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• Corticosterone levels were higher in ju-
venile tiger sharks sampled in Florida

• Thyroid hormones did not differ in tiger
sharks sampled in both regions

• Tiger sharks sampled in Florida had
higher proportions of omega-3 PUFA

• Tiger sharks sampled in the Bahamas had
higher proportions of bacterial markers

• No apparent relation between location
and nutritional quality or metabolic
hormones.
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How varying levels of human activity, such as proximity and size of the nearest market (i.e., market gravity),
influence the nutritional ecology and physiological condition of highly migratorymarine predators is poorly
understood. In the present study, we used a non-lethal approach to compare the concentration of metabolic
hormones (i.e. corticosteroids and thyroid hormones) and plasma fatty acids between juvenile female tiger
sharks (Galeocerdo cuvier) sampled in two areas of the subtropical north Atlantic, which differed markedly
in their levels of coastal urbanization, Florida and the Bahamas (high versus low, respectively). We hypoth-
esized that juvenile female tiger sharks sampled in water surrounding high coastal urbanization (Florida),
would exhibit evidence of lower prey quality and higher energetic demands as compared to individuals
sampled in relatively less urbanized areas of Northern Bahamas. Results revealed that relative corticoste-
roid levels (a proxy for energy mobilization) were higher in juvenile female tiger sharks sampled in Florida;
however, no differences were found in concentrations of thyroid hormones (proxies of energetic adjust-
ments) between the two locations. We found higher percentages of omega-3 polyunsaturated fatty acids
(indicative of high prey quality) in juvenile tiger sharks from Florida, whereas higher percentages of bacte-
rial markers (often indicative of domestic sewage effluent) were detected in the individuals sampled in the
Bahamas. Taken together, these findings do not suggest that the differences in nutritional quality and met-
abolic condition found between the two sampling locations can be fully attributed to foraging in areas
.
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exposed to differing levels of urbanization. We speculate that these patterns may be due to the highly mi-
gratory nature and generalist feeding strategy of this species, even at the juvenile life stage, as well as prox-
imity of sampling locations from shore.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Assessing the nutritional ecology of predators at relevant spatial
scales is critical for understanding patterns of habitat use and their in-
fluence on food web structure and nutrient cycling (e.g. Estes et al.,
2016; Hammerschlag et al., 2019). For instance, regional variation in di-
etary patterns of predators can be driven by ontogenetic variations
(Aines et al., 2018; Dicken et al., 2017), food availability, prey prefer-
ences (Acuña-Marrero et al., 2017; Salinas-de-León et al., 2019), intra-
and interspecific interactions (Every et al., 2019), aswell as by urbaniza-
tion (Rangel et al., 2021a) and tourism provisioning (Semeniuk et al.,
2009; Meyer et al., 2019). Such knowledge is particularly relevant for
highly migratory predators, such as large sharks, due to their wide
areas of space use and high energetic requirements (e.g. Estes et al.,
2016; Hammerschlag et al., 2019).

The tiger shark (Galeocerdo cuvier) is a large-bodied generalist
predator (growing up to 5.5 m in length), which exhibits consider-
able variability in habitat use and movements patterns, making this
species an interesting model for investigating the effects of spatial
variation on marine predator nutritional ecology (Hammerschlag
et al., 2012; Papastamatiou et al., 2013; Lea et al., 2015, 2018;
Ajemian et al., 2020). Tiger sharks exploit a wide variety of prey, in-
cluding invertebrates, teleosts, elasmobranchs, reptiles, seabirds and
marine mammals, with prey diversity and size expanding with on-
togeny (e.g. Aines et al., 2018; Dicken et al., 2017). Recent studies
showed that despite being an opportunistic forager, their dietary pat-
terns, nutritional andmetabolic condition are life stage-dependent, sug-
gesting female tiger shark can adjust their nutritional and metabolic
requirement during reproduction (Hammerschlag et al., 2018; Rangel
et al., 2021b).

At younger life stages, tiger sharks tend to occupy and foragemore in
coastal inshore waters, expanding their range to offshore waters as
adults (e.g. Lea et al., 2018; Ajemian et al., 2020). While nearshore wa-
ters can offer abundant food and provide shelter from predators (e.g.
Heupel et al., 2007), juvenile sharks using these environments are ex-
posed to numerous anthropogenic disturbances associated with coastal
development and urban sprawl, including habitat loss, fishing and pol-
lution (Knip et al., 2010). Moreover, primary productivity is often dra-
matically modified in inshore areas exposed to such urbanization, thus
altering food availability and quality for marine predators through bot-
tom up processes (Faeth et al., 2005; El-Sabaawi, 2018). Indeed, numer-
ous studies have demonstrated that size and proximity of the nearest
market (i.e., market gravity) has a strong negative effect on the abun-
dances of coral reef fishes, including sharks and their prey (Cinner
et al., 2018; Valdivia et al., 2017; Ruppert et al., 2018). Since energetic
status can affect growth, survival and future reproductive performance
inwild vertebrates (e.g. Birnie-Gauvin et al., 2017), a better understand-
ing of how impacts from coastal urbanization and market gravity may
affect thephysiological condition of early life stages can help in prioritiz-
ing critical habitats and establishing appropriate mitigation efforts.

Here, we used a combination of physiological markers to test if juve-
nile tiger sharks sampled in neighboring regions of differing exposure to
coastal development and human activity (i.e., South Florida (USA) ver-
sus the Bahamas) would exhibit associated variations in metabolic
and nutritional condition. Because coastal urbanization can directly or
indirectly reduce food availability (e.g. Faeth et al., 2005; El-Sabaawi,
2018), we hypothesized that juvenile tiger sharks sampled in a region
exposed to high levels of urbanization and greater market gravity
(South Florida), would exhibit a higher energetic demand and lower
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nutritional quality compared to tiger sharks sampled in relatively
more pristine waters (the northern Bahamas, Fig. 1).

To test this hypothesis, we compared metabolic hormones (i.e.
relative corticosteroids and thyroid hormones) and fatty acid dietary
markers in juvenile tiger sharks sampled in South Florida and the north-
ern Bahamas. The relative corticosteroid concentrations were used as a
proxy for energy mobilization. Glucocorticoid concentrations fluctuate
according to energetic demands, increasing in response to anticipated
or perceived environmental changes (Romero, 2002; McEwen and
Wingfield, 2003), for example increasing during long-term food depri-
vation (e.g. Lynn et al., 2003; Iki et al., 2020). The thyroid hormones
(thyroxine [T4] and triiodothyronine [T3]) are important mediators in
the regulation of development and metabolic rate in vertebrates, and
therefore, are attractive biomarkers to investigate energetic adjust-
ments (e.g. Norris and Carr, 2013; Behringer et al., 2018). Based on
our hypothesis, we expected that juvenile tiger sharks occupying
water adjacent to high levels of coastal urbanization would exhibit
higher concentrations of these metabolic hormones, compared to indi-
viduals sampled inwaters adjacent to low levels of coastal urbanization.

Plasma fatty acid profiles were used as short-term dietary markers to
make inferences about prey quality (McMeans et al., 2012; Beckmann
et al., 2014; Rangel et al., 2020, 2021a), andbasal food chaindependencies
(e.g., bacteria, diatoms, dinoflagellates; Dalsgaard et al., 2003). Because
fatty acids are transferred with little modification from prey to predator,
they are especially relevant biomarkers to study diet patterns and nutri-
tional shifts in the urbanization context (Budge et al., 2006; Iverson,
2009; Gomes et al., 2016). Moreover, consumers are unable to produce
de novo omega-3 and -6 polyunsaturated fatty acids (n3 and n6 PUFAs)
and limited in their ability in converting them to highly unsaturated
fatty acids. Therefore, the consumers rely on the diet to obtain PUFAs,
such as docosahexaenoic acid (DHA, C22:6n3), arachidonic acid (ARA,
C20:4n6) and eicosapentaenoic acid (EPA, C20:5n3) (Dalsgaard et al.,
2003; Budge et al., 2006). Because these PUFAs have crucial functions in
a variety of physiological processes, an inadequate dietary intake of
PUFAs can compromise the individual's health and survival (Izquierdo
et al., 2001; Tocher, 2010; Birnie-Gauvin et al., 2017). Based on our
hypothesis, we predicted that juvenile tiger sharks exposed to greater
market gravity would have higher proportions of saturated (SFA) and
bacterial fatty acids, as these biomarkers are often highly correlated
with domestic sewage effluent (e.g. Boëchat et al., 2014; Jiménez-
Martínez et al., 2019). We also anticipated that juvenile tiger sharks sam-
pled from more urbanized coastlines would exhibit a lower overall pro-
portion of n3 and n6 PUFAs compared to those from the Bahamas, due
to reduced production of PUFAs in the base of the food web in South
Florida (e.g. Gladyshev et al., 2012).

2. Material and methods

2.1. Sampling period and study sites

Juvenile female tiger shark were sampled in two areas of the sub-
tropical north Atlantic, which differedmarkedly with respect to their
levels of coastal urbanization: (i) a region relatively pristine (the
northern Bahamas); and (ii) in a region exposed to high levels of ur-
banization (South Florida, USA; Fig. 2). In South Florida, blood sam-
ples were collected off Miami and Biscayne Bay, and inside Florida
state waters within Everglades National Park (Fig. 2), in September
2013, November 2013, December 2013, July 2014, September 2014,
October 2016, October 2017, and May through November 2018. In



Fig. 1. Conceptual illustration of expected differences in energetic demand and nutritional quality of juvenile female tiger sharks (Galeocerdo cuvier) sampled in waters adjacent to high
levels of coastal urbanization (Florida, USA) versus from neighboring locations of low levels of coastal development (the Northern Bahamas). We hypothesized that juvenile tiger sharks
sampled off Florida would have higher energetic demands (as measured by higher concentration ofmetabolic hormones), and poorer nutritional quality (asmeasured by higher percent-
ages of bacterial and saturated fatty acids, and lower overall proportions of omega 3 and 6 highly unsaturated fatty acids). Illustration of tiger shark is a courtesy of Kelly Quinn. City and
coral reef and fishes from Canva (www.canva.com).
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the northern Bahamas, blood samples were collected in December
2011, July 2012, October 2013, May 2014, November 2014, April
2018 and January 2019, from tiger sharks sampled at northwestern
edge of little Bahama Bank, off the west end of Grand Bahama Island,
Bahamas (Fig. 2).
Fig. 2.Map of the study area showing capture locations of tiger sharks between 2011 and 2019
development between Florida and the Bahamas.
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Grand Bahama is exposed to low urbanization, comprising a human
population of 51,368 inhabitants (Palgrave Macmillan, 2016). Grand
Bahama is the northernmost of the islands of the Bahamas, lying ap-
proximately 180 km off study site, South Florida. The environment is a
shallow (average 5 m deep), and mostly homogenous sand flat, with
by sampling locations (Bahamas/Florida). Satellite map reveals stark differences in coastal
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Table 1
Individual fatty acids and fatty acid sums and ratios used as biomarkers for different food
resources.

Source Fatty acid
biomarkers

Reference

Seagrass and terrestrial
vegetal

C18:2n6, C18:3n3,
ARA

Dalsgaard et al., 2003; Kelly and
Scheibling, 2012

Diatoms EPA, C16:1n7,
C18:1n7

Dinoflagellates DHA Dalsgaard et al., 2003, Parrish et al.,
2015b

Zooplankton C20:1, C22:1 Parrish et al., 2000
Heterotrophic bacteria BFA-OFA Dalsgaard et al., 2003; Kelly and

Scheibling, 2012↑ ΣSFA, C16:1n7,
C18:1n7

Cyanobacteria ↑ C18 PUFA ↓
ΣHUFA

Muller-Navarra et al., 2004

Urban discharge ↑ C16:0 ↑C18:1n9 Jardé et al., 2005; Boëchat et al., 2014
Nutritional quality ↑ ΣHUFA, Σn3/Σn6 Tocher, 2003; Arts and Kohler, 2009

SFA: saturated fatty acids, PUFA: polyunsaturated fatty acids, HUFA: highly unsaturated
fatty acids (i.e. EPA, DHA and ARA), EPA: eicosapentaenoic acid, DHA: docosahexaenoic
acid, ARA: arachidonic acid, BFA: branched-chain fatty acids, OFA: odd-chained fatty acids.
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irregular seagrass patches and small patches of coral. The study site in
South Florida is exposed to high urbanization. Miami-Dade is the sev-
enth most populous county of the United States, comprising a popula-
tion of more than 2.7 million inhabitants (www.census.gov). Some
proportions of South Florida coastline have undergone extreme anthro-
pogenic alteration, resulting in reduction of approximately 80% of man-
grove forest (Serafy et al., 2003), with direct impacts on fishes (e.g.
deformities) and marine mammals (e.g. exposure to contaminants)
(Browder et al., 2005).

2.2. Capture and sampling

Sharks were captured using the circle-hook drumlines (details in
Gallagher et al., 2014). In brief, drumlines were deployed (10–40 m
deep) to soak for 1 h before checked for shark presence. Upon capture,
sharks were brought to a partially submerged platform, where they
were temporarily immobilized. A water pump was then inserted into
the shark's mouth for oxygenation, and morphological measurements
were taken (total length -TL, cm), sexwas identified (based on the pres-
ence/absence of copulatory organs - claspers), and blood samples were
obtained. After all procedures, sharks were tagged and released. Phle-
botomy (~20 ml) was conducted from the caudal vein using 18-gauge
needles, 10-ml heparinized syringes and immediately centrifuged
(3500 rpm, 410 ×g) for 2 min. Plasmawas then removed, placed within
a cooler on theboat and then stored frozen at−20 °C for future analyses.

Procedures were approved by the University of Miami Institutional
Animal Care and Use Committee (Protocol 15-238) and research per-
mits from Florida Fish andWildlife Conservation Commission, Biscayne
National Park, the National Marine Fisheries Service, Florida Keys
National Marine Sanctuary, and the Bahamas Department of Fisheries.

2.3. Physiological analysis

Commercially available enzyme immunoassay (microplate spectro-
photometer ELISA) kits were used to quantify T3 (K050-H1) and T4
(K056-H1) (Arbor Assays, Ann Arbor, MI, USA) with colorimetric enzy-
matic reaction using a spectrophotometer ELISA (SpectraMax 250,
Molecular Devices). To obtain a relative measurement of corticosteroids
in the plasma, we used the corticosterone analysis kit (Cayman Chemical,
Ann Arbor, MI, item # 500655). The dilution selected was 1:5 (diluted
with Cayman Assays assay buffer). This corticosterone kit has been
previous validated to quantify relative 1α-hydroxycorticosterone (1α-
OH-B, the primary corticosteroid in elasmobranchs), by exploiting the
cross-reactivity of the corticosterone antibody with 1α-OH-B concentra-
tions (Evans et al., 2010) and excluding other corticosteroids using mass
spectrometry (Lyons and Wynne-Edwards, 2019). However, as this ap-
proach is expectedly unprecise for determining concentrations of 1α-
OH-B, and since we did not identify other corticosteroids (e.g. cortisol,
cortisone, corticosterone, 11-deoxycortisol, 11-dehydrocorticosterone)
we assumed that corticosterone ELISAwould be reflective of relative cor-
ticosteroid following Lyons et al. (2019). Therefore, the results are re-
ferred to as relative corticosteroid concentrations. Samples were run in
duplicate. The assay kit was validated by testing different dilutions of
samples. For corticosterone assay the dilution selected was 1:5 (diluted
with Cayman Assays assay buffer). The mean intra-assay coefficient of
variation were 11% for corticosteroids, 17% for T3 and 16.5% for T4.

Fatty acid profiles were analyzed in plasma (100 μl) by direct
transmethylation, without lipid extraction, as described by Parrish
et al. (2015a). Briefly, the samples were homogenized and directly
transmethylated in 3 ml of methanol: dichloromethane: concentrated
hydrochloric acid (10:1:1 v/v) solution for 2 h at 80–85 °C. After this,
1.5 ml of Milli-Q® water and 1.8 ml of hexane and dichloromethane
(4:1 v:v) were added, and then the tubes were mixed and centrifuged
at 2000 rpm for 5 min. The upper layer was removed, transferred to
2 ml injection vials and the volume reduced under a nitrogen stream.
Fatty acid analysis was carried out in a gas chromatograph (Varian,
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Scion 436) coupled with a flame ionization detector (FID) and an
auto-sampler (CP 8410). Hydrogen was used as a carrier gas at a linear
velocity of 1.4 ml per minute, and the capillary column used was CP
Wax, 0.25 μm thickness, 0.25 mm inner diameter, and 30 m length.
The column was programmed at 170 °C for 1 min, followed by a 2.5
°C/min ramp to 240 °C and a final hold time of 5 min. The injector and
FID temperatures were 250 and 260 °C, respectively. Fatty acid methyl
esters were identified by comparing their retention times to those ob-
tained from commercial standards (Supelco, 37 components; Sigma-
Aldrich; Mixture, Me93, Larodan and Qualmix, PUFA fish M, Menhaden
Oil, Larodan). The data were presented as % of total fatty acid methyl-
esters based on peak area analyses. The main specific fatty acids, sums
and ratios used in the present study were based on available literature
data (Table 1).

2.4. Statistical analysis

We considered length at maturity for tiger sharks in the studied re-
gion to be >300 cm total length (Branstetter et al., 1987; Whitney and
Crow, 2007; Sulikowski et al., 2016) to distinguish immature from
adult females. Differences in metabolic hormone and fatty acid concen-
trations between sampling locations were investigated using General-
ized Linear Mixed Models (GLMM) performed with the mgcv package
(Wood, 2017). Models included the respective biomarker concentra-
tions as the response variables and used Gaussian families of error dis-
tribution. Biological variation was also accounted for by including
shark TL as a continuous factor, to control for individual length in the
analysis. To account for the effects of sampling over multiple years the
variable year was included as a random effect. Possible difference in
shark TL between the two locations was tested using Student's t-test
for independent samples and normally distributed data. All analyses
were performed in the R software (version 4.0.2) and the level of statis-
tical significance set at 0.05.

3. Results

A total of 34 juvenile female tiger sharks were analyzed in the pres-
ent study, comprising 17 sampled in the Bahamas and 17 sampled in
South Florida waters. Sharks were larger in the Bahamas (258.9 ±
34.6 cm TL) than South Florida (200.7 ± 48.9 cm TL; t = 4.02, df =
32, p ≤ 0.001).

Among all metabolic hormones compared across tiger shark size
distribution and sampling locations, only the relative corticosteroids
exhibited significant differences (Table 2). While the relative corti-
costeroid concentration did not vary significantly as a function of

http://www.census.gov


Table 2
Generalized LinearMixedModel of metabolic hormone concentrations and fatty acid per-
centages of female tiger shark (Galeocerdo cuvier) as a function of total length (TL) and
sampling location (n = 17 -Bahamas-, n = 17 -Florida-), only for those were significant.
Included are the corresponding biomarker type (Marker), response variable (biomarker),
coefficient estimate (Est.), standard error (SE), t-value (t) and p-value (p) of each model.
Bold: significant values (p < 0.05).

Marker Response Variable Est. SE t p

Hormone Corticosterone TL 0.32 2.26 0.14 0.887
(Location) Florida 549.76 243.38 2.26 0.038

Fatty acids C18:0 TL 0.01 0.05 2.19 0.036
(Location) Florida −0.20 0.53 −0.39 0.702

C18:1n9 TL 0.02 0.01 2.06 0.048
(Location) Florida 0.16 0.90 0.17 0.863

C18:2n6 TL 0.07 0.06 1.19 0.241
(Location) Florida 1.26 0.61 2.04 0.049

n3 PUFA TL −0.02 0.02 −0.90 0.373
(Location) Florida 3.75 1.81 2.07 0.047

BFA-OFA TL −0.12 0.05 −0.25 0.803
(Location) Florida −1.01 0.47 −2.17 0.038

n3 PUFA: omega 3 polyunsaturated fatty acid, BFA-OFA: branched chain and odd chain
fatty acid.
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shark size (Table 2) the individuals sampled in South Florida had sig-
nificant higher concentrations of this hormone (788.8 ± 709.3 pg
ml−1) than in the Bahamas (257.2 ± 204.7 pg ml−1) (deviance ex-
plained = 29.0%) (Fig. 3). The thyroid hormones did not differ be-
tween sharks sampled in South Florida (T3 = 965.7 ± 327.9 pg
ml−1; T4 = 950.1 ± 442.1 pg ml−1) versus the Bahamas (T3 =
1001.7 ± 624.9 pg ml−1; T4 = 1190.9 ± 1162.2 pg ml−1), and simi-
larly with T3/T4 ratio in sharks sampled in South Florida (1.2 ± 0.4)
versus the Bahamas (1.2 ± 1.1) (Fig. 3). Both T3 and T4, and T3/T4
ratio did vary significantly as a function of shark size (Supplemental
Table S1).

Blood plasma comprised mainly SFAs, C16:0 and C18:0, for both
Bahamas and South Florida sharks, followed by PUFAs, mainly DHA
and ARA, in South Florida sharks, and monounsaturated fatty acids
Fig. 3. Differences in metabolic hormone concentrations between Bahamas and Florida
sampling locations. Black line indicates the median value and black points indicate the
outliers. (*) Significant differences found with the Generalized Linear Mixed Model.
Legend: T4 (thyroxine) and T3 (triiodothyronine).
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(MUFAs, mainly C18:1n9) in sharks sampled in the Bahamas (Supple-
mental Table S2). The proportions of the terrestrial marker C18:2n6,
n3 PUFA and the bacterial marker BFA-OFA were found to be constant
in relation to TL, but to vary significantly as a function of sampling loca-
tion (Table 2, Figs. 4 and 5). Tiger sharks caught in South Florida had
higher C18:2n6 (deviance explained = 15.1%, Fig. 4) and n3 PUFA (de-
viance explained = 26.1%), and lower BFA-OFA (deviance explained =
19.5%) proportions than individuals sampled in Bahamas (Fig. 5).While
proportions of C18:0 and C18:1n9 did not vary as a function of sampling
location, they were found to be significantly influenced by tiger shark
size (Table 2, Fig. 6). Both C18:0 (deviance explained = 22.3%) and
C18:1n9 (deviance explained = 15.8%) were found in higher propor-
tions in sharks smaller than 225 cm TL (Fig. 6).

4. Discussion

Using a non-lethal approach through analyzing multiple physiologi-
cal markers our results suggest that juvenile tiger sharks show limited,
but significant spatial variation in bothmetabolic and nutritional condi-
tion between the two neighboring areas that differ significantly in the
degree of coastal development and associated urbanization (South
Florida versus the Bahamas). As predicted, relative corticosteroid con-
centrations were higher in juvenile tiger sharks sampled in closer prox-
imity to urbanized coastal areas (i.e. South Florida), suggesting they
may have higher energetic demand compared to their conspecifics for-
aging close tomore pristine habitat (i.e. the Bahamas). However, no sig-
nificant differences were observed in thyroid hormones between the
two study locations. Contrary to our hypothesis about nutritional qual-
ity, we found higher proportions of n3 PUFA (indicative of high prey
quality) in juvenile tiger sharks sampled off South Florida, and higher
proportions of the bacterial marker BFA-OFA in sharks sampled in the
Bahamas. Taken together, these findings do not suggest that the differ-
ences in nutritional quality and metabolic condition found between the
two sampling locations can be fully attributed to foraging in areas ex-
posed to differing levels of urbanization.

Physiological and ecological process may explain the elevated rela-
tive corticosteroid concentrations found in juvenile female tiger sharks
sampled in South Florida waters. First, if tiger sharks sampled here are
indeed foraging in areaswith relatively lower prey availability, and con-
sequently reduced foraging efficiency inwaters exposed to higher levels
of coastal urbanization, increased relative corticosteroid concentrations
could be associated with the need for increased foraging rates to meet
dietary requirements (e.g. Romero, 2002; Landys et al., 2006). Second,
human disturbance can increase allostatic load, consequently increasing
glucocorticoid levels and inducing chronic stress in sharks living adja-
cent to high levels of coastal urbanization (Bonier, 2012). However, as
chronic stress is difficult to detect in highly mobile sharks (e.g. Skomal
and Mandelman, 2012), we do not speculate about this pattern in the
present study. Although the effects of glucocorticoids in sharks are not
well understood, elevated concentrations of both corticosterone and
1α-OH-B have been associated with energy mobilization during
stressful events such as food deprivation, capture and reproduction
(Rasmussen and Crow, 1993; Manire et al., 2007; Iki et al., 2020). It is
unlikely that relative corticosteroid concentrations found here are asso-
ciatedwith capture stress as tiger sharks have been previously shown to
exhibit minimal stress responses to fisheries capture (e.g. Gallagher
et al., 2014), including no correlations between glucocorticoid concen-
tration and capture (Newton et al., 2020). Further, it is unlikely that rel-
ative corticosteroid concentrations found here were related to sex or
reproduction as all sharks analyzed were juvenile females. However,
similar studies including neonates and young-of-the-year tiger shark
samples would be definitive to assess possible ontogenetic variations
in this parameter.

The lack of differences in thyroid hormones concentrations may be
an indicative of similar metabolic activity in juvenile tiger sharks sam-
pled in both locations. A single study reporting regional variation in



Fig. 4.Differences in fatty acid percentages between Bahamas (n=17) and Florida (n=17) sampling locations. Black line indicates themedian value andblack points indicate the outliers.
(*) Significant differences found with the Generalized Linear Mixed Model. ARA: arachidonic acid, DHA: docosahexaenoic acid.

Fig. 5.Differences in fatty acid percentages between Bahamas (n=17) and Florida (n=17) sampling locations. Black line indicates themedian value and blackpoints indicate the outliers.
(*) Significant differences foundwith theGeneralized LinearMixedModel. SFA: saturated fatty acid,MUFA:monounsaturated fatty acid, PUFA: polyunsaturated fatty acid, n3 PUFA: omega
3 PUFA, n6 PUFA: omega 6 PUFA, BFA – OFA: branched chain and odd chain fatty acid.
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Fig. 6. Generalized Linear Mixed Model of significant fatty acid variation as a function of tiger shark total length. The dashed lines and shaded areas represent null effects and 95%
confidence intervals, respectively.
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the thyroid hormones of the bonnethead Sphyrna tiburo, suggested that
higher concentrations found in maternal serum in sharks sampled in
Florida Bay could be related to metabolic rate (McComb et al., 2005).
An association was found between higher concentrations of thyroid
hormones with high temperature and lower exposure to contaminants,
compared to other bonnethead fromTampaBay, Florida (McCombet al.,
2005). Based on these findings, it is possible to infer that juvenile tiger
sharks may not face major differences in environmental conditions, in
terms of contaminants and temperature. However, because the effect
of thyroid hormones in vertebrates is complex (e.g. Hulbert, 2000;
Deal and Volkoff, 2020), further research is required to better under-
stand the role of these metabolic hormones in sharks.

The plasma fatty acid profile suggested that juvenile tiger sharks dif-
fered in important dietary biomarkers between the two study locations.
Because urbanization often leads to habitat degradation and pollution
(e.g. harmful chemicals, bacteria and sediment-associated sewage),
such processes can reduce food availability, and consequently alter tro-
phic interactions trough bottom up forcing (e.g. Faeth et al., 2005; El-
Sabaawi, 2018), we hypothesized that juvenile tiger sharks sampled in
South Florida would exhibit lower nutritional quality than sharks
sampled in the Bahamas. Surprisingly, we found higher proportions of
n3 PUFA, mainly DHA, in sharks sampled in South Florida waters, sug-
gesting consumption of higher quality food resources compared to
Bahamas. This result differ from recent research which found that
nurse sharks (Ginglymostoma cirratum) sampled in highly urbanized
areas exhibited higher levels of plasma saturated and bacterial fatty
acids compared to conspecifics sampled in adjacent minimally urban-
ized areas (Rangel et al., 2021a). Similarly, nurse sharks from highly ur-
banized sites also exhibited lower proportions of essential fatty acids
(i.e., highly unsaturated fatty acids, HUFAs),mainly due to low contribu-
tions of omega-6 HUFA (Rangel et al., 2021a).

One possible explanation for the results found here in juvenile tiger
sharks is that n3 PUFA, DHA in particular, can be successively enriched
through the trophic web (Parrish et al., 2015b; Meyer et al., 2019) and
perhaps Florida sharks were consuming higher trophic level prey com-
pared to sharks sampled in the Bahamas, rather than prey of higher nu-
tritional quality. It isworth considering that theBahamas is a hotspot for
tiger sharks, especially the sampling site where females of mixed life-
stages, including large pregnant individuals, aggregate (Sulikowski
et al., 2016). Accordingly, it is plausible that smaller females have re-
duced foraging success due to increased competition from larger con-
specifics given documented intra-specific competition found in other
large sharks (e.g., Martin et al., 2009). Another possible explanation
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for the apparent lower nutritional food quality found in sharks sampled
in the Bahamas could be related to provisioning dive tourism near the
study site,where dive tourists attract and feed tiger sharkswith fish car-
casses. Although the provisioning doesn't appear to impact tiger shark
migrations and daily habitat use (Hammerschlag et al., 2012, 2017),
the use of attractants with little food reward could increase energy ex-
penditure for low quality prey (mostly fish carcasses lacking meat) as
has been found forwhitetip reef sharks (Triaenodon obesus) provisioned
at dive sites in the Red Sea (Barnett et al., 2016).

Not surprising, the C18:2n6 was found in higher proportions in
South Florida sharks, indicating an influence of terrestrial and freshwa-
ter sources (mangroves and terrestrial plants) (Kelly and Scheibling,
2012; Every et al., 2016). It is common to find this marker in species
using coastal areas with high influence of river systems and large out-
flow of freshwater (Every et al., 2016). Compared to other life-stages
within the Bahamas, juvenile tiger sharks also had higher proportions
of C18:2n6 than adult females, demonstrating a gradual decrease in
the dependence on coastal-associated biomarkers with increasing
body size (Rangel et al., 2021b).

We expected juvenile tiger sharks sampled at urbanized coastal
areas to exhibit higher proportions of bacterial markers, as increased
bacterial communities are often correlated with domestic sewage efflu-
ent and organic detritus (e.g. Boëchat et al., 2014; Le Moal et al., 2019;
Rangel et al., 2021a). However, higher amounts of heterotrophic bacte-
rial marker BFA-OFA were found in sharks sampled in the Bahamas,
although the percentage in both locations is low. One possible explana-
tion is that this bacterial marker is usually found in higher concentra-
tions in demersal prey (Käkelä et al., 2005; Kelly and Scheibling,
2012), suggesting that sharks sampled in the Bahamasmay be consum-
ing more demersal teleosts (e.g. Rangel et al., 2021a). If this were the
case, it is also plausible that smaller females could be feeding more on
more benthic prey types to avoid competition with larger conspecifics,
as previously observed in tiger sharks in Hawaii (Lowe et al., 1996).
Taken together, these findings suggest that juvenile female tiger sharks
differ in their dietary patterns between the two locations, and that com-
petitive interaction with larger conspecifics could be influencing intra-
specific foraging.

Higher proportions of both C18:0 and C18:1n9 in juvenile tiger
sharks smaller than 225 cmTL suggest these fatty acids vary ontogenet-
ically. Tiger sharks exhibit high growth rates at juvenile stage (Afonso
et al., 2012), thus possibly explaining higher proportions of circulating
C18:0 and C18:1n9, as these fatty acids are the main constituents of
fat stores catabolized for energy (Tocher, 2003; Rangel et al., 2020).
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Moreover, it is possible that the decrease in C18:1n9 with increasing
body size may reflect feeding on herbivores, such as turtles and
mysticete whales (Aines et al., 2018; Dicken et al., 2017; Ferreira et al.,
2017; Rangel et al., 2021b), as the C18:1n9 is indicative of piscivory/car-
nivory in sharks (Every et al., 2016; Bierwagen et al., 2019). However, at
juvenile stages, tiger sharks primarily consume teleost fishes (~76% of
total items found in stomachs; Aines et al., 2018).

Our multiple physiological markers approach allowed us to better
understand the relationship between physiological condition and spatial
variation in juvenile female tiger sharks. However, due to opportunistic
sampling and because we used a non-lethal approach of plasma analy-
ses, our study has several limitations. This includes the use of relative
corticosteroid concentrations as a proxy for the potential effects of the
main glucocorticoid in sharks, the 1α-OH-B. Further studies including
1α-OH-B and adrenocorticotropic hormone levels are required to better
understand the responses related to nutritional stress. Because thyroid
hormones have been closely associated with temperature in sharks
(e.g. McComb et al., 2005), the influence of abiotic variables should
also be considered in future studies. Finally, although plasma fatty acid
have been extensively demonstrated as a promising method to assess
short-term shifts in diet in elasmobranch's trophic ecology (e.g.
Semeniuk et al., 2007; Beckmann et al., 2014; McMeans et al., 2012;
Bierwagen et al., 2019; Rangel et al., 2020) and in the context of urban-
ization (e.g. Andersson et al., 2015; Isaksson, 2015; Toledo et al., 2016;
Rangel et al., 2021a), it has a limitation in terms of specifically identifying
dietary and/or non-dietary origin (e.g. mobilized from storage tissues).

5. Conclusion

Our results suggest that juvenile tiger sharks sampled in closer prox-
imity to a highly urbanized coastline and greater market gravity did not
exhibit associated negative physiological, in terms of nutritional quality
and metabolic condition, as would be expected. However, it is still pos-
sible that exposure to higher market gravity could influence the ener-
getic demands of individuals. The lack of expected effects of coastal
urbanization and greater market gravity on tiger sharks sampled off
South Florida may be due to the highly migratory nature and generalist
diet of tiger sharks, even at juvenile stages. It is likely that even at the ju-
venile stages, these sharks are moving across both study areas, and
therefore, the scale of their movement and generality of their diet
would not be tied to specific locations, as would be a more sedentary
species and dietary specialists at a location. Importantly, while sampling
was conducted along an urbanized coastline, it occurred in waters 2–5
km from shore, likely more influenced from oceanic waters than near-
shore mainland waters influenced by runoff and other urban effects.
Therefore, it is possible that the prey base of tiger sharks sampled off
South Florida was not sufficiently impacted by urbanization. We en-
courage future integrated research on the ecological processes influ-
enced by habitat quality and urbanization, and their consequences for
physiological condition andmovement patterns, including those related
with food availability, intra- and inter-specific trophic relationships, and
physiological stress.
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