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Abstract

Fish face a functional trade-off at the gills between minimizing ion movement and maximizing oxygen uptake — the osmo-
respiratory compromise, but the extent of this trade-off remains poorly understood in elasmobranchs. Using the Pacific
dogfish shark, we assessed the impacts of progressive hypoxia in animals acclimated to 25, 30 and 36 ppt for 4 days at
12 °C. Plasma osmolality increased with water osmolality at 36 ppt (osmoconformation) and decreased at 25 ppt. Plasma
urea decreased at 25 ppt, though to a lesser extent than plasma CI, while plasma urea increased to a greater extent than
plasma CI™ at 36 ppt. In normoxia, oxygen consumption rate (MO,) was elevated by 60% at 36 ppt, and ventilatory index
(frequency x amplitude) was elevated by 70%, reflecting increases in both components of ventilation, but these parameters
remained unchanged in sharks exposed to 25 ppt. During progressive hypoxia, MO, and ventilation exhibited different
patterns at the three salinities, but in all three, MO, fell linearly below a water PO, of ~80 Torr (10.7 kPa), indicating oxy-
conformation. Under hypoxia (45 to 5 Torr; 6.0 to 0.7 kPa) MO, was the same at all salinities, while ventilatory amplitude
was elevated at both 25 and 30 ppt. At 36 ppt, frequency decreased during hypoxia. Ventilatory index increased during
hypoxia only at 30 ppt and not at the other salinities. From these data it is clear that dogfish sharks face an osmorespira-
tory compromise balancing the needs for urea retention against those of O, uptake.
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Introduction

The gills of fishes must balance the needs to maintain
water and ionic homeostasis with those of oxygen uptake
(MO,) and respiratory gas exchange, processes which are
dependent on their intrinsic morphological and functional
characteristics that influence diffusional processes, such as
large surface area and short diffusion distance. This func-
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tional trade-off is known as the osmorespiratory compro-
mise (Randall et al. 1972; Gonzalez and McDonald 1992;
reviewed by Gilmour and Perry 2018; Wood and Eom
2021). Despite efforts in advancing our understanding of the
osmorespiratory compromise in elasmobranchs (Zimmer
and Wood 2014; Giacomin et al. 2017, 2022), this group
remains largely overlooked in comparison to teleosts.
Elasmobranchs are particularly interesting with respect
to the osmorespiratory compromise because in contrast to
teleosts, they are ureotelic osmo-conformers. The major
osmolyte in their blood plasma is the nitrogenous waste
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product urea, which is actively retained at gills, kidney,
rectal gland, and gut for osmoregulation (reviewed by
Wright and Wood 2016). This results in an internal osmo-
lality slightly hyperosmotic to the environment, which in
turn promotes the osmotic influx of water, largely eliminat-
ing the need for drinking (Smith 1931, 1936). When envi-
ronmental salinity decreases, elasmobranchs allow their
internal urea concentrations to decrease, and the opposite
occurs when environmental salinity increases, thus facilitat-
ing osmo-conformation (reviewed by Ballantyne and Fraser
2013; Wright and Wood 2016). The strategy has consider-
able metabolic costs, because the conversion of ammonia
into urea through the ornithine-urea cycle (OUC) occurs at
the expense of 5 moles of ATP per mole of urea (2 mol of
urea-N) produced (Kirschner 1993; Ballantyne 1997).

One of the physiological challenges that elicits the osmo-
respiratory compromise is environmental hypoxia, a phe-
nomenon of both localized and global proportions (Ficke et
al. 2007; Diaz and Breitburg, 2011). Regional hypoxic areas
have increased greatly in the past decades (Breitburg et al.
2018) and threaten estuarine and coastal environments in
more than 500 different areas globally (Intergovernmental
Oceanographic Commission 2018).

Many species of elasmobranchs have evolved the abil-
ity to withstand periods of hypoxia but tolerance varies
greatly. Broadly, hypoxia tolerance is associated with either
an ability to down-regulate metabolic rate or a capacity
to maintain MO, relatively stable independent of lowered
water PO,, also known as oxygen regulation. Many physi-
ological adjustments can underlie this capacity, including
changes in ventilation (known as the hypoxic ventilatory
response), cardiac output, increase in gill functional surface
area (the number of lamellae that are perfused), improve-
ments in blood O, carrying capacity, Hb-O, affinity and oth-
ers (Dejours 1981; Farrell and Richards 2009).

Hypoxia exposure in elasmobranchs may lead to a vari-
ety of cardiovascular and hematological responses in addi-
tion to metabolic and acid-base disturbances (Butler and
Taylor 1975; Piiper et al. 1977; Butler et al. 1979; Speers-
Roesch et al. 2012). Perry and Gilmour (1996) reported
marked increases in ventilation frequency as well as volume
amplitude (measured indirectly through pressure changes
of the spiracle cavity) when Pacific spiny dogfish (Squalus
suckleyi) were acutely exposed to hypoxia. These findings
were corroborated by Acharya-Patel et al. (2018) on the
same species, where the animals were exposed more slowly
to hypoxia. On the other hand, De Boeck et al. (2024), again
working on S. suckleyi, recorded only very modest increases
in frequency and amplitude (with frequency dominating)
when hypoxia was induced over a similar time frame. While
there seems to be a general consensus that both ventilatory
components (frequency and amplitude) respond to hypoxia,
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their relative contributions to the hypoxic ventilatory
response in elasmobranchs are unclear.

Zimmer and Wood (2014) found that the spiny dogfish
acutely exposed to moderate and severe hypoxia showed a
significant reduction in arterial blood oxygen, which was
readily recovered upon return to normoxia. These findings
were associated with marked increases in urea and ammonia
losses to the water during hypoxic exposure. The authors
suggested that the physiological mechanisms that enhance
MO, in hypoxia could have caused an impairment of the
branchial urea retention mechanisms (Zimmer and Wood
2014).

The Pacific spiny dogfish (S. suckleyi) and its close
congener Squalus acanthias are known to be moderately
euryhaline, commonly using estuaries and river mouths
as foraging and breeding grounds (McMillan and Morse
1999), where they can experience large fluctuations in
environmental salinity, temperature and dissolved oxygen.
While low salinities are common due to freshwater runoff,
there is also increasing evidence of elevated salinities in
inshore waters (Esbaugh 2024). Richards (2004) surveyed
oceanic fishery data, reporting routine occurrence of S.
suckleyi between 29 and 33.5 ppt salinity. However, in the
lab, this species survives up to 39 ppt for at least 24 h (Deck
etal. 2016), and down to 21 ppt (e.g. Guffey and Goss 2014;
Deck et al. 2016; Weinrauch et al. 2020) for at least several
days. Wright and Wood (2016) classified them as “dilution
tolerators”.

To our knowledge, no study to date has looked at how
elasmobranchs may respond to the dual osmorespiratory
challenges of salinity change and hypoxia, such as they
might encounter when entering estuaries. Our goal was to
investigate if exposure to different salinities (within an envi-
ronmentally relevant range) would affect the rate of O, con-
sumption in dogfish sharks and in turn alter their response to
progressive hypoxia. We hypothesized that due to the costs
associated with synthesizing and actively retaining urea at
the gills, kidney, rectal gland, and gut, pre-exposure to 25
ppt would lessen the metabolic burden of ureotelism and
result in a lower O, consumption, since plasma urea con-
centrations are known to be lower at lower salinities (Deck
et al. 2016; Guffey and Goss 2014; Weinrauch et al. 2020).
Conversely, we predicted that at higher salinities, maintain-
ing an elevated plasma-to-water urea gradient (high plasma
urea) would be reflected in a higher rate of O, consump-
tion. In parallel, we also hypothesized that during progres-
sive hypoxia, in view of these altered osmoregulatory costs,
disturbances in O, consumption and ventilation would be
reduced at lower salinity and elevated at higher salinity.
Additionally, we wanted to further our understanding of
the hypoxic ventilatory response in sharks, by individually
measuring the two components of ventilation, frequency
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and amplitude (representing stroke volume). We predicted
that changes in amplitude would make the larger contribu-
tion, because with respect to efficiency, there are energetic
advantages to varying stroke volume rather than frequency
when pumping water, which is a medium of high density
and viscosity (Shelton et al. 1986; Perry and Wood 1989).

Elasmobranchs rely partly on plasma urea, and partly on
plasma ions to regulate plasma osmolality (Ballantyne and
Fraser 2013; Wright and Wood 2016). In view of the high
cost of urea synthesis and retention outlined above, and the
elevation of urea and ammonia loss rates observed in dog-
fish exposed to hypoxia at 30 ppt (Zimmer and Wood 2014)
we predicted differential regulation of plasma urea and CI™
levels. Specifically, we posited that greater decreases in
plasma urea than in plasma Cl™ concentration would occur
at lowered salinity, while greater increases in plasma CI~
than in urea concentration would occur at elevated salinity,
especially given the energetic challenges of hypoxia.

To address these goals, we simultancously measured
ventilatory parameters, O, consumption rate, and urea and
ammonia excretion rates in Pacific spiny dogfish while
sharks were progressively depleting the water O,, in a
closed-system respirometry set-up. These experiments were
performed in dogfish that had been pre-exposed to differ-
ent salinities [25, 30 (acclimation salinity) and 36 ppt] for
96 h, and were conducted in the salinity to which the fish
had been pre-exposed. Lastly, at the end of the respirometry
trials, a blood sample was collected for measurements of
plasma osmolytes and to examine the effects of salinity on
the shark plasma composition.

Materials and methods
Animal collection and acclimation

Dogfish sharks (Squalus suckleyi) were collected by angling
in Barkley Sound, a fjord-type estuary, near Bamfield
Marine Science Centre (BMSC), Bamfield, British Colum-
bia, Canada. Animals were collected under Department of
Fisheries and Oceans (DFO) collection permit XR 32 2016.
Fish were held at BMSC for approximately 3 weeks in a
large (150 m?) circular indoor concrete tank, with flowing
filtered natural seawater (~12 °C, 30 ppt salinity), constant
aeration (dissolved oxygen kept at >130 Torr) and photo-
period at 10 h dim light:14 h dark. Sharks were fed twice a
week to satiation with commercially purchased frozen hake
(Merluccius productus). Feeding was stopped at least 48 h
prior to any experimentation. All experimental procedures
were approved by joint animal care committees at BMSC
and the University of British Columbia (AUP A14-0251),

following the guidelines outlined by the Canada Council of
Animal Care (CCAC).

Experimental design

Acclimated dogfish sharks were acutely exposed to three
different salinities for 96 h in total, and at the end of this
period, they were exposed to progressive hypoxia under
the same conditions and MO, was measured whilst record-
ing ventilation rate, urea and ammonia excretion rates in a
stop-flow respirometry apparatus. The fish were allowed to
deplete the oxygen inside of the respirometer at their own
pace, and water samples were collected at the start and end
of the respirometry trial. Detailed description of the experi-
ments is provided below.

Dogfish sharks were transferred to circular 1500-L tanks,
at either 25, 30 or 36 ppt (n=6 per salinity), where they
remained for 72 h. Average weight for the fish exposed to
the different salinities were as follows (in kg): 2.12 + 0.04
(25 ppt), 2.21 £ 0.05 (30 ppt) and 2.02 £ 0.15 (35 ppt) and
not significantly different from one another. 30 ppt was
chosen as a “control” salinity as it was the average salin-
ity measured at the acclimation tank, which contained water
pumped from the ocean in the vicinity of BMSC. Lower
salinity (25 ppt) was achieved by diluting filtered sea water
with dechlorinated tap water, and higher salinity (36 ppt)
was achieved by adding Instant Ocean™ (Spectrum Brands,
Blacksburg, VA, USA) sea salt to filtered sea water. Salinity
and temperature were monitored using a WTW ProfiLine
Cond 3310 conductivity meter (WTW, Weilheim, Ger-
many). A 50% water change was performed at 48 h. Tem-
perature (12—13 °C) in the tanks was maintained stable by a
cooling system that consisted of meters of coils submerged
at the bottom of the tanks, in which cold water was con-
stantly running. No mortality and/or change in behaviour
was observed for any of the treatments throughout the dura-
tion of the salinity exposure.

At 72 h, sharks were removed from the circular tanks,
lightly anesthetized (MS-222, Syndel Labs., Parksville, BC,
Canada; 0.6 g/L neutralized to pH 7.8 with 5 M NaOH) and
placed on an operating table with water flowing through the
gill slits constantly. A short piece of PE160 cannula (BD,
Intramedic, Franklin Lakes, NJ, USA) with one flared end
was inserted through the second gill slit on the right side
(with the assistance of a 18G needle), secured in place by a
single stitch made using suture silk (3 —0, Perma-Hand Silk,
Ethicon, Somerville, NJ, USA). A longer (~20 cm) piece of
PE90 cannula, again flared, was inserted through the PE160
and both cannulae were glued together using acrylic adhe-
sive (Vetbond, 3 M, Saint Paul, MN, USA). This whole pro-
cedure was performed under 5 min. As soon as the glue had
set, fish were transferred to individual 40-L wooden boxes
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(coated with polyurethane inside) where they remained for
an additional 24 h for recovery from the procedure, result-
ing in a total of 96 h of acute salinity exposure prior to the
onset of progressive hypoxia. Each box was constantly aer-
ated through tubing anchored around the entire inner perim-
eter of the box. The boxes were placed in a 200-L wet Table
(2 boxes per table), containing water at the acclimation
salinity, and a recirculating pump delivered water from the
wet table to the box, and overflow from the box collected in
the wet table. These “dogfish boxes” are the same as those
used in previous studies with dogfish sharks (Zimmer and
Wood 2014; Giacomin et al. 2017, 2022). Temperature in
the boxes was maintained by adding ice blocks made out of
seawater at the appropriate salinity to the wet table.

At the end of the 24-h recovery period, MO, and ven-
tilation rate measurements were performed for each fish.
For the latter, the previously-fitted catheter was bridged to
a connecting PE50 tubing using a blunt-ended #22-gauge
needle. The water-filled PE50 cannula was connected to
a pressure transducer (DPT-100, Utah Medical Products,
Midvale, UT, USA), calibrated against a column of water.
The pressure amplitude (cm H,O) and breathing frequency
(breaths/sec) were recorded throughout the respirometry
trial. Without disturbing the fish, aeration was interrupted,
water flow to the box was stopped, and the volume in the
box was set to 35 L by briefly removing a rubber stopper
located at the bottom of the box. The box was sealed with
a tightly fitting floating lid to prevent O, diffusion from the
atmosphere to the water, and PO, measurements were taken
every 10 min through a sampling port in the lid, using a
WTW Oxi 3205 oxygen meter and probe. Water circulation
inside of the box was ensured by using a small recirculat-
ing pump (Repti Flo 200, Exo Terra, Mansfield, MA., USA)
previously placed inside the box. The fish were allowed to
consume the oxygen in the box at their own pace, while ven-
tilation rate was continually recorded. The experiment was
stopped once PO, in the box reached 5 Torr (170-200 min
duration). Water samples (5 mL) were taken at the start of
the experiment (when the box was sealed) and at the end
(immediately before aeration was reintroduced to the box),
and immediately frozen at — 20 °C for later analyses of
ammonia and urea concentrations. The fish were quickly
removed to a water bath with anesthetic, where a blood
sample (2 mL) was collected via caudal puncture into a hep-
arinized syringe, and the opercular catheter was removed.
Blood samples were immediately spun (10,000 x g, 2 min),
plasma was separated, flash frozen in liquid N, and kept at
-70 °C until analysis. The fish were returned to the fully aer-
ated boxes served with flow-through seawater, allowed to
recover overnight, then returned to the wild.
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Analytical techniques and calculations

For all the calculations in this study, 1 g of fish was assumed
to be equivalent to 1 mL. The weight of the fish was sub-
tracted from the wooden box volume to achieve the real
experimental volume.

Oxygen consumption rate (MO,) was calculated for
every PO, interval using the following equation:

[(APOyzaOy) xV]
W) )

MO, =

where APO, is the difference between PO, (Torr) at the start
and at the end of the 10 min interval. aO, is the O, solu-
bility coefficient (umol/Torr/L) obtained from Boutilier et
al. (1984) for 12 °C at 25, 30 or 36 ppt. V' is the corrected
volume of the box (L), W is body weight (kg) and T is the
measurement period (h). For graphing purposes, MO, data
were plotted at successive 10-Torr intervals.

Ventilation frequency (breaths/sec) and amplitude (cm
H,O/breath) were measured using a pressure transducer,
which was calibrated against a 2-cm water column. An
amplifier (LCA-RTC, Transducer Techniques, Temecula,
CA, USA) was utilized to amplify the analog signal, which
was then digitalized by a PowerLab Data Integrity system
(ADInstruments, Colorado Springs, CO, USA), and visual-
ized and analyzed using LabChart v. 7.0 (ADInstruments).
The ventilatory index (cm H,O/sec) was calculated by mul-
tiplying ventilation frequency and amplitude. Ventilation
data were also plotted at successive 10-Torr intervals.

Net flux rates (umol-N/kg/h) of ammonia-N and urea-N
(note: 2 N-atoms per urea molecule versus 1 N-atom per
ammonia molecule) were calculated using the following
equations:

[(Ammg) — Ammgy)) z V]

Ammonianet fluz = WazT) (2)
[(Urea — N¢) — Urea — Ny ) T V}
Urea — Nyet flue = { ¢ )(WxT) ) 2 (3)

where Amm(f) and Urea-N(f) are the final water ammonia
(umol/L) and urea-N (umol/L) concentrations; Amm(i) and
Urea-N(i) are the initial water ammonia (umol/L) and urea-
N (umol/L) concentrations; ¥ is volume (L), W is weight
(kg) and T is the duration of the measurement period (h).
Concentrations of ammonia (umol/L) in the water were
measured colorimetrically following the method outlined
by Verdouw et al. (1978). Urea-N concentration in water
(umol-N/L) and plasma samples (mmol-N/L) were mea-
sured using the colorimetric method described by Rah-
matullah and Boyde (1980). Plasma chloride concentration
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(mmol/L) was measured using a chloridometer (Radiometer
CMT10, Copenhagen, Denmark) and plasma osmolality
(mOsm/kg) was measured using a vapor pressure osmome-
ter (Wescor 5100 C, Logan, UT, USA), both calibrated with
manufacturers’ standards.

Data analysis

All data are shown as means+1 SEM. Data normality and
homoscedasticity were checked before all parametric sta-
tistical analyses. Appropriate transformations (logarithmic,
square root) were used in the few cases where data failed
these tests. As a repeated measures design was used within
each salinity group, simple pairwise comparisons between
mean values (MO, and ventilatory parameters) in hypoxia
versus normoxia were made using Student’s two-tailed
paired t-test. This was also used to compare the concentra-
tions of osmolytes in plasma to their respective concentra-
tions in seawater sampled simultaneously from the same
box. Mean oxygen consumption and ventilatory metrics at
selected PO, ranges (normoxic: 155 to 95 Torr; hypoxic: 45
to 5 Torr) were compared among salinities with a one-way
ANOVA, and treatment differences were identified through
a Tukey’s post-hoc test. An ANCOVA was used to test if the
slopes of linear regressions fitted to the MO, vs. PO, data
were significantly different from each other. To further ana-
lyze these data, two methods were used to quantify the rela-
tionship between MO, and PO, during progressive hypoxia.
The first was to calculate the traditional critical PO, (P_;,)
at which MO, becomes dependent on environmental PO,.
At least 13 different methods have been proposed to pro-
vide the best estimate of P, (cf. Wood 2018; Marshall et
al. 2013; Rogers et al. 2016). We used one of the simplest,
the “greatest difference” approach, as described by Mueller
and Seymour (2011). The other was to calculate the Regula-
tion Index (RI) as introduced and again described by Muel-
ler and Seymour (2011). We have employed both indices
in the past (Giacomin et al. 2019a, b; 2020). Mean values
were considered statistically different when p<0.05. All sta-
tistical analyses and graphing were performed in GraphPad
Prism, version 8.0.

Results

Oxygen consumption rate (MO,) decreased with decreas-
ing PO, in dogfish sharks exposed to all three salinities
(Fig. 1A). On average, dogfish exposed to 25 ppt took
167.83 £+ 14.33 min to consume the oxygen inside of the
respirometer and reach 5 Torr, while dogfish exposed to 30
ppt took 185.83 + 8.27 min and dogfish exposed to 36 ppt
took 161.33 + 11.36 min. However, these durations were

not significantly different from one another. The shapes of
the relationships varied amongst the different salinity accli-
mation groups (Fig. 1A). At 30 ppt, MO, increased during
progressive hypoxia until 85 Torr was reached, after which
a linear decline occurred. A 36 ppt, there was an initial
increase, then a decline followed by stability between 115
and 85 Torr, followed by a linear decline thereafter. At 25
ppt, MO, was more or less stable down to 85—75 Torr, with
a linear decline thereafter. Thus, at all three salinities, oxy-
conformation occurred below a threshold of 75-85 Torr.
Linear regression lines were fitted through the MO, data
from 85 to 5 Torr (PO,), where MO, decreased proportion-
ally to the decrease in water PO, (Fig. 1D). An ANCOVA
was used to statistically compare the slopes of the linear
regressions. At 36 ppt, there was a significantly higher
slope (26.85 pmol O,/kg/h/Torr) in comparison to 30 and
25 ppt exposed fish (19.39 and 15.67 pumol O,/kg/h/Torr
respectively) (p=0.0117). Calculation of P_; values on
individual fish revealed no significant differences among
the three salinities, but the mean values (83-97 Torr) were
all relatively high (Table 1). However, regulation index
(RI) values calculated on individual fish were significantly
greater (p=0.0009) in both the 30 ppt (RI=0.96) and 36
ppt (RI=0.66) treatments than in the 25 ppt treatment
(RI=0.35) (Table 1).

In normoxia (155 to 95 Torr), mean MO, was signifi-
cantly higher by about 60% in fish exposed to 36 ppt (about
2600 pmol O,/kg/h) in comparison to 30 ppt (1600 umol
O,/kg/h) (Fig. 1B). At 25 ppt, MO, was about 1900 pmol
O,/kg/h, not significantly different from the value at 30 ppt
(Fig. 1B). Mean MO, values during the hypoxic period (45
to 5 Torr) were not significantly different among the three
exposure salinities, and for all, they were much lower than
during normoxia (Fig. 1B, C).

Figure 2 (A-C) depicts the variation in ventilation param-
eters (A: frequency (breaths/sec); B: amplitude (cm H,O/
breath); C: ventilatory index (cm H,O/sec)) at the three dif-
ferent salinities with decreasing PO,. Panel D shows the O,
extraction efficiency (umol O,/kg/cm H,0), which was cal-
culated as the ratio between MO, (Fig. 1A) and ventilatory
index (Fig. 2C). Figure 3 summarizes the mean values in
normoxia and hypoxia at the three salinities. Supplementary
Fig S1 compares the changes in MO, with those in ventila-
tory index at the same PO,.

With respect to salinity, under normoxia (155 to 95 Torr),
ventilation frequency was significantly higher in fish exposed
to 36 ppt (0.79 breaths/sec) in comparison to those at 30 ppt
and 25 ppt (Figs. 2A and 3A) (0.66 and 0.61 breaths/sec for
25 and 30 ppt respectively), while during the hypoxic period
(45 to 5 Torr) ventilation frequency did not differ among the
three exposure salinities (Fig. 3B). Ventilation amplitude
under normoxia was significantly higher in 36 ppt-exposed
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fish (2.77 cm H,O/breath) compared to those at 30 ppt and
25 ppt where it was about 1.95 cm H,O/breath (Figs. 2B
and 3C). Under severe hypoxia (45 to 5 Torr), ventilation
amplitude in 36 ppt-exposed fish was 2.92 cm H,O/breath,
significantly higher than at 25 and 30 ppt where it was about
2.45 cm H,O/breath (Fig. 3D). Similar to the other two
parameters, ventilatory index, the product of frequency and
amplitude, was significantly higher in 36 ppt exposed fish
(2.20 cm H,0O/sec) in normoxia, in comparison to 25 and 30
ppt fish (about 1.35 ecm H,O/sec; Fig. 3E). This elevation
in ventilatory index (Figs. 2C and 3F) of about 70% corre-
sponded well with the 60% higher MO, in dogfish at 36 ppt
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{ Fig. 1 Oxygen consumption rate. A The effect of water PO, (Torr) on

oxygen consumption rate (MO,, pmol O,/kg/h) in dogfish sharks (S.
suckleyi) exposed to 25 (purple triangles), 30 (green circles) and 36
(blue diamonds) ppt. MO, data are plotted in 10-Torr intervals. Sym-
bols connected by a line are means = SEM (n=6 for 25 and 36 ppt and
n="7 for 30 ppt). Mean MO, calculated over the B normoxic PO, range
(155 to 95 Torr) and C hypoxic PO, range (45 to 5 Torr). On panels B
and C, middle lines are means = SEM (symbols represent individual
data points (n-number)). Data sharing same lower-case letters within
panels B and C are not significantly different from one another. Panel
B (Normoxia): p=0.0024; F=9.525; DFn=2 and DFd=14. Panel C
(Hypoxia): p=0.0924; F=0.0924; DFn=2 and DFd=11. Asterisks
indicate significant differences between MO, at the same salinity.
Normoxia vs. Hypoxia t-test results: p=0.0135 (25 ppt); p=0.0139
(30 ppt) and p=0.0004 (36 ppt). D Comparison of the relationship
between PO, and oxygen consumption between 85 to 5 Torr by linear
regression. Slopes were compared through an ANCOVA (p=0.0117;
F=4.588; DFn=2 and DFd=146), revealing a significantly greater
slope at 36 ppt than at the other two salinities where the slopes were
not different from one another

under normoxia (Fig. 1B) as illustrated in Supplementary
Fig. SI). The ventilatory index under hypoxia was signifi-
cantly lower in 25 ppt fish (1.35 cm H,O/sec) and did not
differ between 30 ppt and 36 ppt (1.76 and 2.15 cm H,O/sec)
(Fig. 3F). Oxygen extraction efficiency was stable through
the normoxic PO, range (155 to 95 Torr) and decreased pro-
gressively with decreasing PO, (Fig. 2D).

With respect to specific ventilatory responses to hypoxia,
any increases were achieved by elevations in amplitude
rather than frequency. Indeed, at 36 ppt ventilatory fre-
quency was significantly lower than in the same fish dur-
ing normoxia (Fig. 3A, B). However, at 30 ppt and 25 ppt,
hypoxia had no significant effect on frequency. In contrast,
fish significantly increased their ventilatory amplitude dur-
ing hypoxia at both 30 ppt and 25 ppt with a non-significant
rise at 36 ppt (Fig. 3C, D). Ventilatory index exhibited a
significant increase during hypoxia only at 30 ppt (Fig. 3E,
F; Supplementary Fig. 1B).

Ammonia-N and urea-N net flux rates were measured
during the exposure to progressive reductions in water PO,
(Fig. 4A, B). Ammonia-N net flux rates were 31, 11, and 38
umol/kg/h in 25, 30 and 36 ppt exposed fish respectively,
not statistically different from each other (Fig. 4A). Urea-
N net flux rate in 25 ppt fish was higher (1083 pmol/kg/h)
than at the other salinities (Fig. 4B). 30 ppt exposed fish had
a urea-N net flux rate of 559 umol/kg/h (Fig. 4B) and that
was not different from 36 ppt exposed fish (507 pmol/kg/h).

Plasma urea concentration (Fig. 5) increased with increas-
ing salinity, from 308 mmol/L at 25 ppt to 390 mmol/L at 36
ppt. Plasma urea values were all different from one another
(Fig. 5).

Figure 6 shows the values for plasma osmolality (A, B
and C) and plasma chloride (D, E and F), plotted alongside
the measured values in the water at the respective salinity.
Plasma osmolality was 849 mOsm/kg at 25 ppt, 936 mOsm/
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Table 1 P_;, and regulation index (RI) values calculated for individual
dogfish sharks within each salinity group

Acclimation Salinity

25 ppt 30 ppt 36 ppt
P, (Torr) 82.5+£10.4 (6) 97.0+22°(7)  96.0+5.54
(6)
Regulation Index  0.34+0.04" (6) 0.97+0.158 (7) 0.66+0.08"
(RI) (6)

P was calculated by the “greatest difference” method. See Muel-
ler and Seymour (2011) for calculation details. Within a parameter,
means sharing the same upper-case letter are not significantly differ-
ent. Data are means+sem (n)

kg at 30 ppt and 1095 mOsm/kg at 36 ppt, all significantly
different from one another (Fig. 6A, B and C). Water osmo-
lality values ranged from 737 mOsm/kg at 25 ppt to 1086
mOsm/kg at 36 ppt. At 25 ppt, plasma osmolality was
significantly higher by 15% than water osmolality, while
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Fig. 2 Ventilation parameters and calculated O, extraction efficiency.
The effect of water PO, (Torr) on A ventilation frequency (breaths/
sec), B ventilation amplitude (cm H,O/breath), C ventilatory index
(cm H,O/sec) and D relative O, extraction efficiency in dogfish sharks
(S. suckleyi) exposed to 25 (purple triangles), 30 (green circles) and 36

there were no significant differences between plasma and
water osmolality at 30 and 36 ppt. At 25 ppt, plasma chlo-
ride was 233 mmol/L, and that was significantly lower than
plasma chloride at 30 ppt (268 mmol/L) and 36 ppt (289
mmol/L) (Fig. 6D, E and F). Water chloride values ranged
from 412 mmol/L at 25 ppt to 580 mmol/L at 36 ppt. At 25
ppt, plasma chloride was 43% lower than water chloride,
while at 30 and 36 ppt, plasma chloride was approximately
50% lower than water chloride (Fig. 6D, E and F). On both
relative and absolute bases, the variations with decreased
salinity in plasma urea concentrations (down by 23 mmol
L1, or 9% at 25 ppt) were smaller than those in plasma CI~
concentrations (down by 35 mmol L™}, or 13% at 25 ppt).
Conversely, the variations with increased salinity in plasma
urea concentrations (up by 55 mmol L™, or 16% at 36 ppt)
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(blue diamonds) ppt. All ventilation data are plotted in 10 Torr inter-
vals. Symbols are means = SEM (n=6 for 25 and 36 ppt and n="7 for
30 ppt). Data shown in panel D were calculated from the mean values
in Figs. 1A and 2C, therefore no error bars are shown
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Fig. 3 Mean ventilation rate in normoxia 1.0- B 1.0 - .
and hypoxia. A, B Ventilation frequency A - Normoxia b B - Hypoxia
(breaths/sec), C, D ventilation amplitude g x*
(cm H,O/breath) and E, F ventilatory index 8 . '
(cm H,O/sec) in dogfish sharks (S. suckleyi) % 0.8+ a :%5 0.8+ X X oo
exposed to 25 (purple triangles), 30 (green £ a 0*;
circles) and 36 (blue diamonds) ppt. Mean s xAﬂ‘ A
. o ‘A A
ventilatory parameters were calculated over S 06- % 064
the (A, C and E) normoxic PO, range (155 > ’ z
to 95 Torr) and B, D and F hypoxic PO, e
range (45 to 5 Torr). Data sharing same g
lower-case letters within each panel are not g 0.4+ 0.4 A
significantly different from one another. I
One-way ANOVA results: frequency (A —
Normoxia: p<0.0001; F=38.67, DFn=2 0.2 0.2
and DFd=16; B — Hypoxia: p=0.0612; : ! ! ! : ! ! !
F=3.640; DFn=2 and DFd=11), amplitude 25ppt 30 ppt 36 ppt 25ppt 30 ppt 36 ppt
(C — Normoxia: p=<0.0001; F=148.2;
DFn=2 and DFd=16; D — Hypoxia: 3.6 C - Normoxia 3.6 D - Hypoxia
p=0.0002; F=21.26; DFn=2 and DFd=11) .
and index (E — Normoxia: p=<0.0001; = y
F=238.1; DFn=2 and DFd=16; F — T 3.2 3.24 .
Hypoxia: p=0.0006; F=15.78 DFn=2 and é b
DFd=11). Asterisks indicate significant (@) . %
differences between normoxic and hypoxic T 2.8+ %% 2.8 X.* X.* .
ventilation parameters at the same salin- £ ’ ’ ¢
ity. Normoxia vs. Hypoxia t-test results: S A I
frequency: p=0.2114 (25 ppt); p=0.7644 2 24 a a 244 1¥=x
(30 ppt) and p=0.0001 (36 ppt); amplitude: 2 A A
=0.0002 (25 ppt); p=0.0087 (30 ppt) and a _ i
»=0.2662 (36 ppt); index: p=0.5604 (25 g 20 'ﬁ: (R 3 2.0
ppt); p=0.0107 (30 ppt) and p=0.3261 (36 A
ppt). On all panels lines are means + SEM; 1.6 1.6
symbols represent individual data points ’ ' ' ' ’ ' ' '
25ppt 30ppt 36 ppt 25ppt 30 ppt 36 ppt
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X === 20
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were much greater than those in plasma CI~ concentrations
(up by 21 mmol L™, or 8% at 36 ppt).

Discussion

Our first goal was to investigate if exposure to environmen-

tally relevant salinities would elicit changes in the metabolic
rate of a moderately euryhaline elasmobranch, the Pacific

@ Springer

spiny dogfish (S. suckleyi). Elasmobranchs are ureotelic
osmoconformers that actively synthesize and retain urea
at the gills, rectal gland, gut, and kidney; all likely involve
a high metabolic cost (Kirschner, 1973; Wright and Wood
2016). As higher plasma and tissue urea levels are required
to maintain osmotic homeostasis at higher salinities, we pre-
dicted that MO, would be higher at 36 ppt and lower at 25
ppt relative to 30 ppt. Indeed, plasma urea concentration was
significantly elevated at 36 ppt and significantly depressed
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Fig.4 Osmolyte fluxes in normoxia and hypoxia. A Ammonia net flux
rate (umol/kg/h) and B Urea-N net flux rate (umol/kg/h) in dogfish
sharks (S. suckleyi) exposed to 25 (purple triangles), 30 (green circles)
and 36 (blue diamonds) ppt. Osmolyte fluxes were calculated over the
entire PO, range (155 to 5 Torr). Data sharing same lower-case let-
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Fig. 5 Plasma urea concentration. Urea concentration (mmol/L) in the
plasma of dogfish sharks (S. suckleyi) exposed to 25 (purple bars), 30
(green bars) and 36 (blue bars) ppt. Plasma samples were collected
at the end of the respirometry trial. Different lower-case letters indi-
cate significant differences among salinity groups. One-way ANOVA
results: p<0.0001; F=103.8; DFn=2; DFd=15. Data are means *
SEM; symbols represent individual data points (n=6)

at 25 ppt (Fig. 5), in accord with the findings of Deck et
al. (2016) and Guffey and Goss (2014) in the same species.
However, our prediction with respect to metabolic rate was
only partially confirmed. MO, was significantly elevated by
about 60% at 36 ppt under normoxia in accord with our pre-
diction, but was not depressed at 25 ppt (Fig. 1B). The lat-
ter contrasts with Guffey and Goss (2014), who reported an
approximate 20% drop in MO, in S. suckleyi exposed to 21
ppt. The explanation for this difference may lie in the more
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ters are not statistically different from one another. One-way ANOVA
results: Ammonia (A) p=0.0709; F=3.399; DFn=2 and DFd=11;
Urea (B) p=0.0285; F=5.002; DFn=2 and DFd=11). Horizontal lines
are means + SEM; symbols represent individual data points

severe hyposalinity (21 ppt versus 25 ppt) and the accompa-
nying 2.5-fold greater decrease in plasma urea concentration
and 1.5-fold higher urea loss rates reported by Guffey and
Goss (2014) relative to the present study (Figs. 4B and 5).
Note, however, that urea-N loss rates were measured over
a single flux period of progressive hypoxia in the present
study, so may not be directly comparable to those reported
by Guffey and Goss (2014). An additional note of caution is
that we cannot be sure that the sharks were fully acclimated
to the elevated or reduced salinity conditions after 96 h of
exposure. Nevertheless, 96 h is an environmentally relevant
duration for sharks entering hypersaline lagoons or hyposa-
line estuaries for feeding forays. Overall, our data support
the conclusion that metabolic costs of urea-based osmoreg-
ulation are substantial, especially when salinity is elevated.
Ventilation is thought to be an energetically demand-
ing process in fishes (Cameron and Cech 1970; Perry et al.
2009) owing to the high viscosity and low oxygen capaci-
tance of the water (Dejours 1988), accounting for 10-20%
of the resting metabolic rate in teleost fishes (Wood 2018).
Our second goal was to test the prediction that disturbances
in O, consumption and ventilation during hypoxia would
be reduced at lower salinity and elevated at higher salinity.
Our actual results were more nuanced. Although there were
no significant differences in P (Table 1), the patterns of
MO, response to progressive hypoxia differed significantly
among salinities, as captured in the ANCOVA (Fig. 1D)
and RI analyses (Table 1). At the 30 ppt, the pattern resem-
bled the type B response of Wood (2018), where MO,
first increased (yielding the high RI) and then decreased
in a linear fashion (oxyconformation) as hypoxia became
more intense (Fig. 1A). At 36 ppt, the pattern was midway
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Fig.6 Plasma and water osmolality and chloride concentrations. A, B,
C Water (white bars) and plasma (filled bars) osmolality (mOsm/kg)
and D, E, F water (white bars) and plasma (filled bars) chloride con-
centration (mmol/L) in dogfish sharks (S. suckleyi) exposed to 25 (pur-
ple bars), 30 (green bars) and 36 (blue bars) ppt. Plasma samples were
collected at the end of the respirometry trial. Bars sharing the same
lower-case letters are not significantly different. One-way ANOVA
results: Osmolality p<0.0001; F=168.3; DFn=2 and DFd=15; Chlo-

between type B and type D responses of Wood (2018) with
a small increase and two slope changes prior to oxyconfor-
mation (Fig. 1A), yielding an intermediate RI. The slope of
the oxyconformation line at 36 ppt, which started at a higher
MO,, was higher than at the two lower salinities (Fig. 1D).
Only at 25 ppt, did the data fit the classic P, pattern pro-
posed by Fry (1947) with relatively constant MO, until the
slope changed abruptly to oxyconformation, yielding a low
RI (Fig. 1A). A simple interpretation is that at 30 ppt, the
dogfish exerted extra work in an attempt to maintain MO,
during progressive hypoxia; part of this work would be
in increased ventilation. In this regard, ventilatory index
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ride p<0.0001; F=22.68; DFn=2 and DFd=1). Data are means =+
SEM; symbols represent individual data points (n=6). Plasma osmo-
lality and chloride at each exposure salinity were compared to their
respective concentrations in water through a two-tailed, unpaired
t-test. Asterisks indicate significant differences, while ns means not
significantly different. Water vs. plasma t-test results: osmolality:
»<0.0001 (25 ppt); p=0.5345 (30 ppt) and p=0.7728 (36 ppt); chlo-
ride: p<0.0001 (25 ppt); p<0.0001 (30 ppt) and p<0.0001 (36 ppt)

increased significantly only at 30 ppt (Fig. 3E, F). At 36 ppt,
the dogfish were already doing a great deal of extra work
(greater urea synthesis and retention, greater ventilation), as
reflected in the 60% greater MO, (Fig. 1B) and 70% greater
ventilatory index under normoxia (Fig. 3E) so they had little
scope for doing more work to cope with hypoxia. The venti-
latory index did not increase (Fig. 3E, F) though ventilation
may have become more efficient, as outlined below. At 25
ppt, although MO, (Fig. 1B) and ventilatory index (Fig. 3E)
were not lower than at 30 ppt during normoxia, the ven-
tilation index was lower during hypoxia than at the other
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two salinities (Fig. 3F), so ventilatory costs were likely also
lower.

Our third goal was to evaluate our prediction, based on
energetic considerations (Shelton et al. 1986; Perry and
Wood 1989), that increases in ventilatory amplitude would
make a larger contribution than increases in frequency dur-
ing hypoxia. Our results directly support this prediction.
Frequency did not increase significantly at either 25 ppt or
30 ppt, and actually decreased significantly at 36 ppt during
hypoxia (Figs. 2A and 3A and B). In contrast, amplitude
increased significantly at 25 ppt and 30 ppt, and non-sig-
nificantly at 36 ppt. At this high salinity where ventilation
was already greatly elevated under normoxia, the greater
reliance on amplitude than on frequency may have been a
strategy for increasing efficiency while maintaining high
ventilation.

Unfortunately, this clear result is not apparent in all stud-
ies. Both Perry and Gilmour (1996) and Acharya-Patel et
al. (2018), although using different time courses, reported
increases in both frequency and amplitude in response to
hypoxiain S. suckleyi at 30 ppt. De Boeck et al. (2024), is the
only previous study to combine measurements of MO, and
ventilation during hypoxia in this species (also performed
at 30 ppt). These authors reported considerable inter-animal
variability, but their overall results were in broad agreement
with the present results. In both studies, oxyconformation
predominated below about 80 Torr (Fig. 1A, D), and the
ventilation index increased during hypoxia (Figs. 2C and
3C; Supplementary Fig. S1B), peaking at about 45 Torr.
However, a marked difference was that in De Boeck et al.
(2024), this was achieved by a modest increase in ventila-
tory frequency with only a non-significant rise in amplitude.
The reason(s) for these discrepancies are unknown. Perhaps
the degree of instrumentation, and therefore the extent of
stress in the animals is an important factor. Future hypoxia
investigations on free swimming S. suckleyi with minimal
instrumentation, such as the early visual study of Metcalfe
and Butler (1984), updated with modern technology, may
prove informative in this matter.

Our final goal was to test our hypothesis, based on ener-
getic grounds, that greater decreases in plasma urea than in
plasma CI” concentration would occur at lowered salinity,
while greater increases in plasma Cl~ than in urea concen-
tration would occur at elevated salinity. In fact, exactly the
opposite occurred. Increases of plasma urea dominated over
increases in plasma C1™ at 36 ppt while decreases in plasma
Cl" dominated over decreases in plasma urea concentra-
tions at 25 ppt (Figs. 5 and 6). These observations agreed
with those of Deck et al. (2016) from short term exposures
of S. suckleyi to more extreme increases and decreases in
salinity, but not with the report of Duffey and Goss (2014)
where urea loss predominated over Cl™ loss during 4.5-day

at 21 ppt. Indeed, while there is little prior information on
responses to hypersalinity, the literature in general shows
that “dilution tolerators” tend to conserve ions to a greater
extent than urea during exposure to hyposalinity (reviewed
by Ballantyne and Fraser 2013; Wright and Wood 2016).
The exceptions in S. suckleyi in the present study and in
Deck et al. (2016) may relate to more modest salinity chal-
lenges and shorter exposure times respectively. Alternately
or additionally, they may relate to trade-offs between CI1™
and urea in the regulation of blood oxygenation, as both fac-
tors are known to affect blood O, affinity in elasmobranchs
(reviewed by Morrison et al. 2016).

To conclude, although marine elasmobranchs are often
considered to be osmoconformers, there is accumulating
evidence that they exhibit the osmorespiratory compromise.
Much of the compromise seems to be focussed on balancing
the needs for urea retention against those for O, uptake. This
is based on challenges of S. suckleyi with hypoxia (Zim-
mer and Wood 2014) temperature (Giacomin et al. 2017),
exercise (Giacomin et al. 2017), and the present study with
both hypoxia and salinity. While our focus in the present
study has been on the gills, we cannot eliminate the possibil-
ity that the osmorespiratory compromise in elasmobranchs
may, in part, also be due to energetic trade-offs at other
important sites of urea-N retention in such as gut, kidney,
and rectal gland (reviewed by Wright and Wood 2016) as
well as with the biosynthetic costs of urea-N production
(Kirschner 1993). These possibilities should be explored in
future studies. Relative to the extensive knowledge base on
the osmorespiratory compromise in teleosts (e.g. Randall et
al. 1972; Gonzalez and McDonald 1992; Gilmour and Perry
2018; Wood and Eom 2021), we have a lot left to learn in
elasmobranchs.
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supplementary material available at https://doi.org/10.1007/s00360-0
25-01629-w.
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