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Abstract Flathead grey mullets Mugil cephalus are
commonly found in Mediterranean lagoons, which are
regularly subject to high environmental variations. Oxygen
is one of the factors that shows extremely high variation.
The objective of this study was to test the effects of acute
hypoxia exposure at two experimental temperatures (i.e. 20
and 30°C) on the stamina (time to fatigue) in M. cephalus
swimming at the minimal cost of transport (i.e. optimal
swimming speed; U,p,). At each temperature, a relationship
was established between swimming speed and oxygen
consumption (MO,). This allowed estimation of Uy, at
45cm s~ (~1.12 Body Length s™'). Independent of
temperature, stamina at U,y was significantly reduced in
severe hypoxia, i.e. at 15% of air saturation (AS). In these
conditions, oxygen supply appears therefore to be insuffi-
cient to maintain swimming, even at the low speed tested
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here. After the stamina test, MO, measured in fish tested at
15% AS was significantly higher than that measured after
the test in normoxia. Therefore, we suggest that in hypoxia,
fish used anaerobic metabolism to supplement swimming
at Ugyp, leading to an oxygen debt. Since flathead grey
mullet is a hypoxia-tolerant species, it is possible that
hypoxic conditions less severe than those tested here may
reduce stamina at low speed in less tolerant species. In
addition, we suggest that testing stamina at these speeds
may be relevant in order to understand the effect of
hypoxia on behavioural activities carried out at low speed,
such as food searching.

Introduction

Previous work on fish swimming has mainly focused on
maximum performance. Maximum swimming performance
varies with intrinsic factors, such as size, shape, physio-
logical status (Webb 1977; Videler 1993; Domenici and
Blake 1993; Ghalambor et al. 2004) and with environ-
mental factors, such as temperature and oxygen (Kutty
1968; Bushnell et al. 1984; Lee et al. 2003a; Lefrancois
et al. 2005). The effect of environmental factors on maxi-
mum swimming performance is highly relevant for a
number of situations, such as river migration, dam over-
passing or predator—prey relationships involving chases or
attacks (for reviews Videler 1993; Domenici et al. 2007,
Claireaux and Lefrancois 2007). While maximum speeds
have been extensively investigated both in terms of
anaerobic (burst) and aerobic (sustained) swimming, very
little is known on the factors affecting slow swimming
speeds and the relative stamina. The ability of fish to
sustain relatively slow swimming speeds, however,
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represents equally important survival values since these
speeds are used by fish in their routine activities, such as
searching for food and habitat exploration (Videler 1993).
During such routine activities, the behaviour of fish may be
optimized by swimming at a speed that implies the lowest
amount of energy per unit travelled (U Tucker 1970;
Weihs 1973).

Uopt is defined by means of the relationships between
oxygen consumption and swimming speed which is typi-
cally exponential (Brett 1964; Webb 1975; Thorarensen
et al. 1993; Gallaugher et al. 2001). Therefore, when
expressed for each swimming speed, the energetic cost of
transport (COT) per unit distance leads to a U-shaped curve
with a minimum at Uy, that was often found to be around
1-2 Body Length s™' (BL s™') (Brett 1965; Webb 1975;
Videler 1993). All energy-demanding activities (e.g.
swimming, digestion, growth) of an animal must be
accommodated within its aerobic metabolic scope (AMS;
Fry 1971; Claireaux and Lefrancois 2007). Therefore,
higher AMS or lower costs of activities participate to a
reduction of energy budgeting conflicts between competing
demands or functions. It has been suggested that swimming
at Uyp may minimize cost of transport in order to save
energy which can be allocated to other activities such as
somatic and/or gonadic growth (Videler 1993; Hinch and
Rand 2000).

Flathead grey mullet (Mugil cephalus) is a benthic
feeder that mainly feeds on organic matter of the super-
ficial mudflat or on microphytobenthos and that spends a
high proportion of its day swimming to forage (Domenici
and Lefrangois, personal observations). The importance of
the searching phase and the associated energy expenses is
likely to be high in comparison to sit-and-wait predators.
Therefore, swimming at U, may be particularly benefi-
cial to this species. Flathead grey mullets live in highly
variable environments, with large fluctuations in temper-
ature, oxygen and salinity. Hypoxia is known to affect
antipredator behaviour in M. cephalus (Shingles et al.
2005). However, little is known on the effects of hypoxia
on the sustained swimming performance of this species.
Using U,y as an ecologically relevant speed for the rou-
tine activity of M. cephalus, we hypothesized that hypoxia
will induce (1) a reduction of the swimming stamina at
this speed and (2) a solicitation of the anaerobic metabo-
lism revealed by post-exercise oxygen consumption. In
order to test these hypotheses, we measured the time to
fatigue of M. cephalus swimming at U, while exposed at
various oxygen levels at 20 and 30°C, i.e. a typical spring
and summer temperature, respectively. Swimming per-
formance of M. cephalus and associated energetic costs
were measured using a swimming respirometer, where
individuals were tested at a constant speed or following a
step-protocol.
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Material and methods
Fish maintenance

Flathead grey mullets [mean weight + standard error
(s.e.): 491.3 + 128.1 g ranging from 417.7 to 624.9 g;
mean length £ s.e.: 39.5 & 3.3 cm ranging from 38.0 to
42.8 cm] were caught in a local lagoon (Cabras, Sardinia,
Italy) during 2003-2004 and transferred to outdoor basins
(Iength: 10 m, width: 4 m, depth: 1.5 m) with recirculated
water from the lagoon. Because of the annual temperature
variations in the lagoon, experiments at 20 and 30°C were
performed during spring and summer 2004, respectively.
At least two weeks before the beginning of the experi-
ment, fish were transferred from these outdoor tanks to
indoor circular tanks (diameter: 2 m, depth: 1 m) with
recirculated and filtered natural seawater where they were
acclimated to the experimental conditions (temperature
range: 20 £ 1 and 30 £ 1°C; salinity range: 27 £ 1 and
28 + 2%o for experiments at 20 and 30°C, respectively).
Values of these parameters were monitored each day with
a conductimeter (WTW model cond 315i). Fish were fed
twice a week on cheese powder (Blu Marlin) and were
starved for at least 48 h before being transferred to the
swim-tunnel respirometer where their swimming perfor-
mances were tested.

Experimental set-up

The swim-tunnel-respirometer (Swim-90 Loligo, Den-
mark) was equipped with an external bath where the
temperature and the oxygenation of the water were con-
trolled. The respirometer (volume: 85 L) was composed of
(1) a swim chamber with a square working section (20 cm
width and 64 cm of length) and (2) a hydraulic system
placed upstream to generate a laminar flow in the swim
chamber. The hydraulic system is composed by honey-
comb materials and half-circle shaped sections that
distribute water flow in the working section. No correction
for solid blocking effects of the fish in the working section
was made since the fish cross-section was <5% of the
working section area (Webb 1975). The flow in the respi-
rometer was generated by an electric thruster motor with a
propeller. The flow was manually controlled through a
controller instrument connected to the thruster motor. A
voltmeter allowed recording analog output voltage from
the motor controller instrument. The relationships between
analog output and water speed in the swim tunnel were
previously established using a flow meter (Hontzsch,
Germany). Water oxygenation was regulated by recircu-
lating water from the external bath in a counter-current gas
equilibration column bubbled with (1) air to maintain
normoxia or (2) nitrogen to establish hypoxic conditions.
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Oxygen concentration in the external bath was measured
with an oxygen measuring system (WTW Oxi 340i) con-
nected to a computer storing data every 5 s. Temperature
was kept constant by recirculating water from the external
bath through a cooling system (TECO CA 240). A flush
pump allowed exchange of water between the external bath
and the respirometer.

Oxygen consumption measurements

During the experiments, a continuous flow of water was
pumped from the respirometer to a flow-through cuvette
and back to the respirometer. An oxygen probe (WTW
CellOx 125) was placed in the cuvette and was connected
to an oxymeter (WTW oxi 3401) connected to a data logger
interface (Labpro Vernier) transferring oxygen data every
2 s to a storing computer. Oxygen consumption (MO,) was
measured by intermittent-flow respirometry, based on an
alternation between (1) a flushing phase and (2) a
measuring phase, during which the flush pump was turned
off preventing the inflow of water from the external bath
to the respirometer. The oxygen consumption MO,
(mgO, kg_1 h™") was calculated as in Lefrangois and
Claireaux (2003):

AO, V
_ v 1
A X (1)

m

MO,

where AO, is the oxygen concentration decrease relative to
the fish oxygen consumption, A¢ the measuring period,
V the volume of the respirometer chamber (85 1) minus
volume of the fish and m, the fish weight.

For each measure, a linear regression was adjusted in
order to determine AO,/At from a relationship of AO,
versus time. The regression coefficient of the linear rela-
tionships (i.e. ), which determined the accuracy of the
MO, measurement, was >0.7 in all cases. As the respira-
tory metabolism depends on the animal weight, MO, was
standardised for a 1-kg fish using the following relation
(Lefrangois and Claireaux 2003):

1-A
m
MOQcor = M02 X (m ) (2)

where MO, (mgO, kgf1 hfl) is the oxygen consump-
tion for a corrected weight, m.o, (i.e. 1 kg), MO, is the
measured MO, (mgO, kg{1 hfl) and m is the fish weight
(kg). The -coefficient A 1is the allometric exponent
describing the relation between the metabolic rate and the
fish weight. A value of 0.8 estimated in some teleosts was
used (Schurmann and Steffensen 1994). The bacterial MO,
was measured during half an hour after each experiment
and was subtracted from the MO, measured.

Experimental protocol

Fish were anaesthetised (0.04 g 17! of MS-222) and
transferred from the indoor acclimation tank to the swim
chamber of the respirometer where the water flow was
stabilised at a low speed (15 cm s~ 1). In order to motivate
the fish to occupy a steady upstream position, a screen
darkening the upstream part of the swim chamber was
placed. The fish were allowed to recover from the transfer
during the following night (photoperiod 14 h:10 h light:-
dark cycle).

Determination of U,y at 20 and 30°C
Step-protocol

At each experimental temperature (i.e. 20 and 30°C), fish
(number of replicates N = 8) were exposed to a step-pro-
tocol to estimate U,y The step-protocol began after the
full night of recovery following the transfer and consisted
in progressive water swimming speed increments of
30 cm s~' over 5 min. At each step, the velocity was
maintained for 20 min. The respirometer was then her-
metically isolated from the external bath by turning off the
flushing pump and the oxygen consumption measurement
started. During the phase of swimming speed increment,
i.e. between two consecutive swimming steps, the water of
the respirometer was renewed through the flush pump
reactivation in order to keep normoxic conditions, i.e.

>85% air saturation (AS). The speed increments were
repeated until the fish fatigued. Fish were considered fati-
gued when they were not able to swim away from the grid
placed at the rear of the swim chamber after having been
stimulated three times. The stimulation was done by
lighting up (with a 150 W spotlight) the rear part of the
chamber, which created a high contrast with the shadow
part in the front. At the end of the step-protocol, the speed
was progressively decreased to 15 cm s™'. After each step-
protocol, fish were removed from the swim chamber,
anaesthetised with MS-222 (0.1 g 171), weighed and mea-
sured. They were then transferred to outdoor tanks.

Calculation of U,

The total COT (mgO, kg~' cm™") was calculated with the
following relation for each swimming speed at both 20 and
30°C:

MO
COT = —= (3)

U

where MO, is the oxygen consumption (mgO, kg™ s™ 1)
and U is the swimming speed (cm s~ ).
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Uopt Was defined as the swimming speed at which the
mean COT was minimum.

Stamina test at U,y at four oxygen levels set
at 20 and 30°C

At each experimental temperature (i.e. 20 and 30°C), 28
fish were used to test the effect of hypoxia on the swim-
ming stamina at U,y (i.e. 7 different fish were tested at
each of the four oxygen treatments).

In normoxia (>85% AS), the speed was progressively
increased from 15 cm s~ to Uqpe (over a 5-min period)
after the full night of recovery following the transfer. When
Uqpe was reached, the speed was stabilised and the test
started (7).

For hypoxia treatments, the oxygen level was progres-
sively decreased (about 1% per minute) after the full night
of recovery following the transfer. The desired oxygen
value (50, 25 or 15% AS) was then maintained during all
the experiment. The fish were allowed to adapt to the
hypoxic conditions during 30 min before progressively
increasing the speed. The stamina test began (fy) when U,y
was reached.

For the stamina test at Uy, (in normoxia and hypoxia),
fish were allowed to swim for 165 min. If the fish fatigued
before the end of the 165-min period, the test ended (#;).
The criteria of fatigue were the same as those described for
the step-protocol. Stamina (i.e. time to fatigue) at Uyp was
defined as the time interval between fy and 1, (Sy,,)- At 1,
the swimming speed was reduced to 15 cm s~ and the
oxygen concentration was stabilised to normoxia (>85%
AS). The post-exercise oxygen consumption (MO,) was
then measured during 120 min following a flushing:mea-
suring cycle of 15:15 min and four measurements were
obtained (MOQ_], M02_2, M02_3 and M02_4)

After stamina test at Uy, fish were removed from the
swim chamber, anaesthetised with MS-222 (0.1 g 1,
weighed, and measured. They were then transferred to
outdoor tanks.

Statistical analysis

Temperature and oxygen effects on Sy, were tested using
a two-way ANOVA. A repeated-measured (RM) ANOVA
was employed on the MO, recorded after ¢#;, at the end of
the stamina test, (MO,_;, MO,_,, MO,_3; and MO,_4) with
the recovery time as a within factor, the oxygen and the
temperature as between factors. Significance was accepted
at P < 0.05. When significant effect was found, a post hoc
test was employed to carry out multiple comparisons. As
recommended by Underwood (1981) and Quinn and
Keough (2002), when significant interaction was found
between the factors tested, a planned comparison was
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employed (p.c. in the text) to test the statistical significance
of specific differences in the statistical analysis design.
When no interaction was found, an a posteriori Dunnett test
was applied for further analysis to compare normoxia (i.e.
control conditions) with each of the hypoxic treatments.

Results

Determination of the cost of transport (COT)
and optimal swimming speed (Ugp)

The relationships between MO, and swimming speed are
shown in Fig. 1a (20°C) and Fig. 2a (30°C). As swimming
speed increased, MO, increased until it reached a plateau at
~105 and ~75cm s~ ' at 20 and 30°C, respectively.
Exponential curves were fitted between MO, and swim-
ming speed before that plateau was attained (i.e. between
15-105 and 15-75 cm s~ ' at 20 and 30°C, respectively).
Extrapolating these curves beyond these upper speed limits
yielded values of estimated MO, (1,127 mg O, kg~' h™ " at
135 cm s~ and 478 mg O, kg™' h™'at 105 cm s~ for 20
and 30°C, respectively), that were about twice those
obtained experimentally. This suggests that the increase in
swimming speed was anaerobically supplemented at these
high speeds. The minimal COT calculated using Eq. (3) was
therefore chosen among the range of values showing an
exponential increase, i.e. the range that should correspond
to aerobic swimming activity. At both temperatures, Uy,
was found to be 45 cm s~' (~1.12 BL s™', Fig. 1b, 2b).

Effect of temperature and hypoxia on stamina
at Uopt (SU(,p[)

No significant difference in Sy,, was observed between 20
and 30°C-acclimated fish (Fig. 3; two-way ANOVA:
df =1, F = 0.1, P > 0.05). On the other hand, oxygen had
a significant effect on Sy,, (two-way ANOVA: df = 3,
F =351, P < 0.001) regardless of temperature (no inter-
action effect; two-way ANOVA: df=3, F=12,
P > 0.05). Post hoc test revealed that exposure to 15% AS
significantly reduced Sy,, compared to normoxia (Dunnett
test: df =49, P <0.01), while there was no significant
difference between normoxia and the other oxygen treat-
ments (Dunnett test: df=49, P >0.05 for each
comparison).

Post-exercise oxygen consumption

Post-exercise oxygen consumption was found to be
dependent on (1) the temperature, (2) the oxygen level at
which the fish swam during the stamina test and (3) the
recovery time following this test (Table 1). MO, was
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Fig. 1 a Oxygen consumption (MO,) as a function of swimming
speed (U) during the step protocol test (mean =+ standard error). Solid
line indicates exponential curve fitted on MO, as a function of U
before plateau was attained at 20°C (i.e. non shadow area,
MO, = 75.76 €*°2°Y). Double-arrowed line corresponds to the
difference between the experimental values of MO, and the value
of MO, obtained by extrapolating the exponential curve for the
highest speed attained (i.e. 135 cm s~ 1). b Cost of transport (COT) as
a function of swimming speed (mean =+ standard error) at 20°C
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Fig. 2 a Oxygen consumption (MO,) as a function of swimming
speed (U) during the step protocol test (mean =+ standard error). Solid
line indicates exponential curve fitted on MO, as a function of
U before plateau was attained at 30°C (i.e. non shadow area,
MO, = 65.12 e*°"°Y). Double-arrowed line corresponds to the
difference between the experimental values of MO, and the value
of MO, obtained by extrapolating the exponential curve for the
highest speed attained (i.e. 105 cm s~1). b Cost of transport (COT) as
a function of swimming speed (mean =+ standard error) at 30°C
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Fig. 3 Time to fatigue (Sy,,, mean =+ standard error) as a function of
oxygen level and temperature. Black and grey histograms represent
the mean time to fatigue of flathead grey mullet tested at 20 and 30°C,
respectively. At each experimental temperature, * significant differ-
ence from normoxia

higher at 30 than at 20°C independent of oxygen level and
recovery time (Fig. 4). The oxygen effect was due to a
significant elevation of the post-exercise MO, in fish tested
in hypoxia (15% AS) compared to normoxia (p.c.: df = 1,
P < 0.001 for comparison ‘normoxia’ versus 15% AS at
the different recovery time). Furthermore, oxygen and
recovery time interact with each other (Table 1) since the
significant effect of recovery time was only observed in
fish tested at 15% AS. In these fish, the MO, measured
immediately after the stamina test (i.e. MO,_;) was sig-
nificantly different from the successive MO, measured
(p.c.: df =1, P<0.05 for each comparison MO,_; vs.
M02_2 M02_3 M02_4 at 15% AS) At ZOOC, in fish CXpOSCd
to 15% AS during the stamina test MO,_; was 162% higher
than in fish exposed to normoxia (Fig. 4). This difference
decreased to 47% at the end of the recovery period
(MO,_4). At 30°C, the pattern was similar (Fig. 4).

Discussion

Time to fatigue at Uy (Sy,,) Was not affected by hypoxia
down to >25% AS, while it was significantly reduced in
individuals exposed to 15% AS at both temperatures

Table 1 Results of the RM ANOVA from the MO, measured
repeatedly in flathead grey mullet after being exposed to four different
oxygen levels (normoxia, 50, 25 and 15% AS) and two temperatures
(20 and 30°C) during a swimming stamina test at 45 cm s

Factor df F P
Within Recovery time 3 63.4 <0.001
Between Oxygen 3 174 <0.001
Temperature 1 599.6 <0.001
Interaction  Recovery time x oxygen 9 17.8  <0.001
Recovery time x temperature 3 0.5 >0.05
Temperature x oxygen 3 04 >0.05

One within factor was considered (i.e. recovery time) and two
between factors (i.e. oxygen and temperature)
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Fig. 4 Post-exercise oxygen consumption (MO,, mean + standard
error) as a function of oxygen level at 20°C (a) and 30°C (b). 1, 2, 3
and 4 represent the four consecutive measures of MO, following the
stamina test. Black, dark grey, light grey and white histograms
represent the mean MO, of the fish exposed during the stamina test at
15, 25, 50% AS and normoxia, respectively. At a given time (1, 2, 3
or 4), * significant difference with normoxia. At 15% AS, means not
sharing a common letter are significantly different from each other

(Fig. 3). Stamina tests were carried out at U, estimated to
be 45 cm s™' (i.e. 1.12 BL s™"). This optimal swimming
speed is within the range of the values gathered for 14
teleost species previously studied (reviewed by Videler
1993). The equation relating U, to body mass in all these
species predicts an optimal speed of 42 cm s~ ' for a fish of
491.3 g, i.e. the mean weight of the M. cephalus we tested
(Videler 1993). While further work is necessary to estab-
lish the extent to which fish in general, and flathead grey
mullet in particular, use U,y during their routine activity,
the results of the present study unequivocally show that
hypoxia can be detrimental for fish activity even when slow
swimming speeds are considered.

In fish exposed to hypoxic environment, certain physi-
ological mechanisms are activated in order to maintain the
energy capacity (e.g. augmentation of gill ventilation fre-
quency and amplitude, increase of the blood flow in gills,
recruitment of branchial gills; Booth 1978, 1979; Itazawa
and Takeda 1978; Randall 1982; Maxime and Nonnotte
1997). In our experimental conditions, these adaptations
may have been sufficient to maintain the oxygen supply to
the organs and tissues in M. cephalus exposed to 25 and
50% AS. On the other hand, the observed decrease in
stamina at 15% AS suggests that the oxygen supply was no
longer enough to maintain aerobic-sustained activity in the
muscle powering locomotion during the stamina test. Our
results on post-exercise MO, (following the stamina test)
confirm that at 15% AS, fish metabolism partly shifted
from aerobic to anaerobic. Immediately after the test
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(MO,_;), oxygen consumption recorded in fish tested
at 15% AS was 162% and 149% higher than in fish
exposed to normoxia at 20 and 30°C, respectively (Fig. 4).
This increase in MO, is due to the oxygen debt the fish had
to repay when oxygen level returns to normoxia. Since the
standard metabolic rate (SMR) of M. cephalus is not
affected by hypoxia as low as 15% AS (Lefrangois et al.,
unpublished results), all activities that contribute to
standard metabolic rate (e.g. opercular movement, osmo-
regulation processes) are likely to be sustained aerobically
at these low levels of oxygen. Therefore, the anaerobic
metabolism at 15% AS is most likely due to activity that is
not included in SMR, i.e. locomotion. Solicitation of
anaerobic metabolism to sustain relatively low swimming
speeds was observed in various species when exposed to
hypoxic conditions (Muusze et al. 1998; Farrell et al. 1998;
Herbert and Steffensen 2005). In all these cases, the pro-
duction of energy through the anaerobic metabolism was
induced by systemic hypoxia, due to the rarefaction of the
oxygen in the fish external environment. It is also worth-
while to mention that at 15% AS, the systemic hypoxia
may induce a drop of oxygen delivery to the brain, and
especially to the central nervous system, thereby affecting
the control of locomotion and therefore performance.
Furthermore, Peake and Farrell (2006) underline the
importance of behavioural regulations in fish performance
in swimming tests. They suggested that the fatigue
observed in fish tested in a swim flume was due to a
behavioural response rather than to physiological exhaus-
tion. Therefore, it is possible that a hypoxia-induced
decrease in motivation may also contribute to the low
stamina in fish swimming at 15% AS.

Various studies on M. cephalus (Shingles et al. 2005,
Lefrancois et al., unpublished results) or close relatives
(Liza aurata, Lefrangois et al. 2005), suggest that Mugili-
dae have high-anaerobic capacity and are hypoxia tolerant,
compared to other species. In the present study, high-
anaerobic capacity is suggested by the relatively large
difference (78 and 93% at 20 and 30°C, respectively)
between the measured oxygen consumption in M. cephalus
near exhaustion and values obtained from extrapolating the
exponential curve (see Figs. 1, 2). The exponential curves
were fitted at lower swimming speeds (aerobically pow-
ered) and their extrapolation allows predicting the oxygen
cost of swimming to exhaustion. As discussed before, the
presence of a plateau near exhaustion suggests that swim-
ming effort at those speeds is powered anaerobically. The
difference between the plateau and the estimated oxygen
cost may be considered as an indirect indicator of the
anaerobic power needed to sustain the swimming effort
and, therefore, relative considerations on the type of
metabolism employed by the fish need to be taken with
caution. Nevertheless, this difference appear to be much
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larger than that found in other, less hypoxia tolerant, spe-
cies such as sockeye salmon (51%, based on Lee et al.
2003b). Therefore, we suggest that in M. cephalus, thrust
power to achieve relatively high speed can be greatly
supplemented by anaerobic metabolism/white muscle, as
shown in hypoxia-tolerant species such as carp (Jones
1982; Hammer 1995).

High hypoxia tolerance in adult M. cephalus is sug-
gested in various studies. Shingles et al. (2005) show that
M. cephalus did not lose their balance at oxygen level as
low as 10% AS. Work on antipredator response also shows
high hypoxia tolerance in Mugilidae compared to other
species. When exposed to a startled stimulus, golden grey
mullet (Liza aurata) showed a disorientation only at oxy-
gen level as low as 20% AS (i.e. a significant proportion of
the fish initially escaped in the direction of the stimulus),
while sea bass (Dicentrarchus labrax), a species that is less
tolerant to hypoxia, showed a disorientation when oxygen
level was 50% AS (Lefrancgois et al. 2005; Lefrancois and
Domenici 2006). Since our work showed an effect of
severe hypoxia on low-speed locomotion in a highly tol-
erant species, it is possible that hypoxic conditions less
severe than those tested here may reduce stamina at low
speed in less tolerant species such as sea bass.

Free swimming M. cephalus may also respond to severe
hypoxia with a number of behavioural strategies. Swim-
ming speed could be reduced, thereby reducing oxygen
requirements and mitigating the negative effects of
hypoxia. However, reduced speed could be detrimental,
since reducing activity by swimming at low speeds < Uqp,
would increase the aerobic cost of transport. In addition,
reduced activity would decrease habitat exploration and
therefore opportunities to find food, to encounter conspe-
cifics and to find better oxygen conditions. At more
extreme levels, fish may remain motionless, further
reducing their habitat exploration. It is worth noticing that,
in nature, changes in swimming activity may be the result
of a trade-off between (1) swimming under partially
anaerobic metabolic conditions associated with the energy
gained when grazing on low-energy content food (e.g.
organic matter or microphytobenthos) and (2) remaining
motionless, thus avoiding anaerobism but also not being
able to forage. Flathead grey mullets can also mitigate the
effects of hypoxia by performing aquatic surface respira-
tion (ASR), through which they breath the highly
oxygenated water at the surface layer (Shingles et al.
2005). In various species of Mugilidae, ASR is triggered at
oxygen saturations near 10-15% AS (R.S. Ferrari et al.
submitted, 60% of the fish performing ASR at 10% AS
Shingles et al. 2005). In our experiments, flathead grey
mullets could not perform ASR because of experimental
constraints since they did not have access to the water/air
interface in the swimming respirometer. It is possible that

when encountering hypoxic conditions in nature, flathead
grey mullet may choose to swim near the surface,
performing ASR (Domenici and Lefrancois, personal
observations). By doing so, they may partly mitigate the
solicitation of anaerobic metabolism. However, swimming
with the mouth open near the surface is likely to have a
number of detrimental effects, such as increase in drag, loss
of feeding opportunities (grey mullets tend to be bottom
feeders), and exposure to predators (Domenici et al. 2007).
Therefore, while potentially grey mullet may be able to
mitigate the effects of hypoxia using a number of behav-
ioural strategies, these strategies would invariably imply a
cost.

In conclusion, since hypoxia was found to affect the low
swimming performance in a hypoxia tolerant species, we
suggest that testing stamina at these speeds may be relevant
in order to assess the effect of hypoxia on behavioural
activities carried out at low speed, such as food searching.
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