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CHESTINA NICOLE CRAIG
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ABSTRACT

The contents of blood can provide information about the physiological condition and health of
vertebrates. This study seeks to better understand the stress physiology and blood bacteria presence of the
sand tiger shark (Carcharius taurus), as sharks are known to have unique physiology and immune
systems. In this study the blood metabolites glucose, lactate, and ketones (3-hydroxybuteric acid and
acetoacetate), were used to understand how biotic and abiotic factors affect the acute stress response to
capture and handling. Metabolite concentrations from blood plasma were analyzed using colorimetric
assays. Glucose and ketones showed no significant responses to capture and handling stressors, while
lactate increased with longline soak time. There was an interactive effect of fork length and sex on the
ketone acetoacetate at the time of longline capture. Bacteria in the blood of sand tiger sharks was
guantified using blood culture methods. Sharks that were positive for blood bacterial growth had near
significant lower levels of lactate during capture compared to sharks negative for bacterial growth. Blood
bacteria presence did not differ between sexes or across fork lengths. The results from this study
demonstrate that while sand tiger sharks respond metabolically to longline capture, they may be
physiologically robust to capture. While none of the bacterial results were statistically significant, they
represent potentially interesting trends that should be investigated further in future studies. More studies
are necessary to better understand the implications of abiotic and biotic factors on the stress response of

sand tiger sharks.

INDEX WORDS: Stress physiology, Elasmobranchs, fuel, Capture stress, Anaerobic metabolism, Fishing
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CHAPTER 1
THE PHYSIOLOGICAL RESPONSE OF SAND TIGER SHARKS (C. TAURUS) TO LONGLINE

CAPTURE, HANDLING, AND SAMPLING

INTRODUCTION

The negative effects of capture and handling on elasmobranchs

Elasmobranchs captured on fishing gear and handled by humans will incur a stress response due
to the nature of these interactions. Sharks are often caught and released by recreational anglers (Cooke
and Schram, 2007) and make up a large portion of bycatch in commercial fisheries (Oliver et al., 2015).
Recreational angling and commercial fishing impacts may be similar as they both involve restriction of
movement during capture (due to hooking, restraint, etc.), and air exposure during handling which causes
an inability to uptake oxygen if not ventilated with seawater (Cooke and Suski, 2005). Even if the
organism survives the capture and handling stress event and is subsequently released, they may incur a
decrease of fitness as a result. For elasmobranchs, the consequences of encountering these stressors can
vary from brief changes in blood biochemistry, reduced reproductive success, increased chance of
predation, or delayed mortality (Skomal and Mandelman, 2012; Cooke and Schram, 2007; Butcher et al.,
2015). Populations of species with high fishing mortality levels can be very impacted by capture and
handling, but even species with low fishing mortality rates can suffer negative population effects if the
species is slow growing with low reproductive output (Shroeder and Love, 2002). Most elasmobranchs
are slow growing, with low reproductive output and can be in danger of overexploitation from fishing.
Because of the impact that stressors from capture and handling may have on elasmobranch species, it is
essential to have a comprehensive understanding of their physiological response to capture and handling
to understand the implications fishing pressures can have on individual health, which can impact

population health.



The stress response to capture as well as the magnitude of stress, varies across elasmobranch
species (Mandelman and Skomal, 2009; Skomal and Mandelman, 2012). Within species the stress
response can vary based on sex and age class, female sharks have been seen to display lower
concentrations of stress metabolites than that of male sharks, and smaller sharks more frequently
experience mortality or take longer to recover from capture stress than their larger conspecifics (Diaz and
Serafy, 2005; Ellis et al., 2017; Mandelman and Skomal, 2009; Whitney et al., 2017). The type of
handling sharks encounter has been shown to elicit different magnitudes of stress as well, for example
being handled in the water alongside the boat elicited a larger stress response in black tip sharks
(Carcharhinus limbatus) than being handled on deck and ventilated with seawater (Weber et al., 2020).
Gear type can also exert stress parameter influence, prior studies have demonstrated that sharks caught in
gillnets display a greater biochemical stress response than those caught with longline gear (Hyatt et al.,
2012). The duration of the shark’s interaction with the gear can also influence stress parameters, as
angling time increases, stress parameters often do too (Kneebone et al., 2013). Abiotic environmental
factors, such as temperature, dissolved oxygen, and salinity may also influence the stress response of
captured sharks, in Hyatt, 2016 sharks caught in warmer waters had higher values of plasma stress
parameters. Due to the high variability in the stress response to capture across elasmobranch species, their
unique metabolism, and their vulnerability to exploitation by fisheries, it is important to characterize
species specific responses to handling and capture across different variables such as handling time, sex,
length, health, sampling methods, and abiotic variability to get a full picture of how capture and handling

will affect shark species across multiple variables.

The vertebrate stress response

Stress in vertebrates occurs across two different defined timescales: acute and chronic. Acute
stress is rapid and short term (typically across minutes to hours), while chronic stress is more long term
(days to weeks). Acute stress will affect short term survival while chronic stress can affect feeding ability,

reproduction, and longer-term survival. This thesis primarily focuses on the acute stress response.
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The stress response is broken down into three core steps: the primary stress response, the
secondary stress response, and the tertiary stress response (Figure 1) (Wendelaar Bonga, 1997). The
primary stress response involves the release of stress hormones from the HPA (Hypothalamic-Pituitary-
Adrenal) axis, then followed by the secondary response which involves changes in blood biochemistry
triggered by the stress hormones and anaerobic metabolism if entered (Figure 1). Finally, the tertiary
stress response includes behavioral changes and a potential reduction in fitness (Figure 1) (Skomal and
Mandleman, 2012). In the vertebrate primary stress response, the first set of hormones secreted are the
catecholamines, norepinephrine and epinephrine. These hormones arise within seconds to minutes and are
responsible for what is considered the “flight or fight response” (Romero and Butler, 2007). These
hormones aid the body in coping with stress by stimulating increased blood flow, increased heart rate, and
increased alertness (Romero and Butler, 2007). The second class of hormones involved in the vertebrate
stress response are corticosteroids, which include the glucocorticoids (Romero and Butler, 2007). These
hormones are released less rapidly than the catecholamines, and their concentrations will increase within
minutes to hours of an encounter with a stressor (Romero and Butler, 2007). Catecholamines and
corticosteroids can both trigger an increase in the rate of glycogenolysis, which is the process that
transforms stored glycogen from liver and muscle tissues into glucose, with the result being an increased
concentration of circulating plasma glucose (Figure 2) (Romero and Butler, 2007; DeRoos and DeRoos,
1978). This increase in circulating fuel is characteristic of the secondary stress response in vertebrates.
This increased available fuel is intended to aid in withstanding increased energy demands triggered by the
stressor. The release of catecholamines also primes the body for exhaustive exercise. If exhaustive
exercise is needed to overcome the stressor, the body’s oxygen demand may exceed what is available and
can result in the accumulation of lactate, a byproduct of anaerobic metabolism. While lactate is not a
direct product of the secondary stress response in vertebrates, and is more indicative of metabolic state, it

often accompanies the secondary stress response.


https://journals.physiology.org/doi/abs/10.1152/physrev.1997.77.3.591
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Elasmobranch Stress Response

While the physiological stress response is well conserved across most vertebrate species, there are
differences between higher vertebrates, teleosts, and sharks (Terrien and Prunet, 2013). The primary
stress response in elasmobranchs, like all other vertebrates, involves the release of stress hormones;
catecholamines and corticosteroids. Fishes and other vertebrates use cortisol as their primary
corticosteroid, while elasmobranchs utilize 1-alphahydroxycortocosterone (1a-OHB), as well as
corticosterone at much lower circulating levels (Anderson et al., 2012). In prior studies it was
demonstrated that the rise in plasma glucose is proportional to the amount of epinephrine or
norepinephrine administered in spiny dogfish (Squalus acanthias) and nursehound sharks (Scyliorhinus
stellaris) (DeRoos and DeRoos, 1978). This elevated circulating plasma glucose can provide locomotive
muscles in elasmobranchs with energy to sustain increased movement during stress events (Richards et
al., 2003; Speers-Roesch and Treberg, 2010). With some exceptions, rises in plasma glucose have been
characterized in many elasmobranch species after encounter with a stressor. In Caribbean reef sharks
(Carcharinus perezi) caught on midwater longlines, circulating glucose concentrations rose with time on
the line, and maxed out at around 120 — 180 minutes (Brooks et al., 2012). In serially sampled lemon
sharks (Negaprion brevirostis), individuals held in tonic immobility between blood samples had higher
blood glucose levels than sharks that were allowed to free swim in between samples (Brooks et al., 2011).

While the use of glucose as an energy source for day-to-day functions and during stress is shared
across vertebrate groups, elasmobranchs also utilize ketone bodies as a primary source of energy
(Ballantyne, 1997; Speers-Roesh and Treeburg, 2010; Zammit and Newsholme, 1979). This is in contrast
with all other vertebrate predator species that rely upon glucose and carbohydrates for most of their
aerobic energy and utilize ketone bodies as emergency energy supplies during starvation when glycogen
stores become depleted (Veech, 2004). In mammals’ ketones are sourced from the liver and adipose
tissue, but elasmobranchs do not have adipose tissue and therefore ketone bodies are mostly sourced from
their liver (Figure 2) (Ballentyne, 1997). There are three different ketones present in elasmobranchs: 3-

hyrdoxybuteric acid or beta-hydroxybutyrate (BHB), acetoacetate (AcAc), and acetone. Elasmobranchs
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have capacity for fatty acid oxidation and ketogenesis in their liver but have limited capacity for fatty acid
oxidation in most extrahepatic tissues, including cardiac and skeletal muscle, instead opting for ketone
body oxidation in this tissue, indicating the importance of ketone bodies as an oxidative fuel in
elasmobranchs (Watson and Dickson, 2001; Speers-Roesh and Treeburg, 2010). How ketones are used by
different elasmobranch species is not entirely clear, but it is thought that ketone usage is species specific
(Speers-Roesch et al., 2006), and there has been high interspecies variation of plasma and serum ketone
bodies seen across shark species, including both BHB and AcAc (Moorhead, 2019; Watson and Dickson,
2001).

While it is known that ketones are a source of aerobic fuel in sharks, their potential role as a
mobilized fuel source in the acute stress response is less understood than the response of glucose. During
acute air exposure stress events BHB levels remained unchanged in the plasma of the Atlantic stingray
(Hypanus sabinus) (Lambert et al., 2018). In white sharks (Carcharodon carcharias), BHB levels did not
change with capture duration, but were significantly different across shark size, with larger sharks having
less circulating BHB (Gallager et al., 2019). However, results from Richards et al., 2003 do suggest that
bodies may play a part in the metabolic recovery, and are an important source of ATP, after exhaustive
exercise in spiny dogfish (Squalus acanthias). To date there have been no studies exploring the use of
AcAc during acute stress in elasmobranchs. Further investigations into the role of ketone bodies
(specifically BHB and AcAc) during acute stress in elasmobranch species are needed to understand if
they play a role in the stress response.

When sharks encounter capture or handling they will employ escape tactics such as burst
swimming and thrashing. During exhaustive exercise the body’s oxygen demands can exceed the rate at
which oxygen can be gained from the surrounding environment. When oxygen demand exceeds oxygen
supply, cells switch to anaerobic means of energy production; in vertebrates muscle tissue this occurs
primarily via lactic acid fermentation. In lactic acid fermentation cells are limited to only carbohydrate
fuel stores, such as glycogen, and will accumulate the pathway’s final product, lactate, if anaerobic

conditions persist. Plasma lactate has been seen to increase with angling time in Caribbean reef sharks
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(Carcharhinus perezi) (Bouyuocos et al., 2018), black tip sharks (Carcharinus limbatus) (Whitney et al.,
2017), the common thresher shark (Alopias vulpinus) (Herberer et al., 2010) and shortfin mako sharks
(Isurus oxyrinchus) (French et al., 2015). Increases in plasma lactate have also been noted in laboratory
air exposure experiments in the Atlantic stingray (Hypanus sabinus) (Lambert et al., 2018). Typically,
peak lactate levels are not seen until hours after the initial stress event has occurred, in Richards et al.
(2003) sustained plasma lactate accumulation in the spiny dogfish (Squalus acanthias) occurred 12 hours
after the initial stress event, and in Frick et al., (2012) peak lactate levels were not seen until 3 hours after
the simulated capture stressor. Lactate is typically considered the metabolite that is the best predictor of
mortality; moribund sharks in Marshall et al., (2012) had higher levels of lactate after longline capture,
than those that were released alive.

Rises in plasma glucose and lactate after exhaustive exercise, or interaction with a stressor such
as capture and handling has been reported in many shark species such as the dusky shark (Carcharhinus
obscurus, Cliff and Thurman, 1984), bonnethead sharks (Sphyrna tiburo, Hyatt, 2016), and the common
thresher sharks (Alopias vulpinus, Herberer et al., 2010). In most cases elevated levels of plasma glucose
and lactate can be used as indicators that the stress response has been initiated, glucose sometimes as a
proxy for stress hormones, and lactate as an indicator that the organism has switched to anaerobic
metabolism due to insufficient oxygen delivery. While lactate is not directly a product of the acute stress
hormones, it and glucose are linked within the stress response given the fact that anaerobic energy
production relies on carbohydrate fuel stores and an increased availability of fuel is needed to continue
energy production. The role of ketones in this process is much less understood, and as ketones are such an
important fuel source in elasmobranchs it is important to classify their potential role as fuel in the acute

stress response.

Study Species - Sand Tiger Sharks
Sand tiger sharks (Carcharias taurus) (figure 4) are a large, nearshore, piscivorous shark species

and member of the order Lamniformes and family Odontaspidaidae. They are listed as critically
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endangered worldwide according to the [UCN red list, however there are distinct populations that have
different conservation statuses around the world (IUCN 2020). In the United States, sand tiger sharks are
currently listed by the National Marine Fisheries Survey as a species of concern. Sand tiger sharks are
slow lumbering swimmers that exhibit seasonal migrations, traveling south into the waters off South
Carolina, Georgia, and Florida during the winter months, and then returning to waters off the coast of
New England during the summer months (Kneebone et al., 2014). These sharks are slow growing with
female sand tigers maturing at a length of 2200 -2300 mm TL and males at 1900 - 1950 mm TL (Gilmore
et al., 1983). Sand tiger sharks have low fecundity and only produce offspring bi or tri-annually and are
considered to have one of the lower reproduction rates in the elasmobranch subclass (Goldman et al.,
2006). Males and females have distinctively different reproductive cycles in which males display a
distinct yearly reproductive hormone cycle, and females exhibit a two year long reproductive cycle
(Goldman et al., 2006; Henningsen et al., 2008; Lucifora, 2002; Wyffels et al., 2020). Their status as a
species of concern and slow reproduction makes them a species of interest to conservationists and
scientists, who study them in the wild and at captive institutions. Their success in captivity and
frightening appearance has made them a popular shark species in aquaria and are frequently used as an
ambassador species for other sharks. Additionally, as a large nearshore shark species, they can may be
caught by recreational shark anglers, even though they are illegal to take and keep (Kilfoil et al., 2017).
All these instances: research, aquaria, and capture, sharks may fight on a line, be removed from the water,
handled, and from this, incur a stress response.

Only a few studies have analyzed secondary stress metabolites in sand tiger sharks after capture
(Hoopes et al., 2022; Kneebone et al., 2013; Otway, 2010). Only one of these studies used longline
capture. Understanding sand tiger shark response to longline capture across different seasons and
locations is of particular importance considering longline fisheries tend to have the largest elasmobranch
bycatch of all commercial fisheries (Oliver et al., 2015). Additionally, the physiological stress response of
sand tiger sharks to duration of handling, and type of sampling, has not yet been investigated. Previous

catch and release tagging studies have estimated post release mortality to be relatively low (5% - 6%,
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Haulsee et al., 2016; Kilfoil et al., 2017) and therefore sand tigers may be robust to capture stress.
Considering that sand tiger sharks have such a slow growth rate and reproductive output they still may be
vulnerable to over exploitation even if they are robust to capture. Understanding which factors attenuate
the stress response is important information that can inform angling and research best practices.

The objectives of this study were to investigate if metabolites (glucose, lactate, and ketones) are
affected by biotic (length, sex) and abiotic factors (temperature, dissolved oxygen) during longline
capture. As well as understanding the effect of longline soak time on plasma metabolites. Another goal of
this study was to understand if the plasma metabolites are affected by length of handling and the
occurrence of acoustic tagging surgeries and if there an interactive effect of handling and surgery on the
metabolites of. It is expected that stress events like duration of capture, handling, and surgery will all have
a measurable effect on the stress response through secondary metabolites. Abiotic factors will have an
influence on plasma metabolites during the stressor, and there will be length differences in some stress
metabolite concentrations.

Prior studies on sand tiger sharks noted significant differences in plasma glucose concentrations
between juveniles and adults (Hoopes et al., 2022). Therefore, it is predicted that there will be a negative
relationship between fork length and glucose concentration; however, it is not predicted that there will be
sex differences in glucose concentration. In experimental angling studies of sand tiger sharks, glucose
concentration did not increase with angling time, but lactate did (Kneebone et al., 2013). For this reason,
glucose concentrations are not predicted to increase with longline soak time, but lactate concentrations are
expected to increase with soak time. It is expected that increasing temperatures and decreasing dissolved
oxygen concentrations will be connected to increasing plasma lactate concentrations. In previous studies
on acute stress and ketones bodies, in most cases ketones did not significantly change in response to acute
stressors (Lambert et al., 2018). It is not expected that either ketone body (AcAc or BHB) will respond to
acute stressors like capture, handling, and surgery. However, sex differences have been seen in BHB
concentrations in other shark species, therefore it is predicted that ketone concentrations may differ across

sexes during longline capture (Valls et al., 2016).
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MATERIALS AND METHODS

Standard Sampling Procedure

To characterize the stress response to capture and handling, sand tiger sharks were sampled from
Saint Helena Sound in South Carolina in late March — early April in 2021, 2022, and 2023.

Sampling was conducted by Georgia Aquarium and South Carolina DNR on the R/V Silver
Crescent. Sharks were sampled via bottom longline gear with ~2-meter gangions that include a bite bar
and baited 16/0-18/0 circle hooks. A bite bar is a length of PVVC pipe affixed perpendicularly to the
gangions of the longline to prevent internal hooking of captured sharks. Water temperature and dissolved
oxygen levels were recorded for each longline set using a standard CTD sensor (conductivity,
temperature, depth). Soak time of these longlines ranged from a minimum of 54 minutes to a maximum of
313 minutes. Sharks captured on the long line were reeled to the boat and brought on board for sampling
where a hose pumping seawater was placed in their mouth to aid in ventilation. Immediately a blood
sample was taken from each shark via caudal venipuncture using 18-gauge needles with 10 ml
heparinized syringes and this blood sample was then immediately placed on ice until testing.
Measurements of total length (TL mm) and fork length (FL mm) were taken. Sharks were sexed and all
sharks had a fin clip, gill clip, and muscle biopsy taken. Sharks were tagged with a dart tag, a second and
final blood sample taken, and then released. Whole blood was tested, either immediately after collection
or once the boat was back at the dock, on several point of care meters, more information on the meters is
presented later in this section and in Appendix I. Within one minute of the blood draw, whole blood
samples intended for laboratory biochemical testing were then placed in tubes with heparin or lithium
heparin, and placed on ice or refrigerated until whole blood was able to be spun down to separate plasma
from the red blood cells (RBCs). Spinning down the blood typically occurred at the end of the sampling
day, or in between longline sets depending on the time available to complete this task. Plasma was then

stored at -20 °C for a maximum of 7 days while still in the field and then stored at -80 °C in the laboratory
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until analysis. Due to differences in research goals across sampling years, there are slight differences in

sampling protocols across all three years.

2021 Sampling Season

Sharks in 2021 were sampled between April 5" and 6™ from St. Helena sound South Carolina.
Eleven sharks were captured during this sampling season, a total of five females and six males. During
the 2021 sampling season the standard sampling procedure was followed except for the fact that only a

single initial blood sample was taken.

2022 Sampling Season

During the 2022 sampling trips, sharks were sampled between March 28" and April 5™ from St.
Helena sound South Carolina. A total of 19 sharks were captured with 8 females and 11 males. The shark
workup then followed the same procedure as the standard sampling procedure, with the addition of
acoustic tagging surgeries for some sand tiger sharks. The duration of handling of the animal was

recorded from the time the animal reached the boat from the longline to the time the animal was released.

2023 Sampling Season

Sharks were sampled between March 28" and April 4™, with a total of 22 sharks captured with 8
males and 14 females. During the 2023 field sampling season standard sampling protocol was followed,
with the addition of internal acoustic tagging of every animal. Duration of handling time and acoustic
tagging surgeries were recorded. Handling time was recorded as the number of minutes between the time
the shark reached the boat, and when the shark was released. The time it took to surgically implant

acoustic transmitters was recorded as the time from the initial incision to the final suture.
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Field Blood Testing

During the 2021 and 2022 sampling seasons the initial blood sample was tested for circulating
plasma glucose, lactate, and ketone levels on several point of care blood meters including The iPet Pro
glucose meter (Ultimed Inc. Excelsior, MN, USA), Contour next glucose meter (Senseonics, Inc.
Parsippany, NJ, USA) , Ketosense ketone meter (i-Sens Inc, Torrance, CA, USA) , and the Lactate Plus
lactate meter (Nova Biomedical Inc. Waltham, MA, USA) (for more information on the use of point of

care meters see Appendix I)

Laboratory Assays

Plasma glucose, lactate and ketone concentrations in the plasma were determined using standard
spectrophotometric procedures using a Spectra Max M3 (Molecular Devices, San Jose, CA, USA). All
plasma samples were thawed on ice, diluted appropriately to remain in the linear portion of the assay, and
analyzed in triplicate. All assays were read for absorbance at 340nm.

To assess the concentration of glucose samples were analyzed using the commercial glucose kit
(GAHK?20) from Sigma Aldrich (Raleigh, NC, USA). Samples were diluted 10x with diH2O. Standards of
a known concentration, including an assay blank, were made up through a serial dilution of glucose
standard to create a standard curve. During the assay a series of reactions take place in the wells that
transform glucose into 6-phospho-gluconate using the enzyme hexokinase. During these reactions an
equivalent amount of NAD+ is reduced to NADH, this concentration of NADH is read by the
spectrophotometer and used to calculate the concentration of glucose in the sample.

The concentration of lactate in plasma samples was analyzed using a colorimetric assay. Prior to
conducting the assay, plasma samples were deproteinated by adding 1 part sample to 2 parts 6%
perchloric acid. These were then centrifuged for 10 minutes at 4 °C at 10,000X. The supernatant was
pipetted off the top and stored at -80 °C until assayed. Deproteinated samples were then diluted 1:2 in 6%
perchloric acid (PCA), to create a total dilution factor of 9x. Standards are made up with lactic acid

(Sigma Aldrich, L1750) to create the standard curve. The enzyme lactate dehydrogenase (Sigma Aldrich)
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was used in this assay to transform the lactate present in the sample into pyruvate while simultaneously
reducing NAD+ (Sigma Aldrich) to NADH. The amount of reduced NADH is equivalent to the amount of
lactate present in the plasma sample, and the amount of NADH in the well after the reaction takes place is
picked up by the spectrophotometer (protocol modified from Clow et al. 2017).

Ketone body assays were performed directly on shark plasma, using two separate assays to
determine both acetoacetate (AcAc) and 3-hydroxybuteric acid (beta-hydroxybutyrate, or BHB)
concentrations. ACAc concentrations were determined using a commercial assay kit (Sigma Aldrich,
Raleigh, NC, USA. The reaction used to quantify the amount of AcAc in the sample was the oxidation of
AcAc and NADH to BHB and NAD+ using the enzyme beta-hydroxybutyrate dehydrogenase. The
change between NADH to NAD+ is proportional to the amount of AcAc in the sample. The change of
NADH to NAD+ is measured by the spectrophotometer and is compared between a sample and sample
blank to assess AcAc concentration in the sample using the following equation:

AcAc mM = [(sample blank — sample) / (water — 8mM standard)] * 8
BHB concentrations were determined using a commercial assay kit (Sigma Aldrich, Raleigh, NC, USA.
The reaction used to quantify the amount of BHB in the sample was the reduction of BHB and NAD+ to
AcAc and NADH using the enzyme beta-hydroxybutyrate dehydrogenase. The change between NAD+ to
NADH is proportional to the amount of BHB in the sample. The change of NADH to NAD+ is measured
by the spectrophotometer and is compared between a sample and sample blank to assess BHB
concentration in the sample using the following equation:

BHB mM = [(sample — sample blank) / (8mM standard — water)] * 8
Data Analysis

For all statistical testing, p < 0.05 is defined as significance. All statistical analyses were
conducted in JMP version 16. For data used in t-tests, ANOVAs and ANCOVAs, normality testing was
conducted using the Shapiro-Wilk goodness of fit test. All data were either normal or had a sample size
large enough (>30) where the violation of normality could be ignored. In the case of t-tests and ANOVA,

if variances were unequal, nonparametric methods were used. For regression and multiple regression
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analysis Q-Q plots were generated to check for outliers, only one outlier from the dataset was removed, a
male shark caught in 2021, due to its large size. Once this individual was removed, the data set was able
to meet assumptions. An additional individual was removed from the pooled dataset, one pregnant female
from 2022 not because she was an outlier but to control for the physiological effects of pregnancy as she
was noted to be pregnant during sampling.

Fork length differences between males and females were compared using a pooled t-test,
variances between the two samples were equal. Water temperature, and dissolved oxygen were compared
across years using Welch’s ANOVA, a non-parametric statistical test, and the Steel Dwas post hoc test.
Soak time, plasma glucose, and plasma lactate were compared across years with an ANOVA and Tukey
Kramer post hoc test. AcAc and BHB levels were compared across years with pooled t-tests. As the
objective of the study was to compare metabolite concentrations during longline capture and what
environmental factors may have an influence over their concentrations, metabolite data was pooled for
further analyses with the idea that differences in years may be a result of differences in temperature across
years.

Differences in plasma metabolite concentrations due to sex or fork length were analyzed using an
analysis of covariance (ANCOVA). Multiple linear regression was used to compare the effect of soak
time, dissolved oxygen, and water temperature on plasma metabolites. Using single factor linear
regression, handling time and surgery duration were compared to the change in plasma metabolite
concentrations for glucose, lactate, and AcAc.

To analyze the effect of fork length and sex on plasma metabolites, data from 2021, 2022, and 2023 were
pooled to ensure a relatively even sex ratio in the data, and because fork lengths did not significantly
differ across sampling years. One-way ANCOVA analysis was performed to elucidate the effect of sex on
circulating plasma metabolite levels while controlling for any covariation across fork lengths.

The analysis of the effect of handling and acoustic tagging surgery was limited to data from 2022
and 2023 due to the fact that post handling blood samples were not obtained during the 2021 sampling

season. To analyze the effect of acoustic tagging surgery, handling time, and if there is an interactive



21

effect of these two factors on the change in plasma metabolites across handling time, ANCOVA analysis
was used. To obtain change across handling time values for the plasma metabolites the metabolites value
from the post handling blood sample was subtracted from the metabolite value from the initial blood
sample so that an increase in the metabolite concentration across handling would be represented as a
positive value, and any decrease in the metabolite concentration across handling would be represented as
a negative value. Sharks from just 2023 were then used to explore if were any sex differences in how each
of the metabolites changed from the initial blood sample to the post handling blood sample.

Sample size differences across statistical testing is largely due to the inability to obtain data for
BHB and AcAc levels in different individuals as a result of unexpected laboratory methodological
difficulties. Additionally, fork length data was missing for two individual sharks in 2022 (one male, one
female).

All means in the results section are presented with standard deviation noted after the =.
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RESULTS

Sex differences across length
Shark fork length varied significantly by sex, with females being significantly larger than males
(t46 = -3.96, p = 0.0003). Mean female fork length was 2187+165 mm and mean male fork length was

2010145 mm.

Environmental and metabolite differences across years

Water temperature was significantly different across sampling years (Welch’s ANOVA, F, =102,
p < 0.0001), with 2021 being significantly lower than both 2022 and 2023, but no significant difference
between 2022 and 2023 (Steel-Dwass, 2021 & 2022 p = 0.0024, 2021 & 2023 p < 0.0001). Dissolved
oxygen was significantly different across years (Welch’s ANOVA, F, = 23.2, p < 0.0001), with 2021
having the highest dissolved oxygen levels, and 2023 having the lowest (Steel-Dwass, 2021 & 2022 p =
0.0251, 2021 & 2023 p < 0.0001, 2022 and 2023 p = 0.0138). Longline soak duration was not
significantly different across sampling years. Plasma glucose was significantly different across years
(ANOVA, F(2, 48 = 4.60, p = 0.0149), with plasma glucose from 2021 being significantly higher than
plasma glucose from 2023 (Tukey Kramer, p = 0.0168), and 2022 not being significantly different from
either 2021 and 2023. Plasma lactate was significantly different across years (ANOVA, F.46 = 17.60, p <
0.0001), with 2021 being significantly higher than both 2022 and 2023 (Tukey Kramer, p < 0.0001 for
both), but 2022 and 2023 not being significantly different from each other. AcAc and BHB plasma
concentrations were not significantly different between years. Regardless of these significant differences
in metabolites across years, metabolite data was still pooled for the subsequent analyses of the effect of

temperature on plasma metabolite concentrations.
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The relationship between biotic factors and plasma metabolites

There was no interaction between fork length and sex on circulating glucose levels calculated
from the initial blood sample. Additionally, initial plasma glucose did not differ between sexes or have a
relationship with fork length (Figure 4, graph A). All sharks combined displayed a mean initial plasma
glucose level of 2.98 + 0.76 mM, (Table 1). Similarly, there was no interaction between fork length and
sex on initial plasma lactate levels. Initial lactate did not differ across sexes or display a relationship with
fork length (Figure 4, graph B). Mean concentration of initial plasma lactate in all sharks was 3.12 + 2.31
mM (Table 1). There was no interaction between fork length and sex on circulating BHB levels.
Additionally, initial BHB did not differ between sexes and did not have a significant relationship with
fork length (Figure 4, graph D). BHB for all sharks had a mean concentration of 0.22 £ 0.17 mM (Table
1). Alternatively, there was an interactive effect of fork length and sex on circulating AcAc levels
(ANCOVA, Fs29) = 4.58, p =0.04), where female sharks had a positive relationship between fork length
and circulating AcAc levels and male sharks had a negative relationship between fork length and
circulating AcAc levels (Figure 4, graph C). Mean concentration of AcAc was 0.74 + 0.74 mM (Table 1).

Sharks consistently displayed higher AcAc values than BHB (Table 1).

The effect of abiotic factors on plasma metabolites

For the following results data from 2021, 2022, and 2023 were pooled. Initial plasma
metabolite levels were compared to long line soak duration, dissolved oxygen, and water temperature
using a multiple regression to establish any significant relationships between the variables. Mean values
and ranges for water temperature, dissolved oxygen, and long line soak time are available in Table 2.

In the multiple regression model initial glucose had a significant negative relationship with water
temperature (Multiple Linear Regression, p = 0.0116, Figure 5, Figure 6) but displayed no relationship
with dissolved oxygen or long line soak time (Table 3).

In the multiple regression model circulating initial lactate had a significant negative relationship

with water temperature (Multiple Linear Regression, p = 0.0423, Figure 7, Figure 8), a significant
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positive relationship with long line soak time (Multiple Linear Regression, p = 0.0015, Figure 9) and had
no relationship with dissolved oxygen. Long line soak time (standard beta = 0.43) had a greater influence
on initial plasma lactate concentration than water temperature (standard beta = -0.37) (Table 4). Soak
time, water temperature, and dissolved oxygen had no relationship with both ketone bodies (BHB and

AcAc) (AcAc: Table 5, BHB: Table 6).

The effect of handling time and surgery duration on plasma metabolites

Mean handling time was 22 + 5.5 minutes, with a range of times from 15 to 35 minutes. There
was no significant relationship between change in glucose and handling time, there were no significant
differences in glucose changes between sharks that had surgery and those that did not, and there was no
interactive effect of handling time and surgery on changes in glucose across handling (Figure 10). Mean
plasma glucose change was -0.18 + 0.78 mM.There was no significant relationship between change in
lactate and handling time, there were no significant differences in lactate changes between sharks that had
surgery and those that did not, and there was no interactive effect of handling time and surgery on
changes in lactate across handling (Figure 11). Mean lactate change was 0.58 + 0.44 mM.

There was no significant relationship between change in AcAc and handling time, there were no
significant differences in AcAc changes between sharks that had surgery and those that did not, and there
was no interactive effect of handling time and surgery on changes in AcAc across handling (Figure 12).

The change in AcAc averaged -0.1 = 0.87mM.

The effect of sex on metabolite changes during handling and surgery

For the following results only data from 2023 were used. T-tests were used to look for differences
in metabolite changes across sexes, for all tests variances were equal. Female and male sharks did not
significantly differ in how circulating glucose levels changed in response to handling and surgery (Pooled

T, t14 = 0.305, p = 0.76).
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Female and male sharks did display a significant difference in how circulating lactate levels
changed in response to handling. Female sharks had a significantly higher increase in circulating plasma
lactate in response to handling and surgery than males (Pooled T, t14 = -2.62, p = 0.02, Figure 13). In fact,
some males displayed a decrease in circulating lactate levels in response to handling, while all females
had an increase in lactate in response to handling. Mean lactate change of male sharks was 0.262 mM,
and mean glucose change in females was 0.768 mM. AcAc change across handling and surgery did not
differ significantly across sexes. There were no significant differences in how long females or males were

handled for, or surgery duration.
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DISCUSSION

The objectives of this study were to assess if the physiological response that occurs during
longline capture is affected by biotic (fork length, sex) and abiotic factors (temperature dissolved
oxygen), and longline soak time. This research also aimed to understand the effect of handling time and
duration of acoustic tagging surgeries on the plasma metabolites glucose, lactate, and ketones.

The plasma glucose values from this study fall within the range of previously published values.
Mean plasma glucose levels at capture in this study (3.0 £ 0.76 mM) are higher than those published for
captive sand tiger sharks (1.8 £ 0.08 mM), values published for sharks captured through purportedly less
stressful methods (2.5 £ 0.20 mM), but lower than sharks caught in Delaware Bay via longline.
Considering that aquarium sharks are more acclimated to physical restraint than wild sharks, they
possibly experience a lower magnitude of stress response than wild sharks when captured and handled for
a blood draw. Therefore, it is reasonable to consider the potential that longline capture induces an increase
in circulating glucose in sand tiger sharks as the glucose concentrations from this study are higher than
those in aquarium sharks. Longline capture may trigger an initial release of catecholamines and
corticosteroids that then trigger a release of glycogen from storage tissue, which in turn raises plasma
glucose.

Mean lactate levels in this study are lower compared to previously published values (Hoopes et
al., 2022). In both these studies sharks were captured by longline, however soak times were marginally
longer (mean 174 minutes) in Hoopes et al., (2022), than they were in this current study, which may
explain the difference in mean plasma lactate between the studies. Sharks in that study were also caught
during a different time of the year, August, and a different location, Delaware Bay, Delaware, then the
current study.

AcAc values were consistently higher than that of BHB in the sand tiger sharks from this study. A
similar trend was noted in nurse sharks (G. cirratum) (Moorhead, 2019). Prior to the ketone work on

nurse sharks, it had been hypothesized that BHB would always be higher than AcAc in elasmobranchs



27

due to the thought that AcAc rapidly transforms into BHB. Prior work on the small spotted catshark and
spiny dogfish revealed that those species had higher circulating values of plasma BHB than AcAc
(Zammit and Newsholme, 1979). Ratios of AcAc to BHB have been used in small mammals to determine
cellular energy status, and as markers of health in human medicine and perhaps these differing AcAc and
BHB ratios are a result of different energetic needs or energy utilization patterns differing across
elasmobranch species (Tanaka et al., 1979; Inaba et al., 2020). Further research into ketone body
concentrations in different shark species is needed to understand why some species have higher levels of
AcAc over BHB and vice versa.

To the best of our knowledge these are the first reported ketone body values for sand tiger sharks
and may prove useful in sand tiger shark husbandry and nutrition. However, caution should be taken in
using these values as a reference point considering they come from animals exposed to stressors, with

unknown nutritional histories, and should not be considered ‘“baseline values”.

Biotic factors effect on plasma metabolites

Glucose and lactate both did not have a relationship with fork length or differ between sexes. The
lack of relationship between plasma glucose and fork length differs from results in Hoopes et al., (2022),
where juvenile sharks exhibited significantly higher glucose concentrations than adult sand tiger sharks,
this would potentially indicate that shark fork length should have a negative relationship with plasma
glucose. This difference in statistical results may be because Hoopes et al., (2022) used maturity status as
the predictor variable and our current study instead used fork length. The lack of sex differences across
glucose and lactate is consistent with previous metabolite data published for sand tiger sharks (Hoopes et
al., 2022).

There was no significant interaction between sex and fork length, and plasma BHB
concentrations. BHB concentrations were not significantly different between sexes, and there was no

significant relationship between fork length and plasma BHB concentration. This lack of relationship

between length and BHB concentration contrasts with published data on other Lamniform sharks, a
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previous study on juvenile white sharks (Carcharodon carcharias) noted a significant negative
relationship between shark length and plasma BHB concentrations (Gallagher et al., 2019). The authors of
the study stated that this relationship was indicative of sharks using different energy sources as they age
(Gallagher et al., 2019). White sharks have an ontogenetic diet shift as they age, shifting from a
piscivorous diet as a juvenile, to feeding on marine mammals as an adult (Kim et al., 2012; Estrada et al.,
2006). Diet studies on the sand tiger shark revealed that their diets mostly consisted of teleosts and
elasmobranchs across their lifetimes (Lucifora et al., 2009). Perhaps these differences in diets across
ontogeny may account for the difference in the relationship with BHB and fork length in the two species.

As male shark fork length increased, plasma concentrations of AcAc decreased. In contrast as
female shark fork length increased, plasma AcAc concentrations increased. There may be an ontological
shift in the type of energy utilized between sexes, with male sand tiger sharks using a different energy
source such as amino acids or fatty acids after maturity, and female sharks relying more on AcAc as they
mature. It is known that male and female sand tiger sharks have distinct reproductive cycles that have
been tracked by hormones in the wild and captivity (Henningsen et al., 2008; Lucifora, 2002; Wyffels et
al., 2020). These reproductive cycles occur across different time periods, with males exhibiting a yearly
hormone cycle, and females exhibiting a biannual hormone cycle as well as biennial reproduction
(Henningsen et al., 2008; Lucifora et al., 2002). Importantly, the plasma samples in this current study
were taken in late March and early April across all sampling years. April is around the start of the
breeding season in sand tiger sharks (Wyffels et al., 2020). In a previous study, juvenile nurse sharks with
higher AcAc levels had higher body condition scores (Moorhead et al., 2019) and it may be possible that
this higher level of AcAc in female sand tiger sharks at reproductive maturity sizes may indicate female
energetic investment for reproduction. If this AcCAc trend is due to energy mobilization and investment for
pregnancy it would be interesting to track AcAc plasma concentrations across the breeding season as
AcAc is a ketone body produced by the liver and in previous studies in female sand tiger sharks it has
been seen that as gonadosomatic index increases (eg. larger ovarian follicles), hepatosomatic index

decreases (Lucifora, 2002).
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This AcAc trend could possibly represent an ontological and sexual shift in reliance on ketone
bodies in general, but this same interaction with sex and fork length was not seen in this study in BHB.
This is not the first-time sex differences in a ketone body have been noted in a shark species. In Valls et
al., 2016, BHB changed with seasonality in male small spotted catsharks (S. canicula), with adult males
having higher plasma BHB in the winter. BHB is one of the end products of ketogenesis and is what is
stored as energy in the liver (Fukao et al., 2004). BHB and AcAc are both transportable in the
bloodstream as mobilized energy, and BHB must be transformed into AcAc before it can again return to
the form of Acety-CoA to be utilized to create cellular energy (Fukao et al., 2004). Therefore, ACAc
plasma concentrations may provide a snapshot of ketone body utilization as an energy source at the point
when the blood sample was taken. In the spiny dogfish, while BHB values were influenced by feeding
status, AcAc remained unchanged. It is possible that these differences in AcAc across sexes may not be
due to sex differences in feeding (Wood et al., 2010).

Due to the nature of this study, it is difficult to determine whether these AcAc concentration
trends are a chronic state in sand tiger sharks, or if this is simply an acute stress response that is different
between sexes and across lengths. Perhaps male sharks with shorter fork lengths and females with longer
fork lengths respond to a stressor by increasing their circulating AcAc to use as an energy source to aid in

the resistance of that stressor.

Abiotic factor effect on plasma metabolites

Plasma glucose did not exhibit a significant relationship with dissolved oxygen but did have a
significant negative relationship with water temperature. The lack of relationship between dissolved
oxygen and plasma glucose is not unexpected as dissolved oxygen in this study never fell below 7.5mg/L,
and therefore sharks were never exposed to hypoxic conditions. It is worth noting that the temperature
range of 16 — 19 °C in this study is not a very broad one. This temperature range falls well within the

typical temperature range of sand tiger sharks (Kneebone et al., 2014). Temperature seems to be an
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important environmental variable to sand tiger sharks as sea surface temperature was one of the most
important predictors of shark location in previous studies that used sand tiger shark acoustic tracking data
in their models (Haulsee et al., 2018). Another telemetry study noted that the mean temperature juvenile
sand tiger sharks occupied in their Delaware Bay nursery grounds was 19.97 °C (Kneebone et al., 2018).
Another study that tracked adult sand tiger sharks on their fall southward migration noted that sharks
spent 95% of their time in water that ranged from 17 to 23 °C (Teter et al., 2014). Because the
temperature range in this study is so small, and the shark were caught within a temperature range that
sand tigers have are known to behaviorally select for, it is likely that this significant trend is an artifact of
the data and not actually biologically relevant.

The change in glucose across temperatures is not very large at a range of 1.37 mM to 5.7mM, a
4.3mM shift. This glucose concentration difference across temperatures may be biologically negligible to
these sharks. Similar ranges of glucose have been seen in other studies, in sand tiger sharks subjected to
an angling stressor had a glucose range of 3.38mM to 5.72mM, a 2.34mM range, however there was not a
significant relationship between glucose and time exposed to the angling stressor (Kneebone et al., 2013).
However, in French et al., (2015), where shortfin mako shark plasma glucose had a significant positive
relationship with water temperature, plasma glucose only had a small difference of 4mM between the
smallest and largest value.

There is a possibility that this glucose and temperature trend is an artifact due to the statistical
difference of both glucose and temperature across sampling years. There may have been something
different across the three sampling years, like food availability or reproductive state, affecting sand tiger
shark glucose concentrations that was not measured, and this difference is being shown through
temperature as a proxy.

There was no significant relationship between longline soak time and initial plasma glucose. The
lack of a significant relationship between soak time and plasma glucose in sand tiger sharks is consistent

with prior studies. In Kneebone et al., (2013) juvenile sand tiger sharks did not display a significant
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relationship between angling time and plasma glucose concentrations (Kneebone et al., 2013). A similar
trend was seen in Mako sharks, where glucose was not significantly affected by angling time (French et
al., 2015). While an increase in plasma glucose was not seen in this current study or the two mentioned,
this does not necessarily mean that during these stressors there is not elevated production of glucose.
Glucose is produced during stress events to fuel locomotory muscles, but for these locomotory muscles to
obtain this energy they must use the extra glucose in the glycolysis process. So, while it is possible that
these organisms are producing extra plasma glucose in response to the stressor, they may also be using
this plasma glucose up, and therefore this process would not be captured by just blood samples. To say
definitively whether duration on a longline has an effect on plasma glucose or not, it would be necessary
to use hook timers or experimental methods. For example, a shark may be caught and brought to the boat
for an initial blood draw, and then left on the line to continue fighting for a predetermined length of time,
after witch a second blood sample is taken to compare the change in metabolites across hooking time.
Testing for stress hormones like catecholamines at the same time would also be helpful to establish the
relationship between stress hormones and glucose mobilization in sand tiger sharks.

The negative relationship between water temperature and lactate differs from most other
published literature on capture stress and water temperature in fishes, the common trend is a positive
relationship between plasma lactate and water temperature (French et al., 2015; Kieffer et al., 1994).
Warmer water has lower oxygen concentrations and so organisms experiencing stressors in warmer
waters would be expected to enter anaerobic metabolism more rapidly and accumulate more lactate.
However, the dissolved oxygen levels experienced by the sharks in this current study never fell below
7.5mg/L, so sharks were not exposed to hypoxic conditions linked to temperature. This result may be an
artifact of the very small range of temperatures within the current data set, as well as the statistical
difference of both lactate and temperature across sampling years. There may have been something
different across the three sampling years, as stated above for glucose, affecting sand tiger shark lactate

concentrations that was not measured, and this difference is being shown through temperature as a proxy.
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As expected, lactate had a significant positive relationship with longline soak time; as soak time
increased, initial plasma lactate at capture increased. As there was no significant relationship between
dissolved oxygen and lactate, and because dissolved oxygen never dipped below 7.5mg/L in this study,
we can conclude that any changes seen in lactate concentrations are due to endogenous hypoxia from
increased physical activity. This finding is consistent with prior literature, plasma lactate concentrations
increased 21-fold (0.4 to 8.6 mM within 3 minutes) across angling time in juvenile sand tiger sharks
(Kneebone et al., 2013). This same pattern was also seen in shortfin mako sharks, a member of the same
taxonomic order as sand tigers (French et al., 2015). Longline soak time is only a coarse estimate of the
amount of time spent on the line by each shark, and a greater longline soak time duration would not
necessarily mean that the sharks caught on it were on the line longer than sharks caught on a longline with
a shorter soak time. However, the longer a longline is deployed in the water the greater the possibility that
a shark caught on that line has been hooked for longer. It would be expected that the longer a shark spent
fighting on the line, the more anaerobic glycolysis can take place leading to an increase in plasma lactate.
To confirm this theory about sand tiger sharks’ response to longline capture, hook timers or other
experimental methods like those mentioned previously would need to be used.

Neither AcAc nor BHB were affected by longline soak duration, dissolved oxygen, or water
temperature during longline capture. In prior studies on other species BHB has been affected by water
temperature in other shark species. In juvenile blacktip reef sharks, those held at a temperature 2 °C
higher than the baseline temperature had elevated plasma BHB concentrations (Schoen et al., 2021b).
However, this observation of temperature effect on BHB values was seen across a 7-day acclimation
period, and the effect of temperature on BHB concentration may take course across a longer timescale
(Schoen et al., 2021b). The lack of relationship between BHB and longline soak time is consistent with
other literature where BHB had no relationship with angling time in the shortfin mako shark (French et
al., 2015). Even though there is no statistical relationship between BHB and soak time does not

necessarily mean that there was no increase in BHB production. It is still possible that BHB was being
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mobilized, but was also being used up at the same time for energy. In spiny dogfish it was seen that BHB

is up taken by white muscle at the same rate that it is released from the liver (Richards et al., 2003).

The effect of handling time and surgery on the change in plasma metabolites

Shark handling time had no significant effect on any of the plasma metabolites (glucose, lactate,
and AcAc). There was no difference in plasma metabolite changes between sharks that did or did not
undergo acoustic tagging surgeries. The robustness of sand tiger sharks to acoustic tagging surgery is not
unexpected considering that in a previous acoustic tagging study, sharks released after surgery only had
an estimated mortality rate of 5% (or 1/20 sharks from the study) (Teter et al., 2014). Other stress
hormones like catecholamines may have been elevated during handling and acoustic tagging surgeries,
however these stress hormones were not measured during this study.

In prior studies BHB was shown to increase significantly after cannulation surgery in spiny
dogfish and remained significantly elevated from baseline levels through 48 hours post cannulation
surgery but unfortunately in my study BHB was unable to be measured in the 2023 sharks (Schoen et al.,
2021a). Possibly AcAc and BHB are involved in a less immediate rapid response to stress. During acute
stress events BHB levels remained unchanged in the plasma of the Atlantic stingray, while other markers
of stress (glucose and lactate) demonstrated that a stress response was mounted (Lambert et al., 2018). In
white sharks, BHB levels did not change with capture duration (Gallager et al., 2019). However, results
from Richards et al., (2003) do suggest that ketone bodies may play a part in the metabolic recovery, and
be an important source of ATP, after exhaustive exercise in spiny dogfish (Squalus acanthias), and so it
may be more useful to measure ketone bodies across more chronic timescales. To truly investigate BHB
and AcAc as measures of stress these animals may need to be exposed to more extreme levels of acute
stress or sampled for longer after an encounter with a stressor.

. There were no significant differences in the duration of handling or surgery between the sexes.
Interestingly female sharks displayed a significantly different change in lactate when compared to male

sharks. All female sharks displayed an increase in plasma lactate across handling, while male sharks
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generally displayed a small increase in lactate or a decrease Male sharks may be more robust to this type
of sampling than females are. This could be due to the fact that these samples were collected at around the
beginning of the sand tiger shark breeding season and the difference in physiology across sexes

reproductive hormones could cause (Wyffels et al., 2020).

CONCLUSIONS AND FUTURE DIRECTIONS

Plasma glucose and lactate levels within this study were consistent with prior literature, and these
are the first published ketone body values for sand tiger sharks. As glucose did not appear to be affected
by acute stressors in this study future work should be done to measure the stress response of sand tiger
sharks to longline capture by quantifying the concentration of both glucose and stress hormones like
catecholamines. There may be a sex determined ontogenetic shift in the use of AcAc, as shown by the
trend between fork length, sex, and AcAc. Further investigation should be conducted on plasma AcAc in
sand tiger sharks, and other elasmobranch species to understand the possible ontogenetic shift by sex seen
in the AcAc plasma levels of sand tiger sharks. Measurement of AcAc at different points in the breeding
cycle and across ontogeny should be taken to explore if concentrations of AcAc fluctuate with
reproductive state, development, or season, and the corresponding changes in physiology across these
variables.

As noted by this study, longline capture seems to elicit a metabolic stress response in sand tiger
sharks, and this stress increases with the length of possible time the animal could be hooked on the line,
as shown by the increase in lactate with increased longline soak time. Like prior studies, sand tiger sharks
appear to be robust to handling and acoustic tagging surgery. Even so it is important for future studies to
focus on not just post release survival as a consequence of this capture stress but also organism health,

potential behavioral changes post stress, and the impact of capture stress on reproductive output.
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CHAPTER 2:

BLOOD CULTURE SURVEY IN FREE-RANGING SAND TIGER SHARKS (C. TAURUS)

INTRODUCTION

Most animals have a collection of microorganisms that naturally live on multiple tissues
throughout the body, which are collectively referred to as a microbiome. Microbiomes are often
determined by bacterial residency in each tissue, and the function to the animal it provides (Hammer et
al., 2019). Animal microbiomes are known to influence an organism’s physiology and behavior, and
some animals are very dependent on these host — microbiome interactions to function properly (Hammer
et al. 2019; Perry et al., 2021). One phylogenetic group with well-known microbiomes are the fishes.
Microbes are found on their epidermis, within their Gl tract, in their mouth, and within their gills (Perry et
al., 2021). In most cases, these microbial communities are beneficial to the host animal, for example
bacteria with antibiotic properties have been found on the skin of California bat rays (Mylobatis
californica), suggesting that these bacteria may help fight infection from injuries (Ritche et al., 2014). It is
thought that some gut bacteria in the bonnethead shark (Sphyrna tiburo) help with digestion of marine
plants, which have been found in bonnethead stomachs (Leigh et al., 2021). In contrast to the established
understanding of the microbes of the epidermis, gills, Gl tract, and mouth, the presence of bacteria in fish
blood is much less researched and blood represents a potentially new tissue with a distinct microbial

community (Perry et al., 2021).

In vertebrates, it is generally accepted that blood is sterile and the presence of bacteria in the
blood indicates infection. Additionally, vertebrate blood may contain transient bacteria, but it is thought
that this is quickly eliminated by the immune system, or the bacteria proliferates resulting in sepsis.
However, bacteriemia (the presence of bacteria in the bloodstream) has been observed in healthy humans,
Greenland halibut (Reinhardtius hippoglossoides), Atlantic halibut (Hippoglossus hippoglossus), and wild

caught red snapper (Lutjanus campechanus) (McLaughlin et al., 2002; Tarnecki et al., 2016; Fronton et
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al., 2023). Bacteria have been isolated from the blood of seemingly healthy elasmobranchs (Mylniczenko
et al., 2007; Tao et al., 2014). Approximately 27% of the sharks sampled (healthy captive and free
swimming in situ) had bacteria present in their blood, several species which are known to be pathogenic
in fishes (Vibrio spp., Pseudomonas spp., etc) (Mylniczenko et al., 2007). Notably, pelagic elasmobranch
species produced more positive blood cultures than benthic individuals (Mylniczenko et al., 2007). In
another study, nine of ten sampled lesser electric rays (Narcine bancroftii) had bacteria positive blood
cultures (Tao et al., 2014). It is unclear whether non-sterile blood is a baseline condition in elasmobranch
fishes, and whether these bacteria could become pathogenic during times of chronic or even acute stress.
It is also important to know if bacteria in the blood has the potential to hinder elasmobranchs ability to
biochemically and metabolically cope with stressors (eg. capture and handling). Physiological stress has
been known to affect microbiome communities, e.g. elevated cortisol levels caused compositional
changes in the gut microbiome of the Atlantic salmon (Salmo salar) (Uren and Webster et al., 2020).

Not much is known about how the immune system may affect the stress response during capture
and handling in elasmobranchs, as this is a difficult metric to measure and compare - particularly in wild
sharks. Blood bacterial presence may be one health factor with the potential to attenuate or depress the
stress response. For example, it has been observed in the round stingray (Urobatis halleri) that legacy
chemical contamination does affect the stress response (Lyons and Wynne-Edwards, 2019), specifically
an inability to produce plasma glucose, however this is an abiotic interaction, and it is unclear if blood
bacterial presence could cause a similar effect, if any effect at all. Investigating the physiological link
between bacteremia and the acute stress of capture and handling has important implications for further
understanding how the elasmobranch immune system and stress response interact. In addition to
understanding how bacteremia may interact with the stress response, understanding what variables, like
animal size and sex, drive bacterial presence or absence is important to better understand elasmobranch
health across all species.

There are no current published studies on the presence of bacteria in the blood of sand tiger

sharks, or how this presence correlates with the acute stress response. It is thought that elasmobranch to
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microbiome relationships could be changed under human care (Perry et al., 2021). Considering sand tiger
sharks conservation status and common usage in public aquariums, understanding how bacterial presence
in the blood interacts with physiological stress parameters can fill an important knowledge gap in a very
preliminary area of research.

The presence of bacteria in the blood of healthy vertebrates is a relatively new concept and while
investigation of this has been undertaken in mammals as well as bony fishes, even less work on this
subject has been done in elasmobranchs. The objectives of this study are to explore blood bacterial
presence in sand tiger sharks, evaluate if there are length and sex differences in blood bacterial presence,
and understand if there is a possible interaction between blood bacterial presence and stress metabolites in

the sand tiger shark.
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MATERIALS AND METHODS

Field Capture of Elasmobranchs
Twenty-two sand tiger sharks were sampled via baited longline from St. Helena sound, South
Carolina during the months of March and April 2023, for further information on these sampling methods

see Chapter 1.

Blood Sampling

To prevent cross contamination from bacteria on the shark’s epidermis, the skin at the blood
collection site was disinfected with isopropyl alcohol (Mylniczenko et al, 2007). Blood for the bacteria
cultures was drawn via caudal venipuncture with sterile 18 or 20-gauge needles and 3 ml syringes, at least
2mL of blood was collected from each animal. To assess for both anaerobic and aerobic growth two
culture tubes were made up of 1mL of blood combined with 10mL of tryptic soy broth (Soybean-Casein
Digest Medium) (BD Difco, Franklin Lakes, NJ, USA). Field control tubes were created by uncapping the
culture tube and holding it uncapped in the same location and for the same amount of time as the blood
cultures. Culture tubes for blood bacteria and controls sat at room temperature for approximately 48 hours
before being placed in an incubator at 35 °C for 72 hours, previous studies using elasmobranch blood

demonstrated that almost all bacterial growth is completed within 72 hours (Tao et al. 2014).

Laboratory culture plates

After the 72 hour of incubation period, culture tubes were removed from the incubator and a
streak plate was made from each culture on marine agar and blood agar to determine if each sample was
positive or negative for bacterial growth (Sanders, 2012). Marine agar was prepared in house by adding
44.08g of marine agar base (BD Difco Marine Agar 2216) to 800ml of diH.O). These plates were then

once again incubated at 35 °C for 72 hours and subsequently inspected for bacterial growth by observing
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the presence or absence of any bacterial colonies. Any plate with colonies was considered positive for

growth, any plates with no visible colonies were considered negative for growth.

Statistical Analysis

The relationship between sand tiger shark fork length and blood bacterial presence or absence
was investigated using a logistic regression. Blood bacterial presence or absence was compared to shark
sex using a contingency table and Fishers Exact Test. Initial metabolite levels were compared between
individuals with blood bacterial presence or absence using pooled t-tests. In all cases the assumption of
normality and equal variances was met. Due to high contamination of the aerobic field controls, and the
fact that all but one shark were positive for aerobic bacterial growth, statistics were not performed for

aerobic cultures.
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RESULTS

Bacterial presence in sand tiger sharks

Blood from 16 out of the 22 sharks sampled were positive for anaerobic bacterial growth on marine
agar. Only blood from one individual was negative for aerobic bacterial growth on marine agar, this
individual was also negative for anaerobic growth on marine agar as well. No anaerobic field controls were

positive for bacterial growth, and 2 out of 5 aerobic field cultures were positive for bacterial growth.

Comparison between blood bacterial presence and biological characteristics in sand tiger sharks
There was no significant relationship between fork length and anaerobic bacterial presence
streaked on marine agar. There were no significant differences in bacterial presence from anaerobic

marine agar cultures between sexes.

Comparison of blood bacterial presence and initial stress parameters in sand tiger sharks

There was no significant difference in plasma glucose and AcAc levels between sharks that were
positive for anaerobic bacteria and sharks negative for anaerobic bacteria. However, there was a near
significant difference in initial lactate between those that were positive or negative for anaerobic bacteria
streaked on marine agar (Pooled T, t = -2.013, p = 0.057). Initial lactate was higher in individuals that
were negative for anaerobic bacterial growth on marine agar (mean = 2.9 + 1.1 mM lactate) versus those

that were positive for growth (mean = 1.89 =+ 1.0 mM lactate).
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DISCUSSION
Microbiomes are found in the mouths, gills, Gl tracts, and on the skin of elasmobranch species
(Perry et al., 2021). These microbial communities serve important functions for the organisms that house
them and have provided information to scientists about the ecology and physiology of their hosts (Perry et
al., 2021; Ritche et al., 2014). In recent years the existence of a blood microbiome has been suggested as
recent studies have cultured bacteria from the blood of sharks with no apparent illness. For these reasons
the objectives of this study were to explore blood bacterial presence in sand tiger sharks, evaluate if there
are length and sex differences in blood bacterial presence and understand if there is a possible interaction

between blood bacterial presence and stress metabolites in the sand tiger shark.

Blood culture survey of sand tiger sharks

Contrary to study predictions, sand tiger shark fork length did not have a significant
effect on blood bacterial presence, and there was no significant difference in blood bacteria presence
between sexes.

There were high rates of positive cultures across all four culture types evaluated (marine agar
aerobic, marine agar anaerobic). In marine agar cultures, 72% of the anaerobic and 95% of the aerobic
cultures were positive for bacterial growth. None of the anaerobic marine agar field control cultures were
positive, however a few aerobic marine agar field control cultures were positive, introducing the
possibility that some aerobic marine agar cultures were perhaps contaminated. In a previous study on the
bacterial presence in the blood of the lesser electric ray (Narcine bancroftii), 90% of the rays sampled had
positive blood cultures (Tao et al., 2014). Lesser electric ray blood cultures were plated on both marine
and blood agar. These positivity rates are much higher than the 27% positive culture rate seen in a study
that was pooled across a large variety of elasmobranch species some of which were housed in aquaria and
some from the wild (Mylniczenko et al., 2007). The Mylniczenko study also used blood agar and agar
specially formulated to culture Vibrio species. Here, only marine agar was used to culture bacteria, each

of the different culture media (marine agar, blood agar, vibrio agar) used across this study and the two
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previously mentioned, have different nutritional compositions that promote the growth of different
bacterial species, which may be the cause of the different blood culture positivity rates. If elasmobranchs
have a blood microbiome it is likely that these microbiomes are species specific, which may also explain
the differences in blood culture positivity rates across studies. Pelagic elasmobranchs had higher rates of
positive cultures (38.7%) as compared to more benthic species (13.9%) (Mylniczenko et al., 2007).
Considering that sand tiger sharks are pelagic sharks, the relatively high positivity rate in the current
study, could be considered consistent with the prior findings that pelagic elasmobranchs had higher rates
of blood bacterial presence.

While the rates of bacterial growth are high in this study, they are consistent with the rest of the
limited literature on this subject. It cannot be negated that contamination is always a possible factor,

especially with the aerobic cultures where several controls were positive.

Blood bacterial presence and its relationship with blood metabolites

There were no significant differences in the plasma metabolites glucose and AcAc between
sharks with positive or negative anaerobic cultures. However, a near significant difference was seen in
plasma lactate levels between individuals positive or negative anaerobic cultures. Until recently, the
presence of bacteria in the bloodstream would be considered a negative health event and would be
assumed to have deleterious effects. As evidence of the presence of bacteria in the blood of healthy
vertebrates, including elasmobranchs, continues to build it suggests that bacterial presence in blood may
not always indicate disease. Possibly the bacteria found in blood of sand tiger sharks may play a role in
helping cope with the metabolic switch to an anaerobic state during the capture and exhaustive exercise. It
has been observed that a specific genus of bacteria (Veillonella) increases in runners after marathons
(Scheiman et al., 2019). This genus of bacteria utilizes lactate as its sole carbon source, and when mice
were inoculated with the species isolated from marathon runners, it significantly increased their treadmill
performance time most likely through the prevention of lactate build-up (Scheiman et al., 2019). This

genus of bacteria resides mostly in the gut, however, acute stress has been seen to increased intestinal
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permeability, which in turn promotes the translocation of gut bacterial, potentially into the blood
(reviewed in Kelly et al., 2015). Additionally, in vertebrates it is known that microbial presence can
influence the stress response and that inversely stress hormones can influence microbiome composition
(Uren Webster et al., 2020; Vodicka et al., 2018). It is thought that the gut microbiome of higher
vertebrates plays a large role in the development of the hypothalamic-pituitary-adrenal (HPA) axis and
stress signaling, however this has yet to be explored in other vertebrates (Ortega et al., 2021).

It is important to note that one major limitation of the current study is that there are many species
of bacteria that are unable to be cultured under laboratory conditions and so other bacteria may have been
missed by our methods (Amann et al., 1995). Another limitation important to consider is the possibility of
contamination from seawater, sample transport, and laboratory equipment. In the future genetic analysis
may be used to identify sources and microbes whose origins are not from the elasmobranch blood

samples.

CONCLUSIONS AND FUTURE DIRECTIONS

Bacteria was able to be cultured from the blood of sand tiger sharks. These observations can be
added to the other current literature as potential evidence that elasmobranch blood may not be sterile at
baseline. It appears that bacteria in the blood of sand tiger sharks may potentially influence plasma lactate
concentration at the time of longline capture. This is an interesting trend worth investigating in the future
using larger sample sizes and more extensive laboratory techniques such as 16s rDNA sequencing to
determine the types of bacteria present in the bloodstream of these animals and help understand the effect
of the presence of these microorganisms. It is pertinent to investigate blood bacterial presence alongside
markers of immune status such as white blood cell counts and complete blood cell counts to begin to

evaluate the effect of bacteria in the bloodstreams on the immune system.
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APPENDIX I

VALIDATING POINT OF CARE METERS FOR USE IN C. TARUS

Elasmobranchs (sharks and rays) are regularly captured by commercial and recreational anglers, as well
as captured for scientific research. This capture, which involves exhaustive fighting and air exposure, can
induce a measurable stress response. One way to measure stress is by changes in blood chemistry that
indicate increased energy production (glucose) and metabolic state (lactate), and energy store use
(ketones). Most elasmobranch fieldwork is remote and keeping most species in the lab is not feasible, so
researchers need to be able to analyze blood in the field. Small, battery powered, point of care (POC)
blood meters make this possible. However, these devices were developed for mammals and have not
thoroughly been validated for use in elasmobranchs (Stoot et al., 2014). To validate POC meters for use in
sand tiger sharks, whole blood samples were tested on meters in the field, and plasma samples will be
tested again on these meters in the lab. Biochemical assays were then ran to elucidate the plasma
concentrations of glucose, lactate, and BHB. The following point of care meters were be used: the iStat
(Abbot Point of Care Inc., Princeton, NJ, USA), The iPet Pro (Ultimed Inc. Excelsior, MN, USA) glucose
meter, Contour next (Senseonics, Inc. Parsippany, NJ, USA) glucose meter, Ketosense (i-Sens Inc,
Torrance, CA, USA) ketone meter, and the Lactate Plus (Nova Biomedical Inc. Waltham, MA, USA). To
assess the hypothesis that the POC meters will produce representative values like the biochemical assays,
Spearmans rank correlations were ran to compare the meter and biochemical assay data for glucose,
lactate, and ketones. The iPet Pro glucose meter when used to run whole blood or plasma, does not
produce representative glucose values that correlate with biochemical laboratory assays (whole blood vs
assay: Spearmans rank p =-0.18, p = 0.3632, N = 29; plasma vs assay: Spearmans rank p =0.22, p =
0.1692, N = 39). The lactate plus meter produced representative values to the laboratory assays when used
with whole blood (Spearmans rank p =0.52, p = 0.0043, N = 28) and plasma (Spearmans rank p = 0.80, p
< 0.0001). More investigation is needed on the Ketosense meter and ketones in elasmobranchs in general

to establish whether the Ketosense is a useful tool for analyzing circulating ketone bodies in
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elasmobranchs. Values produced by whole blood and plasma on the Ketosense both correlated with the
values produced by laboratory assays (whole blood vs assay: Spearmans rank p = 0.51, p = 0.004, N = 30;
plasma vs assay: Spearmans rank p = 0.48, p = 0.0021, N = 39). This validation has an implication for
development of more accurate and affordable field and laboratory blood sampling methods in

elasmobranchs.
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Table 1: Mean, standard deviation, range, and sample size of plasma metabolite levels combined between
sexes, females, and males, from the initial blood sample. Data are pooled from all three sampling years

(2021, 2022, and 2023).

Metabolite initial value Mean Standard Min - Max N
(mM) Deviation

Glucose 2.98 0.76 1.37 - 5.47 50
Females 3.03 0.79 1.37 - 5.47 24
Males 2.94 0.75 1.79 -5.09 26
Lactate 3.12 2.31 0-12 48
Females 2.98 1.66 0.65-7.5 24
Males 3.28 2.84 0-12 24
AcAc 0.74 0.74 0-29 35
Females 0.81 0.68 0-2.18 16
Males 0.70 0.81 0-2.9 19
BHB 0.22 0.17 0-0.59 28
Females 0.69 0.07 0.57-0.84 14
Males 0.77 0.09 0.64 -0.93 8

Table 2: Mean, standard deviation, range, and sample size of environmental factor and longline soak

time.
Variable Mean [S)?/?:;;i Min - Max N
Fork Length 2094 mm 177 mm 1720mm - 2460mm 48
Water Temperature 17.92 °C 0.95°C 16.6 °C-19.6 °C 47
Dissolved Oxygen 8.09 mg/L 0.36 mg/L 7.5 mg/L - 8.8 mg/L 47
Longline Soak Time 131 minutes 47 minutes 54 minutes - 313 minutes 51

Table 3: Results of multiple regression comparing water temperature, dissolved oxygen, and long line
soak time against initial plasma glucose. * indicates variables that are significant, standard betas only

provided for significant variables. DF = 3, 43

Predictor Variable t-value p-value Standard Beta
Water Temperature -2.64 0.0116* -0.54
Dissolved Oxygen -0.98 0.3348
Longline Soak Time 0.12 0.9073
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Table 4: Results of multiple regression comparing water temperature, dissolved oxygen, and long line
soak time against initial plasma lactate. * indicates variables that are significant, standard betas only
provided for significant variables. DF = 3, 41

Predictor Variable t-value p-value standard beta
Water Temperature -2.1 0.0423* -0.37
Dissolved Oxygen 0.7 0.4882
Longline Soak Time 341 0.0015* 0.43

Table 5: Results of multiple regression comparing water temperature, dissolved oxygen, and long line
soak time against initial plasma AcAc. * indicates variables that are significant. DF = 3, 28

Predictor Variable t-value p-value
Water Temperature -1.2 0.2399
Dissolved Oxygen -1.39 0.1741
Longline Soak Time -0.62 0.5393

Table 6: Results of multiple regression comparing water temperature, dissolved oxygen, and long line
soak time against initial plasma BHB. * indicates variables that are significant. DF = 3, 21

Predictor Variable t-value p-value
Water Temperature -1.37 0.1841
Dissolved Oxygen -0.71 0.4826

Longline Soak Time 1.03 0.317




Table 7: Table of previously published plasma glucose values of sand tiger sharks.
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Reference Mean Glucose Range N Capture Location Notes
Glucose (mM) Method
(mM)
Hoopes etal.,, 3.55%0.66 2-5.38 153 Longline Delaware
2022 Bay,
Delaware,
USA
Otway 2015 2.7%0.2 25-29 30 Lassoed by East
divers, putin Australia
tonic
immobility, and
brought to
surface
Andersonet  1.88+0.08 Unpublished 23 Varied Captive Healthy sharks
al., 2012 from 18 unaffected by
separate spinal
institutions deformities.
Andersonet  1.81+0.15 Unpublished 10 Varied Captive Sharks affected
al., 2012 from 18 by spinal
separate deformities.
institutions
This study 2.88+0.76 1.3-547 50 Longline St. Helena Values from
Sound, post-capture but
South pre-handling
Carolina, blood sample

USA
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Table 8: Table of previously published values of plasma lactate in sand tiger sharks.

Reference Mean Lactate N Capture Location Notes
Lactate Range Method
(mM) (mM)
Hoopes et 8.8+3.3 28-18.1 153 Longline Delaware
al., 2022 Bay,
Delaware,
USA
This study 312+23 0.0-12.02 48 Longline St. Helena  Values from
Sound, South  pre-handling
Carolina, blood
USA sample

Table 9: Table of previously published plasma BHB values in various shark species. Table modified from
Moorhead 2019. Only wild captured animals not under experimental conditions included.

Reference Species BOH BOH Range mM N Location
Mean
mM
Zammit and Spotted catshark 0.06 £ 0.013-0.140 8 Plymouth, UK
Newsholme 1979  (Scyliorhinus canicula) 0.04
Zammit and Spiny dogfish 0.20 0.173 -0.287 4 Plymouth, UK
Newsholme 1979 .
(Squalus acanthias)
Moorhead, 2019 Nurse shark 1.36 0.00-6.69 107 Miami, FL,
(Ginglymostoma cirratum) USA
Watson and Shortfin Mako Shark 0.978 0.08 —2.89 9 Southern CA,
Dickson 2001 USA
Watson and Blue shark 0.26 0.08 - 0.45 6 Southern CA,
Dickson 2001 USA
Current study Sand tiger shark 022+ 0.00 - 0.59 28 St. Helena
0.14 Sound, South

Carolina, USA
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Table 10: Table of previously published plasma AcAc values in various shark species. Table modified
from Moorhead 2019. Only wild captured animals not under experimental conditions included.

Reference Species AcAc Mean AcAc Range (mM) N Location
(mM)
Zammit and Spotted catshark 0.07+£0.034 0.045-0.109 8 Plymouth, UK
Newsholme (Scyliorhinus
1979 canicula)
Zammit and Spiny dogfish 0.13 0.078 - 0.156 4 Plymouth, UK
Newsholme )
1979 (Squalus acanthias)
Moorhead, 2019 Nurse shark 1.46 0.00-7.05 107 Miami, FL,
(Ginglymostoma USA
cirratum)
Current Study Sand tiger shark 0.75+£0.744 0.00 - 29 35 St. Helena

Sound, South
Carolina, USA
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Figure 1: General flowchart of the vertebrate stress response.
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Figure 2: Pathways and fate of mobilized energy stores (BHB and Glycogen).
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Figure 3: Scientific illustration of a sand tiger shark (Florida Museum of Natural History, University of
Florida).
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Figure 4: Line graphs of initial plasma metabolites (mM) plotted against fork length (mm). Triangles
(A) and solid trend line represent female sharks, squares (m) and dashed trend line represent male
sharks. A) Initial circulating glucose verses fork length by sex. N =48, p = 0.75 B) Initial circulating
lactate verses fork length by sex. N = 46, p = 0.45 C) Initial circulating AcAc verses fork length by sex N
= 33, p = 0.040*. D) Initial circulating BHB verses fork length by sex. N = 26, p = 0.60. * indicates a
significant interaction.
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Figure 6: Plasma glucose concentrations across water temperatures, differing symbols represent sharks

sampled in 2021 (o) 2022 (A ), and 2023 (m).
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Figure 7: The relationship between water temperature and initial plasma lactate. Points represent

individual sharks. N = 45, p = 0.043.
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Figure 8: Plasma lactate concentrations across water temperatures, differing symbols represent sharks

sampled in 2021 (e) 2022 (A), and 2023 (m).
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Figure 9: The relationship between long line soak time and initial plasma lactate. Points represent
individual sharks. N = 45, p = 0.0015.
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Figure 10: Change in plasma glucose across handling time by surgery treatment (surgery or no surgery).

Each point represents an individual shark. The ® indicates sharks that received surgery and the m
indicates sharks that did not receive surgery. N = 27, 8 sharks had no surgery, 19 sharks had surgery.

Surgery * handling time, F = 0.025, p = 0.875; surgery, F = 0.053, p = 0.81; Handling time, F = 0.06, p
=0.79. All points above the dotted line at zero indicate sharks that had an increase in glucose
concentration across handling, points below the dotted line indicate sharks that had a decrease in glucose

concentration across handling.
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Figure 11: Change in plasma lactate across handling time by surgery treatment (surgery or no surgery).
Each point represents an individual shark. The ® indicates sharks that received surgery and the m
indicates sharks that did not receive surgery. N = 28, 9 sharks had no surgery, 19 sharks had surgery.
Surgery * handling time, F = 0.79, p = 0.382; surgery, F = 0.44, p = 0.51; Handling time, FF = 0.07, p =
0.78. All points above the dotted line at zero indicate sharks that had an increase in lactate concentration
across handling, points below the dotted line indicate sharks that had a decrease in lactate concentration
across handling.
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Figure 12: Change in plasma AcAc across handling time by surgery treatment (surgery or no surgery)..
Each point represents an individual shark. The ® indicates sharks that received surgery and the m
indicates sharks that did not receive surgery. N = 26, 6 sharks had no surgery, 20 sharks had surgery.
Surgery * handling time, F = 1.9, p = 0.18; surgery, F = 0.97, p = 0.33; Handling time, F = 0.75, p =
0.39. All points above the dotted line at zero indicate sharks that had an increase in AcAc concentration
across handling, points below the dotted line indicate sharks that had a decrease in AcAc concentration
across handling.
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Figure 13: Box and whisker plot of lactate change across sexes. The outer whiskers represent the range
of the data, the box represents the interquartile range of the data, the line is representative of the median,
and the X is the location of the mean of the data. Female N = 10, Male N =6, p = 0.0202
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Figure 14: Box and whisker plot of initial plasma lactate in sand tiger sharks by positive or negative
anaerobic marine agar culture. The whiskers represent the maximum and minimum range of the data, the
box represents the interquartile range, the line within the box represents the median of the data, the X
represents the mean, and any dots outside the whisker range represent outliers of the data. N =22, p
=0.057.
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