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1 | INTRODUCTION

The oceanic whitetip shark, Carcharhinus longimanus, is a large pelagic

predator that occurs in global tropical oceans (Bonfil et al., 2008;
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Abstract

The oceanic whitetip shark, Carcharhinus longimanus, is a highly migratory, epipelagic
top predator that is classified as critically endangered. Although this species is widely
distributed throughout the world's tropical oceans, its assumed mobility and pelagic
behavior limit studies to derive required lifetime data for management. To address
this data deficiency, we assessed variation in the habitat use of C. longimanus by oce-
anic region and over ontogeny through time series trace element and stable isotope
values conserved along the vertebral centra (within translucent annulus bands) of
13 individuals sampled from the central and eastern Pacific Ocean. Elemental ratios
of Mg:Ca, Mn:Ca, Fe:Ca, Zn:Ca, and Ba:Ca varied significantly among individuals from
both sampling regions while principal component analysis of combined standardized
elements revealed minimal overlap between the two areas. The limited overlap was
also in agreement with stable isotope niches. These findings indicate that
C. longimanus exhibit a degree of fidelity to sampling regions but also connectivity in
a proportion of the population. The relatively stable Sr:Ca ratio supports its occur-
rence in oceanic environments. The decreasing trends in Ba:Ca, Mn:Ca, and Zn:Ca
ratios, as well as in carbon and nitrogen isotope values along vertebral transects, indi-
cate that C. longimanus undergo a directional habitat shift with age. Combined ele-
mental and stable isotope values in vertebral centra provide a promising tool for
elucidating lifetime data for complex pelagic species. For C. longimanus, management
will need to consider subpopulation movement behavior in the Pacific to minimize
the potential for localized depletions. Further work is now required to sample individ-
uals across the entire Pacific and to link these findings with genetic and movement

data to define population structure.
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Young & Carlson, 2020). Due to its longevity, late maturity, and low
fecundity, this species is sensitive to population declines tied to habi-
tat loss, climate change, and fishing pressure (Worm et al., 2013;

Young & Carlson, 2020). As a result, C. longimanus has been listed as

J Fish Biol. 2024;1-11.

wileyonlinelibrary.com/journal/jfb

© 2024 Fisheries Society of the British Isles. | 1


https://orcid.org/0000-0002-3686-1967
mailto:ykli@shou.edu.cn
http://wileyonlinelibrary.com/journal/jfb
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjfb.15705&domain=pdf&date_stamp=2024-03-06

SHEN ET AL.

BN ... FISHBIOLOGY |

‘Critically Endangered’ by the International Union for the Conserva-
tion of Nature (IUCN) and is protected globally under Appendix Il of
the Convention on International Trade in Endangered Species (CITES
since 2013), limiting and regulating trade of this species (Rigby
et al., 2019). It is well recognized that effective conservation and man-
agement of mobile pelagic species requires information on habitat use
at the population level, but also the degree of movement variation
among individuals and oceanic regions (Bird et al., 2018; Fogarty &
Botsford, 2007; Thorrold et al., 2001; Vandeperre et al., 2014). Given
the wide-ranging distribution and complex environment C. longimanus
inhabits, obtaining practical information on its movement ecology
(i.e., habitat use) is prohibitively challenging, and our understanding of
its overall movement and migration dynamics remains relatively lim-
ited (Letessier et al, 2017; Young et al, 2017; Young &
Carlson, 2020).

To date, movement studies using pop-up archival satellite tags
have revealed that C. longimanus, while broadly distributed across
ocean basins, showed variable movement behaviors. Specifically,
some individuals showed fidelity to regions where tagging was under-
taken (Bonfil et al., 2008; Compagno, 2001; Filmalter et al., 2012;
Tolotti et al.,, 2017; Young & Carlson, 2020) while others undertook
more extensive movements (e.g., Hawaii; Musyl et al., 2011). In the
Bahamas, tagged individuals showed seasonal large-scale directional
movements with evidence for philopatry to Cat Island on an annual
basis (Howey-Jordan et al., 2013). These tracking data suggest com-
plex movement behavior depending on the region of occurrence
(ocean basin and region of ocean basin), season as well as body size.
Analysis of mitochondrial DNA further showed evidence for popula-
tion structure of C. longimanus between the Eastern and Western
Atlantic despite its high mobility (Camargo et al., 2016).

While satellite telemetry and genetics/genomics can provide valu-
able insights on animal movement patterns tied with stock connectiv-
ity (Camargo et al., 2016; Dudgeon et al., 2012; Hussey et al., 2015;
Nance et al., 2011; Speed et al., 2010), studies can be limited by high
costs, tag failure, and the need for large sample sizes (Fraser
et al., 2018). Moreover, these methods can pose challenges for highly
mobile pelagic predators that are widely distributed across ocean
basins through the difficulty of tagging sufficient animals
(i.e., individuals of all life stages and both sexes) at appropriate loca-
tions and collecting the necessary tissue samples. Consequently, alter-
native approaches for assessing population-level movements of
pelagic predators, regional connectivity, and shifts in habitat over
ontogeny are required.

Trace element and bulk stable isotope analyses are proven tools
for understanding population structure and tracking animals' life histo-
ries (Arkhipkin, 2005; Livernois et al., 2021; McMillan et al., 2017).
Trace elements (e.g., Sr, Ba) within ambient seawater, for example, are
incorporated into the hydroxyapatite matrix in the vertebral centra of
sharks, as the vertebrae grow concentrically over time (Livernois
et al., 2021; Mason & Adam, 2006; McMillan et al., 2017). Given reab-
sorption is thought to be limited, trace elements are archived in annu-
lar bands and reflect the retrospective habitat and environmental

conditions an individual experiences (Elsdon et al., 2008; Livernois

et al, 2021; McMillan et al., 2017; Smith et al., 2016; Tillett
et al., 2011). Complementary to trace elements, stable carbon and
nitrogen isotope values (63C and 6'°N) are proven intrinsic markers
for elucidating habitat shifts in sharks (Carlisle et al., 2015; Kim
et al., 2012; Madigan et al., 2015, 2021; Shen et al., 2022). The dis-
tinct isotopic composition of primary producers (and associated con-
sumers) across oceanic subregions or even between coastal and
estuarine environments as a result of localized oceanographic and bio-
geochemical regimes, can be used in conjunction with tissue sampling
of predators to identify individual movements between systems
(Madigan et al., 2021; Shipley et al., 2021). Alternatively, serial sam-
pling of metabolically inert accretionary tissues such as elasmobranch
vertebrae can provide insights into ecological shifts throughout an
individual's entire life (Carlisle et al., 2015; Christiansen et al., 2015;
Estrada et al., 2006; Magozzi et al., 2021). As a result, combined trace
element and stable isotope values archived in vertebrae can be used
to reconstruct habitat use patterns of threatened species to improve
understanding of spatial distribution and connectivity (Hussey
et al., 2012; Smith et al., 2016). These techniques have recently been
applied to characterize movement patterns and determine evidence
for population structure in a few shark species, including the scalloped
hammerhead (Sphyrna lewini), blue (Prionace glauca), and white shark
(Carcharodon carcharias) (Bevacqua et al., 2021; Coiraton et al., 2020;
Estupifidn-Montafio et al., 2018).

The objective of the current study was to evaluate the potential
of a combined trace element and stable isotope approach to assess
variation in movement behavior and population connectivity of
C. longimanus sampled in the central and eastern Pacific Ocean. Spe-
cifically, we (1) evaluated regional residency and potential trans-
habitat exchange of C. longimanus between the central and eastern
Pacific Ocean and (2) assessed age-related variation in habitat use.
This study contributes to assessing the feasibility of integrated trace
element and stable isotope analysis in vertebral centra to understand
the movement ecology of highly mobile and difficult to study pelagic

predators.

2 | MATERIALS AND METHODS

21 | Collection of samples

Between 2010 and 2019, a total of 13 C. longimanus (five males and
eight females, total length ranging from 149 to 242 cm) were col-
lected from the bycatch of Chinese tuna longline vessels operating in
the central and eastern Pacific Ocean. The specimens collected were
divided into two groups according to their sampling sites (group
1 [central Pacific], 5°N to 15°S, 150°W to 70°W and group 2 [eastern
Pacific], 15°N to 10°S, 100°W to 120°W; Figure 1). Biological data
including sex (presence or absence of claspers), maturity stage
assessed according to Stehmann (2002), and total length of each shark
were recorded (Table 1). Vertebrae were collected from the dorso-
anterior section of each animal, between the head and the first dorsal

fin, on board the ship and cleaned of excess tissue before being placed
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FIGURE 1  Sampling sites for Carcharhinus longimanus in the

central and eastern Pacific Ocean collected as bycatch in the Chinese
pelagic longline fishery targeting tuna.

TABLE 1 Total length (TL), age, sex, associated group, and
maturity for each individual sampled in the central (group 1) and
eastern (group 2) Pacific Ocean.

Sample ID  Total length (cm) Age Sex Group Maturity

0Cs-5-11 1726 10 Female 1 Mature
0Cs-6-1 168.0 6 Male 1 Immature
0Cs-8-1 165.6 10 Female 1 Mature
0Cs-8-2 150.0 9 Female 1 Immature
0Cs-9-1 205.5 12 Male 1 Mature
0CS-9-6 173.0 7  Female 1 Immature
0CS-9-9 209.0 11 Male 1 Mature
0Cs-9-11  164.0 8 Female 1 Immature
0Cs-10-1 242.0 13 Female 2 Mature
0Cs-10-2  180.0 8 Female 2 Immature
0CS-34-8  160.3 4  Female 2 Immature
0CS-34-11 169.7 5 Male 2 Immature
0CS-45-5  149.1 6 Male 2 Immature

in self-sealing bags. All vertebrae were then stored at —40°C and

transported to the laboratory for further analysis.

2.2 | Vertebrae preparation

In the laboratory, the nerve arch and connective tissue were removed
and each vertebral section was subsequently dried in an oven at 60°C
for 48 h. Vertebrae were then consecutively polished with 120, 600,
and 1200 um grit sandpaper to optimize the visualization of growth
bands on the sagittal plane as detailed in Shen et al. (2022). Polished
vertebral sections were then rinsed thoroughly under running tap
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FIGURE 2 Photograph of the vertebral section of a 242 cm total
length male Carcharhinus longimanus, estimated to be 15 years old.
The locations of the translucent annulus bands (white points 1-16),
the birthmark (white point 0), and intermediaries and corpus
calcareous are shown.

water and oven-dried for 24 h. The age of each shark was determined
by counting translucent and opaque band pairs in the corpus calcar-
eum of each centrum as per (D'Alberto et al., 2017; Seki et al., 1998),
whereby the birthmark represents age 0. Three individuals indepen-
dently performed readings for each vertebra, and the age was con-

firmed only if all three readers were in agreement (Figure 2).

2.3 | LA-ICP-MS analyses

Laser ablation inductively coupled mass spectrometry (LA-ICP-MS)
was used to measure element concentrations in transects across each
vertebral centra, with a New Wave 213 laser coupled to an Agilent
7700x mass spectrometer. Helium and argon gases were employed as
the carrier and compensation gases, respectively, to adjust sensitivity.
Each sampling point included 30 s of a blank signal and 60 s of the
sampled signal. Prior to data collection, transects were pre-ablated to
remove any potential external contamination. Transects were scanned
at an energy density of 11.9 J/cm?, a speed of 5 um/s, a spot diame-
ter of 40 um, and a frequency of 10 Hz. Glass reference standards
(NIST 610 and MACS-3) were ablated before and after each session
and periodically after every vertebral sample to correct for instrument
drift. Quantitative analysis of element concentrations was performed
using external standard and internal standard methods. ICP-MS-
Data-Cal software was used to process the sampled data offline to
obtain element concentrations. The elements analyzed included ’Li,
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24Mg, >>Mn, &8sy, 137Ba, >?Co, >’Fe, ¢3Cu, ¢°Zn, °Na, and “*Ca. The
ratio of elements to Ca was calculated to normalize raw element

count data to Ca (mmol/mol™2).

24 | Stable isotope analysis
The adjacent side of vertebral centra used for trace element
analysis was then drilled to derive material for stable isotope analysis
as previously reported in Shen et al. (2022). In brief, individual verte-
bral centra were sampled from the birth band to the outer edge using
a micro drill (Microscopes SZ-60-61) with a 0.5 mm drill bit to obtain
vertebral collagen samples ranging from 0.2 to 2.0 mg. For bands
representing <8 years of age, samples were taken from translucent
bands only; for bands >8 years of age that are considerably narrower
in size (i.e., bands become increasingly smaller with age), samples were
taken every two translucent bands (representing two consecutive
years) to ensure sufficient sample size for stable isotope analysis. Each
sample was placed in 1.5 mL of ethylenediaminetetraacetic acid solu-
tion at 0.5 M for a week to remove residual inorganic carbon. Once
completed, samples were rinsed five times with deionized water and
then placed into a drying oven at 60°C for 24 h. The samples (~0.3-
1.5 mg) were weighed into 0.3-mg tin capsules and analyzed with an
IsoPrime 100 isotope ratio mass spectrometer (IsoPrime Corporation)
and a vario IsoPrime cube elemental analyzer (Elementar Analysensys-
teme GmbH).

The isotope composition of samples was expressed as §3C and

85N notation using the following equations:

1Bc/12¢
53C(%0) = <—((13 c //12 C))Samp'e - 1) x 1000

standard

(15N/14N)
515N(%0) = <(15N/14N)53mple 1] x 1000

standard

where %o is parts per thousand, *3C/*2C and *N/**N are the atomic
ratios of °C and *°N in the sample or standard, respectively, and & is
the measure of the heavy-to-light isotope in the sample. The standard
references used were Pee Dee Belemnite (PDB) for carbon and atmo-
spheric N, for nitrogen, respectively. Reference standards
United States Geological Survey (USGS) 24 (—16.049%o) and USGS
26 (53.7%0) were used to quantify *3C and *°N stable isotope values,
respectively. For every tenth sample an organic analytical standard
(protein, —26.98%0 and 5.96%o) was run in triplicate to assess the
within-run precision, and a blank sample was performed every 10 sam-
ples to clear off residual gases. For both 8'°C and &%°N values, the
analytical errors were approximately 0.20%o.

2.5 | Dataanalyses

Prior to statistical analyses, one mean trace element value was calcu-
lated per age band for each individual shark. While this reduces the

amount of information provided by transects, it is necessary to avoid
issues with autocorrelation and lack of independence among data
points (Livernois et al., 2021). Analysis of variance (ANOVA) and
Tukey's test were used to test for differences in element ratios
and stable isotope values among each growth band of individuals sam-
pled from the central and eastern Pacific separately and over the life-
time for each group. Element ratio distributions of individual sharks
were normalized by z-score to reduce the bias of abundant elements
and principal component analysis (PCA) conducted. Niche breadth and
isotopic niche overlap were estimated for sharks from the two sam-
pling groups using the stable isotope Bayesian ellipses method in R
(SIBER, SIAR Package); ellipses (standard ellipse corrected area, SEAc)
were calculated using a covariance matrix to define their shapes and
area. Mean element:Ca ratios (Sr:Ca, Li:Ca, Mg:Ca, Ba:Ca, Zn:Ba, and
Mn:Ca calculated based on raw counts-per-second data [CPS]), mean
stable isotope values (6*°C and &*°N), and individual-level data (time
series element ratios and stable isotopes) were plotted against dis-
tance along the vertebral section (i.e., with increasing age) to visually
and qualitatively compare elemental patterns. All statistical analyses
were performed in SPSS 22.0 and R 4.1.0.

3 | RESULTS

The observed ages of the 13 sharks sampled were between 5 and
15 years (Table 1). A total of 122 and 88 vertebral collagen samples
were analyzed for trace elements and stable isotopes, respectively
(Table 2).

3.1 | Assessing spatial variation in trace elements
and stable isotopes among individuals from the two
sampling regions

Of the trace element ratios measured in sharks sampled from the cen-
tral and eastern Pacific, Sr:Ca ratios were highest (>0.30), followed by
Fe:Ca (>0.01). The elemental ratios of Mg:Ca, Mn:Ca, Fe:Ca, Zn:Ca,
and Ba:Ca in each growth band varied significantly between the two
groups (ANOVA, p < 0.05), while other trace element:Ca ratios exhib-
ited similar results (p > 0.05; Table 2). In terms of stable isotopes, pop-
ulation level 8'°N values were higher and 8'3C values lower in
C. longimanus vertebral centra sampled from the east versus the cen-
tral Pacific, but groups were not statistically different (ANOVA,
p > 0.05; Table 2). PCA analysis indicated there was minimal overlap
in the spatial distribution of normalized trace element ratios for
C. longimanus sampled from the two regions (Figure 3). Principal com-
ponent 1 (PC1) explained 43.9% of the variation among data points,
while PC2 explained 18.1%. The element ratios with the most influ-
ence along PC1 were Fe:Ca, Co:Ca, Cu:Ca, and Sr:Ca (positive load-
ings). Along PC2, Mg:Ca, Ba:Ca, Mn:Ca, Li:Ca, and Zn:Ca exhibited
positive loadings (Figure 3). Overall, mean 62°N values showed over-
lap between groups. In contrast, mean 6'°C values were more discrete
between the two groups, similar to the elemental ratio PCA results,
suggesting differences in regions where sharks foraged (Figure 4). The
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TABLE 2 Stable isotope values and trace element ratios measured in vertebral samples of Carcharhinus longimanus sampled from the central

and eastern Pacific.

Group 1 Group 2
Item Range Mean SD Range Mean SD
Stable isotope (%o)
8t3ce -19.11to —12.70 -14.71 1.43 -17.83to —12.95 -15.61 1.53
&15N? 9.02-14.25 11.73 1.31 9.96-13.7 12.21 0.97
Element:Ca (ppm) x 1073
Li:Ca 0.27-0.76 0.40 0.08 0.29-0.48 0.39 0.05
Mg:Ca 0.18-0.48 0.26 0.06 0.21-0.35 0.29 0.04
Mn:Ca 0.37-10.81 1.88 1.83 0.93-6.06 2.25 1.21
Fe:Ca 17.56-116.93 41.15 26.13 60.37-334.80 137.93 88.99
Co:Ca 0.00-0.05 0.02 0.01 0.01-0.11 0.04 0.03
Cu:Ca 0.02-1.89 0.31 0.32 0.04-1.07 0.33 0.27
Zn:Ca 6.89-34.31 14.85 5.40 2.83-44.59 12.66 8.82
Sr:Ca 344.69-458.36 414.06 23.25 315.06-448.41 409.21 26.34
Ba:Ca 0.15-3.17 0.54 0.38 0.15-6.12 0.99 1.11

3513C and &°N values were previously published in Shen et al. (2022), but are a subset of those data for which corresponding element ratio measurements

were derived. SD, standard deviation.
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FIGURE 3  Principal component (PC) analysis of normalized trace
element:Ca ratios in the vertebral centra of Carcharhinus longimanus,
with sampling regions included as a grouping factor (represented by
color). The dots in this plot are mean data for each individual. PC1 and
2 are represented as the x and y axis, respectively, and the percentage
of the total variation explained by each PC is shown.

estimated isotopic niche size (SEAc) for the two sampling regions
were similar, 5.67%o2 (group 1) and 4.84%02 (group 2), respectively,
with calculated isotopic niche overlap between the two groups of
57% (Figure 4).

16 1
Group 1
© Group 2
14 1
é
Z 12
)
10 1
8 4
-19 -17 -15 -13
8"3C (%o)

FIGURE 4 Differences in the isotopic niche of Carcharhinus
longimanus across two sampling regions within the central and eastern
Pacific. The ellipses represent the estimated 40% standard ellipse area
for each region determined by SIBER analysis.

3.2 | Assessing age-related variation in elemental
signatures and stable isotope values

Plots of element:Ca ratios by age revealed variable elemental patterns
through life that were similar between the two regions (Figures 5 and
S2.). Ba:Ca, Mn:Ca, and Zn:Ca ratios generally decreased with age to
the fifth vertebral section with significant fluctuations observed there-
after (ANOVA, p < 0.05; Figure 5). Mg:Ca ratios generally remained
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FIGURE 5 Ontogenetic element:Ca ratios quantified in the vertebral centra of Carcharhinus longimanus sampled in the central (group 1) and

eastern (group 2) Pacific. Values are mean + standard error for all same-age individuals in each group.

stable, but exhibited more fluctuation after the seventh vertebral
section in group 1 sharks (ANOVA, p < 0.05) relative to those in group
2. Sr:Ca and Li:Ca ratios were stable with age for both groups
(Figure 5).

In terms of stable isotopes, 61°C values showed the greatest vari-
ation between groups with age; mean age-specific 6°C values of
group 1 sharks remained low up to the sixth vertebral section, after
which they increased (Tukey's test, p < 0.05) and then stabilized com-
pared to the relatively consistent 6*3C profile of group 2 (Figures 6
and S2). Mean 6%°N values displayed moderate fluctuations with age
in both sampled groups of sharks (Figure 6). At the individual level, a
degree of partitioning in ontogenetic §1°C values was also evident for
sharks between the two regions, but certain individuals showed high

overlap (Figure S2).

4 | DISCUSSION

Elucidating habitat use patterns is essential for the conservation and
management of pelagic shark species that are endangered or poorly
understood. In this study, we utilized ontogenetic trace elements and
stable isotope values in shark vertebrae to examine habitat use pat-
terns of C. longimanus sampled in the central and eastern Pacific
Ocean. When combined, these data indicate a degree of spatial struc-
ture in C. longimanus sampled from these two regions, although some
individuals showed a high degree of overlap suggesting connectivity.
Furthermore, ontogenetic variation in element and isotope profiles

identified complex movement behaviors that require further

investigation. Our findings demonstrate that a combined trace ele-
ment and stable isotope approach can aid in the conservation of
pelagic shark populations by (i) unraveling the complexities of their
region-ontogenetic habitat requirements and movement patterns, and
(i) directing age-specific focused research based on prominent
element-isotope trends.

41 | Intraspecific spatiotemporal variation

Shark vertebrae are accretionary tissues with material continuously
deposited over the lifetime of an individual, consequently elemental
and stable isotope profiles can be reconstructed to determine ontoge-
netic shifts in habitat-diet use (Christiansen et al., 2015; Livernois
et al., 2021; McMillan et al., 2017; Smith et al., 2016). Experimental
evidence for small elasmobranch species held under captive condi-
tions has previously shown certain elements such as Ba:Ca, Mn:Ca,
and Ba:Ca are regulated by water temperature (Pistevos et al., 2019;
Smith et al., 2013). Equally studies on bull (Carcharhinus leucas) and
white shark (Carcharodon carcharias) vertebrae from wild-caught ani-
mals were able to document short transitions into freshwater and
2011), and
and upwelling histories (Christiansen, 2011), respectively. Conse-

estuarine habitats (Werry et al, indicate feeding
quently, the stable isotope and elemental characteristics of shark ver-
tebrae can be used as an effective tool to discriminate individuals or
groups of animals that have experienced different environments over
their life and is becoming a more common tool in fisheries science
(Campana, 2005; Kerr & Campana, 2014; McMillan et al., 2017).
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FIGURE 6 Ontogenetic 8'3C and 8°N values of Carcharhinus longimanus by vertebral section (age) sampled from the central and eastern

Pacific Ocean (mean * standard error).

Through PCA analysis of standardized trace elemental ratios, it
was possible to distinguish spatial separation of C. longimanus
between two sampling regions, which was partially supported by sta-
ble isotope niche metrics. These spatial differences support the
hypothesis that highly migratory oceanic species such as
C. longimanus may exhibit fidelity to certain regions (Bonfil
et al.,, 2008; Tolotti et al., 2017) that could lead to a degree of popula-
tion structure. Site fidelity and philopatric behavior in C. longimanus
has previously been observed through the application of pop-up satel-
lite archival tags (Howey-Jordan et al., 2013). In addition, low overlap
in trace elemental and stable isotope values between the two sam-
pling regions indicates potential fine-scale movement and residency
dynamics within subregions similar to that observed from short-term
satellite tagging (Tolotti et al., 2017). Interchange in the ontogenetic
stable isotope profiles of some individuals between regions, however,
suggests that trans-Pacific movements occur, but only in a subset of
individuals. Previous research has shown that individual C. longimanus
can undertake transoceanic migrations in the Pacific, including a
movement of 4285 km in 95 days, which was attributed to reproduc-
tion, feeding or favorable oceanographic conditions (Musyl
et al., 2011). The findings reported here for C. longimanus are similar
to those for another pelagic species, the blue shark (Prionace glauca),
whereby individuals undertook large-scale movements (e.g., Sippel
et al., 2011), but stable isotopes indicated limited trans-oceanic con-
nectivity (Madigan et al., 2021). Current understanding of the scales
of C. longimanus movement derived via electronic tagging and/or bio-
chemical tracers (this study) are limited by sample size and require fur-
ther investigation to establish rates of population exchange among

regions in the Pacific.

4.2 | Habitat shifts with age

Pelagic species rely on migration to perform specific life-history needs
(i.e., reproduction or seasonal feeding), but also to disperse to new
habitats (Fogarty & Botsford, 2007; Young et al., 2010). In general, Sr
and Ba are the most commonly used trace elements for inferring fish
habitat shifts while Mg and Mn have also been used in recent years
(Coiraton et al., 2020; McMillan et al., 2017). Sr is not regulated by
organismal physiology and is positively correlated with salinity. In the
current study, Sr:Ca ratios of C. longimanus sampled from the two
regions remained constant throughout ontogeny, suggesting a persis-
tent oceanic life history tied to the tropical epipelagic zone, as would
be expected (Young & Carlson, 2020). The decreasing and then fluctu-
ating trend in Ba:Ca, Mn:Ca, and Zn:Ca ratios of all individuals with
age could imply a habitat shift tied to temperature at depth and/or lat-
itude (McMiillan et al., 2017; Mohan et al., 2018), but contrast the con-
stant trends recorded for Li:Ca and Mg:Ca. As an ectothermic species,
C. longimanus preferentially inhabits a temperature range of 24-26°C
(Young & Carlson, 2020) and while this species undertakes deep div-
ing (Backus et al., 1956; Howey et al., 2016; Tolotti et al., 2017), it
likely limits the duration of deep-water dives to regulate body temper-
ature (Watanabe et al., 2021). Consequently, limited change in Li and
Mg concentrations in C. longimanus may be attributed to this behavior,
suggesting variability in other elements (i.e., Ba, Mg, and Mn) is indica-
tive of other environmental factors. Ba:Ca ratios, for example, have
been linked to the intensity of oceanic upwelling (Christiansen, 2011),
while Mn has been tied to dissolved oxygen levels through recording
increased concentrations in hypoxia-exposed organisms (Mohan
et al., 2018). Ultimately, the observed decreasing and then fluctuating
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trends in Ba:Ca, Mn:Ca, and Zn:Ca ratios suggest either complex direc-
tional movement behavior associated with age or elevated Ba, Mn, and
Zn concentrations in early life due to maternal offloading, as previously
seen in shark embryos' vertebrae (Coiraton & Amezuca, 2020).

Recent evidence has shown that Mg concentrations in pelagic
fishes are influenced by diet and growth processes (Hissy
et al., 2020; Mathews & Fisher, 2009). While there is limited and
mostly qualitative information on the diet of C. longimanus, studies
report squid and teleost as the main prey (Backus et al, 1956;
Cortés, 1999), including the consumption of large pelagic species
(Madigan et al., 2015). It is possible that either the opportunistic feed-
ing behavior of C. longimanus or the resolution of sampling
(i.e., averaged annual data) dilute the trend of these two element
ratios. However, it is important to note that the lack of information
regarding the physiological and biological controls of trace element
uptake in shark vertebrae limits our ability to make definitive conclu-
sions about diet and habitat use tied to trends in specific elements.

The 5%3C and &%°N values recorded in shark vertebrae have been
shown to correspond to habitat and diet changes over ontogeny
(Carlisle et al., 2015; Christiansen et al., 2015; Kim et al., 2012). In this
study, the §*3C values of group 1 individuals remained stable at first
and then increased after the sixth vertebral section. This increase in
83C values matched significant fluctuations in Ba:Ca, Mn:Ca, and
Zn:Ca ratios after the seventh vertebral section, suggesting a clear
habitat shift. Generally, 8'°C values across the Pacific Ocean have
been shown to systematically vary as a function of latitude/longitude
tied to productivity, local currents, and upwelling (Arnoldi et al., 2023;
Ohshimo et al., 2019). The increasing 813C values after the sixth ver-
tebral section in C. longimanus may therefore be linked to maturity,
resource requirements, and habitat needs for mating, gestation, and
pupping. The fact that group 2 sharks did not exhibit this marked shift
in 81°C values may suggest the two groups inhabit different regions
during this life stage.

For 8N, while there was some variation over ontogeny, there
was no clear size-based trend for either group. This contrasts with
C. longimanus from the north Atlantic, where a nonsignificant but
overall positive trend was observed with body size based on plasma
and muscle tissue isotope values (Madigan et al., 2015). It is likely that
annual isotope values (i.e., one season) derived from vertebral bands
do not reflect true variation in diet as revealed by faster turnover tis-
sues such as plasma. Moreover, the observation of variable, but not
directional 8'°N values over ontogeny matches that recorded for five
pelagic shark species sampled from the same region (Li et al., 2024).
This provides further evidence that pelagic sharks may not undergo
such strong body-sized shifts in diet as noted for coastal species and
opportunistic foraging in the pelagic environment leads to consump-
tion of small and large prey across multiple trophic levels. We also
accept that our sample size was relatively small and increased sam-
pling may reveal more defined relationships.

This study used an integrated biochemical tracer approach to
examine if C. longimanus exhibited fidelity to ocean regions and
to quantify ontogenetic shifts in habitat-diet with age. Despite the
potential of retrospective stable isotope profiles in elasmobranch

vertebrae to achieve this (data presented here for a pelagic shark;
Carlisle et al., 2015; Christiansen et al., 2015; Kim et al., 2012), the
mechanisms underlying stable isotope uptake in the vertebral matrix
remain poorly understood (Magozzi et al., 2021). Equally, while trends
in elemental concentrations have been shown to vary predictably with
environmental variables (lkeda et al., 1996; Scharer et al., 2012),
understanding the environmental, physiological, and biological con-
trols of trace element uptake in elasmobranch vertebrae requires
extensive investigation (McMillan et al., 2017). As a result, more stud-
ies are necessary to determine the factors regulating element and sta-
ble isotope uptake in shark vertebrae under controlled conditions, for
example using captive individuals in carefully controlled environments
fed known diets that are manipulated over set timeframes. Neverthe-
less, marked changes in element ratios/stable isotope values in shark
vertebrae over ontogeny indicate habitat-diet shifts and therefore
provide a guide to size-specific transitions that can be further investi-
gated using telemetry (Hussey et al., 2015) and additional approaches
(i.e., molecular genetics; Dudgeon et al., 2012).

5 | CONCLUSIONS

Despite limited understanding of physiological regulation and element
incorporation in shark hard tissues, the use of vertebral microchemis-
try and stable isotopes provided valuable coarse-scale movement
information for a highly threatened pelagic shark throughout ontog-
eny. Specifically, this study revealed that C. longimanus shows plastic-
ity in movement patterns in the central and eastern Pacific Ocean,
with fidelity to region of sampling but also movement connectivity in
a subset of the population. In addition, the species' life history may
involve a complex habitat shift potentially tied to mating or exploiting
abundant food resources to support growth and reproduction, but this
shift is region specific. Future research should use non-lethal bio-
chemical sampling, electronic tags, and fishery-dependent data across
the Pacific to further explore population structure and compare onto-
genetic movement/habitat profiles. Moreover, identified group- and
age-specific shifts in habitat use can now guide targeted electronic
tagging of individuals to ascertain more detailed movement behaviors

in both horizontal and vertical dimensions.
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