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Evaluating how predators metabolize energy is increasingly useful for conservation physiology, as it can provide information
on their current nutritional condition. However, obtaining metabolic information from mobile marine predators is inherently
challenging owing to their relative rarity, cryptic nature and often wide-ranging underwater movements. Here, we investigate aspects of energy metabolism in four free-ranging shark species (n = 281; blacktip, bull, nurse, and tiger) by measuring
three metabolic parameters [plasma triglycerides (TAG), free fatty acids (FFA) and cholesterol (CHOL)] via non-lethal biopsy
sampling. Plasma TAG, FFA and total CHOL concentrations (in millimoles per litre) varied inter-speciﬁcally and with season,
year, and shark length varied within a species. The TAG were highest in the plasma of less active species (nurse and tiger
sharks), whereas FFA were highest among species with relatively high energetic demands (blacktip and bull sharks), and
CHOL concentrations were highest in bull sharks. Although temporal patterns in all metabolites were varied among species,
there appeared to be peaks in the spring and summer, with ratios of TAG/CHOL (a proxy for condition) in all species displaying a notable peak in summer. These results provide baseline information of energy metabolism in large sharks and are an
important step in understanding how the metabolic parameters can be assessed through non-lethal sampling in the future.
In particular, this study emphasizes the importance of accounting for intra-speciﬁc and temporal variability in sampling
designs seeking to monitor the nutritional condition and metabolic responses of shark populations.
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Introduction
Nutrition and energy metabolism in wild animals are both conceptualized and measured by a variety of methods, ranging
from techniques that span behavioural approaches, morphological and developmental measurements and ecological

interactions (Raubenheimer et al., 2009). The metabolic building blocks and pathways that animals use to obtain, transfer,
store and use energy over time are fundamentally linked to their
productivity and survival. Moreover, the demand for energy
constrains the behaviour of animals (Speakman, 1997), which is
fundamental to life-history variation and thus intrinsically
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connected to natural selection (Elliott et al., 2014). Yet, in
the purest sense, nutrition and metabolism link individuals
to the function of communities and structure of entire populations (Raubenheimer et al., 2009).
Lipids, including fatty acids and sterols, are a diverse
group of metabolites (small molecule intermediates and products of metabolism) that play a critical role in almost all
aspects of biological life. Lipids are under tight homeostatic
control, but their composition, interaction and levels in
organismal tissues are dynamic, which reﬂects long-term and
health-related responses to changes in diet or other environmental variations (Orešič, 2009). In teleost and elasmobranch ﬁshes, lipid-derived measurements have been used as
metrics of nutritional condition, tissue damage and recent
feeding events and to elucidate life histories (Norton et al.,
2001; Wagner and Congleton, 2004; Yan et al., 2012). Three
lipid classes play crucial roles in energy transport and are
commonly used to study metabolism: triglycerides (TAG),
free fatty acids (FFA) and total cholesterol (CHOL; Han,
2016; Orešič, 2009). Triglycerides (three fatty acids esteriﬁed
to glycerol) are a main source of metabolic energy in many
organisms and are thought to respond relatively quickly to
changes in feeding. Free fatty acids (also known as nonesteriﬁed fatty acids) are also metabolic fuels; they are considered dynamic and the most metabolically active of the lipids.
CHOL is an unsaturated alcohol of the steroid family and is
essential for cell membrane production and a precursor for
steroid hormones and further lipid transport. In most organisms, plasma transports these exogenous (dietary-derived) or
endogenous (liver-produced) lipids towards different tissues,
where they are stored or oxidized (Babin and Vernier, 1989).
Strategies of lipid metabolism, including absorption and
depositional processes, appear different between the different
animal classes, reﬂecting distinct evolutionary paths (SpeersRoesch et al., 2006; Mazurie et al., 2010).
Sharks are a diverse group of marine predatory ﬁshes.
Many of the larger species undergo extensive migrations
linked to foraging and reproduction (Hammerschlag et al.,
2011; Domeier and Nasby-Lucas, 2013; Hussey et al., 2015;
Graham et al., 2016), and are slow-growing, exhibiting long
gestation periods that produce relatively few, highly developed offspring (Lucifora et al., 2002). Many species of
sharks are threatened and experiencing population declines
attributable to overﬁshing and habitat loss (e.g. Ferretti
et al., 2010; Gallagher et al., 2012). Therefore, there is signiﬁcant interest in enhancing an understanding of key
physiological states that may help to inform the conservation
and management of threatened populations (Simpfendorfer
et al., 2011). However, measurements and temporal proﬁles
of metabolites for most species of shark are not available.
Compared with teleost ﬁsh, the energy metabolism of sharks
is considered unusual, being characterized by limited extrahepatic fatty acid oxidation capacity (Zammit and Newsholme,
1979; Ballantyne, 1997; Speers-Roesch and Treberg, 2010),

albumin activation and utilization of lipoprotein, which bind
to FFA (Metcalf and Gemmell, 2005). Experimental studies
investigating the response of shark plasma lipids to diet have
shown mixed results; dogﬁsh (Squalus spp.) plasma lipids
were shown not to be responsive to feeding to the same
degree as in teleosts (Wood et al., 2010). After 150 days of
starvation, dogﬁsh FFA concentrations decreased, whereas
ketone concentrations increased, suggesting their importance
as fuel during food shortages (Zammit and Newsholme,
1979). The fatty acid proﬁles in the plasma of Port Jackson
sharks (Heterodontus portjacksonii) have been shown to
reﬂect short-term dietary changes (Beckmann et al., 2013a, b),
which conforms to work showing that plasma lipids in other
classes of organisms (birds, mammals and teleosts) vary proportionally to dietary composition (e.g. Grundy and Denke,
1990; Tocher, 2003; Käkelä et al., 2009). There is a clear
opportunity to explore the overall usefulness of evaluating
plasma lipid metabolites and dynamics in sharks, including an
understanding of the extent of within- and between-species
variation and how this may relate to different behavioural,
genetic and environmental factors. Although undertaking
experimental studies would be optimal, they are often not possible on large, mobile shark species of high conservation concern, demanding non-lethal ways of acquiring such information
(Hammerschlag and Sulikowski, 2011).
Here, we present an exploratory and comparative study
of three metabolite parameters (using non-lethal blood
biopsy) in adult specimens of four species of free-ranging
sharks from the subtropical Atlantic Ocean. As energetic
requirements are driven by both intrinsic (biological) and
extrinsic (environmental) factors, we also evaluate the signiﬁcance of location, date, season, shark length and sex on the
variability in measured metabolite levels. Speciﬁcally, we
used these data to address the following questions. (i) What
are the concentrations of plasma TAG, FFA and CHOL in
the species assessed and how do they differ among individuals and between species? (2) How are these metabolic
parameters related to one another? (3) Do concentrations of
plasma TAG, FFA and CHOL differ greatly over time? We
discuss our ﬁndings as they may relate to metabolic pathways and various biological traits (diet, habitat quality and
life-history strategies) of marine predators.

Materials and methods
Sampling sites, species and capture
This study was conducted in four locations along a subtropical latitudinal gradient off Florida: off Miami and Soldier
Key, Biscayne Bay, FL, USA (25.61°N, 80.17°W); the reef
edge in the mid-Florida Keys National Marine Park in US
federal waters (24.69°N, 80.85°W); inside Florida state
waters within Everglades National Park (~25.0°N, 81.0°W);
and off the west end of Grand Bahama Island, Bahamas
(~26.6°N, 79.1°W). Sampling was conducted throughout
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the wet and dry seasons from 2011 to 2015, and tissue
sampling efforts focused on the following four species of
sharks: blacktip sharks (Carcharhinus limbatus), bull sharks
(Carcharhinus leucas), nurse sharks (Ginglyostoma cirratum)
and tiger sharks (Galeocerdo cuvier). All sharks were captured using circle-hook drumlines, a passive ﬁshing technique
(as described by Gallagher et al., 2014b). Each ﬁshing unit
consisted of a submerged weight base tied to a line running to
the surface by means of an attached, inﬂatable buoy ﬂoat. A
23 m monoﬁlament gangion line (~400 kg test) was attached
to the submerged weight by a swivel, which terminated at a
baited 16/0, 5° offset circle hook. This method permitted any
captured sharks to swim in a 23 m radius circle around the
base. After 1 h, each drumline was sequentially checked for
shark presence. Captured sharks were slowly brought to the
boat and restrained on a partly submerged dive platform.
Once landed, a water pump moving fresh seawater was
inserted into the shark’s mouth to facilitate respiration. This
capture and handling method is used to promote shark vitality
and minimize stress levels during sampling (Gallagher et al.,
2014a). For each individual captured, sex was recorded and
stretched total length (TL) was measured to the nearest centimetre over a straight line along the axis of the body.

Haematological collection and metabolite
analyses
Whole blood (~10 ml) was collected from the caudal vein
using cooled 18 gauge needles and 10 ml syringes.
Approximately 7 ml of the mixed whole blood samples was
then centrifuged at 1300g for 5 min to separate plasma.
Samples were frozen on board, then transferred to a −20°C
freezer on shore, where they were stored for future analyses.
We ran three separate nutritional metabolic assays on the
resulting plasma samples: triglycerides (in millimoles per litre;
EnzyChrom Triglyceride Assay Kit, BioAssay Systems;
Haywood, CA, USA), free fatty acids (in millimoles per litre;
EnzyChrom Free Fatty Acid Assay Kit; BioAssay Systems) and
total CHOL (in millimoles per litre; EnzyChromTM AF
Cholesterol Assay Kit; BioAssay Systems), on a 96-well microplate absorbance reader at 570 nm (Tecan Sunrise, Tecan,
Grödig, Austria); concentrations were determined using the
appropriate standard curves. Although we performed each
analysis for the majority of individuals in the present study,
for certain individuals we did not run all metabolite analyses
owing to blood plasma availability and collection anomalies
(e.g. low volume). The ratio of TAG and CHOL was calculated as a potential index of nutritional condition (Amara and
Galois, 2004; Giraldo et al., 2013; Sardenne et al., 2016) on
the basis that in ﬁshes TAG concentrations, indicative of
energy reserves, are often positively correlated with body size,
whereas CHOL concentrations are relatively stable over time.

Statistical analyses
All data were logarithmically transformed to meet parametric
assumptions. We compared mean values in all metabolites

among species by using analysis of variance (ANOVA). To
identify potential relationships among variability between
metabolites and biological and environmental predictor variables, we ﬁrst conducted principal component analysis (PCA)
on the ranked metabolite and TL values, capture site and
year, species and season (wet = June–September, dry =
October–May). This analysis included only blacktip, bull and
nurse sharks because we had only TAG values for tiger
sharks (thus they were excluded from the PCA). A generalized linear model (GLM) was constructed to explore relationships between each metabolite and shark species, sex,
animal TL, year, month and capture location (Biscayne
Bay, outer reef, Everglades National Park or the Bahamas).
Spearman correlations were used to evaluate patterns of
metabolites, both within species and among all species combined. Statistical signiﬁcance was declared at P < 0.05, and
all analyses were conducted in MATLAB (Mathworks, Inc.)
and R (R Core Team).

Results
From May 2011 to May 2015 we captured, sampled and
released a total of 281 sharks composed of 61 blacktip sharks,
45 bull sharks, 82 nurse sharks and 93 tiger sharks (Table 1).
The largest species in our study was the tiger shark
(293.0 ± 64.3 cm TL; Table 1), followed by the bull shark
(217.5 ± 36.5 cm), blacktip shark (150.5 ± 20.8 cm) and
nurse shark (223.2 ± 34.9 cm). The ranges of the sizes
sampled here suggested that the majority of individuals captured were either adults or sub-adults; we did not encounter
individual sizes indicative of early juveniles, young-of-year or
neonates for any species (Table 1).
For all shark species combined, metabolite values ranged
as follows (in millimoles per litre): TAG, 0.0031–8.79,
1.45 ± 1.60; FFA, 0.0031–2.48, 0.53 ± 0.53; and CHOL,
0.18–4.42, 1.30 ± 0.60. We detected a wide range of
species-speciﬁc differences in metabolite values (Table 1 and
Fig. 1). Nurse and blacktip sharks had the highest TAG
values (1.66 ± 1.65 and 1.59 ± 1.89 mmol l−1, respectively;
Table 1) followed by bull sharks (0.83 ± 0.40 mmol l−1), with
tiger sharks having the lowest values (0.30 ± 0.40 mmol l−1;
Table 1 and Fig. 1a). Blacktip sharks had the highest FFA
concentrations (0.80 ± 0.59 mmol l−1), followed by bull and
then nurse sharks (0.67 ± 0.45 and 0.13 ± 0.19 mmol l−1,
respectively; Table 1 and Fig. 1b). Likewise, bull and blacktip
sharks had the greatest CHOL values (1.54 ± 0.83 and
1.39 ± 0.34 mmol l−1, respectively; Table 1 and Fig. 1c) and
nurse sharks the lowest (0.99 ± 0.39 mmol l−1). These differences were species speciﬁc (ANOVA; TAG, F4,253 = 47.65,
P < 0.0001; FFA, F3,119 = 45.97, P < 0.0001; and CHOL,
F3,113 = 13.59, P < 0.0001; Table 2). Ratios of TAG/CHOL,
used as an additional nutritional proxy, were of a similar
range for nurse and blacktip sharks (2.01 ± 3.17 and
1.62 ± 1.63, respectively), which were higher than those
found in bull sharks (0.67 ± 0.44).
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Table 1: Mean total length, triglycerides, free fatty acids and cholesterol concentrations of all sampled sharks from the present study
Triglycerides (mmol l−l)

Total length (cm)
Species

Mean

SD

n

Free fatty acids (mmol l−l)

Cholesterol (mmol l−l)

Mean

SD

n

Mean

SD

n

Mean

SD

n

Blacktip

150.5

20.8

61

1.59

1.89

61

0.80

0.59

46

1.39

0.34

41

Bull

217.5

36.5

45

0.83

0.40

39

0.67

0.45

33

1.54

0.83

36

Nurse

223.2

34.9

82

1.66

1.65

80

0.13

0.19

42

0.99

0.39

38

Tiger

295.2

63.0

75

0.30

0.40

75

–

–

–

–

–

–

(Table 3). Metabolite values were less inﬂuential on the data
set’s variability than the explanatory factors included.
Species effects were signiﬁcant in the GLMs for all of the
three metabolites (P < 0.0001; Table 4). Shark TL was the only
other signiﬁcant variable in the model for CHOL, whereas year
and month of capture were also signiﬁcant in the model for
TAG (Table 4). Given the impact of TL on variability in the
data set as illustrated by PCA (Table 4), we normalized metabolite values by TL before running pairwise comparisons. Each
of the metabolites showed signiﬁcant positive relationships with
one another for all shark species combined, explaining between
~20 and 50% of the variability (Fig. 2).

Figure 1: Triglyceride (TAG), free fatty acid (FFA) and cholesterol
(CHOL) concentrations (in millimoles per litre) of nurse, bull, blacktip
and tiger sharks over the study period from May 2011 to May 2015.

Table 2: P-values of an analysis of variance comparing means among
all species using logarithmically transformed metabolite values
Triglycerides

Free fatty acids

Cholesterol

Nurse vs. bull

0.14

9.71E−10

3.50E−05

Nurse vs. blacktip

1.00

9.56E−10

6.04E−05

Blacktip vs. bull

0.21

0.94

0.96

Tiger vs. nurse

3.77E−09

–

–

Tiger vs. bull

4.08E−09

–

–

Tiger vs. blacktip

3.77E−09

–

–

Bold denotes statistical signiﬁcance (P < 0.05).

Principal components analysis yielded two distinct principal components (PCs), which collectively explained 65.8%
of variability in the data set (Table 3). In the PC1, the predictors which explained most of the data variance were season,
species, TL and year of capture (Table 3), whereas TL, year
and species had similarly dominant eigenvectors in the PC2

Intra-annual variability in some of the metabolites was
detected in all species (Figs 3 and 4). In blacktip sharks,
relative levels of TAG peaked in April and November
(Fig. 3a), while FFA and CHOL remained relatively constant
throughout the year (Fig. 4a and b). In nurse sharks, TAG was
highest in February–April (Fig. 3a), while FFA and CHOL
were highly variable throughout the year (Fig. 4a and b). In
bull sharks, relative levels of TAG peaked in March (Fig. 3a),
CHOL peaked in April–May (Fig. 4a), and FFA declined in
June–August (Fig. 4a). Temporal trends in TAG/CHOL ratios
followed that of TAG in all species (Fig. 3b).

Discussion
Our investigation into plasma lipid dynamics in four freeranging shark species provided baseline data on their natural
variability in three metabolic parameters (TAG, FFA and
CHOL) and insights into how these lipid metabolites may be
used in studies monitoring shark nutritional health status
over space and time. In our study, biological attributes (species and body size) and environmental features (season and
year) had the greatest inﬂuence on variability in the plasma
lipid spectra. The importance of these factors to our data set
highlights the relationship between animal physiology and
life history (Ricklefs and Wikelski, 2002), and the complex
and unusual dynamics of lipid metabolism in sharks (Valls
et al., 2016).
Plasma TAG, FFA and CHOL were positively related
across species, highlighting a common organization of lipid
metabolism among these taxa, as expected (Speers-Roesch
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and Treberg, 2010). However, a wide range of values among
the three plasma metabolites were detected, and species
effects loaded strongly in both components of our PCA,
Table 3: Principal eigenvectors from principal components analysis
of metabolite values and explanatory variables for nurse, bull and
blacktip sharks

Species
Sex
Length

PC1

PC2

−0.46

−0.45

0.32

−0.22

−0.44

0.60

0.53

−0.23

Year

−0.43

−0.57

Site

−0.11

0.04

Triglycerides

−0.0095

0.10

Free fatty Acids

0.077

0.042

Cholesterol

0.051

−0.0042

Season

Table 4: P-values of a generalized linear model for logarithmically
transformed metabolite values
Triglycerides

Free fatty acids

Cholesterol

Species

2.18E−04

1.91E−09

7.93E−07

Location

0.066

0.47

0.48

Year

0.048

0.62

0.38

Month

0.016

0.22

0.56

Length

0.52

0.57

7.87E−04

Sex

0.57

0.79

0.20

Location refers to shark capture location (Biscayne Bay, Everglades, Florida Keys
or the Bahamas). Bold denotes statistical signiﬁcance (P < 0.05).

which may be related to the different ecologies, physiologies
and behaviours of these sharks. Highly active sharks, such as
blacktip and bull sharks, revealed higher concentrations of
plasma FFA, whereas they were low in nurse sharks, a species known to be relatively sedentary, with low metabolic
rates (Carrier and Pratt, 1998; Whitney et al., 2016). During
non-migratory periods, blacktip and bull sharks have been
shown to exhibit relatively restricted home ranges and high
site ﬁdelity to coastal areas (Papastamatiou et al., 2010;
Hammerschlag et al., 2012; Graham et al., 2016). Sharks
that occupy this ecological niche may meet their energetic
requirements within their relatively small home ranges
(Papastamatiou et al., 2009). These inter-species differences
may also be explained by the fact that the larger sharks (bull
and tiger), which were found in our study to have low FFA,
have a lower mass-speciﬁc metabolic rate than that of smaller sharks and probably do not require as much energy to
fuel movement (Carlson et al., 2004). Free fatty acids typically function as a transport form of lipids from storage
depots to other tissues (i.e. muscle), meaning that highly
mobile predators may have a large demand for FFA. In teleosts, FFA are considered the most metabolically active lipid
fraction; however, FFA oxidation in sharks is considered to
be more limited (Zammit and Newsholme, 1979; Ballantyne,
1997; Speers-Roesch and Treberg, 2010), with only recent
work suggesting that FFA in shark plasma does reﬂect an
exogenous pathway (i.e. recent feeding; Beckmann et al.,
2013a, b). As such, we cannot pinpoint the speciﬁc pathway
leading to FFA detection in the plasma of the study sharks.
Our plasma FFA results are among the highest yet to be
reported for an elasmobranch (Ballantyne et al., 1993;
Speers-Roesch and Treberg, 2010), but are much lower than
that typically reported in teleosts (e.g. seabass Dicentrarchus
labrax, 2.22 ± 0.32 mmol l−1 and seabream Chrysophyrys
auratus, 2.79 ± 0.62 mmol l−1; McClelland et al., 1995),
which is in agreement with earlier work showing that teleosts
have 10-fold higher concentrations of plasma FFA than
sharks (Zammit and Newsholme, 1979).

Figure 2: Relationships of logarithmically transformed metabolites triglycerides, free fatty acids and cholesterol for nurse, bull and blacktip sharks.
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Figure 3: Inter-annual variability of the ratio of triglyceride to cholesterol (TAG/CHOL; a) and triglyceride (TAG; in millimoles per litre) on its
own (b) for nurse, bull and blacktip sharks over the study period. Months are denoted on the x-axis.

Figure 4: Inter-annual variability of free fatty acids (FFA, in millimoles per litre; a) and cholesterol (CHOL, in millimoles per litre; b) for nurse,
bull and blacktip sharks over the study period. Months are denoted on the x-axis.

Nurse sharks, which are relatively sedentary animals with
a low metabolic rate and high cost of movement (Whitney
et al., 2016), showed signiﬁcantly higher concentrations of
plasma TAG than other species assessed. It is thus possible
that the mobilization of TAG may be more important for
low-cost movements in sharks. The two study species (tiger

and bull shark) that usually have the most generalist diet
within the group of species investigated (Cortés, 1999) had
the lowest TAG. High concentrations of TAG are found in
the livers of many species of shark (Lipshaw et al., 1972;
Pethybridge et al., 2011; Beckmann et al., 2013a, b), and
TAG is typically bound to lipoproteins when circulating in
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the blood (Mills et al., 1977). It is possible that the low TAG
concentrations found here could be attributed to the consumption of a broad diet of both high- and low-quality nutritional items. Plasma TAG concentrations have been linked to
body condition, as Gallagher et al. (2014a) found a signiﬁcant relationship between plasma TAG and body condition
in tiger sharks, with girthier animals (relative to length) having higher energy stores. Yet, other work has starved smaller
sharks and not found a link between TAG and condition
(Zammit and Newsholme, 1979). The high variability in
TAG may also reﬂect recent feeding activity, different physiological states (maturation, fasting, resting, temperature, etc.)
or even genetic variability. Additional research is needed to
investigate these potential mechanisms further.
Sharks are considered to have a low capacity for the transport of CHOL (Larsson et al., 1976; Larsson and Fange,
1977). Thus, the detection of cholesterol in the plasma could
be used as an indicator of tissue catabolism, although it is
clearly also found in the diet. The highest CHOL values in our
study were evident in bull sharks, and our values are similar
to those reported in blue sharks (Prionace glauca) and mako
sharks (Isurus oxyrinchus; Stillwell and Kohler, 1982). In our
study, CHOL was signiﬁcantly affected by shark size
(Table 4), indicating that as sharks (particularly the bull
shark) increase in size they may have greater access (i.e. gape
and experience) to larger, more proﬁtable prey, such as turtles
and marine mammals (both groups inhabit our sampling locations; Hart and Fujisaki, 2010; Litz et al., 2012). We did not
measure CHOL concentrations in any prey species, however,
and future work should seek to compare lipid proﬁles of prey
items with those measured in predators. There were large differences in the ratios of TAG/CHOL observed between
sharks, suggesting that bull sharks have a lower nutritional
condition than both blacktip and nurse sharks that shared
similar value ranges. Although we cannot pinpoint the reason
for this result, it may be related to foraging strategies, physiological differences or other biotic factors that we did not measure (i.e. reproduction). We do not know whether our
standardized capture methods affected the metabolite values
in sharks (although they were likely to affect them in a similar
manner); however, our ﬁshing technique included short ﬁshing times (<1 h) and allowed the sharks to swim in circles
when hooked, thus permitting respiration (Gallagher et al.,
2014b).
The ﬁnding that each of the metabolites was signiﬁcantly
correlated with one another (Table 5 and Fig. 2) may indicate
that our physiological parameters can be used to trace differences or trade-offs in food availability and activity in sharks
over space and time. This concept is supported by the observed
signiﬁcant effects of year and month in TAG results and temporal variability in all metabolites (Figs 3 and 4). Plasma TAG
concentrations and TAG/CHOL ratios were found to be relatively constant during the year but peaked in February–April
for blacktip, bull and nurse sharks (Fig. 3). This temporal shift
in TAG may correspond to greater ecosystem productivity and

Table 5: Spearman correlation coeﬃcients of relationships for lengthnormalized metabolites and the slope of the relationship
Slope

r

P-value

TAG vs. FFA

0.21

0.27

0.036

TAG vs. CHOL

0.36

0.23

0.017

FFA vs. CHOL

1.30

0.52

4.70E−09

Abbreviations: CHOL, cholesterol; FFA, free fatty acid; and TAG, triglyceride.
Bold denotes statistical signiﬁcance (P < 0.05).

a pulse in food availability during this period (Lirman et al.,
2008), as the concentrations appeared to drop off during the
warmer summer months. The agreement between intra-annual
patterns in TAG concentrations and TAG/CHOL suggests that
TAG is an important metabolite for the condition of sharks
over time. Relatively constant concentrations of FFA and
CHOL (as documented here; Fig. 4), interspersed with peaks at
discrete times throughout the year (e.g. bull sharks; Fig. 4b)
may be linked to balanced energy metabolism interspersed with
sporadic feeding pulses/episodes used to support movements
requiring large amounts of energy. Seasonal variations in plasma CHOL concentrations in species of ﬁsh have been linked to
spawning (Larsson and Fange, 1977). Constant concentrations
of FFA and changing TAG may suggest a concurrent utilization
of endogenous and exogenous energy sources where metabolic
costs are balanced, and future work should expand on these
temporal patterns. Clearly, more sampling is needed in the summer months (Table 6), especially as shark occurrence is generally lower in our sampling regions during this time (our
unpublished data). However, the bi-modal patterns detected
in the metabolite values for some species here provide an important link between behaviour (residency, movements) and
physiology (energy) that could be especially valuable for understanding the mechanisms of decision-making in sharks.

Conclusions
We investigated aspects of the nutrition and energy metabolism
of multiple large, mobile shark species that co-occur over space
and time using non-lethal biopsy sampling. As many of the
speciﬁc dynamics of lipid metabolism and mobilization are still
not well understood in large sharks, we afﬁrm that this study is
a needed preliminary step to understanding these parameters
in the blood of free-ranging sharks, and these parameters could
be candidate markers for understanding energy and nutrition
in wild sharks. The range of values between and among species
for each of the metabolites investigated here suggests that possible ecological (dietary), biological (shark size, metabolic rate,
reproductive state) and environmental factors (time of year,
season) may be important in explaining nutritional and energetic variation. However, we must be transparent that these
inferences are in areas speculative and require further validation across species and time scales. The inter-species variation
in metabolites documented here provides insight, but the
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Table 6: Intra-annual sampling coverage (n values, by month) in TAG, FFA, CHOL and TAG/CHOL replicates for blacktip, bull and nurse sharks
in the present study
Blacktip

Bull

Nurse

TAG

FFA

CHOL

T/C

TAG

FFA

CHOL

T/C

TAG

FFA

CHOL

T/C

J

0

0

0

0

1

0

0

0

1

1

1

1

F

0

0

0

0

3

1

1

1

7

4

3

2

M

6

5

5

5

6

5

6

6

16

8

6

6

A

8

5

5

5

6

6

6

6

18

10

9

9

M

7

5

5

3

9

9

8

8

13

11

10

10

J

7

3

2

2

2

1

1

1

8

0

0

0

J

0

0

0

0

0

1

0

0

0

0

0

0

A

1

1

1

1

2

1

1

1

4

3

3

3

S

2

2

2

2

0

0

0

0

2

0

0

0

O

7

5

3

3

3

4

3

3

3

2

2

2

N

13

12

12

12

5

5

5

5

7

2

2

2

D

10

7

5

5

2

1

2

2

1

1

1

1

Abbreviations: TAG, triglyceride; FFA, free fatty acid; CHOL, cholesterol; and T/C, ration of triglycerides to cholesterol.

underlying mechanisms that explain this diversity need exploring. We realize that we touched upon only a small subset of
what a species’ ‘nutritional ecology’ entails, and the integration
of additional nutritional parameters with behavioural and
reproductive information may be particularly informative for
future studies. Additionally, inclusion of other metabolites (i.e.
ketone bodies; Valls et al., 2016) will help to improve our
understanding of the dynamics and relative importance and/or
contribution of these parameters to the nutritional ecology of
shark species. Such information can ultimately improve our
understanding of the mechanistic basis of animal movement,
decision-making and even the health of entire habitats and
prey sources, therefore helping us better link nutrition and
health to the conservation physiology of sharks.

Acknowledgements
We are grateful for the various discussions with our
colleagues who helped to interpret our results, especially
J. Ballantyne, C. Rohner and C. Beckmann. We are also
thankful for ﬁeld support provided by the Shark Research
and Conservation Program at the University of Miami and
especially appreciate the assistance with sample preparation
and analysis provided by C. Pankow, J. Jerome, E. Nelson,
R. Roemer and A. Enchelmaier. Thanks to the reviewers,
whose valuable comments helped strengthen this manuscript.

Funding
Funding for sample processing was provided by a grant from
the Save our Seas Foundation, as well as from support provided by Beneath the Waves.

References
Amara R, Galois R (2004) Nutritional condition of metamorphosing
sole: spatial and temporal analyses. J Fish Biol 64: 72–88.
Babin PJ, Vernier JM (1989) Plasma lipoproteins in ﬁsh. J Lipid Res 30:
467–489.
Ballantyne JS (1997) Jaws: the inside story: the metabolism of elasmobranch ﬁshes. Comp Biochem Physiol B 118: 703–742.
Ballantyne JS, Glemet HC, Chamberlin ME, Singer TD (1993) Plasma
nonesteriﬁed fatty acids of marine teleost and elasmobranch
ﬁshes. Mar Biol 116: 47–52.
Beckmann CL, Mitchell JG, Seuront L, Stone DA, Huveneers C (2013a)
Experimental evaluation of fatty acid proﬁles as a technique to
determine dietary composition in benthic elasmobranchs. Physiol
Biochem Zool 86: 266–278.
Beckmann CL, Mitchell JG, Stone DA, Huveneers C (2013b) A controlled feeding experiment investigating the eﬀects of a dietary
switch on muscle and liver fatty acid proﬁles in Port Jackson
sharks Heterodontus portusjacksoni. J Exp Mar Biol Ecol 448:
10–18.
Carlson JK, Goldman KJ, Lowe C (2004) Metabolism, energetic
demand, and endothermy. In Carrier J, Musick J, Heithaus M, eds,
The Biology of Sharks and Their Relatives. CRC Press LLC, Boca
Raton, FL, pp 203–224.
Carrier JC, Pratt HL (1998) Habitat management and closure of a nurse
shark breeding and nursery ground. Fisheries Res 39: 209–213.
Cortés E (1999) Standardized diet compositions and trophic levels of
sharks. ICES J Mar Sci 56: 707–717.

..............................................................................................................................................................

8

Research article
Conservation Physiology • Volume 5 2017
..............................................................................................................................................................
Domeier ML, Nasby-Lucas N (2013) Two-year migration of adult female
white sharks (Carcharodon carcharias) reveals widely separated nursery areas and conservation concerns. Animal Biotelem 1: 1.
Elliott KH, Vaillant M, Kato A, Gaston AJ, Ropert‐Coudert Y, Hare JF,
Speakman JR, Croll D (2014) Age‐related variation in energy
expenditure in a long‐lived bird within the envelope of an energy
ceiling. J Animal Ecol 83: 136–146.
Ferretti F, Worm B, Britten GL, Heithaus MR, Lotze HK (2010) Patterns
and ecosystem consequences of shark declines in the ocean. Ecol
Lett 13: 1055–1071.
Gallagher AJ, Kyne PM, Hammerschlag N (2012) Ecological risk assessment and its application to elasmobranch conservation and management. J Fish Biol 80: 1727–1748.

Käkelä R, Furness RW, Kahle S, Becker PH, Käkelä A (2009) Fatty acid
signatures in seabird plasma are a complex function of diet composition: a captive feeding trial with herring gulls. Funct Ecol 23:
141–149.
Larsson A, Fange R (1977) Cholesterol and free fatty acids (FFA) in the
blood of marine ﬁsh. Comp Biochem Physiol B 57: 191–196.
Larsson Å, Johansson‐Sjöbeck ML, Fänge R (1976) Comparative study
of some haematological and biochemical blood parameters in
ﬁshes from the Skagerrak. J Fish Biol 9: 425–440.
Lipshaw LA, Patent GJ, Foà PP (1972) Eﬀects of epinephrine and norepinephrine on the hepatic lipids of the nurse shark
Ginglymostoma cirratum. Horm Metab Res 4: 34–38.

Gallagher AJ, Wagner DN, Irschick DJ, Hammerschlag N (2014a) Body
condition predicts energy stores in apex predatory sharks. Conserv
Physiol 2: cou022; doi:10.1093/conphys/cou022.

Lirman D, Deangelo G, Serafy J, Hazra A, Hazra DS, Herlan J, Luo J,
Bellmund S, Wang J, Clausing R (2008) Seasonal changes in the
abundance and distribution of submerged aquatic vegetation in a
highly managed coastal lagoon. Hydrobiologia 596: 105–120.

Gallagher AJ, Serafy JE, Cooke SJ, Hammerschlag N (2014b)
Physiological stress response reﬂex impairment and survival of ﬁve
sympatric shark species following experimental capture and
release. Mar Ecol Prog Ser 496: 207–218.

Litz JA, Hughes CR, Garrison LP, Fieber LA, Rosel PE (2012) Genetic
structure of common bottlenose dolphins (Tursiops truncatus)
inhabiting adjacent South Florida estuaries - Biscayne Bay and
Florida Bay. J Cet Res Manage 12: 107–117.

Giraldo C, Mayzaud P, Tavernier E, Irisson JO, Penot F, Becciu J,
Chartier A, Boutoute M, Koubbi P (2013) Lipid components as a
measure of nutritional condition in ﬁsh larvae (Pleuragramma
antarcticum) in East Antarctica. Mar Biol 160: 877–887.

Lucifora LO, Menni RC, Escalante AH (2002) Reproductive ecology and
abundance of the sand tiger shark Carcharias taurus from the
southwestern Atlantic. ICES J Mar Sci 59: 553–561.

Graham F, Rynne P, Estevanez M, Luo J, Ault JS, Hammerschlag N
(2016) Use of marine protected areas and exclusive economic
zones in the subtropical western North Atlantic Ocean by large
highly mobile sharks. Divers Dist 22: 534–546.
Grundy S, Denke M (1990) Dietary inﬂuences on serum lipids and lipoproteins. J Lipid Res 31: 1149e72.
Hammerschlag N, Sulikowski J (2011) Killing for conservation: the
need for alternatives to lethal sampling of apex predatory sharks.
Endang Spec Res 14: 135–140.
Hammerschlag N, Gallagher AJ, Lazarre DM (2011) A review of shark
satellite tagging studies. J Exp Mar Biol Ecol 398: 1–8.
Hammerschlag N, Luo J, Irschick DJ, Ault JS (2012) A comparison of
spatial and movement patterns between sympatric predators: bull
sharks (Carcharhinus leucas) and Atlantic tarpon (Megalops atlanticus). PLoS One 7: e45958.

McClelland G, Weber JM, Zwingelstein G, Brichon G (1995) Lipid composition of tissue and plasma in two Mediterranean ﬁshes, the gilthead sea bream (Chrysophyrys auratus) and the European seabass
(Dicentratchus labrx). Can J Fish Aqua Sci 52: 161–170.
Mazurie A, Bonchev D, Schwikowski B, Buck GA (2010) Evolution of
metabolic network organization. BMC Syst Biol 4: 59.
Metcalf VJ, Gemmell NJ (2005) Fatty acid transport in cartilaginous
ﬁsh: absence of albumin and possible utilization of lipoproteins.
Fish Physiol Biochem 31: 55–64.
Mills GL, Taylaur CE, Chapman MJ, Forster GR (1977) Characterization
of serum lipoproteins of the shark Centrophorus squamosus.
Biochem J 163: 455–465.
Norton EC, MacFarlane RB, Mohr MS (2001) Lipid class dynamics during development in early life stages of shortbelly rockﬁsh and their
application to condition assessment. J Fish Biol 58: 1010–1024.

Han X (2016) Lipidomics for studying metabolism. Nat Rev Endocrinol
12: 668–679.

Orešič M (2009) Metabolomics, a novel tool for studies of nutrition,
metabolism and lipid dysfunction. Nutr Metab Cardiovasc Dis 19:
816–824.

Hart KM, Fujisaki I (2010) Satellite tracking reveals habitat use by
juvenile green sea turtles Chelonia mydas in the Everglades Florida
USA. Endang Spec Res 11: 221–232.

Papastamatiou YP, Lowe CG, Caselle JE, Friedlander AM (2009) Scale‐
dependent eﬀects of habitat on movements and path structure of
reef sharks at a predator‐dominated atoll. Ecology 90: 996–1008.

Hussey NE, Kessel ST, Aarestrup K, Cooke SJ, Cowley PD, Fisk AT,
Harcourt RG, Holland KN, Iverson SJ, Kocik JF et al. (2015) Aquatic
animal telemetry: a panoramic window into the underwater world.
Science 348: 1255642.

Papastamatiou YP, Friedlander AM, Caselle JE, Lowe CG (2010) Longterm movement patterns and trophic ecology of blacktip reef
sharks (Carcharhinus melanopterus) at Palmyra Atoll. J Exp Mar Biol
Ecol 386: 94–102.

..............................................................................................................................................................

9

Research article
Conservation Physiology • Volume 5 2017
..............................................................................................................................................................
Pethybridge H, Daley RK, Nichols PD (2011) Diet of demersal sharks
and chimaeras inferred by fatty acid proﬁles and stomach content
analysis. J Exp Mar Biol Ecol 409: 290–299.
Raubenheimer D, Simpson SJ, Mayntz D (2009) Nutrition ecology and
nutritional ecology: toward an integrated framework. Funct Ecol
23: 4–16.
Ricklefs RE, Wikelski M (2002) The physiology/life-history nexus. Trends
Ecol Evol 17: 462–468.
Sardenne F, Chassot E, Fouché E, Ménard F, Lucas V, Bodin N (2016)
Are condition factors powerful proxies of energy content in wild
tropical tunas? Ecol Indicate 71: 467–476.
Simpfendorfer CA, Heupel MR, White WT, Dulvy NK (2011) The importance of research and public opinion to conservation management
of sharks and rays: a synthesis. Mar Freshwater Res 62: 518–527.
Speakman J (1997) Factors inﬂuencing the daily energy expenditure
of small mammals. Proc Nutr Soc 56: 1119–1136.
Speers-Roesch B, Treberg JR (2010) The unusual energy metabolism
of elasmobranch ﬁshes. Comp Biochem Physiol A Mol Integr Physiol
155: 417–434.
Speers-Roesch B, Ip YK, Ballantyne JS (2006) Metabolic organization of
freshwater, euryhaline, and marine elasmobranchs: implications
for the evolution of energy metabolism in sharks and rays. J Exp
Biol 209: 2495–2508.
Stillwell CE, Kohler NE (1982) Food feeding habits and estimates of
daily ration of the shortﬁn mako (Isurus oxyrinchus) in the northwest Atlantic. Can J Fish Aquat Sci 39: 407–414.

Tocher DR (2003). Metabolism and functions of lipids and fatty acids
in teleost ﬁsh. Rev Fisheries Sci 11: 107–184.
Valls E, Navarro J, Barría C, Coll M, Fernández-Borràs J, Rotllant
G (2016) Seasonal ontogenetic and sexual changes in lipid
metabolism of the small-spotted catshark (Scyliorhinus canicula) in deep-sea free-living conditions. J Exp Mar Biol Ecol 483:
59–63.
Wagner T, Congleton JL (2004) Blood chemistry correlates of nutritional condition, tissue damage, and stress in migrating juvenile
chinook salmon (Oncorhynchus tshawytscha). Can J Fish Aquat Sci
61: 1066–1074.
Whitney NM, Lear KO, Gaskins LC, Gleiss AC (2016) The eﬀects of temperature and swimming speed on the metabolic rate of the nurse
shark (Ginglymostoma cirratum Bonaterre). J Exp Mar Biol Ecol 477:
40–46.
Wood CM, Walsh PJ, Kajimura M, McClelland GB, Chew SF (2010) The
inﬂuence of feeding and fasting on plasma metabolites in the
dogﬁsh shark (Squalus acanthias). Comp Biochem Physiol A Mol
Integr Physiol 155: 435–444.
Yan X, Xu J, Chen J, Chen D, Xu S, Luo Q, Wang Y (2012) Lipidomics
focusing on serum polar lipids reveals species dependent
stress resistance of ﬁsh under tropical storm. Metabolomics 8:
299–309.
Zammit VA, Newsholme EA (1979) Activities of enzymes of fat and
ketone-body metabolism and eﬀects of starvation on blood concentrations of glucose and fat fuels in teleost and elasmobranch
ﬁsh. Biochem J 184: 313–322.

..............................................................................................................................................................

10

