
RESEARCH ARTICLE

The osmorespiratory compromise: physiological responses
and tolerance to hypoxia are affected by salinity acclimation
in the euryhaline Atlantic killifish (Fundulus heteroclitus)
Marina Giacomin1,2,*, Heather J. Bryant1, Adalberto L. Val3, Patricia M. Schulte1 and Chris M. Wood1,2,4

ABSTRACT
The characteristics of the fish gill that maximize gas exchange are the
same that promote diffusion of ions and water to and from the
environment; therefore, physiological trade-offs are likely to occur. Here,
we investigated how salinity acclimation affects whole-animal
respiratory gas exchange during hypoxia using Fundulus heteroclitus,
a fish that inhabits salt marshes where salinity and oxygen levels vary
greatly. Salinity had marked effects on hypoxia tolerance, with fish
acclimated to 11 and 35 ppt showing much longer time to loss of
equilibrium (LOE) in hypoxia than 0 ppt-acclimated fish. Fish acclimated
to 11 ppt (isosmotic salinity) exhibited the greatest capacity to regulate
oxygen consumption rate (ṀO2

) under hypoxia, as measured through
the regulation index (RI) and Pcrit. At 35 ppt, fish had a higher routine
metabolic rate (RMR) but a lower RI than fish at 11 ppt, but there were
no differences in gill morphology, ventilation or blood O2 transport
properties between these groups. In contrast, 0 ppt-acclimated fish had
the highest ventilation and lowest O2 extraction efficiency in normoxia
and hypoxia, indicating a higher ventilatory workload in order to
maintain similar levels of ṀO2. These differences were related to
alterations in gill morphology, where 0 ppt-acclimated fish had the
smallest lamellar surface area with the greatest epithelial cell coverage
(i.e. thicker lamellae, longer diffusion distance) and a larger interlamellar
cell mass, contrasting with 11 ppt-acclimated fish, which had overall
the highest respiratory surface area. The alteration of an array of
physiological parameters provides evidence for a compromise between
salinity and hypoxia tolerance in killifish acclimated to freshwater.
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INTRODUCTION
In recent years, the occurrence and severity of aquatic hypoxia have
greatly increased as a result of a variety of anthropogenic factors,
including pollution, eutrophication and climate change (Ficke et al.,
2007; Díaz and Breitburg, 2011). The major threat posed by hypoxia
is the potential mismatch between oxygen demand and supply within
the organism. Fish facing hypoxia can employ mechanisms to either
increase O2 uptake from the water or reduce utilization by depression
of metabolic demand (Hochachka et al., 1996). Branchial oxygen

uptake can be improved by increasing gill ventilation and perfusion
(Perry et al., 2009). Fish can also enhance gill oxygen transfer
through increases in the functional respiratory surface area of the gill
by redirecting blood flow from marginal circulatory shunts to central
channels within the lamellae (Nilsson et al., 1995; Sundin and
Nilsson, 1998). Blood O2 carrying capacity can also be modified
through increases in haematocrit and haemoglobin content, and
haemoglobin O2 affinity can be modified through changes in the
concentration of allosteric modifiers (Val, 2000). A more recently
discussed strategy is the rapid reversible alteration of gill morphology
(Nilsson, 2007), where fish quickly shed the interlamellar cell mass
(ILCM) that fills the interlamellar channels (Sollid et al., 2003),
thereby reducing the distance for diffusion between blood and water.

The gills are the primary site for both ion and respiratory gas
exchange, so trade-offs between the optimal structures for these
processes occur. This phenomenon has been called the
osmorespiratory compromise (Randall et al., 1972; Gonzalez and
McDonald, 1992), where the conflict between the need for high gill
permeability for respiratory gas exchange and the need for low
gill permeability to limit ion diffusion can cause physiological
impairment (Gilmour and Perry, 2018). Movement between
salinities that range from freshwater (FW) to seawater (SW) poses
an osmoregulatory challenge for euryhaline fishes, one which may
have respiratory consequences. This challenge involves the
transformation of the gill epithelium from a salt-absorbing surface
in FW to a salt-secreting surface in SW (Evans et al., 2005; Edwards
and Marshall, 2013). In the euryhaline Fundulus heteroclitus, this
transformation is characterized by remarkable changes in ion
transporter density (Katoh and Kaneko, 2003), the morphology of
the ion-transporting cells (ionocytes) and the distribution of these
cells within the gill epithelia (Laurent et al., 2006). This modulation
of gill morphology may result in increased barrier thickness in order
to facilitate favourable active ion transport and limit unfavourable
passive ion diffusion. However, these modifications might be
detrimental to whole-animal respiratory capacity, as the blood-to-
water diffusion distance for gas exchange also increases. This has
been shown in several studies with FW fishes (Thomas et al., 1988;
Greco et al., 1996; Perry, 1998; Sollid et al., 2003; Henriksson et al.,
2008). For example, an investigation comparing two species of
sculpin showed that the species with the higher FW tolerance had a
greater diffusion distance and lower surface area, which resulted in a
compromised tolerance to hypoxia (Henriksson et al., 2008).

Our goal was to investigate how salinity acclimation affects
whole-animal respiratory gas exchange using an integrative
approach on the Atlantic killifish Fundulus heteroclitus as a
model. This species is native to estuaries and salt marshes from
northeastern Florida, USA, to the Gulf of St Lawrence, Canada,
occasionally entering FW environments (Taylor et al., 1979), and is
well known for its remarkable euryhalinity, rapidly adjusting itsReceived 5 May 2019; Accepted 3 September 2019
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physiology when transferred from FW to greater than full-strength
SW (Griffith, 1974). Killifish are also tolerant of hypoxia, for which
they also serve as a model (Cochran and Burnett, 1996; Richards
et al., 2008; McBryan et al., 2016). Despite their well-accepted
status as model organisms in both fields (Burnett et al., 2007), there
are few studies that have examined the interactive effects of
respiratory gas exchange and ionoregulation under conditions of
hypoxia and salinity variation. Blewett et al. (2013) found that the
oxygen consumption rate (ṀO2

) was greater during hypoxia at
intermediate salinity (16 ppt) than in killifish acclimated to FW or
100% SW. Wood and Grosell (2015) reported that hypoxia had
quantitatively similar effects in depressing gill transepithelial
potential in FW- and SW-acclimated killifish, though the
mechanisms were probably different.
The salinity at which the internal osmotic pressure of the fish is

the same as that of the water is known as the isosmotic point. Theory
predicts that the energetic cost of osmoregulation should be lowest
in an isosmotic environment (Boeuf and Payan, 2001), as the ionic
gradients between blood and water would be minimal. Thus, the
energy allocated for ionoregulation and osmoregulation should be
negligible, allowing for more energy availability during low oxygen
exposure. Additionally, as the need for active ionoregulation and
osmoregulation is minimized, the performance of the respiratory
system for O2 uptake should be maximized. Because of the effects
of the osmorespiratory compromise stated above, acclimation to
other salinities could elicit gill morphology alterations with the
potential to impair whole-animal respiratory capacity and, as a
consequence, the ability to deal with hypoxia.
Thus, we predicted that acclimation to the isosmotic salinity

(approximately 11 ppt for F. heteroclitus) would result in the
greatest hypoxia tolerance, with lower tolerance in FW (0 ppt) and
full-strength SW (35 ppt), and that isosmotic salinity would also
result in the greatest capacity to regulate oxygen consumption under
hypoxia. Furthermore, we predicted that salinity-related changes in
gill morphology would reduce gill oxygen permeability in order to
favour ionic homeostasis and active ion transport, and that this
would have an effect on hypoxia tolerance. Additionally, we
predicted that such differences would be reflected in the respiratory

and ventilatory responses of the fish to hypoxia, as well as their
blood O2 transport characteristics and gill morphology.

MATERIALS AND METHODS
Fish acclimation
Fundulus heteroclitus macrolepidotus (Linnaeus 1766) (northern
subspecies) were collected by Aquatic Research Organisms (Inc.)
near Hampton, NH, USA (42°54′46′′N) and shipped overnight to
the University of British Columbia where they were held in groups
of ∼25 fish per 120 l tank at 18°C, under a photoperiod of 12 h
light:12 h dark. Salinity was achieved by mixing Instant Ocean
Aquarium Salt (Instant Ocean, Spectrum Brands, Blacksburg, VA,
USA) with Vancouver dechlorinated tap water, and was monitored
with a conductivity meter (Cond 3310, WTW, Xylem Analytics,
Weilheim, Germany). Fish were fed daily to satiation with
commercial fish flakes (Nutrafin Max Tropical Flakes, Mansfield,
MA, USA). All fish were acclimated for a minimum of 4 weeks at
each salinity and fasted for 24 h prior to all experimentation.
Experiments were performed at the acclimation salinity, at 18–20°C.
All experiments were conducted following the guidelines of the
Canada Council for Animal Care, under approval of the animal care
committee at the University of British Columbia (AUP A14-0251).

Time to loss of equilibrium in hypoxia
Separate groups of fish (n=8–10 per salinity; mean body mass 3.80±
0.22 g) were used for this experimental series, each acclimated to a
different salinity (0, 3, 11, 15 and 35 ppt). Time to loss of equilibrium
(LOE) in hypoxia was determined simultaneously for the five
different salinities. Fish were placed in individual plastic chambers,
where two of the sides had been replaced with a fine plastic mesh
allowing thewater to flow freely inside. The chambers were weighted
down, so that the whole chamber was submerged, preventing killifish
from performing aquatic surface respiration. A stick was fitted on the
lid of each chamber, allowing chamber manipulation without
disturbing the fish inside. Chambers were placed in 30 l Plexiglas
tanks, one for each salinity. Each 30 l tank contained a small
submersible recirculating water pump and an air stone. Fish were
placed in the set-up overnight, prior to the beginning of the trial on the
next day, at which time 50% of the water was replaced by gentle
syphoning. Oxygen was reduced from normoxia (155 Torr; note
1 Torr=0.13332 kPa) to severe hypoxia (3.5 Torr) over approximately
1 h, and maintained at this level by bubbling the tanks with either
compressed N2 or air. Water partial pressure of oxygen (PO2

) was
monitored throughout the duration of the trials using the same hand-
held oxygenmeter (AccumetAP84A, Fisher Scientific, Toronto, ON,
Canada), calibrated identically and checked repeatedly. Time to LOE
was defined as the time (in hours) after the water reached 3.5 Torr
until the fish lost equilibrium. LOEwas determined as the point when
a fish had settled at the bottom of the chamber, on its side or upright,
and was no longer responding to a gentle movement of the chamber.
After removal from the chambers, fish were weighed, and allowed to
recover in a separate tank.

Oxygen consumption rate (ṀO2)
Separate groups of fish (n=8 per salinity; mean body mass 3.83±
0.12 g) were used for this experimental series. ṀO2

(µmol O2 g−1 h−1)
under routine conditions was determined using closed-system
respirometry, at 18°C, with water at the salinity to which the fish
had been acclimated (0, 11 and 35 ppt). Each respirometer consisted
of a rectangular 220 ml glass jar containing a small magnetic stir bar,
physically separated from the fish by a piece of mesh, plus two ports,
each one closed with a rubber stopper. The chambers were placed

List of symbols and abbreviations
FW freshwater
Hb haemoglobin
Hct haematocrit
ILCM interlamellar cell mass
Km affinity constant
LOE loss of equilibrium
MCHC mean cell haemoglobin concentration
M–M Michaelis–Menten
ṀO2 rate of oxygen consumption
n50 Hill coefficient
NTP nucleoside triphosphate (organic phosphates ATP and GTP)
OEC oxygen equilibrium curve
P50 PO2 at which Hb is 50% saturated with oxygen
PCO2 partial pressure of carbon dioxide
Pcrit critical oxygen tension
PO2 partial pressure of oxygen
RBC red blood cell
RI regulation index
RMR routine metabolic rate
SA surface area
SW seawater
Φ Bohr coefficient

2

RESEARCH ARTICLE Journal of Experimental Biology (2019) 222, jeb206599. doi:10.1242/jeb.206599

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y



inside a water bath to maintain a constant temperature of 18°C, over a
stir-plate to ensure adequate mixing inside the chambers. Fish were
placed in the respirometers overnight under flow-through conditions.
At the beginning of the trial, a probe (FOXY-R, Ocean Optics Ltd,
Largo, FL, USA) was inserted in each chamber, water flow was
stopped, the chamber was sealed, and water PO2

was monitored over
time (sampling rate every 20 s), until PO2

reached ∼0 Torr. The
chambers were rinsed daily with ethanol to eliminate any bacterial
build-up. A blank (respirometer with no fish) trial was performed for
every four fish, and oxygen consumption was negligible. On average,
trials lasted 175±13 min. The average fish mass to respirometer
volume ratio was 0.015±0.0005 g ml−1. The slope of decreasing
water PO2

versus time was computed every 5 min, and
ṀO2

(µmol g−1 h−1) was calculated by:

_MO2
¼ ðDPO2

� aO2
� V Þ=M ; ð1Þ

where ΔPO2
is the slope of PO2

over time (h), αO2
is the solubility

constant (µmol O2 Torr−1 l−1) in water at 18°C and at the appropriate
salinity (Boutilier et al., 1984), M is body mass (g) and V is the
respirometer volume (l). Data were binned at 5 Torr intervals.
The regulation index (RI) as described by Mueller and Seymour

(2011), and originally conceived by Alexander and McMahon
(2004), was calculated for the three salinities individually on an
individual fish basis, using procedures recommended by Wood
(2018). Briefly, ṀO2

versus PO2
plots were fitted with a Michaelis–

Menten (M–M) curve:

_MO2
¼ ðRoutine O2;max � PO2

Þ=ðKm þ PO2
Þ; ð2Þ

where, by analogy to enzyme kinetics, ṀO2
is the rate, PO2

is the
substrate concentration, and the equation allows us to obtain routine
O2,max and the affinity constant (Km) of the organism for oxygen.
The M–M curve yielded the highest r2 when compared with other
curve fits in Graph Pad Prism (v.5; Graph Pad Software, San Diego,
CA, USA), including a sigmoidal modification based on the Hill
equation as another possibility suggested by Wood (2018). This
M–M curve was then compared with a linear regression constructed
using the ṀO2

value at the start of the curve (PO2
of air saturation)

and at the end of the curve (the PO2
where ṀO2

became 0). Both the
M–M curve and the straight line were integrated and the area under
the curve between the two lines was calculated. Additionally, a
straight horizontal line was plotted starting at the ṀO2

at the highest
PO2

, representing a hypothetical situation where the fish regulates
ṀO2

at all PO2
levels. The area under the M–M curve was expressed

as a proportion of the 100% regulation area, so a RI value of 1 would
indicate perfect regulation, while a value of 0 would indicate a
perfect conformation. Therefore, the RI is used as an indication of
the regulatory ability of the fish.
The critical oxygen tension (Pcrit) is another indicator of the

regulatory ability of the fish.Pcrit is defined as the transitionPO2
where

ṀO2
is no longer independent of environmental PO2

and becomes
dependent. In other words, Pcrit is the inflexion point where a fish is
no longer an oxyregulator and becomes an oxyconformer (Pörtner
and Grieshaber, 1993). Pcrit was determined using the greatest
difference method (Mueller and Seymour, 2011), where the PO2

at
which the vertical distance between the M–M curve and the straight
line describing 100% conformity was the greatest. Routine metabolic
rate (RMR) under non-limiting conditions was calculated as the
average ṀO2

at the start of the trial, where PO2
was highest (>90 Torr).

Ventilation during progressive hypoxia
Separate groups of fish (n=11–12 per salinity; mean body mass
5.58±0.22 g) were used for this experimental series. Killifish were
anaesthetized with 0.5 g l−1 MS-222 (Syndel Laboratories,
Nanaimo, BC, Canada) buffered with HCO3

− and fitted with a
buccal catheter for the recording of ventilatory pressure and
amplitude. A short length of plastic tubing (∼2 cm, PE160 BD,
Intramedic, Franklin Lakes, NJ, USA), flared on the buccal side,
was inserted snugly into a hole made in the rostrum using a
19-gauge hypodermic needle. A slightly longer piece of PE50
tubing, also flared, was threaded through the PE160 sleeve, and the
two pieces were glued together with a drop of cyanoacrylate glue,
and then secured in place with a silk suture on the outer side of the
hole. Fish were allowed to recover from the procedure overnight,
in the same individual plastic chambers as used in the LOE
experiments (see ‘Time to loss of equilibrium in hypoxia’, above).
The chambers were placed in a darkened bath filled with water of the
salinity to which the fish had been acclimated (0, 11 and 35 ppt).

For the measurements of ventilation, the water-filled internal PE50
catheter was bridged to a longer (50 cm) piece of tubing using the
shaft of a 22-gauge blunted needle, and then connected to a pressure
transducer (DPT-100, UtahMedical Products, Midvale, UT, USA) so
that the ventilatory pressure amplitude (cmH2O) and frequency
(breaths min−1) could be recorded. The pressure transducer was
calibrated daily to a 4 cm water column. Water PO2

was gradually
lowered at a rate of ∼1.15 Torr min−1 using compressed N2 gas,
bubbled into a reservoir fromwhich water flowed to thewater bath, so
as to avoid any external source of stimuli and to decrease stress.
PO2

was lowered from ∼150 Torr to ∼2 Torr over a period of about
130 min, a rate similar to that in the ṀO2

series [see ‘Oxygen
consumption rate (ṀO2

)’, above], and ventilation was constantly
recorded using a PowerLab Data Integrity system (ADInstruments,
Colorado Springs, CO, USA), connected to an amplifier (LCA-RTC,
Transducer Techniques, Temecula, CA, USA), and visualized and
analysed using LabChart v.7.0 (ADInstruments). Recordings of
ventilation frequency (breaths min−1) and pressure amplitude
(cmH2O breath−1) were averaged every 5 min, and plotted against
the average PO2

at each time interval. The ventilatory index
(cmH2O min−1) was calculated as follows:

Ventilatory index ¼ frequency� pressure amplitude; ð3Þ

where frequency is in breaths min−1 and amplitude is in cmH2O.Data
were binned at 5 Torr intervals. Water PO2

was monitored throughout
the duration of the trials using a hand-held oxygen meter (Accumet
AP84A, Fisher Scientific). All progressive hypoxia exposures were
performed at the salinity of acclimation.

Hypoxia exposure for blood and tissue sampling
Separate groups of fish (n=6–8 per salinity; mean body mass
4.05±0.18 g) were used for this experimental series. The same
experimental chambers and apparatus described above (‘Time to
loss of equilibrium in hypoxia’) were used for the two experiments
in this series. Fish were placed in the chambers and allowed to settle
overnight; 50% of the water was replaced prior to the start of the
trial. PO2

was reduced from normoxia (155 Torr) to hypoxia
(15 Torr) over 1 h and maintained at this level with compressed N2

and air. Killifish were kept in hypoxia for 3 h, and then immediately
anaesthetized in 0.5 g l−1 buffered MS-222, and blood samples
were quickly drawn by caudal puncture using a modified gas-tight
Hamilton (100 µl) syringe (Reno, NV, USA). Normoxic fish
underwent the same protocol, but PO2

was kept in normoxia. All fish
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used for the analysis of blood parameters and gill morphometrics
underwent this regime. After blood sampling, the anaesthetized fish
were killed by severing the spinal cord.

Whole-blood oxygen affinity (P50)
Once withdrawn, blood samples were kept on ice until analysis, and
then transferred to amicro-tonometer at the experimental temperature,
fashioned after the one described in Wood et al. (2010). Blood pH
(∼40 to 50 µl) was measured twice, after two different equilibration
steps, where samples were equilibrated for 30 min to physiological
partial pressure of carbon dioxide (PCO2

) (1.9 Torr; PO2
=155 Torr)

and to a high PCO2
(7.6 Torr; PO2

=155 Torr). Gas mixtures were
obtained using DIGAMIX gas mixing pumps (H. Wösthoff
Messtechnik, Bochum, Germany), and blood pH was measured
using an oesophageal micro-pH electrode (MI-508; Microelectrodes
Inc., Bedford, NH, USA).
Oxygen equilibrium curves (OEC) were generated using the

spectrophotometric technique described by Lilly et al. (2013),
adapted for a 96-well microplate spectrophotometer (SpectraMax
190; Molecular Devices, Sunnyvale, CA, USA). Fresh whole blood
(1.8 µl) was sandwiched between two thin layers of gas-permeable
low-density polyethylene, secured on a small aluminium ring by two
plastic O-rings and placed in a gas-tight tonometry cell modified to fit
into the microplate reader. Hb O2 saturation was determined
spectrophotometrically at nine different PO2

values obtained by
mixing compressed O2 and N2 in various ratios using the Wösthoff
pumps, starting from 0 Torr (fully deoxygenated), working towards
155 Torr (fully oxygenated). All spectrophotometric analyses were
done at 18°C and at two separate PCO2

levels (1.9 and 7.6 Torr). A
logistic model designed to fit blood samples with multiple
haemoglobin isoforms was fitted through the percentage blood O2

saturation versus PO2
data for each fish in order to determine blood

PO2
at which Hb is 50% saturated with oxygen (P50) in R (v.3.1.2;

Public domain):

y ¼ d=ð1þ exp½log10ðx=eÞb�Þ; ð4Þ
where y is the fractional O2 saturation, x is thePO2

at each equilibration
step, and d, b and e are the equation parameters: d is the upper
asymptote of the model, b is Hill’s slope and e is the inflexion point.
After the determination of P50, Eqn 4 was derived and the Hill
coefficient at P50 (n50) was obtained:

n50 ¼� bðexp½bðlog10P50Þ�Þ=½�1ð�1þ dÞðeðb=ln10ÞÞ�
þ exp½bðlog10P50Þ�ðln10Þ:

ð5Þ

The Bohr coefficient (Φ) was calculated as follows:

F ¼ ½log10P50ð1:9 TorrÞ � log10P50ð7:6 TorrÞ�=
½blood pHð1:9 TorrÞ � blood pHð7:6 TorrÞ�;

ð6Þ

where log10P50(1.9 Torr) is the logarithm of whole-blood P50 assayed at
PCO2

of 1.9 Torr, log10P50(7.6 Torr) is the logarithm of whole-blood P50

assayed at PCO2
of 7.6 Torr, blood pH(1.9 Torr) is the blood pH after

equilibration at 1.9 Torr PCO2
and blood pH(7.6 Torr) is the blood pH

after equilibration at 7.6 Torr PCO2
.

Haematocrit, haemoglobin concentration and red blood cell NTP
extraction and analysis
Haematocrit (Hct) was measured as the percentage of packed RBCs
(% RBC) within the total blood volume after centrifugation in micro-
haematocrit tubes (2×5 µl) for 10 min at 10,000 g. Whole-blood
haemoglobin concentration ([Hb]: mmol l−1 blood) was measured

spectrophotometrically at 540 nm using Drabkin’s reagent (Sigma-
Aldrich, St Louis, MO, USA), with a spectrophotometer (Shimadzu
UV-160, Kyoto, Japan), and calculated with a millimolar extinction
coefficient of 11 (Völkel and Berenbrink, 2000). Mean cell
haemoglobin concentration (MCHC: mmol Hb l−1 RBC) was
calculated as follows:

MCHC ¼ ½Hb�=ðHct=100Þ: ð7Þ

RBC nucleoside triphosphates (NTPs; ATP and GTP) were extracted
from freshly drawn blood according to the protocol described in
Bartlett (1978). Briefly, immediately after sampling, blood samples
were acidified with 0.6 mol l−1 perchloric acid, centrifuged, and the
supernatant neutralized with 6 mol l−1 KOH. The precipitate was
discarded, and the extracts were kept frozen (−80°C) until
chromatographic analysis. For the analysis, samples were thawed
and centrifuged three times (5 min at 14,000 rpm) for maximum
elimination of salts and protein debris. A 10 μl sample was collected
and diluted in 990 μl of 2 mmol l−1 aqueous ammonium acetate
solution. The analysis was performed using high-performance liquid
chromatography coupled to mass spectrometry (LC-MS/MS; ESI
4000, Qtrap, ABSCIEX, Concord, ON, Canada) in MRM mode by
monitoring the characteristic mass/charge ratio (m/z) transitions for
ATP (506.0>158.8) and GTP (522.2>158.8). The runs were
conducted in mobile phase of 2 mmol l−1 ammonium acetate, with
a flow rate of 125 μl min−1, using a Zorbax Eclipse XBD-C18
chromatographic column for 6 min. A standard curve was made with
eight points from serial dilutions (0.5–50 μmol ml−1) of a solution
containing ATP and GTP (ATP R2=0.9989; GTP R2=0.9991).
Standards were measured every five samples. Measurements were
performed in triplicate.

Gill morphometrics and morphology
Fish used for this experimental series underwent the same protocol
as described above in ‘Hypoxia exposure for blood and tissue
sampling’ but were kept in normoxia throughout the duration of the
experiment. Once fish had lost equilibrium in anaesthetic (0.5 g l−1

buffered MS-222), they were weighed, the spinal cord severed and
the entire gill basket carefully excised. The gills were fixed in 2 ml
Karnovsky’s fixative (25% glutaraldehyde, 16% formaldehyde,
0.16 mol l−1 sodium phosphate buffer, pH 7.2) for 24 h at 4°C.
Samples were then transferred to 0.1 mol l−1 sodium cacodylate
buffer (pH 7.2) and stored at 4°C until use. The second gill arch was
isolated from the gill basket and its anterior hemibranch imaged
using a light microscope (SZX10 stereomicroscope; Olympus,
Tokyo, Japan) at 4–6.3× magnification, and images were captured
using cellSens software (v.1.12; Olympus), digitized and measured
using ImageJ v.150i (Public domain). Care was taken to ensure that
all images were taken at a consistent orientation that provided
unbiased measurements. Total gill surface area was estimated
according toWegner (2011). After the total number of filaments had
been counted on the intact hemibranch, the length of the gill arch
was divided into five sections, and further measurements were made
on the isolated central filament of each of the five sections.
Each filament was imaged from two different orientations (top and
side), allowing clear views of its own length, additionally to the
height (distance from base to the distal edge of the lamellae),
length and width of the lamellae. More specifically, these were
measured on three lamellae per filament (one located at the base,
one from the middle and one from the tip), as well as the width of
the water channels located in between two lamellae. Each
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filament’s lamellar frequency (number lamellae µm−1, Flamellae) was
estimated as:

Flamellae ¼ Lfilament=ðWlamella þWchannelÞ; ð8Þ

where Lfilament is the total filament length (µm),Wlamella is the average
lamellar width (µm) and Wchannel is the average channel width (µm).
Individual lamellar surface area for each of the three lamellae
measuredwas estimated as the product of lamellar height and lamellar
basal length. The total surface area of the lamellae on each filament
(SAFL: µm2) was obtained from the mean individual lamellar
surface area multiplied by the total number of lamellae per filament
multiplied by 4, so as to account for the two faces of each lamella and
the lamellae present on both sides of the filament. Finally, the mass-
specific second gill arch lamellar surface area (SAtotal: µm2 g−1) for
both sides of the gill basket for each fish was calculated as:

SAtotal ¼ ðSAFL � Nfilaments � 4Þ=M ; ð9Þ
where SAFL is the mean lamellar surface area of the five analysed
filaments, Nfilaments is the number of filaments per gill arch,
multiplication by 4 accounts for the two sides of the hemibranch
multiplied by the two sides of the gill basket, and M is the body
mass (g).
For the histological analyses, the entire third gill arch was

embedded in paraffin wax and serologically sectioned at 5 μm
thickness, mounted and stained with Hematoxylin and Eosin at Wax-
it Histology Services Inc. (University of British Columbia). Eighteen
sections per fish were divided between four slides containing 4–5
sections each and imaged using an inverted microscope (AE31;
Motic, Hong Kong, China) at 400× magnification. ILCM (µm2),
epithelial cell layer area (µm2) and ionocyte density at the filament
(number of cells µm−2) for randomly selected sections were measured
using ImageJ v.1.52a while the observer was blind to treatment
groups. For each fish, 40–60 ILCM measurements (15 per slide),
30–32 epithelial cell layer area measurements (8–17 per slide) and
8–10 ionocyte density measurements (2–5 per slide) were taken. A
diagram detailing the measurements is shown in the Results. ILCMs,
lamellae and gill areas were randomly selected within each image for
the respective measurements. Epithelial cell layer coverage was
expressed per unit height of the lamellae (µm2 µm−1).

Statistical analyses
All data are shown as means±1 s.e.m. (n=number of animals).
Detailed results of the statistical tests and post hoc analyses are
shown in specific figure captions. ANOVA assumptions (data
normality and homogeneity of variances) were checked, and if not
achieved, data were transformed using a log transformation. For the
one-way ANOVA, mean values were considered significantly
different when P<0.05. For the two-way ANOVA post hoc tests, the
Bonferroni correction for multiple comparisons was applied.

RESULTS
Time to LOE in hypoxia
Salinity acclimation had a significant effect on time to LOE in
hypoxia in killifish (P<0.001; Fig. 1). Fish acclimated to a salinity
of 0 ppt maintained their normal dorso-ventral orientation for 2.2 h
and then lost equilibrium, while fish acclimated to 11 ppt (isosmotic
point) maintained equilibrium for the longest time (∼18 h), which
did not differ significantly from that of fish acclimated to 35 ppt
(Fig. 1). Fish acclimated to 3 and 15 ppt exhibited intermediate
tolerance.

Oxygen consumption rate (ṀO2)
Fig. 2A–C shows the ṀO2

versus PO2
relationships of killifish

acclimated to 0, 11 and 35 ppt. While fish at 0 and 11 ppt exhibited
similar ṀO2

responses with decreasing PO2
, the pattern seen for

35 ppt-acclimated fish clearly differed. Fish acclimated to 35 ppt
had the highest RMR in normoxia (120–90 Torr), approximately
9 µmol O2 kg

−1 h−1, which was about 30% greater than that for fish
in the other two acclimation groups (Fig. 2D). The overall RI of
the 35 ppt group was about 0.47, substantially lower than the values
in the other two treatments (0.70 and 0.81 for 0 and 11 ppt,
respectively), indicating a lower degree of oxyregulation at the
highest salinity (Fig. 2E). This conclusion was re-enforced by the
M–M analysis, which revealed the highest Km (i.e. lowest O2

affinity) in this group (∼16 Torr). Notably, when acclimated to
isosmotic salinity, killifish showed the lowest Km (∼3 Torr),
denoting a much higher O2 affinity of the whole organism (Fig. 2F).
The Pcrit exhibited a different pattern from the Km. While the value
was again lowest at 11 ppt (∼21 Torr), it was highest at 0 ppt
(∼41 Torr) and intermediate at 35 ppt (∼30 Torr) (Fig. 2G).

Ventilation during progressive hypoxia
Fig. 3A–C shows the effect of water PO2

on the ventilation of killifish.
Table 1 summarizes specific comparisons of the ventilatory responses
of fish acclimated under normoxia (>90 Torr) and severe hypoxia
(8–0 Torr). Ventilation increased during progressive hypoxia in all
three groups and then declined at very low PO2

. The PO2
onset for

increases in ventilation was higher in fish acclimated to 0 ppt
(approximately 56 Torr) in comparisonwith fish acclimated to 11 and
35 ppt (approximately 22 Torr) (Fig. 3A–C). The PO2

at which fish
reached maximum ventilation was also higher in 0 ppt-acclimated
fish (22 Torr) than in fish acclimated to 11 and 35 ppt (15 and
16 Torr, respectively) (Fig. 3A–C). Changes in amplitude contributed
towards alterations in ventilatory index to a much greater extent than
changes in frequency.

Overall ventilation, as captured by the ventilatory index, was
significantly greater in the 0 ppt group under normoxia, and this
difference from the other two treatments increased progressively
under hypoxia (Fig. 3C, Table 1). This effect was almost entirely
due to a greater pressure amplitude in the 0 ppt-acclimated fish
under both normoxia and hypoxia (Fig. 3B, Table 1); there were no
differences in ventilation frequency among salinities (Fig. 3A,
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Fig. 1. Time to loss of equilibrium (LOE) in hypoxia (3.5 Torr) in Fundulus
heteroclitus acclimated to a salinity of 0, 3, 11, 15 and 35 ppt. Data are
means±s.e.m. (n=8). Bars sharing the same lowercase letters are not
statistically different (one-way ANOVA).
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Table 1). Furthermore, all ventilatory parameters were the same
under both normoxia and hypoxia between 11 and 35 ppt.

Blood parameters
When blood P50 was determined at PCO2

=1.9 Torr (Fig. 4A), there
was an overall significant effect of oxygen, but not of salinity, and no
significant interaction. In normoxia, the blood O2 affinity (P50) did
not change with acclimation to different salinities (Fig. 4A). The P50

was significantly higher (i.e. O2 affinity was lower) in fish exposed to
hypoxia at 35 ppt compared with those exposed to normoxia
(Fig. 4A), while there was no difference at the other salinities. At
PCO2

=7.6 Torr, both salinity and O2 had significant effects, and P50

was overall higher both in normoxia- and in hypoxia-exposed fish
compared with P50 at PCO2

=1.9 Torr (Fig. 4B). There was no
significant interaction effect. Interestingly, when blood from 35 ppt-
acclimated fish was assayed at 7.6 Torr, there was no significant
difference between normoxia and hypoxia.
There was a significant overall effect of oxygen on blood Hct.

Under normoxia, blood Hct (% RBC; Fig. 4C) was around 27–30%
and did not differ among salinities. Hct was significantly elevated
(approximately 1.3-fold) when fish were exposed to hypoxia
regardless of salinity. However, there was no overall effect of
salinity in either normoxia- or hypoxia-exposed fish (Fig. 4C), and
no significant interaction. Salinity had an effect on blood [Hb]
(Fig. 4D). In contrast to Hct, [Hb] under normoxia was significantly
greater in the 11 ppt group (about 1 mmol l−1) than in the other two
treatments (about 0.75 mmol l−1) (Fig. 4D). [Hb] increased slightly
after hypoxia exposure at all salinities, but no significant effect of
oxygen was detected. Under normoxia, MCHC (Fig. 4E) did not
vary across salinities. In hypoxia-exposed fish, MCHC was lower
(Fig. 4E), reflecting the elevated Hct and virtually unchanged [Hb].
At 11 and 35 ppt, MCHCwas significantly lower in hypoxia than in
normoxia, even though there was no overall effect of oxygen.

There was no significant effect of salinity on the RBC ATP/GTP
concentration ratio (Fig. 4F). The ATP/GTP ratio was lower in
hypoxia-exposed fish independent of salinity; however, the effect
of oxygen was only significant in 0 and 11 ppt-acclimated fish.
No significant interaction was detected. Oxygen had a strong
significant effect on the RBC concentrations of both ATP and
GTP (Fig. 4G,H). [ATP] and [GTP] were much lower in hypoxia-
exposed fish regardless of salinity acclimation; however, this effect
was significant only in 0 ppt-acclimated fish. In normoxia, 0 ppt-
acclimated fish had higher absolute [ATP] and [GTP] than fish
acclimated to 11 and 35 ppt.

Table 2 shows the effect of equilibration to a physiological
PCO2

(1.9 Torr) and to a higherPCO2
(7.6 Torr) on thewhole-blood pH

of killifish in normoxia and hypoxia. At PCO2
of 1.9 Torr, oxygen had

a significant overall effect, while salinity did not (Table 2). For
PCO2

of 7.6 Torr, there was a significant interaction between the
parameters, while the separate effects of oxygen and salinity were not
significant. Blood pH was consistently lower in fish exposed to
hypoxia at all salinities (Table 2), and, as expected, it was lower when
blood was equilibrated to a higher PCO2

(7.6 Torr). At 7.6 Torr, blood
from fish acclimated to 35 ppt and exposed to hypoxia had a
significantly lower pH than blood from normoxia fish (Table 2).

There was a significant overall effect of oxygen, but no
significant interaction between oxygen and salinity on the Bohr
coefficient (Φ; Table 2). 0 ppt-acclimated fish had the smallest Φ in
normoxia (Table 2) and a large but very variable significant increase
occurred in hypoxia (Table 2). Fish acclimated to 11 ppt exhibited a
greater Φ under normoxia when compared with those acclimated to
0 ppt, but the increase after exposure to hypoxia was variable and
not significant (Table 2). Fish acclimated to 35 ppt also did not show
a significant difference between normoxia and hypoxia (Table 2).
At all salinity acclimations,Φwas higher in fish exposed to hypoxia
(Table 2).
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Fig. 2. Oxygen consumption rate. (A–C) Effect of water PO2 on oxygen consumption rate (ṀO2) of F. heteroclitus acclimated to 0 ppt (A), 11 ppt (B) and 35 ppt
(C). (D) Routine metabolic rate (RMR), (E) regulation index (RI), (F) affinity constant (Km) and (G) critical oxygen tension (Pcrit) in F. heteroclitus exposed to
progressively decreasing water PO2. Data from A–C are plotted as ṀO2 averages every 5 Torr. Data in D–G have been calculated on an individual fish basis. Data
are means±s.e.m. (n=8). Bars sharing the same lowercase letters are not statistically different (one-way ANOVA).
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The cooperativity coefficients (Hill coefficient, n50) for all
treatments are summarized in Table 3. At both PCO2

values tested,
two-way ANOVA revealed a strong significant overall effect of
oxygen, while no significant effect of salinity was detected. At
PCO2

of 1.9 Torr there was a significant interaction, while at PCO2
of

7.6 Torr there was not. For all salinities, the Hill coefficient was
higher in fish exposed to hypoxia, regardless of PCO2

(Table 3). Fish

acclimated to all three salinities under normoxia showed an n50
lower than or close to 1 (Table 3), indicating negligible
cooperativity. In turn, the highest n50 values were seen in fish
acclimated to 0 and 11 ppt, after exposure to hypoxia, when assayed
at 7.6 Torr (Table 3). At a PCO2

of 1.9 Torr, a significant difference
between the Hill coefficient of fish in normoxia and hypoxia at both
0 and 35 ppt was detected (Table 3). At a PCO2

of 7.6 Torr, the same
was observed for fish acclimated to 0 ppt (Table 3).

Gill morphometrics and morphology
The present morphological measurements were made only on the
gills of fish under normoxia. Fig. 5A–C shows three representative
histological sections of killifish gills. In fish acclimated to 0 ppt
(Fig. 5A), the epithelium covering the lamellae was protuberant
and thicker than in fish acclimated to 11 and 35 ppt, which
showed thinner, more compact lamellae (Fig. 5B,C). Ionocytes
(mitochondria-rich cells) were seen scattered throughout the length
of the filament, but not on the lamellae at any of the three salinities.
The ILCM (Fig. 6A) was smallest in fish acclimated to 35 ppt (about
167 µm2), similar at 11 ppt and significantly higher by about 22% in
fish acclimated to 0 ppt. There was no difference in ionocyte density
between the different salinities (Fig. 6B). The ratio between the
epithelial cell layer area and the lamellar height was measured as a
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Fig. 3. Effect ofPO2 on ventilation in F. heteroclitus acclimated to 0, 11 and 35 ppt. (A) Ventilation frequency, (B) pressure amplitude, (C) ventilatory index and
(D) relative extraction efficiency (ṀO2/ventilatory index). Data are plotted as averages every 5 Torr. Data in D were calculated from the mean values in Figs 2A–C
and 3C, therefore no s.e.m. is shown. Otherwise, data are means±s.e.m. (n=11 for A–C).

Table 1. Ventilatory frequency, ventilatory pressure amplitude and
ventilatory index in Fundulus heteroclitus acclimated to a salinity of 0,
11 and 35 ppt in normoxia (>90 Torr) and in severe hypoxia (8–0 Torr)

0 ppt 11 ppt 35 ppt

Normoxia (>90 Torr)
Frequency (breaths min−1) 78.73±3.24a 76.35±3.55a 83.89±4.95a

Amplitude (cmH2O breath−1) 1.33±0.13a 0.82±0.13b 1.01±0.11b

Index (cmH2O min−1) 109.28±11.49a 66.27±11.41b 83.62±11.66b

Hypoxia (8–0 Torr)
Frequency (breaths min−1) 83.03±4.29x 85.52±3.78x 90.73±2.65x

Amplitude (cmH2O breath−1) 1.59±0.07x 1.03±0.08y 1.20±0.06y

Index (cmH2O min−1) 146.29±9.63x 90.74±14.29y 112.24±6.28y

Data are means±s.e.m. (n=11–12). Ventilation data sharing the same
lowercase letters are not statistically different among the salinities (one-way
ANOVA) within each oxygen level.
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proxy for the distance for gas diffusion at the lamellae (Fig. 6C). A
higher ratio indicates thicker coverage of the exposed respiratory
area. 0 ppt-acclimated fish had the highest ratio, which was
significantly different from that of fish at 11 ppt (Fig. 6C). Fig. 6D
shows the total lamellar surface area (SAtotal) of the second gill
arch in killifish. SAtotal was lowest in fish acclimated to 0 ppt
(about 6.3×107 µm2), and significantly different from SAtotal at the

other two salinities (Fig. 6D). SAtotal did not change between 11
and 35 ppt. Table 4 summarizes the effects of salinity acclimation
on the quantitative metrics of gill morphology. 11 ppt-acclimated
fish had longer filaments, a higher number of lamellae per
filament, a higher number of filaments on the 2nd gill arch and a
higher SAFL (Table 4), although these were not statistically
significant.
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Fig. 4. Blood parameters in
Fundulus heteroclitus acclimated
to 0, 11 and 35 ppt exposed to
normoxia or hypoxia. (A,B)
Haemoglobin (Hb) oxygen affinity
(P50) assayed at PCO2 of 1.9 Torr (A)
and 7.6 Torr (B). (C) Hematocrit (Hct;
percentage red blood cells, % RBC),
(D) haemoglobin concentration
([Hb]), (E) mean cell Hb
concentration (MCHC), (F) ATP/GTP
ratio, (G) RBCATP concentration and
(H) RBCGTP concentration. Data are
means±s.e.m. (n=7). Bars sharing
the same lowercase letters are not
statistically different at the same
oxygen level. Asterisks indicate
significant differences between
normoxia and hypoxia at the same
salinity (Bonferroni post hoc test).
Two-way ANOVA P-values: P50 at
PCO2=1.9 Torr: Pinteraction=0.4772,
Poxygen=0.0046, Psalinity=0.2153; P50

at PCO2=7.6 Torr: Pinteraction=0.2447,
Poxygen<0.0001, Psalinity=0.0005; Hct:
Pinteraction=0.9774, Poxygen=0.0004,
Psalinity=0.6009; [Hb]:
Pinteraction=0.5733, Poxygen=0.1500,
Psalinity=0.0069; MCHC:
Pinteraction=0.5865, Poxygen=0.0001,
Psalinity=0.08610; ATP/GTP:
Pinteraction=0.4650, Poxygen<0.0001,
Psalinity=0.6678; RBC ATP:
Pinteraction=0.0622, Poxygen<0.0001,
Psalinity=0.0621; RBC GTP:
Pinteraction=0.4477, Poxygen=0.0012,
Psalinity=0.4479.
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DISCUSSION
Overview
Our ultimate goal was to determine the relationship between salinity
acclimation and whole-animal respiratory capacity in the euryhaline
killifish F. heteroclitus and to elucidate the mechanisms by which
salinity may influence hypoxia tolerance. Our study tested three
hypotheses. Firstly, our data partially support the hypothesis based

on energetic considerations that F. heteroclitus acclimated to the
isosmotic salinity (∼11 ppt) would exhibit highest hypoxia
tolerance. Secondly, we confirmed the hypothesis that in order to
acclimate to FW, killifish compromised gill respiratory capacity by
adopting the lowest lamellar surface area and highest ILCM,
resulting in lower effective permeability for O2. Thirdly, we
confirmed that physiological adjustments were made in light of the

Table 2. Whole-blood pH at physiological or high PCO2 and Bohr coefficient (Φ) of F. heteroclitus acclimated to 0, 11 and 35 ppt in normoxia or
exposed to hypoxia

Salinity (ppt)

Physiological PCO2 High PCO2

Normoxia Hypoxia Normoxia Hypoxia

Whole-blood pH 0 7.53±0.08a 7.35±0.05x,y 7.18±0.07a 7.18±0.06x,y

11 7.48±0.07a 7.45±0.04x 7.28±0.05a 7.20±0.03x

35 7.48±0.06a 7.16±0.07y,* 7.26±0.08a 6.96±0.10y,*

Salinity (ppt) Normoxia Hypoxia

Bohr coefficient (Φ) 0 −0.75±0.09a −4.47±1.23x,*
11 −1.08±0.39a −2.71±0.78x,y

35 −1.14±0.19a −1.43±0.30y

Whole-blood pH is given at physiological PCO2 (1.9 Torr) and high PCO2 (7.6 Torr). Data are means±s.e.m. (n=6–8). Means sharing the same lowercase letters are
not statistically different at the same oxygen level. Asterisks indicate significant differences between normoxia and hypoxia at the same salinity (Bonferroni post
hoc test). Two-way ANOVA P-values: PCO2=1.9 Torr: Pinteraction=0.1812, Poxygen=0.0064, Psalinity=0.1438; PCO2=7.6 Torr: Pinteraction=0.0457, Poxygen=0.0984,
Psalinity=0.1785;Φ:Pinteraction=0.0300,Poxygen=0.0004,Psalinity=0.1265. Blood pH comparisons in normoxia and hypoxia were only performed within a singlePCO2.

A B

C D
10 µm 10 µm

10 µm

0 ppt 11 ppt

35 ppt

Fig. 5. Histological sections ofF. heteroclitus gill filaments acclimated to different salinities in normoxia. (A) 0 ppt, (B) 11 ppt and (C) 35 ppt. (D) Illustration
of gill filament detailing how morphological analysis was performed. Black arrows indicate ionocytes. In 0 ppt-acclimated fish, the epithelial cell layer
covering the lamella is bulging and thicker than in 11 and 35 ppt-acclimated fish. Epithelial cell coverage (Fig. 6C) was measured as outlined in yellow in D. The
interlamellar cell mass (ILCM) is visible in all three salinities and highlighted in blue in D.
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osmorespiratory compromise, where FW-acclimated fish had the
highest ventilatory indices in normoxia and hypoxia. This could be
an indication of compensation for the apparent reduced gill
permeability and the need for higher ventilatory work in order to
maintain satisfactory O2 uptake at the gills. Overall, we conclude
that many differences in the O2 transport cascade are associated with
the osmorespiratory compromise in killifish, and that acclimation to
11 ppt is the most advantageous and acclimation to 0 ppt is the most
challenging for respiratory gas exchange.

Effects of salinity on time to LOE
Hypoxia tolerance in killifish was altered by salinity acclimation over
a wide range, representative of their natural distribution in estuarine
and salt marsh ecosystems (Griffith, 1974). We hypothesized that

acclimation to the salinity corresponding to the isosmotic point would
yield the greatest hypoxia tolerance, as energy allocated to
ionoregulation and osmoregulation would be lower. Our follow-up
prediction was that hypoxia tolerance would decrease in FWand full-
strength SW. To our knowledge, this is the first study to look at time to
LOE in killifish in FW, where hypoxia tolerance was 85% lower in
comparison to that at 11 ppt. The 11 ppt group showed the highest
time to LOE in hypoxia, but there was no significant difference
between fish acclimated at 11 and 35 ppt (Fig. 1), contrary to our
prediction based on the energetic costs of ionoregulation and
osmoregulation in SW. Previously, we evaluated time to LOE at a
common assay salinity of 11 ppt in fish that had been acclimated to 0,
11 and 35 ppt (data not shown) in order to evaluate whether the
exposure or the acclimation salinity was of greater influence. No
differences in time to LOE were observed between fish that were
tested at their respective acclimation salinity and those tested at
11 ppt, reinforcing the idea that the acclimation salinity is likely to be
responsible for alterations in hypoxia tolerance.

Loss of the ability to maintain position in the water column and
unresponsiveness to stimuli threatens survival in the wild. Therefore,
the time required to reach such an endpoint is an important ecological
indicator of tolerance to hypoxia (Mandic et al., 2012). While the
mechanisms underlying such a loss of function are still poorly
understood, the inability to supply ATP to the brain may underlie the
patterns of LOE in fishes (Mandic et al., 2012).

Times to LOE reported here are well above values found in the
literature for F. heteroclitus (Borowiec et al., 2015; McBryan et al.,
2016). For example, killifish acclimated to 20 ppt and 15°C had a
time to LOE of 75 min at 3 Torr (McBryan et al., 2016), versus 11 h
reported here for fish at 15 ppt and 3.5 Torr (18°C), highlighting that
small differences in methodology could result in large differences in
time to LOE.

Table 3. Hill cooperativity coefficient (n50) in whole blood of
F. heteroclitus acclimated to 0, 11 and 35 ppt in normoxia or exposed
to hypoxia, assayed at PCO2 of 1.9 or 7.6 Torr

Salinity
(ppt)

n50

Physiological PCO2 High PCO2

Normoxia Hypoxia Normoxia Hypoxia

0 0.91±0.03a 1.21±0.08x,* 1.12±0.03a 1.35±0.03 x,*
11 1.02±0.07a,b 1.03±0.03y 1.09±0.04a 1.23±0.03x,y

35 0.78±0.03b 1.04±0.05x,y,* 1.09±0.03a 1.13±0.05y

PhysiologicalPCO2=1.9Torr; highPCO2=7.6Torr.Dataaremeans±s.e.m. (n=6–8).
Means sharing the same lowercase letters are not statistically different at the
same oxygen level. Asterisks indicate significant differences between normoxia
and hypoxia at the same salinity (Bonferroni post hoc test). Two-way ANOVA
P-values: PCO2=1.9 Torr: Pinteraction=0.0041, Poxygen<0.0001, Psalinity=0.0241;
PCO2=7.6 Torr: Pinteraction=0.1329, Poxygen=0.0003, Psalinity=0.0264. Normoxia
and hypoxia data were only compared within a single PCO2.
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Effects of salinity on respiratory responses to hypoxia
It has been hypothesized that metabolic rates of fishes should reflect
changes associated with osmoregulatory costs (Zadunaisky, 1984). A
number of studies have attempted to quantify the amount of energy
allocated towards ionoregulation, but different methodologies yielded
varying results (Kirschner, 1995; Potts, 1954; Boeuf and Payan,
2001). Theoretical calculations have placed the cost of ion transport at
only 0.5–1% of resting ṀO2

(McCormick et al., 1989), while direct
measurements have yielded values as high as 27% (Rao, 1968). In
F. heteroclitus, Kidder et al. (2006a) estimated the cost as 6–10% in
SW, and lower in FW, based on the higher ionic and osmotic
gradients from water to blood in SW. Measurements of ṀO2

in
isolated gill preparations in cutthroat trout (Oncorhynchus clarki
clarki) suggested that NaCl gill transport represents less than 4% of
the whole animal’s energy budget in FW and SW (Morgan and
Iwama, 1999). Therefore, despite the uncertainties in the empirical
and theoretical data, osmoregulatory costs may occupy an important
share of the animal’s energy budget.
Our first hypothesis was that the isosmotic salinity would result in

lower osmoregulatory costs and therefore the lowest routine
ṀO2

(RMR). Instead, we saw no differences in RMR in fishes
acclimated to 0 and 11 ppt, and the greatest RMR in fishes
acclimated to 35 ppt (Fig. 2D). This higher RMR at 35 ppt agrees
qualitatively with the theoretical prediction of Kidder et al. (2006a).
However, in contrast to the present data and to their own prediction
based on theory, in a different study, Kidder et al. (2006b) saw no
differences in RMR of F. heteroclitus acclimated to either FW, SW
and 10 ppt. The authors suggested that differential ionoregulatory
costs were hidden by adjustment of other expenditures. In two
additional species of euryhaline fishes,Galaxias maculatus (Urbina
and Glover, 2015) and Sciaenops ocellatus (Ern and Esbaugh,
2018), no differences in RMRwere observed among fish acclimated
to a wide salinity range.
Any environmental factor that has the potential to influence O2

demand is likely to have implications for whole-animal O2 uptake
and, consequently, hypoxia tolerance. Pcrit, a common predictor of
hypoxia tolerance, is the O2 level below which the animal can no
longer sustain a constant rate of oxygen uptake (oxyregulation);
below that, uptake becomes a function of environmental O2

availability (oxyconformation). Pcrit has been widely used as an
indication of the degree of a species’ hypoxia tolerance (e.g. Mandic
et al., 2009; Rogers et al., 2016). However, recent studies have
pointed to the impracticality of translating Pcrit values into the real
world, and have challenged its actual significance as a hypoxia
tolerance trait (Mueller and Seymour, 2011;Wood, 2018). Therefore,
in our study, we analysed the ṀO2

versus PO2
relationships using the

framework proposed by Alexander and McMahon (2004) and
Mueller and Seymour (2011), where a non-linear function is used to
describe thePO2

versus ṀO2
plots (Marshall et al., 2013). The analysis

of the ability to regulate ṀO2
over a range of PO2

values (the RI)
reveals the degree to which ṀO2

is maintained independently of
environmental PO2

.
Fish acclimated to 35 ppt had the lowest RI, with a pattern closer

to oxyconformation than at 11 or 0 ppt (Fig. 2E). Blewett et al.
(2013) identified F. heteroclitus as an oxyconforming species,
contrasting with the results of several other studies including the
present one. However, Blewett et al. (2013) similarly found the
highest ṀO2

during hypoxia in killifish at intermediate salinity
(16 ppt), despite the pattern of oxyconformation in their study. The
summary of Wood (2018) indicates a great diversity of response
patterns reported for this species (see below). Fish acclimated to
11 ppt showed a greater ability to regulate ṀO2

down to very low
PO2

values, as reflected in the higher RI, lower Km and lower Pcrit

values (Fig. 2E–G). Km represents the affinity constant derived from
the M–M function (Marshall et al., 2013).

There is an influence of salinity on the ṀO2
responses to declining

PO2
. We calculated Pcrit using the greatest difference method (Mueller

and Seymour, 2011) and, to our knowledge, this is the first report of
either a Pcrit or a description of the relationship between ṀO2

and
PO2

for killifish acclimated to FW (Fig. 2A,G). The Pcrit values
reported here lie within the broad range of values reported for
F. heteroclitus at other salinities, and our value for 11 ppt-acclimated
killifish (20 Torr) is the lowest reported so far. An early study by
Cochran and Burnett (1996) found a Pcrit of 35 Torr at
30°C in ‘seawater’, although no precise value of salinity was
reported. Richards et al. (2008), using fish acclimated to 10 ppt,
measured a Pcrit of 63 Torr, while both McBryan et al. (2016) and
Borowiec et al. (2015)measured aPcrit of 39 Torr, with fish acclimated
to 20 and 4 ppt, respectively. We observed that the onset of significant
increases in ventilation occurred at a PO2

of about 15 Torr higher than
the measured Pcrit in fish acclimated to 0 ppt, while in fish at 11 and
35 ppt, Pcrit coincided with the onset of increases in ventilation.
Additionally, we noted that the onset of a decline in ventilation in
hypoxia occurred at PO2

values below the measured Pcrit for all three
salinities. This indicates that even atPO2

below that often considered to
be the threshold for the onset of anaerobic metabolism, elevated
ventilation (an energetically expensive activity) is maintained.

We used fish of similar sizes across salinities as a way of
standardizing the rate of PO2

decline across treatments, as
recommended by Regan and Richards (2017). CO2 accumulation
is another concern when using closed-system respirometry, because
of the associated decrease in water pH.Many but not all studies have
reported no effect of PCO2

on Pcrit (reviewed by Rogers et al., 2016)
and indeed Cochran and Burnett (1996) reported a lack of effect of
PCO2

on F. heteroclitus Pcrit. However, the latter investigation was
performed in ‘seawater’, and it is important to consider that at 0 ppt
the water buffering capacity would be lower and therefore any
effects of CO2 on pH could be magnified.

Effects of salinity on ventilatory responses to hypoxia
In hypoxia, the majority of species increase ventilation mainly
through increases in stroke volume rather than through increases in
ventilation frequency, as this strategy is more energetically
favourable (Perry, 2011). In normoxia, fish acclimated to 0 ppt
exhibited a higher ventilatory index, driven by the ventilation
amplitude, as there were no differences in ventilation frequency.
This pattern of higher ventilatory index at 0 ppt became accentuated
during progressive hypoxia. At a PO2

of about 56 Torr, the

Table 4. Gill morphometrics in F. heteroclitus acclimated to 0, 11 and
35 ppt in normoxia

Morphometrics 0 ppt 11 ppt 35 ppt

Lamellar height (µm) 43.89±0.67a 44.32±2.76a 45.08±3.33a

Lamellar width (µm) 17.68±0.69a 16.73±0.35a 16.42±0.47a

Filament length (mm) 1.56±0.05a 1.60±0.03a 1.51±0.06a

Lamellar frequency
(lamellae mm−1)

25.37±1.12a 26.33±0.83a 25.24±0.75a

SAFL (×106 µm2) 1.38±0.08a 1.58±0.09a 1.40±0.10a

Number filaments
in 2nd gill arch

47.66±0.96a 50.66±0.93a 47.16±1.51a

SAFL, filamental lamellar surface area. Data are means±s.e.m. (n=5–6).
Morphometrics data sharing the same lowercase letters are not statistically
different among the salinities (one-way ANOVA). Different parameters were not
compared.
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ventilatory index of 0 ppt-acclimated fish started to deviate from
those at the other salinities. However, there were no differences in
the two components of the ventilatory index (frequency and
amplitude) between fish acclimated to 11 and 35 ppt (Fig. 3C). It is
clear that fish acclimated to 0 ppt must put higher energetic work
into ventilation in order to achieve comparable levels of ṀO2

during
normoxia, and to an even greater extent during hypoxia.
We estimated the relative oxygen extraction efficiency by dividing

ṀO2
by the ventilatory index (Fig. 3D). In comparison to fish

acclimated to 11 and 35 ppt, 0 ppt-acclimated fish showed a lower
extraction efficiency throughout the entire PO2

range. Although the
low extraction efficiency may help explain the high Km and Pcrit

values seen in 0 ppt-acclimated fish, the lack of difference between 11
and 35 ppt groups does not fully explain the higher regulation
capacity seen in fish acclimated to 11 ppt.
As ventilation is thought to be energetically costly (Perry et al.,

2009), at about 5–15% of RMR (Cameron and Cech, 1970), we
speculate that the lower hypoxia tolerance observed in FW fish
could be, at least in part, a reflection of the higher energy
expenditure for ventilation. However, a recent examination (Ern and
Esbaugh, 2018) of the effects of salinity acclimation (0–60 ppt) on
ventilation in the euryhaline red drum (Sciaenops ocellatus) saw no
effect of salinity on gill ventilation, contrary to our data.

Effects of salinity on gill morphometrics and morphology
We observed no differences in ionocyte density between fish
acclimated to the three salinities (Fig. 6B). In a previous study on
F. heteroclitus, Katoh and Kaneko (2003) observed a significant
decrease in ionocyte density 3 days after transfer from SW to FW,
but after fish were kept at those salinities, these differences
disappeared. The disparity in hypoxia tolerance indices reported for
F. heteroclitus could also be a function of the morphological
adjustments that happen at the gills when fish are acclimated to
different salinities. We observed that 0 ppt-acclimated killifish had a
smaller lamellar surface area in relation to that of fish at 11 and
35 ppt. Furthermore, 0 ppt-acclimated fish had thicker lamellae in
addition to a thicker epithelial cell layer and a greater ILMC that was
greater than observed in 11 and 35 ppt-acclimated fish (Fig. 6A). As
gas diffusion at the lamellae is related to the thickness of the water-
to-blood barrier (Evans et al., 2005), any increases in this distance
have the potential to impair whole-animal gas transfer (reviewed by
Perry, 1998). Rainbow trout (Oncorhynchus mykiss) acclimated to
ion-poor water dramatically increased ionocyte proliferation and
coverage of the lamellae (Greco et al., 1996), resulting in a reduction
in hypoxia tolerance (Thomas et al., 1988). In turn, freshwater
adaptation in prickly sculpin (Cottus asper) was associated with
thicker gills and a decrease in respiratory surface area, resulting in a
higher Pcrit (Henriksson et al., 2008). Our morphological data do
not support the hypothesis that the same might be happening to the
freshwater killifish, as we did not observe ionocytes on the lamellae
at any salinity (Fig. 5). However, we observed an increase in the
thickness and size of the epithelial cell layer covering the lamellae,
indicative of hypertrophy and/or hyperplasia (Mallatt, 1985).
Additionally, the ILCM partially occluding the water channels
(Fig. 6A) was larger in fish acclimated to 0 ppt than fish in SW,
contributing to the reduction in respiratory surface area and an
apparent decrease in gas permeability.
Since the ILCM was first reported (Sollid et al., 2003), many

studies have looked at how different environmental factors can alter
the ILCM in a variety of fish species (Nilsson, 2007; Mitrovic and
Perry, 2009; LeBlanc et al., 2010; Nilsson et al., 2012; Blair et al.,
2016). In light of the known ability of several species, including

F. heteroclitus, to quickly increase the respiratory surface when
oxygen demand is high, via the retraction or sloughing of the ILCM
(Barnes et al., 2014; McBryan et al., 2016), it will be of interest in
future studies to examine gill morphology of killifish under
hypoxia. A few studies have looked at the direct influence of
salinity on the ILCM. In the mangrove killifish (Kryptolebias
marmoratus), the ILCM decreased in animals acclimated to
hypersaline conditions in comparison with FW (LeBlanc et al.,
2010). The Arctic grayling (Thymallus arcticus), a freshwater
salmonid, experienced a growth in ILCM when transferred to salt
water, drastically reducing the gill respiratory surface (Blair et al.,
2016). Similar to our results, Gibbons et al. (2018) observed an
increase in ILCM area in response to a decrease in salinity, probably
associated with freshwater adaptation, in threespine stickleback
(Gasterosteus aculeatus). However, contrasting with the present
investigation, none of these earlier studies examined the possible
correlation between ILCM and respiratory capacity. The
morphological evidence presented here suggests that the decrease
in total respiratory surface area and the presence of a greater ILCM
contribute to the elevated ventilatory work together with a marked
reduction in hypoxia tolerance when killifish are acclimated to FW.

Effects of salinity on blood oxygen transport
We had hypothesized that changes in the respiratory surface area
due to salinity acclimation would be reflected in functional changes
in the blood O2 transport characteristics. The whole-blood OEC of
F. heteroclitus under normoxia resembles OECs from other
hypoxia-tolerant fish; relatively high O2 affinity (low P50) and a
low cooperativity (Hill coefficient ∼1) are thought to improve O2

uptake at the gills (Wells, 2009). Conversely, a high Bohr
coefficient is thought to improve O2 unloading at tissues. Our
Bohr coefficients were calculated over a narrow pH range, as pH
changes between low and high PCO2

were fairly small, particularly
in hypoxia, and therefore must be interpreted with caution. The pH
values measured in our study fall within the predicted range for
variations in pH with temperature, and are comparable with data
from DiMichele and Powers (1982).

Upon exposure to hypoxia, we observed an increase in whole-
blood P50, regardless of salinity acclimation and PCO2

equilibration
(Fig. 4A,B), and at least at 35 ppt, blood pH declined significantly in
hypoxia (Table 3). Additionally, the Hill coefficient also increased
for all salinities (at both PCO2

values) in hypoxia-exposed fish
(Table 3), indicating an increase in cooperativity of the Hb, where
the reduced O2 affinity (i.e. higher P50) favours O2 unloading at the
tissues (Wells, 2009). In hypoxia, where the O2 supply for aerobic
energy production becomes limited, fish can resort to anaerobic
pathways to obtain energy, often leading to the accumulation of
lactate, a response common to several fish species, including
F. heteroclitus (Cochran and Burnett, 1996; Kraemer and Schulte,
2004). The dissociation of protons from lactate, as well as the release
of protons from ATP breakdown (Hochachka and Mommsen,
1983), can cause a generalized acidosis, enhancing the Bohr effect
in order to favour O2 unloading from the Hb to the tissues, resulting
in the higher P50 seen in fish exposed to hypoxia. Blood pH
decreased in all treatments in whole blood equilibrated with a
PCO2

of 7.6 Torr, relative to the lower PCO2
(Table 2).

The main erythrocyte organic phosphate compounds found in fish
are adenosine and guanosine triphosphates (ATP, GTP), which
decrease the Hb affinity for oxygen (Val, 2000). Fundulus
heteroclitus is highly susceptible to organic phosphate allosteric
modifications on Hb O2 affinity (Greaney and Powers, 1978).
The higher level of both compounds in 0 ppt-acclimated killifish
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(Fig. 4G,H) is of unknown origin but may be one of several factors
contributing to problems with gill O2 uptake in FW. However, the
considerable fall in ATP and GTP at all salinities during hypoxia,
perhaps as a consequence of net metabolic consumption during
oxygen shortage, would clearly be helpful in protecting the O2

affinity of the blood in the face of hypoxia-associated metabolic
acidosis. Thus, allosteric regulation by RBC organic phosphates may
play an important role in modifying blood O2 affinity in the face of
variations in salinity, environmental O2 levels and blood pH (Fig. 4).
Blood P50 values reported here (12.6 to 17.5 Torr) under normoxia

are higher than previously reported for F. heteroclitus O2 binding
affinity (Fig. 4A,B). DiMichele and Powers (1982) working with
blood from F. heteroclitus identified a P50 of around 5 Torr (at 25°C
and pH 7.4), though PCO2

of the blood was apparently 0 Torr. Chung
et al. (2017) measured a P50 of 3.7 Torr while working on RBCs that
had been isolated and re-suspended in HCO3

−-free, Hepes buffer at
15°C, pH 7.8, PCO2

=0 Torr. Noteworthy, whole blood carries
different elements that have the potential to alter O2 binding affinity.
These include other ions, most importantly HCO3

−, allosteric
modifiers, buffers (plasma proteins) and probably metabolic end
products such as protons and lactate. This lack of a plasma
environment, as well as the known effects of Hepes in interfering
with HCO3

− transport (Hanrahan and Tabcharani, 1990) may alter the
blood O2 binding characteristics. It is not clear whether the values
reported here are higher exclusively as a result of low pH or the use of
whole blood, or whether other factors might be playing a role.
Upon hypoxia exposure, we observed a significant increase in Hct

independent of salinity acclimation. The increases in MCHC
accompanied by no change in [Hb] in fish acclimated to 11 and
35 ppt probably indicate a swelling of the RBCs (Fig. 4D,E). This
could be beneficial for O2 uptake at the gills, as a higher surface area
of the RBC per unit of Hb would mean higher contact area at the
lamellae, and a higher diffusion rate of ambient O2 into the RBC.
Additionally, β-adrenergic stimulation of RBC swelling leading to
increased intracellular pH and Hb dilution, both of which increase Hb
O2 affinity, is a well-known mechanism in teleost RBCs (Nikinmaa
and Huestis, 1984). β-Adrenergic stimulation of RBC membrane
transporters is also present in F. heteroclitus (Dalessio et al., 1991).
The same response was not observed in fish acclimated to 0 ppt. The
lack of RBC swelling in 0 ppt-acclimated killifish could be
considered as another negative aspect of FW acclimation (Fig. 4E).
Taken altogether, our data suggest that the mechanisms for increasing
overall O2 carrying capacity of the blood differ among salinity
acclimations.

Concluding remarks
We have shown that salinity acclimation has marked effects on the
response to hypoxia in the euryhaline F. heteroclitus. In a recent
comprehensive review, Rogers et al. (2016) identified a strong
correlation between salinity and respiratory responses in water-
breathing fishes. Fundulus heteroclitus inhabits salt marshes, which
are highly dynamic environments, where they occupy deeper, more
temperature stable areas in the winter, and move to shallower, lower
salinity areas in the summer (Taylor et al., 1979). It has been
experimentally shown that F. heteroclitus actively seeks different
salinities based on their physiological and ecological needs
(Bucking et al., 2012; Marshall et al., 2016), where in normoxia,
killifish prefer salinities around 20 ppt (Fritz and Garside, 1974;
Bucking et al., 2012). One could predict that in hypoxia, killifish
would seek isosmotic salinities in order to alleviate the energetic
needs of osmoregulation. It could also be hypothesized that unless
attracted by opportunities to increase feeding or avoid predation,

killifish would avoid 0 ppt water because of the compromise
between osmoregulation and respiratory capacity, evidenced by the
present study.
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