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Spiny dogfish, Squalus suckleyi, shows a good
tolerance for hypoxia but need long recovery
times

Gudrun De Boeck'%*'”, Isabelle Lardon' 23, Marleen Eyckmans'-2"4, Trung Nghia Vu®:¢"/,

Kris Laukens® "=, Roger Dommisse’, Chris M. Wood?-2-°

TECOSPHERE, Department of Biology, University of Antwerp, Groenenborgerlaaan 171, 2020 Antwerp, Belgium
2Bamfield Marine Sciences Centre, 100 Pachena Rd, Bamfield BC VOR 1B0, Canada

3INVE Aquaculture, Hoogveld 93, 9200 Dendermonde, Belgium

4Pharmaceutical, Biomedical and Veterinary Sciences, Universiteitsplein 1, 2610 Wilrijk, Belgium

°>Adrem Data Lab, Department of Computer Science, University of Antwerp, Middelheimlaan 1, 2020 Antwerp, Belgium
5Department of Medical Epidemiology and Biostatistics, Karolinska Institutet, Nobels vdg 12A, 171 65 Solna, Sweden
’Department of Chemistry, University of Antwerp, Groenenborgerlaan 171, 2020 Antwerpen, Belgium

8Department of Zoology, University of British Columbia, 6270 University Blvd, Vancouver, BC, V6T 124, Canada
9Department of Biology, McMaster University, 1280 Main St. West, Hamilton, ON, L8S 4K1, Canada

*Corresponding author: ECOSPHERE, Department of Biology, University of Antwerp, Groenenborgerlaaan 171, 2020 Antwerp, Belgium.
Email: gudrun.deboeck@uantwerpen.be

Pacific spiny dodfish, Squalus suckleyi, move to shallow coastal waters during critical reproductive life stages and are thus
at risk of encountering hypoxic events which occur more frequently in these areas. For effective conservation management,
we need to fully understand the consequences of hypoxia on marine key species such as elasmobranchs. Because of their
benthic life style, we hypothesized that S. suckleyi are hypoxia tolerant and able to efficiently regulate oxygen consumption,
and that anaerobic metabolism is supported by a broad range of metabolites including ketones, fatty acids and amino acids.
Therefore, we studied oxygen consumption rates, ventilation frequency and amplitude, blood gasses, acid-base regulation,
and changes in plasma and tissue metabolites during progressive hypoxia. Our results show that critical oxygen levels (Pit)
where oxyregulation is lost were indeed low (18.1% air saturation or 28.5 Torr at 13°C). However, many dogdfish behaved as
oxyconformers rather than oxyregulators. Arterial blood PO; levels mostly decreased linearly with decreasing environmental
PO,. Blood gases and acid-base status were dependent on open versus closed respirometry but in both set-ups ventilation
frequency increased. Hypoxia below P resulted in an up-regulation of anaerobic glycolysis, as evidenced by increased
lactate levels in all tissues except brain. Elasmobranchs typically rely on ketone bodies as oxidative substrates, and decreased
concentrations of acetoacetate and f3-hydroxybutyrate were observed in white muscle of hypoxic and/or recovering fish.
Furthermore, reductions in isoleucine, glutamate, glutamine and other amino acids were observed. After 6 hours of normoxic
recovery, changes persisted and only lactate returned to normal in most tissues. This emphasizes the importance of using
suitable bioindicators adjusted to preferred metabolic pathways of the target species in conservation physiology. We conclude
that Pacific spiny dogfish can tolerate severe transient hypoxic events, but recovery is slow and negative impacts can be
expected when hypoxia persists.
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Introduction

Environmental hypoxia occurs in coastal and open ocean
marine ecosystems and varies both spatially and temporally,
affecting food chains and survival and distribution of marine
fish species worldwide (Rabalais ez al., 2010; Carstensen
et al., 2014; Gobler and Baumann, 2016; Breitburg et al.,
2018; Waller er al., 2024). Hypoxic zones are expanding
due to climate change combined with increasing loads of
nutrients from agriculture, sewage and industrial waste. This
concerning trend is recognized in the reports of the Intergov-
ernmental Panel on Climate Change (Bindoff ef al., 2019;
IPCC, 2019) and was at the origin of the IOC-UNESCO
Global Ocean Oxygen Network (GO,NE) and the Global
Ocean Oxygen Decade (GOOD) program of the UN Ocean
Decade (2021-2030). A report of the Global Ocean Oxygen
Network shows that the area of low oxygen water in the open
ocean has increased by 4.5 million km? since the 1960s, and
over 500 low oxygen sites have been identified in estuaries
and other coastal water bodies (Intergovernmental Oceano-
graphic Commission, 2018).

Hypoxic areas are commonly observed in shallow and
open ocean areas and thus fish may regularly encounter
hypoxic stress threatening growth and survival. To date, a
number of studies investigated responses to oxygen limitation
in elasmobranch fish. These range from the classical work by
Piiper et al. (1970) and Butler and co-workers (Butler and
Taylor, 1975; Metcalfe and Butler, 1984) in the seventies
and eighties using the greater and lesser spotted dogfish
Scyliorbinus stellaris and Scyliorhinus canicula (belonging
to the family of the cat sharks) up to the recent surge of
studies on the anoxia tolerant epaulette shark (Hemiscyllium
ocellatum) (reviewed in Milsom and Taylor, 2016). The
latter coral reef dwelling shark is of particular interest due
to its extreme tolerance of hypoxia and anoxia at tropical
temperatures (close to 30°C). Some other species that often
encounter hypoxia live in the oxygen minimum zone such as
the migrating bigeye thresher shark, Alopias superciliosus, or
deep-sea sharks such as the lollipop catshark, Cephalurus
cephalus, which evolved such large gill surface areas to
enhance oxygen uptake that their heads have a widened
‘helmeted” or ‘lollipop’ appearance (Compagno, 1990;
Wootton et al., 2015). However, in general our knowledge
is limited, and a better understanding of hypoxia tolerance

can contribute to better conservation of shark species that
are threatened worldwide (Waller er al., 2024). Indeed, the
last half century has seen an 18-fold increase in relative
fishing pressure which has resulted in a 71% decline in global
abundance of oceanic sharks and rays (Pacoureau ez al., 2021)
and a widespread depletion of reef sharks leading to their
absence on 19% of the world’s tropical coral reefs (MacNeil
et al., 2020). In order to effectively guide and improve
conservation efforts, knowledge on the behaviour, ecology
and physiology of sharks and their relatives is urgently
needed (Waller ez al., 2024). Despite their pivotal role in
the marine ecosystem (Dulvy et al., 2021; Ferretti et al.,
20105 Roff et al., 2016) and their circumglobal distribution,
many questions remain unresolved, largely due to inherent
logistic issues (e.g. large size, K-selected life history, migratory
behaviour).

One of the parameters that has been used to assess hypoxia
tolerance in fishes is the critical oxygen tension Pgj. In
progressive hypoxia fish are assumed to be oxyregulators
down to P, meaning that they manage to maintain their
oxygen consumption rates stable. Below P they become
oxyconformers and oxygen consumption rates drop with
decreasing environmental oxygen (Rogers et al., 2016). A low
Pt is often thought to be associated with greater hypoxia
tolerance as the fish can sustain its metabolic rate at low
oxygen concentrations, and this is thought to reflect the
binding affinity or Pso of the fish’s haemoglobin (Dejours,
1981; Speers-Roesch et al., 2012a; Morrison et al., 2016).
Except for the epaulette shark with a P of 2.2 mg O,
L~ or 50 Torr at 25°C (Routley ez al., 2002), most sharks
have a high P as seen in the bamboo shark (Hemiscyllium
plagiosum; Chan and Wong, 1977), catsharks (Piiper et al.,
1970; Butler and Taylor, 1975), blacktip reef shark (Car-
charhinus melanopterus) and the shovelnose ray (Rhinobatus
typus) (Routley er al., 2002). However, besides the catsharks,
most of these studies are performed on tropical species. In the
more temperate catsharks, oxyconforming or oxyregulation
was seen to be temperature dependent. At colder temperatures
(8°C), embryos of the lesser spotted dogfish S. canicula were
oxyconformers while at 12-18°C they switched to oxyregula-
tion (Thomason et al., 1996). Also adults of the same species
oxyregulated at 17°C, but became oxyconformers between 12
and 17°C (Butler and Taylor, 1975). It is presently unknown
whether this capacity to switch between oxyconforming and
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oxyregulation as observed in the catsharks is shared with
other temperate species.

Pacific spiny dogfish (Squalus suckleyi) also live in temper-
ate waters and have a preferred temperature range of 7-15°C
(Ebert, 2003). Previous studies showed that severe hypoxia
led to reduced urea retention and impaired acid-base regula-
tion and ionoregulation, likely reflecting increased functional
gill surface area (Zimmer and Wood, 2014). Not only does
functional gill area increase in spiny dogfish, but reduced
oxygen levels additionally affected ventilation rates. Increases
in ventilation amplitude and frequency were seen in Pacific
spiny dogfish (Perry and Gilmour, 1996; Acharya-Patel et al.,
2018), and increased ventilation frequencies were also seen
in lesser spotted dogfish (Metcalfe and Butler, 1984) and
epaulette shark (Routley ez al., 2002) during hypoxia. These
responses are instrumental in oxyregulation, or maintaining a
stable oxygen uptake down to the P, and therefore suggest
that the Pacific spiny dogfish is an oxyregulator even at
the low temperatures of 10-12°C where these studies were
performed.

The use of the P, as a reliable index of hypoxia tolerance
is controversial (Wood, 2018; Regan et al., 2019; Farrell
et al., 2021) and other parameters have been suggested to
give a better reflection of hypoxia tolerance (Mueller and
Seymour, 2011; Speers-Roesch ef al., 2013; Wood, 2018).
Loss of equilibrium has been proposed as a relevant measure
for hypoxia tolerance (Wood, 2018), but is not so easy to
measure in benthic sharks as they tend to lie quietly on
the bottom of respirometers. Lower lactate accumulation
due to metabolic depression is also suggested to give a bet-
ter prediction of hypoxia tolerance and the capacity for
metabolic depression than P, (Speers-Roesch ez al., 2012b).
Other metabolic processes might also undergo changes during
hypoxia, especially when it progresses slowly allowing the
fish to physiologically adjust. Indeed, elasmobranchs have an
exceptional metabolism compared to teleost or bony fish, in
that they do not rely on the use of fatty acid oxidation but
rather on lipid-derived ketone bodies (Ballantyne, 1997). The
nitrogen quotient of elasmobranchs is generally high, which
indicates a reliance on amino acids as an energy source (Wood
et al., 2007; Speers-Roesch and Treberg, 2010; Giacomin
et al., 2017). Plasma glutamine levels in elasmobranchs are
among the lowest in fish due to the need for glutamine for
urea synthesis but also for oxidation by mitochondria in
heart and red muscle (Chamberlin and Ballantyne, 1992).
How elasmobranchs metabolism responds under hypoxic
conditions is presently a knowledge gap.

The aim of our study was twofold. First, we tested whether
the Pacific spiny dogfish (S. suckleyi) is indeed an oxyregu-
lator, even at cold temperatures, as is suggested by previous
studies (Perry and Gilmour, 1996; Zimmer and Wood, 2014;
Acharya-Patel et al., 2018). Therefore, we examined oxygen
consumption rates (MQO3) at decreasing environmental oxy-
gen levels. Additionally, we hypothesized that the onset of
anaerobic metabolism in spiny dogfish is linked to internal
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hypoxia. We predicted that changes in blood gasses and acid
base status (arterial O, CO,, pH) as well as the appearance
of metabolites of anaerobic metabolism such as lactate will
precede changes in ventilation and the Pg;. Therefore, we
measured ventilation frequency and amplitude, blood gasses,
acid-base regulation and plasma lactate during slowly pro-
gressing hypoxia using open and closed respirometry systems.
CO; builds up in the latter, but not in the former, there-
fore we predict that effects on ventilation would show up
earlier in the closed set-up as arterial PCO, and associated
pH decreases are also known to induce hyperventilation
(Perry and McKendry, 2001; Rogers et al., 2016). In the
second part of this study, we investigated the tissue metabolic
responses under a continuous (2 and 6 h) hypoxia exposure
and subsequent normoxic recovery (6 h). The chosen level of
hypoxia was 60% of the estimated P;;. Due to the unique
metabolism of elasmobranchs, plasma lactate might not be the
most suitable indicator of the onset of anaerobic metabolism
and recovery thereafter. We predicted that changes under
hypoxia would not only occur in glucose and lactate levels,
but also in ketones, fatty acids and amino acids. Therefore,
qualitative high-resolution "H-NMR spectra were obtained
from polar extracts of gill, rectal gland, liver, white muscle
and brain tissue to identify significantly altered metabolites.
Since this was a profound, relatively long-lasting exposure,
we hypothesized that changes in metabolites would be visible
in all tissues and that recovery times might be compound-
specific and tissue specific.

Consequently, the results of this study offer a comprehen-
sive picture of the hypoxia tolerance mechanisms in Pacific
spiny dogfish, S. suckleyi.

Materials and methods

Experiments were conducted at the Bamfield Marine Sci-
ences Centre, British Columbia, Canada. Male Pacific spiny
dogfish, S. suckleyi were caught by angling in the proximity
of the Bamfield inlet (48.83557 N, 125.13557 W) under
Fisheries and Oceans Canada collecting permit XR2392015).
They were subsequently kept in a large concrete indoor
tank (151000 1) continuously supplied with running aerated
Bamfield Marine Station seawater (12-13°C, salinity 30%o)
and were able to acclimatize for at least two weeks before
the start of the experiments. Fish were fed twice a week with
commercially purchased frozen hake (Merluccius productus)
but fasted for at least 3 days prior to and for the duration
of the experimental period. All experiments were carried out
under the guidelines of the Canada Council for Animal Care
under approval of animal care committees at BMSC and the
University of British Columbia (joint AUP A14-0251).

Three series of experiments were conducted. In a first
respirometry series, dogfish were submitted to closed
respirometry. Respiration rates were followed as oxygen levels
dropped to hypoxic levels to determine the critical oxygen
concentration (Pg). Subsequently, the same procedure was
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followed using cannulated dogfish, and ventilation rates
and blood gas levels were followed. In a second series of
experiments, the closed respirometry set-up was replaced by
an open set-up and Ny bubbling was used to reduce the
oxygen levels. Ventilation rates and blood gas levels were
determined as hypoxia increased at a comparable rate as
measured during closed respirometry. Lastly, dogfish were
subjected to prolonged hypoxia (2 and 6 h) and tissue
samples were taken before and during hypoxia and after
a 6-h recovery period for a metabolomics study.

Respirometry

In total 10 adult dogfish with a weight of 1.85+0.10 kg
were caught one-by-one from the holding tank and placed
into individual polyurethane-coated wooden (105 x 18 x
30 cm, containing 54 L) or metal (120 x 30 x 60 cm,
containing 75 L) boxes, filled with well aerated Bamfield
Marine Station seawater (13°C, 30%0) with a flow-through of
1 L min~" and left to habituate overnight. The next morning,
the water surface was covered with a Styrofoam lid which
tightly fitted in the box, aeration was stopped and an oxygen
probe (CellOx 325 probe, WTW Oxi 3400i meter, Weilheim,
Germany) was inserted through the lid. Oxygen consumption
rates (MO,) were followed over approximately the next
3 hours until deep hypoxia (<10% saturation or < 16 Torr)
was reached after which measurements were stopped, water
was reoxygenated and fish were allowed to recover. Values of
MO, were calculated per body mass (kg) and over time (h).

Ventilation and blood gases

In total, five adult dogfish with an average weight of
1.91+£0.13 kg were caught one-by-one from the tank, and
immediately anaesthetised in a 100 mg L™' MS-222 (Sigma
Chemicals, St. Louis, MO, USA) seawater solution neutralized
with NaHCO3 (pH 7.8) for surgery. Methods followed those
of De Boeck and Wood (2015). Dogfish were placed on a
V-shaped operating table, and their gills were constantly
irrigated with anesthetic throughout surgery. A small incision
was made, approximately 5 cm anterior to the caudal fin, to
the vertebrae, exposing the cartilaginous haemal canal. This
canal was punctured with a #22 needle creating a small hole
for a PESO polyethylene cannula, filled with heparinised 50
i.u. ml™' dogfish saline (6 mM NaHCO3, 257 mM NaCl,
7 mM NaSOy4, 0.1 mM NaH,PO4, 4.1 mM KCl, 3 mM
MgSO4, 5 mM glucose, 2 mM CaCl,, 350 mM urea, 15 mM
TMAO). The cannula was inserted in the artery, which was
verified by the presence of sufficient blood pressure to create
a spontaneous blood flow even when the catheter was raised
above the heart, and held in place by a sleeve of PE160 glued
to the PESO with cyanoacrylate tissue cement (3 M Vetbond,
3 M Animal Care Products, St Paul, MN, USA) and secured
with two sutures to the skin. Additionally, a flared PE160
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cannula was inserted in the branchial chamber between the
first and second gill slit. It was held in place by a second short
piece of flared PE240 which was glued to the PE160 cannula
on the outside of the fish. The PE160 cannula was positioned
in a 90° angle on the skin to allow the dogfish to breathe
freely and was returned with a large loop towards the back
of the dogfish where it was held in place by two sutures to
the skin just before the dorsal fin. Dogfish were revived by
artificial ventilation with anaesthetic-free seawater and were
left to recover overnight in covered black Plexiglas fish boxes.
The boxes were 98 cm in length, 20 cm in width and 25 ¢cm in
height and contained 47.5 | Bamfield Marine Station seawater
(13°C, 30%0) with a flow-through of 0.75 L min~" and were
served with perimeter aeration.

The next morning, the water surface was covered, aeration
was shut down and ventilation was measured at regular
intervals as described below under analytical procedure as
oxygen levels dropped. Immediately after a 2-min period of
ventilation measurements a 0.6-ml blood was sampled using
a 1-ml gas-tight Hamilton syringe, replaced with 0.6 ml saline
and analysed as described below.

Another five adult dogfish with an average weight of
1.9140.13 kg were caught one-by-one from the tank, and
treated as in series 1 (see Ventilation and blood gases Section).
In these five dogfish, the water surface was not sealed after
overnight recovery but water was softly bubbled with N; so
that oxygen levels dropped approximately at the same rate
as in the first series. Ventilation measurements and blood
sampling were performed in an identical way.

In addition, four experimental groups of spiny dogfish
(1.84 £0.09 kg), a control group (7=6), a 2-h (n=35) and
a 6-h hypoxic group (7=35), and a group that was allowed
to recover under normoxia for 6 h from the 6-h hypoxia
exposure (recovery group, n=235) were placed individually
in metal boxes (volume of 75 L) to habituate overnight in
well-aerated Bamfield Marine Station seawater at 13-14°C.
The control animals were maintained at normal seawater
oxygenation (100% air saturation, 158 Torr, 21 kPa or
8.8 mg Oy L!). Hypoxia was induced gradually by bubbling
nitrogen gas through the water to displace dissolved oxygen
and by sealing the test box with rubber mats to avoid oxygen
diffusion from air. Experimental animals were exposed to
hypoxic conditions of 1 mg O, L' (11-12% saturation or
18 Torr) for either 2 h or 6 h. The recovery group comprised
fish that were exposed to 6 h of hypoxia and allowed to
recover for 6 h in normoxic seawater. The dissolved Oj
levels were monitored every 15 min using a WTW oxygen
electrode (WTW oxi 3400i, Weilheim, Germany) and MO,
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calculated per 15-min interval. Regulatory index (RI) was
calculated according to Mueller and Seymour (2011). The
RI provides a relative measure of regulatory ability. It is
calculated by dividing the area under the MO, versus PO,
curve above the linear trend (the area above the diagonal line
of oxyconformation) by the total available area calculated
in the same way for perfect oxyregulation (the same area up
to the horizontal line of perfect regulation). This fractional
index can vary from 0.0 (perfect oxyconformation, no area
above the linear trend) to 1.0 (perfect oxyregulation).

At the completion of the experiments, dogfish were eutha-
nized in an overdose of MS222 neutralised with NaHCO3
(1 gL', pH 7.8, Sigma Chemicals, St. Louis, MO, USA).
Brain, liver, gills, white muscle and rectal gland tissue samples
were subsequently excised rapidly on ice in this order, imme-
diately snap-frozen in liquid nitrogen and stored at —80°C
until further analysis at the University of Antwerp (at the
Departments of Chemistry and Biology), Belgium.

Ventilation measurements

For ventilation measurements, the branchial cannula was
filled with sea water and connected to a pressure recording
system which consisted of a pressure transducer (Statham
P23BB, Statham Instruments, Oxnard, CA, USA), a transducer
amplifier (Harvard Apparatus, Holliston, MA, USA), and an
oscillograph (Harvard Apparatus, Holliston, MA, USA). The
pressure transducer was calibrated directly by connection to
a column containing different heights of water. This system
allowed recording of ventilation frequency (breaths min™')
and the ventilation pressure amplitude (mmHg), as an index
of stroke volume. Ventilation frequency was calculated as the
frequency of breaths in one minute at the designated time.
Ventilation amplitude was calculated as the average value
of ten measurements of amplitude (randomly selected from
periods of normal breathing, not using episodes of coughing
or disturbance) at the designated time. Ventilatory index was
calculated as frequency x amplitude (Giacomin et al., 2022).

Blood sample analysis

Blood samples of fish fitted with arterial cannulae were
immediately analyzed for arterial pH, and arterial oxygen
tension (P,0;). The whole blood pH, and P,0, were measured
at 13°C using a Radiometer GK2401C glass combination
electrode coupled to a PHMS82 standard pH meter (Radiome-
ter Ltd, Copenhagen, Denmark), and a polarographic oxy-
gen electrode coupled to an amplifier (Model 1900, A-M
System, Everett, WA, USA), respectively. The electrodes were
kept at the experimental temperature in chambers perfused
with Bamfield Marine Station seawater. The remainder of
the blood sample was immediately centrifuged (5 min at
10000 G), and plasma sub-samples were taken and kept at
5°C for determination of the levels of total CO, concen-
tration later that day. Plasma total CO, was measured in
duplicate on 50-1 samples using a Corning model 965 CO;
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analyzer (Lowell, MA, USA). P,CO; was calculated using
the solubility of carbon dioxide (aco2) and the apparent
pK (pKapp) for dogfish plasma according to Boutilier et al.
(1984): P,CO; = Ccox/(acoz (10PHPK» 4 1)) with Cco, being
total plasma CO; concentration. Plasma [HCO3 ], concen-
tration was calculated as the difference between total plasma
CO; and acoz x P,CO;. In the series where hypoxia was
induced by N bubbling, plasma lactate levels were deter-
mined using an enzymatic kit (R-Biopharm AG, Darmstadt,
Germany).

Tissue extraction and metabolomics

Tissue extraction was carried out using the methanol/chloro-
form/water method as in Lardon et al. (2012, 2013) based
on the protocols described by Lin and Wu (Lin ez al., 2007;
Wu et al., 2008). The aqueous tissue extracts were analysed
on a Bruker Avance II-700 NMR spectrometer, operating at
700.13 MHz (Bruker Biospin, Europe), equipped with a 5-
mm inverse TXI-Z probe and a BACS-60 automatic sample
changer. Tuning, matching and shimming were performed
automatically for each sample in order to minimize the vari-
ation due to sample manipulation.

One-dimensional '"H-NMR spectra of brain, liver, gills,
white muscle and rectal gland extracts were measured at 25°C
with a standard sequence using a 90° pulse (pulse sequence
zgpr), a relaxation delay of 1.0 s with water presaturation,
64 scans collected into 16 k data points, a spectral width of
14 kHz and an acquisition time of 2.33 min per sample. Prior
to Fourier transformation, all datasets were zero-filled to
32 k points and exponential line broadenings of 0.3 Hz were
applied as well. Finally, all spectra were phase and baseline
corrected and chemical shifts were referenced to sodium-
3-trimethylsilylpropionate (TMSP) as an internal standard
using the Topspin software (version 2.1, Bruker Biospin).

The identity of significant metabolites was assigned by
comparison to tabulated chemical shifts in the literature (Fan,
1996) and confirmed by comparison to in-house and public
databases (e.g. The Human Metabolome Database—HMDB,
Chenomx).

The 1D spectra were converted to an appropriate format
for subsequent statistical analysis by automatically segment-
ing each NMR spectrum in 0.05 ppm integrated spectral
regions (bins or buckets) between 0.5 and 10 ppm using
AMIX (Analysis of Mixtures, version 3.8.5, Bruker Biospin).
Buckets from 4.70 to 5.0 ppm, containing the residual water
resonance, were excluded. All spectra were mean-centred and
were normalized to total intensity in order to reduce the
influence of concentration variability among the samples.

Respiration, ventilation and blood parameters

All data have been presented as mean values + standard
error (S.E.M.). The data were analyzed using GraphPad Prism
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7.00. Two-tailed Pearson correlation tests were performed
following linear regression. Regressions are shown with their
95% confidence intervals. For non-linear curves, segmented
linear regressions with a least square fit were performed. A
significance level of a P-value < 0.05 was used throughout.

Metabolomics analysis

The pre-processed NMR spectra were first subjected to prin-
cipal component analysis (PCA) using AMIX, to reduce the
dimensionality of the data and to obtain an overview by
showing trends, clusters and potential outliers within the data
sets. Data points were identified as outliers when they were
not situated within the 95% confidence ellipse (Hotelling T?
multivariate profiling) (Lindon et al., 2007) and outliers were
subsequently removed from the data sets.

Following PCA and outlier detection and elimination,
the created bucket tables of the different tissue types were
exported as a spread-sheet to Excel (Microsoft Office). A two-
way analysis of variance (ANOVA), followed by a Benjamini—
Hochberg procedure (Benjamini and Hochberg, 1995) to
control for false discovery rate (FDR) to counter the effect of
multiple testing, were applied in R (version 2.9.2) to identify
the buckets/metabolites that differed significantly between
the control and the exposed fish. In all instances, FDR < 0.05
was used as the level of significance. Furthermore, in order to
investigate whether these buckets also differed significantly
between the different exposure groups, a Student’s #-test in
Excel followed by a Benjamini-Hochberg procedure in R
were applied. Also in this case, FDR < 0.05 was applied as
the level of statistical significance.

Results

In closed respirometry, oxygen consumption rates decreased
gradually as hypoxia progressed (P < 0.0001, R*=0.3652).In
some, but not all of the dogfish, this decrease became faster
when hypoxia dropped below approximately 20% saturation
(32 Torr). An apparent critical oxygen level (P.;) could be
calculated on the overall data set by segmented regression
analysis (intercept X0=18.1% air saturation, 28.5 Torr or
1.6 mg L") but this gave hardly a better fit (R*=0.3668)
compared to the linear regression (R*=0.3652) indicating
that this trend for a P, was not very pronounced. Figure 1
shows the oxygen consumption data, highlighting two indi-
vidual fish who did or did not show a clear critical oxygen
concentration. The fact that there was no clear oxyregula-
tion overall was confirmed when calculating the RI where
a hypothetical RI value of 1 indicates perfect regulation of
MO; down to PO; = 0 while an RI value of 0 indicates perfect
conformity (Mueller and Seymour, 2011). Calculated values
varied between 0.00 and 0.36 (mean 0.18 £ 0.05).

Regarding arterial blood parameters (Fig. 2), P,0, reduced
linearly with progressive hypoxia, both under closed
respirometry (P <0.0001) and when hypoxia was induced
by Nj bubbling (P <0.0002). Differences between the two
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Figure 1: Oxygen consumption rates (MO,) of spiny dodfish,
Squalus acanthias suckleyi, during progressive hypoxia in closed
respirometry (dots represent MO, calculated over 15 min intervals,
N=10). Two individual fish with different MO, profiles are
highlighted with triangles (with apparent critical oxygen level) and
diamonds (without apparent critical oxygen level).

methods were seen in pH,, P,CO, and [HCO3 |,. In the
closed respirometry, where fish were allowed to consume
the oxygen present in the box, pH, decreased (P <0.01),
P,CO, increased (P <0.05) and [HCOj37 ], increased as
well (P <0.0001). This was not the case when hypoxia
was reached by Ny bubbling where pH, increased slightly
(P <0.05), P,CO, decreased (P <0.05) and [HCO3™], did
not change significantly, In the latter series, lactate was
measured and increased significantly (P < 0.05) (Fig. 3).

Ventilation (Fig.4) showed significant increases in
frequency with decreasing water oxygen levels in both
the closed and open system (P <0.001 and P <0.005,
respectively), however R? values of both linear fittings
were poor (R*=0.1775 and R*=0.0511, respectively).
Segmented linear regression showed slightly better fits, with
a peak value at 38.5% saturation (60.8 Torr) in the closed
system (R*>=0.3129), and a peak value at 19.5% saturation
(30.8 Torr) in the open system (R*=0.2857). Amplitude
showed no significant increase in the closed system, but
did show a significant increase with advancing hypoxia
in the open system (P <0.001) however with a very poor
fitting (R*=0.0782). Segmented linear regression also did
not provide a good fit (R* < 0.0856). The ventilatory index
integrates both frequency and amplitude as a proxy for
total ventilatory water flow rate. It significantly increased
with progressive hypoxia, both in the closed (P <0.03,
R*=0.0691) and open (P <0.01, R*=0.0680) system, both
with a better fit when using segmented linear regression
(R*=0.2337 and R*=0.1231) and both peaking around
27.5% saturation (43.2 Torr).

Qualitative 'H-NMR metabolomics did not provide
quantitative data but relative changes compared to controls
(Table 1). Only significant changes are shown in Table 1
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Figure 2: Blood parameters of spiny dogfish, Squalus acanthias suckleyi, during progressive hypoxia in closed respirometry (N =5) or open
respirometry (N = 5) where hypoxia was achieved by N, bubbling. Linear regressions are shown with their 95% confidence intervals and P values

are indicated.
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Figure 3: Plasma lactate of spiny dodfish, Squalus acanthias suckleyi,
during progressive hypoxia in open respirometry (N =5). Linear
regression is shown with its 95% confidence intervals (P < 0.05).

and discussed. Brain tissue showed no significantly different
metabolites between controls and any of the other time-
points under hypoxia or recovery. Liver spectral data revealed
significantly increased lactate concentrations in extracts of
2-h hypoxic dogfish compared to the control group only.
In muscle however, a substantial number of metabolites
differentiated in the '"H-NMR spectra, and significant
differences were seen in isoleucine, valine, B-hydroxybutyrate,
lactate, alanine, acetate, glutamate, glutamine, acetoacetate,
succinate, carnitine, TMAO/betaine, (phospho)creatine,
malonate, taurine, glycine, sarcosine, tartrate, oxypurinol
and ATP/ADP/AMP. Hypoxia exposure in general (2 and
6 h) induced decreases in the levels of isoleucine, valine,
glutamine, acetoacetate, taurine, glycine, oxypurinol and
carnitine (compared to the controls) while the concentrations
of lactate, acetate and TMAO increased accordingly. When
recovered fish (animals exposed to 6 h of hypoxia and
allowed to recover during 6 h of normoxia) were compared
to their controls, a recovery was observed for the levels
of lactate and acetate but in contrast, recovered fish still
displayed lower levels of 3-hydroxybutyrate, isoleucine,
valine, glutamine, acetoacetate, taurine, glycine, oxypurinol
and carnitine. Similarly, the levels of TMAO were still higher
in the recovered group in comparison to the controls.

In gill, '"H-NMR analysis of polar extracts also identified
a multitude of significant changes. The subsequent bucket-
s/metabolites that were significantly different between control
and hypoxic groups were: valine, lactate, glutamate, trimethy-
lamine oxide (TMAO), myo-inositol, (phospho)creatine,
phosphocholine, glucose and formate. Both 2 h and 6 h of
hypoxic treatment decreased the concentrations of valine,
glutamate, myo-inositol, (phospho)creatine, glucose and
formate (compared to their respective controls) whereas this
was accompanied by increases in the levels of lactate, TMAO
and phosphocholine. Furthermore, higher concentrations
of lactate, TMAO and phosphocholine were still found
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in the recovered group associated with lower levels of
glutamate, myo-inositol, (phospho)creatine, glucose and
formate. Apparently, dogfish did not manage to recover
completely from the hypoxic insult (2 and 6 h) during a 6-h
reoxygenation since metabolites, which were decreased after
hypoxia, were still lower in recovered animals (compared to
the controls) and vice versa. Only a recovery for valine levels
was observed in dogfish gill extracts.

Rectal gland spectra were investigated by PCA and all sig-
nificantly different metabolites were found in the 2-h hypoxic
group and the recovered group although this was partly
caused by the larger variation in the 6-h hypoxia data. Specif-
ically, 2-h hypoxia resulted in increased levels of lactate,
taurine, myo-inositol and glycine combined with a decrease in
acetate, glutamate and succinate (compared to the controls).
Additionally, recovered fish displayed higher levels of taurine
and myo-inositol whereas decreases in isoleucine, acetate and
were observed (compared to the controls).

Discussion

The first aim of our study was to determine the hypoxia
tolerance of adult Pacific spiny dogfish, S. suckleyi, and
whether they are oxyregulators or oxyconformers at their
natural environmental summer temperature of 12-13°C. Our
study shows that the Pacific spiny dogfish tolerated hypoxia
relatively well but that they showed large individual variation
in their responses. They either behaved as oxygen conformers
(pattern C of Wood, 2018: linear relationship between MO,
and environmental PO;) or as oxygen regulators with an
apparent P around 18% saturation (28.5 Torr, 3.8 kPa or
1.6 mg L™'). The latter corresponds most closely to pattern
D of Wood (2018) where MO, is not maintained during
progressive hypoxia but rather falls as external PO, declines,
and then falls more acutely below a breakpoint, representing
the apparent P This apparent Py, value at 18 % saturation
shows that they are indeed hypoxia tolerant, as it was even
lower than in the hypoxia-tolerant epaulette shark Hemiscyl-
lium ocellatum which has been assessed to be between 25
and 40% saturation (38.2-60.8 Torr, 5.1-8.1 kPa or 1.6-
2.6 mg L' at 28°C) (Routley et al., 2002; Speers-Roesch
et al., 2012a; Heinrich et al., 2014). When kept at about
60% of their P at 11-12% air saturation (18 Torr or
1 mg L") for 6 h, dogfish recovered relatively fast when
looking at lactate levels only, consistent with an hypoxia-
tolerant phenotype.

The broad spectrum of responses, from oxyconforming to
oxyregulating, is not unusual in elasmobranchs. For exam-
ple in lesser spotted dogfish Scyliorhinus canicula, embryos
have been seen to be oxyconformers at lower temperatures
but oxyregulators at higher temperatures (Thomason e al.,
1996) and also for adults this seems to be the case (Butler
and Taylor, 1975). Also Maugean skate, Zearaja maugana,
showed to be oxyconforming (Morash et al., 2020). A recent
review (Waller er al., 2024) concludes that the majority of
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Figure 4: Ventilation amplitude, ventilation frequency and ventilatory index of spiny dodfish, Squalus acanthias suckleyi, during progressive
hypoxia in closed respirometry (N = 5) or open respirometry (N = 5) where hypoxia was reached by N bubbling. P values are derived from
correlation analysis, segmented linear regression provided a better fit than linear regression and is shown when significant.

elasmobranchs might be oxyconformers while teleost tend
to be oxyregulators (Fritsche and Nilsson, 1993). However,
inactive, temperate elasmobranchs can exhibit oxyregulation
during hypoxia at lower ambient temperatures, but oxycon-
form at higher temperatures. This flexible approach on how
to handle hypoxia seems to be confirmed by our data, that
show high interindividual variation in which strategy is used
under environmental hypoxia.

In adult Pacific spiny dogfish, previous reports indicate
that both ventilation amplitude and frequency increased sig-

nificantly (Perry and Gilmour, 1996; Acharya-Patel et al.,
2018). We predicted that internal hypoxia (arterial changes in
blood gasses, acid-base regulation and anaerobic metabolites)
would precede changes in ventilation and Pg;. Our study
showed a significant increase in ventilation frequency in the
closed system, where P.j; was measured, and an increase in
both frequency and amplitude in the open system, leading
to a peak in ventilatory index in both systems. The peak of
hyperventilation occurred earlier (38.5% air saturation or
60.8 Torr) and well before P;; in the closed system compared
to the open (19.5% air saturation or 30.8 Torr) system which

20z 1snbny G| uo 3senb Ag |£12S///¥S00e09/L/Z 1 /a1omue/sAyduoo/woo dno olwapeoe//:sdyy woly papeojumoq



Research article Conservation Physiology - Volume 12 2024

Table 1: Significant differences in various metabolite levels based on Area Under the Curve (AUC) intensities between normoxic controls (N =5)
and experimental groups: 2 h hypoxia (N =4), 6 h hypoxia (N=4) and 6 h recovery (N =4) (=: no significant difference; 1: P < 0.05; 14: P < 0.01;
144: P <0.001)

Metabolite 2 h Hypoxia 6 h Hypoxia 6 h Recovery
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Table 1: Continued

most likely can be explained by the build-up of carbon dioxide
in the system (Perry and Gilmour, 2002). Hypercarbia does
induce hyperventilation in Pacific spiny dogfish (Perry and
Gilmour, 1996) and was evident from the increased plasma
P,CO; and the decreased blood pH, in the fish in the closed
system. Current evidence indicates that branchial CO,/pH
chemoreceptors are expected to respond to external rather
than internal increases in CO, levels in Pacific spiny dogfish
(McKendry et al., 2001; Perry and McKendry, 2001), but
in this case both external and internal hypercarbia likely
occurred. The earlier onset of hyperventilation in the closed
system is therefore most likely triggered by increased CO,
rather than reduced O,. It can be discussed whether one
should use closed or open respirometry during P, measure-
ments (Rogers ez al., 2016), but to our opinion, this depends
on the research question. Open respirometry isolates the
effects of reducing oxygen levels alone, but closed respirom-
etry might be a better representation of natural hypoxia, as
oxygen poor environments are often rich in CO;. Our aim
was to assess how the Pacific spiny dogfish would cope with
hypoxia in their natural environment. As a benthic species,
they would most likely encounter a combination of low O,
and high CO; and therefore closed respirometry seems most
appropriate.

It is clear that the dogfish attempted to regulate gas
exchange by increasing ventilation near the P, (28.5 Torr,
3.8 kPa or 1.6 mg L"), and some dogfish clearly managed
better than others with P,0; levels remaining well above the
average regression line under hypoxic conditions. Overall,
this regulation, although clearly present, remained weak as
the calculated RI varied between 0.00 (perfect conformer) and
0.36, indicating limitations to regulate oxygen consumption
rates when environmental hypoxia occurs. Hyperventilation
responses have been seen in other shark species as well, e.g.
bonnetheads increased mouth gape and ventilation volume
(Carlson and Parsons, 2003), and epaulette shark increased
their ventilatory rate (Routley ef al., 2002) which allowed
them to successfully maintain MO;. These responses could
come at a cost, as it was suggested that severe hypoxia (5%

Research article

air saturation or 8 Torr) in dogfish can not only lead to a
reduction in active gill homeostatic processes, such as urea
retention, acid—base regulation and ionoregulation but also
induce an osmoregulatory compromise because of increased
functional gill surface area and water flow (Zimmer and
Wood, 2014). In the same study at 20% air saturation
(31.5 Torr), just above the observed P, effects were limited.
As in the epaulette shark (Routley et al., 2002; Speers-Roesch
et al., 2012a), lactate production was only significant at and
below the Pj. Similarly, arterial P,0, decreased linearly with
progressive hypoxia in both our study with spiny dogfish and
in epaulette shark (Speers-Roesch er al., 2012a). As P, and
haemoglobin—-O, saturation are said to be strongly linked
(Mandic et al., 2009; Speers-Roesch et al., 2012a; Morrison
etal.,2016), the low P, also suggests a high binding capacity
of S. suckleyi haemoglobin. However, measured Oxygen-
Hb dissociation curves on whole blood give blood oxygen
affinities or 50% saturation levels (Psg) at 17 Torr (Lenfant
and Johansen, 1966), which is not considered exceptionally
low. When comparing over several elasmobranch species,
a broad range of of Psy and P, values is seen (Psg 14—
47 Torr, Peic 25-70% air saturation), but not necessarily a
strict correlation between the two (Brill and Lai, 2016).

Elasmobranchs show an unusual metabolism compared
to teleosts and all other vertebrates (Speers-Roesch and Tre-
berg, 2010). Whereas all tissues show normal carbohydrate
metabolism, muscle and heart have only limited or no fatty
acid oxidation and show a great reliance on ketone bodies
(e.g. B-hydroxybutyrate) and amino acids as oxidative fuels.
Other tissues do have a significant capacity to oxidize fatty
acids but also rely on ketone bodies and amino acids. The
liver not only represents the lipid storage site and acts as a
buoyancy device, its amino acid- and lipid fueled ketogenesis
sustains the demand for ketone bodies in other tissues (Bal-
lantyne and Speers-Roesch, 2006; Speers-Roesch and Treberg,
2010). In our study, hypoxic treatment resulted in significant
changes in a range of metabolites in the spiny dogfish but
overall, most changes were found in white muscle tissue, one
of the two tissues that heavily relies on ketones. Regrettably,
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we did not sample heart tissue, so we cannot confirm whether
this is linked to their lack of fatty acid oxidation.

When dogfish were exposed to hypoxia (2 and 6 h) and
allowed to recover (6 h) under normoxia, no significant
changes were found in brain metabolite levels. It is difficult
to tell whether the absence of significant brain metabolite
changes following hypoxia is due to a sufficient energy supply
(from own or from other tissues) or possibly due to metabolic
depression in brain activity. In liver, only lactate levels showed
significant increases at the onset of the hypoxic insult, after
which they recovered. The same trend was seen in rectal gland.
In muscle and gill tissue, lactate levels were increased for the
entire duration hypoxic period. While they recovered after
6 h of reoxygenation in muscle, they did not in gill tissue.
In elasmobranchs, lactate concentrations are known to rise
quickly when they are exposed to acute stress such as dimin-
ished oxygen levels (Renshaw and Chapman, 2009) indicating
significant up-regulation of anaerobic energy metabolism.
Glucose is released in elasmobranchs as an energy source
in response to stress (Anderson, 2012; Bouyoucos et al.,
2018; Lambert et al., 2018; Ruiz-Jarabo et al., 2019; Schoen
et al., 2021) but glucose and phosphocreatine levels were
surprisingly unaffected (except in the gills), similar to the
results of previous studies on other elasmobranchs exposed
to hypoxia (Routley et al., 2002; Speers-Roesch and Treberg,
20105 Speers-Roesch et al., 2012b).

The reliance on ketone bodies was demonstrated by the
decreased concentrations of acetoacetate in white muscle.
Both acetoacetate and B-hydroxybutyrate are generated dur-
ing metabolism of fatty acid oxidation. In mammals, they
mostly serve as metabolic fuels in extrahepatic tissues during
fasting, but elasmobranchs continuously rely on these ketone
bodies to power heart and muscle tissues. In contrast to
glucose and lactate, levels of acetoacetate remained reduced
after the recovery period. B-hydroxybutyrate levels were not
reduced during hypoxia, but levels dropped during recovery,
perhaps in the process of replenishing acetoacetate levels.
These results correspond well with other studies showing
that elasmobranch muscles do not rely on lipid oxidation
but, instead, prefer to use ketone bodies as major oxidative
fuels (Zammit and Newsholme, 1979; Moyes et al., 1990;
Ballantyne et al., 1992; Ballantyne and Speers-Roesch, 2006).
The latter is in sharp contrast to the situation in teleosts where
red muscle and heart heavily rely on fatty acid oxidation (Bal-
lantyne and Speers-Roesch, 2006). Our study actually found
a decrease in carnitine in white muscle during hypoxia and
recovery. Carnitine facilitates the transport of fatty acids into
the mitochondria, indicating a reduced importance of fatty
acid oxidation. This process is also involved in the production
of ketones such as acetoacetate and B-hydroxybutyrate, which
were also reduced during hypoxia and/or recovery. Further-
more, amino acids were heavily used in white muscle and
decreases of alanine, isoleucine, glutamine, glycine, taurine
and valine were observed. None of these recovered during the
6-h recovery period.
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Other changes indicate osmoregulatory disturbance.
Reduced glutamate in the two most important osmoregu-
latory organs, rectal gland and gills and of glutamine in white
muscle, might indicate changes in urea metabolism. Indeed,
exposure to severe hypoxia leads to a significant increase in
urea excretion, suggesting a loss of urea retention (Zimmer
and Wood, 2014). Further indications of compromised
osmoregulation are the increase of trimethylamine oxide
(TMAO) in gills and muscle. Elasmobranchs typically possess
substantial concentrations of methylamines in their tissues,
particularly TMAO, glycine and betaine in order to counter
the potentially denaturing consequences of characteristically
high urea concentrations in the blood and tissues of these
animals (Yancey and Somero, 1979; Seibel and Walsh, 2002).
Increased taurine levels in the rectal gland could also be seen
as a possible osmoregulatory response, or as a protective
mechanism against oxidative stress. Taurine is an organic
osmolyte involved in cell volume regulation, plays a role in
the modulation of intracellular free calcium concentration,
and is also a powerful antioxidant in fish (Ceccotti ef al.,
2019). Other indications of oxidative stress could be the
decrease of oxypurinol in muscle. Oxypurinol is the active
metabolite of allopurinol and a xanthine oxidase inhibitor,
hereby inhibiting the enzymatic generation of reactive
oxygen species by xanthine oxidase. Although allopurinol is
perfectly suited to scavenge highly reactive hydroxyl radicals,
oxypurinol performs this important task more effectively
than is allopurinol. Moreover, in the present context of tissue
hypoxia and possibly reoxygenation injury, oxypurinol might
play an important role in protecting tissues and cells against
the detrimental effects of reperfusion damage after hypoxic
insults (Halliwell ez al., 1987).

In conclusion, we show evidence that Squalus suckleyi is
a hypoxia tolerant species, which through hyperventilation
maintains a slowly decreasing but reasonable MO, down to
18.1% air saturation (28.5 Torr) after which MO, declines
very quickly. Nevertheless, individual strategies seem to vary
and a P is not clearly present in each individual. When
exposing the Pacific spiny dogfish for 6 hours to hypoxia at
11-12% air saturation (18 Torr), about 60% of the critical
oxygen level, the brain is still extremely well protected from
the hypoxic insult as no metabolic changes were observed
in this tissue. Possibly an efficient lactate metabolism could
play a role here. The importance of ketone bodies and amino
acids in metabolism of white muscle in elasmobranchs was
confirmed. Hypoxia not only affected both aerobic and anaer-
obic metabolism, but based on a previous study (Zimmer
and Wood, 2014) also appeared to interfere with osmoreg-
ulation possibly through the osmorespiratory compromise.
Indeed, hyperventilation for oxyregulation can at the same
time induce increased ion- and waterfluxes such as urea loss
(Zimmer and Wood, 2014). Indications of disturbed osmoreg-
ulation and oxidative stress could be found in changes of
molecules such as TMAO and other protective compounds
such as myo-inositol, taurine and oxypurinol. Finally, when
only looking at classic indicators of metabolic stress, such as
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glucose and lactate, it could be concluded that the dogfish
fully recovered after 6 hours of reoxygention. However, the
persistent changes in ketones, amino acids and other com-
pounds proved otherwise.

Overall, our data show that adult S. suckleyi show a
remarkable variation in response to hypoxia, from oxyreg-
ulation to osmoconforming. Furthermore, we demonstrated
that Pacific spiny dogfish can tolerate transient episodes of
severe hypoxia, and can regulate their oxygen consumption
rates down to low environmental oxygen levels (low Pg).
However, recovery from such an hypoxic insult takes a long
time suggesting that more frequent and longer periods of
coastal hypoxia could compromise their chances of survival in
the future. This long recovery would not be picked up by mea-
surement of traditional biomarkers such as the occurrence of
increased lactate levels, indicating the importance of using the
appropriate biomarkers in conservation management.
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