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Abstract
Objective: Understanding the spatial connectivity of elasmobranch populations 
is critical for regional fisheries management. The Blacktip Shark Carcharhinus 
limbatus is abundant in coastal waters of the Gulf of Mexico (GoM) and impor-
tant in recreational and commercial fisheries. Based on genetic and tagging stud-
ies, GoM Blacktip Sharks are currently managed under separate quotas between 
the eastern and western GoM (divided at 88°W), but no studies have used verte-
bral chemistry to assess the population structure of adult Blacktip Sharks.
Methods: We compared vertebral elemental signatures (barium [Ba], magne-
sium [Mg], manganese [Mn], strontium [Sr], and zinc [Zn]) for the first year of 
life with last occupied habitats (vertebral edges) in Blacktip Sharks collected from 
the western (Texas and Louisiana) and eastern (Alabama and Florida) coastal 
waters of the northern GoM.
Result: We found significant regional differences in Ba, Mg, Mn, and Sr vertebral 
edge signatures, suggesting ecological separation of Blacktip Sharks. Significant 
correlation between first-year and edge signatures suggested a high degree of resi-
dency between life stages. Cross-validated discriminant function analyses yielded 
highest regional classification accuracies when Florida sharks were grouped 
separately west of 88°W (90%), demonstrating the unique elemental signatures 
of eastern versus western GoM Blacktip Sharks under current management 
delineations.
Conclusion: Combined, these findings demonstrate that trace element markers 
can distinguish regional populations of Blacktip Sharks and provide a compli-
mentary approach in addition to genetics and physical tagging to support current 
stock management efforts.
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INTRODUCTION

Knowledge of spatial ecology—particularly population 
connectivity—is central to elasmobranch (shark, skate, 
and ray) management efforts (Bonfil  1997; Fogarty and 
Botsford 2007; Simpfendorfer et al. 2011). An understand-
ing of region-specific demographics is particularly crucial 
for managing species with complex genetic and popula-
tion structures (Policansky and Magnuson  1998). Shark 
tagging studies provide valuable high-resolution data on 
individual movements that have traditionally been used 
to understand population distributions. However, data 
interpretation is often limited by variable tag deployment 
times. Similarly, genetic studies of population connectiv-
ity are helpful in summarizing spatial patterns of gene 
flow (Hedgecock et al. 2007). However, methods capable 
of tracking habitats that are occupied throughout ontog-
eny, which tagging and genetic studies cannot provide, are 
needed (e.g., Speed et al. 2010).

The Blacktip Shark Carcharhinus limbatus is a rec-
reationally and commercially important shark species 
found throughout coastal waters of the southeastern 
United States and Gulf of Mexico (GoM; Cortés and 
Baremore 2012; Southeast Data, Assessment, and Review 
[SEDAR] 2018). They are highly mobile and make large-
scale coastal migrations (Kohler and Turner  2019), but 
they form separate stocks between the western North 
Atlantic Ocean and the GoM and are consequently man-
aged in two groups under Southeast Data, Assessment, 
and Review. However, historical mark–recapture data 
from the National Marine Fisheries Service (Kohler and 
Turner 2019) and mitochondrial DNA analyses (Keeney 
et  al.  2005) show little exchange of sharks between the 
eastern and western GoM. As such, the most recent GoM 
assessment (SEDAR  2012) recommended that future 
assessments should consider and evaluate the eastern 
and western GoM sharks as different stocks divided at 
88° W, a meridian that is frequently used by managers to 
delineate stocks in the GoM. Currently, Blacktip Sharks 
are managed under two different quotas between the 
eastern and western GoM (National Marine Fisheries 
Service  2022). The most recent estimated commercial 
landings for Blacktip Sharks west of 88° W was 226 met-
ric tons compared to estimated landings of 10.2 metric 
tons for Blacktip Sharks east of 88° W (National Marine 
Fisheries Service  2022). The high quantity of Blacktip 
Shark landings in the GoM necessitates sustainable man-
agement efforts to ensure stability and prevent overex-
ploitation. However, few studies to date have assessed the 
extent of spatial connectivity across multiple regions of 
the GoM for Blacktip Sharks.

Trace element analysis of elasmobranch vertebrae 
is increasingly used in studies of spatial connectivity. 

Elasmobranch vertebrae are composed of calcified carti-
lage encased in a protein membrane that is mineralized 
by calcium phosphate hydroxyapatite crystals (Urist 1976; 
Dean and Summers 2006). Trace elements from the diet 
and the surrounding water enter the blood plasma via 
the gills, skin, intestines, and kidneys (Pentreath  1973; 
Dacke 1979) and are incorporated within the vertebral or-
ganic matrix as the centra grow radial concentric bands 
(Dean and Summers 2006). Unlike other biogenic apatites, 
elasmobranch hydroxyapatite does not undergo remodel-
ing or resorption over time; thus, the chemical history of 
biomineralization can be assessed for environmental and/
or ecological proxies of habitats occupied over the shark's 
lifetime (Ashhurst 2004; Dean et al. 2015). Consequently, 
elemental signatures can act as natural environmental 
proxies that may be used to study ecological population 
connectivity (Tillett et al. 2011; Lewis et al. 2016; Smith 
et al. 2016).

Vertebral elemental analysis has also been employed 
to study elasmobranch stock structure (Schroeder 
et  al.  2010; McMillan et  al.  2017a, 2017b), natal ori-
gin (Lewis et  al.  2016; TinHan et  al.  2020; LaFreniere 
et al. 2023), age determination (Scharer et al. 2012; Mohan 
et al. 2018; Coiraton et al. 2019), age-related movements 
(Smith et al. 2016; Coiraton et al. 2020), ontogenetic hab-
itat shifts (Livernois et  al.  2021), and habitat use (Izzo 
et al. 2016; Feitosa et al. 2021; Brodbeck et al. 2023; Mohan 
et al. 2023). Both essential (i.e., magnesium [Mg], manga-
nese [Mn], and zinc [Zn]) and non-essential (i.e., barium 
[Ba] and strontium [Sr]) trace elements have proven use-
ful in these studies. The uptake of essential trace elements 
into the blood and vertebrae is believed to be controlled 
by diet and physiological pathways, whereas non-essential 
trace elements are considered as proxies for environmen-
tal conditions, such as salinity and temperature (Smith 
et al. 2013; Pistevos et al. 2019). When combined, multi-
element signatures can provide powerful classification 
tools for studies of population connectivity and stock sep-
aration (McMillan et al. 2017a, 2017b; Coiraton et al. 2020; 

Impact statement

Stocks of Blacktip Sharks are managed under 
separate quotas in the eastern and western Gulf 
of Mexico. In this study, elemental signatures in 
mineralized vertebral cartilage of Blacktip Sharks 
confirm ecological population separation. Natural 
chemical tags in shark vertebrae offer an addi-
tional tool to characterize population connectivity 
and stock delineation for highly migratory shark 
species.
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Sanchez et  al.  2020). As individuals in populations are 
exposed to the same water chemistries, eat similar prey, 
and experience similar physiological controls, their ver-
tebrae should incorporate comparable, region-specific 
elemental signatures (McMillan et  al.  2017a, 2017b). 
Chemical signatures at the vertebral edge correspond to 
the known spatial and temporal point of capture, reflect-
ing the shark's most recent habitat use (Smith et al. 2016; 
Coiraton et al. 2020), whereas signatures isolated from the 
first year of life can be used to investigate residency over 
ontogeny (Izzo et al. 2016). Together, these stage-specific 
life records can be used to assess and delineate boundar-
ies between groups of spatially distinct and/or connected 
populations.

In this study, we assessed multi-elemental vertebral 
signatures as spatial markers of juvenile (first year of 
life) and capture locations to characterize Blacktip Shark 
population connectivity in the western and eastern re-
gions of the northern GoM (nGoM). We evaluated (1) 
the efficacy of vertebral edge signatures as discrimina-
tors of capture region and the potential to successfully 
assign Blacktip Sharks to their region of capture and (2) 
the consistency of edge and first-year signatures for elu-
cidating residency.

METHODS

Sample collection and preparation

Blacktip Sharks from the nGoM were collected through 
recreational and commercial fishing and via fishery-
independent surveys along the Texas, Louisiana, 
Alabama, and Florida coasts between May and 
September (except Louisiana sharks, which were landed 
in early February) from 2020 to 2021 (n = 117; Figure 1). 
Each shark was sexed and measured for precaudal 
length, fork length (FL), and total length (TL) to the 
nearest centimeter, with FL ranging from 51.6 to 162 cm 
(average ± standard deviation = 117 ± 19 cm FL; Table 1; 
Figure 2). Of the 32 individuals collected from Texas, 19 
lacked FLs; thus, TL-to-FL conversions for these sharks 
were estimated from the linear relationship between 
TL and FL for 455 fully measured individuals (males: 
r2 = 0.97; females: r2 = 0.99). As part of a long-term 
tagging and sampling effort, one male shark that was 
captured on October 30, 2006, and injected with oxytet-
racycline (OTC) to mark the vertebrae was recaptured 
14.5 years later (on June 28, 2021; Table  2). Based on 
visible band pair identification, that shark was caught 

F I G U R E  1   Map of sample collection regions for Blacktip Sharks in the northern Gulf of Mexico (GoM). Circles represent the area of 
collection, and numbers indicate the sample size of vertebrae collected from each region, with colors corresponding to each state. The gray 
dashed line represents the 88° W line of longitude, which is the meridian currently used by managers to delineate Blacktip Shark stock 
structure in the GoM. AL, Alabama; FL, Florida; LA, Louisiana; TX, Texas.
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during the first year of life. Since the time at liberty was 
known, this vertebral sample allowed for validation of 
time and habitat occupation during the shark's first year 
of life.

Vertebral centra were isolated from the vertebral col-
umn of sample specimens with a scalpel. Hemal and 
neural arches as well as excess tissue were also removed. 
Centra were air-dried and then sectioned longitudinally 
using a Buehler IsoMet 1000 low-speed circular saw 

with a diamond wafering blade to obtain 1-mm-thick 
“bow tie”-shaped cross sections. Bow tie halves were af-
fixed to petrographic slides using thermoplastic cement 
(Crystalbond).

Elemental data collection and analysis

Vertebral elemental concentrations in the direction of 
radial (outward) growth were determined by laser abla-
tion–inductively coupled plasma–mass spectrometry 
(LA-ICP-MS). Elemental concentrations in the direction 
of radial growth were quantified using an ESI NWRI93 
excimer LA system (193 nm; 4-ns pulse width) coupled 
to an Agilent 7500ce ICP-MS at the Jackson School of 
Geosciences, University of Texas at Austin. After preabla-
tion (125-μm spot; 100-μm/s scan rate; 4.2-J/cm2 fluence) 
to remove shallow surface contaminants, corpus calcar-
eum transects beginning at the vertebral focus and ending 
at the marginal edge were performed on each specimen by 
using a 25- × 100-μm rectangular aperture, with the long 
axis maintained parallel to concentric Liesegang growth 
lines (Dean et al. 2015); a 25-μm/s scan rate; 4.45 ± 0.05-J/
cm2 fluence; a 15-Hz repetition rate; and carrier gas flows 
of 0.8 L/min for argon and 0.8 L/min for helium. The quad-
rupole time-resolved methods measured 10 masses with 
integration times of 10 ms (24Mg, 25Mg, 43Ca, 44Ca, 55Mn, 
and 88Sr) and 20 ms (7Li, 63Cu, 66Zn, and 138Ba). Measured 
intensities were converted to elemental concentrations 
(μg/g) using Iolite software (Paton et al. 2011), with 43Ca 
as the internal standard and a Ca index value of 35wt% 
(Mohan et al. 2018; Livernois et al. 2021). U.S. Geological 
Survey (USGS) MAPS-4 (synthetic bone) was used as 
the primary calibration standard. National Institute of 
Standards and Technology (NIST) 612 and USGS MACS-3 
were used as external reference standards. The derived 
elemental time series were smoothed by consecutive 
moving median and average filters using a 7-point box-
car width (28-μm equivalent distance). Time series were 
converted to distance (μm) from the core based on scan 
rate and duty cycle.

Following LA-ICP-MS analysis, digital images of in-
dividual vertebral centra were obtained using transmit-
ted light on a Leica dissecting microscope fitted with a 
digital camera (Leica Microsystems). Vertebral laser 
transect distances (μm) were measured in triplicate from 
digital images by using ImageJ version 1.53a (Schneider 
et  al.  2012), and the mean distance was used in subse-
quent analyses. Prenatal data were excluded from analy-
sis, and the birth band location was used as the starting 
point of each adjusted transect. The birth band was de-
fined as a pronounced change in angle in the interme-
dialia and was formed on an arbitrary birth date of May 1 

T A B L E  1   Collection region, total sample size, sample size by 
sex (F = female; M = male), and average fork length (±standard 
deviation [SD]) for Blacktip Sharks in the present study. nGOM, 
northern Gulf of Mexico.

Region Total F M

Average 
fork length 
(cm; ±SD)

Western nGoM 68 42 26 118 ± 19

Texas 32 22 10 113 ± 15

Louisiana 36 20 16 121 ± 10

Eastern nGoM 49 25 24 115 ± 21

Alabama 28 14 14 105 ± 18

Florida 21 11 10 128 ± 17

Total 117 66 51 117 ± 19

F I G U R E  2   Fork lengths (cm) for 117 Blacktip Sharks collected 
in the northern Gulf of Mexico. AL, Alabama; FL, Florida; LA, 
Louisiana; TX, Texas. The line within each box represents the 
respective median value; top and bottom box ends represent the 
third and first quartile, respectively; whisker ends represent the 
largest and smallest values within 1.5 times the interquartile range 
above and below the third and first quartiles; open circles represent 
individual data points.
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(Carlson et al. 2006). Adjusted transects thus ran from the 
birth band to the exterior edge of the vertebra.

To isolate elemental signatures from the first year of 
life, transect data from the birth mark to the end of the 
first growth band were used. To characterize elemental 
signatures from the regional collection site at the end of 
adult life, transect data from the start of the last visible 
growth band to the marginal edge were used. Elemental 
concentrations from these transect segments were aver-
aged to characterize first-year and edge (i.e., capture loca-
tion) life stages (Figure 3). The use of average values here 
avoided the common complexities of time series analysis, 
such as autocorrelation and a lack of independence.

Statistical analysis

Univariate normality of elemental concentrations was as-
sessed using the Shapiro–Wilk test of normality. Average 
elemental concentrations for Mg, Mn, and Zn edge signa-
tures and Sr first-year signatures did not meet normality 
assumptions. For consistency and ease of analysis, these 
data were not transformed and nonparametric tests were 
instead used for all statistical analyses.

Sharks were assigned to three groups to test three 
predictions. First, sharks were grouped according to the 
state of collection (hereafter, “state”). Second, sharks 

were separated into two groups, with a split at 88° W 
(hereafter, “west/east”). Third, Florida sharks were com-
pared to all remaining sharks (hereafter, “west/Florida”). 
To explore variability and visualize how the elemental 
concentrations in vertebrae differed among regions, edge 
signatures in all individuals were first reduced to two 
principal components (PC1 and PC2) and multi-element 
principal components analyses (PCAs) were conducted 
using the prcomp function within the stats package 
in RStudio (R Core Team  2024) by using region as the 
grouping variable. We constructed PCA biplots for each 
of the three regional grouping types. Differences among 
regions in single-element vertebral first-year and edge 
signatures were assessed with a Kruskal–Wallis test and 
a pairwise Wilcoxon's multiple comparison post hoc test. 
Quadratic discriminant function analysis (QDFA) was 
used to evaluate the ability of vertebral edge signatures 
(Ba, Mg, Mn, Sr, and Zn) to distinguish between regional 
collection sites using the caret package in RStudio (R 
Core Team 2024). Group classification accuracy was as-
sessed using a leave-one-out jackknife procedure. We 
conducted QDFA for each regional grouping type to 
gauge shifts in classification accuracy across multiple 
spatial scales. Spearman's correlation analysis was per-
formed to test whether significant relationships existed 
between first-year and edge signatures for each element 
pooled across all states. A separate Spearman's correla-
tion analysis was conducted between state-specific first-
year and edge signatures.

RESULTS

Average elemental signatures among Blacktip Shark ver-
tebrae are reported in Tables  S1 and S2 (available in the 
Supplement separately online). For the overall study data 
set, average elemental concentrations between first-year 
and edge values were comparable (within 1 standard de-
viation) and increased from tens of micrograms per gram 
(Ba < Zn < Mn) to thousands of micrograms per gram 
(Sr < Mg). Elemental signatures, particularly those of Sr 
and Ba, from the OTC-validated tag–recapture individual 
showed little change between the first year of life and the 
edge (Table  S3). Differences among multi-element com-
position in edge signatures were found among the four 
states (Figure 4). In the state-specific grouping PCA, PC1 

T A B L E  2   Tag and recapture details for an oxytetracycline-injected male Blacktip Shark that was at liberty in the northern Gulf of 
Mexico for 14.5 years. (This shark was tagged and recaptured by J.M.D).

Event Date Fork length (cm) Weight (kg) Stage Latitude Longitude

Tagging Oct 30, 2006 67 3.5 Immature 30.17883 −88.4702

Recapture Jun 28, 2021 115 18 Mature 30.25288 −87.9925

F I G U R E  3   Sagittal cross section of a Blacktip Shark vertebra, 
depicting the laser path (red dashed line) and the locations of the 
first-year and edge signatures isolated from the laser path.
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explained 33.6% of the variation whereas PC2 explained 
less variation (26.9%). Elements with the most influence in 
PC1 with positive loading were Mg, Mn, and Zn. Barium 
showed negative loadings for PC2. Separation between 
states was not clearly defined, with a large amount of over-
lap for the Louisiana ellipse. The Florida ellipse showed 
the most prominent separation of the four states. Under 
the west/east grouping, PC1 and PC2 explained 33.2% and 
29.1% of the variability, respectively. Strontium showed the 
most influence in PC2, with negative loading. Under the 
west/Florida grouping, PC1 explained 32.8% of the vari-
ability whereas PC2 explained 28.6% of the variability. The 
corresponding biplot showed the least amount of overlap 
between ellipses, with Sr showing strong negative loading 
in PC2.

Lengths of first-year signature intervals among individ-
uals averaged 1887 ± 376 μm. Average Ba, Mg, Mn, and Sr 
concentrations showed distinct separation between states, 
particularly for Florida sharks (Figure 5). Vertebral edge 
length measurements averaged 291 ± 221 μm among in-
dividuals and showed significant regional differences in 
average concentrations of Ba, Mg, Mn, and Sr (Figure 6). 
Notably, Louisiana and Alabama showed elevated edge Mn 
concentrations (~25–50 μg/g) in comparison with Texas 
(~25–30 μg/g) and Florida (~5–25 μg/g). Average Sr edge 
signatures were constant throughout Texas, Alabama, and 
Louisiana (~1500–1800 μg/g) and were relatively elevated 
in Florida (~1700–1800 μg/g). Average edge Ba showed a 
decline in concentration, with the lowest concentrations 
being observed in Florida (~4–8 μg/g).

F I G U R E  4   Visualized principal components analysis for edge signatures of Blacktip Sharks by region: (A) state-specific grouping, 
(B) west/east grouping, and (C) west/Florida grouping. Principal components 1 and 2 (PC1 and PC2) are represented as the x- and y-axes, 
respectively. The percentages of total variation explained by PC1 and PC2 are given in parentheses. Arrows represent the loading for each 
labeled element. The percentage in the top right-hand corner of each plot indicates the jackknifed classification accuracy. AL, Alabama; FL, 
Florida; LA, Louisiana; TX, Texas.
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The average jackknifed cross-validated classification ac-
curacy from the QDFA was 51.7% for the four-region group-
ing but increased to 76.7% under the west/east grouping. 
Under the west/Florida grouping, the QDFA yielded a fur-
ther increased cross-validated accuracy of 89.7% (Table 3).

Spearman's correlation coefficients between pooled 
mean first-year and edge signatures were significant for 
all elements except Mg (Table 4). Strontium and Zn had 
the highest correlation coefficients, and Mn showed a sig-
nificant strong correlation. Strontium and Zn were also 
strongly correlated in all four states, whereas Mn was not 
significantly correlated in any state (Figure 7; Table S4). 
Notably, Texas was the only state where Ba, Mg, Sr, and 
Zn were found to be significantly correlated between first-
year and edge signatures.

DISCUSSION

Regional patterns in elemental signatures

When considered in aggregate by state, west/east, and 
west/Florida groupings, analyses of trace element ver-
tebral chemistry revealed regionally distinct edge sig-
natures, a high correlation over ontogeny, and high 
classification accuracies, indicating that Blacktip Shark 
population structure in the nGoM is complex and may 
comprise more than one subpopulation. Vertebral edge 
Ba, Mg, Mn, and Sr values showed significant, spatially 
distinct differences, suggesting that individuals within 
each state share water chemistries, environments, and/
or diets that may ultimately represent unique western 

F I G U R E  5   Average zinc, magnesium, manganese, strontium, and barium concentrations (μg/g) for first-year signatures of 117 Blacktip 
Sharks, grouped by collection region. Letters a–c denote Wilcoxon test significance (p < 0.001). AL, Alabama; FL, Florida; LA, Louisiana; TX, 
Texas.
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and eastern delineations, with little spatial connectivity 
across western and eastern regions. These four elements 
are often identified as environmental proxies because 
they can directly substitute for Ca during hydroxyapatite 

formation (Schoenberg  1963; Aoba et  al.  1992; Wells 
et al. 2000; Dean and Summers 2006; Pon-On et al. 2008).

Edge Mg showed significantly different, elevated sig-
natures in the eastern nGoM compared to the western 

F I G U R E  6   Average zinc, magnesium, manganese, strontium, and barium concentrations (μg/g) for edge signatures of 117 Blacktip 
Sharks, grouped by collection region. Letters a–c denote Wilcoxon test significance (p < 0.001). AL, Alabama; FL, Florida; LA, Louisiana; TX, 
Texas.

T A B L E  3   Jackknifed classification accuracy (%) from quadratic 
discriminant function analysis for groupings of Blacktip Shark 
vertebral edge signatures (barium, magnesium, manganese, 
strontium, and zinc) in the northern Gulf of Mexico (nGoM).

Grouping Accuracy (%)

Four regions: Texas (TX), Louisiana (LA), 
Alabama (AL), Florida (FL)

51.7

Two regions: western nGoM (TX, LA); 
eastern nGoM (AL, FL)

75.2

Two regions: western nGoM (TX, LA, AL); 
eastern nGoM (FL)

89.7

T A B L E  4   Results of Spearman's correlation analysis between 
first-year and edge signatures for 117 Blacktip Sharks in the 
northern Gulf of Mexico, pooled across individual states.

Element
Correlation 
coefficient p-value

Zinc 0.81 <0.0001

Magnesium 0.12 0.205

Manganese 0.57 <0.0001

Strontium 0.81 <0.0001

Barium 0.77 <0.0001
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nGoM. Magnesium is the second most abundant cation in 
seawater and is one of the most abundant minor elements 
found within the tissues of marine organisms (Cox 1989). 
Unsurprisingly, edge Mg had the highest concentrations 
among the five studied elements, with a mean value 
(4287 μg/g) that was three orders of magnitude higher 
than edge Ba (10 μg/g), Mn (34 μg/g), and Zn (28 μg/g). 
Previous studies of GoM Blacktip Sharks have also shown 
regional vertebral Mg variation in the nGoM. Lewis 
et al. (2016), for example, documented low Mg concentra-
tions in juvenile Blacktip Sharks collected off Mississippi 
and Alabama compared to vertebrae from Blacktip Sharks 
collected off Florida.

Controls on Mg uptake in Blacktip Shark vertebrae 
are not well understood. Magnesium is an essential nu-
trient for the catalysis of over 300 enzymes, including 
those that use or synthesize ATP and those that synthe-
size nucleic acids (Vernon  1988). Regional differences 
in vertebral Mg concentration of Longnose Stingrays 
Hypanus guttatus have been attributed to dietary prefer-
ences rather than habitat use (Feitosa et al. 2021). Diet 
and growth may also serve as controls on Mg incorpora-
tion in teleost fish otoliths (Hüssy et al. 2020). Although 
the state-specific diet composition of Blacktip Sharks 
is well studied (Hoffmayer and Parsons  2003; Bethea 

et al. 2004; Barry et al. 2008; Plumlee and Wells 2016), 
direct comparisons of diet across states and the west-
ern/eastern GoM have not been conducted. However, 
preliminary findings suggest age and growth differences 
between the western and eastern GoM (T.M.R., personal 
observation), which may contribute in part to regional 
variation in Mg. Additionally, element incorporation 
studies on the vertebrae of Round Stingrays Urobatis 
halleri indicated an inverse relationship between water 
temperature and vertebral Mg uptake (Smith et al. 2013). 
Temperature in Florida waters is controlled partially by 
the input of warm water from the Loop Current relative 
to cooler coastal shelf waters (15–20°C; Oey et al. 2005), 
while the Mississippi River outflow is also known to af-
fect the temperature of Texas–Louisiana coastal shelf 
waters (Nowlin et  al.  2005), leading to relatively cool 
surface waters. Given this, we would expect to see lower 
Mg in Florida sharks based on the results of Smith 
et al. (2013), but species-specific relationships between 
temperature and elemental uptake may exist (McMillan 
et al. 2017a, 2017b).

Blacktip Sharks that were collected in Alabama and 
Louisiana showed significantly higher average Mn edge 
signatures than sharks collected in Texas and Florida. 
Manganese uptake in shark vertebrae is believed to be 

F I G U R E  7   Scatterplots for all zinc, magnesium, manganese, strontium, and barium (μg/g) first-year and edge signatures from 117 
Blacktip Sharks, grouped by collection region. AL, Alabama; FL, Florida; LA, Louisiana; TX, Texas.
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controlled by both physiological and environmental mech-
anisms. As a transition metal and active redox participant 
with multiple oxidation states, Mn has been commonly 
analyzed in studies of teleost otolith chemistry (Limburg 
et al. 2011, 2015; Mohan and Walther 2016). Manganese 
cycles between dissolved (Mn2+ and Mn3+) and particulate 
(Mn4+) phases in sediment and water as a function of pH 
and dissolved oxygen levels. Since low oxygen levels favor 
dissolved forms, dissolved Mn is more abundant in anoxic 
seawater. Changing dissolved oxygen levels may also lib-
erate insoluble oxidized Mn (as oxides/hydroxides) from 
sediments and sedimentary pore waters to bottom waters, 
where it may substitute for Ca2+ during active vertebral 
hydroxyapatite calcification (Pakhomova et  al.  2007). 
Teleost fish that occupy and feed in low-oxygen zones 
incorporate Mn at higher levels (Limburg et  al.  2015). 
The effects of hypoxic conditions on Mn uptake in elas-
mobranch vertebrae remain unstudied, but Mn uptake 
could follow pathways similar to that of Mn incorpora-
tion in otolith aragonite (McMillan et  al.  2017a, 2017b). 
The Mississippi and Atchafalaya River systems are known 
to affect nGoM water chemistries (Rabalais et  al.  2002) 
and notably contain abundant Mn2+ (Shim et  al.  2012). 
Blacktip Sharks that occupy and feed on teleost fish in 
hypoxic zones within the Mississippi–Atchafalaya River 
plumes could explain the enriched edge Mn levels doc-
umented in Louisiana and Alabama sharks, particularly 
at known hypoxic conditions along the Louisiana shelf 
(Rabalais and Turner 2001), where most Louisiana sharks 
were collected. Lewis et al. (2016) documented similarly 
high vertebral Mn levels in juvenile Blacktip Sharks from 
these regions. Given the significantly lower edge Mn sig-
natures of Texas and Florida sharks, these findings indi-
cate that regional population differences are present and 
may be driven in part by hypoxic water chemistries.

Average Ba and Sr edge signatures for Florida sharks 
showed striking patterns. Blacktip Sharks in Florida 
displayed significantly elevated Sr compared to sharks 
in the remaining three states, which had relatively con-
stant Sr signatures. Conversely, Ba edge signatures 
showed a decrease eastward across nGoM collection 
sites, with Florida sharks showing significantly lower 
concentrations. Strontium has relatively high, uni-
form concentrations in marine waters, whereas Ba is 
relatively enriched in areas close to riverine discharge 
(Thorrold et al. 1997; McCulloch et al. 2005; Crook and 
Gillanders  2006; McMillan et  al.  2017a, 2017b). The 
Mississippi–Atchafalaya River system is the primary 
freshwater input source for the nGoM (Justíc et al. 2002; 
Rabalais et al. 2002; Dagg and Breed 2003) and is known 
to affect water chemistries in the western nGoM (Walker 
et  al.  2005; Mohan and Walther  2016). Freshwater run-
off from the Mississippi–Atchafalaya rivers to Texas, 

Louisiana, and Alabama likely plays a role in the relative 
incorporation of Ba and Sr into the vertebrae of Blacktip 
Sharks in these coastal waters. Previous vertebral chem-
istry studies have shown findings similar to the present 
results (Tillett et  al.  2011; Werry et  al.  2011; Coiraton 
et al. 2020); notably, Lewis et al. (2016) found higher Ba 
and lower Sr in the vertebrae of Blacktip Sharks from the 
western and central nGoM compared to those from the 
eastern nGoM. Limited but informative experimental ev-
idence supports the notion that Ba and Sr vertebral incor-
poration in hydroxyapatite is driven by ambient dissolved 
concentrations in water, as mediated by temperature and 
salinity (Smith et al. 2013; Brodbeck et al. 2023). To sum-
marize, vertebral edge Sr and Ba are spatially distinct in 
the nGoM, particularly in Florida sharks.

Average Zn edge signatures showed no significant 
regional differences among states. Incorporation of Zn 
into the vertebrae is thought to occur by entrapment in 
the interstitial spaces of expanding matrix during accre-
tion (Tang et  al.  2009), distinct from the putative incor-
poration pathways of Ba, Mg, Mn, and Sr. As an essential 
trace metal, Zn is also a common cofactor for metabolic 
reactions (Fletcher and Fletcher  1980) and is associated 
with maternal offloading (Raoult et  al.  2018; Livernois 
et al. 2021) and dietary intake (Mathews and Fisher 2009). 
As there are no known regional differences in these fac-
tors, it is unsurprising that Zn showed no regional differ-
ences, and our findings suggest that this element is not a 
useful indicator of regional separation for Blacktip Sharks.

Assessing ontogeny and residency

We found high correlations between state-specific 
first-year and edge signatures for Ba, Mn, Sr, and Zn, 
suggesting that individuals occupy similar and consist-
ent water conditions over ontogeny. These findings, 
particularly from environmentally mediated elements 
(e.g., Ba, Mn, and Sr), further suggest a high degree of 
residency and a lack of movement between the eastern 
and western nGoM. Notably, the OTC-validated male 
was recaptured only 47 km from its original capture lo-
cation after 14.5 years at liberty. It is unknown whether 
or where this individual migrated during those years, 
but it is nonetheless a validated example of potential 
localized residency. Combined with over 50 years of 
tag–recapture efforts, which show nearly no physical 
movement between the eastern and western nGoM 
(Hueter et al. 2004; Kohler and Turner 2019), and sig-
nificant state-specific differences in mitochondrial 
DNA (Keeney et al. 2005; Swift et al. 2023), a pattern of 
localized residency in Blacktip Sharks within the nGoM 
seems to be emerging.
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In all vertebrae studied, Zn showed an unexpect-
edly high correlation between early life and edge signa-
tures, remaining relatively constant. This contrasts with 
the work of Livernois et  al.  (2021), who found higher 
Blacktip Shark vertebral Zn in early life stages, followed 
by a consequent decline and stabilization. Zinc is asso-
ciated with maternal loading (Raoult et al. 2018), which 
explains the elevated concentrations in early life and 
diet. Blacktip Sharks in the GoM are specialized, pi-
scivorous feeders but show ontogenetic shifts in dietary 
preference as they move offshore during later life stages 
(Hoffmayer and Parsons 2003; Bethea et al. 2004; Barry 
et al. 2008; Plumlee and Wells 2016). However, since Zn 
uptake is likely controlled by physiological parameters 
and was found in relatively low concentrations within 
the vertebrae, it is possible that long-term concentra-
tions over ontogeny do not shift enough to result in nota-
ble changes between life stages (LaFreniere et al. 2023). 
At this point, given these contrasting results and the 
controls on the uptake of vertebral Zn, it remains un-
clear whether this element is an indicator of residency 
in Blacktip Sharks.

In contrast to Zn, Mg in the first year of life and edge 
had the lowest overall correlation, increasing slightly over 
ontogeny. Livernois et al. (2021) found a decrease in Mg 
over ontogeny for Blacktip Sharks in the western nGoM, 
potentially related to temperature fluctuations (Smith 
et  al.  2013), but vertebral Mg was also found to be con-
stant throughout life in Longnose Stingrays, regardless 
of region (Feitosa et  al.  2021). The high concentrations 
of vertebral Mg and the difference in magnitude between 
measurements of edge and first-year signatures may have 
driven the low correlation found herein. Given the low 
correlation between first-year and edge signatures, we are 
unable to draw conclusions surrounding Blacktip Shark 
residency patterns from Mg alone.

Manganese displayed significant correlations between 
life stages, particularly in Alabama and Louisiana. This 
was anticipated, given the prominent regional differences 
found in edge Mn. The validated individual (tagged and 
OTC marked in Alabama and later recaptured in Alabama) 
showed only a 14-μg/g decrease in Mn over ontogeny. 
The high correlation seen in these regions suggests that 
Blacktip Sharks occupy similar water chemistries over 
ontogeny and that Mn may be used as an environmental 
indicator of residency for Blacktip Sharks in Louisiana 
and Alabama. Other Blacktip Shark vertebral studies doc-
umented a spike in Mn during early life, followed by a 
decrease and stabilization, which has been attributed to 
potential maternal offloading (Lewis et al. 2016; Livernois 
et al. 2021). Since the precise drivers of vertebral Mn re-
main largely unknown, some combination of maternal 
offloading or residence in hypoxic waters could play a role. 

Our findings of Mn correlation in Louisiana and Alabama 
sharks support a consistent habitat preference between 
the first year of life and adulthood.

Barium and Sr displayed the strongest correlations 
among regions over ontogeny and showed little change 
in overall concentrations. Prior studies have also found 
stable concentrations of these elements over ontogeny 
for Blacktip Sharks in the western nGoM (Livernois 
et al. 2021). Both adult and juvenile Blacktip Sharks oc-
cupy coastal areas, but juveniles prefer to inhabit estuaries 
whereas adults migrate longitudinally on a seasonal basis 
(Heupel and Simpfendorfer 2002; Hueter et al. 2004), oc-
cupying warm and saline coastal waters during the peri-
ods between migrations (Ward-Paige et al. 2014; Plumlee 
et al. 2018). Since prior studies demonstrate that Ba and Sr 
are strong environmental tracers of salinity, our findings 
may indicate (1) that salinity conditions did not substan-
tially change throughout ontogeny, (2) that this species re-
mains localized between migrations, or (3) both.

Conclusion

Analysis of regional classifications exhibited the lowest 
accuracy (51.7%) when samples were grouped into four 
regions (states), whereas the highest accuracy (89.7%) 
was observed when sharks collected in Florida were 
grouped separately from sharks collected in the remain-
ing three states. Under this two-region grouping, PCA 
ellipses showed a distinct separation of Florida sharks, 
particularly in the loading direction of edge Sr signatures. 
Regional nursery areas for juvenile Blacktip Sharks in 
the nGoM were distinguished with similar success (80% 
and 90%; Lewis et al. 2016). High classification accuracies 
have also been reported in similar studies of regional pop-
ulation connectivity in elasmobranchs (Smith et al. 2016). 
Combined with the significantly different Ba, Mn, Mg, 
and Sr edge signatures and the highly correlated Ba, Mn, 
Sr, and Zn first-year and edge signatures, these findings 
support current management of separate quotas in the 
eastern and western GoM.

It is important to note that a complete understanding 
of the drivers of regional variability in these signatures is 
not necessary for their use as indicators of spatial and pop-
ulation connectivity so long as multi-elemental regional 
comparisons are made (Campana et  al.  2000; Elsdon 
and Gillanders 2003; Izzo et al. 2016; Lewis et al. 2016). 
Despite the limited understanding of element uptake 
into cartilaginous structures (Smith et  al.  2013; Pistevos 
et  al.  2019), the application of chemical signatures has 
proven successful in numerous teleost and elasmobranch 
species and regions, including the nGoM. Our findings 
add to the evidence that vertebral chemistry is a useful 
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tool for investigating shared environmental histories. Still, 
advancement in the field of elasmobranch vertebral chem-
istry relies on laboratory validation studies. Future studies 
should specifically investigate the element- and species-
specific controls on vertebral chemistry to disentangle the 
effects of intrinsic (e.g., sex, physiology, growth, and diet) 
and extrinsic (e.g., temperature, salinity, and hypoxia) 
factors.

Our results support that vertebral trace element anal-
ysis is a promising tool for studying Blacktip Shark pop-
ulation connectivity in the nGoM and likely elsewhere. 
Along with previous tagging and genetic studies, our re-
sults support current multi-stock management efforts. 
Average vertebral edge signatures of Ba, Mg, Mn, and 
Sr differed significantly among regions, demonstrating 
the ability of elemental markers to distinguish sharks 
based on the site of capture. Region-specific differences 
in vertebral edge signatures also suggest that connec-
tivity between eastern and western regions is low. In 
particular, Sr and Ba appear to be powerful discrimina-
tors for sharks collected in Florida waters, suggesting 
that sharks remain within specific regions from early 
life to adulthood, in agreement with previous litera-
ture demonstrating philopatric behavior of this species. 
Furthermore, Ba, Mg, Mn, Sr, and Zn signatures were 
shown to discriminate between the west/Florida re-
gional groups with a high degree of accuracy. Overall, 
the present study demonstrates the success of vertebral 
chemical signatures in distinguishing between Blacktip 
Sharks across the GoM and supports current multi-stock 
management efforts.
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Additional supporting information can be found online 
in the Supporting Information section at the end of this 
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