 
females undertake seasonal latitudinal migrations from summerising temperate grounds off Southwest 
England to wintering subtropical grounds off Portugal and near the Azores (Queiroz et al., 2010; 2012; 
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Vandeperre et al., 2014). In the western North Atlantic, juveniles and subadults undergo similar 
movements from continental shelves off the United States and Canada during summer to offshore 
warmer waters of the Gulf Stream (as far south as the Sargasso Sea) during winter (Campana et al., 
2011). Adult females tagged in the Azores are known to undergo directional movements to tropical 
latitudes during summer utilising pathways on both sides of the Atlantic, which are in sharp contrast 
with movements by juvenile and subadult females, and possibly associated with parturition and 
pupping (Vandeperre et al., 2014). Adult females tagged in the Northwest Atlantic are also known to 
move south to deliver their pups, or offshore towards the Northeast Atlantic (Campana et al., 2011; 
Vandeperre et al., 2014). Juvenile and adult males tagged in the Azores are known to undergo similar 
movements, and do not appear to segregate spatially. They move southwest of the Azores during 
autumn, and aggregate in areas with seamounts, known as ‘male clubs’, migrate towards the 
Northwest Atlantic during winter, and finally return to the Azores by the end of spring (Vandeperre et 
al., 2014). Blue sharks show a high degree of individuality in movement behaviour across life-history 
stages (Queiroz et al., 2010; Campana et al., 2011; Vandeperre et al., 2014; 2016), complicating the 
identification of clear, common ontogenetic movement and habitat use patterns by different segments 
of the population. 

Satellite-tracking of juvenile and subadult porbeagles in the Northeast Atlantic revealed a 
general southward movement from warm, seasonally-stratified waters on the continental shelf between 
50 and 54 °N during summer to deeper waters over the slope between 47 and 52 °N during winter, 
with individuals at liberty for long enough showing a return migration (Biais et al., 2016; Fig. 3.3). 
Porbeagles are not solely restricted to the European shelf edge: some individuals have been observed 
to move across the mid-Atlantic ridge to the west, as far south as the Azores and the Cape Verde, and 
as far north as the coast of Norway, indicating large individual variability in movement behavior, at 
least during juvenile and subadult stages (Pade et al., 2009; Saunders et al., 2011; Biais et al., 2016; 
Fig. 3.3). Larger ranges of isotope values in eye lenses during in situ periods than during in utero 
periods also suggest an expanded geographic range when juveniles (Quaeck et al., unpubl. data). In 
the western North Atlantic, adult females are known to undertake long-distance movements through 
the winter, at depths down to 1360 m beneath the Gulf Stream, to subtropical pupping grounds in the 
Sargasso Sea (Campana et al., 2010). The movements of adult females in the Northeast Atlantic are 
still unknown. Additionally, porbeagle sharks are believed to undergo an ontogenetic transition from 
juvenile grounds on continental shelves towards more offshore, deeper waters, as large individuals are 
seldom caught in shelf fisheries (Bendall et al., 2013; Ellis et al., 2015; Biais et al., 2016).  
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Figure 3.3 Movement patterns of satellite-tracked porbeagle sharks in the Northeast Atlantic. 
Reconstructed tracks (left) and daily estimated movement distance (right) of the nine porbeagles 
tagged in the Bay of Biscay in June 2011 (individuals 1-4) and June 2013 (individuals 5-9). 50% 
Confidence Intervals (CIs) are displayed as grey ellipses and 1000 m contours are shown. Downward 
and upward triangles denote the tagging and pop-up locations, respectively. Taken from Biais et al. 
(2016). 

In this study, individual-level life-history records of δ13C and δ15N values were recovered for 
blue and porbeagle sharks from across the North Atlantic, at a high (i.e. seasonal to multi-annual) 
temporal resolution. Variation in isotopic profiles was then quantified at multiple levels (i.e. between 
species, among capture areas, and within and between individuals), and common, broad ontogenetic 
patterns in isotope records tested for within and across species; commonalities (and differences) in 
isotopic profiles were also examined across areas and individuals. Shifts in movement and habitat use 
within individuals may produce individual-level life-history isotopic traits (Fig. 3.1A). Additionally, 
common, broad movement patterns across individuals may produce life-history isotopic traits for a 
species or population (Fig. 3.1B). In bulk tissue isotope analysis, variance in tissue isotopic 
compositions may also reflect shifts in diet and trophic level, due to mixed baseline and trophic 
isotope effects (e.g. Jennings & Warr, 2003; Popp et al., 2007; Nielsen et al., 2016; for reviews, see 
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Newsome et al., 2010; Ramos & González-Solís, 2012; Trueman et al., 2012; McMahon et al., 2013b). 
Isotopic variance in bulk cartilage collagen was interpreted to provide maximum possible inferential 
information about movements versus trophic shifts, given the methodological difficulties in separating 
baseline from trophic isotope effects. Based on current knowledge of the ontogenetic movement and 
feeding ecology of blue and porbeagle sharks in the North Atlantic, the following hypotheses were 
constructed: 
1) Values of δ13C and δ15N of bulk cartilage collagen from sequential vertebral samples from 

individual blue and porbeagle sharks vary at multiple levels (i.e. between species, among 
capture areas, and within and among individuals). 

2) Species-level life-history isotopic traits can be identified across individual blue and 
porbeagle sharks, due to common, broad ontogenetic movements (and/or trophic shifts). 

3) Life-history isotopic traits (and life-time isotopic niche areas) differ between species, as a 
result of different distributions, habitats and movement patterns (and/or trophic ecology) 
throughout ontogeny. 

4) Patterns in isotopic profiles vary among areas and individuals, as a result of movement 
across different isoscapes in the eastern and western North Atlantic (Schmittner & Somes, 
2016; Magozzi et al., 2017; Chapter 2), and a high degree of individuality in movement 
(and/or trophic) behaviour. 

5) Within-individual variability in isotopic profiles has both long- and short-term components, 
because of ontogenetic and super-imposed seasonal or multi-annual movements (and/or 
trophic shifts). 

 Materials and Methods 3.3
3.3.1 Sample description 

Vertebrae were removed from nine blue and six porbeagle sharks caught across the North 
Atlantic. Capture areas included the extremes and centre (at least for blue sharks) of these species’ 
distributional ranges in the North Atlantic, as estimated by electronic tagging studies (e.g. Campana et 
al., 2010; Queiroz et al., 2010; Campana et al., 2011; Vandeperre et al., 2014; Biais et al., 2016). For 
blue sharks, capture areas comprised offshore waters south of Canary Islands (24-26 °N, 20-21 °W) in 
the Northeast Atlantic, the mid-Atlantic Ridge area north west of the Azores (42 °N, 44-45 °W) in the 
central North Atlantic, and oceanic waters between Cape Hatteras and the Gulf of Maine in the 
Northwest Atlantic. For porbeagles, capture areas encompassed shelf waters between the western 
English Channel and Celtic Sea and around the Faroe Islands in the Northeast Atlantic, and between 
Massachusetts and Grand Banks (off southern Newfoundland) in the Northwest Atlantic (Fig. 3.4). 
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Figure 3.4 Capture areas for blue and porbeagle sharks in the North Atlantic. 
Different symbols represent different species: circles identify blue sharks, triangles porbeagles. For 
blue sharks from the central and eastern North Atlantic, capture position is given by the mean of 
measured capture latitudes and longitudes for individual sharks. For blue sharks from the Northwest 
Atlantic and porbeagles, capture position is an estimated value, as capture latitudes and longitudes 
were not measured. 

In the central and eastern North Atlantic, blue sharks were caught by commercial long-lines 
in 2014. Blue sharks from the Northwest Atlantic were recovered from commercial fishing vessels and 
during research and recreational fishing cruises, and at sport fishing tournaments in 1996-2001 
(Skomal & Natanson, 2003). Porbeagle sharks from the western English Channel were recovered as 
by-catch from scientific gillnets in 2011 and 2014-2015 (Bendall et al., 2013; Ellis et al., 2015). 
Vertebrae from a single individual caught off the Faroe Islands were donated by a local fisherman in 
2014. In the Northwest Atlantic, porbeagle sharks were caught by Canadian commercial fishing 
vessels before 1990 and by commercial and research vessels between 1996 and 1999 (Natanson et al., 
2002). For each area, vertebrae from the three largest females were selected among all the available 
samples for isotope analysis. In the case of blue sharks, all individuals were mature; for porbeagles, 
only western Atlantic individuals were mature, and eastern Atlantic individuals were either immature 
or maturing (Table 3.2). 
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Table 3.2 Metadata for individual blue and porbeagle sharks selected for isotope analysis. Data 
include species, capture area, individual ID, maturity stage (evaluated and estimated from fork length), 
fork length (FL), vertebral radius (VR), number of samples collected from each vertebra (N) and 
(achieved) average interval between adjacent samples (Av Int). 
Species Capture area Individual 

ID 
Maturity 
(ev.) 

Maturity 
(est.) FL (cm) VR 

(mm) N Av Int 
(mm) 

Prionace 
glauca mid-Atlantic Ridge 16 Fecunded Mature 242 11.0 19 0.58 
Prionace 
glauca mid-Atlantic Ridge 24 Pregnant Mature 240 11.0 21 0.52 
Prionace 
glauca mid-Atlantic Ridge 12 Fecunded Mature 219 10.0 17 0.59 
Prionace 
glauca Canary Islands 101 NA Mature 258 12.0 16 0.75 
Prionace 
glauca Canary Islands 131 NA Mature 249 12.0 17 0.71 
Prionace 
glauca Canary Islands 33 NA Mature 244 11.5 21 0.55 
Prionace 
glauca Northwest Atlantic 335 NA Mature 268 17.0 34 0.50 
Prionace 
glauca Northwest Atlantic 415 NA Mature 265 15.0 31 0.49 
Prionace 
glauca Northwest Atlantic 441 NA Mature 245 14.5 28 0.52 
Lamna nasus western English Channel 11 Maturing Immature 211 15.0 24 0.63 
Lamna nasus Faroe Islands 1000 NA Immature 210 15.5 24 0.65 
Lamna nasus western English Channel 40 Immature Immature 197 12.5 24 0.52 
Lamna nasus Northwest Atlantic 599 NA Mature 260 17.5 32 0.55 
Lamna nasus Northwest Atlantic 601 NA Mature 256.5 17.5 34 0.51 
Lamna nasus Northwest Atlantic 578 NA Mature 256 17 30 0.57 

3.3.2 Sample collection and preservation 
For porbeagles and Northwest Atlantic blue sharks, multiple central vertebrae were excised 

from an area just above the brachial chamber (Natanson et al., 2002; Skomal & Natanson, 2003). For 
central and eastern North Atlantic blue sharks, cervical (rather than central) vertebrae were removed 
from the skull, as these specimens had commercial value, and thus were not available for full 
dissections. Vertebrae were preserved frozen. For each shark, a single vertebra from the middle (where 
possible) was selected for isotope analysis. Porbeagle samples were transported to the Unites States 
for processing and analysis in accordance with the current regulations, and accompanied by a CITES 
Export Permit (No. 529713/01). 
3.3.3 Sample processing 
3.3.3.1  Sectioning 

After defrosting, vertebral centra were physically cleaned from excess muscle and 
connective tissue, and air-dried slowly for 3-10 d, depending on dimensions (Campana, 2014; Kim & 
Koch, 2012). A 6 mm thick section was cut from each centrum using a low-speed diamond-bladed 
Isomet® saw. Each section was divided in two symmetrical halves. An additional 0.6-1 mm thick 
section was cut from one half, and spared for future age determinations; the remaining 5-5.4 mm thick 
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half section was used for isotope analysis of bulk cartilage collagen. The 6 mm thick half section was 
used for compound-specific analysis of single amino acids (see Chapter 4). 

3.3.3.2  Subsampling 
Approximately equidistant samples were cut along the vertebral radius from each section. 

Whilst a target interval between adjacent samples of 0.5 mm was initially set, as a result of the 
difficulty of manually cutting small chunks of calcified material, the sampled interval varied slightly 
within and among vertebrae. Thus, the sampled interval was best approximated by the average interval 
between adjacent samples (Av Int, mm), which was calculated for each vertebra as in Eq. 3.1. 
Av Int =  (3.1) 
where VR (mm) is the vertebral radius, and N the number of samples collected along the radius. N 
ranged between 16 and 34 among vertebrae (i.e. sharks), averaging at 24.80 ± 6.11 (mean ± SD); the 
average interval between adjacent samples ranged between 0.48 and 0.75 mm, averaging at 0.59 ± 
0.08 mm (mean ± SD; Table 3.2). Vertebral samples were dried and weighed prior to exposure to 
hydrochloric acid (i.e. pre-treatment weight). 

3.3.3.3  Decalcification 
To remove any potential influence of 13C-enriched bioapatite on carbon isotopic 

compositions of bulk cartilage collagen, vertebral samples were decalcified by exposure to 2 ml of 1 
M hydrochloric acid (HCl) for 48 hrs (Dean & Summers, 2006; Hussey et al., 2012; Kim & Koch, 
2012; Christiansen et al., 2014). As sample weight was not limiting, and samples were relatively large 
vertebral chunks, the use of hydrochloric acid should preserve the integrity of cartilage collagen 
(Tuross et al., 1988; Kim & Koch 2012; Christiansen et al., 2014), whilst avoiding the risk of 
contamination by alternative organic solvents (e.g. ethylenediaminetetraacetic acid, EDTA; Quaeck et 
al., unpubl. data; for other studies using hydrochloric acid, see Jacob et al., 2005; Carabel et al., 2006; 
Kerr et al., 2006; Brodie et al., 2011). To reduce decalcification rates, and prevent cartilage collagen 
dissolution and damaging, samples were kept at 4 °C during treatment. Samples were washed five 
times with 2 ml of Milli-Q water, then frozen, freeze-dried and re-weighted (i.e. post-treatment 
weight). The proportion of organic collagen (i.e. percentage collagen in the original sample) was 
calculated for each sample. Percentage collagen ranged between 15.84 and 65.91%, averaging at 37.81 
± 5.57% (mean ± SD); these values are consistent with previously reported ranges (e.g. Porter et al., 
2006; Quaeck et al., unpubl. data; this study, test samples), providing further confirmation that 
decalcification had completely occurred without dissolving or damaging collagen.  
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3.3.3.4  Combination of ‘light’ samples and analysis resolution 
Samples with a post-treatment weight of < 0.5 mg (i.e. the minimum weight required for 

reproducibly reliable dual carbon and nitrogen isotope analysis on bulk cartilage collagen using 
available equipment) were combined with their lighter neighbour(s) until the total weight exceeded 0.5 
mg. Single or combined samples with a weight of > 1.5 mg (i.e. the maximum weight accepted for 
analysis) were physically split, and ~ 1.25 mg of material selected for analysis. Blue shark samples 
were analysed at full resolution; to minimise analytical costs, porbeagle samples were run at half 
resolution for distances along the vertebral radius < 7 mm, and at full resolution afterwards. For 
porbeagles, vertebral radius at maturity is estimated to be ~ 12 mm (Natanson et al., 2002); in this 
study, a vertebral radius of 7 mm was selected as a more conservative cutoff to account for 
approximations in the sampled interval. For all specimens, the temporal resolution at which isotopic 
data were recovered was sufficiently high to depict isotopic variation over relatively short time-scales 
(i.e. typically over one or a few years; for estimated sample age, see Table 3.3).  
3.3.4 Stable isotope analysis 

Values of δ13C and δ15N of selected samples were measured using a PDZ Europa ANCA-
GSL elemental analyser interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon 
Ltd., Cheshire, UK) at the University of California (UC) Davis Stable Isotope Facility. All samples 
were run in duplicate. Analytical quality control was assessed through repeated sampling of internal 
laboratory standards (ILSs), which included nylon, glutamic acid and USGS-41. Nylon was used as a 
drift reference to correct for variation over the course of a run. Glutamic acid was used both to 
calculate the elemental totals, and to apply a linearity correction to the isotope values. Finally, the 
isotope values were scaled to two references of known isotope values, nylon and USGS-41. All 
internal laboratory standards were calibrated to international references. Precision was 0.03‰ for δ13C 
values and 0.10‰ for δ15N values, accuracy 0.01‰ for δ13C values and 0.06‰ for δ15N values. 
Precision was calculated as the standard deviation for isotope values of bovine liver NIST 1577 across 
runs (i.e. during the time period samples were analysed), accuracy as the difference between the mean 
isotope value for bovine liver and the accepted isotope value, based on calibration against international 
references (Jardine & Cunjak, 2005). Final δ13C and δ15N values were expressed relative to 
international standards V-PDB (Vienna PeeDee Belemnite) and Air, respectively. The raw ratio (R) of 
the heavy (e.g. 13C) to the light (e.g.12C) isotope in a sample was converted to a delta value, in parts 
per thousands, using the formula: δX = − 1 ∗ 1000 (see Chapter 1; Eq. 1.1), where X is 
the heavier isotope. Rstandard refers to the raw ratio of an internationally accepted standard gas for the 
isotope being analysed. 
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3.3.5 Age estimation 
To account for differential vertebral growth rates throughout ontogeny, linear distance along 

the vertebral radius was converted to age using validated and/or estimated vertebral width:body size 
and body size:age relationships (Natanson et al., 2002; Skomal & Natanson, 2003; this study). The 
median distance along the vertebral radius (d, mm) was calculated for each sample as in Eq. 3.2. 
 d = (ID ∗ Av Int) − (  ) (3.2) 
where ID is the number of each sample along the vertebral radius (or average sample number for all 
samples in a combination), and Av Int (mm) is the achieved average interval between adjacent 
samples for each vertebra (Eq. 3.1). 

For central vertebrae from porbeagles and Northwest Atlantic blue sharks, sample age (yr or 
mo) was estimated from distance along the vertebral radius using validated Von Bertalanffy growth 
curves and validated vertebral radius-fork length relationships (Natanson et al., 2002; Skomal & 
Natanson, 2003). For cervical vertebrae from central and eastern North Atlantic blue sharks, an 
estimated linear vertebral radius-fork length relationship was used in place of the validated 
relationship to account for slower growth rates of cervical than central vertebrae (Fig. 3.5); this 
relationship was estimated based on vertebral radius and fork length data for central and eastern North 
Atlantic blue sharks examined in this study, and constrained by mean measured vertebral radius and 
fork length values at birth. For both blue and porbeagle sharks from all areas, age at birth and at 
maturity were estimated directly from mean measured fork length values using validated Von 
Bertalanffy relationships (Natanson et al., 2002; Skomal & Natanson, 2003), and used as cutoffs to 
distinguish pre-birth, juvenile and adult life-history stages in time-series and variance analyses. For 
this thesis, sample age was estimated with statistical models (for a detailed descriptions of these 
models and associated uncertainity, see Natanson et al., 2002; Skomal & Natanson, 2003); in the view 
of a forthcoming article, it will also be determined more accurately with annuli-count by experienced 
age researchers and co-authors of the manuscript in prep. (G.S. and L.N.).
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Figure 3.5 Validated vertebral radius-fork length relationship for central vertebrae from generic and 
Northwest Atlantic blue sharks (Skomal & Natanson, 2003), and estimated linear relationship for 
cervical vertebrae from central and eastern North Atlantic individuals. 
The slope and intercept of the estimated relationship were 19.84 and -18.60, respectively. Lines 
represent validated and estimated relationships, datapoints measured fork length and vertebral radius 
data for blue sharks analysed in this study. Black identifies the validated relationship and data for 
Northwest Atlantic blue sharks, grey the estimated relationship and data for Northeast Atlantic 
individuals; the red asterisk represents mean measured vertebral radius and fork length values at birth 
for central vertebrae from generic blue sharks.  
3.3.6 Data analysis 

Carbon and nitrogen isotopic compositions at each life stage were normalised to the mean 
isotope values for the individual shark as in Eq. 3.3 (i.e. life-history normalisation). This was done to 
reduce between-individual variance in isotopic profiles associated with regional variation in isotopic 
baselines, whilst preserving between-individual variance in the temporal trends of isotopes. 
nδX = δX − mean δX    (3.3) 
where nδX is the delta value of a sample normalised to the mean delta value for all samples from an 
individual shark, δX is the non-normalised delta value, and mean δXindividual shark is the average delta 
value for all samples from an individual shark. Ontogenetic patterns in isotopic compositions across 
individual blue and porbeagle sharks were identified using both measured (δ13C, δ15N) and normalised 
(nδ13C, nδ15N) isotope values, species-level life-history isotopic traits using normalised values. Age 
classes were determined for each species by subsetting the interval from minimum to maximum age 
into 25 bins; each age class included 7.80 months in blue sharks, and 11.56 months in porbeagles.  
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Ontogenetic patterns in measured and normalised isotope values, and the effects of species 
and capture area on these patterns, were tested with generalised additive mixed models (GAMMs). In 
this study, the number of sharks sampled varied across life-history, with more individuals sampled 
during pre-birth and juvenile stages, and fewer sharks sampled with increasing age. Variability in the 
number of sharks across life-history may influence estimated trends in isotope values (Zuur et al., 
2014). As the response variables (δ13C, δ15N, nδ13C and nδ15N values) were all continuous and 
potentially varying from –∞ to +∞, a Gaussian linear regression-type distribution, and an identity link 
function were selected (Zuur et al., 2014). As data included multiple isotope measurements from the 
same shark (i.e. repeated measures), mixed models with random intercept for individual were used 
(Zuur et al., 2014; see also Pinheiro & Bates, 2000). The continuous covariate ‘estimated sample age’ 
was added in the models as a smoother. In the full model, the categorical covariates species and area 
were added as parametric fixed effects (Eq. 3.4).  
Isotope value ~ N(μ , σ )  
E(Isotope value ) = μ  and var(Isotope value ) = σ   
μ = η   
η = β + β × fSpecies + β × fArea + f(Age ) + a  (3.4) 
To test whether patterns in isotopic compositions varied by species and area, and account for potential 
over-fitting, the full model was compared against the null model using Akaike Information Criteria 
(AIC). Additionally, separate null and full models were also run and compared for each species (with 
area as parametric fixed effect). Model parameters were estimated for the full model by fitting the 
models with maximum likelihood (ML; Zuur et al., 2013; 2014). Normalised residuals were plotted 
against fitted values, and against the covariates included and not included in the model. Residuals 
were homogenous for models for carbon isotope values (both non-normalised and normalised), and 
somewhat heterogeneous for nitrogen isotope models; they did not show clear non-linear patterns in 
any case, and heterogeneity (where present) did not vary between species, or among areas, individuals, 
and life-history stages. 

Normality in measured and normalised isotope values in each combination of species and 
life stage (i.e. group) was tested with a Shapiro-Wilk test. Homogeneity of variances in measured and 
normalised isotope values between each pair of groups was tested with a Levene’s test where data in 
both groups were normally distributed, with a Kruskal-Wallis test where data were non-normal. This 
was done to compare between-individual variance for each species among life stages, and for each life 
stage between species. Additionally, for each group, variance in measured values was compared 
against variance in normalised values. Life-history stages (i.e. pre-birth, juvenile and adult) were 
determined by using estimated ages at birth and at maturity as cutoffs. 

Standard ellipse area corrected for small sample size (SEAc) was calculated for each species 
based on measured isotope values, and used as a proxy for core life-time isotopic niche width 
(Newsome et al., 2007; e.g. Kim et al., 2012a; Carlisle et al., 2015). Posterior draws of Bayesian-
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estimated standard ellipse areas (SEA.B, R = 10000) were also calculated for each species, and the 
probability that the standard ellipse area for one species is smaller (or larger) than that for the other 
was determined. The overlap between standard ellipse areas corrected for small sample size for blue 
and porbeagle sharks was calculated. In order to compare porbeagle samples of comparable age/size 
between the eastern and western North Atlantic, the same analyses were also repeated after omitting 
adult samples from Northwest Atlantic porbeagles (i.e. samples with age > age at maturity for 
porbeagles, i.e. approximately 167 months). 

All the analyses were performed using the software package R v.3.2.2 (R Core Team, 2015). 
Generalised additive mixed models were developed within the mgcv package (Wood, 2006; 2011). 
Levene’s tests for homoscedasticity were performed using the lawstat R package (Gastwirth et al., 
2015). Standard ellipse areas were estimated using the siar package (Parnell & Jackson, 2013; see also 
Parnell et al., 2010; Jackson et al., 2011). 

 Results 3.4
Raw δ13C and δ15N data for each analysed sample are reported in Table 3.3. Carbon isotope 

values ranged between -16.73 and -13.95 ‰ (mean ± SD: -15.13 ± 0.65 ‰) in blue sharks, and 
between -15.80 and -13.71 ‰ (-14.55 ± 0. 38 ‰) in porbeagles; δ15N values varied between 9. 09 and 
14.14 ‰ (11. 47 ± 1.11 ‰) in blue sharks, and between 9.42 and 16.29 ‰ (12.84 ± 1.47 ‰) in 
porbeagles. The range in δ15N values in porbeagles was strongly influenced by 15N-enriched subadult 
and adult samples from Northwest Atlantic individuals. When adult samples from Northwest Atlantic 
porbeagles were omitted, δ15N values in porbeagles ranged between 10.77-14.00 ‰ (11.90 ± 0.69 ‰). 
The range, mean and standard deviation for δ13C and δ15N values within each individual shark are 
reported in Table 3.4. 
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Table 3.3 Raw δ13C and δ15N isotope data for each analysed sample; individual ID, sample ID (for 
combinations of samples, both sample IDs of single samples in the combinations and average sample 
ID), distance along the vertebral radius (calculated with average sample ID) and age are reported. 

Individual ID Sample ID 
(combined) 

Sample ID 
(average) 

Sample distance 
(mm) Sample age (mo) δ13C (‰) δ15N (‰) 

16 1+2 1.5 0.58 -11.82 -15.60 10.23 
16 3 3 1.45 -5.95 -15.87 9.93 
16 4 4 2.03 -1.82 -16.03 10.45 
16 5 5 2.61 2.50 -16.02 10.72 
16 6 6 3.18 7.03 -16.29 9.91 
16 7 7 3.76 11.80 -15.98 9.09 
16 8 8 4.34 16.83 -15.30 9.73 
16 9 9 4.92 22.14 -15.38 9.97 
16 10 10 5.50 27.78 -15.38 10.40 
16 11 11 6.08 33.79 -15.51 10.45 
16 12 12 6.66 40.22 -15.53 10.27 
16 13 13 7.24 47.13 -15.38 10.51 
16 14 14 7.82 54.60 -15.05 10.50 
16 15 15 8.39 62.73 -15.08 10.41 
16 16 16 8.97 71.64 -15.20 11.24 
16 17 17 9.55 81.50 -14.97 11.16 
16 18 18 10.13 92.55 -14.70 9.92 
16 19 19 10.71 105.10 -14.83 10.08 
24 1+2 1.5 0.52 -12.18 -14.92 10.04 
24 3 3 1.31 -6.91 -16.01 9.23 
24 4 4 1.83 -3.22 -15.61 9.49 
24 5 5 2.36 0.62 -15.46 10.12 
24 6 6 2.88 4.63 -15.70 10.70 
24 7 7 3.40 8.82 -15.97 10.77 
24 8 8 3.93 13.21 -16.04 10.12 
24 9 9 4.45 17.81 -15.81 10.46 
24 10 10 4.98 22.67 -15.82 11.21 
24 11 11 5.50 27.78 -15.73 11.19 
24 12 12 6.02 33.20 -15.71 10.65 
24 13 13 6.55 38.96 -15.78 9.68 
24 14 14 7.07 45.10 -15.60 9.40 
24 15 15 7.60 51.68 -15.78 9.97 
24 16 16 8.12 58.77 -15.32 11.18 
24 17 17 8.64 66.44 -14.89 10.79 
24 18 18 9.17 74.81 -14.34 10.50 
24 19 19 9.69 84.02 -14.39 10.51 
24 20 20 10.21 94.24 -14.56 10.81 
24 21 21 10.74 105.75 -14.66 10.34 
12 1+2 1.5 0.59 -11.76 -15.20 11.37 
12 3+4 3.5 1.76 -3.71 -15.76 11.12 
12 5 5 2.65 2.82 -15.81 11.40 
12 6 6 3.24 7.44 -16.73 10.94 
12 7 7 3.82 12.31 -16.49 9.75 
12 8 8 4.41 17.45 -15.45 9.47 
12 9 9 5.00 22.89 -15.36 11.24 
12 10 10 5.59 28.68 -15.38 11.59 
12 11 11 6.18 34.85 -15.08 13.03 
12 12 12 6.76 41.46 -14.89 11.81 
12 13 13 7.35 48.58 -14.53 12.95 
12 14 14 7.94 56.30 -13.95 14.13 
12 15 15 8.53 64.72 -14.35 13.44 
12 16 16 9.12 74.00 -14.22 11.64 
12 17 17 9.71 84.30 -14.03 9.43 
101 1+2 1.5 0.75 -10.69 -14.43 11.24 
101 3 3 1.88 -2.92 -15.49 10.90 
101 4 4 2.63 2.65 -15.16 11.55 
101 5 5 3.38 8.57 -15.50 11.17 
101 6 6 4.13 14.91 -16.03 10.20 
101 7 7 4.88 21.71 -15.34 10.18 
101 8 8 5.63 29.05 -15.01 10.26 
101 9 9 6.38 37.03 -15.22 10.63 
101 10 10 7.13 45.76 -14.80 11.03 
101 11 11 7.88 55.40 -14.91 11.82 
101 12 12 8.63 66.17 -14.40 11.63 
101 13 13 9.38 78.36 -14.12 11.01 
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Individual ID Sample ID 
(combined) 

Sample ID 
(average) 

Sample distance 
(mm) Sample age (mo) δ13C (‰) δ15N (‰) 

101 14 14 10.13 92.42 -14.59 11.79 
101 15 15 10.88 109.00 -14.91 11.01 
101 16 16 11.63 129.24 -14.35 11.94 
131 1 1 0.35 -13.28 -14.36 11.23 
131 2 2 1.06 -8.62 -15.07 10.73 
131 3 3 1.76 -3.71 -15.81 10.44 
131 4 4 2.47 1.47 -16.11 11.05 
131 5 5 3.18 6.97 -15.87 11.16 
131 6 6 3.88 12.81 -15.05 11.58 
131 7 7 4.59 19.05 -14.79 12.03 
131 8 8 5.29 25.74 -15.13 11.78 
131 9 9 6.00 32.95 -15.08 11.57 
131 10 10 6.71 40.78 -14.91 11.67 
131 11 11 7.41 49.33 -14.79 11.18 
131 12 12 8.12 58.75 -14.59 11.89 
131 13 13 8.82 69.24 -14.61 13.25 
131 14 14 9.53 81.09 -14.37 11.90 
131 15 15 10.24 94.68 -14.73 9.96 
131 16 16 10.94 110.62 -14.52 9.39 
131 17 17 11.65 129.90 -14.21 9.78 
33 1+2 1.5 0.55 -12.02 -14.38 11.32 
33 3 3 1.37 -6.50 -15.53 10.17 
33 4 4 1.92 -2.62 -15.59 10.91 
33 5 5 2.46 1.43 -15.52 11.52 
33 6 6 3.01 5.66 -16.26 11.23 
33 7 7 3.56 10.09 -15.60 11.19 
33 8 8 4.11 14.75 -15.57 11.25 
33 9 9 4.65 19.66 -15.27 11.94 
33 10 10 5.20 24.84 -14.66 13.49 
33 11 11 5.75 30.33 -14.02 13.65 
33 12 12 6.30 36.17 -14.76 12.22 
33 13 13 6.85 42.40 -15.59 12.30 
33 14 14 7.39 49.09 -16.18 12.22 
33 15 15 7.94 56.29 -16.00 12.20 
33 16 16 8.49 64.11 -14.85 12.53 
33 17 17 9.04 72.65 -14.55 10.87 
33 18 18 9.58 82.06 -14.83 11.26 
33 19 19 10.13 92.54 -14.47 11.49 
33 20 20 10.68 104.36 -14.79 11.84 
33 21 21 11.23 117.93 -14.54 11.74 
335 1 1 0.25 -19.29 -14.54 11.90 
335 2+3 2.5 1.00 -14.38 -14.27 12.18 
335 4 4 1.75 -9.67 -14.47 11.61 
335 5 5 2.25 -6.52 -15.02 10.73 
335 6 6 2.75 -3.35 -15.00 11.23 
335 7 7 3.25 -0.13 -14.96 11.41 
335 8 8 3.75 3.15 -14.96 11.52 
335 9 9 4.25 6.50 -15.17 12.01 
335 10 10 4.75 9.93 -15.31 12.30 
335 11 11 5.25 13.45 -15.19 12.71 
335 12 12 5.75 17.07 -15.30 12.93 
335 13 13 6.25 20.80 -15.27 13.29 
335 14 14 6.75 24.66 -15.19 12.99 
335 15 15 7.25 28.64 -15.16 13.53 
335 16 16 7.75 32.78 -15.30 14.11 
335 17 17 8.25 37.08 -15.27 13.70 
335 18 18 8.75 41.56 -15.05 12.90 
335 19 19 9.25 46.24 -14.93 12.73 
335 20 20 9.75 51.14 -14.80 13.43 
335 21 21 10.25 56.28 -14.65 13.39 
335 22 22 10.75 61.69 -14.65 14.14 
335 23 23 11.25 67.42 -14.72 13.84 
335 24 24 11.75 73.49 -14.67 13.86 
335 25 25 12.25 79.95 -14.54 11.90 
335 26 26 12.75 86.87 -14.37 11.55 
335 27 27 13.25 94.32 -14.67 11.33 
335 28 28 13.75 102.39 -14.48 11.17 
335 29 29 14.25 111.19 -14.60 11.15 
335 30 30 14.75 120.89 -14.61 11.20 
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Individual ID Sample ID 
(combined) 

Sample ID 
(average) 

Sample distance 
(mm) Sample age (mo) δ13C (‰) δ15N (‰) 

335 31 31 15.25 131.68 -14.45 10.83 
335 32 32 15.75 143.85 -14.38 10.59 
335 33 33 16.25 157.82 -14.24 10.40 
335 34 34 16.75 174.23 -14.22 10.39 
415 1+2 1.5 0.48 -17.71 -14.54 11.04 
415 3 3 1.21 -13.06 -14.96 10.94 
415 4 4 1.69 -10.02 -15.40 10.95 
415 5 5 2.18 -6.98 -15.40 10.73 
415 6 6 2.66 -3.92 -15.73 12.40 
415 7 7 3.15 -0.81 -15.66 12.39 
415 8 8 3.63 2.35 -15.53 12.08 
415 9 9 4.11 5.57 -15.33 12.09 
415 10 10 4.60 8.87 -15.24 11.60 
415 11 11 5.08 12.24 -15.26 11.83 
415 12 12 5.56 15.71 -15.72 12.79 
415 13 13 6.05 19.28 -15.79 12.50 
415 14 14 6.53 22.96 -15.48 11.44 
415 15 15 7.02 26.76 -15.59 11.72 
415 16 16 7.50 30.69 -15.86 13.72 
415 17 17 7.98 34.77 -15.79 13.22 
415 18 18 8.47 39.01 -15.50 12.58 
415 19 19 8.95 43.42 -15.37 12.39 
415 20 20 9.44 48.03 -15.33 12.11 
415 21 21 9.92 52.85 -15.03 11.43 
415 22 22 10.40 57.91 -14.99 11.33 
415 23 23 10.89 63.23 -14.75 10.97 
415 24 24 11.37 68.85 -14.77 10.96 
415 25 25 11.85 74.81 -14.66 10.57 
415 26 26 12.34 81.14 -14.78 10.78 
415 27 27 12.82 87.92 -14.76 10.75 
415 28 28 13.31 95.20 -14.72 10.73 
415 29 29 13.79 103.07 -14.92 10.93 
415 30 30 14.27 111.64 -14.76 10.84 
415 31 31 14.76 121.05 -14.35 10.11 
441 1 1 0.26 -19.23 -14.55 11.81 
441 2 2 0.78 -15.80 -14.88 11.60 
441 3 3 1.29 -12.52 -15.24 11.00 
441 4 4 1.81 -9.28 -15.51 10.65 
441 5 5 2.33 -6.02 -15.76 11.74 
441 6 6 2.85 -2.72 -15.97 12.35 
441 7 7 3.37 0.63 -15.92 12.48 
441 8 8 3.88 4.04 -15.93 12.52 
441 9 9 4.40 7.53 -15.83 12.43 
441 10 10 4.92 11.11 -15.65 11.37 
441 11 11 5.44 14.79 -15.78 11.35 
441 12 12 5.96 18.59 -15.90 12.37 
441 13 13 6.47 22.51 -15.61 12.33 
441 14 14 6.99 26.56 -15.38 12.00 
441 15 15 7.51 30.77 -15.38 12.50 
441 16 16 8.03 35.14 -15.45 13.92 
441 17 17 8.54 39.70 -15.39 13.77 
441 18 18 9.06 44.46 -15.07 13.44 
441 19 19 9.58 49.45 -14.97 13.06 
441 20 20 10.10 54.69 -14.80 12.46 
441 21 21 10.62 60.21 -14.90 12.24 
441 22 22 11.13 66.06 -14.81 12.32 
441 23 23 11.65 72.26 -14.67 11.61 
441 24 24 12.17 78.88 -14.50 11.09 
441 25 25 12.69 85.98 -14.81 12.34 
441 26 26 13.21 93.63 -14.79 11.59 
441 27 27 13.72 101.94 -15.14 12.50 
441 28 28 14.24 111.03 -14.38 11.57 
11 1+2 1.5 0.63 -64.99 -14.05 14.00 
11 4 4 2.19 -48.30 -15.00 13.07 
11 6 6 3.44 -34.97 -15.22 12.44 
11 8 8 4.69 -21.18 -15.38 11.88 
11 10 10 5.94 -6.67 -15.80 12.00 
11 12 12 7.19 8.75 -14.86 11.19 
11 13 13 7.81 16.88 -14.64 11.47 
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Individual ID Sample ID 
(combined) 

Sample ID 
(average) 

Sample distance 
(mm) Sample age (mo) δ13C (‰) δ15N (‰) 

11 14 14 8.44 25.33 -14.44 11.68 
11 15 15 9.06 34.14 -14.57 11.55 
11 16 16 9.69 43.35 -14.54 11.58 
11 17 17 10.31 53.01 -14.55 11.74 
11 18 18 10.94 63.16 -14.39 11.70 
11 19 19 11.56 73.88 -14.42 11.57 
11 20 20 12.19 85.23 -14.44 11.53 
11 21 21 12.81 97.31 -14.25 11.46 
11 22 22 13.44 110.24 -14.33 11.53 
11 23 23 14.06 124.13 -14.42 11.30 
11 24 24 14.69 139.17 -13.94 12.15 
40 1+2 1.5 0.52 -66.16 -14.37 11.35 
40 4 4 1.82 -52.14 -13.71 11.27 
40 6 6 2.86 -41.12 -13.77 11.49 
40 8 8 3.91 -29.87 -13.97 11.54 
40 10 10 4.95 -18.22 -15.14 10.77 
40 11 11 5.47 -12.21 -14.94 11.15 
40 12 12 5.99 -6.05 -14.92 11.55 
40 13 13 6.51 0.27 -14.43 13.04 
40 14 14 7.03 6.76 -14.62 12.72 
40 15 15 7.55 13.46 -14.78 12.21 
40 16 16 8.07 20.36 -14.81 12.27 
40 17 17 8.59 27.50 -14.28 13.28 
40 18 18 9.11 34.89 -14.36 13.27 
40 19 19 9.64 42.57 -14.47 12.56 
40 20 20 10.16 50.55 -14.42 11.96 
40 21 21 10.68 58.86 -14.08 12.91 
40 22 22 11.20 67.55 -14.10 12.74 
40 23 23 11.72 76.65 -14.30 12.46 
40 24 24 12.24 86.21 -14.39 12.08 

1000 1 1 0.32 -68.44 -15.19 12.98 
1000 3 3 1.61 -54.34 -14.79 12.25 
1000 5 5 2.91 -40.67 -15.14 12.45 
1000 7 7 4.20 -26.65 -15.44 11.87 
1000 9 9 5.49 -11.97 -14.71 11.29 
1000 11 11 6.78 3.62 -14.58 11.41 
1000 12 12 7.43 11.83 -14.49 11.59 
1000 13 13 8.07 20.36 -14.18 11.37 
1000 14 14 8.72 29.25 -14.15 12.47 
1000 15 15 9.36 38.54 -14.19 12.27 
1000 16 16 10.01 48.28 -14.33 11.32 
1000 17 17 10.66 58.52 -14.30 11.14 
1000 18 18 11.30 69.34 -14.57 11.33 
1000 19 19 11.95 80.80 -14.47 11.51 
1000 20 20 12.59 93.00 -14.83 11.16 
1000 21 21 13.24 106.05 -14.74 11.13 
1000 22 22 13.89 120.09 -14.77 11.15 
1000 23 23 14.53 135.29 -14.88 11.13 
1000 24 24 15.18 151.88 -15.13 11.95 
599 1 1 0.27 -69.03 -14.96 11.77 
599 3 3 1.37 -56.96 -14.60 11.80 
599 5 5 2.46 -45.40 -14.16 11.53 
599 7 7 3.55 -33.70 -14.32 11.73 
599 9 9 4.65 -21.62 -14.24 11.55 
599 11 11 5.74 -9.00 -14.23 11.54 
599 13 13 6.84 4.31 -15.28 12.73 
599 14 14 7.38 11.26 -15.17 12.58 
599 15 15 7.93 18.44 -15.13 12.61 
599 16 16 8.48 25.87 -14.65 12.83 
599 17 17 9.02 33.58 -14.71 12.58 
599 18 18 9.57 41.59 -14.30 12.75 
599 19 19 10.12 49.94 -14.15 12.50 
599 20 20 10.66 58.65 -14.14 12.54 
599 21 21 11.21 67.77 -14.02 12.83 
599 22 22 11.76 77.35 -14.35 12.72 
599 23 23 12.30 87.44 -14.12 13.21 
599 24 24 12.85 98.10 -14.11 13.38 
599 25 25 13.40 109.40 -13.96 14.42 
599 26 26 13.95 121.44 -13.94 15.38 
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Individual ID Sample ID 
(combined) 

Sample ID 
(average) 

Sample distance 
(mm) Sample age (mo) δ13C (‰) δ15N (‰) 

599 27 27 14.49 134.33 -13.82 15.71 
599 28 28 15.04 148.21 -14.26 15.69 
599 29 29 15.59 163.23 -14.34 15.77 
599 30 30 16.13 179.63 -14.02 14.97 
599 31 31 16.68 197.69 -14.29 15.54 
599 32 32 17.23 217.79 -14.19 15.45 
601 1 1 0.26 -69.22 -15.01 13.94 
601 3 3 1.29 -57.82 -14.98 14.09 
601 5 5 2.32 -46.94 -14.88 14.00 
601 7 7 3.35 -35.96 -14.83 14.06 
601 9 9 4.38 -24.68 -14.80 14.14 
601 11 11 5.40 -12.96 -14.79 14.04 
601 13 13 6.43 -0.67 -15.06 13.06 
601 15 15 7.46 12.30 -15.51 12.66 
601 16 16 7.98 19.09 -15.07 12.85 
601 17 17 8.49 26.10 -14.78 12.63 
601 18 18 9.01 33.35 -14.77 12.59 
601 19 19 9.52 40.87 -14.88 12.80 
601 20 20 10.04 48.69 -14.90 13.24 
601 21 21 10.55 56.82 -14.92 12.79 
601 22 22 11.07 65.32 -14.68 12.64 
601 23 23 11.58 74.20 -14.28 12.77 
601 24 24 12.10 83.52 -14.04 12.81 
601 25 25 12.61 93.32 -14.53 12.69 
601 26 26 13.13 103.66 -14.50 12.94 
601 27 27 13.64 114.62 -14.63 13.46 
601 28 28 14.15 126.27 -14.56 14.68 
601 29 29 14.67 138.71 -14.30 15.06 
601 30 30 15.18 152.06 -14.56 15.51 
601 31 31 15.70 166.49 -14.64 15.76 
601 32 32 16.21 182.17 -14.69 15.53 
601 33 33 16.73 199.37 -14.73 15.62 
601 34 34 17.24 218.42 -14.59 15.72 
578 1 1 0.28 -68.91 -14.53 11.69 
578 3 3 1.42 -56.44 -14.33 11.94 
578 5 5 2.55 -44.46 -14.33 11.94 
578 7 7 3.68 -32.30 -14.36 11.79 
578 9 9 4.82 -19.71 -15.09 9.42 
578 11 11 5.95 -6.52 -15.31 11.83 
578 13 13 7.08 7.43 -14.54 12.17 
578 14 14 7.65 14.74 -14.58 12.62 
578 15 15 8.22 22.31 -14.48 12.14 
578 16 16 8.78 30.16 -14.62 12.00 
578 17 17 9.35 38.33 -14.59 12.32 
578 18 18 9.92 46.84 -14.56 12.52 
578 19 19 10.48 55.73 -14.51 12.67 
578 20 20 11.05 65.04 -14.17 13.24 
578 21 21 11.62 74.83 -14.27 14.57 
578 22 22 12.18 85.15 -14.34 14.01 
578 23 23 12.75 96.07 -14.20 15.09 
578 24 24 13.32 107.67 -14.31 15.40 
578 25 25 13.88 120.04 -14.40 15.66 
578 26 26 14.45 133.31 -14.59 15.66 
578 27 27 15.02 147.62 -14.29 16.29 
578 28 28 15.58 163.16 -14.39 16.15 
578 29 29 16.15 180.17 -14.37 15.93 
578 30 30 16.72 198.98 -14.39 15.78  
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Table 3.4 Range, mean and standard deviation (SD) for δ13C and δ15N values within each individual 
shark. 

 δ13C (‰) δ15N (‰) 
Individual ID Range Mean SD Range Mean SD N 

16 -16.29 -14.70 -15.45 0.45 9.09 - 11.24 10.28 0.50 18 
24 -16.04 -14.34 -15.40 0.56 9.23 - 11.21 10.36 0.59 20 
12 -16.73 -13.95 -15.15 0.84 9.43 - 14.13 11.55 1.39 15 

101 -16.03 -14.12 -14.95 0.52 10.18 - 11.94 11.09 0.59 15 
131 -16.11 -14.21 -14.94 0.55 9.39 - 13.25 11.21 0.95 17 
33 -16.26 -14.02 -15.15 0.64 10.17 - 13.65 11.77 0.85 20 

335 -15.31 -14.22 -14.80 0.35 10.39 - 14.14 12.21 1.16 33 
415 -15.86 -14.35 -15.20 0.43 10.11 - 13.72 11.60 0.88 30 
441 -15.97 -14.38 -15.25 0.49 10.65 - 13.92 12.16 0.78 28 
11 -15.80 -13.94 -14.62 0.47 11.19 - 14.00 11.88 0.69 18 
40 -15.14 -13.71 -14.41 0.39 10.77 - 13.28 12.14 0.76 19 

1000 -15.44 -14.15 -14.68 0.37 11.13 - 12.98 11.67 0.56 19 
599 -15.28 -13.82 -14.36 0.40 11.53 - 15.77 13.31 1.50 26 
601 -15.51 -14.04 -14.74 0.29 12.59 - 15.76 13.78 1.12 27 
578 -15.31 -14.17 -14.48 0.26 9.42 - 16.29 13.45 1.90 24 

3.4.1 Ontogenetic patterns in carbon and nitrogen isotopic compositions 
within species 

3.4.1.1  Patterns in measured (non-normalised) carbon and nitrogen isotope values 
Distributions of measured carbon (δ13C) and nitrogen (δ15N) isotopic compositions for each 

age class across individual blue sharks are presented in Fig. 3.6, and across individual porbeagles in 
Fig. 3.7. Common, broad ontogenetic patterns in δ13C and δ15N values were identified across 
individuals of both species (Fig. 3.6 and 3.7), despite variability in isotopic profiles among areas and 
individuals associated with regional variation in isotopic baselines (see below). Patterns in δ13C and 
δ15N values were non-linear (smoother ‘estimated sample age’: maximum p-value = 3.26010-14 < 0.05, 
F = 13.980), and differed significantly between species (maximum p-value = 0.0006 < 0.05, F = 
11.938); patterns in δ15N values also differed significantly among areas (p-value = 1.52010-9 < 0.05, F 
= 12.600), whereas patterns in δ13C values did not (p-value = 0.079, F = 2.116; Table 3.5 and 3.6A). 

In blue sharks, δ13C values consistently progressively increased by ~ 1‰ during juvenile and 
subadult life-history stages until reaching a relatively steady state during the adult stage (Fig. 3.6A). 
Values of δ15N also increased by ~ 1‰ during the juvenile stage, but decreased by ~ 2‰ during 
subadult and adult stages (Fig. 3.6B). Both δ13C and δ15N values decreased sharply by ~ 1‰ around 
birth (Fig. 3.6). Patterns in δ13C and δ15N values in blue sharks were non-linear (smoother: maximum 
p-value = 1.72010-14 < 0.05, F = 18.700), and differed significantly among areas (minimum p-value = 
0.036, F =3.386; Table 5 and 3.6B). 
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Figure 3.6 Ontogenetic patterns in carbon and nitrogen isotopic compositions in blue sharks. 
Distributions of measured carbon (δ13C) and nitrogen (δ15N) isotopic compositions for each age class 
(7.80 months) across individual blue sharks. Grey vertical lines represent estimated age at birth and 
age at maturity. Accordingly, samples with age < age at birth represent pre-birth (PB) life stages, with 
age > age at birth and < age at maturity juvenile (JUV) stages, and with age > age at maturity adult 
(AD) stages. For each life stage, the boxplot displays the variation in isotope values across individuals. 
The horizontal line in each boxplot represents the median of the data (i.e. 50% of the data are greater 
than this value). The lower and upper limits of the boxplot represent the lower and upper quartile (i.e. 
25% of the data less or greater than this value), respectively. The lower and upper whiskers represent 
the minimum and maximum value excluding outliers, respectively. Dots at the bottom or top of 
whiskers represent outliers (i.e. less and more than 3/2 times of the lower and upper quartile, 
respectively). 
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Table 3.5 Degrees of freedom (DF) and Akaike Information Criteria (AIC) for generalised additive 
mixed effect models (GAMMs) predicting profile measured (δ13C, δ15N) and normalised (nδ13C, nδ15N) 
carbon and nitrogen isotope values. The null model included sample age as smoother and individual as 
random effect (random intercept), but no parametric fixed effects. Models with AIC > 2 lower than the 
null model (in bold) were considered as optimal; otherwise, the null model was considered as optimal. 
A) All data 

  AIC 
Model DF δ13C δ15N nδ13C nδ15N 
δ value ~ age + ind 5 349.463  987.588 305.475 935.135 
δ value ~ age + ind + sp 6 337.202 980.9022 300.519 934.675 
δ value ~ age + ind + sp + loc 10 338.267 967.050 306.329 938.796 
B) Blue sharks 

  AIC 
Model DF δ13C δ15N nδ13C nδ15N 
δ value ~ age + ind 5 181.033 504.001 160.356 470.997 
δ value ~ age + ind + sp + loc 7 179.798 497.848 160.619 473.811 
C) Porbeagles 

  AIC 
Model DF δ13C δ15N nδ13C nδ15N 
δ value ~ age + ind 5 102.358 391.487 87.761 380.280 
δ value ~ age + ind + sp + loc 7 104.925 380.354 90.7832 376.463 
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Table 3.6 Results for full GAMMs predicting profile δ13C, δ15N, nδ13C and nδ15N values. Estimated sample age was added into models as smoother (f(Age)), 
individual as random effect (random intercept), and species and/or capture area as parametric fixed effects (fSpecies, fArea; full model), predictors with p-
values < 0.05 (in bold) were considered significant. Model parameter estimates for fixed effects are reported in Table 3.7. 
A) All data 
 δ13C (‰) δ15N (‰) nδ13C (‰) nδ15N (‰) 
Parameters DF F p-value DF F p-value DF F p-value DF F p-value 
fSpecies 1 11.938 0.0006 1 23.760 1.71010-6 1 4.688 0.031 1 4.157 0.042 
fArea 4 2.116 0.079 4 12.600 1.52010-9 4 0.540 0.707 4 0.959 0.430 
f(Age) 7.377 28.430 < 2.00010-16  5.973 13.980 3.26010-14  7.433 29.310 < 2.00010-16  5.988 14.340 1.07010-14  
R2 (adj.) 0.536 0.537 0.384 0.191 
Scale est.  0.131 0.871 0.126 0.833 
n 339 339 399 339 
B) Blue sharks 
 δ13C (‰) δ15N (‰) nδ13C (‰) nδ15N (‰) 
Parameters DF F p-value DF F p-value DF F p-value DF F p-value 
fArea 2 3.386 0.036 2 9.451 0.0001 2 1.864 0.158 2 0.586 0.558 
f(Age) 7.866 38.520 < 2.00010-16  4.512 18.700 1.72010-14  7.896 39.360 < 2.00010-16  4.562 19.500 1.07010-14  
R2 (adj.) 0.597 0.431 0.601 0.297 
Scale est.  0.107 0.544 0.103 0.524 
n 204 204 204 204 
C) Porbeagles 
 δ13C (‰) δ15N (‰) nδ13C (‰) nδ15N (‰) 
Parameters DF F p-value DF F p-value DF F p-value DF F p-value 
fArea 2 0.783 0.459 2 26.240 2.78010-10 2 0.480 0.620 2 4.173 0.017 
f(Age) 4.927 8.499 6.02010-7 3.492 30.990 < 2.00010-16 5.028 8.840 2.43010-7  3.553 31.45 < 2.00010-16 
R2 (adj.) 0.207 0.608 0.245 0.451 
Scale est.  0.097 0.828 0.093 0.803 
n 135 135 135 135 
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Table 3.7 Parameter estimates, t- and p-values for fixed effects in full GAMMs predicting profile profile δ13C, δ15N, nδ13C and nδ15N values; fixed effects are 
species and/or capture area, depending on whether models include all data, or blue or porbeagle shark data. 
A) All data 
 δ13C (‰) δ15N (‰)  nδ13C (‰)  nδ15N (‰)  
Parameters Estimate ± SD t-value p-value Estimate ± SD t-value p-value Estimate ± SD t-value p-value Estimate ± SD t-value p-value 
Intercept -14.949 ± 0.087 -171.270 < 2·10-16 11.449 ± 0.190 60.323 < 2·10-16  0.044 ± 0.049 0.899 0.369 0.081 ± 0.127 0.638 0.524 
Species: POR 0.406 ± 0.117 3.455 0.0006  1.218 ± 0.250 4.874 1.71·10-6  -0.129 ± 0.059 -2.165 0.031  -0.311 ± 0.152 -2.039 0.042  
Area: FI -0.208 ± 0.208 -1.002 0.317 -0.984 ± 0.447 -2.203 0.028  0.012 ± 0.111 0.111 0.912 0.240 ± 0.286 0.842 0.400 
Area: MAR -0.308 ± 0.308 -2.518 0.012  -0.658 ± 0.266 -2.481 0.014  0.041 ± 0.068 0.596 0.551 0.017 ± 0.175 0.096 0.924 
Area: NWA -0.088 ± 0.088 -0.747 0.456 0.596 ± 0.253 2.354 0.019  -0.016 ± 0.061 -0.268 0.789 -0.021 ± 0.158 -0.137 0.891 
Area: WEC 0.022 ± 0.022 0.123 0.902 -0.528 ± 0.385 -1.372 0.171  0.066 ± 0.095 0.697 0.486 0.324 ± 0.244 1.328 0.185 
B) Blue sharks 
 δ13C (‰) δ15N (‰)  nδ13C (‰)  nδ15N (‰)  
Parameters Estimate ± SD t-value p-value Estimate ± SD t-value p-value Estimate ± SD t-value p-value Estimate ± SD t-value p-value 
Intercept -14.983 ± 0.081 -185.181 < 2·10-16 11.360 ± 0.235 48.358 < 2·10-16  0.010 ± 0.044 0.237 0.813 -0.0003 ± 0.099 -0.004 0.997 
Area: MAR -0.295 ± 0.114 -2.592 0.010 -0.744 ± 0.332 -2.245 0.026 0.051 ± 0.062 0.829 0.408 -0.083 ± 0.139 -0.595 0.552 
Area: NWA -0.127 ± 0.111 -0.151 0.251 0.669 ± 0.325 2.055 0.041 -0.054 ± 0.056 -0.975 0.331 -0.052 ± 0.125 0.412 0.681 
C) Porbeagles 
 δ13C (‰) δ15N (‰)  nδ13C (‰)  nδ15N (‰)  
Parameters Estimate ± SD t-value p-value Estimate ± SD t-value p-value Estimate ± SD t-value p-value Estimate ± SD t-value p-value 
Intercept -14.679 ± 0.142 -103.225 < 2·10-16 11.799 ± 0.121 55.677 < 2·10-16  -0.0007 ± 0.071 -0.010 0.992 0.127 ± 0.209 0.606 0.545 
Area: NWA 0.130 ± 0.163 0.797 0.427 1.524 ± 0.238 6.394 2.740·10-9 -0.020 ± 0.080 -0.249 0.804 -0.323 ± 0.235 -1.376 0.171 
Area: WEC 0.217 ± 0.174 1.245 0.215 0.573 ± 0.259 2.214 0.029 0.042 ± 0.087 0.481 0.631 0.199 ± 0.255 0.783 0.435 
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In porbeagles, δ13C values consistently increased by < 1‰ during the juvenile stage until an 
age of ~ 57-69 months, and remained relatively constant until capture (Fig. 3.7A). Values of δ15N 
showed two stepwise increases throughout ontogeny: a smaller increase (< 1‰) just after birth, and a 
larger increase (> 2‰) at an age of ~ 92-103 months; during intermediate juvenile and adult periods, 
they remained relatively constant (Fig. 3.7B). The ontogenetic pattern in δ15N values in porbeagles 
was strongly driven by a stepwise increase in δ15N values during subadult life-history stages in 
Northwest Atlantic individuals; when adult samples from Northwest Atlantic porbeagles were omitted, 
δ15N values showed a similar ontogenetic pattern, except that they did not reach a plateau, as the 
plateau-phase only regarded adult samples from Northwest Atlantic individuals. Both δ13C and δ15N 
values decreased sharply by < 1‰ and > 1‰ respectively immediately after birth (Fig. 3.7). Patterns 
in δ13C and δ15N values in porbeagles were non-linear (smoother: maximum p-value = 6.02010-7 < 
0.05, F = 8.499; Table 5 and 3.6C); patterns in δ15N values differed significantly between eastern and 
western North Atlantic individuals (F = 26.240, p-value = 2.78010-10 < 0.05), whereas patterns in δ13C 
values did not (F = 0.783, p-value = 0.459; Table 5 and 3.6C).  

Results for comparisons of variance in δ13C and δ15N values between species and among life-
history stages are reported in Table 3.8; note that between-individual variance in measured (non-
normalised) isotope values is affected by regional variation in isotopic baselines.  

 
Figure 3.7 Ontogenetic patterns in carbon and nitrogen isotopic compositions in porbeagle sharks. 
Distributions of δ13C and δ15N values for each age class (11.56 months) across individual porbeagles. 
Grey vertical lines represent estimated age at birth and age at maturity. PB, JUV and AD represent 
pre-birth, juvenile and adult life stages.
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Table 3.8 Results for comparisons of between-individual variance in δ13C, δ15N, nδ13C and nδ15N values between pairs of combinations of species (i.e. blue 
shark – bsh, porbeagle – por) and life-history stage (i.e. pre-birth – PB, juvenile – JUV, and adult – AD): i.e. groups. Difference in standard deviation (SD 
diff), Levene’s test (or Kruskal-Wallis’ test, where data were non-normally distributed) result, and p-value are reported; where p-value were < 0.05 (in bold), 
variances are considered non-equal. 
  δ13C (‰) δ15N (‰) nδ13C (‰) nδ15N (‰) 
Level Comparison SD diff  L (K-W) p-value SD diff L (K-W) p-value SD diff  L (K-W) p-value SD diff L (K-W) p-value 
bsh PB-JUV 0.031 1.624 0.202 -0.489 10.387 0.001 -0.046 1.729 0.188 -0.428 9.457 0.003  
bsh PB-AD 0.244 15.816 6.98010-5 -0.279 2.407 0.121 0.119 9.764 0.002 -0.546 15.694 0.0002  
bsh AD-JUV -0.213 16.872 6.11710-5 -0.210 5.952 0.015 0.165 7.081 0.008  -0.118 2.070 0.152 
por PB-JUV 0.082 4.646 0.031 -0.363 0.0003 0.985 0.024 0.911 0.340 0.074 4.436 0.036  
por PB-AD 0.208 5.431 0.027 0.751 10.383 0.001 0.282 8.369 0.007  0.913 15.349 8.93510-5  
por AD-JUV -0.126 0.771 0.380 -1.113 8.258 0.004 0.258 8.192 0.004  0.893 9.479 0.002  
PB BSH-POR 0.041 0.317 0.573 -0.344 6.086 0.013 -0.008 0.934 0.761 -0.798 24.339 8.07910-7  
JUV BSH-POR 0.093 5.489 0.019 -0.218 0.221 0.638 0.062 2.620 0.106 -0.296 4.759 0.029  
AD BSH-POR 0.005 0.032 0.859 0.685 8.734 0.003 0.155 5.337 0.024  0.661 6.723 0.012  
 
 



  

 99 

3.4.1.2  Patterns in normalised isotope values: species-level life-history isotopic traits  
Distributions of normalised carbon (nδ13C) and nitrogen (nδ15N) isotope values for each age 

class across individual blue sharks are presented in Fig. 3.8, and across individual porbeagles in Fig. 
3.9. Common, broad ontogenetic patterns in nδ13C and nδ15N values across blue and porbeagle sharks 
identified species-level life-history isotopic traits, after between-area and individual variance 
associated with regional variation in isotopic baselines was removed. Patterns in nδ13C and nδ15N 
values were non-linear (smoother: maximum p-value = 1.070·10-14 < 0.05, F = 14.340), and differed 
significantly between species (maximum p-value = 0.042 < 0.05, F = 4.157), but not among areas 
(minimum p-value = 0.430, F = 0.959; Table 5 and 3.6A). Patterns in normalised isotope values were 
similar to patterns in non-normalised values (see Fig. 3.6 and 3.7), and generally showed smaller 
between-individual variance, except for carbon isotopes in adult blue shark samples, and nitrogen 
isotopes in pre-birth and adult porbeagle samples (Table 3.9; Fig. 3.6-3.9). Differences in variances 
between normalised and non-normalised isotope values were generally not statistically significant 
(minimum p-value = 0.057, Levene’s test = 3.625), except for carbon isotopes in juvenile blue sharks, 
and juvenile and adult porbeagles (maximum p-value = 0.035 < 0.05, Levene’s test = 5.470; Table 
3.9).  
Table 3.9 For each combination of species and life-history stage (i.e. group), comparison of variance 
between δ13C, δ15N and nδ13C, nδ15N values. 
A) Blue sharks 
 bsh.PB bsh.JUV bsh.AD 
Comparison SD diff  L (K-W) p-value SD diff L (K-W) p-value SD diff  L (K-W) p-value 
δ13C-nδ13C (‰) 0.119 3.625 0.057 0.043 6.188 0.013 -0.005 0.007 0.933 
δ15N-nδ15N (‰) 0.285 2.479 0.115 0.345 0.960 0.327 0.018 0.100 0.752 
B) Porbeagles 
 por.PB por.JUV por.AD 
Comparison SD diff L (K-W) p-value SD diff  L (K-W) p-value SD diff L (K-W) p-value 
δ13C-nδ13C (‰) 0.070 1.652 0.205 0.013 7.309 0.006 0.145 5.470 0.035 
δ15N-nδ15N (‰) -0.168 0.930 0.340 0.268 1.384 0.239 -0.006 0.422 0.526 

In blue sharks, nδ13C values decreased sharply by ~ 1‰ immediately after birth, and 
increased progressively during juvenile and subadult stages by 1‰, until reaching a plateau during the 
adult stage; nδ13C values during the adult stages were similar to pre-birth levels (Fig. 3.8A). Values of 
nδ15N decreased slightly by ~ 0.5‰ around birth, increased by 1‰ during the juvenile stage, and 
decreased by 2‰ during subadult and adult stages (Fig. 3.8B). Patterns in nδ13C and nδ15N values in 
blue sharks were non-linear (smoother: maximum p-value = 1.070·10-14 < 0.05, F = 19.500), and did 
not differ significantly among areas (minimum p-value = 0.158, F =1.864, Table 5 and 3.6B). 
Between-individual variances in nδ13C values during pre-birth and juvenile life-history stages were 
significantly larger than variance during the adult stage (maximum p-value = 0.002 < 0.05, Levene’s 
test = 9.764), but statistically comparable to one another (Levene’s test = 1.729, p-value = 0.188). 
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Variances in nδ15N values during juvenile and adult stages were significantly larger than variance 
during the pre-birth stage (maximum p-value = 0.003 < 0.05, Levene’s test = 9.457), and were 
comparable to one another (Levene’s test = 2.070, p = 0.152, Table 3.8). 

 
Figure 3.8 Life-history traits in carbon and nitrogen isotopic compositions in blue sharks. 
Distributions of sample-normalised carbon (nδ13C) and nitrogen (nδ15N) isotopic compositions for 
each age class (7.80 months) across individual blue sharks. Grey vertical lines represent estimated age 
at birth and age at maturity. PB, JUV and AD represent pre-birth, juvenile and adult life stages. 

In porbeagles, nδ13C values decreased sharply by < 1‰ just after birth, increased by ~ 1‰ 
during the juvenile stage until an age of ~ 57-69 months, and remained relatively constant until 
capture (Fig. 3.9A). Values of nδ15N increased slightly slightly by ~ 0.5‰ around birth, increased by 
another 0.5‰ and remained relatively constant during the juvenile stage, and increased stepwise by > 
2‰ to a plateau during subadult stages, from an age of ~ 115 months to an age of ~ 138 months (Fig. 
3.9B). Neither nδ13C nor nδ15N values showed a clear pattern during pre-birth stages (Fig. 3.9). 
Patterns in nδ13C and nδ15N values in porbeagles were non-linear (smoother: maximum p-value = 
2.430·10-7 < 0.05, F = 8.840); patterns in nδ15N values differed significantly between eastern and 
western North Atlantic individuals (F = 4.173, p-value = 0.017 < 0.05), whereas patterns in nδ13C 
values did not (F = 0.480, p-value = 0.620; Table 5 and 3.6C). Between-individual variances in nδ13C 
values during pre-birth and juvenile life-history stages were significantly larger than variance at the 
adult stage (maximum p-value = 0.007 < 0.05, Levene’s test = 8.369), but comparable to one another 
(Levene’s test = 0.911, p-value = 0.340). Variances in nδ15N values differed significantly among all 
three life-history stages (maximum p-value = 0.036, Levene’s test = 4.436, Table 3.8), with highest 
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and lowest variance in pre-birth and adult samples, respectively (as adult samples only regarded 
Northwest Atlantic individuals). 

Finally, variance in nδ13C values in blue sharks was significantly higher than variance in 
porbeagles at the adult stage (Levene’s test = 5.337, p-value = 0.024 < 0.05), and comparable to that in 
porbeagles during pre-birth and juvenile stages (minimum p-value = 0.106, Levene’s test = 2.620, 
Table 3.8). Variances in nδ15N values differed significantly between blue and porbeagle sharks during 
all stages (maximum p-value = 0.029 < 0.05, Levene’s test = 4.759, Table 3.8), with highest and 
lowest variance in porbeagle pre-birth and adult samples, respectively. 

 
Figure 3.9 Life-history traits in carbon and nitrogen isotopic compositions in porbeagle sharks. 
Distributions of nδ13C and nδ15N values for each age class (11.56 months) across individual 
porbeagles. Grey vertical lines represent estimated age at birth and age at maturity. PB, JUV and AD 
represent pre-birth, juvenile and adult life stages.  
3.4.2 Between-species differences in life-time isotopic niche areas 

Blue and porbeagle shark samples were well separated in the carbon-nitrogen isotope space 
(Fig. 3.10), indicating between-species differences in life-time isotopic niche areas. In general, blue 
shark samples showed more negative δ13C and δ15N values than porbeagle samples, and had larger 
isotopic ranges, particularly in δ13C values (Fig. 3.10). Standard ellipse area (calculated using 
measured isotope values, and corrected for small sample size, SEAc) was 1.93 for blue sharks, and 
1.75 for porbeagles. The posterior probability that Bayesian-estimated standard ellipse area (SEA.B) is 
larger for blue sharks than for porbeagles was 73%. The overlap between standard ellipse areas for 
blue and porbeagle sharks was 0.27 (overlap = 0 – no overlap, overlap = 1 – same ellipse). When adult 
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samples from Northwest Atlantic porbeagles were omitted, the standard ellipse area for porbeagles 
was smaller: 1.61; consequently, the probability that standard ellipse area for blue sharks is larger than 
that for porbeagles was larger: 90%. The overlap between standard ellipse areas for blue and 
porbeagle sharks was also larger: 0.30. 

In both species, samples from different areas and individuals were also somewhat separated 
in the isotope space (Fig. 3.10), indicating between-area and individual variability in isotopic niches. 
In porbeagles, separation between eastern and western North Atlantic individuals was strongly driven 
by 15N-enriched subadult and adult samples from Northwest Atlantic individuals; when adult samples 
were removed, samples from Northeast and Northwest Atlantic individuals were still separated, 
though to a lesser extent, due to 15N-enrichment in subadult samples from Northwest Atlantic 
individuals. 

 
Figure 3.10 Life-time isotopic niches of blue and porbeagle sharks. 
Values of δ13C versus δ15N values of bulk cartilage collagen from sequential vertebral samples from 
individual blue and porbeagle sharks. Different symbols represent different species: circles identify 
blue sharks, triangles porbeagles. Different colour scales represent different species and capture areas: 
blues identify blue sharks from the mid-Atlantic Ridge, greens blue sharks from the Canary Islands, 
purples blue sharks from the Northwest Atlantic, reds porbeagles from the Northeast Atlantic (with 
lightest reds representing porbeagles from the western English Channel and the darkest red the 
porbeagle from the Faroe Islands), and oranges porbeagles from the Northwest Atlantic. Different 
colour shades represent different individual sharks as in figure legend. Symbol size is proportional to 
sample distance along the vertebral radius. Ellipses represent standard ellipse areas corrected for small 
sample size (SEAc): the blue ellipse is relative to blue sharks (bsh), the red ellipse to porbeagles (por). 
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3.4.3 Variability in carbon and nitrogen isotopic profiles within and 
among individuals, and among areas 
Individual-level life-history δ13C and δ15N records are presented in Fig. 3.11. Within-

individual variability in δ13C and δ15N profiles was given by a long-term (ontogenetic) pattern, and 
super-imposed shorter-term excursions in most sharks (with the exception of individual 11; Fig. 3.11). 
Short-term excursions in δ13C and δ15N values typically represented isotopic variance over one or a 
few years (Table 3.3, Fig. 3.11).  

Super-imposed on common, broad ontogenetic patterns in δ13C and δ15N values within 
species (Fig. 3.6 and 3.7; for patterns in nδ13C and nδ15N values, see Fig. 3.8 and 3.9), similarities and 
differences in both long- and short-term patterns in isotopic profiles were identified among capture 
areas and individuals (Fig. 3.11). In blue sharks, both δ13C and δ15N profiles differed significantly 
among areas (maximum p-value = 0.036 < 0.05, F = 3.386); in porbeagles, δ15N profiles differed 
significantly between eastern and western North Atlantic individuals (p-value = 2.780·10-10 < 0.05, F 
= 26.240), whereas δ13C profiles did not (p-value = 0.459, F = 0.783). 

In blue sharks, for instance, the shape of the increase in δ13C values throughout life, as well 
as the frequency, amplitude and time-scales of excursions in δ13C values, varied among individuals. In 
more detail, δ13C values increased linearly throughout life with a few small excursions in individuals 
12, 131 and 441, linearly with regular pronounced excursions in sharks 16 and 101, and with a U-
shape in individuals 24, 33, 335 and 415 (Fig. 3.11). 

In porbeagles, δ13C and δ15N profiles in Northeast Atlantic individuals differed from one 
another, and from profiles in Northwest Atlantic individuals. Specifically, δ13C values increased 
linearly throughout life with a few small excursions in individual 11, linearly with regular pronounced 
excursions in individual 40, and decreased (after increasing slightly at the juvenile stage) in individual 
1000, the only individual caught off the Faroe Islands; δ13C values remained relatively constant 
throughout ontogeny, showing a pronounced negative excursion just after birth and then moderate 
excursions, in all three Northwest Atlantic individuals. Values of δ15N remained relatively constant 
throughout life in individuals 11 and 1000, and increased slightly with regular pronounced excursions 
in individual 40; δ15N values increased stepwise from an age of ~ 62-98 months, and reached a plateau 
at an age of ~ 138 months in all three western Atlantic porbeagles. Note that, whilst δ15N values in 
Northwest Atlantic porbeagles started increasing well before maturity, values in Northeast Atlantic 
individuals showed no similar increase at comparable ages/sizes, though increased slightly towards the 
end of life in individuals 11 and 1000 (Fig. 3.11). 
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Figure 3.11 Individual-level life-history records of carbon and nitrogen isotopic compositions. 
From the top-left to the bottom-right, individual-level life-history records of δ13C and δ15N values are 
presented for individuals i) 16, ii) 24, iii) 12 (blue sharks from the mid-Atlantic Ridge), iv) 101, v) 131, 
vi) 33 (blue sharks from the Canary Islands), vii) 335, viii) 415, ix) 441 (blue sharks from the 
Northwest Atlantic), x) 11, xi) 40 (porbeagles from the western English Channel), xii) 1000 
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(porbeagle from the Faroe Islands), xiii) 599, xiv) 601, and xv) 578 (porbeagles from the Northwest 
Atlantic). Different symbols represent different species as in Fig. 3.10. Different colours represent 
different isotopes: blue identifies δ13C values, red δ15N values. Datapoints are measured isotope values, 
lines predicted monthly values obtained by fitting the least smooth as possible Loess smoother. The 
error bars in the top-left panel are the standard deviations for δ13C and δ15N values. The grey vertical 
lines represented estimated age at birth and at maturity. 
3.4.3.1 Co-variation between carbon and nitrogen isotope values 

Co-variation between δ13C and δ15N values was generally insignificant or relatively weak; 
where present, it did not have a clear ontogenetic component (but see individuals 335 and 415), and 
resulted from in- or out-of-phase (shifted) excursions in δ13C and δ15N values (Fig. 3.11). Similarities 
and differences in the sign, extent and temporal structure of co-variation between δ13C and δ15N values 
were also identified among areas and individuals. In central and eastern North Atlantic blue sharks, for 
instance, δ15N values varied independently from δ13C values, or were weakly positively related to δ13C 
values, due to independent or in-phase, shifted excursions in δ13C and δ15N values. In western North 
Atlantic blue sharks, by contrast, δ15N values were negatively related to δ13C values, as a result of both 
ontogenetic divergence of δ15N values from δ13C values, as well as short-term out-of-phase excursions 
in δ13C and δ15N values. In eastern North Atlantic porbeagles, δ13C and δ15N time-series varied 
independently in individuals 11 and 1000, and co-varied positively in individual 40, due to regular and 
pronounced in-phase excursions in δ13C and δ15N values. In Northwest Atlantic porbeagles, δ15N 
values were weakly positively related to δ13C values, mostly due to more positive δ13C and δ15N values 
during subadult and adult life-history stages; whilst δ15N values increased stepwise at an age of ~ 62-
98 months, no corresponding increase in δ13C values was documented (Fig. 3.11). 

 Discussion 3.5
In this study, individual-level life-history δ13C and δ15N records were recovered for blue and 

porbeagle sharks caught across the North Atlantic, at a high (i.e. seasonal to multi-annual) temporal 
resolution. Values of δ13C and δ15N varied between species, among capture areas, and within and 
among individuals, indicating spatial and/or trophic variability at multiple levels (hypothesis 1). A 
major finding of this study was the identification of common, broad ontogenetic patterns in δ13C and 
δ15N values across individual blue and porbeagle sharks (Fig. 3.6-3.9). Patterns in normalised isotope 
values (Fig. 3.8 and 3.9) identified species-level life-history isotopic traits, reflecting consistent 
ontogenetic changes in the interaction between the individuals and their environment, after variability 
in space use among individuals was removed (hypothesis 2). Life-history isotopic traits can also be 
identified within many other shark species, and across species (Table 3.1; Fig. 3.2), indicating 
ubiquitous traits in the movement and feeding ecology of sharks, which may imply shared 
vulnerability to fishery capture. Nevertheless, differences in life-history isotopic traits were observed 
(hypothesis 3). Drawing inferences on the underlying biogeochemical and/or ecological mechanisms 
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of isotopic traits is more challenging. The likely influences from movement across isotopic gradients 
(baseline isotope effects) and changes in diet and trophic level (trophic isotope effects) on the 
observed life-history isotopic traits in blue and porbeagle sharks are discussed below. 
3.5.1 Species-level life-history isotopic traits 
3.5.1.1  Baseline (spatial) arguments for life-history isotopic traits 

Generally, the carbon isotopic composition of marine phytoplankton (δ13CPLK) at the base of 
pelagic food webs co-varies positively with sea surface temperature (SST; Sackett et al., 1965; Rau et 
al., 1982; Trueman et al., 2012; McMahon et al., 2013a; Magozzi et al., 2017; Fig. 3.12; Chapter 2). 
Coastal environments may also be isotopically distinct from offshore settings, depending on latitude 
and the nature of coastal vegetation (O’Leary, 1981). In theory, then, the consistent shift to more 
positive δ13C values during juvenile growth in both blue and porbeagle sharks (Fig. 3.8A and 3.9A) 
could reflect an ontogenetic movement to warmer southern waters, and/or potentially offshore, if 
coastal waters contain a high proportion of nutrients derived from 13C-depleted C3 vascular plants 
(O’Leary, 1981). 

Female blue sharks are known from satellite-tracking studies on both sides of the North 
Atlantic to undergo an ontogenetic shift in movement behaviour, from undertaking seasonal 
movements between temperate and subtropical latitudes when juvenile and subadult (Queiroz et al., 
2010; Campana et al., 2011; Queiroz et al., 2012; Vandeperre et al., 2014) to conducting distinctive 
migrations to tropical waters when adults, possibly associated with parturition and pupping 
(Vandeperre et al., 2014). 

Seasonal to annual north-south movements have also been reported for juvenile and subadult 
female porbeagles in the Northeast Atlantic (Pade et al., 2009; Saunders et al., 2011; Biais et al., 2016; 
Fig. 3.3), and distinctive migrations to subtropical pupping grounds have been documented for adult 
females in the Northwest Atlantic (Campana et al., 2010). Additionally, porbeagles are thought to 
undergo an ontogenetic habitat shift, from coastal and shelf systems when juveniles and subadults to 
shelf-edge and slope environments when adults (Bendall et al., 2013; Ellis et al., 2015; Biais et al., 
2016). Thus, the consistent increase in δ13C values during juvenile life-history stages in both blue and 
porbeagle sharks (Fig. 3.8A and 3.9A) could potentially be explained by an increase in the frequency 
and/or duration of movements towards 13C-enriched southern or offshore waters. 

For blue sharks, the observed pattern of increasing δ15N values during juvenile growth, and 
decreasing δ15N values during subadult and adult life-history stages (Fig. 3.8B) is consistent with an 
increase in the utilisation of southern waters. In the North Atlantic, spatial carbon and nitrogen 
isotopic gradients are predicted to be largely independent (Schmittner & Somes, 2016; Magozzi et al., 
2017; Fig. 3.11; see also Hofmann et al., 2000; Tagliabue & Bopp, 2008; Somes et al., 2010; 
McMahon et al., 2013a), due to independent underlying mechanisms of isotopic variation (for reviews, 
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see Trueman et al., 2012; McMahon et al., 2013a, b; Chapter 2), and the nitrogen isotopic 
compositions of phytoplankton (δ15NPLK) is predicted to broadly decrease from north to south 
(Schmittner & Somes, 2016; Fig. 3.12B).  

Assuming that ontogenetic isotopic variation is driven by movements across isotopic 
gradients, then potential foraging areas can be inferred from available isoscape models (Schmittner & 
Somes, 2016; Magozzi et al., 2017; Chapter 2). In blue sharks, δ13C values progressively increased by 
~ 1‰ from birth to the onset of maturity (Fig. 3.8A), meaning that phytoplankton in juvenile and 
subadult foraging grounds should have δ13C values ~ 1 or < 1‰ more negative than in capture areas 
(Fig. 3.12A). Additionally, because δ15N values increased by ~ 1‰ during juvenile growth, and 
decreased by ~ 2 ‰ during subadult and adult stages (Fig. 3.8B), phytoplankton in juvenile and 
subadult grounds should also have δ15N values ~ 1 and 2‰ higher than in capture areas, respectively 
(Fig. 3.12B). Accordingly, blue sharks caught north-west of the Azores, for instance, should have 
foraged east of the Azores and in the northern Northeast Atlantic when juveniles, then spent an 
increased proportion of time feeding in the Gulf Stream and further south in the subtropical gyre (Fig. 
3.12). Core regions of the vertebra reflect maternal isotopic compositions (Olin et al., 2011; Carlisle et 
al., 2015). Interestingly, in blue sharks, maternal δ13C values were consistently higher than post-birth 
values, and similar to values during the adult life-history stage, suggesting distinct pupping and 
maternal foraging grounds, possibly to avoid pup predation by larger sharks. Similar maternal and 
adult δ13C values may also suggest a return migration of adult sharks to mothers’ foraging grounds. 
Isotope-inferred foraging areas for all blue sharks are within the known geographic range of this 
species in the North Atlantic (Queiroz et al., 2010; Campana et al., 2011; Queiroz et al., 2012; 
Vandeperre et al., 2014; 2016), indicating that observed life-history isotopic traits could be explained 
solely by a southward ontogenetic movement (and no diet and trophic level change). 

For porbeagle sharks, by contrast, the stepwise increase in δ15N values during subadult 
stages does not seem to be consistent with an increase in the utilisation of southern waters. In 
porbeagles, δ13C values increased progressively by < 1‰ during juvenile growth, and δ15N values 
increased stepwise by > 2‰ during subadult stages (in large individuals from the Northwest Atlantic; 
Fig. 3.9). For porbeagles caught in the Northwest Atlantic, the pattern in δ13C values would require 
juvenile foraging areas in the northern Northwest Atlantic, whereas that in δ15N values would require 
juvenile feeding south of the capture area (Fig. 3.12). Similarly, for individuals caught in the Celtic 
Sea, patterns in δ13C and δ15N values would require juvenile feeding grounds in the northern Northeast 
Atlantic and in the subtropical gyre, respectively (Fig. 3.12). Due to inconsistencies in isotope-inferred 
foraging grounds, therefore, life-history isotopic traits in porbeagles cannot be explained only by a 
southward ontogenetic habitat shift, but must involve trophic shifts.  

In addition to latitudinal movement, porbeagles are also believed to undergo an ontogenetic 
shift towards offshore waters (Bendall et al., 2013; Ellis et al., 2015; Biais et al., 2016); if that is the 
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case, then drawing inferences on life-time foraging grounds can be more difficult, as isoscape 
predictions in coastal and shelf systems are likely to be offset (Chapter 2). 

 
Figure 3.12 Carbon and nitrogen isoscapes for phytoplankton in the North Atlantic. 
Annually averaged surface water distributions of the A) carbon and B) nitrogen isotopic compositions 
of phytoplankton (δ13CPLK and δ15NPLK, respectively) across the North Atlantic Ocean. Both isoscapes 
are developed using mechanistic, predictive isotope models: the carbon isoscape is constructed using 
an offline extension to the earth system model NEMO-MEDUSA with a monthly climatology for the 
period 2001-2010 (Magozzi et al., 2017; Chapter 2), the nitrogen isoscape using the isotope-enabled 
UVic model for the model year 2010 (Schmittner & Somes, 2016). As an example, isotope-inferred 
life-time foraging areas are represented for blue sharks caught north-west of the Azores, and 
porbeagles captured off Newfoundland (blue and red ellipses, respectively).  
3.5.1.2  Trophic arguments 

Whilst life-history isotopic traits in blue sharks (Fig. 3.8) may be explained solely by 
movements across spatially independent isotopic gradients in the North Atlantic, a potential 
explanation for progressively increasing δ13C values throughout ontogeny (Fig. 3.8A) is a size-based 
increase in trophic level. Size-dependent increases in trophic level have never been reported 
specifically for blue sharks, but modest correlation between size and trophic level has been 
documented for other carcharhinid sharks (Cortes, 1999). Assuming a trophic enrichment factor of ~ 1‰ 
(DeNiro & Epstein, 1978; but see Vander Zanden & Rasmussen, 2001; McCutchan et al., 2003), the 
observed ontogenetic increase in δ13C values could potentially be explained by an ontogenetic diet 
shift of one trophic level. However, the lack of a corresponding larger (~ 3.4‰; DeNiro & Epstein, 
1981) increase in δ15N values implies that trophic level change cannot be the only underlying 
mechanism of isotopic variation, but must be coupled with variations in nitrogen isotopic baselines 
(Schmittner & Somes, 2016; Magozzi et al., 2017; Fig. 3.12).  

The most obvious argument for the observed stepwise increase in δ15N values in porbeagles 
(Fig. 3.9B) is also a step-change in trophic level. Step-changes in trophic level throughout ontogeny 
have never been documented specifically for porbeagles, but have been reported for another lamind 
shark, the white shark, at least for some populations and individuals (Table 3.1; Estrada et al., 2006; 
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Kerr et al., 2006; Kim et al., 2012a; Hamady, 2014). Similar to blue sharks, the lack of a 
corresponding (smaller) increase in δ13C values implies additional movements across carbon isotopic 
gradients (McMahon et al., 2013a; Magozzi et al., 2017; Fig. 3.12A), and/or near zero trophic 
fractionation for carbon isotopes (Vander Zanden & Rasmussen, 2001; McCutchan et al., 2003). 

The stepwise increase in δ15N values in porbeagles (Fig. 3.9B) was strongly driven by 
stepwise increasing δ15N values during subadult life-history stages in Northwest Atlantic individuals 
(Fig. 3.11). The lack of a similar pattern in samples of comparable age/size from Northeast Atlantic 
individuals may indicate a delayed trophic shift in the Northwest Atlantic population (Fig. 3.11), 
movement across larger nitrogen isotopic gradients in the Northeast Atlantic (McMahon et al., 2013a; 
Schmittner & Somes, 2016; Fig. 3.12B), and/or differences in age estimation models not accounted for 
in this study. 
3.5.2 Area effects on life-history traits 

Super-imposed on species-level life-history isotopic traits (Fig. 3.6-3.9), considerable 
variability existed in carbon and nitrogen isotopic profiles among areas (Fig. 3.11). Between-area 
variability in isotopic profiles generally regarded both long-term patterns and super-imposed shorter-
term excursions in isotope values (see below; Fig. 3.11), suggesting between-area variability in 
movement and/or feeding behaviour on seasonal to ontogenetic time-scales (hypothesis 4). 
Commonalities in isotopic profiles were also identified across areas (Fig. 3.11), however, inferences 
were more difficult to draw due to the small sample size of this study (i.e. three individuals captured in 
each area). Differences in isotopic profiles among areas most likely indicate movement across 
different isoscapes in the eastern and western North Atlantic (Schmittner & Somes, 2016; Magozzi et 
al., 2017; Fig. 3.12) and/or spatial differences in prey availability, as no differences in actual 
movement and feeding patterns are expected between eastern and western North Atlantic individuals 
from the identification of species-level life-history traits. 
3.5.3 Within- and between-individual variability in life-history traits 

Both carbon and nitrogen isotopic compositions varied throughout the life of most individual 
sharks (with the exception of individual 11; Fig. 3.11). Within-individual variability in isotopic 
profiles was generally given by a long-tem (ontogenetic) pattern, and super-imposed shorter-term 
excursions (Fig. 3.10), which typically integrated isotopic variance over one or a few years (Table 3.3; 
Fig. 3.11). Short-term excursions in δ13C and δ15N values indicate individual-level movements and/or 
trophic shifts over seasonal to multi-annual temporal scales (hypothesis 5). Thus, high-resolution 
sampling and analysis of stable isotopes in incrementally grown tissues may allow investigating 
individual-scale behaviour over short temporal scales, even in animals with long tissue isotopic 
incorporation times, such as sharks (Hussey et al., 2012; Kim et al., 2012b, c). Seasonal movements 
have been extensively documented in both blue and porbeagle sharks in the North Atlantic (Campana 
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et al., 2010; Queiroz et al., 2010; Campana et al., 2011; Biais et al., 2016). Seasonal and annual shifts 
in diet compositions have also been observed for both species, most often in response to 
oceanographically-driven variation in prey availability, or movements to areas with different prey 
bases (e.g. Joyce et al., 2002; McCord & Campana, 2003; Markaida & Sosa-Nishizaki, 2010; Preti et 
al., 2012; but see MacNeill et al., 2005). 

Between-individual variability in both the long- and short-term components of variance in 
isotopic profiles (Fig. 3.11) indicates a high degree of individuality in movement and feeding 
behaviour over seasonal to ontogenetic time-scales. Whilst general movement patterns have been 
identified for both species, disparate movements have been documented among individuals (Campana 
et al., 2010; Queiroz et al., 2010; Campana et al., 2011; Biais et al., 2016). 

 Conclusions 3.6
A major finding of this study was the identification of common, broad ontogenetic patterns 

in δ13C and δ15N values across individual blue and porbeagle sharks (Fig. 3.6-3.9), which indicated 
life-history traits in the movement and/or feeding ecology of these species in the North Atlantic (Fig. 
3.7 and 3.8), with super-imposed variability in movement and/or feeding behaviour among areas and 
individuals (Fig. 3.11). Consequently, life-history isotopic traits can be considered conceptually 
similar to life-time isotopic niche areas (Fig. 3.10): they also allow differentiating individuals, 
populations, species, higher taxa and/or functional groups, as well as identifying commonalities across 
groups, and provide additional information on ontogenetic patterns. 

Species-level life-history isotopic traits were also seen from the literature for many other 
shark species (Table 3.1; Fig. 3.2), indicating that ontogenetic movements and/or trophic shifts are 
ubiquitous in sharks. In general, life-history isotopic traits differed between blue and porbeagle sharks 
(Fig. 3.8 and 3.9), and among other species (Fig. 3.2), indicating between-species differences in 
ontogenetic movement and/or feeding ecology. The identification of common life-history traits within 
and across species may have profound implications for determining shark vulnerability to fishery 
capture, and for designing effective management and conservation strategies to protect sharks and 
their roles within ecosystems (Gillanders et al, 2003; Grubbs, 2010; Gruess et al., 2011; Briscoe et al., 
2016). It may, for instance, help to identify areas of essential habitat across life-history, as well as 
areas of high use by multiple individuals, populations or species (Vandeperre et al., 2016; Queiroz et 
al., 2016), where interactions with fisheries are of greater concern for survival, recruitment, 
reproduction and maintenance of ecosystem services.  

Life-history isotopic traits, however, do not ultimately reflect ontogenetic movements, but 
may also represent trophic shifts, or more likely a mixture of both. Thus, whilst bulk stable isotope 
analysis provide an effetive tool to detect the presence of life-history traits in the ecology of sharks, 
some complementary tools, such as isotope analysis of specific structural compounds within tissues 
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(i.e. amino acids or lipids) may help disentangling mixed baseline and trophic effects, hence ultimately 
inferring movement or trophic shifts. 
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 Reconstructing ontogenetic and Chapter 4: 
transgenerational movements and habitat 
shifts in pelagic sharks through compound-
specific stable isotope analysis of essential 
amino acids in vertebrae 

This chapter is a manuscript in prep. (to be submitted in summer 2017): S. Magozzi, S. 
Thorrold, L. Houghton, G. Skomal, L. Natanson, M. Santos, R. Coelho, N. Queiroz, D. Sims, V. 
Bendall, S. Hetherington, J. Ellis, K. Quaeck, C. Bird, and C. Trueman. Reconstructing ontogenetic 
and transgenerational movements and habitat shifts in pelagic sharks through compound-specific 
stable isotope analysis of essential amino acids in vertebrae. In prep. S. Magozzi led the research and 
wrote the manuscript. G. Skomal, L. Natanson, M. Santos, R. Coelho, N. Queiroz, D. Sims, V. Bendall, 
S. Hetherington and J. Ellis provided the shark vertebral samples. L. Houghton advised on sample 
preparation and compound-specific isotope analysis. C. Trueman and S. Thorrold aviced on data 
analysis and interpretations, and provided feedback on the chapter. 

 Abstract 4.1
Stable isotope analysis of animal tissues has become a mainstream tool in marine ecology to 

trace nutrient fluxes through food webs, tack trophic shifts within food webs, and reconstruct animal 
movements. However, interpretations of bulk tissue isotope data are inherently limited by mixed 
baseline and trophic isotope effects. Isotope analysis of single amino acids in animal tissues is being 
increasingly used to tease apart baseline from trophic components of variance in bulk tissue isotopic 
compositions. Essential amino acids can only be synthesised de novo by primary producers and 
bacteria (end-members), and are subsequently assimilated by consumers directly through the diet. 
Therefore, the carbon isotopic compositions of essential amino acids (δ13CEAA) in consumer tissues 
reflect those in end-members, without confounding influences from trophic discrmination. The 
inherent metabolic diversity among major prokaryotic and eukaryotic lineages generates distinct 
patterns of carbon isotope fractionation during amino acid biosynthesis. These carbon isotope 
fingerprints can be used to trace the origin of essential amino acids from consumer δ13CEAA data.   

Here individual-level life-history records of δ13CEAA values were recovered from vertebrae of 
blue (Prionace glauca) and porbeagle (Lamna nasus) sharks, and are discussed with reference to bulk 
collagen isotope data to reconstruct ontogenetic movements across isotopic gradients. Both blue and 
porbeagle sharks were caught across their known geographic ranges in the North Atlantic. The 
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recovery of life-history isotopic traits related to movement (i.e. in δ13CEAA values) across individuals 
of each species conclusively demonstrated species-level ontogenetic movement traits, implying shared 
vulnerability to fishery capture across their life-histories. During juvenile growth, blue sharks 
increasingly utlised foraging grounds with more positive δ13C baselines, whereas porbeagles made 
increasing use of more negative δ13C baselines, whilst also shifting trophic level. Blue shark pupping 
occurred in isotopically distinct grounds compared to those exploited by mothers and adult sharks, 
with the possibility of a return migration of adult individuals to maternal foraging grounds. Pregnant 
female porbeagles, by contrast, migrated to isotopically distinct grounds compared to those exploited 
by subadult females prior to giving birth. However, immediate post-partum independent feeding 
resulted in an increasing utilisation of more negative δ13C baselines. Such isotope-derived inferential 
information on ontogenetic movement patterns complements tag-derived information on short-term 
movements to implement effective management strategies.  

Ontogenetic and transgenerational changes in the relative contributions of different carbon 
sources to shark food webs were also investigated, but interpretations were unceratin, given 
inconsistencies between shark δ13CEAA patterns and available end-member carbon isotope fingerprints. 
Finally, patterns in the carbon isotopic compositions of non-essential amino acids (δ13CnonEAA) were 
also examined, but a coherent physiological framework to interpret variance in carbon isotope data for 
amino acids that are wholly or partially synthesised de novo is currently lacking. 

 Introduction 4.2
The analysis of stable isotopes in animal tissues has become a routine tool in marine ecology 

to reconstruct animal movements (e.g. Best & Schell, 1996; Mendes et al., 2007; Cherel et al., 2009; 
Carlisle et al., 2015) and changes in diet and trophic level (e.g. MacNeill et al., 2005; Estrada et al., 
2006; Newsome et al., 2009; Polo-Silva et al., 2013). The basic premise is that the isotopic 
composition of animal tissues reflects that of primary producers, overlain by a relatively predictable 
trophic offset (DeNiro & Epstein, 1978; 1981; Vander Zanden & Rasmussen, 2001; McCutchan et al., 
2003; for reviews, see Post, 2002; Boecklen et al., 2011; Trueman et al., 2012; McMahon et al., 
2013a). In traditional bulk tissue isotope analysis, variance in tissue isotopic compositions reflects 
both variations in isotope ratios at the base of the food web (baseline isotope effects; e.g. Schmittner & 
Somes, 2016; Magozzi et al., 2017; Chapter 2), and fluctuations in prey isotopic compositions (trophic 
isotope effects), significantly complicating the interpretation of bulk tissue isotope data to infer 
movements and/or diets (e.g. Jennings & Warr, 2003; Popp et al., 2007; Nielsen et al., 2016; for 
reviews, see Newsome et al., 2010; Ramos & González-Solís, 2012; Trueman et al., 2012; McMahon 
et al., 2013b).  

In Chapter 3, individual-level life-history records of carbon and nitrogen isotopic 
compositions were recovered for bulk cartilage collagen (δ13Cbulk and δ15Nbulk, respectively) from 
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vertebrae of blue (Prionace glauca) and porbeagle (Lamna nasus) sharks caught across the North 
Atlantic. Species-level life-history isotopic traits were identified, and interpreted to infer ontogenetic 
movements and/or changes in diet and trophic level. Inferences were, however, complicated by mixed 
baseline and trophic isotope effects. Consistent increases in δ13Cbulk values during juvenile growth in 
both blue and porbeagle sharks (Chapter 3) were explained by an increase in the utilisation of southern 
and/or offshore waters (if coastal waters contain a high proportion of nutrients derived from 13C-
depleted C3 vascular plants; O’Leary, 1981). For blue sharks, the observed increase in δ15Nbulk values 
during juvenile life stages, and decrease during subadult and adult stages (Chapter 3) was considered 
consistent with an increase in the frequency and/or duration of movements towards southern waters, 
based on modelled carbon and nitrogen isoscapes for phytoplankton in the North Atlantic (Schmittner 
& Somes, 2016; Magozzi et al., 2017; Chapter 2). By contrast, for porbeagles, the observed stepwise 
increase in δ15Nbulk values during subadult stages (in mature individuals from the Northwest Atlantic 
only; Chapter 3) appeared to be incosistent with an ontogenetic movement towards southern waters, 
based on predicted isoscapes. Thus, life-history traits in δ13Cbulk values in blue sharks could be 
explained solely by movements across isotopic gradients, whereas equivalent traits in porbeagles must 
involve a combination of movements and trophic shifts (Chapter 3). 

Stable isotope analysis of specific structural compounds within tissues, such as individual 
lipids or amino acids, is increasingly employed in animal movement (e.g. McMahon, 2011; McMahon 
et al., 2011a, b; McMahon et al., 2012; Seminoff et al., 2012) and trophic studies (e.g. Popp et al. 
2007, Chikaraishi et al. 2009, Lorrain et al. 2009, Chikaraishi et al. 2014; for reviews, see McMahon 
et al., 2013b; Nielsen et al., 2015) to reduce uncertainty in estimates of change in location, trophic 
position and nutrient source (e.g. McCarthy et al., 2013; Ellis et al., 2014; Schiff et al., 2014; 
McMahon et al., 2015a; see below). With regard to carbon metabolism, essential amino acids are 
defined as those that can only be synthesised de novo by primary producers and bacteria (end-
members), and are subsequently assimilated by consumers directly through the diet (Hare et al., 1991; 
Reeds, 2000; Jim et al., 2006; for reviews, see Trueman et al., 2012; McMahon et al., 2013b). The 
carbon isotopic compositions of essential amino acids (δ13CEAA) in a consumer’s tissues, therefore, 
represents weighted averages of the δ13CEAA values in all the end-members contributing amino acids to 
the consumer’s food web, without confounding influences from trophic fractionation (e.g. Popp et al., 
2007; for reviews, see Trueman et al., 2012; McMahon et al., 2013b). 

The carbon isotope compositions of essential amino acids (δ13CEAA) in end-members (and 
thus in consumers) are, in turn, given by the carbon isotopic composition of the inorganic carbon pool 
(δ13CCO2(aq)), and by the isotopic fractionation during amino acid biosynthesis (F; Eq. 4.1). 
δ C ~ f(δ C ( ), F)  (4.1) 
where δ13CEAA are the carbon isotopic compositions of essential amino acids, δ13CCO2(aq) is the isotopic 
composition of dissolved CO2, and F the isotopic fractionation associated with amino acid 
biosynthesis. 
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The carbon isotopic composition of aqueous CO2 co-varies with sea surface temperature 
(SST), concentration of dissolved CO2 ([CO2(aq)]), and other carbon components within the dissolved 
inorganic carbon (DIC) pool, and thus varies spatially along broad latitudinal gradients (Hofmann et 
al., 2000; Tagliabue & Bopp, 2008; Schmittner & Somes, 2016; Magozzi et al., 2017). As discussed in 
Chapter 2, carbon isotope fractionation during photosynthesis (εp) is largely determined by the ratio of 
carbon fixation to carbon flux into the cell (O’Leary, 1981; Farquhar et al., 1982; Larsen et al., 2013), 
and thus varies with phytoplankton growth rate and external CO2 concentration (Rau et al., 1989; 
Freeman & Hayes, 1992; Laws et al., 1995). Isotopic fractionation during amino acid biosynthesis 
downstream of the Calvin cycle is fundamentally different, as it is largely controlled by amino acid 
biosynthetic pathways and associated branching points in the central metabolism (Larsen et al., 2009; 
2013); therefore, it does not vary substantially with growth and environmental conditions (Larsen et 
al., 2013; 2015). Recent research has demonstrated that the inherent metabolic diversity among major 
phylogenetic prokaryotic and eukaryotic lineages (i.e. bacteria – prokaryotes, fungi, algae and vascular 
plants – eukaryotes) generates unique, distinct patterns in isotopic fractionation during amino acid 
biosynthesis, named ‘carbon isotope fingerprints’(sensu Larsen et al., 2009; 2013; see also Scott et al., 
2006). Field and laboratory experiments have demonstrated that carbon isotope fingerprints are largely 
preserved across growth and environmental gradients, despite substantial variation in δ13CEAA values 
(due to spatial variations in δ13CCO2(aq) values; see Eq. 4.1), and δ13C values of bulk phytoplankton (due 
to spatial variations in both δ13CCO2(aq) and εp; Larsen et al., 2013; 2015). 

Influences from spatial variations in δ13CCO2(aq) values on δ13CEAA values in end-members 
(and thus in consumers) can be removed by sample-normalising the δ13C values of single amino acids 
to the mean δ13C value for all essential amino acids (δ13Cnorm-EAA; see Methods). Thus, whilst variance 
in δ13CEAA values reflects both spatial variations in δ13CCO2(aq) values (CO2 isotope effects), and 
variations in isotopic fractionation among end-members (F isotope effects), patterns in δ13Cnorm-EAA 
values only reflect carbon isotopic fingerprints. Based on these premises, differences between δ13CEAA 
and δ13Cnorm-EAA values imply movements across spatial δ13CCO2(aq) gradients, and patterns in δ13Cnorm-
EAA values are diagnostic of the origin of essential amino acid (Larsen et al., 2009; 2013; Arthur et al., 
2014; McMahon et al., 2015a; 2016). 

Here carbon isotopic compositions were recovered for essential amino acids (δ13CEAA) from 
the same blue and porbeagle shark vertebrae analysed for isotopes in bulk cartilage collagen, to 
produce comparable individual-level life-history carbon isotope records for bulk collagen and essential 
amino acids. Variance in raw and sample-normalised essential amino acid carbon isotopic 
compositions (δ13CEAA and δ13Cnorm-EAA, respectively) was quantified at multiple levels (i.e. between 
species, among areas, and within and between individuals), and compared against variance in δ13Cbulk 
values to disentangle baseline from trophic isotope effects. Common, broad ontogenetic patterns in 
δ13CEAA and δ13Cnorm-EAA values were analysed across individual blue and porbeagle sharks; where 
present, these patterns were compared against traits in δ13Cbulk values to test initial hypotheses of 
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movements versus trophic shifts, and provide additional information on movements across spatial 
δ13CCO2(aq) gradients and/or shifts in habitat and carbon source. Specifically, for consistent increases in 
δ13Cbulk values during juvenile growth in both blue and porbeagle sharks, the following scenarios could 
be expected: 
1) Life-history isotopic traits for essential amino acids can be identified, and used to 

disentangle baseline from trophic isotope effects on traits for bulk collagen, providing 
conclusive evidence for movement traits.  

2) If increases in δ13Cbulk values during juvenile growth in both blue and porbeagle sharks were 
solely associated with an increase in trophic level, they should not be apparent in δ13CEAA 
values (Fig. 4.1A). 

3) If increases in δ13Cbulk values reflected movement across spatial isotopic gradients with no 
accompanying trophic level or carbon source change, they should be retained in δ13CEAA 
values but removed by sample-normalisation (Fig. 4.1B). 

4) If increases in δ13Cbulk values reflected both movement across spatial isotopic gradients and 
trophic level change (but no carbon source change), these two effects may be discriminated 
by contrasting ontogenetic patterns in δ13Cbulk (and δ15Nbulk) values, and raw and normalised 
essential amino acid carbon isotopic compositions (δ13CEAA and δ13Cnorm-EAA, respectively; 
Fig. 4.1C). 

5) If diet changes or spatial movements were associated with changes in the relative 
contributions of different carbon sources (e.g. algae compared to bacteria or vascular plants) 
to shark food webs, δ13Cnorm-EAA patterns should co-vary with the estimated contributions of 
different primary producers, based on available carbon isotope fingerprints (Fig. 4.1D). 
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Figure 4.1  Schematics of possible scenarios associated with an increase in the carbon isotopic 
composition of bulk collagen throughout ontogeny. 
A) Increase in trophic level with no movement across spatial isotopic gradients and/or carbon source 
shift. B) Movement trowards more positive isotopic baselines but no trophic level and/or carbon 
source shift. C) Increase in trophic level and movement towards more positive isotopic baselines (full 
line) but no carbon source shift; alternatively, increase in trophic level and movement towards more 
negative isotopic baselines, with the increase in trophic level producing an isotopic enrichment 
sufficiently large to offset depletion caused by movement (dashed line). D) Movement towards 13C-
enriched waters or carbon source shift toward 13C-enriched sources (full lines) but no increase in 
trophic level; alternatively, movement towards 13C-enriched waters and carbon source shift toward 
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13C-depleted sources, with movement producing an isotopic enrichment sufficiently large to offset 
depletion caused by carbon source shift (dashed line). 

As opposed to essential amino acid, non-essential amino acids can be synthesised by all 
organisms to maintain normal growth, and their isotope values undergo significant trophic 
fractionation (Hare et al., 2001; Howland et al., 2003; Jim et al., 2006; McMahon et al., 2013b). 
Patterns in carbon isoopic compositins of non-essential amino acids (δ13CnonEAA) should, in theory, 
provide evidence for both de novo synthesis from bulk dietary carbon pools, and isotopic routing from 
dietary protein (McMahon et al., 2010; Newsome et al., 2011; McMahon et al., 2015b; see Chapter 1). 
In this study, pattens in δ13CnonEAA values were also analysed, but a coherent physiological framework 
to interpret variance in carbon isotope data for amino acids that are wholly or partially synthesised de 
novo is currently lacking. 

 Materials and Methods 4.3
4.3.1 Sample description  

The same vertebrae analysed for isotopes in bulk collagen (Chapter 3) were analysed for 
isotopes in single amino acids. In brief, vertebrae were excised from nine blue sharks (Prionace 
glauca, Linnaeus 1758) and six porbeagles (Lamna nasus, Bonnaterre 1788) from across the North 
Atlantic. Capture areas were located at the extremes and centre (at least for blue sharks) of these 
species’ distributional ranges in the North Atlantic, as estimated by electronic tagging studies (e.g. 
Campana et al., 2010; Queiroz et al., 2010; Campana et al., 2011; Vandeperre et al., 2014; Biais et al., 
2016). For blue sharks, capture areas included offshore waters south of the Canary Islands (24-26 °N, 
20-21 °W) in the Northeast Atlantic, the mid-Atlantic Ridge area north west of the Azores (42 °N, 44-
45 °W) in the central North Atlantic, and oceanic waters between Cape Hatteras and the Gulf of Maine 
in the Northwest Atlantic (Skomal & Natanson, 2003). For porbeagles, capture areas comprised shelf 
waters between the western English Channel and Celtic Sea (individuals 11 and 40; Bendall et al., 
2013; Ellis et al., 2015; Biais et al., 2016) and around the Faroe Islands (individual 1000) in the 
Northeast Atlantic, and between Massachusetts and Grand Banks (off southern Newfoundland) in the 
Northwest Atlantic (Natanson et al., 2002). Blue sharks were all mature, based on evaluated or fork 
length-estimated maturity stage. Porbeagles from the Northwest Atlantic were also mature, whereas 
individuals from the Northeast Atlantic were immature (individual 40) or maturing (individual 11 and 
1000; for metadata for individual sharks, see Chapter 3).  
4.3.2 Sample collection, preservation, and processing  

Procedures for sample collection, preservation and processing for compound-specific isotope 
analysis were also the same as for bulk analysis, at least until prior to decalcification (Chapter 3). 
Samples selected for compound-specific analysis were not decalcified, as inorganic biopatite was 
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removed (and single amino acids liberated from proteins) with hydrolysis (see below). The procedures 
for bulk and compound-specific analysis, however, presented some differences. Firstly, half vertebral 
sections for compound-specific isotope analysis were 6 mm (rather than 5 mm) thick, as more sample 
is required for compound-specific analysis (see below), and equidistant samples from thicker sections 
are expected to be generally heavier (though sample weight does not depend only on section thickness, 
but also on intermedialia water and air content; S.M., pers. obs.). Furthermore, the minimum weight 
required for compound-specific isotope analysis was much greater than that for bulk analysis (4 versus 
0.5 mg, respectively), as determined by analysis of test comparable blue shark samples of varying 
weight at the Woods Hole Oceanographic Institution Fish Ecology Laboratory. Consequently, whilst 
the vertebral radius and sample number along the radius (and thus the average interval between 
adjacent samples, distance along the radius, and age) were the same for bulk and compound-specific 
isotope analysis, the proportion of samples for compound-specific analysis requiring to be combined 
was much greater than that of samples for bulk analysis (18 versus 4% respectively). Additionally, 
combinations of samples for compound-specific analysis included up to three (rather than up to two) 
samples, and were located along the vertebral radius (rather than just at the core of vertebral sections). 
Finally, compound-specific isotope analysis was run at full resolution along the vertebral radius for 
blue sharks from the mid-Atlantic Ridge and the Canary Islands, and at half resolution for all other 
individuals. Thus, the highest possible temporal resolution of ecological information was lower for 
compound-specific analysis than for bulk analysis, due to a higher number of samples needing to be 
combined, and generally coarser analysis resolution.  

Sample age was estimated from distance along the vertebral radius for single and combined 
samples for compound-specific isotope analysis in the same way as for samples for bulk analysis, by 
using validated and estimated body size:age  and vertebral radius:body size statistical relationships for 
blue and porbeagle sharks (Natanson et al., 2002; Skomal & Natanson, 2003; Chapter 3). Additionally, 
age at birth and at maturity were also estimated directly from measured mean fork length values using 
validated Von Bertalanffy relationships (Chapter 3), and used as cutoffs to distinguish pre-birth, 
juvenile and adult life-history stages in time-series and variance analyses (see below). 
4.3.3 Sample preparation for compound-specific stable isotope analysis 
4.3.3.1  Hydrolysis 

After combination, to liberate amino acids from protein, samples were acid-hydrolised in 1 
ml 6 N HCl at 110 °C (temperature range: 105-115 °C) for 20 h. To prevent sample and acid 
evaporation, vials were closed tightly with a lid during hydrolysis. After hydrolysis, samples were 
dried with a gentle stream of gaseous nitrogen (N2) at 60 °C (temperature range: 55-65 °C) for 30-60 
min, depending on sample weight and excess HCl volume. Samples were re-dissolved in 100 μl 0.1 N 
HCl, and preserved at 4 °C until derivatisation.  
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4.3.3.2  Derivatisation 
Amino acids are difficult to analyse by gas chromatography-combustion-isotope ratio 

monitoring mass spectrometry (CG-C-irm-MS), as they contain highly polar functional groups (e.g. 
carboxylic acid groups). To produce compounds amenable to GC-C-irm-MS analysis, therefore, 
amino acids must be derivatised through the addition of less polar functional groups (Klee, 1985; 
McMahon et al., 2011b). Acid-hydrolised samples (i.e. 50 μl of the sample + 100 μl 0.1 N HCl 
solution) were derivatised by adding 35 μl methanol, 30 μl pyridine, and 15 μl methyl chloroformate 
(MCF); after additions, the mixture was vortexed for 30 s. The derivatisation method with MCF is 
one-step, rapid, and substantially decreases the derivative carbon (i.e. exogenous carbon from added 
functional groups of derivatising agents, such as MCF) contribution, facilitating the determination of 
carbon isotopic compositions (δ13C) of amino acids (see Husek, 1991; Chen et al., 2010; Walsh et al., 
2014). Amino acid-MCF derivates were separated from the reaction mixtures by liquid:liquid 
extraction using chloroform. Depending on original sample weight, a different volume of chloroform 
was added to the reaction mixture (i.e. 4-10 mg: 50 μl; 11-22 mg: 75 μl; > 23 mg: 100 μl); after 
chloroform addition, the mixture was vortexed again for other 30 s. At this stage, the reaction mixture 
was stratified: the organic layer of amino acid-MCF derivates was separated from the aqueous layer 
using electrophoresis pipette tips, and used for GC-C-irm-MS analysis.  

4.3.3.3  Standards 
Derivatisation alters δ13C values of amino acids through exogenous carbon from added 

functional groups, and kinetic fractionation associated during derivatisation reactions (Rieley, 1994; 
Docherty et al., 2001; McMahon et al., 2011b). Two internal laboratory standards (ILSs; i.e. AA1 and 
AA2 standards) were created from single amino acids with known δ13C values. Additionally, 20 mg of 
lyophilised muscle tissue from Atlantic cod (Gadus morhua) were acid-hydrolised and re-dissolved in 
100 μl 0.1 N HCl, and 50 μl of the solution were also used as standard (i.e. GM standard). All 
standards were concurrently derivatised with each sample batch, and dissolved in 100 μl chloroform.  
Derivatisation correction factors were determined for each amino acid, based on known δ13C values of 
amino acids in the standards prior to derivatisation, and applied to each sample to adjust for the 
introduction of exogenous carbon and kinetic fractionation during derivations. As no international 
standards are currently available for the analysis of carbon isotopes in amino acids, and no large inter-
laboratory calibration has yet come up with consensus δ13C values, mean values across three 
laboratories (i.e. the Fish Ecology Laboratory, the Marine Biological Laboratory, and UC Davis Stable 
Isotope Facility; see Table 4.A1A) were used. Precision was determined as the standard deviation for 
δ13C values of each amino acid of the in-house cod standard during the time period shark samples 
were analysed (Table 4.A1B).  
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The lack of internationally ceritified standards should not be an issue when comparing 
patterns in carbon isotopic compositions of amino acids in shark samples, as all the samples were run 
on the same instrument using the same methods, and in the same period of time. By contrast, any 
potential systemtic bias could be an issue when compating end-member and consumer data within a 
fingerprinting framework (see below). However, this approach has been previously successfully 
applied to compare data obtained by different laboratories (e.g. McMahon et al., 2015a).   
4.3.4 Compound-specific isotope analysis 

Derivatised samples were analysed by gas chromatography-combustion-isotope ratio 
monitoring mass spectrometry (GC-C-irm-MS) at the Woods Hole Oceanographic Institution Fish 
Ecology Laboratory. Dervatised samples were dissolved in dichloromethane (DCM), and injected on 
column in splitless mode at 260 °C and separated on an Agilent VF-23ms column (30 m length, 0.25 
mm inner diameter, and 0.25 μm film thickness; Agilent Technologies, Wilmington, Delaware, USA) 
in an Agilent 6890N Gas Chromatograph (GC). Sample concentrations were adjusted to achieve a 
minimum 2 V output for all amino acids. Gas chromatography conditions were set to optimise peak 
separation and shape as follows: initial temperature 80 °C held for 1 min; ramped to 260 °C at 
6 °C·min-1; held for 3 min. The separated amino acid peaks were combusted online in a Finnigan GC-
C continuous flow interface at 930 °C and then measured as CO2 on a Thermo Finnigan Mat 253 irm-
MS (Agilent Technologies 6890N GC). Standardisation of runs was achieved using intermittent pulses 
of a CO2 reference gas of known isotopic composition. 

All compound-specific samples were run in duplicate; standards were run interspersed 
among samples 4-6 times, depending on the number of samples in a particular batch. Carbon isotopic 
compositions (δ13C, ‰) were recovered for the following amino acids: valine, isoleucine, leucine, 
threonine, phenylalanine (essential amino acids), alanine, glycine, proline, aspartic acid, and glutamic 
acid (non-essential amino acids). Carbon isotopic compositions of threonine showed poor 
chromatography and inconsistencies among replicates, therefore these were omitted from both the 
sample-normalisation of δ13C values of amino acids (see below) and data analysis.  

A typical chromatogram from the analysis of carbon isotopes in amino acid-MCF derivates 
showing retention times, peak separation and isotope ratios is displayed in Fig. 4.2. The glutamic acid 
and aspartic acid peaks contained unknown contributions from glutamine and asparagine, respectively, 
due to conversion to their dicarboxylic acids during acid hydrolysis. The relative abundance (%) of 
individual amino acids in vertebrae were calculated from mass 44 peak area based on standards of 
known concentration. 
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Figure 4.2 Typical chromatogram from the analysis of carbon isotopes in single amino acids from 
shark vertebral samples. 
Peaks are labelled to indicate CO2 reference and single amino acids. Numbers indicate retention times. 
The peak with retention time = 1180.01 s is neither a CO2 reference nor an amino acid peak, hence it 
is unresolved. 
4.3.5 Data analysis 

Summary statistics of mean and variance were calculated for the carbon isotopic 
compositions of all recovered amino acids, including essential and non-essential amino acids, for each 
species and individual shark. To remove influences from spatial variations in the carbon isotopic 
composition of aqueous CO2 (δ13CCO2(aq)), the carbon isotopic compositions of single amino acids in 
each sample were normalised to the mean δ13C value for all essential amino acids in that sample 
(sample-normalisation) as in Eq. 4.2.  
δ C ~ δ C −  mean δ C   (4.2) 
where δ13Cnorm-AAi is the sample-normalised carbon isotope value for the amino acid i, δ13CAAi the raw 
value, and mean δ13CEAAs the average value for all essential amino acids.  

Normality in raw and sample-normalised isotope values for each amino acid was tested with 
a Shapiro-Wilk test. Homogeneity of variances in isotope values between raw and sample-normalised 
values was tested with a Levene’s test where data in both groups were normally distributed, with a 
Kruskal-Wallis test where data were non-normal. This was done to test whether variance in sample-
normalised values was reduced compared to that in raw values, as sample-normalisation should 
remove spatial variability in δ13CCO2(aq) values.  

In this thesis, analysis and interpretation of amino acid carbon isotope data were restricted to 
the essential amino acids. Patterns in carbon isotopic compositions of non-essential amino acids were 
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also examined, but a coherent physiological framework to interpret variance in carbon isotope values 
of amino acids that are wholly or partially synthesised de novo is currently lacking. 

To reduce the number of variables from four essential amino acids (carbon isotopic 
compositions) to two principal components explaining the largest proportion of variance in amino 
acids (PC1 and PC2), a principal component analysis (PCA) was applied to both raw and normalised 
carbon isotopic compositions of essential amino acids (δ13CEAA and δ13Cnorm-EAA, respectively) in shark 
samples. To examine between-species differences in patterns of δ13CEAA and δ13Cnorm-EAA values, 
standard ellipse area corrected for small sample size (SEAc) was calculated for each species, based on 
PC1 and PC2 scores from PCAs with δ13CEAA and δ13Cnorm-EAA values.  

To allow the comparison of relative changes in δ13CEAA and δ13Cnorm-EAA values across life-
history between individuals, for each PCA, the PC1 score for each sample was normalised to the mean 
PC1 score across the whole time-series for the individual from where the sample was taken (nPC1; life 
history-normalisation; Chapter 3). Common, broad ontogenetic patterns in normalised PC1 scores 
across individuals of both species identified species-level life-history isotopic traits. Ontogenetic 
patterns in raw and normalised PC1 scores, and the effect of species and capture area on these patterns, 
were tested with generalised additive mixed models (GAMMs), with generalised linear mixed effect 
models (GLMMs) where ontogenetic patterns approximated linear relationships (see below), by 
following the same framework as described in Chapter 3; results and parameter estimates were 
reported for the full models. Between-individual variances in normalised PC1 scores were compared 
between each pair of combinations of species and life-history stage with a Levene’s test, with a 
Kruskal-Wallis test where data were non-normal. For each combination, variance in raw PC1 scores 
was also compared against variance in normalised PC1 scores (see Chapter 3).  

4.3.5.1 Definition of carbon source fingerprints 
Raw data for carbon isotopic compositions of the essential amino acids recovered for shark 

samples were literature-sourced for a selection of primary producers and bacteria (end-members), 
which were considered relevant to blue and porbeagle shark ecology (Scott et al., 2006; Larsen et al., 
2009; 2013; 2015; Table 4.B1). The carbon isotopic compositions of essential amino acids in end-
member samples were also sample-normalised (δ13Cnorm-EAA) as in Eq. 4.2. End-members were 
classified a priori within the following groups: i) autotrophic and ii) heterotrophic bacteri 
(prokaryotes), iii) microalgae, iv) macroalgae, v) seagrasses and vi) terrestrial plants (eukaryotes).  

To assess differences in δ13Cnorm-EAA patterns among these end-member groups, a PCA was 
first carried out with δ13Cnorm-EAA values (Larsen et al., 2013). To examine combinations of 
independent variables (i.e. δ13Cnorm-EAA values) that best explained differences between the categorical 
variables (i.e. the groups defined by the PCA), and to construct a model for predicting group 
membership of unknown consumer samples, a linear discriminant function analysis (LDA) was 
performed on the δ13Cnorm-EAA data for end-members. A leave-one-out cross validation approach was 



  

 124 

used to calculate the probability of group membership of the classifier sample; accuracy was defined 
as the proportion (%) of samples that classified within the correct groups (Larsen et al., 2013). The 
resulting LDA model was then used to predict group membership of shark samples, as well as samples 
from various consumers (Table 4.B2) and sinking particulate organic matter (Table 4.B3), for which 
raw δ13CEAA data were also literature-sourced (Hannides et al., 2013; Larsen et al., 2013; McMahon et 
al., 2015a, b; Houghton, unpubl. data; Sabadel, unpubl. data). As stated above, the lack of 
internationally certified standards may be an issue when comparing end-member and consumer 
samples analysed on different instruments and with different methods. Nevertheless, such a 
fingerprinting approch has already been successfully applied to tack phytoplankton regime shifts from 
amino acid carbon isotope data for corals (McMahon et al., 2015a).   

 Results 4.4
4.4.1 Variance in δ13C values of amino acids 

128 blue shark vertebral samples were analysed to determine the carbon isotopic 
compositions in amino acids, and compared to the 196 samples analysed for isotopes in bulk cartilage 
collagen (Chapter 3). 80 porbeagle vertebral samples were analysed for isotopes in amino acids, and 
133 for isotopes in bulk collagen. Raw δ13C values in all the recovered amino acids, including 
essential and non-essential amino acids, for each analysed sample are reported in Table 4.1.  

In blue sharks, average (mean ± SD, ‰) δ13C values of single amino acids were -21.25 ± 
2.20 for valine, -18.38 ± 2.02 for isoleucine, -26.52 ± 2.22 for leucine, -26.93 ± 1.40 for phenylalanine, 
-13.69 ± 1.81 for alanine, -3.38 ± 2.15 for glycine, -13.50 ± 1.43 for proline, -12.63 ± 4.58 for aspartic 
acid, and -8.11 ± 1.87 for glutamic acid. In porbeagles, average (mean ± SD, ‰) δ13C values of single 
amino acids were -19.47 ± 1.42 for valine, -17.83 ± 2.01 for isoleucine, -25.34 ± 0.85 for leucine, -
25.66 ± 0.73 for phenylalanine, -14.62 ± 1.40 for alanine, -0.95 ± 2.18 for glycine, -11.92 ± 1.27 for 
proline, -13.24 ± 4.59 for aspartic acid, and -5.03 ± 2.66 for glutamic acid. Values of δ13C in bulk 
cartilage collagen averaged at -15.13 ± 0.56 ‰ in blue sharks, and at -14.55 ± 0.38 ‰ in porbeagles. 
In blue sharks, variances in sample-normalised δ13C values were significantly smaller than variances 
in raw values for all essential amino acids and alanine (maximum p-value = 0.013; Levene’s test = 
6.117); variances in sample-normalised δ13C values of aspartic and glutamic acids were significantly 
larger than variances in raw values (maximum p-value = 0.019; Levene’s test = 5.540). In porbeagles, 
variances in sample-normalised δ13C values were significantly smaller than variances in raw values for 
isoleucine, leucine, glycine and proline (maximum p-value = 0.026; Levene’s test = 5.0278), and 
significantly larger for phenylalanine (Levene’s test = 5.993, p-value = 0.014).  

Means and standard deviations (SD) for raw δ13C values of all the recovered amino acids, 
including essential and non-essential amino acids, for each individual shark are reported in Table 4.2. 
Variances in raw and sample-normalised δ13C values of amino acids, and raw δ13C values of bulk 
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cartilage collagen throughout the life of each individual shark are presented in Fig. 4.3. Individual-
level life-history records of raw and sample-normalised δ13C values of amino acids, and raw δ13C 
values of bulk cartilage collagen are presented in Fig. 4.4.  
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Table 4.1 Raw carbon isotopic compositions of all the recovered amino acids, including essential and 
non-essential amino acids (δ13CEAA and δ13CnonEAA, respectively), for each analysed sample. Individual 
ID, sample ID (both IDs of single samples within combinations and average ID), sample distance 
along the vertebral radius (calculated with average sample ID for combinations), and sample age are 
reported. Metadata for individual sharks are presented in Chapter 3. 

 Essential Non-essential 
Ind. ID ID 

(comb.) ID (av.) d (mm) age 
(mo) Val Ileu Leu Phe Ala Gly Pro Asp Glu 

16 1+2+3 2 0.87 -9.90 -23.62 -18.93 -28.46 -28.57 -15.26 -3.17 -15.67 -12.85 -7.32 
16 4+5 4.5 2.32 0.31 -24.90 -18.94 -27.80 -28.35 -16.54 -6.89 -14.46 -10.53 -8.48 
16 6 6 3.18 7.03 -24.13 -17.61 -28.37 -28.88 -16.27 -5.37 -16.42 -9.59 -7.54 
16 7+8 7.5 4.05 14.28 -27.21 -20.97 -28.48 -30.34 -15.02 -7.51 -13.25 -9.11 -12.30 
16 9 9 4.92 22.14 -23.74 -18.42 -28.08 -27.38 -13.74 -3.30 -14.48 -7.27 -7.71 
16 10 10 5.50 27.78 -24.86 -20.61 -29.06 -29.31 -16.12 -5.42 -16.09 -10.10 -8.25 
16 11 11 6.08 33.79 -23.43 -20.41 -30.02 -27.67 -15.55 -5.92 -15.77 -9.45 -7.32 
16 12 12 6.66 40.22 -24.19 -20.23 -28.55 -29.87 -16.26 -6.91 -14.79 -11.98 -7.32 
16 13 13 7.24 47.13 -24.92 -19.34 -28.49 -27.99 -16.26 -6.86 -16.87 -12.74 -6.45 
16 14 14 7.82 54.60 -23.94 -19.41 -28.39 -27.29 -13.55 -3.85 -14.33 -9.90 -9.04 
16 15 15 8.39 62.73 -22.61 -19.43 -28.53 -27.80 -14.13 -3.63 -15.69 -9.14 -8.73 
16 16 16 8.97 71.64 -22.51 -19.04 -25.49 -28.69 -14.16 -3.40 -12.80 -10.20 -9.95 
16 17 17 9.55 81.50 -22.32 -19.70 -27.74 -28.08 -14.55 -2.61 -14.77 -11.66 -7.37 
16 18 18 10.13 92.55 -22.52 -18.84 -27.27 -27.90 -13.09 -2.64 -13.30 -9.52 -7.11 
16 19 19 10.71 105.10 -21.54 -19.04 -27.29 -28.32 -13.77 -2.54 -13.75 -9.39 -5.94 
24 1+2+3 2 0.79 -10.45 -20.13 -17.75 -27.97 -27.33 -13.82 -2.33 -13.05 -4.70 -8.48 
24 4+5+6 5 2.36 0.62 -22.31 -18.82 -29.62 -28.07 -14.30 -2.70 -12.83 -9.69 -10.22 
24 7+8 7.5 3.67 10.99 -21.39 -18.67 -29.02 -27.64 -13.90 -3.88 -13.65 -9.85 -10.31 
24 9+10 9.5 4.71 20.21 -22.87 -19.32 -28.02 -26.14 -15.71 -5.44 -14.49 -8.07 -11.16 
24 11 11 5.50 27.78 -22.43 -20.34 -28.65 -26.68 -15.05 -5.52 -14.70 -7.91 -11.16 
24 12 12 6.02 33.20 -22.14 -20.25 -27.86 -27.71 -16.19 -7.54 -14.80 -5.17 -11.20 
24 13 13 6.55 38.96 -21.34 -20.70 -26.97 -26.41 -16.16 -7.56 -14.96 -5.57 -11.48 
24 14 14 7.07 45.10 -22.10 -19.98 -29.22 -27.07 -13.47 -3.08 -14.41 -8.60 -11.06 
24 15 15 7.60 51.68 -21.63 -20.71 -29.08 -27.45 -13.66 -3.23 -15.83 -8.67 -11.72 
24 16 16 8.12 58.77 -21.78 -19.79 -28.82 -27.72 -13.19 -1.28 -14.01 -6.97 -11.94 
24 17 17 8.64 66.44 -20.14 -19.04 -28.21 -27.54 -13.28 -1.96 -14.61 -6.15 -11.67 
24 18 18 9.17 74.81 -22.85 -20.27 -27.58 -27.19 -12.93 -4.75 -16.10 -8.53 -9.76 
24 19 19 9.69 84.02 -21.66 -19.82 -27.03 -27.13 -13.19 -4.25 -15.16 -8.06 -9.00 
24 20 20 10.21 94.24 -19.95 -18.57 -27.72 -27.24 -15.08 -1.93 -11.84 -5.45 -8.85 
24 21 21 10.74 105.75 -19.28 -18.04 -26.53 -27.22 -14.94 -0.77 -11.18 -5.86 -8.93 
12 1+2+3 2 0.88 -9.81 -21.29 -16.94 -26.62 -28.83 -14.41 -2.39 -13.50 -9.46 -6.38 
12 4+5 4.5 2.35 0.59 -23.41 -19.41 -29.13 -29.22 -15.27 -5.21 -14.31 -8.14 -9.97 
12 6 6 3.24 7.44 -22.99 -20.73 -29.88 -28.12 -15.48 -5.69 -15.32 -8.34 -9.37 
12 7 7 3.82 12.31 -23.07 -19.16 -30.38 -29.43 -14.92 -2.85 -13.22 -8.73 -6.45 
12 8+9 8.5 4.71 20.13 -21.75 -18.72 -29.58 -29.01 -14.91 -3.73 -13.37 -9.44 -6.16 
12 10+11 10.5 5.88 31.71 -21.97 -18.79 -27.57 -26.23 -12.34 -0.63 -14.06 -9.11 -6.13 
12 12 12 6.76 41.46 -21.02 -18.76 -27.76 -27.38 -12.69 -1.56 -14.03 -9.09 -6.67 
12 13 13 7.35 48.58 -21.13 -17.79 -26.80 -27.89 -11.09 -1.31 -12.01 -9.72 -6.89 
12 14 14 7.94 56.30 -19.57 -16.90 -26.77 -27.71 -11.59 1.10 -11.27 -8.72 -6.19 
12 15 15 8.53 64.72 -21.84 -21.47 -28.78 -28.86 -14.84 -6.67 -14.86 -5.41 -7.45 
12 16 16 9.12 74.00 -20.60 -20.50 -28.23 -28.18 -14.70 -5.44 -14.03 -5.55 -6.07 
12 17 17 9.71 84.30 -21.81 -18.39 -26.87 -28.48 -14.01 -5.92 -10.98 -6.92 -8.05 

101 1+2+3 2 1.13 -8.17 -22.88 -21.59 -28.94 -29.26 -16.34 -6.65 -13.59 -16.26 -3.79 
101 4 4 2.63 2.65 -24.06 -24.76 -29.69 -28.62 -22.30 -10.44 -17.95 -14.64 -11.82 
101 5 5 3.38 8.57 -23.60 -22.06 -30.12 -28.03 -16.59 -8.98 -13.51 -15.94 -7.57 
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 Essential Non-essential 
Ind. ID ID 

(comb.) ID (av.) d (mm) age 
(mo) Val Ileu Leu Phe Ala Gly Pro Asp Glu 

101 6 6 4.13 14.91 -22.36 -20.33 -28.40 -26.20 -16.68 -5.34 -13.82 -10.90 -9.65 
101 7 7 4.88 21.71 -23.25 -21.01 -29.11 -28.43 -16.05 -5.42 -13.74 -11.30 -9.29 
101 8 8 5.63 29.05 -25.51 -19.34 -29.10 -25.95 -14.59 -6.15 -13.44 -8.90 -8.05 
101 9 9 6.38 37.03 -23.16 -19.72 -28.11 -28.39 -15.58 -4.64 -15.68 -8.19 -6.51 
101 10 10 7.13 45.76 -23.54 -22.90 -30.82 -27.62 -17.79 -7.70 -13.07 -11.67 -8.64 
101 11 11 7.88 55.40 -23.58 -21.75 -29.90 -28.64 -15.78 -5.63 -13.61 -11.29 -5.66 
101 12 12 8.63 66.17 -23.25 -20.04 -28.61 -26.05 -14.86 -3.99 -13.39 -9.22 -6.37 
101 13 13 9.38 78.36 -21.18 -21.39 -28.17 -26.63 -14.25 -6.37 -12.05 -8.62 -6.11 
101 14 14 10.13 92.42 -23.70 -22.57 -27.28 -28.05 -16.20 -3.28 -15.41 -11.10 -6.65 
101 15 15 10.88 109.00 -21.72 -21.82 -28.60 -28.34 -14.79 -4.91 -13.82 -8.41 -5.24 
101 16 16 11.63 129.24 -24.35 -19.03 -27.51 -26.75 -14.67 -2.79 -12.54 -11.96 -11.73 
131 1+2 1.5 0.71 -10.98 -21.14 -19.37 -28.16 -27.48 -13.57 -4.31 -14.62 -11.20 -6.56 
131 3 3 1.76 -3.71 -23.24 -18.32 -30.15 -26.53 -13.88 -5.06 -16.92 -9.61 -7.81 
131 4+5 4.5 2.82 4.18 -21.96 -20.88 -28.88 -28.35 -15.03 -6.77 -15.76 -10.09 -8.84 
131 6+7 6.5 4.24 15.88 -22.30 -16.98 -26.59 -26.59 -15.10 -6.48 -14.06 -11.74 -11.01 
131 8 8 5.29 25.74 -21.33 -18.17 -26.92 -26.81 -11.80 -3.28 -14.25 -7.53 -6.78 
131 9 9 6.00 32.95 -24.50 -19.08 -28.32 -26.07 -13.16 -2.96 -14.24 -8.55 -8.21 
131 10 10 6.71 40.78 -23.52 -20.10 -28.61 -27.67 -14.01 -6.71 -15.32 -8.78 -6.78 
131 11 11 7.41 49.33 -23.63 -17.24 -25.52 -26.12 -12.36 -4.12 -12.44 -7.37 -10.18 
131 12 12 8.12 58.75 -20.45 -19.98 -28.28 -25.99 -13.13 -4.16 -14.45 -8.78 -6.35 
131 13 13 8.82 69.24 -21.35 -19.51 -28.54 -25.80 -14.39 -3.96 -13.88 -9.80 -7.51 
131 14 14 9.53 81.09 -22.92 -20.01 -28.41 -26.99 -15.09 -5.89 -15.25 -7.18 -7.34 
131 15 15 10.24 94.68 -21.64 -18.03 -27.13 -25.85 -13.66 -4.83 -13.74 -7.39 -8.80 
131 16 16 10.94 110.62 -21.88 -18.88 -26.23 -28.18 -12.53 -2.45 -13.97 -5.59 -5.97 
131 17 17 11.65 129.90 -21.35 -17.12 -24.76 -26.03 -12.01 -2.44 -11.32 -7.73 -7.75 
33 1+2+3 2 0.82 -10.22 -20.51 -15.93 -24.33 -27.38 -11.36 0.64 -12.80 -13.59 -6.11 
33 4+5 4.5 2.19 -0.62 -23.39 -18.15 -25.31 -27.29 -15.25 -3.03 -14.84 -14.77 -6.43 
33 6+7 6.5 3.29 7.85 -23.90 -17.31 -24.55 -27.21 -15.36 -3.21 -15.28 -16.59 -6.36 
33 8+9 8.5 4.38 17.17 -22.87 -16.88 -25.01 -29.10 -10.81 -0.75 -12.95 -13.89 -7.65 
33 10 10 5.20 24.84 -21.35 -16.16 -24.26 -28.20 -9.97 -0.50 -13.43 -14.48 -6.71 
33 11 11 5.75 30.33 -20.39 -17.91 -26.97 -27.75 -12.67 -1.51 -13.33 -13.11 -8.82 
33 12 12 6.30 36.17 -20.69 -16.78 -26.06 -26.58 -11.12 -0.46 -13.85 -14.90 -7.10 
33 13 13 6.85 42.40 -22.37 -17.93 -26.15 -27.84 -12.68 -0.82 -12.90 -15.17 -7.78 
33 14 14 7.39 49.09 -22.29 -17.92 -26.20 -27.95 -13.28 -1.42 -13.93 -16.32 -7.44 
33 15 15 7.94 56.29 -23.10 -18.82 -26.52 -28.11 -12.88 -3.38 -13.93 -13.82 -7.41 
33 16 16 8.49 64.11 -22.02 -17.21 -25.73 -28.01 -12.01 -2.48 -14.25 -15.40 -6.03 
33 17 17 9.04 72.65 -23.70 -18.97 -26.80 -27.23 -12.14 -2.88 -11.96 -16.13 -8.46 
33 18 18 9.58 82.06 -21.80 -18.51 -26.02 -27.98 -12.12 -1.54 -13.82 -16.51 -8.35 
33 19 19 10.13 92.54 -22.78 -19.93 -25.93 -27.94 -13.12 -1.82 -13.09 -16.63 -8.05 
33 20 20 10.68 104.36 -22.57 -18.80 -25.69 -26.81 -12.63 -1.99 -13.73 -17.74 -7.06 
33 21 21 11.23 117.93 -23.84 -20.75 -26.79 -27.99 -12.68 -2.70 -11.88 -5.72 -10.88 

335 1+2 1.5 0.50 -17.60 -16.30 -13.88 -22.52 -25.10 -10.86 -2.17 -10.72 -18.65 -4.41 
335 5+6 5.5 2.50 -4.94 -18.57 -15.74 -23.60 -24.46 -12.80 -2.19 -12.37 -20.38 -3.97 
335 9+10 9.5 4.50 8.20 -19.35 -15.69 -24.58 -26.15 -13.03 -4.98 -12.70 -19.21 -7.04 
335 12 12 5.75 17.07 -18.32 -16.48 -25.67 -25.71 -14.32 -3.92 -12.56 -20.66 -7.45 
335 14 14 6.75 24.66 -18.64 -14.02 -23.67 -25.32 -13.78 -3.52 -13.07 -17.78 -6.91 
335 16 16 7.75 32.78 -17.94 -15.15 -23.17 -25.88 -14.65 -2.26 -13.02 -16.47 -3.00 
335 18 18 8.75 41.56 -18.33 -16.91 -25.11 -24.31 -12.01 -3.68 -11.96 -17.09 -5.55 
335 20 20 9.75 51.14 -17.55 -14.28 -23.85 -23.95 -14.16 -2.75 -11.62 -16.56 -5.00 
335 22 22 10.75 61.69 -18.86 -16.47 -23.67 -25.45 -12.29 -3.32 -11.24 -14.73 -6.05 



  

 128 

 Essential Non-essential 
Ind. ID ID 
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335 24 24 11.75 73.49 -18.23 -15.93 -23.87 -26.62 -12.34 -1.85 -12.35 -14.64 -7.03 
335 26 26 12.75 86.87 -18.35 -16.83 -23.36 -25.09 -10.48 -1.46 -10.88 -18.63 -7.60 
335 28 28 13.75 102.39 -17.17 -17.15 -22.70 -24.70 -10.95 -2.50 -10.76 -17.66 -7.78 
335 30 30 14.75 120.89 -19.07 -17.56 -24.72 -25.59 -11.55 -1.66 -11.47 -16.46 -9.55 
335 32 32 15.75 143.85 -17.11 -16.57 -22.19 -24.24 -11.23 -0.93 -12.57 -15.96 -8.57 
335 34 34 16.75 174.23 -17.66 -14.06 -24.17 -24.79 -10.89 -0.68 -10.39 -17.46 -6.03 
415 1+2 1.5 0.48 -17.71 -18.08 -17.69 -24.53 -24.20 -11.76 -3.21 -11.54 -14.77 -10.15 
415 5+6 5.5 2.42 -5.45 -19.95 -18.52 -26.16 -24.15 -12.81 -3.55 -13.43 -14.41 -9.74 
415 8 8 3.63 2.35 -19.01 -17.59 -24.75 -25.40 -14.20 -1.65 -12.17 -17.75 -10.62 
415 10 10 4.60 8.87 -20.29 -17.73 -26.24 -24.99 -13.51 -3.07 -13.09 -16.71 -10.25 
415 12 12 5.56 15.71 -20.23 -17.34 -24.64 -25.07 -14.15 -2.75 -13.52 -16.13 -10.47 
415 14 14 6.53 22.96 -18.01 -18.19 -24.45 -27.15 -13.15 -0.90 -13.43 -15.04 -9.19 
415 16 16 7.50 30.69 -19.58 -17.24 -24.49 -27.46 -15.05 -3.75 -14.06 -16.20 -10.15 
415 18 18 8.47 39.01 -19.02 -17.43 -24.95 -26.04 -13.30 -3.46 -13.35 -18.66 -9.08 
415 20 20 9.44 48.03 -17.87 -18.05 -23.71 -25.14 -13.06 -3.71 -12.04 -19.04 -8.70 
415 22 22 10.40 57.91 -17.99 -17.59 -23.38 -25.96 -11.80 -2.13 -12.37 -17.52 -7.82 
415 24 24 11.37 68.85 -17.13 -16.55 -23.26 -25.14 -11.55 -0.72 -12.97 -15.73 -7.41 
415 26 26 12.34 81.14 -18.13 -17.98 -23.00 -24.98 -11.82 0.69 -13.27 -14.98 -8.36 
415 28 28 13.31 95.20 -18.06 -17.64 -23.23 -26.62 -10.31 0.25 -13.58 -15.05 -9.76 
415 30 30 14.27 111.64 -18.93 -17.57 -22.95 -25.14 -10.75 0.51 -11.94 -13.29 -9.18 
441 1+2 1.5 0.52 -17.48 -19.47 -18.64 -24.72 -26.28 -14.86 -1.87 -12.71 -21.40 -6.88 
441 6 6 2.85 -2.72 -20.26 -16.79 -24.28 -25.68 -14.14 -4.02 -13.29 -22.45 -7.80 
441 8 8 3.88 4.04 -19.83 -15.30 -24.19 -25.37 -14.05 -3.66 -13.16 -21.52 -8.61 
441 10 10 4.92 11.11 -17.82 -15.35 -24.04 -25.20 -12.74 -2.32 -11.86 -19.56 -9.64 
441 12 12 5.96 18.59 -19.98 -13.37 -24.90 -25.38 -13.38 -2.60 -13.23 -21.87 -9.19 
441 14 14 6.99 26.56 -20.92 -17.20 -25.50 -25.71 -13.72 -3.01 -13.22 -18.15 -10.14 
441 16 16 8.03 35.14 -20.36 -17.07 -25.41 -25.94 -12.16 -0.90 -12.80 -17.80 -8.13 
441 18 18 9.06 44.46 -20.05 -16.53 -21.79 -26.04 -11.19 -0.79 -12.54 -17.97 -10.34 
441 20 20 10.10 54.69 -18.52 -14.72 -23.05 -25.41 -13.00 -2.12 -12.00 -19.06 -8.98 
441 22 22 11.13 66.06 -18.29 -13.58 -22.68 -24.90 -11.86 -1.24 -12.59 -21.81 -8.41 
441 24 24 12.17 78.88 -20.19 -17.70 -24.58 -26.52 -12.82 -2.58 -12.43 -16.37 -8.27 
441 26 26 13.21 93.63 -18.22 -16.29 -23.21 -25.46 -12.74 -1.26 -11.30 -16.25 -6.11 
441 28 28 14.24 111.03 -18.85 -16.11 -23.33 -24.84 -11.94 -0.22 -12.08 -18.74 -7.18 
11 1+2 1.5 0.63 -64.99 -18.57 -15.57 -24.62 -24.86 -12.39 1.44 -10.08 -3.26 -2.06 
11 4+5 4.5 2.50 -44.99 -18.33 -14.18 -24.11 -24.91 -12.09 1.90 -9.38 -3.92 -1.99 
11 7 7 4.06 -28.15 -19.48 -14.49 -23.88 -25.79 -13.00 1.47 -9.46 -7.46 -3.94 
11 9 9 5.31 -14.03 -18.63 -15.73 -25.74 -25.42 -13.25 0.49 -9.67 -4.90 -3.43 
11 11 11 6.56 0.91 -18.60 -16.12 -25.39 -25.78 -12.35 -0.52 -10.05 -7.64 -3.30 
11 13 13 7.81 16.88 -19.61 -16.49 -25.75 -25.76 -13.06 -1.54 -10.50 -10.59 -3.99 
11 15 15 9.06 34.14 -18.65 -15.02 -24.89 -24.70 -11.94 1.19 -9.81 -7.03 -3.07 
11 17 17 10.31 53.01 -18.03 -14.93 -24.76 -24.85 -12.15 1.81 -8.95 -7.56 -3.23 
11 19 19 11.56 73.88 -19.88 -16.61 -25.17 -25.39 -12.99 -0.41 -10.26 -8.54 -4.61 
11 21 21 12.81 97.31 -18.77 -16.51 -25.02 -25.61 -12.39 0.53 -9.14 -7.26 -3.75 
11 23 23 14.06 124.13 -19.20 -17.18 -25.16 -25.89 -12.29 0.78 -9.62 -8.79 -4.09 
40 1+2 1.5 0.52 -66.16 -20.91 -18.67 -25.63 -25.60 -16.13 -1.52 -11.47 -10.95 -4.23 
40 5 5 2.34 -46.64 -19.08 -19.04 -25.39 -24.83 -15.43 -3.34 -10.91 -11.59 -4.14 
40 7 7 3.39 -35.53 -17.78 -20.70 -27.03 -25.92 -15.66 -0.10 -11.60 -11.51 -2.88 
40 9 9 4.43 -24.10 -18.59 -20.83 -25.80 -28.08 -17.78 -0.42 -12.61 -11.67 -4.09 
40 11 11 5.47 -12.21 -18.80 -20.84 -25.84 -25.30 -16.45 0.42 -13.26 -10.06 -4.38 
40 13 13 6.51 0.27 -17.39 -21.42 -24.97 -25.92 -15.77 -1.61 -12.92 -11.06 -4.69 
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40 15 15 7.55 13.46 -17.62 -21.75 -27.56 -25.81 -14.95 -2.84 -13.36 -10.43 -4.55 
40 17 17 8.59 27.50 -20.10 -21.46 -26.65 -25.73 -17.66 -3.91 -12.65 -12.88 -3.52 
40 19 19 9.64 42.57 -18.85 -21.28 -26.91 -25.88 -16.21 -2.36 -12.70 -13.73 -3.16 
40 21 21 10.68 58.86 -21.48 -22.34 -26.67 -26.13 -15.29 0.37 -12.46 -14.11 -2.63 
40 23 23 11.72 76.65 -19.30 -21.28 -26.53 -24.81 -15.56 -3.44 -13.28 -13.76 -4.75 

1000 1+2 1.2 0.65 -64.76 -21.31 -16.79 -25.99 -26.20 -16.97 -3.16 -13.23 -7.93 -7.38 
1000 4 4 2.26 -47.53 -21.83 -17.60 -26.32 -26.53 -16.66 -2.91 -13.15 -11.23 -7.49 
1000 6 6 3.55 -33.73 -20.69 -16.88 -25.78 -26.08 -16.80 -1.50 -13.34 -9.96 -8.13 
1000 8 8 4.84 -19.41 -22.29 -18.21 -25.38 -25.31 -15.36 -0.23 -13.29 -8.92 -9.10 
1000 10 10 6.14 -4.30 -22.04 -18.58 -25.62 -25.43 -14.06 -3.52 -13.62 -8.82 -8.44 
1000 12 12 7.43 11.83 -22.97 -19.05 -25.81 -25.88 -14.02 -3.14 -13.16 -9.94 -8.78 
1000 14 14 8.72 29.25 -21.32 -18.15 -25.10 -25.52 -14.96 -3.43 -13.31 -7.66 -7.41 
1000 16 16 10.01 48.28 -21.76 -18.98 -25.54 -25.01 -15.09 -4.47 -13.52 -9.29 -5.78 
1000 18 18 11.30 69.34 -23.52 -21.00 -26.53 -25.76 -15.88 -5.13 -14.35 -10.87 -9.94 
1000 20 20 12.59 93.00 -22.22 -19.92 -25.69 -26.11 -15.01 -3.06 -14.65 -6.81 -10.31 
1000 22 22 13.89 120.09 -22.46 -19.48 -25.32 -25.72 -14.42 -1.67 -14.20 -8.32 -12.29 
1000 24 24 15.18 151.88 -25.09 -19.39 -25.04 -25.81 -16.06 -2.30 -12.69 -11.37 -12.43 
599 1 1 0.27 -69.03 -17.35 -16.55 -23.22 -25.64 -14.89 1.70 -10.78 -21.62 -5.59 
599 3 3 1.37 -56.96 -18.72 -15.93 -25.43 -25.73 -15.62 0.93 -10.66 -19.77 -6.09 
599 5 5 2.46 -45.40 -19.23 -16.09 -24.63 -25.28 -15.15 3.85 -10.62 -20.19 -8.41 
599 7 7 3.55 -33.70 -18.36 -16.84 -24.28 -25.84 -16.01 4.39 -10.78 -17.37 -5.73 
599 9 9 4.65 -21.62 -18.74 -15.85 -24.76 -25.55 -16.36 0.11 -11.56 -21.05 -5.68 
599 11 11 5.74 -9.00 -19.52 -16.85 -24.26 -25.29 -12.93 0.45 -12.90 -19.74 -9.86 
599 13 13 6.84 4.31 -18.11 -17.26 -24.00 -25.05 -13.50 0.71 -11.84 -19.27 -9.38 
599 15 15 7.93 18.44 -19.37 -16.55 -23.99 -25.25 -14.44 0.89 -12.17 -17.60 -8.93 
599 17 17 9.02 33.58 -17.61 -19.07 -24.73 -29.21 -12.99 -0.09 -11.58 -16.04 -7.50 
599 19 19 10.12 49.94 -19.10 -20.43 -25.77 -26.32 -14.09 0.16 -11.26 -21.16 -7.74 
599 21 21 11.21 67.77 -19.02 -18.56 -25.12 -27.07 -13.65 0.65 -10.40 -17.60 -4.22 
599 23 23 12.30 87.44 -18.12 -19.76 -25.52 -26.20 -13.88 1.14 -11.58 -20.90 -5.74 
599 25 25 13.40 109.40 -18.09 -19.74 -25.56 -25.45 -13.48 2.18 -11.13 -20.98 -3.96 
599 27 27 14.49 134.33 -18.16 -20.02 -25.91 -26.58 -12.38 1.15 -11.19 -18.07 -8.52 
599 29 29 15.59 163.23 -18.29 -19.14 -24.98 -25.19 -14.48 1.08 -11.39 -18.28 -7.43 
599 31 31 16.68 197.69 -19.59 -19.02 -25.82 -26.05 -14.43 -0.04 -11.79 -18.53 -7.92 
601 1+2 1.5 0.51 -66.23 -19.34 -17.14 -24.68 -26.68 -15.41 -1.11 -11.91 -12.62 -2.15 
601 4+5 4.5 2.06 -49.65 -19.76 -16.73 -25.30 -25.84 -15.22 -2.12 -11.80 -12.62 -3.10 
601 7+8 7.5 3.60 -33.18 -17.57 -15.97 -25.56 -26.36 -16.85 2.05 -11.68 -11.89 -2.80 
601 10 10 4.89 -18.88 -17.89 -15.15 -24.64 -26.30 -16.01 4.00 -10.80 -12.15 -3.30 
601 12+13 12.5 6.18 -3.80 -17.80 -16.64 -26.20 -26.64 -16.55 -0.31 -12.45 -12.02 -3.17 
601 15 15 7.46 12.30 -19.02 -14.30 -23.60 -25.26 -14.41 -0.60 -11.38 -10.97 -1.72 
601 17 17 8.49 26.10 -19.97 -16.75 -26.13 -24.59 -14.72 -2.24 -12.34 -10.37 -2.64 
601 19 19 9.52 40.87 -19.04 -15.82 -24.92 -26.06 -14.22 -0.40 -11.13 -10.95 -2.90 
601 21 21 10.55 56.82 -19.38 -17.03 -24.92 -25.58 -15.22 -2.86 -12.27 -10.74 -1.89 
601 23 23 11.58 74.20 -17.85 -17.83 -26.70 -25.38 -16.57 -3.00 -12.19 -11.62 -2.84 
601 25 25 12.61 93.32 -19.35 -14.06 -24.44 -25.26 -13.96 -0.62 -11.95 -11.92 -2.86 
601 27 27 13.64 114.62 -17.78 -14.95 -25.30 -24.42 -13.90 0.58 -11.99 -12.13 -2.49 
601 29 29 14.67 138.71 -19.67 -16.33 -25.71 -26.18 -14.02 -3.26 -13.42 -10.94 -3.32 
601 31 31 15.70 166.49 -18.10 -17.43 -25.86 -25.50 -14.18 -1.23 -13.45 -10.07 -1.50 
601 33 33 16.73 199.37 -19.25 -15.80 -26.34 -25.74 -15.82 -2.76 -12.76 -10.98 -3.32 
578 1+2 1.5 0.57 -65.64 -19.23 -15.85 -24.03 -24.47 -13.56 1.69 -10.98 -19.60 -2.33 
578 4 4 1.98 -50.45 -18.09 -17.51 -24.54 -25.29 -13.80 0.47 -11.35 -18.01 -3.45 
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578 6 6 3.12 -38.42 -19.27 -16.40 -24.96 -25.62 -14.89 0.28 -11.16 -16.48 -2.24 
578 8 8 4.25 -26.07 -20.39 -18.06 -26.79 -26.46 -14.50 -2.01 -12.23 -17.27 -2.27 
578 10 10 5.38 -13.20 -20.11 -17.13 -25.07 -25.93 -13.42 -2.93 -13.00 -16.65 -0.67 
578 12 12 6.52 0.34 -20.14 -16.61 -24.37 -25.33 -13.42 -4.01 -12.40 -17.65 -4.78 
578 14 14 7.65 14.74 -19.86 -19.29 -25.14 -25.04 -13.18 -3.41 -12.33 -16.63 -3.82 
578 16 16 8.78 30.16 -21.27 -19.66 -27.14 -25.31 -16.54 -5.35 -13.50 -16.95 -3.40 
578 18 18 9.92 46.84 -19.93 -18.64 -25.03 -25.12 -15.09 -3.23 -12.63 -16.81 -3.70 
578 20 20 11.05 65.04 -19.83 -19.18 -25.32 -24.85 -14.29 -4.53 -12.47 -19.80 -5.69 
578 22 22 12.18 85.15 -18.95 -19.35 -24.62 -25.03 -13.18 -1.89 -12.11 -15.71 -4.89 
578 24 24 13.32 107.67 -18.89 -17.82 -24.66 -24.80 -14.96 -1.32 -12.32 -16.48 -8.70 
578 26 26 14.45 133.31 -19.16 -18.82 -25.56 -25.29 -14.38 -3.38 -12.63 -17.17 -3.58 
578 28 28 15.58 163.16 -19.35 -17.73 -24.66 -24.89 -14.60 -3.99 -12.62 -16.15 -7.53 
578 30 30 16.72 198.98 -18.89 -18.26 -25.11 -25.69 -14.35 -1.62 -11.90 -17.72 -4.84 

 



  

 131

Table 4.2 Mean and standard deviations (SD) for δ13CEAA and δ13CnonEAA values, and for carbon isotopic compositions of bulk cartilage collagen (δ13Cbulk) for 
each individual shark. The numbers of samples (N) for bulk and compound-specific isotope analysis are also reported. Raw δ13CEAA and δ13CnonEAA data for 
amino acids for each analysed sample are presented in Table 4.1, raw δ13Cbulk data and metadata for individual sharks in Chapter 3.  

 Essential Non-essential    
Ind. ID Val Ileu Leu Phe Ala Gly Pro Asp Glu Bulk N-CS N-bulk 

16 -23.76 ± 1.41 -19.39 ± 0.88 -28.13 ± 1.00 -28.43 ± 0.88 -14.95 ± 1.17 -4.67 ± 1.81 -14.83 ± 1.23 -10.23 ± 1.51 -8.06 ± 1.55 -15.45 ± 0.45 15 18 
24 -21.47 ± 1.11 -19.47 ± 0.95 -28.15 ± 0.91 -27.24 ± 0.51 -14.32 ± 1.12 -3.75 ± 2.01 -14.11 ± 1.38 -7.28 ± 1.69 -10.46 ± 1.19 -15.40 ± 0.56 15 20 
12 -21.70 ± 1.10 -18.96 ± 1.42 -28.20 ± 1.33 -28.28 ± 0.90 -13.85 ± 1.52 -3.36 ± 2.46 -13.41 ± 1.36 -8.22 ± 1.48 -7.15 ± 1.32 -15.15 ± 0.84 12 15 

101 -23.3 ± 1.08 -21.31 ± 1.55 -28.88 ± 1.00 -27.64 ± 1.10 -16.18 ± 2.02 -5.88 ± 2.01 -13.97 ± 1.48 -11.31 ± 2.68 -7.65 ± 2.37 -14.95 ± 0.52 14 15 
131 -22.23 ± 1.16 -18.83 ± 1.23 -27.61 ± 1.47 -26.75 ± 0.87 -13.55 ± 1.12 -4.53 ± 1.50 -14.30 ± 1.36 -8.67 ± 1.69 -7.85 ± 1.46 -14.94 ± 0.55 14 17 
33 -22.35 ± 1.15 -18.00 ± 1.30 -25.77 ± 0.87 -27.71 ± 0.61 -12.50 ± 1.41 -1.74 ± 1.16 -13.50 ± 0.91 -14.67 ± 2.72 -7.54 ± 1.23 -15.15 ± 0.64 16 20 

335 -18.10 ± 0.82 -15.78 ± 1.24 -23.79 ± 0.96 -25.16 ± 0.76 -12.36 ± 1.39 -2.25 ± 1.18 -11.85 ± 0.90 -17.49 ± 1.80 -6.40 ± 1.78 -14.80 ± 0.35 15 33 
415 -18.73 ± 0.99 -17.65 ± 0.47 -24.27 ± 1.07 -25.53 ± 1.00 -12.66 ± 1.37 -1.96 ± 1.65 -12.91 ± 0.76 -16.09 ± 1.67 -9.35 ± 1.00 -15.20 ± 0.43 14 30 
441 -19.44 ± 0.99 -16.05 ± 1.55 -23.98 ± 1.10 -25.59 ± 0.50 -12.97 ± 1.04 -2.05 ± 1.14 -12.55 ± 0.61 -19.46 ± 2.15 -8.44 ± 1.25 -15.25 ± 0.49 13 28 
11 -18.89 ± 0.58 -15.71 ± 0.97 -24.95 ± 0.60 -25.36 ± 0.45 -12.54 ± 0.45 0.65 ± 1.09 -9.72 ± 0.48 -7.00 ± 2.18 -3.42 ± 0.81 -14.62 ± 0.47 11 18 
40 -19.08 ± 1.31 -20.87 ± 1.1 -26.27 ± 0.79 -25.82 ± 0.87 -16.08 ± 0.92 -1.70 ± 1.59 -12/47 ± 0.81 -11.98 ± 1.42 -3.91 ± 0.74 -14.41 ± 0.39 11 19 

1000 -22.29 ± 1.16 -18.67 ± 1.24 -25.68 ± 0.45 -25.78 ± 0.42 -15.44 ± 1.03 -2.88 ± 1.32 -13.54 ± 0.57 -9.26 ± 1.46 -8.96 ± 2.00 -14.68 ± 0.37 12 19 
599 -18.59 ± 0.68 -17.98 ± 1.63 -24.87 ± 0.78 -25.98 ± 1.03 -14.27 ± 1.13 1.20 ± 1.30 -11.35 ± 0.65 -19.26 ± 1.67 -7.04 ± 1.80 -14.36 ± 0.40 16 26 
601 -18.78 ± 0.85 -16.13 ± 1.12 -25.35 ± 0.84 -25.72 ± 0.68 -15.14 ± 1.03 -0.93 ± 2.01 -21.10 ± 0.74 -11.47 ± 0.80 -2.67 ± 0.6 -14.74 ± 0.29 15 27 
578 -19.56 ± 0.77 -18.02 ± 1.16 -25.13 ± 0.84 -25.27 ± 0.50 -14.28 ± 0.90 -2.35 ± 1.99 -12.24 ± 0.68 -17.27 ± 1.16 -4.13 ± 2.07 -14.48 ± 0.26 15 24 
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Figure 4.3 Variances in raw and sample-normalised carbon isotopic compositions of all the 
recovered amino acids, including A) essential (δ13CEAA, δ13Cnorm-EAA) and B) non-essential (δ13CnonEAA, 
δ13Cnorm-nonEAA) amino acids, and raw carbon isotope values of bulk cartilage collagen (δ13Cbulk) throughout the life of individual sharks. 
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From the top-left to the bottom-right, variances are presented for individuals i) 16, ii) 24, iii) 12 (blue 
sharks from the mid-Atlantic Ridge), iv) 101, v) 131, vi) 33 (blue sharks from the Canary Islands), vii) 
335, viii) 415, ix) 441 (blue sharks from the Northwest Atlantic), x) 11, xi) 40 (porbeagles from the 
western English Channel), xii) 1000 (porbeagle from the Faroe Islands), xiii) 599, xiv) 601, and xv) 
578 (porbeagles from the Northwest Atlantic). Different colours represent different sets of variables: 
black indicates raw δ13C values of amino acids, grey sample-normalised δ13C values, and blue raw 
δ13C values of bulk collagen. For each individual shark and amino acid (or bulk collagen), the boxplot 
displays the variation in isotope values across samples (i.e. throughout life). The horizontal line in 
each boxplot represents the median of the data (i.e. 50% of the data are greater than this value). The 
lower and upper limits of the boxplot represent the lower and upper quartile (i.e. 25% of the data less 
or greater than this value), respectively. The lower and upper whiskers represent the minimum and 
maximum value excluding outliers, respectively. Dots at the bottom or top of whiskers represent 
outliers (i.e. less and more than 3/2 times of the lower and upper quartile, respectively). 
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Figure 4.4 Individual-level life-history records of raw and sample-normalised carbon isotopic 
compositions of A-D) essential (δ13CEAA, δ13Cnorm-EAA) and E-I) non-essential (δ13CnonEAA, δ13Cnorm-
nonEAA) amino acids, and raw carbon isotope values of bulk cartilage collagen (δ13Cbulk). A) valine, B) isoleucine, C) leucine, D) phenylalanine, E) alanine, F) glycine, G) proline, H) aspartic 
acid, and I) glutamic acid. From the top-left to the bottom-right, records are presented for individuals i) 
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16, ii) 24, iii) 12 (blue sharks from the mid-Atlantic Ridge), iv) 101, v) 131, vi) 33 (blue sharks from 
the Canary Islands), vii) 335, viii) 415, ix) 441 (blue sharks from the Northwest Atlantic), x) 11, xi) 40 
(porbeagles from the western English Channel), xii) 1000 (porbeagle from the Faroe Islands), xiii) 599, 
xiv) 601, and xv) 578 (porbeagles from the Northwest Atlantic). Different symbols represent different 
species: circles identify blue sharks, triangles porbeagles. Different colours represent different sets of 
variables: black indicates raw δ13C values of amino acids, grey sample-normalised δ13C values, and 
blue raw δ13C values of bulk collagen. Datapoints represent measured values, lines predicted monthly 
values by the least smooth as possible Loess smoother. The error bars in plot i) of each panel are the 
standard deviations for raw δ13C values of each amino acid and bulk collagen. The grey vertical lines 
represent estimated age at birth and at maturity. 
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4.4.2 Variance in δ13C values of essential amino acids 
4.4.2.1  Variability in δ13C patterns between species, and among areas and individuals 

When principal component analysis (PCA) was carried out with raw carbon isotopic 
compositions of essential amino acids (δ13CEAA), the first principal component (PC1) explained 72% of 
the total variance in δ13CEAA values, the second principal component (PC2) 13% (Table 4.C1A; Fig. 
4.5). Most positive PC1 scores corresponded to most positive δ13C values for all four essential amino 
acids, as eigenvectors for all amino acids (carbon isotopic compositions) aligned parallel to the PC1 
axis, and pointed towards most positive PC1 scores (Fig. 4.5). 

Shark samples lie along a gradient on the PC1 axis: blue shark samples from the central and 
eastern North Atlantic showed the most negative PC1 scores (hence δ13CEAA values), whereas blue 
shark samples from the Northwest Atlantic the most positive PC1 values. Porbeagle samples exhibited 
intermediate PC1 scores, and were also separated, to an extent, by area and individual (at least in the 
case of samples from the Northeast Atlantic; Fig. 4.5).
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Figure 4.5 Principal component analysis (PCA) with raw carbon isotopic compositions of essential 
amino acids (δ13CEAA) in sequential vertebral samples from individual blue and porbeagle sharks. 
Different symbols represent different species: circles identify blue sharks, triangles porbeagles. 
Different colour scales represent different species and capture areas: blues identify blue sharks from 
the mid-Atlantic Ridge, greens blue sharks from the Canary Islands, purples blue sharks from the 
Northwest Atlantic, reds porbeagles from the Northeast Atlantic (with lightest reds representing 
porbeagles from the western English Channel and the darkest red the porbeagle from the Faroe 
Islands), and oranges porbeagles from the Northwest Atlantic. Different colour shades represent 
different individual sharks as in figure legend. Symbol size is proportional to sample distance along 
the vertebral radius. Ellipses represent standard ellipse areas corrected for small sample size (SEAc): 
the blue ellipse is relative to blue sharks (bsh), the red ellipse to porbeagles (por). 

When PCA was carried out with sample-normalised carbon isotope values of essential amino 
acids (δ13Cnorm-EAA), PC1 and PC2 accounted for 41 and 31% of the total variance in δ13Cnorm-EAA values, 
respectively (Table 4.C1A; Fig. 4.6). In this case, an increase in PC1 values corresponded to an 
increase in δ13C values for valine, and a decrease in δ13C values of isoleucine; increasing PC2 values 
were associated with increasing δ13C values of phenylalanine, and decreasing δ13C values in leucine. 
Between-area differences in blue sharks (and porbeagles) were no longer present, and between-species 
and individual differences considerably reduced compared to PCA with δ13CEAA values, though the 
proportion of variance explained by the principal components was also slightly reduced. Indeed, blue 
shark samples from the eastern-central and western North Atlantic were well-mixed in the PCA space, 
separating slightly along the PC1 axis. Porbeagle samples also mixed well with blue shark samples, 
with some individuals (e.g. 40 and 599) showing slightly more positive PC1 scores (Fig. 4.6). 
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Figure 4.6 PCA with sample-normalised carbon isotopic compositions of essential amino acids 
(δ13Cnorm-EAA) in sequential vertebral samples from individual blue and porbeagle sharks. 
Different symbols and colours represent different species, capture areas and individuals, symbol size is 
proportional to sample distance along the vertebral radius, and SEAc are represented for blue and 
porbeagle sharks as in Fig. 4.5.  
4.4.2.2  Species-level life-history isotopic traits 

Common, broad ontogenetic patterns in life history-normalised PC1 scores from both PCAs 
with raw and sample-normalised carbon isotopic compositions of essential amino acids (nPC1.EAA 
and nPC1.norm-EAA, respectively) were identified across individuals of each species, indicating 
species-level life-history isotopic traits (Fig. 4.7 and 4.8). When generalised additive mixed models 
(GAMMs) included data for both species, patterns in both nPC1.EAA and nPC1.norm-EAA values 
were non-linear (smoother ‘estimated sample age’: maximum p-value = 0.006 < 0.05, F = 4.357), and 
did not differ significantly between species (minimum p-value = 0.334, F = 0.937), or areas (minimum 
p-value = 0.989, F = 0.078; Table 4.3A and 4.4A). Patterns in nPC1.EAA in both blue and porbeagle 
sharks approximated linear relationships; when modelling these patterns with generalised linear mixed 
models (GLMMs), species was highly significant (F = 14.807, p-value = 0.0002).  

In blue sharks, life history-normalised PC1 scores from PCA with raw amino acid carbon 
isotopic compositions (nPC1.EAA) showed a sharp decrease of ~ 1% around birth, followed by a 
progressive increase of ~ 1%  during the juvenile stage, and no clear age-related pattern during the 
adult stage (Fig. 4.7A). Values of nPC1.EAA during pre-birth and adult stages were comparable (Fig. 
4.7A). The observed sharp decrease in carbon isotopic compositions of bulk collagen (δ13Cbulk) around 
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birth, and progressive increase during juvenile growth (Chapter 3) were, therefore, retained in carbon 
isotope values of essential amino acids (δ13CEAA; Fig. 4.7A). 

In porbeagle sharks, nPC1.EAA (hence δ13CEAA) values consistently decreased by ~ 1% 
during juvenile stages up to an age of ~ 60-70 months (Fig. 4.7B), showing an opposite pattern 
compared to the observed increase in δ13Cbulk values during juvenile growth (Chapter 3); values of 
nPC1.EAA increased by > 0.5% during late juvenile growth, but showed no clear pattern during 
subadult and stages (Fig. 4.7B). Values of nPC1.EAA during the pre-birth stage were the highest 
across life-history, but comparable to immediate post-birth values (Fig. 4.7B).  

In both blue and porbeagle sharks, patterns in nPC1.EAA values were non-linear (smoother 
‘estimated sample age’: maximum p-value = 0.019 < 0.05, F = 5.600), and did not differ significantly 
among areas (minimum p-value = 0.781, F = 0.248; Table 4.3B, C and 4.4B,  C).  

In both species, between-individual variances in nPC1.EAA scores did not significantly 
differ among life-history stages (minimum p-value = 0.283; Levene’s test = 1.172). Variances during 
pre-birth and adult stages were statistically comparable between blue and porbeagle sharks (minimum 
p-value = 0.059, Levene’s test = 3.615), whereas variance at the juvenile stage in blue sharks was 
significantly larger than variance in juvenile porbeagles (Levene’s test = 10.142, p-value = 0.003 < 
0.05; Table 4.5).
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Figure 4.7 Species-level life-history traits in first principal component (PC1) scores from PCA with 
δ13CEAA values. 
Distributions of life history-normalised PC1 scores from PCA with δ13CEAA values (nPC1.EAA; Fig. 
4.5) for 25 age classes across individual A) blue and B) porbeagle sharks. Each age class represented 
7.80 months in blue sharks, and 10.80 months in porbeagles. Grey vertical lines represent estimated 
age at birth and age at maturity. PB, JUV and AD represent pre-birth, juvenile and adult life stages. 
For each life stage, the boxplot displays the variation in isotope values across individuals. The 
horizontal line in each boxplot represents the median of the data (i.e. 50% of the data are greater than 
this value). The lower and upper limits of the boxplot represent the lower and upper quartile (i.e. 25% 
of the data less or greater than this value), respectively. The lower and upper whiskers represent the 
minimum and maximum value excluding outliers, respectively. Dots at the bottom or top of whiskers 
represent outliers (i.e. less and more than 3/2 times of the lower and upper quartile, respectively). 

When PCA was performed with sample-normalised amino acid carbon isotopic compositions, 
life-history normalised PC1 scores (nPC1.norm-EAA) in blue sharks showed a stepwise increase of ~ 
0.5% during the juvenile stage from an age of ~ 11-19 months to ~ 42-50 months, but no clear pattern 
during subadult and adult stages (Fig. 4.8A). Values nPC1.norm-EAA during the pre-birth stage 
remained relatively constant (though decreased slightly after birth) and were generally lower than 
values during adult stages (Fig. 4.8A). Therefore, whilst the observed sharp decrease in δ13Cbulk values 
around birth, and progressive increase during juvenile growth (Chapter 3) were recovered in δ13CEAA 
values (Fig. 4.7A), they were not in nPC.norm-EAA values (Fig. 4.8A).  

In porbeagles, nPC1.norm-EAA scores consistently increased by > 0.5% during pre-birth 
and juvenile stages up to an age of ~ 92-103 months, but showed no clear pattern during subadult and 
adult stages (Fig. 4.8B). Thus, the observed increase in δ13Cbulk during juvenile growth (Chapter 3) 
was recovered in nPC1.norm-EAA values (Fig. 4.8B) but not in δ13CEAA values (Fig. 4.7B); values of 
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δ13CEAA and nPC1.norm-EAA showed opposite patterns up to an age of ~ 60-70 months, and both 
increased and stabilised afterwards (Fig. 4.7B and 4.8B); the increase in δ13Cbulk values around birth 
was not recovered in either δ13CEAA or nPC1.norm-EAA values.  

In both species, patterns in nPC1.norm-EAA scores were non-linear (smoother ‘estimated 
sample age’: maximum p-value = 0.024 < 0.05, F = 2.783), and did not differ significantly among 
areas (minimum p-value = 0.795, F = 0.230; Table 4.3B, C and 4.4B, C).  
Between-individual variance in nPC1.norm-EAA scores did not differ significantly between species or 
among life-history stages (minimum p-value = 0.134; Levene’s test = 2.326; Table 4.5). Finally, 
variances in nPC1-EAA and nPC1.norm-EAAs scores were statistically comparable across 
combinations of species and life-history stage (minimum p-value = 0.092, Levene’s test = 2.938); 
variance in nPC1.norm-EAA scores was significantly larger than variance in nPC1.norm-EAA scores 
in juvenile porbeagles (Levene’s test = 4.479, p-value = 0.036 < 0.05; Table 4.5).  

 
Figure 4.8 Species-level life-history traits in PC1 scores from PCA with δ13Cnorm-EAA values. 
Distributions of life history-normalised PC1 scores from PCA with δ13Cnorm-EAA values (nPC1.norm-
EAA; Fig. 4.6) for 25 age classes across individual A) blue and B) porbeagle sharks. Each age class 
represented 7.80 months in blue sharks, and 10.80 months in porbeagles. Grey vertical lines represent 
estimated age at birth and age at maturity. PB, JUV and AD represent pre-birth, juvenile and adult life 
stages. 
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Table 4.3 Degrees of freedom (DF) and Akaike Information Criteria (AIC) for generalised additive 
mixed effect models (GAMMs) predicting profile life history-normalised first principal component 
(PC1) scores from principal component analysis (PCA) with raw and sample-normalised carbon 
isotopic compositions of essential amino acids (δ13CEAA, δ13Cnorm-EAA; nPC1.EAA and nPC1.norm-
EAA, respectively). The null model included sample age as smoother and individual as random effect 
(random intercept), but no parametric fixed effects. Models with AIC > 2 lower than the null model (in 
bold) were considered as optimal; otherwise, the null model was considered as optimal. 
A) All data 

  nPC1.EAA nPC1.norm-EAA 
Model DF AIC AIC 
nPC1 ~ age + ind 5 540.132 613.579 
nPC1 ~ age + ind + sp 6 539.756 613.965 
nPC1 ~ age + ind + sp + loc 10 547.694 621.649 
B) Blue sharks 

  nPC1.EAA nPC1.norm-EAA 
Model DF AIC AIC 
nPC1 ~ age + ind 5 371.361 403.290 
nPC1 ~ age + ind + loc 7 375.306 407.280 
C) Porbeagles 

  nPC1.EAA nPC1.norm-EAA 
Model DF AIC AIC 
nPC1 ~ age + ind 5 157.430 217.504 
nPC1 ~ age + ind + loc 7 160.918 221.035 
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Table 4.4 Results for full GAMMs predicting profile nPC1.EAA and nPC1.norm-EAA values. 
Estimated sample age was added into models as smoother (f(Age)), individual as random effect 
(random intercept), and species and/or capture area as parametric fixed effects (fSpecies, fArea; full 
model), predictors with p-values < 0.05 (in bold) were considered significant. Model parameter 
estimates for fixed effects are reported in Table 4.C2. 
A) All data 

 nPC1.EAA nPC1.norm-EAA 
Parameters DF F p-value DF F p-value 
fSpecies 1 0.937 0.334 1 0.557 0.456 
fArea 4 0.015 1.000 4 0.078 0.989 
f(Age) 3.551 4.357 0.006 2.225 12.94 2.020*10-6 
R2 (adj.) 0.038 0.091 
Scale est. 0.475 0.651 
n 248 248 
B) Blue shark data 

 nPC1.EAA nPC1.norm-EAA 
Parameters DF F p-value DF F p-value 
fArea 2 0.027 0.973 2 0.005 0.995 
f(Age) 1 5.600 0.019 3.286 2.783 0.024 
R2 (adj.) 0.016 0.057 
Scale est. 0.568 0.661 
n 159 159 
C) Porbeagle data 

 nPC1.EAA nPC1.norm-EAA 
Parameters DF F p-value DF F p-value 
fArea 2 0.248 0.781 2 0.230 0.795 
f(Age) 1 14.03 0.0003 1.961 12.630 1.010*10-5 
R2 (adj.) 0.110 0.226 
Scale est. 0.305 0.578 
n 89 89 
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Table 4.5 Results for comparisons of between-individual variances in nPC1.EAA and nPC1.norm-
EAA values between pairs of combinations of species (i.e. blue shark – bsh, porbeagle – por) and life-
history stage (i.e. pre-birth – PB, juvenile – JUV, and adult – AD): i.e. groups. Differences in standard 
deviation (SD diff), Levene’s test results and p-values are reported; where p-values were < 0.05 (in 
bold), variances were considered non-equal. 

  nPC1.EAA nPC1.norm-EAA 
Level Comparison SD diff L p-value SD diff L p-value 
bsh PB-JUV 0.022 0.260 0.611 -0.055 0.029 0.866 
bsh PB-AD -0.012 0.111 0.740 -0.016 0.024 0.876 
bsh AD-JUV 0.034 0.027 0.871 -0.039 0.0005 0.982 
por PB-JUV -0.130 2.616 0.109 -0.118 0.877 0.352 
por PB-AD 0.119 0.301 0.587 0.427 1.155 0.186 
por AD-JUV -0.248 1.172 0.283 -0.545 1.789 0.186 
PB BSH-POR 0.286 10.142 0.003 0.060 0.434 0.513 
JUV BSH-POR 0.135 3.615 0.059 -0.003 1.985*10-8 0.999 
AD BSH-POR 0.416 1.8405 0.182 0.503 2.326 0.134 
 
Table 4.6 For each combination of species and life-history stage (i.e. groups), results for the 
comparison of variance between nPC1.EAA and nPC1.norm-EAA values.  
A) Blue sharks 
 bsh.PB bsh.JUV bsh.AD 
Comparison SD diff L p-value SD diff L p-value SD diff L p-value 
nPC1.EAA-nPC1.norm-EAA -0.044 0.017 0.896 -0.121 0.639 0.425 -0.048 0.168 0.683 
B) Porbeagles 
 por.PB por.JUV por.AD 
Comparison SD diff L p-value SD diff L p-value SD diff L p-value 
nPC1.EAA-nPC1.norm-EAA -0.270 2.938 0.092 -0.259 4.479 0.036 0.038 0.067 0.807 

4.4.2.3  Variability in isotopic profiles within and among individuals, and among areas 
Individual time-series of PC1.EAA and PC1.norm-EAA values (non life history-normalised), 

and δ13Cbulk are presented in Fig. 4.9. Similar to δ13Cbulk values, within-individual variability in PC1 
profiles was generally given by a long-term (ontogenetic) pattern, and super-imposed shorter-term 
excursions, which typically represented isotopic variance over one or a few years (Fig. 4.9; for 
estimated sample ages, see Table 4.1).  

Super-imposed on species-level life-history traits (Fig. 4.7 and 4.8), commonalities and 
differences in profile PC1.EAA and PC1.norm-EAA values were also identified among areas and 
individuals, with regards to both ontogenetic and short-term patterns in PC1 profiles (Fig. 4.9). When 
GAMMs included all data, neither PC1.EAA nor PC1.norm-EAA profiles differed significantly 
between species (minimum p-value = 0.104; F = 2.664). Profile PC1.EAA values differed 
significantly among areas (F = 17.713; p-value = 9.570·10-13), whereas profile PC1.norm-EAA values 
did not (F = 0.576; p-value = 0.680). Patterns in nPC1.EAA in both blue and porbeagle sharks 
approximated linear relationships; when modelling these patterns with generalised linear mixed 
models (GLMMs), species was significant (F = 14.590, p-value = 0.0002). In blue sharks, profile 
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PC1.EAA values differed significantly among areas (F = 30.75; p-value = 5.66·10-12), but did not in 
porbeagles (F = 2.022; p-value = 0.139); profile PC1.norm-EAA values did not differ among areas in 
either species (minimum p-value = 0.357; F = 1.043). 

In blue sharks, PC1.EAA values (hence δ13CEAA values; Fig. 4.5) increased throughout life in 
nearly all individuals (except in individual 33), recovering observed ontogenetic increases in δ13Cbulk 
values, though patterns in δ13CEAA values were generally more dampened. Values of δ13CEAA also 
decreased sharply around birth, and returned to pre-birth levels prior to capture in nearly all individual 
sharks (except in individuals 441 and 33). Short-term excursions in δ13CEAA values were generally 
related to excursions in δ13Cbulk values, and more pronounced or frequent in some individuals (see 
individuals 335 and 441). Values of PC1.norm-EAA values, by contrast, showed no clear ontogenetic 
pattern, but increased slightly throughout life in individuals 16, 12, 33 and 335. Excursions in 
PC1.norm-EAA values were also generally related to excursions in δ13CEAA and δ13Cbulk values (except  
in individual 441; Fig. 4.9).  

In porbeagles, whilst δ13Cbulk values increased slightly throughout life in nearly all 
individuals (except in individual 1000), δ13CEAA values decreased slightly throughout life in Northeast 
Atlantic individuals and individual 599, and remained relatively constant in individuals 601 and 578. 
Values of δ13CEAA also decreased around birth in nearly all individuals (except in individual 1000). 
Excursions in δ13CEAA values were generally related to excursions in δ13Cbulk values in Northwest 
Atlantic individuals, particularly the pronounced negative excursions around birth, but mostly 
independent in Northeast Atlantic individuals. Values of PC1.norm-EAA values increased slightly 
throughout ontogeny in most porbeagles (except individuals 1000 and 601), recovering observed 
increases in δ13Cbulk values, though ontogenetic patterns in PC1.norm-EAA values were more 
dampened. Values of PC1.norm-EAA decreased sharply around birth in individual 11. Short-term 
excursions in PC1.norm-EAA values were generally related to excursions in δ13CEAA and δ13Cbulk 
values in Northwest, and were independent in Northeast Atlantic individuals (Fig. 4.9).  
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Figure 4.9 Individual-level life-history records of (non life history-normalised) PC1 scores from 
PCA with δ13CEAA and δ13Cnorm-EAA values (PC1. EAA and PC1.norm-EAA, respectively).  
Records are presented in the same order, and different symbols represent different species as in Fig. 
4.4. Different colours represent different sets of variables: black indicates PC1.EAA values, grey 
PC1.norm-EAA values, and blue δ13Cbulk values. Datapoints represent measured values, lines predicted 
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monthly values by the least smooth as possible Loess smoother. The grey vertical lines represent 
estimated age at birth and at maturity. 
4.4.3 Fingerprinting approach 
4.4.3.1  Defining carbon isotope fingerprints 

A principal component analysis (PCA) was first carried out with literature-derived sample-
normalised carbon isotope compositions of essential amino acids (δ13Cnorm-EAA) in primary producers 
and bacteria (end-members) to test for differences in δ13Cnorm-EAA patterns among the following a 
priori-defined groups: i) autotrophic and ii) heterotrophic bacteria (prokaryotes), iii) macro and iv) 
microalgae, v) seagrasses, and vi) terrestrial plants (eukaryotes; Fig. 4.10). Raw amino acid carbon 
isotope data (δ13CEAA) for end-members are reported in Table 4.B1, detailed PCA results in Table 4.D1. 
Samples clustered in the PCA space according to their major phylogenetic associations: autotrophic 
bacteria and algae, heterotrophic bacteria, and vascular plants. The four sampled essential amino acids 
represent three biosynthetic families: pyruvate (leucine and valine), oxaloacetate (isoleucine), and 
aromatic (phenylalanine); differentiation of samples in the PCA space is assumed to reflect differences 
in the proportional carbon isotope fractionation associated with these pathways among phylogenetic 
groups (Table 4.D1; Fig. 4.10). The first principal component (PC1) explained 46% of the total 
variance in δ13Cnorm-EAA patterns, and separated, to an extent, heterotrophic bacteria, autotrophic 
bacteria and algae, and vascular plants; the PC1 range for heterotrophic bacteria partially overlapped 
with the range for autotrophic bacteria and algae. The second principal component (PC2) explained 31% 
of total variance, and separated heterotrophic bacteria and vascular plants from autotrophic bacteria 
and algae. Two autotrophic bacteria showed exceptionally negative PC2 scores: Cyanothece sp., a 
genus of photosynthetic Cyanobacteria, and Aquifex, a genus of chemolitotroph bacteria (Table 4.D1; 
Fig. 4.10). In general, therefore, heterotrophic bacteria were relatively negative in both PC1 and PC2 
scores, indicating relatively negative δ13C values (sample-normalised) for phenylalanine and 
isoleucine and positive δ13C values for valine and leucine. Vascular plants were positive in PC1 scores 
but slightly negative in PC2 scores, reflecting relatively isotopically positive phenylalanine and 
negative valine and leucine, as well as slightly negative isoleucine. Autotrophic bacteria and algae 
were intermediate in PC1 scores and positive in PC2 scores, indicating relatively isotopically positive 
valine (Table 4.D1; Fig. 4.10).  
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Figure 4.10 PCA with δ13Cnorm-EAA values for end-members. 
Different colours and symbols identify different a priori-defined end-member groups: i) autotrophic 
(blue circles) and ii) heterotrophic (red circles) bacteria (prokaryotes), iii) macro (light green 
diamonds) and iv) microalgae (light blue diamonds), v) seagrasses (green triangles), and vi) terrestrial 
plants (dark green reverse triangles; eukaryotes).  

Linear discriminant function analysis (LDA) was then carried out with δ13Cnorm-EAA data for 
end-members as independent variables, and end-member groups defined by the PCA as categorical 
variables: i) autotrophic bacteria and algae, ii) heterotrophic bacteria, and iii) vascular plants (Fig. 
4.11). Detailed LDA results are reported in Table 4.D2. The first linear discriminant (LD1) explained 
81% of the between-group variance, the second linear discriminant 19% (Table 4.D2A). The most 
important linear discriminants for separating the three categorical variables were δ13C values (sample-
normalised) of phenylalanine, valine and leucine; δ13C values of isoleucine were also important for 
separating algae and autotrophic bacteria from the other groups (Table 4.D2B; Fig. 4.10 and 4.11). 
The LDA model classified 82% of samples correctly across groups. The proportions of autotrophic 
bacteria and algae, heterotrophic bacteria and plants classified correctly were 75, 73 and 100%, 
respectively; within autotrophic bacteria and algae, 60% of autotrophic bacteria, 81% of macroalgae 
and 89% of microalgae were classified correctly (for posterior probabilities of classification of each 
samples within the groups, see Table 4.D2C). 
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4.4.3.2  Classification of shark samples 
The LDA model was finally applied to predict group membership of unknown samples from blue and 
porbeagle sharks, other consumers (Table 4.B2) and particulate organic matter (Table 4.B3) within the 
end-member groups, and thus to identify the most likely primary carbon sources to shark food webs 
(Fig. 4.11 and 4.12). Posterior probabilities of classification of unknown samples within the end-
member groups are reported in Table 4.D3, 4.D4 and 4.D5 for sharks, other consumers and particulate 
organic matter, respectively. In the LDA space, shark samples consistently plotted outside end-
member ranges, although closer to autotrophic bacteria and microalgae. Shark samples had slightly 
more negative LD1 values than autotrophic and heterotrophic bacteria and algae, and exceptionally 
positive LD2 values (i.e. higher than the highest LD2 values for autotrophic bacteria and algae; Fig. 
4.11). Negative LD1 values, and positive LD2 values corresponded to more positive δ13C values 
(sample-normalised) for valine and leucine, and more negative δ13C values for phenylalanine (Fig. 
4.10 and 4.11). Overall, based on the LDA model, shark samples classified with a posterior probability 
of 95 ± 5% within autotrophic bacteria and algae (and with probabilities of 5 ± 5 and 0.2 ± 0.7% 
within heterotrophic bacteria and vascular plants; Table 4.D3), but the classification within a group 
was imposed by the LDA model. There were no clear between-species, area and individual differences 
in classification, nor consistent within-individual age-related patterns (Fig. 4.11). 
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Figure 4.11 Linear discriminant function analysis (LDA) with δ13Cnorm-EAA values for end-members 
as independent variables, and end-member groups defined by the PCA as categorical variables: i) 
autotrophic bacteria and algae, ii) heterotrophic bacteria, and iii) vascular plants. The LDA model was 
then used for predicting group membership of unknown samples from individual blue and porbeagle 
sharks (Table 4.1). 
Filled symbols represent end-member samples, empty symbols unknown samples. For end-members, 
different colours and symbols identify different a priori-defined groups. For sharks, circles identify 
blue sharks, triangles porbeagles. 
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Figure 4.12 LDA with δ13Cnorm-EAA values for end-members as independent variables, and end-
member groups defined by the PCA as categorical variables: i) autotrophic bacteria and algae, ii) 
heterotrophic bacteria, and iii) vascular plants. The LDA model was then used for predicting group 
membership of unknown samples from individual blue and porbeagle sharks (Table 4.1), various 
consumers (Table 4.B2) and particulate organic matter (Table 4.B3). 
Filled symbols represent end-member samples, empty symbols unknown samples. For end-members, 
different colours and symbols identify different a priori-defined groups. For sharks, circles identify 
blue sharks, triangles porbeagles. For consumers and organic matter, different colours and symbols 
identify different organisms as in figure legend. 
4.4.4 Variance in δ13C values of non-essential amino acids 

Variances in raw and sample normalised carbon isotopic compositions of non-essential 
amino acids (δ13CnonEAA and δ13Cnorm-nonEAA, respectively), and δ13Cbulk values throughout the life of 
each individual sharks are presented in Fig. 4.3B. 

The δ13Cbulk value of each sample is the weighted average of the δ13CEAA and δ13CnonEAA 
values (Fig. 4.13). Individual-level life-history records of δ13CnonEAA, δ13Cnorm-nonEAA and δ13Cbulk values 
are presented in Fig. 4.3E-I. Values of δ13CnonEAA are more positive than δ13CEAA values. One third to 
one fourth of bulk cartilage collagen is constituted by glycine. Whilst patterns in δ13Cbulk values would 
be expected to recover patterns in δ13C values of glycine,  significant offsets were observed between 
δ13Cbulk values and δ13C values of glycine throughout ontogeny in most individual sharks (Fig. 4.4F). 
In individual 33, for example, δ13Cbulk values were consistently more negative than δ13C values of 
glycine during juvenile growth, meaning that δ13C values in other amino acids (i.e. proline and 
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aspartic acid, and all the essential amino acids, which are more negative by definition as not 
influenced by trophic fractionation) must be sufficiently negative to draw down δ13Cbulk values. 
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Figure 4.13 Individual-level life-history records of δ13CEAA, δ13CnonEAA, and δ13Cbulk values. 
Records are presented in the same order, and different symbols represent different species as in Fig. 
4.4. Different colours represent different sets of variables: black indicates δ13CEAA values, grey 
δ13CnonEAA values, and blue δ13Cbulk values. Datapoints represent measured values, lines predicted 
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monthly values by the least smooth as possible Loess smoother. The grey vertical lines represent 
estimated age at birth and at maturity. 
4.4.4.1  Variability in δ13C patterns between species, and among areas and individuals 

When PCA was performed with raw carbon isotopic compositions of non-essential amino 
acids (δ13CnonEAA), PC1 explained 45% of the total variance in δ13CnonEAA values, PC2 explained 22% 
of variance (Fig. 4.14). As for δ13C values of essential amino acids (Fig. 4.5), most positive PC1 
scores corresponded to most positive δ13C values for all non-essential amino acid except aspartic acid. 
Most positive PC2 values were associated with most positive δ13C values for alanine, and most 
negative δ13C values for glutamic and aspartic acids (Fig. 4.14).  

Patterns of δ13CnonEAA values in shark samples were similar to patterns of δ13CEAA values, 
with additional influences of δ13C values for aspartic and glutamic acid. Blue shark samples had more 
negative PC1 values than porbeagles (but see individual 1000), hence more negative δ13C values for 
glycine, proline, alanine and glutamic acid, and more positive values for aspartic acid. Additionally, 
blue shark samples had more positive PC2 values (but see individual 1000), hence more positive δ13C 
values for alanine, and more negative values for glutamic and aspartic acids. In both species, 
individuals from the eastern/central North Atlantic had more negative PC1 and PC2 values compared 
to insividuals from the western North Atlantic (Fig. 4.14). Patterns of δ13C values of both essential and 
non-essential amino acids were similar to patterns of δ13CnonEAA values (data not shown). 

 
Figure 4.14 PCA with δ13CnonEAA values in sequential vertebral samples from individual blue and 
porbeagle sharks. 
Different symbols and colours represent different species, capture areas and individuals, symbol size is 
proportional to sample distance along the vertebral radius, and SEAc are represented for blue and 
porbeagle sharks as in Fig. 4.5. 
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When PCA was carried out with normalised carbon isotope values of non-essential amino 
acids (δ13Cnorm-nonEAA), PC1 and PC2 accounted for 38% and 23% of the total variance in δ13Cnorm-nonEAA 
values, respectively (Fig. 4.15). Most positive PC1 scores corresponded to most negative δ13C values 
(sample-normalised) for all non-essential amino acids. Most positive PC2 values were associated with 
most positive δ13C values for alanine, and most negative δ13C values for glutamic acid (Fig. 4.15). 

Between-species and area differences in δ13Cnorm-nonEAA patterns were greater than differences 
in δ13Cnorm-EAA patterns. Blue shark samples had more positive PC2 values than porbeagle samples (but 
see individual 1000), hence more positive δ13C values for alanine, and more negative δ13C values for 
glutamic acid. Additionally, blue sharks from the western North Atlantic had more positive PC1 
values compared to blue sharks from the eastern/central North Atlantic, hence more negative δ13C 
values for all non-essential amino acids. Porbeagles had intermediate PC1 values, with individuals 
from the western North Atlantic having more positive values than individuals from the eastern North 
Atlantic (Fig. 4.15). When performing PCA with both δ13Cnorm-EAA and δ13Cnorm-nonEAA values, between-
species and area differences were reduced (data not shown).  

 
Figure 4.15 PCA with δ13Cnorm-nonEAA values in sequential vertebral samples from individual blue and 
porbeagle sharks. 
Different symbols and colours represent different species, capture areas and individuals, symbol size is 
proportional to sample distance along the vertebral radius, and SEAc are represented for blue and 
porbeagle sharks as in Fig. 4.5. 
4.4.4.2  Species-level life-history isotopic traits 

In blue sharks, life history-normalised PC1 scores from PCA with raw carbon isotope values 
of non-essential amino acids (nPC1.nonEAA) showed a sharp decrease of ~ 1% around birth, followed 
by a progressive increase of ~ 1%  during juvenile and adult stages (Fig. 4.16A). Values of nPC1.EAA 
during the pre-birth stage were comparable to values during the adult stage (Fig. 4.16A). The observed 
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sharp decrease in δ13Cbulk values around birth, and progressive increase during juvenile growth 
(Chapter 3) were, therefore, retained in δ13CnonEAA values (with the exception of δ13C values for 
aspartic acid; Fig. 4.16A). 

In porbeagles, nPC1.nonEAA values showed an increase of ~ 0.5% around birth, and 
consistently decreased by < 1% during juvenile and subadult stages, whilst also showing excursions 
(Fig. 4.16B). The observed increase in δ13Cbulk during juvenile growth (Chapter 3) was, therefore, not 
recovered by δ13CnonEAA values, with the exception of δ13C values for aspartic acid. 

Life history-normalised PC1 scores from PCA with sample-normalised carbon isotope 
values of non-essential amino acids (nPC1.norm-nonEAA) showed no clear age-related patterns in 
either blue or porbeagle sharks (Fig. 4.17). 

 
Figure 4.16 Species-level life-history traits in PC1 scores from PCA with δ13CnonEAA values. 
Distributions of life history-normalised PC1 scores from PCA with δ13CnonEAA values (nPC1.nonEAA; 
Fig. 4.14) for 25 age classes across individual A) blue and B) porbeagle sharks. Each age class 
represented 7.80 months in blue sharks, and 10.80 months in porbeagles. Grey vertical lines represent 
estimated age at birth and age at maturity. PB, JUV and AD represent pre-birth, juvenile and adult life 
stages. 
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Figure 4.17 Species-level life-history traits in PC1 scores from PCA with δ13Cnorm-nonEAA values. 
Distributions of life history-normalised PC1 scores from PCA with δ13Cnorm-nonEAA values (nPC1.norm-
nnonEAA; Fig. 4.15) for 25 age classes across individual A) blue and B) porbeagle sharks. Each age 
class represented 7.80 months in blue sharks, and 10.80 months in porbeagles. Grey vertical lines 
represent estimated age at birth and age at maturity. PB, JUV and AD represent pre-birth, juvenile and 
adult life stages. 
4.4.4.3  Variability in isotopic profiles within and among individuals, and among areas 

Individual-level life-history records of PC1.nonEAA and PC1.norm-nonEAA values, and 
δ13Cbulk values are represented in Fig. 4.18. As for PC1 values from PCAs with δ13CEAA values, 
differences (and commonalities) among areas and individuals can be identified (Fig. 4.18). 
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Figure 4.18 Individual-level life-history records of (non life history-normalised) PC1 scores from 
PCA with δ13CnonEAA and δ13Cnorm-nonEAA values (PC1.nonEAA and PC1.norm-nonEAA, respectively).  
Records are presented in the same order, and different symbols represent different species as in Fig. 
4.4. Different colours represent different sets of variables: black indicates PC1.nonEAA values, grey 
PC1.norm-nonEAA values, and blue δ13Cbulk values. Datapoints represent measured values, lines 
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predicted monthly values by the least smooth as possible Loess smoother. The grey vertical lines 
represent estimated age at birth and at maturity. 
4.4.4.4  Relative spacing between δ13C values of essential and non-essential amino acids 

Individual-level life-history records of the relative spacing between the δ13C values of each 
non-essential amino acid and the δ13C values of an essential amino acid (i.e. phenylalanine or leucine 
in this case) are presented in Fig. 4.19A-E.  
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Figure 4.19 Individual-level life-history records of spacing of each non-essential amino acid to two 
essential amino acids: phenylalanine and leucine. 
A) alanine, B) glycine, C) proline, D) aspartic acid, and E) glutamic acid. Records are presented in the 
same order, and different symbols represent different species as in Fig. 4.4. Different colours represent 
different sets of variables: black indicates spacing relative to phenylalanine, grey spacing relative to 
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leucine. Datapoints represent measured values, lines predicted monthly values by the least smooth as 
possible Loess smoother. The grey vertical lines represent estimated age at birth and at maturity.  
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 Discussion 4.5
In this study, individual-level life-history records of carbon isotopic compositions of 

essential amino acids (δ13CEAA) comparable to records of carbon isotope values of bulk collagen 
(δ13Cbulk; Chapter 3) were recovered for the same blue and porbeagle sharks. To remove influences 
from spatial variations in δ13CCO2(aq) values on δ13CEAA values, the carbon isotopic compositions of 
single amino acids were sample-normalised to the mean δ13C value for all essential amino acids 
(δ13Cnorm-EAA; see Methods). Variance in these sets of variables (δ13CEAA and δ13Cnorm-EAA) was 
quantified at multiple levels (i.e. between species, among areas and within and between individuals), 
and compared against variance in δ13Cbulk values to disentangle baseline from trophic isotope effects. 
Specifically, common, broad ontogenetic patterns in δ13CEAA and δ13Cnorm-EAA values were analysed 
across individual blue and porbeagle sharks, and compared against species-level life-history traits in 
δ13Cbulk values to test i) whether traits in δ13Cbulk values reflect movements across isotopic gradients 
(baseline isotope effects), changes in diet and trophic level (trophic isotope effects), or both, thus 
testing initial hypotheses from the interpretation of bulk tissue isotope data using modelled isoscapes 
(Chapter 3); ii) whether any potential influences from variations in isotopic baselines represent 
movements across spatial δ13CCO2(aq) gradients (CO2 isotope effects) and/or changes in the relative 
contributions of different carbon sources to shark food webs (F isotope effects). 
4.5.1 Blue sharks 
4.5.1.1  Movements across isotopic gradients versus trophic shifts 

In blue sharks, the interpretation of species-level life-history isotopic traits for bulk collagen 
(δ13Cbulk, δ15Nbulk) using modelled isoscapes suggested that the observed increase in δ13Cbulk values 
during juvenile growth reflects an increase in the utilisation of foraging grounds with more positive 
δ13C baselines. To test this hypothesis, this study first asked whether such an increase in δ13Cbulk values 
is retained in δ13CEAA values, as variance in δ13CEAA values in consumers reflects variance in end-
members at the base of the food web, without confounding influences from trophic shifts (Trueman et 
al., 2012; McMahon et al., 2013b). 

Principal component analysis (PCA) of δ13C values of single essential amino acids was used 
to reduce the number of variables. When analysing raw δ13CEAA data, the first principal component 
(PC1) explained 72% of the total variance in δ13CEAA patterns, and the loadings on the PC1 axis were 
similar for all sampled amino acids, meaning that relatively more positive PC1 scores reflected 
relatively more positive δ13C values for all amino acids (Fig. 4.4).  

When combining the PC1 scores for all the individuals to test for species-level life-history 
isotopic traits, a common, broad pattern of increasing PC1 values during juvenile growth was 
recovered for blue sharks (Fig. 4.6A). Clearly, therefore, at least a component of the observed increase 
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in δ13Cbulk values (Chapter 3) must be associated with an increase in the frequency and/or duration of 
movements towards more positive δ13C baselines during juvenile growth.  

Core regions of the vertebra reflect maternal isotopic compositions (Olin et al., 2011; 
Carlisle et al., 2015). Maternal δ13CEAA values were consistently more positive than immediate post-
partum values (Fig. 4.6A), but comparable to adult values, indicating that pupping consistently occurs 
in isotopically distinct (i.e. more negative in δ13C) grounds from the principal foraging grounds 
exploited by mothers and adult sharks, possibly to avoid pup predation by large sharks. After birth, 
δ13CEAA values consistently increased until approaching maternal values at ~ 4-5 years of age (FL = 
150-165 cm; Skomal & Natanson, 2003; Fig. 4.6A), which approximately corresponds to the onset of 
maturity (Skomal & Natanson, 2003), possibly suggesting a return migration of adult individuals to 
maternal foraging grounds (natal homing). 

In this study, blue sharks were caught across their entire geographic range in the North 
Atlantic (Queiroz et al., 2010; Campana et al., 2011; Queiroz et al., 2012; Vandeperre et al., 2014). 
The recovery of consistent life-history isotopic traits related to movement (i.e. in δ13CEAA values) 
across individuals (Fig. 4.6), therefore, implies species-level ontogenetic movement traits. The 
observation of large between-area and individual variability in δ13CEAA profiles (Fig. 4.8), however, 
also indicated movement across differential isotopic gradients in the eastern and western North 
Atlantic, as well as a high degree of individuality in space and resource use, super-imposed on 
species-level traits.  

4.5.1.2  Spatial movements versus habitat shifts 
While life-history traits in δ13CEAA values in blue sharks conclusively demonstrated 

ontogenetic movements across isotopic gradients, it is more difficult to define what these movements 
represent. The isotopic compositions of essential amino acids in end-members are given by the 
isotopic composition of aqueous CO2 (δ13CCO2(aq)) which varies spatially along broad latitudinal 
gradients (Chapter 2), and by the isotopic fractionation during amino acid biosynthesis, which differs 
among major phylogenetic end-member groups, producing distinct carbon isotope fingerprints (Scott 
et al., 2006; Larsen et al., 2009; 2013). Thus, inferred movement across isotopic gradients may 
represent spatial variations in δ13CCO2(aq) values, or changes in the composition of the primary 
producing community, or both. To discriminate between these effects, δ13CEAA values were sample-
normalised (effectively removing influences from spatially varying δ13CCO2(aq) values; δ13CnEAA), and 
ontogenetic patterns in δ13Cbulk, and raw and normalised essential amino acid carbon isotopic 
compositions (δ13CEAA and δ13Cnorm-EAA, respectively) were contrasted.  

When analysing δ13Cnorm-EAA data, PC1 explained 41% of the total variance, and variation in 
PC1 scores was mostly associated with variation in normalised δ13C values for valine and isoleucine 
(Fig. 4.5). Scores of PC1 showed a relatively noisy and unclear ontogenetic pattern (Fig. 4.7A), 
suggesting that a component of the observed increase in δ13CEAA values must reflect an ontogenetic 
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movement towards southern waters, at least during juvenile and subadult growth. This isotope-inferred 
movement pattern is consistent with tagged-derived movement information, which also indicates an 
increased utilisation of tropical waters by adult females, possibly associated with pupping and 
reproduction (Vandeperre et al., 2014). There was, however, a suggestion of a stepwise increase in 
PC1 scores at ~ 2-3 years of age (FL = 125-155 cm), potentially indicating a shift in habitat and 
carbon source. Such an increase in PC1 scores reflected relatively more positive normalised δ13C 
values for valine, and relatively more negative values for isoleucine (Fig. 4.5). Based on available 
carbon isotope fingerprints (Scott et al., 2006; Larsen et al., 2009; 2013; 2015; Fig. 4.9), these patterns 
could indicate an increase in the relative contributions of algally- or bacterially-derived carbon, but 
these conclusions are highly speculative, given observed inconsistencies between shark and end-
member amino acid carbon isotopic compositions (Fig. 4.11).  

Maternal PC1 scores were consistently more positive than immediate post-partum values 
(Fig. 4.7A), suggesting that maternal foraging and pupping grounds are primarily fuelled by different 
carbon sources. A reduction in PC1 scores after birth could indicate a greater contribution from 
seagrass or vascular plant-derived carbon to juvenile food webs (Fig. 4.9), but these conclusions are 
uncertain. Blue sharks are believed to feed pelagically across life-history, and an oceanic nursery area 
has recently been identified in the central North Atlantic near the Azores (Vandeperre et al., 2014; 
2016); however, nurseries on continental shelves are also believed to exist in the Northeast Atlantic 
(Queiroz et al., 2010 and references. therein). 
4.5.2 Porbeagle sharks 
4.5.2.1  Movements across isotopic gradients versus trophic shifts 

In contrast to blue sharks, ontogenetic isotope patterns in bulk collagen (δ13Cbulk, δ15Nbulk) in 
porbeagles could not be explained solely by movement across predicted spatial isotopic gradients, so a 
trophic shift was inferred (Chapter 3). Values of δ13CEAA consistently decreased during juvenile 
growth until ~ 5-6 years of age (FL = 155-165 cm; Natanson et al., 2002; Fig. 4.6B), showing an 
opposite overall trend to that in δ13Cbulk values. These patterns require a combination of movement 
towards more negative δ13C baselines, and a trophic shift, producing an increase in δ13C values of non-
essential amino acids sufficiently large to counteract the decrease in δ13CEAA values, thereby resulting 
in an increase in δ13Cbulk values. At ~ 5-6 years of age, δ13CEAA values showed a consistent increase 
until ~ 8-9 years (FL = 185-190 cm), followed by a subsequent decrease in δ13C values during 
subadult life stages, with the possibility of another increase during adult stages, which, however, only 
regarded adult Northwest Atlantic individuals (Fig. 4.6B). This pattern was clearly distinct from the 
progressive decrease in δ13CEAA values during earlier juvenile growth, indicating a shift in movement 
behaviour between early and late, subadult and possibly adult life stages. 
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Maternal δ13CEAA values were the highest across life-history, but not consistently different 
from immediate post-partum values; juvenile δ13CEAA values, however, started decreasing 
progressively from just after birth (Fig. 4.6B). These patterns suggest that mothers migrate towards 
isotopically distinct foraging grounds from those exploited by subadult females to give birth, possibly 
reflecting an alternative strategy to avoid pup predation compared to that used by blue sharks. 
Immediate post-partum independent feeding, however, results in an increasing utilisation of 
isotopically distinct (i.e. more negative in δ13C values) grounds from those provisioning the mother 
during egg development.  

Porbeagles were also captured at the two extremes of their known distributional range in the 
North Atlantic (Pade et al., 2009; Campana et al., 2010; Saunders et al., 2011; Biais et al., 2016). The 
recognition of consistent life-history isotopic traits in δ13CEAA values, therefore, implies common 
ontogenetic movements for the eastern and western Atlantic populations.  

4.5.2.2  Spatial movements versus habitat shifts 
Scores of PC1 from the analysis of δ13Cnorm-EAA values, which contain information relative to 

carbon source rather than water chemistry, showed an overall positive trend throughout ontogeny 
across individual porbeagles (i.e. the opposite trend to that in δ13CEAA values, at least until ~ 5-6 years 
of age; Fig. 4.7B). Such an increase in PC1 scores throughout ontogeny reflected an increase in 
normalised δ13C values for valine, and a decrease in values for isoleucine (Fig. 4.5). Based on 
available carbon isotope fingerprints (Fig. 4.11), these patterns in δ13Cnorm-EAA values could indicate a 
progressive increase in the relative contributions of algally- and bacterially-derived carbon to juvenile 
food webs, in association with with spatial movements towards more negative δ13CCO2(aq) values. This 
interpretation is broadly consistent with the known occurrence of juvenile porbeagles in shelf settings, 
and presumed increasing use of shelf-edge and oceanic environments as they grow (Bendall et al., 
2013; Ellis et al., 2015; Biais et al., 2016). However, the recovery of life-time minimum PC1 scores in 
the maternal component of vertebrae is puzzling. 

Alternatively, scores of PC1 can tentatively be split into three stages (Fig. 4.7B). Maternal 
PC1 scores were the most negative across life-history; post-partum independent feeding resulted in a 
sharp increase in PC1 scores, followed by a subsequent gradual (small) decrease until ~ 5-6 years of 
age. At this stage, PC1 scores newly increased to life-time maximum values, but also showed largest 
ontogenetic and between-individual variability. The age of ~ 5-6 years is approximately the age at 
which δ13CEAA values switched from a decreasing to increasing trend (Fig. 4.6B), and δ13Cbulk  values 
reached a relatively steady state (Chapter 3); after this stage, PC1 scores and δ13CEAA values broadly 
co-varied (Fig. 5.6B and 4.7B). These patterns suggested a combination of spatial movement towards 
more negative δ13CCO2(aq) values and diet and trophic level change during early juvenile growth, and 
periodic switches in carbon source during late juvenile, subadult and possibly adult life stages, in 
association with spatial movements and/or diet changes. These stages, however, seem to be 
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characterised by higher between-variability in space and resource use. In the Northeast Atlantic, 
juvenile and subadult porbeagles are known to conduct extensive latitudinal movements, with a high 
degree of individuality in movement behaviour (Pade et al., 2009; Saunders et al., 2011; Biais et al., 
2016).  

Whilst life-time lowest maternal PC1 scores are puzzling, life-time highest maternal δ13CEAA 
values may indicate a migration of pregnant females towards more positive δ13CCO2(aq) values possibly 
associated with parturition, consistent with the observed movement to subtropical grounds by large 
mature females in the Northwest Atlantic (Campana et al. 2010). 
4.5.3 Fingerprinting approach 

Age-related variance in δ13Cnorm-EAA patterns (Fig. 4.7 and 4.6) suggested ontogenetic 
changes in the relative contributions of different carbon sources to shark food webs. The application of 
a fingerprinting approach to shark samples to estimate their most likely carbon source(s), however, 
revealed inconsistencies between shark amino acid carbon isotopic compositions and available end-
member carbon isotope fingerprints (Fig. 4.10). Similar mismatches were also observed for other 
consumers, including zooplankton, corals, pelagic fishes and penguins (Fig. 4.11). Such systematic 
offsets in amino acid carbon isotopic compositions between consumers and presumed end-members 
could not, however, be explained with confidence. 

Limited chromatographic separation between peaks for isoleucine and leucine in the 
example chromatograph (e.g. Fig. 4.1) could potentially result in falsely relatively positive δ13C values 
for isoleucine, and relatively negative δ13C values for leucine, leaving open the possibility of a 
systematic measurement error. Alternatively, sharks might be feeding in food webs dominated by 
unsampled end-members, or under-represented in the current selection. Samples of particulate organic 
matter recovered at various depths in the North Atlantic also showed systematic differences in 
δ13CnEAA patterns compared to end-members, but had exceptionally positive LD1 values (Fig. 4.11). 
Sinking particulate organic matter is degraded and remineralised by heterotrophic bacteria, with the 
possibility of bacterial overprinting of algal type fingerprints (McCarthy et al., 2007; Hannides et al., 
2013; Sabadel, unpubl. data). Accordingly, the explanation for inconsistencies between shark and end-
member amino acid compositions remains unresolved, and is beyond the scope of the current project. 
Any potential bias due to the lack of internationally certified standards for the analysis of carbon 
isotopes in single amino acids could be an issue when comparing data for end-members and 
consumers within a fingerprinting approach, as data were obtained from different laboratories. Such a 
fingerprinting approach, however, has already been successfully applied to track phytoplankton 
regime shifts from corals, and differences in instruments or methods did not seem to create any issue 
(McMahon et al., 2015b).  
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4.5.4 Patterns in carbon isotope compositions of non-essential amino acids  
Variance in δ13CnonEAA values reflects shifts in diet and trophic level, in addition to baseline 

effects (due to variation in δ13CCO2(aq) values across space and/or variation in isotope fractionation 
during amino acid biosynthesis among major carbon sources). When analysing variance in δ13CnonEAA 
values, patterns in δ13C values of alanine, glycine and proline were similar to patterns in δ13CEAA 
values, whereas δ13C values of aspartic acid followed the opposite patterns, and δ13C values of 
glutamic acid increased separation between blue and porbeagle sharks (Fig. 4.5 and 4.14). Thus, 
differences in δ13C values of glutamic acid between blue and porbeagle sharks may suggest 
differences in trophic position.  

Sample-normalisation of δ13CnonEAA values (i.e. δ13Cnorm-nonEAA) removes influences from 
spatial variation in δ13CCO2(aq) values. When analysing δ13Cnorm-nonEAA patterns, between-species 
differences were maintained, and between-area differences became greater (Fig. 4.14 and 4.15). 
Between-area differences in δ13Cnorm-nonEAA values were also greater than differences in δ13Cnorm-EAA 
values (Fig. 4.6 and 4.15). Values of δ13C of all non-essential amino acid were more negative in 
eastern/central North Atlantic sharks than in western North Atantic sharks. Possible explanations for 
this pattern may include: feeding at a lower trophic level by eastern/central North Atlantic sharks, a 
diet richer in lipid, or differences in the primary carbon source, which are less evident when 
considering only the four essential amino acids. In theory, in fact, carbon isotope fingerprints reflect 
differences in δ13C patterns for all amino acids among lineages (Larsen et al., 2013). When trying to 
identify consumer primary carbon source(s), however, non-essential amino acids are often excluded, 
to remove confounding influences from trophic effects (e.g. McMahon et al., 2015a). 

When examining nitrogen isotopes, the relative spacing between δ15N values of glutamic 
acid and phenylalanine is commonly used as proxy for trophic position (Chikaraishi et al., 2009; 2010). 
If individual sharks increased trophic level throughout ontogeny, an increase in the relative spacing 
between δ13C values of these two amino acids with age would also be expected. However, this type of 
pattern was only seen in individual 101, and within-individual variance in relative spacing was noisy 
in most sharks. Similalry, if porbeagles fed at a higher trophic level than blue sharks, a higher relative 
spacing in porbeagles would be expected, but that does not seem to always be the case. Finally, large 
differences in mean and life stage-specific relative spacing were observed among areas and individuals 
within each species (Fig. 4.19E). These findings may suggest that δ13CnonEAA patterns are not so 
strongly influenced by trophic level as are δ15N  patterns. If that was true, non-essential amino acids 
could potentially be included when applying a fingerprinting approach to identify consumer carbon 
source(s), increasing the power of the LDA analysis. However, additional controlled feeding 
experiments are required to better constrain trophic effects on δ13CnonEAA values (McMahon et al., 
2013b). 
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 Conclusions 4.6
A major result of this study was the identification of species-level life-history traits in the 

carbon isotopic compositions of essential amino acids (δ13CEAA) in both blue and porbeagle sharks 
from across the North Atlantic (Fig. 4.6). Traits in δ13CEAA values are related to movement across 
isotopic gradients; thus, the recognition of species-level life-history traits in δ13CEAA values 
conclusively demonstrated species-level ontogenetic movement traits, implying shared vulnerability to 
fishery capture across life-history. In blue sharks, a consistent increase in δ13CEAA values until ~ 5-6 
years of age (Fig 4.6A) indicated an ontogenetic movement towards more positive δ13C baselines 
during juvenile growth, as hypothesised from the interpretation of life-history isotopic traits in bulk 
collagen using modelled isoscapes (Chapter 3). In porbeagles, a consistent decrease in δ13CEAA values 
until an age of ~ 5-6 years (Fig 4.6B), opposite to the observed increase in δ13Cbulk values (Chapter 3), 
indicated an ontogenetic movement towards more negative δ13C baselines, accompanied by a diet 
change, as also hypothesised from the interpretation of bulk collagen isotope data. At ~ 5-6 years of 
age, the progressive decrease in δ13CEAA values switched to periodic oscillations (Fig 4.6B), indicating 
a change in movement behaviour.  

In blue sharks, maternal δ13CEAA values were consistently more positive than post-birth 
values, but comparable to values during adult life stages (Fig. 4.6A), indicating isotopically distinct 
maternal foraging and pupping grounds, and potentially a return migration of adult sharks to maternal 
foraging grounds. In porbeagles, maternal δ13CEAA values were the highest across life-history, but 
comparable to immediate post-partum values (Fig. 4.6B), implying that maternal provisioning occurs 
in isotopically distinct grounds from those exploited by subadult sharks. Immediate post-birth 
independent feeding, however, results in an increasing utilisation of 13C-depleted foraging grounds. 

Movement across isotopic gradients may represent movement across latitudinal gradients in 
δ13CCO2(aq), and/or transitions across habitats dominated by different carbon sources. Variance in 
sample-normalised amino acid carbon isotopic compositions (δ13Cnorm-EAA) reflects variance in the 
relative contributions of different end-member to shark food webs, after influences from spatially 
varying δ13CCO2(aq) values are removed. In blue sharks, the comparison of patterns in δ13Cbulk, δ13CEAA 
and δ13Cnorm-EAA values (Fig. 4.6 and 4.7; Chapter 3) indicated an ontogenetic southerly migration 
during juvenile growth with no clear accompanying shift in carbon source. It also suggested that 
pupping and adult foraging grounds are ultimately supported by different carbon sources. Porbeagles, 
by contrast, were suggested to undertake a spatial movement towards more negative δ13CCO2(aq) values 
with no clear change in carbon source during the first 5-6 years of life; then, they appeared to undergo 
periodic shifts in carbon source associated with spatial movements and/or changes in diet, with late 
juvenile and subadult life stages showing an expanded geographic range and resource use. However, 
the application of a fingerprinting approach to estimate the relative contributions of different carbon 
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sources to shark food webs revealed inconsistences between shark and end-member carbon isotopic 
compositions, and the underlying mechanisms of these inconsistencies remain unresolved. 
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 Conclusions Chapter 5: 
The aim of this project was to determine whether the ontogenetic movements of two model 

species of pelagic sharks, the blue and the porbeagle sharks, could be reconstructed retrospectively 
using stable carbon (and nitrogen) isotopes. To answer this question, this thesis had three main 
objectives: 
1) The development of a process-based, mechanistic carbon isotope model predicting the likely 

spatio-temporal variability of carbon isotopic compositions of phytoplankton across the 
global ocean (Chapter 2). Particularly, I hypothesised that: H1 – major spatial (and temporal) 
patterns in the carbon isotopic composition of phytoplankton can be recovered by a 
relatively simple function containing the principal controls of carbon isotopic 
fractionation during photosynthesis.  

2) The recovery of individual-level life-history records of carbon and nitrogen isotopic 
compositions of bulk cartilage collagen from vertebrae of blue and porbeagle sharks 
(Chapter 3). I hypothesised that: H2 – common, broad ontogenetic patterns in isotopic 
compositions can be identified across individuals of the same species, indicating species-
level life-history isotopic traits. 

3) The recovery of comparable records of carbon isotopic compositions of individual amino 
acids in vertebrae from the same individual sharks (Chapter 4). I hypothesised that: H3 – life-
history isotopic traits for essential amino acids can be used to disentangle baseline from 
trophic effects on traits for bulk collagen, and thus can provide conclusive evidence for 
movement traits. 
Records of carbon and nitrogen isotopic compositions of bulk cartilage collagen from 

vertebrae of individual blue and porbeagle sharks provided information on the movements and diet 
throughout the entire life of individuals, potentially complementing tag-derived movement 
information at fine spatio-temporal scales over relatively short periods of time. Interpretations of life-
history isotopic traits for bulk collagen to infer movements are limited by large uncertainties in the 
spatio-temporal distributions of isotopic baselines, and by confounding influences from diet and 
trophic level change. To address these limitations, in this study I developed a process-based, 
mechanistic carbon isotope model to predict the likely spatio-temporal variability in isotopic baselines 
across the global ocean, and compared life-history isotopic traits for bulk collagen against traits for 
essential amino acids to tease apart influences from movements across isotopic gradients and trophic 
shifts.   
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 Modelled global ocean carbon isoscapes 5.1
In Chapter 2, I developed an isotopic extension to an existing ocean biogeochemical model, 

NEMO-MEDUSA, to predict the likely spatio-temporal distributions of the carbon isotopic 
composition of phytoplankton (δ13CPLK) at the base of pelagic food webs across the global ocean. I 
demonstrated that a relatively simple transfer function containing the principal controls of carbon 
isotopic fractionation during photosynthesis (i.e. sea surface temperature, concentration and isotopic 
compositions of aqueous CO2, and phytoplankton growth rate and cell size) reproduces major spatial 
patterns in δ13CPLK values at regional to ocean-basin scales, as recovered by existing measurements 
and more complex models (H1; see Chapter 1). Whilst the explicit validation of temporal patterns in 
δ13CPLK values is currently not possible (due to the lack of spatio-temporally explicit measurements of 
isotopic baselines in open-ocean settings), I argue that, if the model reproduces spatial variations in 
δ13CPLK values, it should also reproduce temporal ranges (H1). 

This carbon isotope model was used to construct spatio-temporally explicit isoscapes for the 
global ocean (Fig. 2.1 and 2.2), providing a potential solution for the development of reference 
isoscapes in highly dynamic and poorly sampled open-ocean systems. Modelled global ocean carbon 
isoscapes provide a means for isotope ecologists to investigate the likely influences from spatio-
temporal variability in isotopic baselines on tissue isotopic compositions. For instance, temporal 
variability in δ13CPLK values is likely to have large influences on tissue isotope values in ocean areas 
characterised by a strong seasonality of phytoplankton communities (i.e. high and temperate latitudes 
and upwelling regions), and in lower-trophic-level animals (Fig. 2.5).  

A clear advantage of the current model over more complicated models explicitly 
incorporating isotope concentrations into biogeochemical models (e.g. HAMOCC 3.1, PISCES, UVic 
earth system model) is that isoscapes can be generated offline, without requiring access to the full 
biogeochemical model, and elevated computing skills and demand. Modelled isoscapes can, therefore, 
be readily custom-tailored by isotope ecologists for specific areas or species.  

As yet, however, modelled isoscapes are limited by a lack of suitable field validation 
datasets, and by the simplifications and deficiencies implicit in both the biogeochemical and isotopic 
fractionation models. Accordingly, I suggest that uncertainty in continuous isoscapes is too large to 
permit the explicit geographic assignment of animals, at least over continuous surfaces. However, 
modelled isoscapes can be partitioned into isotopically distinct regions (i.e. clusters; Fig. 2.6), or 
summarised over biogeogeographic provinces (Fig. 2.7). In both cases, spatio-temporal variability can 
be quantified within discrete units, and incorporated into assignment algorithms. Also, temporally-
explicit isoscape models can be coupled with agent-based movement models and physiology models 
to predict the evolution of tissue isotopic compositions during movements across temporally variable 
spatial isotopic gradients (see Future work). 
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 Life-history isotopic traits 5.2
5.2.1 Ontogenetic patterns in carbon isotopic compositions of bulk cartilage 
collagen 

The recovery of individual-level life-history carbon and nitrogen isotope records for bulk 
cartilage collagen (δ13Cbulk, δ15Nbulk) provided information on the movements and diet of individual 
sharks throughout life. Common, broad ontogenetic patterns in δ13Cbulk and δ15Nbulk values were 
identified across individual blue and porbeagle sharks (Fig. 3.6-3.9). In this study, blue and porbeagle 
sharks were caught across their known geographic ranges in the North Atlantic. Thus, the 
identification of consistent ontogenetic patterns in δ13Cbulk and δ15Nbulk values implied species-level 
life-history traits (H2; see Chapter 1). Isotope-derived information on life-history traits potentially 
provides a valuable complement to tag-derived information on short-term movements. Whilst 
interpretations of life-history isotopic traits for bulk collagen using modelled isoscapes may provide 
initial movement hypotheses, these interpretations are ultimately limited by mixed baseline and 
trophic isotope effects.  

In blue sharks, for instance, observed life-history isotopic traits could be explained solely by 
an increased utilisation of southern waters during juvenile growth, based on predicted isoscapes in the 
North Atlantic (Fig. 3.12); however, a combination of movement across spatially variable δ15N values 
and increase in trophic level could not be excluded. In porbeagles, by contrast, observed life-history 
isotopic traits required a combination of movement across isotopic gradients and trophic level change. 

The identification of consistent (or variable) life-history isotopic traits across individuals, 
populations or species, reflecting common (or variable) ontogenetic movements and/or trophic shifts, 
has important implications for the management and conservation of pelagic sharks. The presence of 
consistent traits across individual blue and porbeagle sharks, for instance, implied general behaviours 
influencing shark-human interactions across life-history, and thus shared vulnerability to fishery 
capture.  

Life-history isotopic traits can, therefore, be considered conceptually similar to isotopic 
niche areas: they also allow identifying commonalities and differences in movement and/or feeding 
behaviour among individuals, populations, species, higher taxa and/or functional groups, and provide 
additional information on ontogenetic patterns. 

5.2.2 Patterns in carbon isotopic compositions of essential amino acids 
This study provided the first individual-level life-history records of carbon isotopic 

compositions of essential amino acids (δ13CEAA) for top predators. Given that variation in δ13CEAA 
values is directly related to movement across isotopic gradients, the recovery of consistent ontogenetic 
patterns in δ13CEAA values across individual blue and porbeagle sharks (Fig. 4.7) conclusively 
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demonstrated species-level movement traits (H3; see Chapter 1). In blue sharks, observed life-history 
traits in δ13CEAA values proved the initial hypothesis of an increase in the utilisation of foraging 
grounds with more positive δ13C baselines during juvenile growth. Juvenile porbeagles, by contrast, 
increasingly utilise grounds with more negative δ13C baselines, whilst also shifting trophic level (see 
Chapter 3).  

Additionally, differences in δ13CEAA values between maternal components of vertebrae and 
immediate post-partum independent feeding (Fig. 4.7) provided information on transgenerational 
movements. Blue shark pupping occurs in isotopically distinct grounds from the principal foraging 
grounds exploited by mothers and adult sharks, with the possibility of a return migration of adult 
sharks to maternal grounds. Pregnant female porbeagles, by contrast, migrate towards isotopically 
distinct foraging grounds from the those exploited by subadult females to give birth; immediate post-
partum independent feeding, however, results in an increasing utilisation of more negative in δ13C 
baselines. 

These inferred movements across isotopic gradients may reflect spatial variations in the 
carbon isotopic composition of aqueous CO2 (δ13CCO2(aq)), or changes in the composition of the 
primary producing community, or both. The recovery of ontogenetic variance in sample-normalised 
carbon isotope values of essential amino acids (i.e. effectively reflecting variance in end-member 
values, after spatial variability in δ13CCO2(aq) has been removed; δ13CnEAA; Fig. 4.8) suggested 
ontogenetic habitat shifts, possibly associated with spatial movement or trophic shifts. As yet, 
however, inferences on changes in the relative contributions of different carbon sources to shark food 
webs were highly inconclusive, given inconsistencies between shark δ13CnEAA patterns and available 
end-member carbon isotope fingerprints (Fig. 4.11 and 4.12). 

 
In conclusion, the broad ontogenetic movements across isotopic gradients of North Atlantic 

blue and porbeagle sharks could be reconstructed using a combination of modelled carbon isoscapes, 
bulk and compound-specific isotope analysis of essential amino acids. The identification of consistent 
ontogenetic patterns in carbon and nitrogen isotopic compositions across individuals captured at 
disparate locations implied species-level life-history isotopic traits, reflecting ontogenetic movements 
and/or trophic shifts. The interpretation of life-history isotopic traits for bulk collagen using modelled 
isoscapes provided initial movement hypotheses, but was ultimately limited by mixed baseline and 
trophic isotope effects, as well as uncertainties in modelled isoscapes. The recovery of species-level 
life-history isotopic traits for essential amino acids, which are directly related to movements, 
conclusively demonstrated movement traits. Movements across isotopic gradients may represent 
spatial movements and/or habitat shifts, but changes in the relative contributions of different carbon 
sources could not be conclusively inferred based on available carbon isotope fingerprints.  

Stable isotope analysis of specific compounds (i.e. amino acids) within tissues costs 
approximately 10 times more than traditional bulk tissue analysis (i.e. ~ 100 versus 10 $ for a single 
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sample). Additionally, the procedures for sample preparation are extremely time-consuming, the 
precision of analysis is lower and the required sample size larger, resulting in decreased temporal 
resolution of ecological information. In this study, compound-specific isotope analysis conclusively 
validated interpretations of movements based on bulk tissue isotope data, and, in porbeagles, revealed 
the direction of movements. Compound-specific analysis also provided insights on whether baseline 
effects reflect spatial movements and/or habitat shifts, but failed to quantify changes in the relative 
contributions of different end-members to shark food webs. Additionally, interpretations of δ13CnonEAA 
patterns were only prelimnary and uncertain, as a coherent physiological framework to interpret 
carbon isotope data for amino acids that are wholly or partially synthesised de novo is currently 
lacking (Chapter 4).   

 Future work 5.3
Temporal variability plays a key role in defining the isotopic compositions of animal tissues. 

In pelagic settings, the spatial distributions of isotopic baselines may vary greatly over time. Animal 
migrations also occur throughout time, and the incorporation of baseline isotopic signatures into 
animal tissues ultimately depends on tissue elemental turnover rates. Future work should explore how 
isotope dynamics at the base of the food web, animal behaviour and physiology interact to produce 
measured tissue isotopic compositions. The likely influences of these traits on tissue isotope values 
could be investigated, for instance, using a theoretical modelling approach coupling temporally 
explicit isoscape models, agent-based models of animal movement, and physiological biogeochemical 
models. Isotope models could also be used to construct hind and forecast predictive isoscapes, which 
could be linked to historical or archeological samples.  

Confidence in isoscape-based geographic assignments could be greatly improved by 
combining predictions from a range of biogeochemical-isotope models, and by modelling multiple 
isotope systems.  

Whilst this study identified consistent life-history isotopic traits across individual blue and 
porbeagle sharks from disparate areas in the North Atlantic, the sample size was relatively small (i.e. 
nine blue sharks and six porbeagles). Future studies should, therefore, recover individual-level life-
history isotopic traits for additional individuals to conclusively demonstrate species- and/or 
population-level movement patterns. Given the high cost of compound-specific isotope analysis, 
however, I suggest that future studies should identify break-points in time-series of isotopes in bulk 
tissues, and analyse just break-points for isotopes in essential amino acids to discriminate movements 
from trophic shifts. A cost- and time-effective combination of bulk and compound-specific isotope 
analysis could be applied restrospectively to identify focal areas and habitats, as well as general 
migratory behaviour, for IUCN-listed threatened species, hence inform their management and 
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conservation. In a more forensic context, it could be applied to characterised and determine the origin 
species that are illegally caught and sold at markets. It could also   

The causes of inconsistencies between essential amino acid carbon isotope patterns in sharks 
and available carbon isotopic fingerprints for end-members should also be further investigated. 
Additional end-members that may be relevant to the ecology of pelagic sharks should be fingerprinted, 
along with other consumers with known and distinct movement and feeding behaviours (i.e. benthic, 
pelagic, mesopelagic fish).  

Finally, additional controlled feeding experiments are required to better constrain the trophic 
influences on δ13CnonEAA patterns, and thus to provide a more coherent physiological framework to 
interpret δ13CnonEAA data to provide information on resource utilisation, diet and trophic level, or 
carbon source. 
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Appendices 

Appendix 2.A – Methods 

2.A.1  δ13CCO2(aq) parameterization 
We estimated the carbon isotope composition of dissolved CO2 (δ13CCO2(aq)) as the sum of the 

carbon isotope composition of dissolved inorganic carbon (δ13CDIC) and the carbon isotope 
fractionation between CO2(aq) and DIC (ε[CO2(aq)–DIC]).  

2.A.1.1  Carbon isotope fractionation within the DIC pool  
Carbon isotopic equilibrium in seawater is established on time scales of a few minutes 

(Zhang et al., 1995; Zeebe et al., 1999, Hofmann et al., 2000; Zeebe & Wolf-Gladrow, 2001). The 
isotopic fractionation between the carbon components (e.g. CO2(aq)) within the DIC pool can, therefore, 
be considered as an equilibrium fractionation (Hofmann et al., 2000; Zeebe & Wolf-Gladrow, 2001). 
As a consequence, we parameterized ε[CO2(aq)–DIC] as the sum of the equilibrium fractionation 
between CO2(gas) and DIC and the equilibrium fractionation between CO2(gas) and CO2(aq) (Eq. A.1; for 
a detailed description, see Hofmann et al., 2000): 
ε CO ( ) − DIC =  − 0.0144 − 0.1119 SST (°C) − 11.84   (A.1) 

2.A.1.2  Carbon isotope fractionation during air-sea CO2 exchange, and constant δ13CDIC  
While δ13CDIC values are additionally influenced by the kinetic fractionation occurring during 

air-sea CO2 exchange and the biological fractionation occurring during photosynthesis (εp; i.e. 
phytoplankton preferentially takes up 12C, leading to 13C-enriched organic matter; Hofmann et al., 
2000; Tagliabue & Bopp, 2008), a full consideration of these fractionation effects on δ13CDIC would 
require explicit modeling of [12C] and [13C] through the entire biogeochemical model (e.g. Hofmann et 
al., 2000; Tagliabue & Bopp, 2008; Schmittner et al., 2013; Schmittner & Somes, 2016). In order to 
limit model complexity and computational demand, here we ignored the potential effects of kinetic 
fractionation occurring during air-sea CO2 exchange and phytoplankton drawdown of [12C], assumed 
δ13CDIC as constant (2‰), and thus calculated δ13CCO2(aq) as 2‰ + ε[CO2(aq)–DIC]. Variations in δ13CDIC 
values can be considered as a minor source of variability in δ13CPLK values; in fact, the global 
distribution of δ13CDIC is relatively homogeneous, with values varying around 2‰ (Rau et al., 1982; 
1989; Hofmann et al., 2000; Tagliabue & Bopp, 2008; McMahon et al., 2013; Schmittner et al., 2013). 
While this simplification may result in falsely lower predicted δ13CPLK values in areas characterized by 
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high productivity, we argue that, for the purpose of estimating regional- to global-scale variations in 
δ13CPLK values, using a simple function (see Methods), assuming a constant δ13CDIC value is reasonable.
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Appendix 2.B – Results 

2.B.1  Spatial patterns in δ13CCO2(aq) values 
Predicted annual average δ13CCO2(aq) values range between -7.5 and -10.5‰ across the global 

ocean. On ocean basin- to global-scales, average δ13CCO2(aq) values vary across broad latitudinal 
gradients, decreasing from the equator (~ 7.5‰) towards both poles (-9 to -10.5‰) as a function of 
latitude and temperature (Fig. 2.B1). To date, most studies (e.g. Hofmann et al., 2000; Tagliabue & 
Bopp, 2008; McMahon et al., 2013; Schmittner et al., 2013; Schmittner & Somes, 2016) have 
represented inorganic isoscapes as distributions of δ13CDIC values (and not as distributions of 
δ13CCO2(aq) values). Predictions of δ13CCO2(aq) from our model cannot, therefore, be directly compared 
against δ13CDIC measurements (McMahon et al., 2013) or δ13CDIC predictions from other models 
(Hofmann et al., 2000; Tagliabue & Bopp, 2008; Schmittner et al., 2013; Schmittner & Somes, 2016). 
The variables from which δ13CCO2(aq) values are derived (δ13CDIC and ε[CO2(aq)–DIC]) can, however, be 
examined. In our model, the value of δ13CDIC is assumed to be constant (2‰; see Appendix 2.A); when 
predicting δ13CCO2(aq), ε[CO2(aq)–DIC] is, therefore, the only source of variability. This fractionation is 
strongly temperature-dependent (Eq. A.1), as the ratio of [CO32-] to [DIC] is relatively invariant in 
seawater (Zhang et al., 1995; Hofmann et al., 2000; Zeebe & Wolf-Gladrow, 2001). Thus, the 
predicted latitudinal gradients in annual average δ13CCO2(aq) values (Fig. 2.B1) can be explained by 
latitudinal variations in sea surface temperature (Zhang et al., 1995; Hofmann et al., 2000). Predicted 
seasonal variations in δ13CCO2(aq) values are relatively small (~ 0-1‰), and can also be explained by 
seasonal temperature changes. 
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Figure 2.B1  Modeled annually averaged surface water distribution of the carbon isotope composition 
of dissolved CO2 (δ13CCO2(aq), ‰).  
Annual average δ13CCO2(aq) values are calculated using a monthly climatology for the period 2001-2010. 
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Figure 2.B2  Modeled annually averaged surface water distribution of the carbon isotopic composition of phytoplankton (δ13CPLK, ‰) over individual model 
years for the period 2001-2010.  
Annual average values are calculated as the mean of monthly δ13CPLK values over each model year. 
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Figure 2.B3  Modeled temporal inter-annual variability in δ13CPLK values (‰). 
A) Inter-annual range in δ13CPLK values across the Atlantic Ocean; inter-annual range in δ13CPLK is 
calculated as the range of annual average δ13CPLK values over individual model years for the period 
2001-2010. B) Time-series of annual average δ13CPLK values at six locations along a latitudinal 
gradient, as indicated by numbers in panel A). 
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Figure 2.B4  Standard deviations for A) annual average δ13CPLK grid cell values, and B) intra-annual 
range in δ13CPLK grid cell values within each cluster.  
Both annual average and intra-annual range in δ13CPLK values are calculated using a monthly 
climatology for the period 2001-2010. 
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Figure 2.B5  Standard deviations of A) annual average and B) intra-annual range in δ13CPLK grid cell 
values within each province.  
Both annual average and intra-annual range in δ13CPLK values are calculated using a monthly 
climatology for the period 2001-2010.  
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Figure 2.B6  A) Cluster ID for five clusters of similar inter-annual range in δ13CPLK grid cell values; 
numbers in brackets are means for inter-annual range in δ13CPLK values within each cluster. B) 
Standard deviation for inter-annual range in δ13CPLK grid cell values within each cluster.  
Inter-annual range in δ13CPLK is calculated as the range of annual average δ13CPLK values over 
individual model years for the period 2001-2010. 
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Figure 2.B7  A) Mean and B) standard deviation of inter-annual range in δ13CPLK grid cell values 
within each province.  
Inter-annual range in δ13CPLK is calculated as the range of annual average δ13CPLK values over 
individual model years for the period 2001-2010.  
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Appendix 2.C – Polar projection isoscapes 

 
Figure 2.C1 Polar projection of continuous-surface isoscapes of annual average carbon isotopic 
composition of phytoplankton (δ13CPLK values, ‰) for A) North, and B) South polar regions.  
Annual average δ13CPLK values are calculated using a monthly climatology for the period 2001-2010. 
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Appendix 2.E – Code for the carbon isotope model 
 # CARBON ISOTOPE MODEL - CLIMATOLOGY 2001-2010 
 setwd("~/Desktop/carbon_isotope_model/nemo-medusa_outputs_clim/") 

month_interval<-c(1,12)               
 
data<-readMat("sosstsst_clim_2001-2010.mat") # medusa output of sst - surface, degrees C 
sst<-array(data=data$clim.fld, dim=c(180,360,12))  
sst_t<-array(data=NA, dim=c(360,180,12))  
for (t in month_interval[1]:month_interval[2]) { 
sst_t[,,t]<-t(sst[,,t]) 
} 
 
data<-readMat("OCN_CO3_clim_2001-2010.mat") # medusa output of [co3] - surface, mmol m^-3 
co3<-array(data=data$clim.fld, dim=c(180,360,12)) 
co3_t<-array(data=NA, dim=c(360,180,12)) 
for (t in month_interval[1]:month_interval[2]) { 
co3_t[,,t]<-t(co3[,,t]) 
} 
 
data<-readMat("DIC_clim_2001-2010.mat") # medusa output of [dic] - surface, mmol m^-3 
dic<-array(data=data$clim.fld, dim=c(180,360,12)) 
dic_t<-array(data=NA, dim=c(360,180,12)) 
for (t in month_interval[1]:month_interval[2]) {  
dic_t[,,t]<-t(dic[,,t]) 
} 
 
e_co2aq_dic<-array(data=NA, dim=c(360,180,12)) # e{co2(aq)-dic} (Hofmann et al 2000, eqn.10) - 
parameterized as sum of equilibrium components of e{co2(gas)-dic} (eqn.8) and e{co2(gas)-co2(aq)} (eqn.9) 
 e_co2aq_dic<--(0.0144*(co3_t/dic_t)-0.1119)*sst_t-11.84 
 
d13Cco2aq<-array(data=NA, dim=c(360,180,12)) # d13Cco2(aq) - uses constant (2 per mil) d13Cdic - assumes 
negligible effects of kinetic component of C isotope fractionation during air-sea gas exchange 
(eqn.11,12,13,14,15), and of biological C isotope fractionation during photosynthesis (Tagliabue and Bopp 
2008) on d13Cdic 
 d13Cco2aq<-2+e_co2aq_dic 
 
data<-readMat("ML_PD_G3_clim_2001-2010.mat") # medusa output of large (diatoms) phytoplankton growth 
rate (u) - mixed-layer, n divisions d^-1 (i.e. during 24 hrs) 
dgr<-array(data=data$clim.fld, dim=c(180,360,12)) 
dgr_t<-array(data=NA, dim=c(360, 180, 12)) 
for (t in month_interval[1]:month_interval[2]) {  
dgr_t[,,t]<-t(dgr[,,t]) 
} 
data<-readMat("ML_PN_G3_clim_2001-2010.mat") # medusa output of small (non-diatoms) phytoplankton u - 
mixed-layer, n divisions d^-1 (i.e. during 24 hrs) 
ngr<-array(data=data$clim.fld, dim=c(180,360,12)) 
ngr_t<-array(data=NA, dim=c(360, 180, 12)) 
for (t in month_interval[1]:month_interval[2]) {  
ngr_t[,,t]<-t(ngr[,,t]) 
}  
 
# daylength model (Forsythe et al 1995, eqn.1,2,3) 
#J<-
c(15,43,72,113,140,169,205,230,258,288,320,345,380,408,437,478,505,534,570,595,623,653,685,710,745,773,8
02,843,870,899,935,960,988,1018,1050,1075,1110,1138,1167, 
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##1208,1235,1264,1300,1325,1353,1383,1415,1440,1475,1503,1532,1573,1600,1629,1665,1690,1718,1748,178
0,1805,1840,1868,1897,1938,1965,1994,2030,2055,2083,2113,2145,2170, 
##2205,2233,2262,2303,2330,2359,2395,2420,2448,2478,2510,2535,2570,2598,2627,2668,2695,2724,2760,278
5,2813,2843,2875,2900,2935,2963,2992,3033,3060,3089,3125,3150,3178, 
##3208,3240,3265,3300,3328,3357,3398,3425,3454,3490,3515,3543,3573,3605,3630) 
J<-c(15,43,72,113,140,169,205,230,258,288,320,345) 
p<-0 
theta<-array(data=NA, dim=c(12,180)) 
sigma<-array(data=NA, dim=c(12,180)) 
DL<-array(data=NA, dim=c(12,180))  
bracket<-array(data=NA, dim=c(12,180)) 
L=-90:90 
for (t in month_interval[1]:month_interval[2]) {  
for (i in 1:180) { 
theta[t,i]<-0.2163108+(2*atan(0.9671396*tan(0.0086*(J[t]-186))))  
sigma[t,i]<-asin(0.39795*(cos(theta[t,i]))) 
bracket[t,i]<-sin((rad(p)*pi)/180)+sin((L[i]*pi)/180)*sin(sigma[t,i])/(cos((L[i]*pi)/180)*cos(sigma[t,i])) 
ifelse (bracket[t,i]<(-1), bracket[t,i]<--1, bracket[t,i]) 
ifelse (bracket[t,i]>1, bracket[t,i]<-1, bracket[t,i]) 
DL[t,i]<-24-((24/pi)*acos(bracket[t,i])) 
}} 
 
DL_corr_fact<-array(data=NA, dim=c(360,180,12)) # day length correction factor - C isotope fractionation 
during photosynthesis reflects the phytoplankton specific u (i.e. phytoplankton u during photoperiod) not the 24 
hrs average u (Laws et al 1995,1997) 
for (t in month_interval[1]:month_interval[2]) {  
for (i in 1:360) { 
for (j in 1:180) { 
DL_corr_fact[i,j,t]<-24/DL[t,j] 
ifelse(is.infinite(DL_corr_fact[i,j,t])==TRUE, DL_corr_fact[i,j,t]<-0, DL_corr_fact[i,j,t]) 
}} 
} 
 
dgr_sp<-array(data=NA, dim=c(360,180,12)) # diatoms specific u - n divisions d^-1 
 dgr_sp<-(dgr_t*DL_corr_fact) 
 
ngr_sp<-array(data=NA, dim=c(360,180,12)) # non-diatoms specific u - n divisions d^-1 
 ngr_sp<-(ngr_t*DL_corr_fact) 
 
dalpha = 0.2 
dbeta = 1.5 
nalpha = 0.3 
nbeta = 2 
 
#synthetic data to visualise scaling equations 
Csyn<-seq(from=0, to=1, by=0.005) 
Csyn.sc<-dbeta*(Csyn^dalpha) 
CsynN.sc<-nbeta*(Csyn^nalpha) 
plot(x<-Csyn, y=Csyn.sc, ylim=c(0,2.5)) 
par(new=TRUE) 
plot(x<-Csyn, y=CsynN.sc, ylim=c(0,2.5), xlab="", ylab="", axes=FALSE, col="red") 
par(new=FALSE) 
 
dgr_sc<-array(data=NA, dim=c(360,180,12)) # diatoms specific, scaled u - n divisions d^-1 
 dgr_sc<-dbeta*dgr_sp^dalpha 
 
ngr_sc<-array(data=NA, dim=c(360,180,12)) # non-diatoms specific, scaled u - n divisions d^-1 
 ngr_sc<-nbeta*ngr_sp^nalpha 
 
d40S40N = 1.25 # -40 to 40 N 
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d4050SN = 1.2 # 40 to 50 N, and -40 to -50 N 
d5060SN = 1.1 # 50 to 60 N, and -50 to -60 N 
d60SN = 1 # > 60 N, < -60 N 
n40S40N = 1.75 
n4050SN = 1.6 
n5060SN = 1.5 
n60SN = 1 
 
dgr_lim<-array(data=NA, dim=c(360,180,12)) # diatoms specific, scaled, limited u - n divisions d^-1 
for (t in month_interval[1]:month_interval[2]) { 
for (i in 1:360) { 
for (j in 1:180) { 
dgr_lim[i,j,t]<-dgr_sc[i,j,t] 
 if(j>=50 & j<=130){ 
  ifelse (dgr_lim[i,j,t]<d40S40N, dgr_lim[i,j,t]<-d40S40N, dgr_lim[i,j,t])} else 
 if(j>130 & j<=140){ 
  ifelse (dgr_lim[i,j,t]<d4050SN, dgr_lim[i,j,t]<-d4050SN, dgr_lim[i,j,t])} else 
 if(j<50 & j>=40){ 
  ifelse (dgr_lim[i,j,t]<d4050SN, dgr_lim[i,j,t]<-d4050SN, dgr_lim[i,j,t])} else 
 if(j>140 & j<=150){ 
  ifelse (dgr_lim[i,j,t]<d5060SN, dgr_lim[i,j,t]<-d5060SN, dgr_lim[i,j,t])} else 
 if(j<40 & j>=30){  
  ifelse (dgr_lim[i,j,t]<d5060SN, dgr_lim[i,j,t]<-d5060SN, dgr_lim[i,j,t])} else 
 ifelse (dgr_lim[i,j,t]<d60SN, dgr_lim[i,j,t]<-d60SN, dgr_lim[i,j,t]) 
}} 
} 
ngr_lim<-array(data=NA, dim=c(360,180,12)) # non-diatoms specific, scaled, limited u - n divisions d^-1 
for (t in month_interval[1]:month_interval[2]) { 
for (i in 1:360) { 
for (j in 1:180) { 
ngr_lim[i,j,t]<-ngr_sc[i,j,t] 
 if(j>=50 & j<=130){ 
  ifelse (ngr_lim[i,j,t]<n40S40N, ngr_lim[i,j,t]<-n40S40N, ngr_lim[i,j,t])} else 
 if(j>130 & j<=140){ 
  ifelse (ngr_lim[i,j,t]<n4050SN, ngr_lim[i,j,t]<-n4050SN, ngr_lim[i,j,t])} else 
 if(j<50 & j>=40){ 
  ifelse (ngr_lim[i,j,t]<n4050SN, ngr_lim[i,j,t]<-n4050SN, ngr_lim[i,j,t])} else 
 if(j>140 & j<=150){ 
  ifelse (ngr_lim[i,j,t]<n5060SN, ngr_lim[i,j,t]<-n5060SN, ngr_lim[i,j,t])} else 
 if(j<40 & j>=30){ 
  ifelse (ngr_lim[i,j,t]<n5060SN, ngr_lim[i,j,t]<-n5060SN, ngr_lim[i,j,t])} else 
 ifelse (ngr_lim[i,j,t]<n60SN, ngr_lim[i,j,t]<-n60SN, ngr_lim[i,j,t]) 
}} 
} 
 
dgr_lim_s<-array(data=NA, dim=c(360,180,12)) # diatoms specific, scaled, limited u - converted to n divisions 
s^-1 
 dgr_lim_s<-dgr_lim/86400  
ngr_lim_s<-array(data=NA, dim=c(360,180,12)) # non-diatoms specific, scaled, limited u - converted to n 
divisions d^-1 
 ngr_lim_s<-ngr_lim/86400  
 
rd = 5*(10^(-5)) # diatoms radius - um (Rau et al 1996,1997) 
Sd = 4*pi*(rd^2) 
Vd = (4/3)*pi*(rd^3) 
Vd_um3 = Vd*10^(18)  
yd = (3.154*10^(-14))*(Vd_um3)^0.758 
rn = 1*(10^(-5)) # non-diatoms radius - um (Rau et al 1996,1997) 
Sn = 4*pi*(rn^2) 
Vn = (4/3)*pi*(rn^3) 
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Vn_um3 = Vn*10^(18)  
yn = (3.154*10^(-14))*(Vn_um3)^0.758  
 
data<-readMat("OCN_H2CO3_clim_2001-2010.mat") # medusa output of [h2co3] - surface, mmol m^-3 - same 
as [co2(aq)], as [h2co3] from dissolution of co2 is negligible in comparison to [co2(aq)] (Zeebe et al 1999) 
co2aq_mmol<-array(data=data$clim.fld, dim=c(180, 360, 12)) 
co2aq_mmol_t<-array(data=NA, dim=c(360, 180, 12)) 
for (t in month_interval[1]:month_interval[2]) {  
co2aq_mmol_t[,,t]<-t(co2aq_mmol[,,t]) 
} 
 
co2aq_mol_m3<-array(data=NA, dim=c(360,180,12)) # [co2(aq)] - converted to mol m^-3 
 co2aq_mol_m3<-co2aq_mmol_t*10^(-3) 
 
ef = 25 # paremeters to calculate C isotope fractionation during photosynthesis (ep) (Rau et al 1996,1997) 
ed = 0.7 
Dt = 1.45*10^(-9) 
rk = 2.06*10^(-4) 
P = 1*10^(-4) 
 
db<-array(data=NA, dim=c(360,180,12)) # b (Rau et al. 1996, eqn.15) for diatoms 
 db<--(ef-ed)*((yd*dgr_lim_s)/Sd)*((rd/(Dt*(1+rd/rk)))+1/P) 
nb<-array(data=NA, dim=c(360,180,12)) # b (Rau et al. 1996, eqn.15) for non-diatoms 
 nb<--(ef-ed)*((yn*ngr_lim_s)/Sn)*((rn/(Dt*(1+rn/rk)))+1/P) 
 
dep<-array(data=NA, dim=c(360,180,12)) # ep (Rau et al. 1996, eqn.14) for diatoms - per mil 
for (t in month_interval[1]:month_interval[2]) { 
for (i in 1:360) { 
for (j in 1:180) { 
dep[i,j,t]<-ef+(db[i,j,t]/co2aq_mol_m3[i,j,t]) 
ifelse (dep[i,j,t]<5, dep[i,j,t]<-5, dep[i,j,t]) # ep lower and upper limits (Tagliabue and Bopp 2008) 
ifelse (dep[i,j,t]>20, dep[i,j,t]<-20, dep[i,j,t]) 
}}  
}  
nep<-array(data=NA, dim=c(360,180,12)) # ep (Rau et al. 1996, eqn.14) for non-diatoms - per mil 
for (t in month_interval[1]:month_interval[2]) { 
for (i in 1:360) { 
for (j in 1:180) { 
nep[i,j,t]<-ef+(nb[i,j,t]/co2aq_mol_m3[i,j,t]) 
ifelse (nep[i,j,t]<10, nep[i,j,t]<-10, nep[i,j,t]) # ep lower and upper limits (Tagliabue and Bopp 2008) 
ifelse (nep[i,j,t]>26, nep[i,j,t]<-26, nep[i,j,t]) 
}} 
} 
 
data<-readMat("ML_PD_clim_2001-2010.mat") # medusa output of diatoms biomass - mixed-layer, mmol N 
m^2 
d_biom<-array(data=data$clim.fld, dim=c(180,360,12)) 
d_biom_t<-array(data=NA, dim=c(360,180,12)) 
for (t in month_interval[1]:month_interval[2]) {  
d_biom_t[,,t]<-t(d_biom[,,t]) 
} 
data<-readMat("ML_PN_clim_2001-2010.mat") # medusa output of non-diatoms biomass - mixed-layer, mmol 
N m^2 
n_biom<-array(data=data$clim.fld, dim=c(180,360,12))  
n_biom_t<-array(data=NA, dim=c(360,180,12)) 
for (t in month_interval[1]:month_interval[2]) {  
n_biom_t[,,t]<-t(n_biom[,,t])  
} 
 
fd<-array(data=NA, dim=c(360,180,12)) # diatoms relative proportion 
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 fd<-(d_biom_t/(d_biom_t+n_biom_t)) 
 
meanep<-array(data=NA, dim=c(360, 180, 12)) # average ep - weighted by diatoms and non-diatoms relative 
proportions - per mil 
 meanep<-((dep*fd)+(nep*(1-fd))) 
 
d13Cpoc<-array(data=NA, dim=c(360,180,12)) # d13Cpoc - per mil - assumes co2(aq) as inorganic C source; 
threfore, d13Cpoc can pe predicted from d13Cco2aq 
 d13Cpoc<-(d13Cco2aq-meanep) 
 
## annual average d13Cpoc - weighted by diatoms and non-diatoms proportional contribution to total annual 
phytoplankton production - per mil  
d13Cco2aq_av=array(data=NA, dim=c(360,180))  
for (i in 1:360){ 
for (j in 1:180){ 
    d13Cco2aq_av[i,j]<-mean(d13Cco2aq[i,j,month_interval[1]:month_interval[2]],na.rm=T) 
}} 
 
fd_av=array(data=NA, dim=c(360,180)) 
for (i in 1:360) { 
for (j in 1:180) { 
    fd_av[i,j]<-mean(fd[i,j,month_interval[1]:month_interval[2]],na.rm=T) 
}} 
 
test <- array(data=NA, dim=c(360,180)) 
for (i in 1:360) { 
for (j in 1:180) { 
test[i,j] <- ifelse(sum(d_biom_t[i,j,month_interval[1]:month_interval[2]])==0, 0.0001, 
sum(d_biom_t[i,j,month_interval[1]:month_interval[2]])) 
}} 
sum_d_ep=array(data=NA, dim=c(360,180))  
for (i in 1:360){ 
for (j in 1:180){ 
    sum_d_ep[i,j]<-
(sum(d_biom_t[i,j,month_interval[1]:month_interval[2]]*dep[i,j,month_interval[1]:month_interval[2]]))/test[i,j] 
}} 
 
sum_n_ep=array(data=NA, dim=c(360,180))  
for (i in 1:360){ 
for (j in 1:180){ 
    sum_n_ep[i,j]<-
(sum(n_biom_t[i,j,month_interval[1]:month_interval[2]]*nep[i,j,month_interval[1]:month_interval[2]]))/(sum(n
_biom_t[i,j,month_interval[1]:month_interval[2]])) 
}} 
 
ep_av=array(data=NA, dim=c(360,180)) 
for (i in 1:360) { 
for (j in 1:180) { 
    ep_av[i,j]<-((sum_d_ep[i,j]*fd_av[i,j])+(sum_n_ep[i,j]*(1-fd_av[i,j]))) 
}} 
d13Cpoc_av=array(data=NA, dim=c(360,180))  
for (i in 1:360) { 
for (j in 1:180) { 
    d13Cpoc_av[i,j]<-d13Cco2aq_av[i,j]-ep_av[i,j] 
}} 
 
## intra-annual range in d13Cpoc - per mil  
d13Cpoc_rng=array(data=NA, dim=c(360,180)) 
for (i in 1:360){ 
for (j in 1:180){ 
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d13Cpoc_rng[i,j]<-max(d13Cpoc[i,j,month_interval[1]:month_interval[2]])-
min(d13Cpoc[i,j,month_interval[1]:month_interval[2]]) 
}} 
 

 # CARBON ISOTOPE MODEL - 10 MODEL YEARS 
 setwd("~/Desktop/carbon_isotope_model/nemo-medusa_outputs_2001-2010/") 

month_interval<-c(1,120)               
 
data<-readMat("sosstsst_2001-2010.mat") # medusa output of sst - surface, degrees C 
sst<-array(data=data$this.fld, dim=c(180,360,120))  
sst_t<-array(data=NA, dim=c(360,180,120))  
for (t in month_interval[1]:month_interval[2]) { 
sst_t[,,t]<-t(sst[,,t]) 
} 
 
data<-readMat("OCN_CO3_2001-2010.mat") # medusa output of [co3] - surface, mmol m^-3 
co3<-array(data=data$this.fld, dim=c(180,360,120)) 
co3_t<-array(data=NA, dim=c(360,180,120)) 
for (t in month_interval[1]:month_interval[2]) { 
co3_t[,,t]<-t(co3[,,t]) 
} 
 
data<-readMat("DIC_2001-2010.mat") # medusa output of [dic] - surface, mmol m^-3 
dic<-array(data=data$this.fld, dim=c(180,360,120)) 
dic_t<-array(data=NA, dim=c(360,180,120)) 
for (t in month_interval[1]:month_interval[2]) {  
dic_t[,,t]<-t(dic[,,t]) 
} 
 
e_co2aq_dic<-array(data=NA, dim=c(360,180,120)) # e{co2(aq)-dic} (Hofmann et al 2000, eqn.10) - 
parameterized as sum of equilibrium components of e{co2(gas)-dic} (eqn.8) and e{co2(gas)-co2(aq)} (eqn.9) 
 e_co2aq_dic<--(0.0144*(co3_t/dic_t)-0.1119)*sst_t-11.84 
 
d13Cco2aq<-array(data=NA, dim=c(360,180,120)) # d13Cco2(aq) - uses constant (2 per mil) d13Cdic - assumes 
negligible effects of kinetic component of C isotope fractionation during air-sea gas exchange 
(eqn.11,12,13,14,15), and of biological C isotope fractionation during photosynthesis (Tagliabue and Bopp 
2008) on d13Cdic 
 d13Cco2aq<-2+e_co2aq_dic 
 
data<-readMat("ML_PD_G3_2001-2010.mat") # medusa output of large (diatoms) phytoplankton growth rate 
(u) - mixed-layer, n divisions d^-1 (i.e. during 24 hrs) 
dgr<-array(data=data$this.fld, dim=c(180,360,120)) 
dgr_t<-array(data=NA, dim=c(360, 180, 120)) 
for (t in month_interval[1]:month_interval[2]) {  
dgr_t[,,t]<-t(dgr[,,t]) 
} 
data<-readMat("ML_PN_G3_2001-2010.mat") # medusa output of small (non-diatoms) phytoplankton u - 
mixed-layer, n divisions d^-1 (i.e. during 24 hrs) 
ngr<-array(data=data$this.fld, dim=c(180,360,120)) 
ngr_t<-array(data=NA, dim=c(360, 180, 120)) 
for (t in month_interval[1]:month_interval[2]) {  
ngr_t[,,t]<-t(ngr[,,t]) 
}  
 
# daylength model (Forsythe et al 1995, eqn.1,2,3) 
J<-
c(15,43,72,113,140,169,205,230,258,288,320,345,380,408,437,478,505,534,570,595,623,653,685,710,745,773,8
02,843,870,899,935,960,988,1018,1050,1075,1110,1138,1167, 
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1208,1235,1264,1300,1325,1353,1383,1415,1440,1475,1503,1532,1573,1600,1629,1665,1690,1718,1748,1780,
1805,1840,1868,1897,1938,1965,1994,2030,2055,2083,2113,2145,2170, 
2205,2233,2262,2303,2330,2359,2395,2420,2448,2478,2510,2535,2570,2598,2627,2668,2695,2724,2760,2785,
2813,2843,2875,2900,2935,2963,2992,3033,3060,3089,3125,3150,3178, 
3208,3240,3265,3300,3328,3357,3398,3425,3454,3490,3515,3543,3573,3605,3630) 
#J<-c(15,43,72,113,140,169,205,230,258,288,320,345) 
p<-0 
theta<-array(data=NA, dim=c(120,180)) 
sigma<-array(data=NA, dim=c(120,180)) 
DL<-array(data=NA, dim=c(120,180))  
bracket<-array(data=NA, dim=c(120,180)) 
L=-90:90 
for (t in month_interval[1]:month_interval[2]) {  
for (i in 1:180) { 
theta[t,i]<-0.2163108+(2*atan(0.9671396*tan(0.0086*(J[t]-186))))  
sigma[t,i]<-asin(0.39795*(cos(theta[t,i]))) 
bracket[t,i]<-sin((rad(p)*pi)/180)+sin((L[i]*pi)/180)*sin(sigma[t,i])/(cos((L[i]*pi)/180)*cos(sigma[t,i])) 
ifelse (bracket[t,i]<(-1), bracket[t,i]<--1, bracket[t,i]) 
ifelse (bracket[t,i]>1, bracket[t,i]<-1, bracket[t,i]) 
DL[t,i]<-24-((24/pi)*acos(bracket[t,i])) 
}} 
 
DL_corr_fact<-array(data=NA, dim=c(360,180,120)) # day length correction factor - C isotope fractionation 
during photosynthesis reflects the phytoplankton specific u (i.e. phytoplankton u during photoperiod) not the 24 
hrs average u (Laws et al 1995,1997) 
for (t in month_interval[1]:month_interval[2]) {  
for (i in 1:360) { 
for (j in 1:180) { 
DL_corr_fact[i,j,t]<-24/DL[t,j] 
ifelse(is.infinite(DL_corr_fact[i,j,t])==TRUE, DL_corr_fact[i,j,t]<-0, DL_corr_fact[i,j,t]) 
}} 
} 
 
dgr_sp<-array(data=NA, dim=c(360,180,120)) # diatoms specific u - n divisions d^-1 
 dgr_sp<-(dgr_t*DL_corr_fact) 
 
ngr_sp<-array(data=NA, dim=c(360,180,120)) # non-diatoms specific u - n divisions d^-1 
 ngr_sp<-(ngr_t*DL_corr_fact) 
 
dalpha = 0.2 
dbeta = 1.5 
nalpha = 0.3 
nbeta = 2 
 
dgr_sc<-array(data=NA, dim=c(360,180,120)) # diatoms specific, scaled u - n divisions d^-1 
 dgr_sc<-dbeta*dgr_sp^dalpha 
 
ngr_sc<-array(data=NA, dim=c(360,180,120)) # non-diatoms specific, scaled u - n divisions d^-1 
 ngr_sc<-nbeta*ngr_sp^nalpha 
 
d40S40N = 1.25 # -40 to 40 N 
d4050SN = 1.2 # 40 to 50 N, and -40 to -50 N 
d5060SN = 1.1 # 50 to 60 N, and -50 to -60 N 
d60SN = 1 # > 60 N, < -60 N 
n40S40N = 1.75 
n4050SN = 1.6 
n5060SN = 1.5 
n60SN = 1 
 
dgr_lim<-array(data=NA, dim=c(360,180,120)) # diatoms specific, scaled, limited u - n divisions d^-1 
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for (t in month_interval[1]:month_interval[2]) { 
for (i in 1:360) { 
for (j in 1:180) { 
dgr_lim[i,j,t]<-dgr_sc[i,j,t] 
 if(j>=50 & j<=130){ 
  ifelse (dgr_lim[i,j,t]<d40S40N, dgr_lim[i,j,t]<-d40S40N, dgr_lim[i,j,t])} else 
 if(j>130 & j<=140){ 
  ifelse (dgr_lim[i,j,t]<d4050SN, dgr_lim[i,j,t]<-d4050SN, dgr_lim[i,j,t])} else 
 if(j<50 & j>=40){ 
  ifelse (dgr_lim[i,j,t]<d4050SN, dgr_lim[i,j,t]<-d4050SN, dgr_lim[i,j,t])} else 
 if(j>140 & j<=150){ 
  ifelse (dgr_lim[i,j,t]<d5060SN, dgr_lim[i,j,t]<-d5060SN, dgr_lim[i,j,t])} else 
 if(j<40 & j>=30){  
  ifelse (dgr_lim[i,j,t]<d5060SN, dgr_lim[i,j,t]<-d5060SN, dgr_lim[i,j,t])} else 
 ifelse (dgr_lim[i,j,t]<d60SN, dgr_lim[i,j,t]<-d60SN, dgr_lim[i,j,t]) 
}} 
} 
ngr_lim<-array(data=NA, dim=c(360,180,120)) # non-diatoms specific, scaled, limited u - n divisions d^-1 
for (t in month_interval[1]:month_interval[2]) { 
for (i in 1:360) { 
for (j in 1:180) { 
ngr_lim[i,j,t]<-ngr_sc[i,j,t] 
 if(j>=50 & j<=130){ 
  ifelse (ngr_lim[i,j,t]<n40S40N, ngr_lim[i,j,t]<-n40S40N, ngr_lim[i,j,t])} else 
 if(j>130 & j<=140){ 
  ifelse (ngr_lim[i,j,t]<n4050SN, ngr_lim[i,j,t]<-n4050SN, ngr_lim[i,j,t])} else 
 if(j<50 & j>=40){ 
  ifelse (ngr_lim[i,j,t]<n4050SN, ngr_lim[i,j,t]<-n4050SN, ngr_lim[i,j,t])} else 
 if(j>140 & j<=150){ 
  ifelse (ngr_lim[i,j,t]<n5060SN, ngr_lim[i,j,t]<-n5060SN, ngr_lim[i,j,t])} else 
 if(j<40 & j>=30){ 
  ifelse (ngr_lim[i,j,t]<n5060SN, ngr_lim[i,j,t]<-n5060SN, ngr_lim[i,j,t])} else 
 ifelse (ngr_lim[i,j,t]<n60SN, ngr_lim[i,j,t]<-n60SN, ngr_lim[i,j,t]) 
}} 
} 
 
dgr_lim_s<-array(data=NA, dim=c(360,180,120)) # diatoms specific, scaled, limited u - converted to n divisions 
s^-1 
 dgr_lim_s<-dgr_lim/86400  
ngr_lim_s<-array(data=NA, dim=c(360,180,120)) # non-diatoms specific, scaled, limited u - converted to n 
divisions d^-1 
 ngr_lim_s<-ngr_lim/86400  
 
rd = 5*(10^(-5)) # diatoms radius - um (Rau et al 1996,1997) 
Sd = 4*pi*(rd^2) 
Vd = (4/3)*pi*(rd^3) 
Vd_um3 = Vd*10^(18)  
yd = (3.154*10^(-14))*(Vd_um3)^0.758 
rn = 1*(10^(-5)) # non-diatoms radius - um (Rau et al 1996,1997) 
Sn = 4*pi*(rn^2) 
Vn = (4/3)*pi*(rn^3) 
Vn_um3 = Vn*10^(18)  
yn = (3.154*10^(-14))*(Vn_um3)^0.758  
 
data<-readMat("OCN_H2CO3_2001-2010.mat") # medusa output of [h2co3] - surface, mmol m^-3 - same as 
[co2(aq)], as [h2co3] from dissolution of co2 is negligible in comparison to [co2(aq)] (Zeebe et al 1999) 
co2aq_mmol<-array(data=data$this.fld, dim=c(180, 360, 120)) 
co2aq_mmol_t<-array(data=NA, dim=c(360, 180, 120)) 
for (t in month_interval[1]:month_interval[2]) {  
co2aq_mmol_t[,,t]<-t(co2aq_mmol[,,t]) 
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} 
 
co2aq_mol_m3<-array(data=NA, dim=c(360,180,120)) # [co2(aq)] - converted to mol m^-3 
 co2aq_mol_m3<-co2aq_mmol_t*10^(-3) 
 
ef = 25 # paremeters to calculate C isotope fractionation during photosynthesis (ep) (Rau et al 1996,1997) 
ed = 0.7 
Dt = 1.45*10^(-9) 
rk = 2.06*10^(-4) 
P = 1*10^(-4) 
 
db<-array(data=NA, dim=c(360,180,120)) # b (Rau et al. 1996, eqn.15) for diatoms 
 db<--(ef-ed)*((yd*dgr_lim_s)/Sd)*((rd/(Dt*(1+rd/rk)))+1/P) 
nb<-array(data=NA, dim=c(360,180,120)) # b (Rau et al. 1996, eqn.15) for non-diatoms 
 nb<--(ef-ed)*((yn*ngr_lim_s)/Sn)*((rn/(Dt*(1+rn/rk)))+1/P) 
 
dep<-array(data=NA, dim=c(360,180,120)) # ep (Rau et al. 1996, eqn.14) for diatoms - per mil 
for (t in month_interval[1]:month_interval[2]) { 
for (i in 1:360) { 
for (j in 1:180) { 
dep[i,j,t]<-ef+(db[i,j,t]/co2aq_mol_m3[i,j,t]) 
ifelse (dep[i,j,t]<5, dep[i,j,t]<-5, dep[i,j,t]) # ep lower and upper limits (Tagliabue and Bopp 2008) 
ifelse (dep[i,j,t]>20, dep[i,j,t]<-20, dep[i,j,t]) 
}}  
}  
nep<-array(data=NA, dim=c(360,180,120)) # ep (Rau et al. 1996, eqn.14) for non-diatoms - per mil 
for (t in month_interval[1]:month_interval[2]) { 
for (i in 1:360) { 
for (j in 1:180) { 
nep[i,j,t]<-ef+(nb[i,j,t]/co2aq_mol_m3[i,j,t]) 
ifelse (nep[i,j,t]<10, nep[i,j,t]<-10, nep[i,j,t]) # ep lower and upper limits (Tagliabue and Bopp 2008) 
ifelse (nep[i,j,t]>26, nep[i,j,t]<-26, nep[i,j,t]) 
}} 
} 
 
data<-readMat("ML_PD_2001-2010.mat") # medusa output of diatoms biomass - mixed-layer, mmol N m^2 
d_biom<-array(data=data$this.fld, dim=c(180,360,120)) 
d_biom_t<-array(data=NA, dim=c(360,180,120)) 
for (t in month_interval[1]:month_interval[2]) {  
d_biom_t[,,t]<-t(d_biom[,,t]) 
} 
data<-readMat("ML_PN_2001-2010.mat") # medusa output of non-diatoms biomass - mixed-layer, mmol N 
m^2 
n_biom<-array(data=data$this.fld, dim=c(180,360,120))  
n_biom_t<-array(data=NA, dim=c(360,180,120)) 
for (t in month_interval[1]:month_interval[2]) {  
n_biom_t[,,t]<-t(n_biom[,,t])  
} 
 
fd<-array(data=NA, dim=c(360,180,120)) # diatoms relative proportion 
 fd<-(d_biom_t/(d_biom_t+n_biom_t)) 
 
meanep<-array(data=NA, dim=c(360, 180, 120)) # average ep - weighted by diatoms and non-diatoms relative 
proportions - per mil 
 meanep<-((dep*fd)+(nep*(1-fd))) 
 
d13Cpoc<-array(data=NA, dim=c(360,180,120)) # d13Cpoc - per mil - assumes co2(aq) as inorganic C source; 
threfore, d13Cpoc can pe predicted from d13Cco2aq 
 d13Cpoc<-(d13Cco2aq-meanep) 
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## annual average d13Cpoc - weighted by diatoms and non-diatoms proportional contribution to total annual 
phytoplankton production - per mil  
month_interval <- c(1,12) # individual model year 2001 
#month_interval <- c(13,24) # individual model year 2002 
#month_interval <- c(25,36) # individual model year 2003 
#month_interval <- c(37,48) # individual model year 2004 
#month_interval <- c(49,60) # individual model year 2005 
#month_interval <- c(61,72) # individual model year 2006 
#month_interval <- c(73,84) # individual model year 2007 
#month_interval <- c(85,96) # individual model year 2008 
#month_interval <- c(97,108) # individual model year 2009 
#month_interval <- c(108,120) # individual model year 2010 
 
d13Cco2aq_av=array(data=NA, dim=c(360,180))  
for (i in 1:360){ 
for (j in 1:180){ 
    d13Cco2aq_av[i,j]<-mean(d13Cco2aq[i,j,month_interval[1]:month_interval[2]],na.rm=T) 
}} 
 
fd_av=array(data=NA, dim=c(360,180)) 
for (i in 1:360) { 
for (j in 1:180) { 
    fd_av[i,j]<-mean(fd[i,j,month_interval[1]:month_interval[2]],na.rm=T) 
}} 
 
test <- array(data=NA, dim=c(360,180)) 
for (i in 1:360) { 
for (j in 1:180) { 
test[i,j] <- ifelse(sum(d_biom_t[i,j,month_interval[1]:month_interval[2]])==0, 0.0001, 
sum(d_biom_t[i,j,month_interval[1]:month_interval[2]])) 
}} 
sum_d_ep=array(data=NA, dim=c(360,180))  
for (i in 1:360){ 
for (j in 1:180){ 
    sum_d_ep[i,j]<-
(sum(d_biom_t[i,j,month_interval[1]:month_interval[2]]*dep[i,j,month_interval[1]:month_interval[2]]))/test[i,j] 
}} 
 
sum_n_ep=array(data=NA, dim=c(360,180))  
for (i in 1:360){ 
for (j in 1:180){ 
    sum_n_ep[i,j]<-
(sum(n_biom_t[i,j,month_interval[1]:month_interval[2]]*nep[i,j,month_interval[1]:month_interval[2]]))/(sum(n
_biom_t[i,j,month_interval[1]:month_interval[2]])) 
}} 
 
ep_av=array(data=NA, dim=c(360,180)) 
for (i in 1:360) { 
for (j in 1:180) { 
    ep_av[i,j]<-((sum_d_ep[i,j]*fd_av[i,j])+(sum_n_ep[i,j]*(1-fd_av[i,j]))) 
}} 
d13Cpoc_av=array(data=NA, dim=c(360,180))  
for (i in 1:360) { 
for (j in 1:180) { 
    d13Cpoc_av[i,j]<-d13Cco2aq_av[i,j]-ep_av[i,j] 
}} 
 
## inter-annual range in d13Cpoc - per mil (calculated as range of d13Cpoc av for all individual model years) 
d13Cpoc_av2001.mf <- readRDS("~/Desktop/plots/d13Cpoc_av2001.rds")  
d13Cpoc_av2002.mf <- readRDS("~/Desktop/plots/d13Cpoc_av2002.rds") 
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d13Cpoc_av2003.mf <- readRDS("~/Desktop/plots/d13Cpoc_av2003.rds")  
d13Cpoc_av2004.mf <- readRDS("~/Desktop/plots/d13Cpoc_av2004.rds")  
d13Cpoc_av2005.mf <- readRDS("~/Desktop/plots/d13Cpoc_av2005.rds") 
d13Cpoc_av2006.mf <- readRDS("~/Desktop/plots/d13Cpoc_av2006.rds")  
d13Cpoc_av2007.mf <- readRDS("~/Desktop/plots/d13Cpoc_av2007.rds")  
d13Cpoc_av2008.mf <- readRDS("~/Desktop/plots/d13Cpoc_av2008.rds") 
d13Cpoc_av2009.mf <- readRDS("~/Desktop/plots/d13Cpoc_av2009.rds") 
d13Cpoc_av2010.mf <- readRDS("~/Desktop/plots/d13Cpoc_av2010.rds") 
 
d13Cpoc_rng20012010<-array(data=NA, dim=c(360,180)) 
for (i in 1:360){ 
for (j in 1:180){ 
d13Cpoc_rng20012010[i,j]<-max(d13Cpoc_av2001.mf[i,j], d13Cpoc_av2002.mf[i,j], d13Cpoc_av2003.mf[i,j], 
d13Cpoc_av2004.mf[i,j], d13Cpoc_av2005.mf[i,j], d13Cpoc_av2006.mf[i,j], d13Cpoc_av2007.mf[i,j], 
d13Cpoc_av2008.mf[i,j], d13Cpoc_av2009.mf[i,j], d13Cpoc_av2010.mf[i,j])-min(d13Cpoc_av2001.mf[i,j], 
d13Cpoc_av2002.mf[i,j], d13Cpoc_av2003.mf[i,j], d13Cpoc_av2004.mf[i,j], d13Cpoc_av2005.mf[i,j], 
d13Cpoc_av2006.mf[i,j], d13Cpoc_av2007.mf[i,j], d13Cpoc_av2008.mf[i,j], d13Cpoc_av2009.mf[i,j], 
d13Cpoc_av2010.mf[i,j]) 
}} 
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Appendix 4.A – Standards 
Table 4.A1 A) Known δ13C values of each amino acid in the standards AA1 and AA2 prior to 
derivatisation. As no international standards are currently available for the analysis of carbon isotopes 
in amino acids, and no large inter-laboratory calibration has yet come up with consensus values, mean 
values across three laboratories (i.e. the Fish Ecology Laboratory, the Marine Biological Laboratory 
and UC Davis Stable Isotope Facility) were used. B) Precision was determined as the standard 
deviation for δ13C values of each amino acid of the in-house cod standard during the time period shark 
samples were analysed. 
A) Known δ13C value 

Amino acid Fish Ecol Lab MBL UC Davis Average SD 
Val -10.99 -10.55 -10.87 -10.80 0.23 
Ile -10.82 -10.35 -10.69 -10.62 0.24 

Leu -29.83 -30.00 -30.10 -29.97 0.14 
Thr -10.62 -10.05 -10.65 -10.44 0.34 
Phe -11.46 -11.45 -11.54 -11.48 0.05 
Ala -19.45 -19.15 -19.59 -19.40 0.23 
Gly -37.86 -38.25 -38.26 -38.13 0.23 
Pro -10.79 -10.30 -10.67 -10.59 0.26 
Asp -22.17 -22.10 -20.96 -21.74 0.68 
Glu -28.24 -28.55 -28.52 -28.43 0.17 

B) Precision 
Amino acid Precision 

Val 0.31 
Ile 0.34 

Leu 0.40 
Thr 0.30 
Phe 0.26 
Ala 0.13 
Gly 0.30 
Pro 0.32 
Asp 0.40 
Glu 0.22 
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Appendix 4.B – Fingerprinting data 
Table 4.B1 Literature-derived data for raw carbon isotopic compositions of essential amino acids (δ13CEAA) for a selection of primary producers and 
heterotrophic bacteria (end-members) presumably relevant to blue and porbeagle shark ecology. Prior to define carbon source fingerprints, δ13CEAA values 
were sample-normalised (δ13Cnorm-EAA), and end-members classified a priori within the following groups: i) autotrophic and ii) heterotrophic bacteria 
(prokaryotes), iii) eukaryotic miacroalgae, iv) macroalgae, v) seagrasses, and vi) terrestrial plants (eukaryotes; see Materials and Methods).  

ID A priori-defined group Metabolism Phylogeny Species Reference Val Ileu Leu Phe 
AB1 Autotrophic bacteria N2 fixing Cyanobacteria A. cylindrica Larsen et al., 2013 -20.50 -17.30 -23.30 -19.80 
AB2 Autotrophic bacteria N2 fixing Cyanobacteria N. muscorum Larsen et al., 2013 -24.20 -20.00 -25.80 -24.00 
AB3 Autotrophic bacteria N2 fixing Cyanobacteria Cyanothece sp. Larsen et al., 2013 -24.00 -27.70 -27.80 -24.90 
AB4 Autotrophic bacteria non-N2 fixing Cyanobacteria M. punctata Larsen et al., 2013 -32.80 -28.90 -36.00 -34.60 
AB5 Autotrophic bacteria Chemolithotroph NA Aquifex Scott et al., 2006 -38.01 -32.25 -30.83 -30.31 
AB6 Autotrophic bacteria Chemolithotroph NA Nitrosomonas Scott et al., 2006 -69.72 -64.44 -70.47 -73.53 
AB7 Autotrophic bacteria Acetogen NA Moorella Scott et al., 2006 -29.43 -22.71 -27.32 -28.93 
AB8 Autotrophic bacteria Phototroph NA Chlorobium Scott et al., 2006 -17.15 -11.61 -13.40 -17.04 
AB9 Autotrophic bacteria Phototroph NA Synochocystis Scott et al., 2006 -25.68 -19.44 -28.25 -23.02 

AB10 Autotrophic bacteria Phototroph NA Spirulina Scott et al., 2006 -18.76 -17.06 -24.18 -20.76 
HB1 Heterotrophic bacteria NA Actinobacteria Rhodococcus sp. Larsen et al., 2013 -26.40 -23.70 -25.20 -28.90 
HB2 Heterotrophic bacteria NA Betaprotobacteria B. xenovorans Larsen et al., 2013 -13.60 -12.00 -12.80 -18.80 
HB3 Heterotrophic bacteria NA Actinobacteria Rhodococcus sp. Larsen et al., 2009 -26.80 -27.30 -26.20 -29.20 
HB4 Heterotrophic bacteria NA Betaprotobacteria B. xenovorans Larsen et al., 2009 -16.00 -14.20 -12.90 -19.00 
HB5 Heterotrophic bacteria NA Gammaproteobacteria E. coli Larsen et al., 2009 -13.60 -12.50 -14.00 -15.50 
HB6 Heterotrophic bacteria NA Gammaproteobacteria Gammaproteobacteria spp. Larsen et al., 2009 -30.40 -27.90 -30.10 -31.90 
HB7 Heterotrophic bacteria Organotroph/Acetotroph Gammaproteobacteria E. coli (aerobic pyruvate) Scott et al., 2006 -12.41 -11.58 -11.94 -10.65 
HB8 Heterotrophic bacteria Organotroph/Acetotroph Gammaproteobacteria E. coli (anaerobic pyruvate) Scott et al., 2006 -11.99 -15.23 -16.59 -19.42 
HB9 Heterotrophic bacteria Organotroph/Acetotroph Gammaproteobacteria E. coli (acetate) Scott et al., 2006 -34.61 -32.39 -32.34 -34.45 

HB10 Heterotrophic bacteria Organotroph/Acetotroph/Methylotroph NA S. oneidensis (aerobe fumarate) Scott et al., 2006 -30.89 -28.07 -30.69 -30.48 
HB11 Heterotrophic bacteria Organotroph/Acetotroph/Methylotroph NA S. oneidensis (aerobe nitrate) Scott et al., 2006 -34.95 -28.68 -30.25 -30.75 
HB12 Heterotrophic bacteria Organotroph/Acetotroph/Methylotroph NA S. oneidensis (anaerobe fumarate) Scott et al., 2006 -32.85 -28.96 -34.94 -30.02 
HB13 Heterotrophic bacteria Organotroph/Acetotroph/Methylotroph NA S. oneidensis (anaerobe nitrate) Scott et al., 2006 -33.52 -28.43 -35.88 -31.65 
HB14 Heterotrophic bacteria Organotroph NA Desulfobrivio Scott et al., 2006 -26.53 -25.52 -29.86 -24.77 
HB15 Heterotrophic bacteria Methylotroph NA Methylophylus Scott et al., 2006 -58.63 -60.08 -59.12 -59.02 
HB16 Heterotrophic bacteria Methylotroph NA Methylobacterium (methylamine) Scott et al., 2006 -47.96 -48.02 -48.07 -51.15 
HB17 Heterotrophic bacteria Methylotroph NA Methylobacterium (methanol) Scott et al., 2006 -51.74 -43.38 -45.86 -47.16 
HB18 Heterotrophic bacteria Organotroph NA Sulfolobus Scott et al., 2006 -30.09 -25.54 -31.70 -27.79 
HB19 Heterotrophic bacteria Fermenter NA C. acetobutylicum Scott et al., 2006 -30.48 -29.92 -32.37 -29.56 
HB20 Heterotrophic bacteria Organotroph NA Thermotoga Scott et al., 2006 -22.54 -23.73 -26.89 -27.57 
HB21 Heterotrophic bacteria Acetotroph NA Desulfomaculum Scott et al., 2006 -29.19 -28.22 -29.42 -27.64 
HB22 Heterotrophic bacteria Fermenter NA C. beijerrinckii Scott et al., 2006 -29.77 -28.29 -30.78 -26.76 
MI1 Microalgae NA Chlorophyte Dunaliella sp. Larsen et al., 2013 -19.10 -15.80 -23.70 -19.70 
MI2 Microalgae NA Chlorophyte P. marinus Larsen et al., 2013 -20.60 -15.30 -23.30 -21.40 
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ID A priori-defined group Metabolism Phylogeny Species Reference Val Ileu Leu Phe 
MI3 Microalgae NA Haptophyte E. huxleyi Larsen et al., 2013 -24.90 -18.30 -27.20 -23.20 
MI4 Microalgae NA Haptophyte E. huxleyi Larsen et al., 2013 -21.00 -19.20 -23.80 -24.60 
MI5 Microalgae NA Haptophyte I. galbana Larsen et al., 2013 -26.80 -18.30 -31.40 -25.00 
MI6 Microalgae NA Diatom M. varians Larsen et al., 2013 -19.70 -16.50 -22.10 -20.60 
MI7 Microalgae NA Diatom T. weissflogii Larsen et al., 2015 -28.80 -21.70 -31.30 -29.60 
MI8 Microalgae NA Diatom T. weissflogii Larsen et al., 2015 -28.10 -21.90 -31.40 -29.70 
MI9 Microalgae NA Diatom T. weissflogii Larsen et al., 2015 -28.20 -21.20 -31.10 -29.50 
MA1 Macroalgae NA Rodophyta Prionitis sp. Larsen et al., 2013 -19.20 -17.30 -20.20 -19.20 
MA2 Macroalgae NA Rodophyta O. spectabilis Larsen et al., 2013 -21.30 -15.40 -19.50 -20.70 
MA3 Macroalgae NA Rodophyta C. caniculatus Larsen et al., 2013 -25.40 -21.70 -25.80 -25.30 
MA4 Macroalgae NA Rodophyta Calliathron sp. Larsen et al., 2013 -19.80 -17.00 -21.90 -23.70 
MA5 Macroalgae NA Rodophyta Corallina sp. Larsen et al., 2013 -22.40 -19.50 -22.50 -25.30 
MA6 Macroalgae NA Rodophyta O. floccosa Larsen et al., 2013 -20.70 -16.50 -21.00 -21.20 
MA7 Macroalgae NA Rodophyta Mastocarpus sp. Larsen et al., 2013 -20.30 -16.70 -21.00 -21.10 
MA8 Macroalgae NA Rodophyta E. muricata Larsen et al., 2013 -23.60 -18.00 -23.50 -22.00 
MA9 Macroalgae NA Rodophyta M. flaccida Larsen et al., 2013 -20.90 -20.40 -23.40 -22.50 
MA10 Macroalgae NA Phaeophyceae M. pyrifera Larsen et al., 2013 -18.80 -17.60 -23.10 -19.40 
MA11 Macroalgae NA Phaeophyceae M. pyrifera Larsen et al., 2013 -17.00 -15.20 -21.50 -19.10 
MA12 Macroalgae NA Phaeophyceae M. pyrifera Larsen et al., 2013 -20.70 -19.60 -24.80 -22.20 
MA13 Macroalgae NA Phaeophyceae M. pyrifera Larsen et al., 2013 -15.70 -16.80 -20.00 -18.90 
MA14 Macroalgae NA Phaeophyceae M. pyrifera Larsen et al., 2013 -22.50 -21.40 -26.10 -23.90 
MA15 Macroalgae NA Phaeophyceae Scytosiphon sp. Larsen et al., 2013 -10.40 -6.30 -13.30 -12.80 
MA16 Macroalgae NA Phaeophyceae Laminaria sp. Larsen et al., 2013 -19.10 -15.60 -23.90 -18.80 
MA17 Macroalgae NA Phaeophyceae Silvetia sp. Larsen et al., 2013 -19.60 -19.50 -25.50 -20.40 
MA18 Macroalgae NA Phaeophyceae Petrospongius sp. Larsen et al., 2013 -14.50 -10.90 -18.30 -16.70 
MA19 Macroalgae NA Phaeophyceae Peletiopsis sp. Larsen et al., 2013 -21.20 -16.90 -23.60 -23.60 
MA20 Macroalgae NA Phaeophyceae Ralfsia sp. Larsen et al., 2013 -10.90 -7.30 -14.70 -12.70 
MA21 Macroalgae NA Phaeophyceae C. osmundacea Larsen et al., 2013 -22.40 -17.60 -25.20 -21.20 

S1 Seagrasses NA Posidoniaceae P. oceanica Larsen et al., 2013 -17.30 -13.90 -19.50 -14.10 
S2 Seagrasses NA Posidoniaceae P. oceanica Larsen et al., 2013 -18.30 -14.50 -20.30 -15.10 
S3 Seagrasses NA Posidoniaceae P. oceanica Larsen et al., 2013 -19.40 -14.50 -21.70 -15.60 
S4 Seagrasses NA Posidoniaceae P. oceanica Larsen et al., 2013 -20.10 -14.90 -22.40 -17.60 
S5 Seagrasses NA Posidoniaceae P. oceanica Larsen et al., 2013 -19.50 -15.10 -22.50 -16.50 
S6 Seagrasses NA Zosteraceae P. scouleri Larsen et al., 2013 -20.10 -17.50 -21.40 -17.00 
S7 Seagrasses NA Zosteraceae P. torreyi Larsen et al., 2013 -21.00 -19.80 -23.10 -17.60 

TP1 Terrestrial plants NA Fagaceae Q. robur Larsen et al., 2013 -37.10 -29.20 -38.40 -32.50 
TP2 Terrestrial plants NA Betulaceae A. glutinosa Larsen et al., 2013 -36.10 -30.70 -39.70 -33.90 
TP3 Terrestrial plants NA Salicaceae Salix sp. Larsen et al., 2013 -31.40 -24.20 -34.40 -27.00 
TP4 Terrestrial plants NA Polygonaceae P. viviparum Larsen et al., 2013 -33.30 -27.40 -35.30 -28.80 
TP5 Terrestrial plants NA Cyperaceae C. aquatilis Larsen et al., 2013 -31.60 -26.80 -33.50 -27.70 
TP6 Terrestrial plants NA Poaceae C. canadensis Larsen et al., 2013 -32.00 -27.10 -34.50 -28.90 
TP7 Terrestrial plants NA Menyanthaceae M. trifoliata Larsen et al., 2013 -32.20 -27.50 -33.60 -28.70 
TP8 Terrestrial plants NA Betulacea B. nana Larsen et al., 2013 -30.60 -25.20 -35.20 -27.80 
TP9 Terrestrial plants NA Cyperaceae C. utriculata Larsen et al., 2013 -32.60 -27.80 -35.40 -28.90 
TP10 Terrestrial plants NA Malpighiales S. reticulata Larsen et al., 2013 -30.50 -25.10 -34.50 -26.40 
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ID A priori-defined group Metabolism Phylogeny Species Reference Val Ileu Leu Phe 
TP11 Terrestrial plants NA Cyperaceae E. angustifolium Larsen et al., 2013 -30.00 -23.20 -33.00 -27.00 
TP12 Terrestrial plants NA Polygonaceae R. arcticus Larsen et al., 2013 -34.10 -27.60 -37.20 -29.90 
TP13 Terrestrial plants NA Anthophyta C. purpuracens Larsen et al., 2009 -35.80 -32.10 -38.60 -31.00 
TP14 Terrestrial plants NA Anthophyta C. annum Larsen et al., 2009 -36.70 -35.10 -41.80 -33.80 
TP15 Terrestrial plants NA Anthophyta C. bigelowii Larsen et al., 2009 -37.70 -33.90 -43.20 -31.70 
TP16 Terrestrial plants NA Anthophyta C. sativus Larsen et al., 2009 -35.60 -30.60 -37.40 -32.90 
TP17 Terrestrial plants NA Anthophyta H. annuus Larsen et al., 2009 -38.10 -31.80 -39.60 -30.20 
TP18 Terrestrial plants NA Anthophyta O. vulgare Larsen et al., 2009 -36.60 -32.10 -38.70 -32.50 
TP19 Terrestrial plants NA Anthophyta S. lycopersicum Larsen et al., 2009 -36.80 -31.20 -39.30 -32.60 
TP20 Terrestrial plants NA Anthophyta V. uglinosum Larsen et al., 2009 -39.30 -35.20 -40.70 -33.80 
TP21 Terrestrial plants NA Pteridophyta E. pratense Larsen et al., 2009 -36.00 -31.10 -37.40 -29.70 
TP22 Terrestrial plants NA Pteridophyta E. scirpoides Larsen et al., 2009 -41.30 -35.80 -44.40 -37.30 



  

 219

Table 4.B2 Literature-derived data for δ13CEAA values for various consumers, including corals and zooplankton from the North Pacific Subtropical Gyre, 
mussels from a littoral system by the Californian shore, pelagic fish from the central North Pacific, herrings and cod from the North Atlantic, and penguins 
captive-reared and from the Southern Ocean. Prior to classify unknown consumer samples within end-member groups, δ13CEAA values were sample-
normalised (δ13Cnorm-EAA). 

ID Organism Phylogeny Species Reference Val Ileu Leu Phe 
C1 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -29.50 -24.30 -31.90 -33.30 
C2 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -26.00 -21.10 -28.90 -30.20 
C3 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -24.30 -20.10 -28.10 -28.60 
C4 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -22.50 -28.80 -26.50 -28.00 
C5 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -23.90 -20.40 -28.60 -27.10 
C6 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -23.70 -20.40 -27.30 -22.70 
C7 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -23.60 -20.30 -26.00 -22.50 
C8 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -24.70 -20.50 -26.60 -23.00 
C9 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -24.30 -21.10 -28.50 -25.30 
C10 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -22.30 -21.10 -30.30 -26.80 
C11 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -23.20 -21.10 -30.80 -26.00 
C12 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -23.90 -21.80 -29.60 -28.10 
C13 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -25.70 -22.90 -30.90 -29.70 
C14 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -26.20 -24.10 -31.80 -31.80 
C15 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -24.10 -20.10 -28.40 -24.20 
C16 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -24.10 -20.80 -27.80 -23.70 
C17 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -23.90 -20.30 -26.30 -22.30 
C18 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -24.80 -20.80 -27.20 -22.50 
C19 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -21.80 -20.10 -27.20 -24.10 
C20 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -24.10 -20.90 -29.20 -26.20 
C21 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -22.90 -21.30 -28.60 -27.20 
C22 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -24.30 -22.10 -29.80 -26.10 
C23 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -23.60 -21.70 -29.90 -27.50 
C24 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -26.00 -22.10 -30.10 -28.70 
C25 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -25.90 -23.80 -30.50 -29.60 
C26 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -28.90 -25.20 -33.90 -32.90 
C27 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -29.70 -26.60 -34.20 -34.20 
C28 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -28.60 -22.70 -30.50 -32.10 
C29 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -27.20 -21.40 -28.90 -30.90 
C30 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -24.20 -20.80 -26.60 -28.10 
C31 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -24.00 -19.10 -25.60 -23.00 
C32 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -22.50 -18.00 -24.20 -21.30 
C33 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -24.00 -19.00 -24.40 -22.20 
C34 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -23.50 -20.50 -26.40 -25.30 
C35 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -22.00 -19.70 -28.00 -27.90 
C36 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -23.10 -18.50 -26.90 -25.70 
C37 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -23.70 -19.70 -27.70 -25.50 
C38 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -22.90 -21.10 -29.10 -28.70 
C39 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -24.40 -21.50 -30.30 -30.30 



  

 220

ID Organism Phylogeny Species Reference Val Ileu Leu Phe 
C40 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -25.10 -21.80 -29.40 -29.40 
C41 Coral Parazoanthidae K. haumeaae McMahon et al., 2015a -24.60 -21.70 -30.10 -29.40 
M1 Mussel Mytilidae M. californianus Larsen et al., 2013 -23.20 -18.60 -25.10 -24.20 
M2 Mussel Mytilidae M. californianus Larsen et al., 2013 -21.50 -16.80 -23.40 -22.50 
Z1 Zooplankton NA NA Hannides et al., 2013 -22.80 -18.70 -25.40 -25.50 
Z2 Zooplankton NA NA Hannides et al., 2013 -23.50 -17.20 -25.40 -27.10 
Z3 Zooplankton NA NA Hannides et al., 2013 -24.70 -17.70 -26.40 -28.30 
Z4 Zooplankton NA NA Hannides et al., 2013 -23.20 -17.70 -24.80 -26.30 
Z5 Zooplankton NA NA Hannides et al., 2013 -22.50 -17.40 -24.70 -25.10 
Z6 Zooplankton NA NA Hannides et al., 2013 -24.20 -19.30 -25.50 -24.60 
Z7 Zooplankton NA NA Hannides et al., 2013 -24.40 -19.00 -26.10 -26.70 
Z8 Zooplankton NA NA Hannides et al., 2013 -24.40 -18.90 -25.30 -25.10 

FH1 Herring (mean, n=10) Clupeidae C. harengus McMahon et al., 2015b -20.90 -11.60 -27.00 -24.30 
FC1 Cod (mean) Gadidae G. morhua Houghton, unpubl. data -23.60 -16.70 -26.80 -25.70 
FP1 Pelagic fish Coryphaenidae C. hippurus Larsen et al., 2013 -22.10 -18.40 -25.40 -26.70 
FP2 Pelagic fish Lampridae L. guttatus Larsen et al., 2013 -22.70 -20.30 -27.10 -27.80 
FP3 Pelagic fish Xiphiidae X. gladius Larsen et al., 2013 -23.20 -20.10 -27.70 -27.10 
P1 Penguin (mean, n=5) Spheniscidae P. papua McMahon et al., 2015b -20.60 -11.70 -27.20 -24.30 
P2 Penguin (mean, n=5) Spheniscidae P. papua McMahon et al., 2015b -24.10 -14.90 -26.30 -23.90  
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Table 4.B3 Literature-derived data for δ13CEAA values for particulate organic matter sampled in the North Pacific Subtropical Gyre and North and South 
Atlantic at various depths. Prior to classify unknown organic matter within end-member groups, δ13CEAA values were sample-normalised (δ13Cnorm-EAA). 

ID Compound Area Depth Reference Val Ileu Leu Phe 
OM1 Particulate organic matter North Pacific Subtropical Gyre 25 Hannides et al., 2013 -26.70 -19.20 -25.30 -25.50 
OM2 Particulate organic matter North Pacific Subtropical Gyre 75 Hannides et al., 2013 -19.10 -21.80 -28.10 -27.80 
OM3 Particulate organic matter North Pacific Subtropical Gyre 400 Hannides et al., 2013 -23.10 -17.80 -23.40 -23.90 
OM4 Particulate organic matter North Pacific Subtropical Gyre 750 Hannides et al., 2013 -24.90 -18.00 -24.60 -25.70 
OM5 Particulate organic matter North Atlantic 5 Sabadel, unpubl. data -32.10 -25.30 -39.70 -23.20 
OM6 Particulate organic matter North Atlantic 15 Sabadel, unpubl. data -26.80 -25.10 -43.80 -26.80 
OM7 Particulate organic matter North Atlantic 20 Sabadel, unpubl. data -28.90 -23.70 -37.30 -22.10 
OM8 Particulate organic matter North Atlantic 25 Sabadel, unpubl. data -31.10 -24.50 -37.90 -23.20 
OM9 Particulate organic matter North Atlantic 35 Sabadel, unpubl. data -24.90 -25.10 -44.30 -24.70 

OM10 Particulate organic matter North Atlantic 40 Sabadel, unpubl. data -32.70 -26.10 -39.00 -22.80 
OM11 Particulate organic matter North Atlantic 50 Sabadel, unpubl. data -31.00 -25.10 -39.30 -23.00 
OM12 Particulate organic matter North Atlantic 55 Sabadel, unpubl. data -29.20 -25.10 -37.90 -23.00 
OM13 Particulate organic matter North Atlantic 60 Sabadel, unpubl. data -27.50 -24.20 -37.10 -21.60 
OM14 Particulate organic matter North Atlantic 100 Sabadel, unpubl. data -22.60 -21.40 -36.70 -18.00 
OM15 Particulate organic matter North Atlantic 1000 Sabadel, unpubl. data -23.50 -17.00 -33.40 -17.90 
OM16 Particulate organic matter North Atlantic 2500 Sabadel, unpubl. data -22.90 -11.50 -31.40 -15.80 
OM17 Particulate organic matter North Atlantic 5 Sabadel, unpubl. data -32.20 -26.90 -39.10 -23.90 
OM18 Particulate organic matter North Atlantic 15 Sabadel, unpubl. data -33.60 -28.50 -45.70 -28.90 
OM19 Particulate organic matter North Atlantic 25 Sabadel, unpubl. data -30.30 -24.40 -38.10 -22.10 
OM20 Particulate organic matter North Atlantic 35 Sabadel, unpubl. data -29.20 -23.20 -38.50 -22.20 
OM21 Particulate organic matter North Atlantic 40 Sabadel, unpubl. data -32.50 -26.10 -39.20 -20.80 
OM22 Particulate organic matter North Atlantic 45 Sabadel, unpubl. data -32.10 -26.80 -40.50 -22.60 
OM23 Particulate organic matter North Atlantic 50 Sabadel, unpubl. data -33.10 -27.70 -40.00 -23.80 
OM24 Particulate organic matter North Atlantic 55 Sabadel, unpubl. data -31.50 -26.40 -38.80 -21.40 
OM25 Particulate organic matter North Atlantic 60 Sabadel, unpubl. data -33.70 -27.80 -41.40 -23.70 
OM26 Particulate organic matter North Atlantic 80 Sabadel, unpubl. data -30.50 -26.50 -36.90 -21.10 
OM27 Particulate organic matter North Atlantic 100 Sabadel, unpubl. data -28.90 -23.40 -37.10 -19.40 
OM28 Particulate organic matter North Atlantic 800 Sabadel, unpubl. data -28.90 -24.50 -36.50 -20.60 
OM29 Particulate organic matter North Atlantic 1000 Sabadel, unpubl. data -27.30 -21.10 -35.00 -19.30 
OM30 Particulate organic matter North Atlantic 2500 Sabadel, unpubl. data -28.80 -26.30 -34.90 -24.00 
OM31 Particulate organic matter North Atlantic 4000 Sabadel, unpubl. data -28.50 -23.50 -34.30 -23.30 
OM32 Particulate organic matter South Atlantic 98.8 Sabadel, unpubl. data -34.40 -29.60 -40.80 -27.00 
OM33 Particulate organic matter South Atlantic 44.2 Sabadel, unpubl. data -37.40 -27.40 -44.30 -32.10 
OM34 Particulate organic matter South Atlantic 19 Sabadel, unpubl. data -37.60 -28.50 -40.90 -31.70 
OM35 Particulate organic matter South Atlantic 4.1 Sabadel, unpubl. data -35.60 -27.40 -40.60 -30.70 
OM36 Particulate organic matter South Atlantic 994.3 Sabadel, unpubl. data -36.60 -19.20 -36.20 -24.10 
OM37 Particulate organic matter South Atlantic 297.2 Sabadel, unpubl. data -35.10 -26.90 -37.40 -23.50 
OM38 Particulate organic matter South Atlantic 57.5 Sabadel, unpubl. data -38.10 -32.30 -53.40 -36.70 
OM39 Particulate organic matter South Atlantic 46.4 Sabadel, unpubl. data -35.20 -26.10 -39.40 -28.50 
OM40 Particulate organic matter South Atlantic 53.8 Sabadel, unpubl. data -36.30 -25.20 -41.30 -27.50 
OM41 Particulate organic matter South Atlantic 41.4 Sabadel, unpubl. data -42.40 -29.80 -43.90 -33.10 
OM42 Particulate organic matter South Atlantic 33.7 Sabadel, unpubl. data -41.30 -30.00 -46.00 -34.20 
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ID Compound Area Depth Reference Val Ileu Leu Phe 
OM43 Particulate organic matter South Atlantic 4.1 Sabadel, unpubl. data -43.90 -33.70 -47.20 -36.50 
OM44 Particulate organic matter South Atlantic 136.5 Sabadel, unpubl. data -39.00 -25.90 -40.00 -23.30 
OM45 Particulate organic matter South Atlantic 96.2 Sabadel, unpubl. data -41.90 -32.30 -48.40 -30.50 
OM46 Particulate organic matter South Atlantic 55 Sabadel, unpubl. data -35.70 -24.10 -41.70 -28.40 
OM47 Particulate organic matter South Atlantic 35.7 Sabadel, unpubl. data -34.10 -25.00 -39.90 -28.50 
OM48 Particulate organic matter South Atlantic 0.5 Sabadel, unpubl. data -36.80 -27.20 -41.50 -29.30 
OM49 Particulate organic matter South Atlantic 98.1 Sabadel, unpubl. data -31.20 -22.50 -38.40 -23.60 
OM50 Particulate organic matter South Atlantic 68.3 Sabadel, unpubl. data -32.00 -19.80 -40.50 -24.40 
OM51 Particulate organic matter South Atlantic 41.1 Sabadel, unpubl. data -31.80 -20.80 -38.70 -25.50 
OM52 Particulate organic matter South Atlantic 0.8 Sabadel, unpubl. data -31.30 -23.00 -38.90 -25.10 
OM53 Particulate organic matter South Atlantic 99.5 Sabadel, unpubl. data -31.80 -22.40 -38.30 -22.70 
OM54 Particulate organic matter South Atlantic 65.2 Sabadel, unpubl. data -31.60 -22.00 -41.90 -25.20 
OM55 Particulate organic matter South Atlantic 56.1 Sabadel, unpubl. data -34.60 -25.30 -41.80 -26.00 
OM56 Particulate organic matter South Atlantic 4.9 Sabadel, unpubl. data -33.00 -25.80 -37.50 -24.60 
OM57 Particulate organic matter South Atlantic 79.6 Sabadel, unpubl. data -31.20 -22.30 -37.40 -21.90 
OM58 Particulate organic matter South Atlantic 48 Sabadel, unpubl. data -33.40 -24.90 -39.60 -31.40 
OM59 Particulate organic matter South Atlantic 6.1 Sabadel, unpubl. data -35.10 -25.30 -36.80 -31.50 
OM60 Particulate organic matter South Atlantic 199.6 Sabadel, unpubl. data -36.60 -28.90 -36.30 -30.00 
OM61 Particulate organic matter South Atlantic 149.8 Sabadel, unpubl. data -36.30 -27.60 -39.60 -34.10 
OM62 Particulate organic matter South Atlantic 114.9 Sabadel, unpubl. data -35.70 -26.20 -40.50 -28.40 
OM63 Particulate organic matter South Atlantic 90 Sabadel, unpubl. data -35.70 -26.70 -39.90 -30.80 
OM64 Particulate organic matter South Atlantic 43.8 Sabadel, unpubl. data -36.60 -25.80 -38.40 -33.00 
OM65 Particulate organic matter South Atlantic 5.4 Sabadel, unpubl. data -36.60 -26.80 -38.70 -32.10 
OM66 Particulate organic matter South Atlantic 114.5 Sabadel, unpubl. data -37.20 -25.80 -37.30 -28.40 
OM67 Particulate organic matter South Atlantic 94.7 Sabadel, unpubl. data -35.60 -26.20 -39.80 -31.00 
OM68 Particulate organic matter South Atlantic 82.5 Sabadel, unpubl. data -35.30 -25.10 -39.80 -31.00 
OM69 Particulate organic matter South Atlantic 0 Sabadel, unpubl. data -31.80 -21.30 -34.50 -31.70 
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Appendix 4.C – Essential amino acids results 
Table 4.C1 Results for principal component analysis (PCA) with raw and normalised carbon isotopic 
compositions of essential amino acids (δ13CEAA and δ13Cnorm-EAA, respectively) for shark samples; for 
PCA outputs, see Fig. 4.5 and 4.6). Sample ID is given by individual ID and sample ID (IDs of single 
samples within combinations). 
A) Importance of components 

 δ13CEAA δ13Cnorm-EAA 
 PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4 

Standard deviation 1.70 0.73 0.59 0.48 1.28 1.11 1.06 2.08*10-15 
Proportion of variance 0.72 0.13 0.09 0.05 0.41 0.31 0.28 0.00 
Cumulative proportion 0.72 0.85 0.94 1.00 0.41 0.72 1.00 1.00 B) Vector scores 

 δ13CEAA δ13Cnorm-EAA 
 PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4 

Valine 0.50 -0.33 0.71 0.35 0.59 -0.49 -0.34 -0.54 
Isoleucine 0.47 0.75 -0.19 0.42 -0.67 0.14 -0.46 -0.57 
Leucine 0.53 0.15 0.10 -0.82 -0.27 -0.42 0.77 -0.40 

Phenylalanine 0.49 -0.55 -0.67 0.13 0.36 0.75 0.29 -0.47 C) Sample scores  
 δ13CEAA δ13Cnorm-EAA 

Sample ID PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4 
16_1+2+3 -2.341 0.877 -0.013 0.171 -1.195 0.709 -0.532 0.000 

16_4+5 -2.380 1.035 -0.512 -0.306 -2.008 1.098 0.606 0.000 
16_6 -2.241 1.578 -0.149 0.293 -2.373 0.812 -0.982 0.000 

16_7+8 -4.309 1.408 -0.136 -1.009 -2.585 0.577 1.824 0.000 
16_9 -1.713 0.625 -0.672 0.209 -1.237 1.579 -0.247 0.000 

16_10 -3.461 0.705 0.070 -0.196 -0.966 0.727 0.298 0.000 
16_11 -2.754 -0.196 -0.339 0.657 0.604 1.917 -0.943 0.000 
16_12 -3.275 1.012 0.562 -0.282 -1.202 -0.204 0.121 0.000 
16_13 -2.541 0.687 -0.696 -0.058 -1.429 1.680 0.329 0.000 
16_14 -2.045 0.229 -0.706 0.113 -0.638 1.757 0.129 0.000 
16_15 -1.961 0.212 -0.015 0.338 -0.059 0.855 -0.644 0.000 
16_16 -1.314 0.952 0.583 -0.969 -1.557 -1.350 1.410 0.000 
16_17 -1.835 0.246 0.288 -0.040 -0.111 0.082 -0.038 0.000 
16_18 -1.484 0.559 0.075 -0.080 -0.801 0.190 0.004 0.000 
16_19 -1.458 0.504 0.628 0.007 -0.311 -0.576 -0.408 0.000 

24_1+2+3 -0.658 0.299 0.447 0.899 0.288 0.116 -2.097 0.000 
24_4+5+6 -2.152 0.414 0.104 0.960 0.007 1.137 -2.021 0.000 

24_7+8 -1.576 0.198 0.214 0.925 0.374 0.807 -1.952 0.000 
24_9+10 -1.252 -0.348 -0.910 0.260 0.186 2.038 0.096 0.000 

24_11 -1.759 -0.622 -0.432 0.339 1.015 1.601 -0.156 0.000 
24_12 -1.820 -0.147 0.210 -0.037 0.478 0.284 0.137 0.000 
24_13 -1.016 -0.900 -0.080 -0.258 1.354 0.467 0.951 0.000 
24_14 -1.899 -0.426 -0.192 0.677 1.027 1.484 -1.015 0.000 
24_15 -2.056 -0.602 0.229 0.505 1.512 0.817 -0.786 0.000 
24_16 -1.902 -0.106 0.240 0.533 0.716 0.661 -1.040 0.000 
24_17 -1.104 -0.110 0.658 0.712 1.027 -0.099 -1.639 0.000 
24_18 -1.725 -0.235 -0.269 -0.229 0.211 0.855 0.771 0.000 
24_19 -1.164 -0.234 0.084 -0.172 0.429 0.182 0.461 0.000 
24_20 -0.703 -0.049 0.553 0.658 0.808 -0.124 -1.527 0.000 
24_21 -0.080 0.130 0.779 0.365 0.477 -0.914 -1.141 0.000 

12_1+2+3 -0.906 1.504 0.801 0.145 -1.797 -1.138 -1.171 0.000 
12_4+5 -2.827 0.880 0.390 0.332 -0.827 0.375 -1.017 0.000 

12_6 -2.849 -0.186 0.069 0.558 0.811 1.262 -0.929 0.000 
12_7 -3.117 0.904 0.518 0.961 -0.457 0.719 -2.341 0.000 

12_8+9 -2.326 0.753 0.750 0.964 -0.113 0.150 -2.442 0.000 
12_10+11 -0.823 -0.219 -0.592 0.314 0.180 1.430 -0.233 0.000 

12_12 -1.062 0.102 0.283 0.446 0.307 0.216 -1.010 0.000 
12_13 -0.776 0.764 0.458 0.165 -0.814 -0.488 -0.784 0.000 
12_14 -0.128 0.779 0.805 0.611 -0.437 -0.906 -1.889 0.000 
12_15 -2.709 -0.246 0.948 0.044 1.218 -0.458 -0.281 0.000 
12_16 -1.790 -0.316 0.960 0.278 1.392 -0.593 -0.786 0.000 
12_17 -1.310 0.886 0.578 -0.100 -1.027 -0.710 -0.320 0.000 
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 δ13CEAA δ13Cnorm-EAA 
Sample ID PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4 
101_1+2+3 -3.172 0.023 0.803 -0.122 0.636 -0.267 0.047 0.000 

101_4 -4.167 -1.288 0.353 -0.589 2.315 0.691 1.742 0.000 
101_5 -3.337 -0.639 -0.065 0.294 1.364 1.535 -0.136 0.000 
101_6 -1.496 -0.806 -0.635 0.292 1.143 1.828 0.088 0.000 
101_7 -2.871 -0.060 0.204 0.093 0.467 0.708 -0.097 0.000 
101_8 -2.113 -0.109 -1.938 0.309 -0.789 3.846 0.433 0.000 
101_9 -2.253 0.467 0.144 -0.053 -0.542 0.376 -0.006 0.000 
101_10 -3.567 -1.184 -0.206 0.472 2.262 2.069 -0.216 0.000 
101_11 -3.419 -0.259 0.227 0.206 0.898 0.977 -0.232 0.000 
101_12 -1.642 -0.639 -1.044 0.312 0.624 2.468 0.183 0.000 
101_13 -1.556 -1.187 0.084 0.123 2.149 0.730 0.242 0.000 
101_14 -2.688 -0.574 0.109 -1.062 0.666 0.082 2.462 0.000 
101_15 -2.523 -0.593 0.772 -0.037 1.617 -0.234 0.081 0.000 
101_16 -1.610 0.282 -1.100 -0.204 -1.165 1.971 0.907 0.000 

131_1+2 -1.381 -0.096 0.329 0.463 0.689 0.306 -0.973 0.000 
131_3 -1.846 0.068 -1.047 1.292 -0.035 3.079 -2.049 0.000 

131_4+5 -2.443 -0.227 0.593 0.240 1.035 0.125 -0.537 0.000 
131_6+7 -0.333 0.729 -0.643 0.178 -1.494 1.040 -0.313 0.000 

131_8 -0.555 0.202 -0.115 0.210 -0.263 0.459 -0.415 0.000 
131_9 -1.639 -0.058 -1.526 0.179 -0.699 2.968 0.458 0.000 
131_10 -2.307 0.047 -0.324 0.096 -0.085 1.296 0.069 0.000 
131_11 -0.236 0.733 -1.238 -0.513 -2.232 1.411 1.350 0.000 
131_12 -0.855 -1.051 -0.130 0.647 2.000 1.167 -0.808 0.000 
131_13 -0.961 -0.836 -0.582 0.728 1.403 1.892 -0.838 0.000 
131_14 -1.842 -0.277 -0.460 0.193 0.370 1.490 0.029 0.000 
131_15 -0.306 -0.110 -0.720 0.373 -0.085 1.472 -0.364 0.000 
131_16 -1.152 0.644 0.486 -0.461 -0.881 -0.826 0.535 0.000 
131_17 0.575 0.447 -0.495 -0.434 -1.299 0.150 0.908 0.000 

33_1+2+3 0.682 1.345 0.365 -0.366 -2.176 -1.329 0.034 0.000 
33_4+5 -0.756 0.857 -0.480 -0.869 -2.081 0.159 1.702 0.000 
33_6+7 -0.438 1.276 -0.729 -1.099 -3.057 0.174 2.109 0.000 
33_8+9 -0.909 2.014 0.488 -0.826 -3.303 -1.471 0.747 0.000 
33_10 0.154 1.734 0.518 -0.663 -2.819 -1.685 0.448 0.000 
33_11 -0.627 0.533 0.637 0.348 -0.242 -0.624 -1.161 0.000 
33_12 0.245 0.590 -0.103 0.255 -0.919 0.126 -0.701 0.000 
33_13 -0.900 0.938 0.068 -0.345 -1.591 -0.262 0.369 0.000 
33_14 -0.933 0.970 0.146 -0.319 -1.578 -0.357 0.270 0.000 
33_15 -1.481 0.804 0.024 -0.517 -1.446 -0.099 0.819 0.000 
33_16 -0.593 1.253 0.223 -0.336 -2.019 -0.659 0.145 0.000 
33_17 -1.418 0.458 -0.614 -0.439 -1.263 0.970 1.082 0.000 
33_18 -0.915 0.703 0.389 -0.442 -1.046 -0.758 0.506 0.000 
33_19 -1.437 0.322 0.182 -0.935 -0.766 -0.543 1.767 0.000 
33_20 -0.648 0.261 -0.404 -0.658 -0.966 0.292 1.456 0.000 
33_21 -2.138 0.135 -0.114 -0.912 -0.596 0.188 1.967 0.000 

335_1+2 3.486 0.655 0.535 0.191 -0.859 -1.948 -1.075 0.000 
335_5+6 2.446 -0.028 -0.419 -0.039 -0.408 -0.187 0.144 0.000 

335_9+10 1.386 0.727 0.104 0.103 -1.158 -0.696 -0.605 0.000 
335_12 1.298 0.006 0.246 0.623 0.368 -0.350 -1.448 0.000 
335_14 2.499 0.966 -0.182 0.255 -1.732 -0.572 -0.931 0.000 
335_16 2.339 0.710 0.463 -0.138 -1.078 -1.712 -0.332 0.000 
335_18 1.860 -0.682 -0.383 0.426 0.945 0.424 -0.536 0.000 
335_20 3.141 0.122 -0.485 0.592 -0.434 0.100 -1.195 0.000 
335_22 1.829 0.148 0.041 -0.305 -0.486 -0.908 0.439 0.000 
335_24 1.624 0.714 0.771 -0.117 -0.828 -1.929 -0.477 0.000 
335_26 2.083 -0.187 0.083 -0.396 0.026 -1.043 0.712 0.000 
335_28 2.613 -0.596 0.347 -0.516 0.769 -1.608 0.956 0.000 
335_30 1.180 -0.249 0.089 -0.126 0.323 -0.552 0.238 0.000 
335_32 3.072 -0.539 0.110 -0.562 0.469 -1.447 1.110 0.000 
335_34 2.772 0.540 -0.142 0.676 -0.826 -0.328 -1.659 0.000 

415_1+2 1.940 -1.007 -0.250 0.064 1.379 0.012 0.251 0.000 
415_5+6 0.866 -1.175 -0.904 0.295 1.411 1.548 0.209 0.000 

415_8 1.248 -0.350 0.016 -0.090 0.452 -0.417 0.234 0.000 
415_10 0.643 -0.491 -0.679 0.356 0.489 1.174 -0.260 0.000 
415_12 1.169 -0.194 -0.572 -0.254 -0.258 0.342 0.783 0.000 
415_14 0.794 0.016 1.291 -0.353 0.586 -2.454 0.065 0.000 
415_16 0.522 0.736 0.830 -0.425 -0.902 -1.884 0.173 0.000 
415_18 0.994 -0.042 0.305 -0.035 0.183 -0.797 -0.112 0.000 
415_20 1.795 -0.720 0.365 -0.424 1.082 -1.275 0.855 0.000 
415_22 1.670 -0.168 0.706 -0.571 0.341 -1.974 0.796 0.000 
415_24 2.446 -0.245 0.493 -0.185 0.465 -1.614 0.098 0.000 
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 δ13CEAA δ13Cnorm-EAA 
Sample ID PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4 

415_26 2.008 -0.662 0.229 -0.744 0.729 -1.382 1.531 0.000 
415_28 1.445 0.108 1.023 -0.723 0.039 -2.547 0.866 0.000 
415_30 1.871 -0.316 0.006 -0.828 -0.010 -1.138 1.681 0.000 

441_1+2 0.584 -0.302 0.401 -0.484 0.476 -1.071 0.872 0.000 
441_6 1.170 0.294 -0.312 -0.360 -0.934 -0.233 0.696 0.000 
441_8 1.756 0.657 -0.460 0.013 -1.478 -0.017 -0.157 0.000 
441_10 2.322 0.267 0.138 0.284 -0.362 -0.820 -0.869 0.000 
441_12 1.968 1.340 -0.725 0.697 -2.442 0.649 -1.684 0.000 
441_14 0.566 0.159 -0.543 -0.028 -0.662 0.576 0.216 0.000 
441_16 0.670 0.221 -0.249 0.030 -0.552 0.129 -0.065 0.000 
441_18 1.850 0.706 0.043 -1.385 -1.922 -1.810 2.413 0.000 
441_20 2.506 0.776 0.002 -0.149 -1.501 -1.096 -0.130 0.000 
441_22 3.115 0.981 -0.264 0.016 -1.968 -0.823 -0.452 0.000 
441_24 0.586 0.267 0.199 -0.490 -0.585 -0.898 0.767 0.000 
441_26 2.148 0.156 0.267 -0.363 -0.402 -1.393 0.430 0.000 
441_28 2.232 0.057 -0.275 -0.316 -0.574 -0.551 0.618 0.000 
11_1+2 2.054 0.116 -0.291 0.400 -0.320 0.027 -0.833 0.000 
11_4+5 2.560 0.654 -0.291 0.503 -1.179 -0.183 -1.271 0.000 

11_7 1.963 1.099 -0.195 0.064 -2.015 -0.544 -0.558 0.000 
11_9 1.485 0.206 -0.076 0.787 -0.100 0.146 -1.717 0.000 

11_11 1.369 0.234 0.168 0.524 -0.107 -0.377 -1.301 0.000 
11_13 0.951 0.217 -0.162 0.439 -0.308 0.198 -0.946 0.000 
11_15 2.145 0.245 -0.463 0.634 -0.532 0.395 -1.280 0.000 
11_17 2.295 0.253 -0.184 0.683 -0.351 -0.040 -1.521 0.000 
11_19 1.157 0.110 -0.394 0.154 -0.436 0.301 -0.236 0.000 
11_21 1.404 0.076 0.083 0.271 -0.031 -0.407 -0.694 0.000 
11_23 1.006 -0.001 0.136 0.094 0.067 -0.464 -0.309 0.000 

40_1+2 0.229 -0.442 -0.461 -0.266 0.274 0.528 0.902 0.000 
40_5 0.920 -1.161 -0.187 -0.071 1.671 0.188 0.609 0.000 
40_7 -0.017 -1.661 0.858 0.400 3.457 -0.632 -0.588 0.000 
40_9 -0.674 -0.596 1.739 -0.504 1.897 -2.622 0.475 0.000 

40_11 0.269 -1.713 0.287 -0.251 2.832 -0.318 0.996 0.000 
40_13 0.486 -1.822 1.165 -0.579 3.405 -1.918 1.280 0.000 
40_15 -0.333 -2.162 0.928 0.448 4.362 -0.489 -0.513 0.000 
40_17 -0.565 -1.628 0.083 -0.285 2.602 0.216 1.175 0.000 
40_19 -0.356 -1.715 0.543 0.055 3.195 -0.282 0.294 0.000 
40_21 -1.245 -1.575 -0.095 -0.726 2.230 0.380 2.167 0.000 
40_23 0.033 -2.054 -0.118 -0.078 3.226 0.566 0.974 0.000 

1000_1+2 0.254 0.533 -0.494 0.158 -1.127 0.654 -0.303 0.000 
1000_4 -0.269 0.423 -0.443 0.014 -0.952 0.671 0.034 0.000 
1000_6 0.482 0.370 -0.327 0.162 -0.769 0.368 -0.340 0.000 
1000_8 0.186 -0.156 -1.095 -0.476 -0.703 1.281 1.517 0.000 

1000_10 0.048 -0.302 -0.930 -0.420 -0.322 1.150 1.389 0.000 
1000_12 -0.497 -0.161 -0.982 -0.633 -0.652 1.223 1.820 0.000 
1000_14 0.431 -0.176 -0.659 -0.447 -0.389 0.571 1.248 0.000 
1000_16 0.195 -0.659 -1.003 -0.451 0.188 1.270 1.610 0.000 
1000_18 -1.240 -0.903 -1.078 -0.806 0.459 1.650 2.533 0.000 
1000_20 -0.573 -0.495 -0.529 -0.766 0.126 0.546 2.008 0.000 
1000_22 -0.282 -0.425 -0.825 -0.835 -0.233 0.831 2.244 0.000 
1000_24 -0.834 0.078 -1.649 -1.379 -1.815 1.752 3.567 0.000 
599_1 2.224 -0.002 0.670 -0.287 0.149 -1.935 0.146 0.000 
599_3 1.392 0.299 0.083 0.566 -0.249 -0.242 -1.372 0.000 
599_5 1.622 0.199 -0.253 0.146 -0.525 -0.088 -0.344 0.000 
599_7 1.548 0.045 0.405 -0.074 0.050 -1.175 -0.142 0.000 
599_9 1.660 0.312 0.015 0.306 -0.459 -0.413 -0.836 0.000 
599_11 1.477 -0.003 -0.253 -0.221 -0.367 -0.258 0.481 0.000 
599_13 1.874 -0.452 0.150 -0.165 0.626 -0.852 0.325 0.000 
599_15 1.673 0.090 -0.237 -0.247 -0.533 -0.384 0.481 0.000 
599_17 -0.142 0.453 2.516 -0.551 0.637 -4.229 -0.210 0.000 
599_19 -0.055 -1.090 0.658 -0.345 2.035 -0.976 0.802 0.000 
599_21 0.310 -0.050 0.915 -0.297 0.509 -1.677 0.179 0.000 
599_23 0.445 -1.024 0.875 -0.141 2.135 -1.334 0.236 0.000 
599_25 0.717 -1.333 0.508 -0.042 2.430 -0.732 0.303 0.000 
599_27 0.128 -0.989 1.054 -0.070 2.251 -1.458 0.015 0.000 
599_29 1.067 -1.140 0.286 -0.175 1.883 -0.650 0.584 0.000 
599_31 0.242 -0.607 0.225 -0.084 1.077 -0.342 0.277 0.000 

601_1+2 0.831 0.400 0.503 -0.206 -0.480 -1.262 -0.011 0.000 
601_4+5 0.957 0.221 -0.126 0.161 -0.427 -0.057 -0.404 0.000 
601_7+8 1.389 0.353 0.776 0.741 0.198 -1.169 -2.067 0.000 
601_10 1.785 0.756 0.610 0.467 -0.725 -1.334 -1.607 0.000 
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 δ13CEAA δ13Cnorm-EAA 
Sample ID PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4 
601_12+13 0.897 0.205 0.868 0.813 0.568 -1.064 -2.173 0.000 

601_15 2.386 0.903 -0.308 0.109 -1.775 -0.435 -0.549 0.000 
601_17 1.123 -0.334 -0.859 0.604 0.207 1.430 -0.765 0.000 
601_19 1.366 0.566 0.157 0.283 -0.773 -0.605 -0.932 0.000 
601_21 1.178 -0.025 -0.080 0.022 -0.079 -0.242 -0.065 0.000 
601_23 0.924 -0.785 0.312 0.897 1.857 0.043 -1.719 0.000 
601_25 2.128 0.975 -0.485 0.469 -1.814 0.155 -1.207 0.000 
601_27 2.353 -0.013 -0.341 0.996 0.130 0.459 -1.985 0.000 
601_29 0.833 0.462 0.014 0.404 -0.601 -0.107 -1.041 0.000 
601_31 1.151 -0.481 0.295 0.564 1.173 -0.310 -1.162 0.000 
601_33 1.038 0.360 -0.149 0.899 -0.312 0.446 -1.942 0.000 

578_1+2 2.140 0.003 -0.646 0.015 -0.560 0.285 0.145 0.000 
578_4 1.582 -0.492 0.271 -0.003 0.869 -0.815 -0.027 0.000 
578_6 1.325 0.204 -0.085 0.185 -0.385 -0.217 -0.485 0.000 
578_8 -0.144 -0.038 0.020 0.365 0.262 0.285 -0.726 0.000 
578_10 0.814 0.183 -0.148 -0.088 -0.492 -0.147 0.132 0.000 
578_12 1.342 0.190 -0.468 -0.229 -0.815 0.061 0.533 0.000 
578_14 0.672 -1.025 -0.305 -0.380 1.239 0.197 1.252 0.000 
578_16 -0.406 -0.993 -0.711 0.151 1.255 1.529 0.414 0.000 
578_18 0.809 -0.732 -0.345 -0.312 0.761 0.195 1.015 0.000 
578_20 0.723 -1.082 -0.410 -0.256 1.321 0.438 1.067 0.000 
578_22 1.022 -1.151 0.026 -0.468 1.593 -0.449 1.303 0.000 
578_24 1.465 -0.693 -0.216 -0.099 0.841 -0.069 0.474 0.000 
578_26 0.738 -0.892 -0.015 -0.010 1.387 -0.027 0.316 0.000 
578_28 1.345 -0.551 -0.333 -0.164 0.511 0.067 0.614 0.000 
578_30 0.913 -0.526 0.244 -0.083 0.913 -0.607 0.198 0.000 
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Table 4.C2 Parameter estimates, t- and p-values for fixed effects in full generalised additive mixed 
models (GAMMs) predicting profile life-history normalised PC1 scores from PCAs with δ13CEAA and 
δ13Cnorm-EAA values (nPC1.EAA and nPC1.norm-EAA, respectively); fixed effects are species and/or 
capture area, depending on whether models include all data, or blue or porbeagle shark data.  
A) All data 

 nPC1.EAA nPC1.norm-EAA 
Parameters Estimate ± SD t-value p-value Estimate ± SD t-value p-value 
Intercept 0.057 ± 0.097 0.590 0.556 -0.071 ± 0.112 -0.634 0.527 
Species: POR -0.144 ± 0.149 -0.968 0.334 0.128 ± 0.172 0.746 0.456 
Area: FI -0.030 ± 0.258 -0.116 0.908 0.045 ± 0.302 0.151 0.880 
Area: MAR 0.017 ± 0.133 0.131 0.896 0.030 ±0.155 0.193 0.847 
Area: NWA -0.012 ± 0.139 -0.088 0.930 0.011 ±0.162 0.068 0.964 
Area: WEC -0.029 ± 0.221 -0.131 0.896 0.118 ±0.259 0.455 0.650 
B) Blue sharks 

 nPC1.EAA nPC1.norm-EAA 
Parameters Estimate ± SD t-value p-value Estimate ± SD t-value p-value 
Intercept -0.010 ± 0.104 -0.095 0.925 -0.006 ± 0.112 -0.052 0.958 
Area: MAR 0.029 ± 0.145 0.198 0.844 0.015 ± 0.157 0.093 0.926 
Area: NWA -0.001 ± 0.151 -0.010 0.992 0.002 ± 0.163 0.013 0.990 
C) Porbeagles 

 nPC1.EAA nPC1.norm-EAA 
Parameters Estimate ± SD t-value p-value Estimate ± SD t-value p-value 
Intercept -0.008 ± 0.156 -0.052 0.959 0.002 ± 0.215 0.008 0.994 
Area: NWA 0.042 ± 0.175 0.239 0.812 -0.045 ± 0.241 -0.187 0.852 
Area: WEC -0.056 ± 0.193 -0.292 0.771 0.086 ± 0.266 0.324 0.747 
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Appendix 4.D – Fingerprinting results 
Table 4.D1 Results for PCA with δ13Cnorm-EAA for primary producers and bacteria (end-members); raw 
amino acid carbon isotope values (δ13CEAA) are reported in Table 4.B1. 
A) Importance of components 

 PC1 PC2 PC3 PC4 
Standard deviation 1.410 1.039 0.966 1.868*10-15 

Proportion of variance 0.497 0.269 0.233 0.000 
Cumulative proportion 0.497 0.767 1.000 1.000 B) Vector scores 

 PC1 PC2 PC3 PC4 
nValine -0.444 0.280 0.749 -0.404 

nIsoleucine 0.404 0.747 -0.281 -0.447 
nLeucine -0.574 -0.231 -0.554 -0.556 

nPhenylalanine 0.557 -0.557 0.230 -0.572 C) Sample scores 
ID PC1 PC2 PC3 PC4 

AB1 0.100 0.078 0.392 0.000 
AB2 -0.100 0.426 -0.249 0.000 
AB3 -1.958 -1.945 2.121 0.000 
AB4 -0.328 1.281 0.197 0.000 
AB5 0.120 -3.121 -2.914 0.000 
AB6 -1.201 2.064 -1.034 0.000 
AB7 -0.336 0.645 -1.979 0.000 
AB8 -1.212 0.005 -2.276 0.000 
AB9 1.427 0.582 -0.216 0.000 

AB10 -0.379 0.881 1.383 0.000 
HB1 -2.046 0.230 -1.007 0.000 
HB2 -3.018 0.783 -0.820 0.000 
HB3 -2.719 -0.970 -0.104 0.000 
HB4 -2.949 -0.309 -1.456 0.000 
HB5 -1.871 -0.317 -0.098 0.000 
HB6 -1.567 -0.024 -0.604 0.000 
HB7 -1.119 -1.830 -0.070 0.000 
HB8 -3.511 0.607 1.833 0.000 
HB9 -1.694 -1.063 -1.065 0.000 

HB10 -0.899 -0.528 -0.512 0.000 
HB11 -0.086 -1.270 -2.464 0.000 
HB12 0.712 -0.502 0.157 0.000 
HB13 0.831 0.353 -0.085 0.000 
HB14 -0.041 -1.058 1.116 0.000 
HB15 -2.098 -1.831 0.594 0.000 
HB16 -2.637 -0.395 -0.025 0.000 
HB17 0.269 -0.783 -3.278 0.000 
HB18 0.606 -0.147 -0.179 0.000 
HB19 -0.796 -1.217 0.693 0.000 
HB20 -2.328 0.562 1.466 0.000 
HB21 -0.952 -1.574 0.111 0.000 
HB22 -0.180 -1.724 0.350 0.000 
MA1 -0.942 -0.534 0.049 0.000 
MA2 -0.445 0.341 -1.692 0.000 
MA3 -0.589 0.039 -0.533 0.000 
MA4 -1.532 1.354 -0.060 0.000 
MA5 -1.756 0.685 -0.659 0.000 
MA6 -0.655 0.424 -0.716 0.000 
MA7 -0.796 0.361 -0.476 0.000 
MA8 0.224 0.195 -1.010 0.000 
MA9 -1.378 -0.272 0.732 0.000 
MA10 -0.412 -0.001 1.227 0.000 
MA11 -0.630 0.785 1.057 0.000 
MA12 -0.754 0.228 1.123 0.000 
MA13 -1.787 -0.034 1.555 0.000 
MA14 -0.860 0.102 0.968 0.000 
MA15 -0.529 1.510 0.015 0.000 
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ID PC1 PC2 PC3 PC4 
MA16 0.606 0.702 0.944 0.000 
MA17 -0.334 -0.077 1.971 0.000 
MA18 -0.362 1.408 0.429 0.000 
MA19 -0.610 1.498 -0.190 0.000 
MA20 -0.246 1.272 0.456 0.000 
MA21 0.677 0.546 0.075 0.000 
MI1 0.237 0.892 0.862 0.000 
MI2 0.205 1.408 -0.204 0.000 
MI3 1.173 1.002 -0.448 0.000 
MI4 -1.525 0.982 0.406 0.000 
MI5 2.338 2.150 -0.116 0.000 
MI6 -0.473 0.549 0.154 0.000 
MI7 0.637 2.089 -0.664 0.000 
MI8 0.379 2.149 -0.262 0.000 
MI9 0.574 2.293 -0.547 0.000 
S1 0.716 -0.803 0.325 0.000 
S2 0.770 -0.680 0.172 0.000 
S3 1.323 -0.390 0.069 0.000 
S4 1.027 0.171 -0.086 0.000 
S5 1.145 -0.189 0.350 0.000 
S6 0.227 -1.254 0.203 0.000 
S7 0.153 -1.767 0.790 0.000 

TP1 2.094 0.350 -0.859 0.000 
TP2 1.346 0.593 0.269 0.000 
TP3 2.308 0.452 -0.170 0.000 
TP4 1.715 -0.285 -0.200 0.000 
TP5 1.216 -0.538 -0.032 0.000 
TP6 1.174 -0.115 0.085 0.000 
TP7 0.938 -0.534 -0.198 0.000 
TP8 1.790 0.573 0.633 0.000 
TP9 1.402 -0.304 0.245 0.000 
TP10 2.005 0.020 0.528 0.000 
TP11 1.793 0.769 -0.177 0.000 
TP12 2.087 0.259 0.002 0.000 
TP13 1.424 -1.117 0.562 0.000 
TP14 0.928 -0.885 1.636 0.000 
TP15 2.530 -0.988 1.493 0.000 
TP16 0.895 -0.069 -0.190 0.000 
TP17 2.673 -1.374 -0.218 0.000 
TP18 1.247 -0.689 0.112 0.000 
TP19 1.682 -0.210 0.007 0.000 
TP20 1.356 -1.454 0.070 0.000 
TP21 1.804 -1.407 -0.051 0.000 
TP22 1.759 -0.072 0.209 0.000  

  



  

 230 

Table 4.D2 Results for linear discriminant function analysis (LDA) with δ13Cnorm-EAA values for end-
members as independent variables, and end-member groups defined by the PCA as categorical 
variables: i) autotrophic bacteria and algae, ii) heterotrophic bacteria, and iii) vascular plants. C) 
Posterior probabilities (%) of classification of (known) end-member samples within end-member 
groups, based on the LDA model with leave-one-out cross-validation. 
A) Proportion of trace 

 LD1 LD2 
Prop. of trace 0.814 0.186 B) Coefficients for linear discriminants 

 LD1 LD2 
nValine -0.168 0.195 
nIsoleucine 0.142 0.442 
nLeucine -0.360 -0.243 
nPhenylalanine 0.402 -0.351 C) Posterior probabilities 

ID Actual group Aut.bacteria + algae Het.bacteria Vasc.plants 
AB1 Aut.bacteria + Algae 0.562 0.175 0.263 
AB2 Aut.bacteria + Algae 0.706 0.213 0.081 
AB3 Aut.bacteria + Algae 0.018 0.970 0.012 
AB4 Aut.bacteria + Algae 0.897 0.082 0.021 
AB5 Aut.bacteria + Algae 0.000 0.944 0.056 
AB6 Aut.bacteria + Algae 0.881 0.119 0.000 
AB7 Aut.bacteria + Algae 0.579 0.411 0.010 
AB8 Aut.bacteria + Algae 0.138 0.861 0.001 
AB9 Aut.bacteria + Algae 0.229 0.013 0.758 

AB10 Aut.bacteria + Algae 0.843 0.085 0.072 
MA1 Aut.bacteria + Algae 0.280 0.691 0.029 
MA2 Aut.bacteria + Algae 0.485 0.502 0.013 
MA3 Aut.bacteria + Algae 0.493 0.477 0.030 
MA4 Aut.bacteria + Algae 0.759 0.241 0.001 
MA5 Aut.bacteria + Algae 0.414 0.585 0.001 
MA6 Aut.bacteria + Algae 0.597 0.388 0.015 
MA7 Aut.bacteria + Algae 0.572 0.415 0.013 
MA8 Aut.bacteria + Algae 0.595 0.269 0.136 
MA9 Aut.bacteria + Algae 0.336 0.651 0.013 
MA10 Aut.bacteria + Algae 0.587 0.238 0.175 
MA11 Aut.bacteria + Algae 0.823 0.141 0.037 
MA12 Aut.bacteria + Algae 0.663 0.279 0.058 
MA13 Aut.bacteria + Algae 0.387 0.607 0.007 
MA14 Aut.bacteria + Algae 0.598 0.356 0.046 
MA15 Aut.bacteria + Algae 0.912 0.080 0.008 
MA16 Aut.bacteria + Algae 0.533 0.032 0.435 
MA17 Aut.bacteria + Algae 0.485 0.157 0.359 
MA18 Aut.bacteria + Algae 0.916 0.065 0.019 
MA19 Aut.bacteria + Algae 0.898 0.096 0.006 
MA20 Aut.bacteria + Algae 0.901 0.068 0.030 
MA21 Aut.bacteria + Algae 0.561 0.059 0.381 
MI1 Aut.bacteria + Algae 0.764 0.052 0.184 
MI2 Aut.bacteria + Algae 0.905 0.049 0.046 
MI3 Aut.bacteria + Algae 0.547 0.023 0.430 
MI4 Aut.bacteria + Algae 0.700 0.298 0.002 
MI5 Aut.bacteria + Algae 0.212 0.000 0.788 
MI6 Aut.bacteria + Algae 0.739 0.223 0.039 
MI7 Aut.bacteria + Algae 0.951 0.015 0.034 
MI8 Aut.bacteria + Algae 0.963 0.015 0.022 
MI9 Aut.bacteria + Algae 0.966 0.011 0.023 
HB1 Het.bactteria 0.239 0.760 0.000 
HB2 Het.bactteria 0.277 0.723 0.000 
HB3 Het.bactteria 0.040 0.960 0.000 
HB4 Het.bactteria 0.049 0.951 0.000 
HB5 Het.bactteria 0.188 0.810 0.001 
HB6 Het.bactteria 0.275 0.723 0.002 
HB7 Het.bactteria 0.054 0.919 0.027 
HB8 Het.bactteria 0.455 0.545 0.000 
HB9 Het.bactteria 0.058 0.940 0.001 

HB10 Het.bactteria 0.259 0.722 0.019 
HB11 Het.bactteria 0.121 0.811 0.068 
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ID Actual group Aut.bacteria + algae Het.bacteria Vasc.plants 
HB12 Het.bactteria 0.187 0.055 0.758 
HB13 Het.bactteria 0.443 0.034 0.523 
HB14 Het.bactteria 0.187 0.168 0.645 
HB15 Het.bactteria 0.030 0.968 0.002 
HB16 Het.bactteria 0.098 0.902 0.000 
HB17 Het.bactteria 0.257 0.647 0.097 
HB18 Het.bactteria 0.373 0.091 0.536 
HB19 Het.bactteria 0.195 0.689 0.116 
HB20 Het.bactteria 0.603 0.396 0.001 
HB21 Het.bactteria 0.093 0.858 0.049 
HB22 Het.bactteria 0.101 0.427 0.472 

S1 Vasc.plants 0.118 0.070 0.812 
S2 Vasc.plants 0.136 0.069 0.796 
S3 Vasc.plants 0.074 0.016 0.910 
S4 Vasc.plants 0.291 0.039 0.669 
S5 Vasc.plants 0.122 0.020 0.858 
S6 Vasc.plants 0.144 0.275 0.581 
S7 Vasc.plants 0.067 0.235 0.697 

TP1 Vasc.plants 0.082 0.004 0.914 
TP2 Vasc.plants 0.254 0.012 0.734 
TP3 Vasc.plants 0.040 0.001 0.959 
TP4 Vasc.plants 0.045 0.006 0.948 
TP5 Vasc.plants 0.079 0.023 0.898 
TP6 Vasc.plants 0.146 0.024 0.831 
TP7 Vasc.plants 0.146 0.061 0.793 
TP8 Vasc.plants 0.091 0.002 0.907 
TP9 Vasc.plants 0.065 0.010 0.924 
TP10 Vasc.plants 0.026 0.001 0.973 
TP11 Vasc.plants 0.184 0.005 0.810 
TP12 Vasc.plants 0.042 0.002 0.956 
TP13 Vasc.plants 0.015 0.007 0.978 
TP14 Vasc.plants 0.036 0.011 0.953 
TP15 Vasc.plants 0.001 0.000 0.999 
TP16 Vasc.plants 0.279 0.063 0.658 
TP17 Vasc.plants 0.001 0.000 0.999 
TP18 Vasc.plants 0.055 0.018 0.927 
TP19 Vasc.plants 0.048 0.006 0.946 
TP20 Vasc.plants 0.014 0.013 0.973 
TP21 Vasc.plants 0.006 0.004 0.991 
TP22 Vasc.plants 0.045 0.004 0.951 
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Table 4.D3 Posterior probabilities (%) of classification of unknown shark samples within end-member 
groups, based on the LDA model. ID is given by individual ID and sample ID or IDs of single samples 
within combinations. 

ID Aut.bacteria + algae Het.bacteria Vasc.plants 
16_1+2+3 0.990 0.009 0.001 

16_4+5 0.981 0.018 0.002 
16_6 0.996 0.004 0.001 

16_7+8 0.954 0.045 0.001 
16_9 0.986 0.010 0.003 

16_10 0.977 0.022 0.001 
16_11 0.982 0.011 0.007 
16_12 0.980 0.019 0.000 
16_13 0.980 0.016 0.004 
16_14 0.977 0.018 0.005 
16_15 0.985 0.013 0.001 
16_16 0.938 0.062 0.000 
16_17 0.974 0.025 0.001 
16_18 0.980 0.019 0.001 
16_19 0.981 0.018 0.000 

24_1+2+3 0.995 0.005 0.000 
24_4+5+6 0.995 0.004 0.001 

24_7+8 0.994 0.005 0.001 
24_9+10 0.967 0.023 0.010 

24_11 0.966 0.028 0.006 
24_12 0.964 0.035 0.001 
24_13 0.902 0.096 0.002 
24_14 0.983 0.013 0.004 
24_15 0.976 0.022 0.002 
24_16 0.986 0.013 0.001 
24_17 0.990 0.010 0.000 
24_18 0.947 0.051 0.002 
24_19 0.952 0.047 0.001 
24_20 0.990 0.010 0.000 
24_21 0.986 0.014 0.000 

12_1+2+3 0.994 0.006 0.000 
12_4+5 0.992 0.007 0.001 

12_6 0.983 0.014 0.003 
12_7 0.997 0.002 0.001 

12_8+9 0.997 0.003 0.000 
12_10+11 0.977 0.019 0.004 

12_12 0.987 0.012 0.001 
12_13 0.989 0.011 0.000 
12_14 0.995 0.005 0.000 
12_15 0.963 0.037 0.000 
12_16 0.974 0.026 0.000 
12_17 0.985 0.015 0.000 

101_1+2+3 0.962 0.038 0.000 
101_4 0.760 0.236 0.004 
101_5 0.961 0.032 0.007 
101_6 0.956 0.034 0.010 
101_7 0.971 0.027 0.002 
101_8 0.894 0.015 0.091 
101_9 0.979 0.021 0.001 
101_10 0.944 0.039 0.017 
101_11 0.970 0.027 0.003 
101_12 0.952 0.027 0.021 
101_13 0.928 0.069 0.003 
101_14 0.747 0.251 0.001 
101_15 0.942 0.057 0.001 
101_16 0.964 0.028 0.008 

131_1+2 0.985 0.014 0.001 
131_3 0.978 0.003 0.020 

131_4+5 0.974 0.025 0.001 
131_6+7 0.989 0.010 0.001 

131_8 0.983 0.016 0.001 
131_9 0.951 0.019 0.030 
131_10 0.974 0.023 0.003 
131_11 0.967 0.030 0.003 
131_12 0.972 0.024 0.004 
131_13 0.974 0.017 0.009 
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ID Aut.bacteria + algae Het.bacteria Vasc.plants 
131_14 0.970 0.026 0.005 
131_15 0.981 0.015 0.004 
131_16 0.965 0.035 0.000 
131_17 0.964 0.035 0.001 

33_1+2+3 0.985 0.015 0.000 
33_4+5 0.947 0.052 0.001 
33_6+7 0.949 0.051 0.001 
33_8+9 0.982 0.018 0.000 
33_10 0.983 0.017 0.000 
33_11 0.990 0.010 0.000 
33_12 0.990 0.010 0.000 
33_13 0.979 0.021 0.000 
33_14 0.980 0.020 0.000 
33_15 0.967 0.032 0.000 
33_16 0.984 0.015 0.000 
33_17 0.961 0.037 0.002 
33_18 0.968 0.032 0.000 
33_19 0.900 0.100 0.000 
33_20 0.936 0.063 0.001 
33_21 0.887 0.112 0.001 

335_1+2 0.990 0.010 0.000 
335_5+6 0.972 0.027 0.000 

335_9+10 0.989 0.011 0.000 
335_12 0.991 0.009 0.000 
335_14 0.993 0.007 0.000 
335_16 0.983 0.017 0.000 
335_18 0.976 0.023 0.001 
335_20 0.992 0.008 0.000 
335_22 0.962 0.038 0.000 
335_24 0.983 0.017 0.000 
335_26 0.940 0.060 0.000 
335_28 0.895 0.105 0.000 
335_30 0.958 0.041 0.000 
335_32 0.896 0.104 0.000 
335_34 0.995 0.005 0.000 

415_1+2 0.941 0.058 0.001 
415_5+6 0.948 0.044 0.008 

415_8 0.957 0.043 0.000 
415_10 0.975 0.022 0.003 
415_12 0.953 0.046 0.001 
415_14 0.947 0.053 0.000 
415_16 0.970 0.030 0.000 
415_18 0.970 0.030 0.000 
415_20 0.896 0.103 0.000 
415_22 0.917 0.083 0.000 
415_24 0.954 0.046 0.000 
415_26 0.842 0.158 0.000 
415_28 0.914 0.086 0.000 
415_30 0.867 0.133 0.000 

441_1+2 0.918 0.082 0.000 
441_6 0.964 0.036 0.000 
441_8 0.986 0.013 0.000 
441_10 0.987 0.012 0.000 
441_12 0.998 0.002 0.000 
441_14 0.976 0.023 0.001 
441_16 0.979 0.020 0.001 
441_18 0.868 0.132 0.000 
441_20 0.984 0.016 0.000 
441_22 0.990 0.009 0.000 
441_24 0.951 0.049 0.000 
441_26 0.958 0.042 0.000 
441_28 0.959 0.041 0.000 
11_1+2 0.988 0.011 0.000 
11_4+5 0.994 0.006 0.000 

11_7 0.992 0.008 0.000 
11_9 0.994 0.006 0.000 

11_11 0.991 0.009 0.000 
11_13 0.989 0.010 0.001 
11_15 0.993 0.007 0.001 
11_17 0.994 0.006 0.000 
11_19 0.982 0.018 0.001 
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ID Aut.bacteria + algae Het.bacteria Vasc.plants 
11_21 0.984 0.016 0.000 
11_23 0.977 0.023 0.000 

40_1+2 0.937 0.061 0.002 
40_5 0.914 0.085 0.001 
40_7 0.931 0.069 0.001 
40_9 0.876 0.124 0.000 

40_11 0.813 0.186 0.001 
40_13 0.675 0.325 0.000 
40_15 0.899 0.100 0.001 
40_17 0.815 0.183 0.002 
40_19 0.877 0.122 0.001 
40_21 0.682 0.316 0.003 
40_23 0.811 0.186 0.004 

1000_1+2 0.987 0.012 0.001 
1000_4 0.982 0.017 0.001 
1000_6 0.985 0.014 0.001 
1000_8 0.933 0.063 0.004 

1000_10 0.929 0.067 0.004 
1000_12 0.912 0.084 0.004 
1000_14 0.935 0.063 0.002 
1000_16 0.899 0.095 0.005 
1000_18 0.786 0.202 0.012 
1000_20 0.856 0.142 0.002 
1000_22 0.852 0.145 0.003 
1000_24 0.788 0.202 0.009 
599_1 0.956 0.044 0.000 
559_3 0.992 0.008 0.000 
599_5 0.983 0.017 0.000 
599_7 0.970 0.029 0.000 
599_9 0.988 0.012 0.000 
599_11 0.962 0.037 0.000 
599_13 0.947 0.053 0.000 
599_15 0.964 0.036 0.000 
599_17 0.944 0.056 0.000 
599_19 0.866 0.134 0.000 
599_21 0.950 0.050 0.000 
599_23 0.907 0.093 0.000 
599_25 0.900 0.100 0.000 
599_27 0.918 0.082 0.000 
599_29 0.898 0.102 0.000 
599_31 0.944 0.056 0.001 

601_1+2 0.973 0.027 0.000 
601_4+5 0.983 0.016 0.000 
601_7+8 0.994 0.006 0.000 
601_10 0.994 0.006 0.000 

601_12+13 0.994 0.006 0.000 
601_15 0.991 0.009 0.000 
601_17 0.985 0.012 0.003 
601_19 0.990 0.010 0.000 
601_21 0.974 0.026 0.000 
601_23 0.987 0.012 0.001 
601_25 0.995 0.004 0.000 
601_27 0.995 0.005 0.001 
601_29 0.991 0.009 0.000 
601_31 0.983 0.016 0.000 
601_33 0.996 0.004 0.001 

578_1+2 0.976 0.024 0.001 
578_4 0.957 0.042 0.000 
578_6 0.984 0.016 0.000 
578_8 0.984 0.015 0.001 
578_10 0.974 0.026 0.000 
578_12 0.968 0.031 0.001 
578_14 0.876 0.122 0.001 
578_16 0.942 0.050 0.007 
578_18 0.914 0.085 0.001 
578_20 0.893 0.105 0.002 
578_22 0.842 0.157 0.001 
578_24 0.942 0.058 0.001 
578_26 0.937 0.062 0.001 
578_28 0.943 0.056 0.001 
578_30 0.949 0.051 0.000 
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Table 4.D4 Posterior probabilities (%) of classification of unknown consumer samples within end-
member groups, based on the LDA model. 

ID Aut.bacteria + algae Het.bacteria Vasc.plants 
C1 0.959 0.040 0.001 
C2 0.966 0.033 0.001 
C3 0.969 0.030 0.001 
C4 0.020 0.980 0.000 
C5 0.959 0.033 0.009 
C6 0.465 0.079 0.456 
C7 0.503 0.196 0.301 
C8 0.464 0.145 0.391 
C9 0.834 0.072 0.094 

C10 0.971 0.015 0.014 
C11 0.912 0.013 0.075 
C12 0.956 0.039 0.005 
C13 0.961 0.034 0.005 
C14 0.966 0.033 0.001 
C15 0.729 0.038 0.233 
C16 0.612 0.088 0.300 
C17 0.416 0.142 0.442 
C18 0.273 0.078 0.649 
C19 0.873 0.081 0.046 
C20 0.922 0.036 0.042 
C21 0.941 0.054 0.005 
C22 0.861 0.056 0.083 
C23 0.958 0.032 0.011 
C24 0.950 0.039 0.011 
C25 0.910 0.085 0.005 
C26 0.976 0.020 0.004 
C27 0.958 0.040 0.002 
C28 0.964 0.035 0.001 
C29 0.957 0.042 0.001 
C30 0.867 0.132 0.001 
C31 0.678 0.138 0.183 
C32 0.605 0.160 0.236 
C33 0.533 0.260 0.207 
C34 0.812 0.170 0.018 
C35 0.978 0.021 0.001 
C36 0.961 0.030 0.010 
C37 0.925 0.044 0.031 
C38 0.972 0.027 0.001 
C39 0.985 0.014 0.001 
C40 0.957 0.041 0.002 
C41 0.975 0.023 0.002 
M1 0.852 0.125 0.023 
M2 0.860 0.117 0.023 
Z1 0.906 0.089 0.005 
Z2 0.973 0.026 0.001 
Z3 0.981 0.018 0.001 
Z4 0.938 0.061 0.001 
Z5 0.937 0.059 0.004 
Z6 0.809 0.158 0.033 
Z7 0.927 0.069 0.004 
Z8 0.849 0.133 0.018 

FH1 0.994 0.000 0.006 
FC1 0.982 0.009 0.009 
FP1 0.943 0.056 0.001 
FP2 0.936 0.063 0.001 
FP3 0.953 0.044 0.003 
P1 0.994 0.000 0.005 
P2 0.932 0.005 0.063 
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Table 4.D5 Posterior probabilities (%) of classification of unknown particulate organic matter samples 
within end-member groups, based on the LDA model. 

ID Aut.bacteria + algae Het.bacteria Vasc.plants 
OM1 0.778 0.185 0.038 
OM2 0.936 0.063 0.000 
OM3 0.780 0.209 0.011 
OM4 0.883 0.110 0.007 
OM5 0.000 0.000 1.000 
OM6 0.003 0.000 0.997 
OM7 0.000 0.000 1.000 
OM8 0.000 0.000 1.000 
OM9 0.000 0.000 1.000 
OM10 0.000 0.000 1.000 
OM11 0.000 0.000 1.000 
OM12 0.000 0.000 1.000 
OM13 0.000 0.000 1.000 
OM14 0.000 0.000 1.000 
OM15 0.000 0.000 1.000 
OM16 0.000 0.000 1.000 
OM17 0.000 0.000 1.000 
OM18 0.000 0.000 1.000 
OM19 0.000 0.000 1.000 
OM20 0.000 0.000 1.000 
OM21 0.000 0.000 1.000 
OM22 0.000 0.000 1.000 
OM23 0.000 0.000 1.000 
OM24 0.000 0.000 1.000 
OM25 0.000 0.000 1.000 
OM26 0.000 0.000 1.000 
OM27 0.000 0.000 1.000 
OM28 0.000 0.000 1.000 
OM29 0.000 0.000 1.000 
OM30 0.002 0.000 0.998 
OM31 0.002 0.000 0.998 
OM32 0.000 0.000 1.000 
OM33 0.003 0.000 0.997 
OM34 0.007 0.000 0.993 
OM35 0.009 0.000 0.991 
OM36 0.000 0.000 1.000 
OM37 0.000 0.000 1.000 
OM38 0.002 0.000 0.998 
OM39 0.002 0.000 0.998 
OM40 0.000 0.000 1.000 
OM41 0.000 0.000 1.000 
OM42 0.001 0.000 0.999 
OM43 0.001 0.000 0.999 
OM44 0.000 0.000 1.000 
OM45 0.000 0.000 1.000 
OM46 0.000 0.000 1.000 
OM47 0.003 0.000 0.997 
OM48 0.000 0.000 1.000 
OM49 0.000 0.000 1.000 
OM50 0.000 0.000 1.000 
OM51 0.001 0.000 0.999 
OM52 0.000 0.000 1.000 
OM53 0.000 0.000 1.000 
OM54 0.000 0.000 1.000 
OM55 0.000 0.000 1.000 
OM56 0.000 0.000 1.000 
OM57 0.000 0.000 1.000 
OM58 0.152 0.000 0.848 
OM59 0.234 0.002 0.764 
OM60 0.014 0.004 0.982 
OM61 0.391 0.002 0.607 
OM62 0.001 0.000 0.999 
OM63 0.015 0.000 0.985 
OM64 0.255 0.001 0.744 
OM65 0.075 0.001 0.924 
OM66 0.001 0.000 0.999 
OM67 0.022 0.000 0.978 
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ID Aut.bacteria + algae Het.bacteria Vasc.plants 
OM68 0.032 0.000 0.968 
OM69 0.940 0.001 0.059 
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