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Abstract. In freshwater systems, dissolved oxygen (DO) saturation frequently fluctuates, falling at night and rising
during the day in response to respiration and photosynthesis, respectively, of aquatic biota. Low DO (hypoxia) is a
common cause of fish kills in freshwater systems around the world. Laboratory studies on responses of fish to fluctuating
DO are currently limited, and require techniques that produce a realistic cycle of DO depletion and replacement. Artificial
DO-depletion mechanisms frequently used for hypoxia studies may underestimate the field effects of hypoxia on fish
because of the lack of the naturally occurring synergistic effect of lower pH, and seldom allow fish to employ behavioural
adaptations to hypoxia, such as aquatic surface respiration. We demonstrate proof-of-principle for an alternative method of
creating fluctuating hypoxia in an experimental environment, using the natural rhythms of photosynthesis and respiration
of aquatic plants to create realistic conditions. A range of volumes of aquatic macrophytes were used alone and in
combination with fish to lower DO saturation in sealed freshwater aquaria, and achieved DO saturations as low as 1.3%.
This cost-effective method can be deployed over long periods with minimal effort in comparison to traditional methods of

DO reduction.
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Introduction

Hypoxia (low DO saturation) is a major cause of fish deaths and
reduced fish diversity worldwide (e.g. Townsend et al. 1992;
Hamilton et al. 1997; Hernandez-Miranda et al. 2010). Hypoxia
occurs naturally in marine, estuarine and freshwater environ-
ments and can be exacerbated by anthropogenic nutrient sources
such as agricultural runoff (e.g. Bonsdorff et al. 1997; Martin
and Saiki 1999; Collins et al. 2000), urban runoff (Tucker and
Burton 1999), industrial effluents (Winn and Knott 1992) or
wastes from aquaculture facilities (Hargrave et al. 1993;
Bonsdorff et al. 1997).

Hypoxia has been defined as DO less than 2mgL ™" (~18%
in seawater), or below the point that sustains most animal life
(Diaz 2001; Rose et al. 2009), so its definition depends on the
context of the study (Farrell and Richards 2009). We understand
the lethal and sublethal effects of hypoxia largely from numer-
ous studies on marine and freshwater fish from cold and
temperate regions (e.g. Kramer 1987; Miller et al. 2002;
Richards 2011). Comparatively little information exists on the
sublethal effects of hypoxia in tropical freshwater systems, with
some notable exceptions from South America (e.g. Rantin et al.
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1992; Fernandes et al. 1995), Africa (e.g. Chapman et al. 1995;
Chapman and Chapman 1998; Corrie et al. 2008) and northern
Australia (Pearson et al. 2003; Butler et al. 2007).

Moreover, studies of hypoxia rarely involve testing fluctuat-
ing hypoxia, whereby in the presence of high plant biomass, DO
saturation varies over a diel cycle, falling at night owing to the
respiration of aquatic organisms, and rising during the day,
through production of oxygen by photosynthesis (Brady et al.
2009). The upper and lower saturations reached during the cycle
vary with conditions that include nutrient status, plant and
microbe abundance, abundance of particulate and dissolved
organic material, temperature and flow. In agricultural regions
in tropical northern Queensland, fluctuating hypoxia is common
(Pearson et al. 2003). Studies on responses of fish to fluctuating
hypoxia require techniques that produce a cost-efficient, low-
maintenance system for DO depletion and replacement.

There are hundreds of published studies reporting the effects
of hypoxia on fish of various species, spanning at least 60 years.
Many studies have used laboratory experiments to identify these
effects, employing a variety of methods to achieve depleted DO
concentrations, including addition of nitrogen gas, vacuum
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Table 1. Experimental oxygen-depletion methods used in marine and freshwater studies
Dissolved oxygen (DO) depletion methods are recorded from a sample of 80 studies. All references were either technical methods papers, or examined the
effects of hypoxia on fish. Marine/freshwater: M = marine/estuarine, F = freshwater; type of hypoxia: C = chronic and/or acute hypoxia, F = fluctuating
hypoxia, G = DO saturation gradually altered to a maximum or minimum level (progressive hypoxia); lethal/sublethal: L = experiment to determine lethal
level, S = experiment on sublethal effects

Technique Studies using this technique Location of study Marine/ Type of Lethal/
freshwater hypoxia sublethal

Addition of nitrogen gas (51 of 80) Fry 1951 Toronto - - -
Downing 1954 UK F G L
Downing and Merkens 1955 UK F G L
Whitmore et al. 1960 Oregon F C S
Davis et al. 1963 Oregon F C S
Dahlberg et al. 1968 Oregon F C S
Siefert and Spoor 1974 Minnesota F C L&S
Swift and Lloyd 1974 UK F C S
Johnston 1975 UK F C S
McDonald and McMahon 1977 Canada F C S
Kramer and Mehegan 1981 ATrinidad F C L&S
Drewett and Abel 1983 UK F C L
Petersen and Petersen 1990 Denmark M C L&S
Pihl et al. 1991 Virginia M C L&S
Kaufmann and Wieser 1992 Austria F C S
Schurmann and Steffensen 1994 Denmark M G S
Cech and Massingill 1995 California F G S
Fernandes et al. 1995 Brazil F C S
Thomason ef al. 1996 UK M C S
Crocker and Cech 1997 California F C S
Schurmann and Steffensen 1997 Denmark M G S
Dalla Via er al. 1998 Altaly M G S
Plante et al. 1998 Quebec M C L
Chabot and Dutil 1999 Quebec M C S
Jones and Reynolds 19994, 19995, 1999¢ UK M C S
Renshaw and Dyson 1999 Australia M C S
Tallgvist et al. 1999 Finland M C L&S
Geiger et al. 2000 Florida M C S
Pichavant et al. 2000 France M C S
Pichavant ez al. 2001 France M C S
Richardson et al. 2001 New Zealand F C S
Taylor and Miller 2001 North Carolina M C&F S
Pearson et al. 2003 Australia F C L&S
Ishibashi et al. 2005 Japan M G L
Shimps et al. 2005 North Carolina M C L
Ishibashi et al. 2007 Japan M G L
Landry et al. 2007 Mississippi M C S
Ripley and Foran 2007 Virginia M C S
Hassell et al. 2008 Australia M C L&S
Sloman et al. 2008 British Columbia M G S
Wang et al. 2008 Taiwan F C S
Brady et al. 2009 Delaware M F L&S
Lefrangois et al. 2009 Ttaly M G S
Martinez et al. 2009 Uganda F C S
Brady and Targett 2010 Delaware M F S
Vanlandeghem et al. 2010 Illinois F C S
Cheek 2011 Texas M F S
Laursen et al. 2011 AUK F G S
Tzaneva et al. 2011 Canada F G S

Fish respiration (11 of 80) Hunn 1969 Wisconsin F G S
Courtenay and Keenleyside 1983 ACentral America F G S
Vig and Nemcsok 1989 Hungary F G S
Kakuta and Murachi 1992 Japan F G S
Kakuta et al. 1992 Japan F G S

(Continued)
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Table 1. (Continued)
Technique Studies using this technique Location of study Marine/ Type of Lethal/
freshwater hypoxia sublethal
van Raaij ef al. 1994 Netherlands F G S
Thetmeyer et al. 1999 Germany M C&F S
Waller et al. 2000 ABritish Columbia M C S
Cerezo Valverde et al. 2006 Spain M G L&S
Lays et al. 2009 Norway M G S
Barnes ef al. 2011 Australia F G L
Vacuum degassing (8 of 80) Mount 1961 Ohio F G L
Carlson and Herman 1978 AWisconsin F C&F S
Carlson et al. 1980 Minnesota F C&F L&S
Scott and Rogers 1980 Alabama F C S
Bejda et al. 1987 New Jersey M G S
Pouliot e al. 1988 Quebec F C S
Pouliot and de la Notie 1989 Quebec F C S
Miller et al. 2002 East USA M C L
Sodium sulfite — including when Chapman et al. 1995 ALake Victoria F G S
used in conjunction with nitrogen Gee and Gee 1995 Australia M C S
gas (7 of 80) Chapman and Chapman 1998 “Lake Nabugabo F G S
Schofield and Chapman 2000 “Lake Nabugabo F G S
Melnychuk and Chapman 2002 “Lake Kabaleka F G S
Schofield et al. 2007 Florida F G L
Corrie et al. 2008 AUganda F G S
Cages in the field (3 of 80) Moore 1942 Minnesota F C L
Dunson and Dunson 1999 Florida M C&F S
Ruggerone 2000 Alaska F C L

ALocation the fish were sourced from.

degassing, addition of sodium sulfite and sealing the experi-
mental containers so that the fish’s own respiration removes
oxygen from the water (Table 1). Other studies have aimed to
achieve realism by inserting cages or mesocosms into low-
oxygen environments in the field (Dunson and Dunson 1999;
Ruggerone 2000).

We assessed 80 published laboratory studies that examined
the effects of hypoxia on fish. The most common method of DO
depletion in these experiments was the displacement of oxygen
gas by bubbling water with nitrogen gas (64% of papers;
Table 1). This technique is very effective and has the advantage
that nitrogen gas is biologically inert. However, some aspects of
this method are unnatural, including the presence of a ‘nitrogen
atmosphere’ above the water’s surface, preventing fish from
effectively employing aquatic surface respiration (ASR; Kramer
and Mehegan 1981) or facultative air-breathing.

In natural waterways, fluctuating hypoxia is often caused by
abundant macrophyte growth, encouraged by high light condi-
tions or nutrient concentrations (Kaenel ez al. 2000). During the
night, respiration by organisms in the water body removes
oxygen from the water and replaces it with carbon dioxide,
causing pH levels to drop (except in extremely hard water)
(Burnett 1997). Adding nitrogen gas to water causes the reverse
effect because nitrogen displaces both oxygen and carbon
dioxide from solution. This artificial situation is not ideal, given
that the low pH caused by high concentrations of dissolved
carbon dioxide in field situations can disrupt the acid-base
balance and gas transfer across fish gills (Cruz-Neto and

Steffensen 1997), thereby lowering the efficiency of oxygen
uptake (Dahlberg et al. 1968). This artificial effect may be
avoided by bubbling carbon dioxide gas into the water
(e.g. Pearson et al. 2003), or by adjusting pH using buffers.
However, the disadvantage is that such methods make experi-
ments more expensive, time-consuming and difficult to control,
particularly for long-running experiments.

Here, we demonstrate the use of aquatic plants to create
conditions of hypoxia, thereby exposing test organisms to diel
cycling of DO and pH, which replicates natural environments
and avoids some of the problems associated with other
methods. We present a cost-effective laboratory method,
which can be deployed over long periods of time with
minimal effort in comparison to some traditional methods
of DO reduction.

Materials and methods

We used Ceratophyllum demersum (commonly known as
hornwort), a cosmopolitan aquatic macrophyte, as our test
species. Hornwort is a non-rooted plant that absorbs nutrients
from the surrounding water, has high photosynthetic perfor-
mance (Blim et al. 1997) and produces increasing DO satura-
tion with increasing light intensity (Pearson et al. 2003). It grows
quickly in high-nutrient waters, can tolerate a wide range of
water hardness, and can become a noxious weed in areas where
it is exotic (Global Invasive Species Database 2006). It is
commonly used in the aquarium trade, making it freely available
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as a test subject. Plants were collected from weir pools in Ross
River, Townsville (19°18'S, 146°45’E), and held in carbon-
filtered (0.5 pm) tap water in 500-L white plastic mesocosms in
open sunlight. Plants were maintained with a nutrient mix of
aquarium plant food, sodium nitrate and potassium dihydrogen
orthophosphate, and kept outside for 5 days before using in
experiments.

The trials were conducted in a light- and temperature-
controlled room at a constant water temperature of 29°C, using
30-L glass aquaria filled with 25 L of carbon-filtered water. The
aquarium design left a 5-L pocket of air between the water
surface and the lid that was accessible to fish. Each aquarium
was sealed with a PVC plastic lid and silicon grease (Fig. 1).
Sealable ports in the lid allowed access for measuring DO. Plant
volume was measured as the amount of water displaced in a
graduated measuring cylinder. Treatments consisted of different
volumes of hornwort (50-300 mL) added to the aquaria, and
controls (0 mL plant material). Only healthy parts of the plants,
especially the dense green tips, were used in the experiments.
A submersible pump (Resun SP-600: 5W, 220V, 60/50 Hz,
250Lh~" delivery, Shenzhen, China) in each aquarium
maintained water circulation. Trials with fish used juvenile
barramundi (Lates calcarifer) of 40—50-mm total length.

In all trials, DO, pH and temperature were regularly moni-
tored with a WTW pH/Oxi 3401 meter (Wissenschaftlich-
Technische Werkstatten, Weilheim, Germany), in combination
with a WTW CellOx 325-3 DO probe and WTW SenTix pH
probe. Both probes were calibrated daily. The readings were
taken by inserting the probes through a resealable opening in the
lid of each aquarium.

Presented here are the results of three experiments investi-
gating (1) the relationship between plant biomass and minimum
DO saturation achieved overnight, (2) the use of fish alone to
decrease DO saturation overnight and (3) the effectiveness of
the plants to reduce DO saturation overnight in the presence
of fish for prolonged time periods. Graphical illustration of data
and regression analyses were carried out in SigmaPlot 11.0
(Systat Software Inc. 2008, Chicago, IL).

Experiment with plants

Hornwort (0-mL plant material = control, and 50-, 100-, 150-,
200- and 300-mL treatments, n = 2 replicates per treatment) was
used to deplete DO saturation in the aquaria over 18 h, during
which time aquaria were kept in complete darkness. Minimum
DO saturation in each aquarium and pH data were analysed by
simple linear regression with 95% confidence intervals.

Experiment with fish

Reduction in DO saturation owing to fish respiration was tested
using sealed aquaria, each containing four barramundi (n =2
replicates). This trial was carried out concurrently with the plant
experiment detailed above, and under the same conditions.

Experiment with fish and plants

This experiment aimed to create diel reductions in DO con-
centration that were as low as possible while remaining suble-
thal to fish, to demonstrate the concentrations to which DO
could be successfully and repeatedly lowered using a combi-
nation of fish (in this case barramundi) and plants (hornwort).
The best combination of plants and fish to achieve this aim was
found to be four barramundi and 275 mL of hornwort. Four
barramundi were placed into each of two experimental aquaria,
each of which also contained 275 mL of hornwort. Aquaria were
sealed and kept in the dark for 16 h, during which time one
aquarium was bubbled with compressed air, as a control,
whereas the other one was not. In initial trials, it was found that
18 h of darkness (as used in the tests with plants and fish alone,
above) resulted in excessive DO depletion, so 16-h dark periods
were employed. During the 8-h ‘day’, when overhead fluores-
cent lights were switched on in the experimental room, addi-
tional aquarium lamps (Hagen Aqua Glo — 55 lux, 18 000K,
Montreal, Canada) were switched on behind the aquaria, closest
to the plants, to encourage photosynthesis, and compressed air
was provided to enhance DO renewal.

For 20 days, DO, pH and temperature were recorded every
morning (when lights were switched on at 0900 hours) and
evening (before lights were switched off at 1700 hours) in both
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Fig. 2. Magnitude of (a) dissolved oxygen and (b) pH depletion in
experimental aquaria containing varying amounts of plant material after
18 h of darkness. Each aquarium contained different volumes of hornwort, as
shown on the x-axes (two aquaria per treatment). There were no fish in any
aquaria.

aquaria. Maintenance of fish during this time included daily
feeding as lights came on at 0900 hours, and a daily 50% water
change using carbon-filtered tap water (DO saturation >90%)),
which was carried out 1h before lights were switched off. By
this time, DO concentration had returned to normoxia. Hornwort
in experimental aquaria was replaced every 3 days with fresh
material that had been kept in large outdoor mesocosms (as
described above) for at least 5 days.

Results
Experiment with plants

Plant material alone substantially reduced the concentration of
DO in aquaria overnight, and percentage DO saturation recorded
in the morning decreased with increased volume of plant
material (Fig. 2a, R*=0.970, P <0.001, 95% CI). Maximum
DO before depletion was constant across treatments (98.3% +
2.4% (s.d.)). The two control aquaria showed small decreases in
DO saturation overnight (Control 1: from 98% to 94%; Control
2: from 99% to 91%).

The pH levels recorded in the morning, when DO was at a
minimum, decreased with increased volume of plant material
(Fig. 2b, R*=0.578, P < 0.001, 95% CI). In the evening, when
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DO was at a maximum, pH levels were relatively constant
across treatments (7.13 £ 0.12). In the control aquaria, pH fell
slightly overnight (Control 1: from 7.2 to 6.8; Control 2: from
7.21 to 6.83).

Water circulation in the experimental aquaria was found be
to be effective, with variation within the water column of <0.5%
DO saturation.

Experiment with fish

The respiration of four barramundi depleted DO saturation in the
sealed experimental aquaria by little more than for the control
aquaria (described above), to a maximum of 9% (Fish treatment
1: from 98% to 89%; Fish treatment 2: from 98% to 92%).
Concurrently, the change in pH in the treatment aquaria was
similar in magnitude to that of the control aquaria (Fish treat-
ment 1: from 7.98 to 7.45; Fish treatment 2: from 7.9 to 7.41).

Experiment with fish and plants

When 275 mL of hornwort were used to create fluctuating hypoxic
conditions in an aquarium containing four barramundi, the
resulting DO and pH reductions were highly repeatable over
20 days (Fig. 3). In the treatment aquarium, the mean minimum
(‘day’) DO was 4.8% =+ 2.9% (s.d.) saturation, and the mean pH at
this time was 6.50 + 0.09. The mean maximum (‘night’) DO sat-
uration in the same aquarium was 89.4% = 5.4%, and the mean pH
at this time was 7.36 &+ 0.16. The control aquarium during this test
had a ‘day’ DO saturation of 97.5% =+ 4.1% and pH of 7.50 £ 0.11.
The ‘night” DO saturation in the control tank was 94.1% £ 5.6%
and the pH averaged 7.51 £ 0.14.

Discussion

In the present study, different volumes of aquatic plants (horn-
wort) in aquaria were used successfully to create diel cycles in
DO saturation, to various levels of hypoxia. Aquaria containing
barramundi alone achieved minor DO reduction overnight.
A higher ratio of fish to water volume would be required to sub-
stantially deplete DO using fish respiration alone (e.g. Lays et al.
2009), but for some species, this might cause additional stress to
fish through density effects on behaviour and physiology.

When plants were added to aquaria containing barramundi,
DO depletion was rapid and repeatable, and followed a natural
diel cycle. The DO cycling in the treatment aquarium containing
barramundi and hornwort was similar to that under field condi-
tions in areas where there is a high level of plant and algal
material in still water. For example, in a lentic habitat in northern
Queensland, Pearson et al. (2003) found that DO frequently
cycled between 2% and 85% saturation over 24 h, and similar
diel DO fluctuations have also been reported from other areas
(e.g. Gulf of Mexico, Cheek et al. 2009; Florida, Bunch et al.
2010).

The extremely low DO concentrations (as low as 1.3% and
frequently <<5% saturation) survived by juvenile barramundi in
the present study demonstrated an even greater capacity to
withstand hypoxic stress than has been shown in previous
studies. For example, Flint (2005) reported a lethal concentra-
tion of ~2% DO saturation for barramundi of 50—-70-mm total
length when oxygen is gradually depleted (noting that study and
the present study were not designed to test lethal limits), and
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Pearson et al. (2003) identified a 24-h lethal concentration of
~11-15% saturation at 29°C for fish of 85—105-mm total length.
In the present study, oxygen depletion was gradual, and animals
had access to the air—water interface, and so were likely to have
access to more highly oxygenated water than the minimum
concentrations measured within the water column, as would
often be possible in field situations (e.g. McNeil and Closs 2007;
Riesch et al. 2010).

Aquaria containing both plants and fish showed some
variability in the minimum DO saturation reached in a set time.
The use of larger aquaria would probably reduce this effect.
Conducting experiments under natural light may increase plant
productivity and reduce the amount of plant material required to
deplete DO to a required concentration, and reduce the need to
regularly replace used plants.

The use of plants as the primary oxygen consumer in
laboratory experiments creates natural fluctuations in dissolved
carbon dioxide, and hence pH, and allows fish access to the
higher oxygen concentrations in surface waters, such that
aquatic surface respiration (ASR) (Kramer and Mehegan
1981; Kramer and McClure 1982) and facultative air breathing
(e.g. Geiger et al. 2000) may be effectively utilised. This
advantage is in contrast with other methods commonly used to
create hypoxic conditions, such as vacuum degassers and nitro-
gen replacement, where access to higher oxygen saturations at
the air—water interface may be unavailable. In situations where
surface access is not desired for an experiment, a simple plastic
mesh divider could easily be incorporated into the aquarium
design to physically prevent fish from accessing the air—water
interface. The method described here produces DO cycling
regimes that are cost-effective and repeatable over several
weeks and that simulate field conditions.

Limitations of the method described here include the time
involved in changing water daily and plant material every 3 days,
and the necessity to maintain stands of plants for use in the
experiment. The regular water changes that were required may
also cause stress to fish. Despite these limitations, the technique
described here is easily implemented and could replace other
methods as a DO-depletion mechanism. It would be difficult to
use this method to maintain DO saturation at a minimum level
for a long period of time, as is necessary for experiments on the
effects of chronic hypoxia (e.g. Miller et al. 2002; Landry et al.
2007; Wang et al. 2008), but this method is particularly
appropriate to simulate diel DO cycling or progressive DO
depletion to a non-sustained minimum. Several factors may
influence variability in results, including aquarium size, the
amount of natural light available, temperature, water chemistry
and the health of plants used. However, this method offers an
alternative to traditional methods of DO depletion and should be
considered as a means of creating natural diel cycles in DO
saturation in experimental situations.

Acknowledgements

This research was funded primarily by the Sugar Research and Development
Corporation, through a PhD scholarship to NF at James Cook University
(JCU). The authors thank two anonymous reviewers and A. J. Boulton for
their helpful comments on the text, B. Butler for valuable discussions, and
R. Gegg for assistance in building aquaria. Treatment of all animals in this
study was approved by JCU’s Ethics Review Committee, approval number

Marine and Freshwater Research 357

A682_01. Aquatic plants were collected under Queensland Government
Environmental Protection Agency Permit WISP00739802.

References

Barnes, R., King, H., and Carter, C. G. (2011). Hypoxia tolerance and
oxygen regulation in Atlantic salmon, Salmo salar, from a Tasmanian
population. Aquaculture 318,397-401. doi:10.1016/J.AQUACULTURE.
2011.06.003

Bejda, A. J., Studholme, A. L., and Olla, B. L. (1987). Behavioural responses
of red hake, Urophycis chuss, to decreasing concentrations of dissolved
oxygen. Environmental Biology of Fishes 19, 261-268. doi:10.1007/
BF00003227

Bliim, V., Holldnder-Czytko, H., and Voeste, D. (1997). The closed
equilibrated biological aquatic system: general concept and aspects
of botanical research. Planta 203, S201-S208. doi:10.1007/
PL00008109

Bonsdorff, E., Blomqvist, E. M., Matilla, J., and Norkko, A. (1997). Coastal
eutrophication: causes, consequences and perspectives in the archipelago
areas of the northern Baltic Sea. Estuarine, Coastal and Shelf Science
44(Suppl. A), 63-72. doi:10.1016/S0272-7714(97)80008-X

Brady, D. C., and Targett, T. E. (2010). Characterizing the escape response
of juvenile summer flounder Paralichthys dentatus to diel-cycling
hypoxia. Journal of Fish Biology 77, 137-152. doi:10.1111/J.1095-
8649.2010.02663.X

Brady, D. C., Targett, T. E., and Tuzzolino, D. M. (2009). Behavioral
responses of juvenile weakfish (Cynoscion regalis) to diel-cycling
hypoxia: swimming speed, angular correlation, expected displacement,
and effects of hypoxia acclimation. Canadian Journal of Fisheries and
Aquatic Sciences 66, 415-424. doi:10.1139/F09-007

Bunch, A. J., Allen, M. S., and Gwinn, D. C. (2010). Spatial and temporal
hypoxia dynamics in dense emergent macrophytes in a Florida lake.
Wetlands 30, 429-435. doi:10.1007/S13157-010-0051-9

Burnett, L. E. (1997). The challenges of living in hypoxic and hypercapnic
aquatic environments. American Zoologist 37, 633—640.

Butler, B. M., Burrows, D. W., and Pearson, R. (2007). Providing regional
NRM with improved aquatic health risk assessment and monitoring
tools: the nationally significant indicator: dissolved oxygen. 07/31
ACTER report, Australian Centre for Tropical Freshwater Research,
Townsville, Qld.

Carlson, A. R., and Herman, L. J. (1978). Effect of long-term reduction
and diel fluctuation in dissolved oxygen on spawning of black
crappie, Pomoxis nigromaculatus. Transactions of the American Fish-
eries Society 107, 742-746. doi:10.1577/1548-8659(1978)107<742:
EOLRAD>2.0.CO;2

Carlson, A. R., Blocher, J., and Herman, L. J. (1980). Growth and survival of
channel catfish and yellow perch exposed to lowered constant and
diurnally fluctuating dissolved oxygen concentrations. Progressive
Fish-Culturist 42, 73-78.  doi:10.1577/1548-8659(1980)42[73:
GASOCC]2.0.CO;2

Cech, J. J., Jr, and Massingill, M. J. (1995). Tradeoffs between
respiration and feeding in Sacramento blackfish, Orthodon microlepi-
dotus. Environmental Biology of Fishes 44, 157-163. doi:10.1007/
BF00005913

Cerezo Valverde, J., Martinez Lopez, F.-J., and Garcia Garcia, B. (2006).
Oxygen consumption and ventilatory frequency responses to gradual
hypoxia in common dentex (Dentex dentex): basis for suitable oxygen
level estimations. Aquaculture 256, 542-551. doi:10.1016/J.AQUA
CULTURE.2006.02.030

Chabot, D., and Dutil, J.-D. (1999). Reduced growth of Atlantic cod in non-
lethal hypoxic conditions. Journal of Fish Biology 55, 472—491.
doi:10.1111/J.1095-8649.1999.TB00693.X

Chapman, L. J., and Chapman, C. A. (1998). Hypoxia tolerance of the
mormyrid Petrocephalus catostoma: implications for persistence in
swamp refugia. Copeia 1998, 762—768. doi:10.2307/1447812



358 Marine and Freshwater Research

Chapman, L. J., Kaufman, L. S., Chapman, C. A., and McKenzie, F. E.
(1995). Hypoxia tolerance in twelve species of East African cichlids:
potential for low oxygen refugia in Lake Victoria. Conservation Biology
9, 1274-1288. doi:10.1046/J.1523-1739.1995.9051262.X-11

Cheek, A. (2011). Diel hypoxia alters fitness in growth-limited estuarine fish
(Fundulus grandis). Journal of Experimental Marine Biology and
Ecology 409, 13-20. doi:10.1016/J.JEMBE.2011.07.006

Cheek, A., Landry, C., Steele, S., and Manning, S. (2009). Diel hypoxia in
marsh creeks impairs the reproductive capacity of estuarine fish popula-
tions. Marine Ecology Progress Series 392, 211-221. doi:10.3354/
MEPS08182

Collins, M. R., Rogers, S. G., Smith, T. I. J., and Moser, M. L. (2000).
Primary factors affecting sturgeon populations in the southeastern
United States: fishing mortality and degradation of essential habitats.
Bulletin of Marine Science 66, 917-928.

Corrie, L. W.-C., Chapman, L. J., and Reardon, E. E. (2008). Brood protection
at a cost: mouth brooding under hypoxia in an African cichlid. Environ-
mental Biology of Fishes 82, 41-49. doi:10.1007/S10641-007-9251-4

Courtenay, S. C., and Keenleyside, M. H. A. (1983). Wriggler-hanging:
a response to hypoxia by brood-rearing Herotilapia multispinosa
(Teleostei, Cichlidae). Behaviour 85, 183-196. doi:10.1163/
156853983X00219

Crocker, C. E., and Cech, J. J., Jr (1997). Effects of environmental hypoxia
on oxygen consumption rate and swimming activity in juvenile white
sturgeon, Acipenser transmontanus, in relation to temperature and life
intervals. Environmental Biology of Fishes 50, 383-389. doi:10.1023/
A:1007362018352

Cruz-Neto, A. P., and Steffensen, J. F. (1997). The effects of acute hypoxia
and hypercapnia on oxygen consumption of the freshwater European eel.
Journal of Fish Biology 50, 759-769. doi:10.1111/J.1095-8649.1997.
TB01970.X

Dahlberg, M. L., Shumway, D. L., and Doudoroff, P. (1968). Influence of
dissolved oxygen and carbon dioxide on swimming performance of
largemouth bass and coho salmon. Journal of the Fisheries Research
Board of Canada 25, 49-70. doi:10.1139/F68-005

Dalla Via, J., Van den Thillart, G., Cattani, O., and Cortesi, P. (1998).
Behavioural responses and biochemical correlates in Solea solea to
gradual hypoxic exposure. Canadian Journal of Zoology 76,2108-2113.

Davis, G. E., Foster, J., Warren, C. E., and Doudoroff, P. (1963). The
influence of oxygen concentration on the swimming performance of
juvenile Pacific salmon at various temperatures. Transactions of the
American Fisheries Society 92, 111-124. doi:10.1577/1548-8659(1963)
92[111:TIOOCO]2.0.CO;2

Diaz, R. J. (2001). Overview of hypoxia around the world. Journal of
Environmental Quality 30, 275-281. doi:10.2134/JEQ2001.302275X

Downing, K. M. (1954). The influence of dissolved oxygen concentration on
the toxicity of potassium cyanide to rainbow trout. The Journal of
Experimental Biology 31, 161-164.

Downing, K. M., and Merkens, J. C. (1955). The influence of dissolved-
oxygen concentration on the toxicity of un-ionized ammonia to rainbow
trout (Salmo gairdnerii Richardson). The Annals of Applied Biology 43,
243-246. doi:10.1111/J.1744-7348.1955.TB02472.X

Drewett, N., and Abel, P. D. (1983). Pathology of lindane poisoning and of
hypoxia in the brown trout, Salmo trutta L. Journal of Fish Biology 23,
373-384. doi:10.1111/J.1095-8649.1983.TB02918.X

Dunson, W. A., and Dunson, D. B. (1999). Factors influencing growth and
survival of the killifish, Rivulus marmoratus, held inside enclosures in
mangrove swamps. Copeia 1999, 661-668. doi:10.2307/1447598

Farrell, A. P., and Richards, J. G. (2009). Defining hypoxia: an integrative
synthesis of the responses of fish to hypoxia. In ‘Hypoxia. Fish
Physiology. Vol. 27°. (Eds J. G. Richards, A. P. Farrell and C. J.
Brauner.) pp. 487-503. (Academic Press: San Diego, CA.)

Fernandes, M. N., Barrionuevo, W. R., and Rantin, F. T. (1995). Effects of
thermal stress on respiratory responses to hypoxia of a South American

N. Flint et al.

Prochilodontid fish, Prochilodus scrofa. Journal of Fish Biology 46,
123-133. doi:10.1111/J.1095-8649.1995.TB05951.X

Flint, N. (2005). Sublethal effects of diel fluctuations in dissolved oxygen
saturation on freshwater fishes from tropical Queensland. Ph.D. Thesis,
James Cook University, Townsville, Qld.

Fry, F. E. J. (1951). A fractionating column to provide water of
various dissolved oxygen contents. Canadian Journal of Technology
29, 144-146.

Gee, J. H., and Gee, P. A. (1995). Aquatic surface respiration, buoyancy
control and the evolution of air-breathing in gobies (Gobiidae: Pisces).
The Journal of Experimental Biology 198, 79-89.

Geiger, S. P, Torres, J. J., and Crabtree, R. E. (2000). Air breathing and gill
ventilation frequencies in juvenile tarpon, Megalops atlanticus:
responses to changes in dissolved oxygen, temperature, hydrogen
sulfide, and pH. Environmental Biology of Fishes 59, 181-190.
doi:10.1023/A:1007640132059

Global Invasive Species Database (2006). ‘Ceratophyllum demersum
(aquatic plant).” Available at http://www.issg.org/database/species/
ecology.asp?fr=1&si=281 [accessed 14 April 2011].

Hamilton, S. K., Sippel, S. J., Calheiros, D. F., and Melack, J. M. (1997). An
anoxic event and other biogeochemical effects of the Pantanal wetland
on the Paraguay River. Limnology and Oceanography 42, 257-272.
doi:10.4319/L0.1997.42.2.0257

Hargrave, B. T., Duplisea, D. E., Pfeiffer, E., and Wildish, D. J. (1993).
Seasonal changes in benthic fluxes of dissolved oxygen and ammonium
associated with marine cultured Atlantic salmon. Marine Ecology
Progress Series 96, 249-257. doi:10.3354/MEPS096249

Hassell, K. L., Coutin, P. C., and Nugegoda, D. (2008). Hypoxia impairs
embryo development and survival in black bream (Acanthopagrus
butcheri). Marine Pollution Bulletin 57, 302-306. doi:10.1016/
J.MARPOLBUL.2008.02.045

Hernandez-Miranda, E., Quifones, R. A., Aedo, G., Valenzuela, A.,
Mermoud, N., Roman, C., and Yafiez, F. (2010). A major fish stranding
caused by a natural hypoxia event in a shallow bay of the eastern South
Pacific Ocean. Journal of Fish Biology 76, 1543—1564. doi:10.1111/
J.1095-8649.2010.02580.X

Hunn, J. B. (1969). Chemical composition of rainbow trout urine following
acute hypoxic stress. Transactions of the American Fisheries Society 98,
20-22. doi:10.1577/1548-8659(1969)98[20: CCORTU]2.0.CO;2

Ishibashi, Y., Inoue, K., Nakatsukasa, H., Ishitani, Y., Miyashita, S., and
Murato, O. (2005). Ontogeny of tolerance to hypoxia and oxygen
consumption of larval and juvenile red sea bream, Pagrus major.
Aquaculture 244, 331-340. doi:10.1016/J,AQUACULTURE.2004.
11.019

Ishibashi, Y., Kotaki, T., Yamada, Y., and Ohta, H. (2007). Ontogenic
changes in tolerance to hypoxia and energy metabolism of larval and
juvenile Japanese flounder Paralichthys olivaceus. Journal of Experi-
mental Marine Biology and Ecology 352,42—49. doi:10.1016/J.JEMBE.
2007.06.036

Johnston, I. A. (1975). Studies on the swimming musculature of the rainbow
trout. II. Muscle metabolism during severe hypoxia. Journal of Fish
Biology 7,459-467. doi:10.1111/J.1095-8649.1975.TB04621.X

Jones, J. C., and Reynolds, J. D. (19994). Oxygen and the trade-off between
egg ventilation and brood protection in the common goby. Behaviour
136, 819-832. doi:10.1163/156853999501586

Jones, J. C., and Reynolds, J. D. (19995). Costs of egg ventilation for male
common gobies breeding in conditions of low dissolved oxygen. Animal
Behaviour 57, 181-188. doi:10.1006/ANBE.1998.0939

Jones, J. C., and Reynolds, J. D. (1999¢). The influence of oxygen stress on
female choice for male nest structure in the common goby. Animal
Behaviour 57, 189—196. doi:10.1006/ANBE.1998.0940

Kaenel, B. R., Buehrer, H., and Uehlinger, U. (2000). Effects of aquatic plant
management on stream metabolism and oxygen balance in streams.
Freshwater Biology 45, 85-95. doi:10.1046/J.1365-2427.2000.00618.X



Using aquatic plants to create fluctuating hypoxia

Kakuta, 1., and Murachi, S. (1992). Renal response to hypoxia in carp,
Cyprinus carpio: changes in glomerular filtration rate, urine and
blood properties and plasma catecholamines of carp exposed to
hypoxic conditions. Comparative Biochemistry and Physiology 103A,
259-267.

Kakuta, I., Namba, K., Uematsu, K., and Murachi, S. (1992). Effects of
hypoxia on renal function in carp, Cyprinus carpio. Comparative
Biochemistry and Physiology 101A, 769-774.

Kaufmann, R., and Wieser, W. (1992). Influence of temperature and
ambient oxygen on the swimming energetics of cyprinid larvae and
juveniles. Environmental Biology of Fishes 33, 87-95. doi:10.1007/
BF00002556

Kramer, D. L. (1987). Dissolved oxygen and fish behaviour. Environmental
Biology of Fishes 18, 81-92. doi:10.1007/BF00002597

Kramer, D. L., and McClure, M. (1982). Aquatic surface respiration,
a widespread adaptation to hypoxia in tropical freshwater fishes.
Environmental Biology of Fishes 1, 47-55. doi:10.1007/BF00011822

Kramer, D. L., and Mehegan, J. P. (1981). Aquatic surface respiration, an
adaptive response to hypoxia in the guppy, Poecilia reticulata (Pisces,
Poeciliidae). Environmental Biology of Fishes 6,299-313. doi:10.1007/
BF00005759

Landry, C. A., Steele, S. L., Manning, S., and Cheek, A. O. (2007). Long
term hypoxia suppresses reproductive capacity in the estuarine fish,
Fundulus grandis. Comparative Biochemistry and Physiology 148A,
317-323.

Laursen, D. C., Olsén, H. L., de Lourdes Ruiz-Gomez, M., Winberg, S., and
Hoglund, E. (2011). Behavioural responses to hypoxia provide a non-
invasive method for distinguishing between stress coping styles in fish.
Applied Animal Behaviour Science 132, 211-216. doi:10.1016/
J.APPLANIM.2011.03.011

Lays, N., Iversen, M. M. T., Frantzen, M., and Jorgensen, E. H. (2009).
Physiological stress responses in spotted wolfish (4dnarhichas minor)
subjected to acute disturbance and progressive hypoxia. Aquaculture
295, 126-133. doi:10.1016/J. AQUACULTURE.2009.06.039

Lefrangois, C., Ferrari, R. S., Moreira Da Silva, J., and Domenici, P. (2009).
The effect of progressive hypoxia on spontaneous activity in single and
shoaling golden grey mullet Liza aurata. Journal of Fish Biology 75,
1615-1625. doi:10.1111/J.1095-8649.2009.02387.X

Martin, B. A., and Saiki, M. K. (1999). Effects of ambient water quality on
the endangered lost river sucker in Upper Klamath Lake, Oregon.
Transactions of the American Fisheries Society 128, 953-961.
doi:10.1577/1548-8659(1999)128<<0953: EOAWQO>2.0.CO;2

Martinez, M. L., Chapman, L. J., and Rees, B. B. (2009). Population
variation in hypoxic responses of the cichlid Pseudocrenilabrus multi-
color victoriae. Canadian Journal of Zoology 87, 188—194. doi:10.1139/
Z09-002

McDonald, D. G., and McMahon, B. R. (1977). Respiratory development in
Arctic char Salvelinus alpinus under conditions of normoxia and chronic
hypoxia. Canadian Journal of Zoology 55, 1461-1467. doi:10.1139/
Z77-189

McNeil, D. G., and Closs, G. P. (2007). Behavioural responses of a south-
east Australian floodplain fish community to gradual hypoxia. Freshwa-
ter Biology 52, 412—420. doi:10.1111/J.1365-2427.2006.01705.X

Melnychuk, M. C., and Chapman, L. J. (2002). Hypoxia tolerance of two
haplochromine cichlids: swamp leakage and potential for interlacustrine
dispersal. Environmental Biology of Fishes 65, 99-110. doi:10.1023/
A:1019602403098

Miller, D. C., Poucher, S. L., and Coiro, L. (2002). Determination of lethal
dissolved oxygen levels for selected marine and estuarine fishes,
crustaceans, and a bivalve. Marine Biology 140, 287-296. doi:10.1007/
5002270100702

Moore, W. G. (1942). Field studies on the oxygen requirements of certain
fresh-water fishes. Ecology 23, 319-329. doi:10.2307/1930671

Mount, D. I (1961). Development of a system for controlling
dissolved oxygen content of water. Transactions of the American

Marine and Freshwater Research 359

Fisheries Society 90, 323-327. doi:10.1577/1548-8659(1961)90[323:
DOASFC]2.0.CO;2

Pearson, R. G., Crossland, M., Butler, B., and Manwaring, S. (2003). Effects
of cane-field drainage on the ecology of tropical waterways. Report No.
03/04-1, 2, 3, Sugar R&D Corporation, Townsville, Qld.

Petersen, J. K., and Petersen, G. I. (1990). Tolerance, behaviour and oxygen
consumption in the sand goby, Pomatoschistus minutus (Pallas),
exposed to hypoxia. Journal of Fish Biology 37,921-933. doi:10.1111/
1.1095-8649.1990.TB03596.X

Pichavant, K., Person-Le-Ruyet, J., Le Bayon, N., Severe, A., Le Roux, A.,
Quemener, L., Maxime, V., Nonnotte, G., and Boeuf, G. (2000). Effects
of hypoxia on growth and metabolism of juvenile turbot. Aquaculture
188, 103—114. doi:10.1016/S0044-8486(00)00316-1

Pichavant, K., Person-Le-Ruyet, J., Le Bayon, N., Severe, A., Le Roux, A.,
and Boeuf, G. (2001). Comparative effects of long-term hypoxia on
growth, feeding and oxygen consumption in juvenile turbot and
European sea bass. Journal of Fish Biology 59, 875-883. doi:10.1111/
J.1095-8649.2001.TB00158.X

Pihl, L., Baden, S. P., and Diaz, R. J. (1991). Effects of periodic hypoxia on
distribution of demersal fish and crustaceans. Marine Biology 108,
349-360. doi:10.1007/BF01313644

Plante, S., Chabot, D., and Dutil, J.-D. (1998). Hypoxia tolerance in Atlantic
cod. Journal of Fish Biology 53, 1342—1356. doi:10.1111/J.1095-8649.
1998.TB00253.X

Pouliot, T., and de la Noiie, J. (1989). Feed intake, digestibility and brain
neurotransmitters of rainbow trout under hypoxia. Aquaculture 79,
317-327. doi:10.1016/0044-8486(89)90473-0

Pouliot, T., de la Noiie, J., and Roberge, A. G. (1988). Influence of diet and
hypoxia on brain serotonin and catecholamines in rainbow trout (Sa/mo
gairdneri). Comparative Biochemistry and Physiology 89C, 57-64.

Rantin, F. T., Kalinin, A. L., Glass, M. L., and Fernandes, M. N. (1992).
Respiratory responses to hypoxia in relation to mode of life of
two erythrinid species (Hoplias malabaricus and Hoplias lacerdae).
Journal of Fish Biology 41, 805-812. doi:10.1111/J.1095-8649.1992.
TB02708.X

Renshaw, G. M. C., and Dyson, S. E. (1999). Increased nitric oxide synthase
in the vasculature of the epaulette shark brain following hypoxia.
Neuroreport 10, 1707-1712. doi:10.1097/00001756-199906030-00015

Richards, J. G. (2011). Physiological, behavioral and biochemical adapta-
tions of intertidal fishes to hypoxia. The Journal of Experimental Biology
214, 191-199.

Richardson, J., Williams, E. K., and Hickey, C. W. (2001). Avoidance
behaviour of freshwater fish and shrimp exposed to ammonia and low
dissolved oxygen separately and in combination. New Zealand Journal
of Marine and Freshwater Research 35, 625-633. doi:10.1080/
00288330.2001.9517028

Riesch, R., Oranth, A., Dzienko, J., Karau, N., Schiebl, A., Stadler, S., Wigh,
A., Zimmer, C., Arias-Rodriguez, L., Schlupp, 1., and Plath, M. (2010).
Extreme habitats are not refuges: poeciliids suffer from increased aerial
predation risk in sulphidic Mexican habitats. Biological Journal of the
Linnean Society. Linnean Society of London 101,417-426. doi:10.1111/
J.1095-8312.2010.01522.X

Ripley, J. L., and Foran, C. M. (2007). Influence of estuarine hypoxia on
feeding and sound production by two sympatric pipefish species (Syng-
nathidae). Marine Environmental Research 63, 350-367. doi:10.1016/
J.MARENVRES.2006.10.003

Rose, K. A., Adamack, A. T., Murphy, C. A., Sable, S. E., Kolesar, S. E., Craig,
J. K., Breitburg, D. L., Thomas, P., Brouwer, M. H., Cerco, C. F., and
Diamond, S. (2009). Does hypoxia have population-level effects on
coastal fish? Musings from the virtual world. Journal of Experimental
Marine Biology and Ecology 381, S188-S203. doi:10.1016/J.JEMBE.
2009.07.022

Ruggerone, G. T. (2000). Differential survival of juvenile sockeye and coho
salmon exposed to low dissolved oxygen during winter. Journal of Fish
Biology 56, 1013-1016. doi:10.1111/J.1095-8649.2000.TB00889.X



360 Marine and Freshwater Research

Schofield, P. J., and Chapman, L. J. (2000). Hypoxia tolerance of introduced
Nile perch: implications for survival of indigenous fishes in the Lake
Victoria basin. African Zoology 35, 35-42.

Schofield, P. J., Loftus, W. F., and Brown, M. E. (2007). Hypoxia tolerance
of two centrarchid sunfishes and an introduced cichlid from karstic
Everglades wetlands of southern Florida, USA. Journal of Fish Biology
71(Suppl. D), 87-99. doi:10.1111/J.1095-8649.2007.01686.X

Schurmann, H., and Steffensen, J. F. (1994). Spontaneous swimming
activity of Atlantic cod Gadus morhua exposed to graded hypoxia at
three temperatures. The Journal of Experimental Biology 197, 129-142.

Schurmann, H., and Steffensen, J. F. (1997). Effects of temperature, hypoxia
and activity on the metabolism of juvenile Atlantic cod. Journal of Fish
Biology 50, 1166—1180.

Scott, A. L., and Rogers, W. A. (1980). Histological effects of
prolonged hypoxia on channel catfish /ctalurus punctatus (Rafinesque).
Journal of Fish Diseases 3, 305-316. doi:10.1111/J.1365-2761.1980.
TB00401.X

Shimps, E. L., Rice, J. A., and Osborne, J. A. (2005). Hypoxia tolerance in
two juvenile estuary-dependent fishes. Journal of Experimental Marine
Biology and Ecology 325, 146-162. doi:10.1016/J.JEMBE.2005.04.026

Siefert, R. E., and Spoor, W. A. (1974). Effects of reduced oxygen on
embryos and larvae of the white sucker, coho salmon, brook trout, and
walleye. In ‘The Early Life History of Fish’. (Ed. J. H. S. Blaxter.)
pp. 487—495. (Springer-Verlag: New York.)

Sloman, K. A., Mandic, M., Todgham, A. E., Fangue, N. A., Subrt, P., and
Richards, J. G. (2008). The response of the tidepool sculpin, Oligocottus
maculosus, to hypoxia in laboratory, mesocosm and field environments.
Comparative Biochemistry and Physiology 149A, 284-292.

Swift, D. J., and Lloyd, R. (1974). Changes in urine flow rate and
haematocrit value of rainbow trout Sal/mo gairdneri (Richardson)
exposed to hypoxia. Journal of Fish Biology 6, 379-387. doi:10.1111/
J.1095-8649.1974.TB04555.X

Tallgvist, M., Sandberg-Kilpi, E., and Bonsdorff, E. (1999). Juvenile
flounder, Platichthys flesus (L.), under hypoxia: effects on tolerance,
ventilation rate and predation efficiency. Journal of Experimental
Marine Biology and Ecology 242, 75-93. doi:10.1016/S0022-0981(99)
00096-9

Taylor, J. C., and Miller, J. M. (2001). Physiological performance of juvenile
southern flounder, Paralichthys lethostigma (Jordan and Gilbert, 1884),
in chronic and episodic hypoxia. Journal of Experimental Marine
Biology and Ecology 258, 195-214. doi:10.1016/S0022-0981(01)
00215-5

Thetmeyer, H., Waller, U., Black, K. D., Inselmann, S., and Rosenthal, H.
(1999). Growth of European sea bass (Dicentrarchus labrax L.) under
hypoxic and oscillating oxygen conditions. Aquaculture 174, 355-367.
doi:10.1016/S0044-8486(99)00028-9

N. Flint et al.

Thomason, J. C., Davenport, J., and Le Comte, E. (1996). Ventilatory
mechanisms and the effect of hypoxia and temperature on the embryonic
lesser spotted dogfish. Journal of Fish Biology 49, 965-972.
doi:10.1111/J.1095-8649.1996.TB00093.X

Townsend, S. A., Boland, K. T., and Wrigley, T. J. (1992). Factors
contributing to a fish kill in the Australian wet/dry tropics. Water
Research 26, 1039-1044. doi:10.1016/0043-1354(92)90139-U

Tucker, K. A., and Burton, G. A., Jr (1999). Assessment of nonpoint-source
runoff in a stream using in situ and laboratory approaches. Environmen-
tal Toxicology and Chemistry 18, 2797-2803. doi:10.1002/ETC.
5620181221

Tzaneva, V., Gilmour, K. M., and Perry, S. F. (2011). Respiratory responses
to hypoxia or hypercapnia in goldfish (Carassius auratus) experiencing
gill remodeling. Respiratory Physiology & Neurobiology 175, 112—-120.
doi:10.1016/J.RESP.2010.09.018

van Raaij, M. T. M., Bakker, E., Nieveen, M. C., Zirkzee, H., and van den
Thillart, G. E. E.J. M. (1994). Energy status and free fatty acid patterns in
tissues of common carp (Cyprinus carpio L.) and rainbow trout (Oncor-
hynchus mykiss, L.) during severe oxygen restriction. Comparative
Biochemistry and Physiology 109A, 755-767.

Vanlandeghem, M. M., Wahl, D. H., and Suski, C. D. (2010). Physiological
responses of largemouth bass to acute temperature and oxygen stressors.
Fisheries Management and Ecology 17, 414-425. doi:10.1111/J.1365-
2400.2010.00740.X

Vig, E., and Nemcsok, J. (1989). The effects of hypoxia and paraquat on the
superoxide dismutase activity in different organs of carp, Cyprinus
carpio L. Journal of Fish Biology 35, 23-25. doi:10.1111/J.1095-
8649.1989.TB03389.X

Waller, U., Black, E., Burt, D., Groot, C., and Rosenthal, H. (2000). The
reaction of young coho Oncorhynchus kisutch to declining oxygen levels
during long-term exposure. Journal of Applied Ichthyology 16, 14—19.
doi:10.1046/J.1439-0426.2000.00168.X

Wang, S., Yuen, S. S. F., Randall, D. J., Hung, C. Y., Tsui, T. K. N., Poon,
W.L., Lai,J. C.C., Zhang, Y., and Lin, H. (2008). Hypoxia inhibits fish
spawning via LH-dependent final oocyte. Comparative Biochemistry
and Physiology 148C, 363-369.

Whitmore, C. M., Warren, C. E., and Doudoroff, P. (1960). Avoidance
reactions of salmonid and centrarchid fishes to low oxygen concentra-
tions. Transactions of the American Fisheries Society 89, 17-26.
doi:10.1577/1548-8659(1960)89[17:AROSAC]2.0.CO;2

Winn, R. N., and Knott, D. M. (1992). An evaluation of the survival of
experimental populations exposed to hypoxia in the Savannah River
estuary. Marine Ecology Progress Series 88, 161-179. doi:10.3354/
MEPS088161

www.publish.csiro.au/journals/mfr



