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Abstract

Marbled rabbitfish, Siganus rivulatus, is an econom-
ically valuable herbivorous fish and a potential
candidate for warmwater aquaculture. This study
was carried out to: (1) assess the effect of various
oxygen concentrations on survival and behaviour
of S. rivulatus fingerlings and (2) investigate the
response of S. rivulatus to hypoxia and determine
its critical oxygen tension (P..). In the first experi-
ment, groups of rabbitfish (15 fish per group) were
maintained for 1 h in waters of various oxygen
concentrations. They were then transferred to
well-aerated tanks and observed for 72 h. Survival
was recorded, fish behaviour at low oxygen con-
centrations observed, and LCs after 1-h hypoxia
and 72-h recovery evaluated. In the second experi-
ment, a series of stop-flow respirometry experi-
ments were performed during which dissolved
oxygen was allowed to drop to 0.5 mg L™' and
respiration rate recorded at various oxygen con-
centrations. In the first experiment, all fish sur-
vived for 1 h at oxygen concentration of
1.44 mg L' and greater, but started dying at
oxygen concentrations below 0.65 mg L™' (16%
survival). The LCsq of S. rivulatus fingerlings was
0.6 mg L.
showed that S. rivulatus is an oxyregulator until
P (1.7 mg L™ 05) is reached, becoming an oxy-
conformer below this

Results of the second experiment

concentration. Findings
allow for a better understanding of environmental
oxygen tolerances and minimum acceptable oxy-
gen concentration in rabbitfish aquaculture.

Keywords: Rabbitfish, Siganus rivulatus, dissolved
oxygen, hypoxia, respirometry
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Introduction

Oxygen consumption measurements via respirome-
try have been widely used as good estimates of
stress and effects of various environmental condi-
tions on aquatic animal physiology (Meade, Doel-
ler, Kraus & Watts 2002). Environmental
dissolved oxygen (DO) affects fish metabolism,
making it an important parameter to be taken into
consideration in pisciculture. Even in nature, fish
are often exposed to stressful hypoxia (Pichavant,
Person-Le-Ruyet, Bayon, Severe, Roux & Boeuf
2001; Barrionuevo, Fernandes & Rocha 2010)
resulting from eutrophication and affecting meta-
bolism and growth (Scholz & Waller 1992; Diaz &
Breitburg 2009).

The extent of physiological damage resulting
from hypoxic stress is largely dependent upon the
species’ tolerance capacity (Schurmann & Stef-
fensen 1997; Genz, Jyde, Svendsen, Steffensen &
Ramlov 2013) as well as the length of exposure.
Various species of fish can tolerate differing mini-
mum concentrations of oxygen in water. Even
moderate levels of hypoxia can induce physiologi-
cal halts in cases of prolonged exposure (Chabot &
Dutil 1999; Petersen & Gamperl 2010). Generally,
three criteria are used to discuss fish tolerances to
low oxygen concentrations. Fish have a minimum
DO requirement that allows them to sustain activi-
ties such as swimming, reproduction and growth.
At DO levels less than the minimum, a second cri-
terion, the sublethal oxygen threshold, corresponds
to oxygen concentrations that induce stress caus-
ing reduction in growth and reproduction, forced
migration and increased vulnerability to predation.
A third criterion called lethal oxygen threshold is
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the DO less than which mortality starts to appear
in a population (Vaquer-Sunyer & Duarte 2008).

As environmental oxygen decreases, some fish
are able to modify their oxygen uptake rate. When
studying the relationship between oxygen con-
sumption and environmental oxygen, it is neces-
sary to assess the value of Py (critical oxygen
tension), which is defined as the partial pressure of
dissolved oxygen PO, below which oxygen con-
sumption rate becomes dependent on ambient oxy-
gen (Verheyen, Blust & Decleir 1994). Assessing
P.i; will help determine hypoxia tolerance in fish.
Individuals with low P,y values are those that
have good oxygen uptake and transport to tissues
at low water oxygen and thus show high toler-
ance to hypoxia in contrast to those having high
P.i¢ values which tend to be more sensitive to
hypoxia. It is also important to distinguish
between oxygen regulators and oxygen conformers
(Fry 1971). Most fish species are oxyregulators;
that is, they maintain a relatively constant oxygen
consumption rate regardless of dissolved environ-
mental oxygen concentrations until P is reached
(Valverde, Martinez Lopez & Garcia Garcia 2006).
Conformers on the other hand modify their oxygen
uptake according to their environment, thus
decreasing oxygen consumption rate with a
decrease in ambient oxygen concentrations (Fry
1957; Shelton 1970; Hughes 1973).

Siganus rivulatus (Forsskal 1775), commonly
called marbled rabbitfish, is a euryhaline herbivo-
rous fish native to the West Indian Ocean region,
naturally residing in shallow coastal waters over
rocky substrates or sandy bottoms covered with
vegetation (Ben-Tuvia 1964; Galil 2007). The spe-
cies is considered one of the most successful
Lessepsian migrants that invaded the Mediter-
ranean Sea via the Suez Canal (Por 1978; Bou-
douresque 1999; Galil 2000; Dulcic & Pallaoro
2004), and has subsequently established large
populations along the Eastern Mediterranean coast
(Bariche 2005).

Marbled rabbitfish is an economically valuable
species and is considered a potentially suitable
candidate for warmwater aquaculture (Stephanou
2007; Saoud, Ghanawi & Lebbos 2008; Saoud,
Mohanna & Ghanawi 2008; El-Dakar, Shalaby &
Saoud 2011). Various studies were performed on
the feasibility of farming S. rivulatus in the
Mediterranean region (Popper, Pitt & Zohar 1979;
Stephanou & Georgiou 2000), and interest in its
culture is rapidly increasing. Proper aquaculture

protocols are needed to ensure maximum produc-
tion and profitability (Ghanawi, Mohanna & Saoud
2010), and this requires that farmers understand
their organisms well. Accordingly, respiratory
behaviour, oxygen consumption and minimum
oxygen tolerance of marbled rabbitfish need to be
studied. Such knowledge would have important
implications in properly designing culture systems,
optimizing growth performance and increasing
aquaculture efficiency and yields. This study was
designed to: (1) assess the effect of various oxygen
concentrations on survival and behaviour of
S. rivulatus fingerlings and (2) investigate the res-
piratory response of this species to hypoxia and
determine its P..

Materials and methods

Fish acquisition and holding

Rabbitfish S. rivulatus fingerlings were caught in
traps of Ain El Mreisseh beach in Beirut and trans-
ported in aerated water to the aquaculture
research laboratory at the American University of
Beirut (AUB). Fish were quarantined for 4 weeks
in an outdoor 1-m> circular tank (1.14 m diame-
ter; 1 m depth) connected to a biological filter,
and were offered a 40% crude protein, 8% lipid
commercial feed (Rangen, Buhl, ID, USA) three
times daily to apparent satiation. Dissolved oxygen
concentrations were maintained at 5 mg L' or
more, salinity at 35 g L™! and water temperature
at 27°C. The fish were fasted for 24 h prior to the
start of all experiments in order to avoid postpran-
dial metabolism.

Experiment 1: Survival and behaviour at various
oxygen concentrations

Marbled rabbitfish fingerlings (2.34 g + 0.09,
5.77 cm £ 0.08; mean + SE) were transferred
from the outdoor quarantine system to indoor
environmentally controlled 180-L fibreglass tanks
(60 x 60 x 50 cm; L x W x H) connected to a
biological filter and maintained for 3 weeks before
experiments started. They were offered feed twice
daily, morning and evening.

The research set-up consisted of plastic contain-
ers filled with 8 L of filtered seawater and aerated
with various mixtures of oxygen to nitrogen gas in
order to manipulate partial pressure of oxygen in
the water. The gas mixtures used were as follows:
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A — 80-20% N-O (naturally occurring concentra-
tions); B — 85-15% N-O; C — 90-10% N-O; D — 95-
5% N-O; E — 97-3% N-O; F — 98.5-1.5% N-O; and
G — 100-0% N-O. Four replicate containers were
assigned to each of the gas mixtures, and the gas
was bubbled in the water for an hour before fish
were introduced and kept bubbling throughout the
experiment. Dissolved oxygen in each container
was measured using a YSI-85 oxygen probe (Yel-
low Springs Instrument Company, Yellow Springs,
OH, USA) before fish introduction into the con-
tainer, halfway through the experiment and
directly before removing the fish. The average oxy-
gen concentrations of each of the four replicates
per treatment were as follows: A — 6.92 mg L', B
~560mgL™, C-380mgL", D - 247 mg
LLE-18mgL " 'and F - 144 mgL ' In
treatment G, rate of flow of the gas mixture was
high in four containers and low in another four.
The rate of flow was controlled by the regulator
on the gas tank, and this allowed for two different
DO concentrations. Accordingly, treatment G is
reported in Table 1 as G; (0.6 mg L' 0,) and G,
(0.47 mg L' 0,). Fifteen fish were introduced
into each container and maintained for 1 h with
the gas mixtures still bubbling in the various con-
tainers. Fish behaviour was observed and
recorded. Fish from each replicate were then trans-
ferred to separate well-aerated glass aquaria and
maintained for 72 h. They were offered commer-
cial feed (Rangen) at 2% body weight twice daily,
and mortality was recorded. Lethal oxygen thresh-
old and LCsq after 1-h hypoxia and 72-h recovery
were determined by performing breakpoint and
probit analyses respectively. LCs, was calculated

as the oxygen concentration at which at least half
the fish in a treatment died after a set time period.

Experiment 2: Response of Siganus rivulatus to
hypoxia

Respirometer design and operation

The respirometry set-up described by Babikian, Nas-
ser and Saoud (2016) was used for the present
experiment. A Strathkelvin 929 6-Channel Dis-
solved Oxygen System was used for respiration
measurements. The apparatus consisted of a glass
water container (80 x 80 x 80 cm) and a 4000-
mL Erlenmeyer flask, a submersible electric heater
to maintain water temperature at 27°C, a La Motte
thermometer to monitor the temperature, and two
submersible water pumps to maintain a constant
water level in the Erlenmeyer flask. The container
was filled with filtered seawater, and salinity was
adjusted to 35 g L™!. Water was continuously aer-
ated using two air diffusers connected to a dia-
phragm air pump. Before each experimental run,
water was chlorinated and left for 24 h before
dechlorination with sodium thiosulfate, and respira-
tion chambers and all water tubes used were
washed with 10% HCI to remove potential bacterial
growth that might affect oxygen measurements.
Strathkelvin RC400 respiration chambers (730 mL,
102 mm in diameter) were used, and water in the
chambers was mixed slowly using a magnetic stir
bar under a perforated false bottom.

Water was allowed to flow through the cham-
bers, and flow rate was regulated such that DO
inside each chamber was kept above 4 mg L. Fish
were allowed to acclimate to their environment for

Table 1 Rabbitfish (Siganus rivulatus) fingerlings survival after 1-h exposure to various oxygen concentrations (0.47—
6.92 mg LY. Values are average of four replicates per treatment. Values with different superscripts in the same col-
umn are significantly different based on SNK mean separation test (o = 0.05)

Treatment (N2:0,) Oxygen concentration (mg L")

Stocking number

Number of dead fish Survival (%)

A (80:20) 6.92 15 0 1002

B (85:15) 5.60 15 0 100*

C (90:10) 3.80 15 0 1002

D (95:5) 2.47 15 0 100°

E (97:3) 1.84 15 0 1002

F (98.5:1.5) 1.44 15 0 100®
G (100:0) 0.65 15 5 83.3°
G2 (100:0) 0.47 15 63 16°
PSE 3.27
PSE, pooled standard error.
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6-7 h until respiration rate was stable for at least 2
consecutive hours. At this point, water flow was
stopped and DO was allowed to drop to 0.5 mg L~}
during which time the decline in oxygen concentra-
tion in each chamber was continuously recorded
using Strathkelvin microcathode oxygen electrodes.
At the end of each experiment, measurements of
individual fish weight and fish volume were taken
in grams and litres respectively. Fish from each
experiment were placed in separate tanks and
observed for 3 days and mortality recorded.

Oxygen measurements

In all the experiments performed, water tempera-
ture was maintained at 27°C, salinity at 35 g L'
and pH between 8.0 and 8.2. Of the three cham-
bers running simultaneously, one was always kept
empty and used to calculate a correction factor for
0O, depletion. A total of fifteen experimental runs
were performed with one to three fish per cham-
ber. Average total weight of fish in each chamber
was 2.84 g + 0.18 (mean + SE). All chambers
were covered with black plastic sheets to avoid
any disturbance that might stress the fish. Estima-
tions of mass-specific oxygen consumption rates
were obtained using the 929 Strathkelvin soft-
ware. The calculations were based on the formula:

VO, = (([02]to — [02]t2) - V/1) /BW

where VO, is the respiration rate (mg O, g~ h™1),
[O,]ty is the oxygen concentration at time t, (mg
0, LY, [0,]t; is the oxygen concentration at time
t; (mg O, L™1), V is the respirometer volume (L)
minus fish volume, t is t; — ty (h), and BW is the
body weight of the experimental animal (g).

For each experimental run, oxygen consumption
rates were calculated at intervals of 0.5 mg L'
ambient oxygen concentration starting from a DO
of 54.5 mg L' to a DO of 1-0.5 mg L', Aver-
age respiration rates were calculated for each
interval for all the experimental runs performed,
and a plot of respiration rate versus oxygen con-
centration was obtained. To determine P.q, a
breakpoint analysis was performed through the
average respiration rates of each of the various
oxygen concentrations.

Statistical analysis

All statistical analyses were performed using sas
9.2 (SAS Institute, Cary, NC, USA) statistical

software. LCso values with 95% confidence limits
were determined using probit analysis of Logio-
transformed concentration values. Differences in
per cent survival and respiration rates of S. rivula-
tus among the various treatments were analysed
using a one-way ANovA. Significant differences
among treatment means were determined using
Student-Newman-Keuls means separation test.
Differences were considered significant when
P < 0.05.

Results

Experiment 1: Survival and behaviour at various
oxygen concentrations

Survival

Siganus rivulatus fingerlings appeared to survive well
even when exposed to relatively low ambient oxygen
concentrations. All fish survived the hour-long expo-
sure in the treatments containing oxygen concentra-
tions from 1.44 to 6.92 mg L™'. Mortality was
observed at 0.65 mg L' and increased at concen-
trations less than 0.65 mg L™!. More than half the
fish at those low oxygen concentrations died during
the 1-h exposure (Table 1). Among the survivors
that were transferred to aerated tanks, only one fish
from treatment G; died 24 h post-transfer. No signif-
icant differences in survival among treatments with
oxygen concentrations from 1.44 to 6.92 mg L!
were observed. Survival decreased significantly at
DO of 0.65 mg L™! and less (Table 1). Results of the
breakpoint analysis performed on all data showed
best fit with the models: y = 382.39x — 165.25
(R*>=1), and y = Ox + 100 where y is the per cent
survival of fish (%) and x is the ambient oxygen con-
centration (mg L™'). Lethal oxygen threshold was
0.69 mg L' (Fig. 1). Probit analysis suggested LCs
after 1-h hypoxia and 72-h recovery to be
0.60 mg L™! with 95% confidence limits between
0.55and 0.66 mg L'

Behaviour

Fish exposed to oxygen concentrations from 1.44
to 6.92 mg L' swam normally showing no signs
of abnormal behaviour. However, fish exposed to
oxygen concentrations of 0.65 mg L' and less
exhibited erratic swimming and random move-
ments. Fish lost balance and orientation, and exhib-
ited aquatic surface respiration (ASR), moving
upwards in the water column, ventilating and
gasping at the water surface. Many fish were seen

4222 © 2016 John Wiley & Sons Ltd, Aquaculture Research, 48, 4219-4227
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Figure 1 Breakpoint analysis of survival (%) as a
function of various ambient oxygen concentrations
(mg LY.

Table 2 Average oxygen consumption rate (mg
0, g " h™1) of Siganus rivulatus at decreasing ambient
oxygen concentrations from 5.75 to 0.75 mgL '
Values with different superscripts in the same column
are significantly different based on SNK mean separation
test (o0 = 0.05)

Mean oxygen

Oxygen consumption
concentration rate Standard
(mg L") n (mg0O,g'h") error
5.75 6 0.49°% 0.04
5.25 12 0.45% 0.03
4.75 15 0.49°% 0.03
4.25 15 0.523b¢ 0.03
3.75 15 0.55%° 0.03
3.25 15 0.573° 0.03
2.75 15 0.60% 0.03
2.25 15 0.61%° 0.03
1.75 15 0.63% 0.03
1.25 15 0.573° 0.03
0.75 15 0.40° 0.02

Significant difference at P < 0.05.

lying flat on the bottom of the containers with min-
imal or zero opercular movement. Only few of these
fish recovered after normal aeration was restored.
However, within 12 h postchallenge all survivors
ate the feed offered showing no signs of stress.

Experiment 2: Response of Siganus rivulatus to
hypoxia

Fifteen oxygen uptake assessments were performed
and respiration of fish at decreasing oxygen

concentrations recorded (Table 2). A breakpoint
analysis of mean oxygen consumption rate as a
function of decreasing ambient oxygen concentra-
tion was developed (Fig. 2). The plot showed an
increase in oxygen consumption rate from 0.45 to
0.63 mg O, g ' h™! as ambient oxygen concen-
trations decreased from 5.25 to 1.75 mgL~!
respectively. At DO levels, less than 1.75 mg L™*
oxygen consumption rate decreased sharply to
0.40 mg 0, g ' h™!' at ambient DO of 0.75 mg
L~! (Fig. 2 and Table 2). Results of the breakpoint
analysis showed best fit with the models: y =
0.23x + 0.24 (R* = 0.93), and y = —0.05x + 0.74
(R? = 0.98), where y is the oxygen consumption
rate (mg O, g ' h™!), and x is the ambient oxy-
gen concentration (mg L™!). The breakpoint indi-
cating P was at x = 1.74 mg L' (Fig. 2).

Discussion

Experiment 1: Survival and behaviour at various
oxygen concentrations

Survival

Fish are often exposed to changing environmental
oxygen concentrations to which they have to
adapt in order to survive (Pichavant et al. 2001;
Barrionuevo et al. 2010). Low DO has been
shown to have deleterious effects on fish in near-
shore coastal waters, causing stress, damaging
ecosystems and leading to loss of biodiversity. In
aquaculture, maintaining an adequate DO is nec-
essary in order to reduce mortality, facilitate
growth and avoid stressful hypoxia with effects
lasting long after the stressor has disappeared. In
the present work, S. rivulatus exhibited 100% sur-
vival at oxygen concentrations greater than
1.44 mg L', with mortality increasing as oxygen
concentration decreased from 0.65 mg L' It is
worth noting that we were not able to assess sur-
vival at oxygen concentrations between 0.65 and
1.44 mg L', As such, based on the data
obtained, we will consider any DO concentration
less than 1.44 mg L' as oxygen concentration
where mortality is apparent. According to the
present study, S. rivulatus fingerlings should not
be subjected to ambient DO of 1.44 mg L' or
less for more than 1 h, which often happens dur-
ing fish transportation and handling. However,
we have not estimated the minimum time at
which the fish can tolerate 1.44 mg L~! without
detrimental effects.

© 2016 John Wiley & Sons Ltd, Aquaculture Research, 48, 4219-4227 4223
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Marbled rabbitfish survived for 1 h at oxygen
concentrations as low as 1.44 mg L™, less than
the internationally accepted average DO require-
ment of fish of 2-3 mg L' (Richards 2011). Our
results corroborate an earlier study showing that
juvenile marbled rabbitfish are capable of tolerat-
ing a limited time of oxygen deficiency (Popper &
Gundermann 1975), but pinpoint the minimal tol-
erances acceptable. Calculations suggest that
0.69 mg L' is the minimum non-lethal oxygen
concentration the fish can tolerate, and thus that
marbled rabbitfish has a lethal oxygen threshold of
approximately 0.7 mg L™,

Behaviour

One of the behavioural responses of S. rivulatus to
hypoxia was ASR. Fish exposed to low oxygen
concentrations moved upwards ventilating at the
oxygen-rich water surface. Similar results were
reported by Carumbana and Luchavez (1979)
working with Siganus guttatus. Aquatic surface res-
piration is widespread among non-air breathing
fish and is an adaptive strategy initiated at a speci-
fic oxygen threshold which varies among species
(Kramer & McClure 1982; Kramer 1983). For
instance, the oxygen threshold at which ASR was
initiated in characoid fish was 1.75 mg L=,
whereas in the angel fish it was initiated at a DO
of 2.3 mg L' (Kramer & McClure 1982). In the
present study, S. rivulatus exhibited ASR at an
oxygen concentration of 0.65 mg L™!, but with
lack of data between 0.65 and 1.44 mg L1, we
restrict our conclusions to stating that in aquacul-
ture conditions, rabbitfish attempting to respire at
the surface would suggest hypoxic conditions with
DO less than 1.44 mg L~'. However, it is impor-
tant to note that not all ASR is indicative of
hypoxia. When fish suffer from gill parasites for

instance, the decrease in oxygen uptake by the
affected gills forces fish to gasp at the water sur-
face. A study by Yuan, Xi, Wang, Xie and Zhang
(2015) showed that allogynogenetic gibel carp,
Carassius auratus gibelio, infected by a myxozoan
swam upwards and ventilated at the water surface
despite being in a well-aerated medium. Excessive
nitrite in water also causes ASR by reducing the
oxygen-carrying capacity of red blood cells, practi-
cally having the same effect as hypoxia (Saoud,
Naamani, Ghanawi & Nasser 2014).

Experiment 2: Response of Siganus rivulatus to
hypoxia

Results tend to suggest that S. rivulatus behaves as
an oxyregulator at high oxygen concentrations,
with a slowly increasing respiration rate until P
is reached. However, at oxygen concentrations
below P, marbled rabbitfish becomes an oxycon-
former decreasing its oxygen uptake with decreas-
ing ambient oxygen concentrations. Similar
behaviour was observed in other fish, such as
sharpsnout seabream (Diplodus puntazzo) (Cerezo &
Garcia Garcia 2004) and common dentex (Dentex
dentex) (Valverde et al. 2006). At DO greater than
P, fish try to enhance the uptake and transport
of oxygen by means of respiratory and circulatory
mechanisms (Valverde et al. 2006). When oxygen
concentrations become less than Py, standard
metabolic rate can no longer be maintained (Ott,
Heisler & Ultsch 1980), and fish suppress their
metabolism by reducing total energy expenditure
to delay the activation of anaerobic pathways of
ATP production (Richards 2011). We believe from
observation and undocumented evidence in our
laboratory that once fish initiate such physiologi-
cal responses to hypoxia, they tend to take a long

4224 © 2016 John Wiley & Sons Ltd, Aquaculture Research, 48, 4219-4227
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time shutting them down after normoxia is
restored, thus affecting their growth rate.

P variability among species is related to body
weight and environmental factors as well as
genetic predisposition. Most studies have shown
that P, decreases with an increase in body
weight (Fernandes & Rantin 1989), and increases
with an increase in temperature (Schurmann &
Steffensen 1997) and salinity extremes (Babikian
et al. 2016). Some studies however disagree with
the general consensus. Cerezo and Garcia Garcia
(2004) for instance reported the P.y in sharp-
snout seabream to be independent of both body
size and temperature. In our study, it is worth
mentioning that P obtained is only valid at the
specific conditions tested, that is temperature
27°C, and for marbled rabbitfish of sizes ranging
from 1.74 to 4.40 g. Because fish are poikilother-
mic, we expect P to increase with an increase in
temperature but to what level it will increase
remains to be established. Also, because most rab-
bitfish species have similar life histories, we expect
other rabbitfish to also have a low P4, similar to
S. rivulatus.

Results of the present study suggest a P4 of
1.7 mg O, L' for S. rivulatus. Being able to extract
oxygen and maintain SMR down to the relatively
low value of 1.7 mg L™" suggests that S. rivulatus
must have evolved in environments prone to
hypoxia. Fish inhabiting hypoxic or O,-variable
areas are well adapted to changes in environmental
DO and can tolerate relatively low DO levels (Man-
dic, Todgham & Richards 2009). Such hypoxia-tol-
erant species tend to have improved O, uptake
capacities and lower P values when compared to
hypoxia-sensitive species (Richards 2011). Mandic
et al. (2009) attributed low Py, values of sculpins
to physiological selection-driven modifications
induced by hypoxia such as large gill surface area
and high haemoglobin—oxygen binding affinity.
Selective environmental adaptations to hypoxia in
siganids are yet to be described, but our finding
that marbled rabbitfish is able to suppress metabo-
lism below 1.7 mg L' can be considered as an
adaptive strategy for survival in hypoxic conditions.
The evident capacity of S. rivulatus to tolerate
hypoxia suggests that this species is a good candi-
date for intensive aquaculture where fish are often
unwittingly subjected to hypoxic conditions.

In aquaculture, hypoxia might often occur
when fish are stocked at high densities, and aera-
tion to maintain a high oxygen concentration is

insufficient. Present results show that as ambient
DO levels decrease, marbled rabbitfish increases its
metabolic rate up until Py is reached, entailing
metabolic energy expenditure. Furthermore, it
seems that the smaller the gap between Py and
ambient oxygen concentrations, the more energy
is lost by S. rivulatus in an attempt to maintain
homoeostasis. All this adds up to both losses at
the level of energy spent to run aerators as well as
energy lost by fish that could otherwise be trans-
lated into growth. It is therefore important that
farmers know the minimum oxygen concentration
required by aquacultured species which would
allow for a cost-effective approach towards ensur-
ing a suitably aerated environment for the growth
and well-being of the fish.
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