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Abstract We investigated whether individual rain-

bow trout (Oncorhynchus mykiss; 9–53 g) avoid a

potentially lethal level of total dissolved gas (TDG)

supersaturation using lateral movements during an

acute exposure. As there is no mechanism by which

fish can detect and avoid TDG supersaturation in

shallow water, we hypothesize that rainbow trout do

not directly detect TDG supersaturation. Most previ-

ous studies have tested TDG avoidance in groups of

fish, which may confound responses because many

fishes, such as juvenile rainbow trout, display territo-

rial behavior. We placed rainbow trout individually

into a flume and allowed them to swim freely between

two channels for 6 min: one channel contained water

at 145% TDG and the other contained air-equilibrated

water. We then switched treatments between channels

and tested fish in the same way for an additional 6 min.

We quantified the duration spent by fish in each

channel during the last 2 min of each 6 min exposure.

Fish spent a mean duration of 11s longer in 145%

TDG water compared to air-equilibrated water, -

and the inclusion of TDG treatment as a factor

improved the model of the duration spent by fish in a

channel. These results indicate that fish did not avoid a

potentially lethal level of TDG. This suggests that

some fishes in shallow water may be unable to avoid

harmful TGD supersaturation generated by events

such as spilling from hydroelectric dams.

Keywords Avoidance � Total gas pressure � Gas

bubble disease � Gas bubble trauma � Lateral choice

test � Hydroelectric dams

Introduction

Dams can generate total dissolved gas (TDG) super-

saturation which can result in gas bubble trauma

(GBT) in aquatic animals. The construction of dams is

having a widespread effect on riverine landscapes.

Approximately, 58,000 large dams (International

Commission on Large Dams, 2019) and 82,000 small

hydropower dams (Couto & Olden, 2018) fragment

rivers worldwide, with over 3700 additional dams

planned or under construction (Zarfl et al., 2015).

Handling editor: Fernando M. Pelicice

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s10750-021-04676-w.

N. K. Pleizier (&) � B. Rost-Komiya � C. J. Brauner �
Department of Zoology, University of British Columbia,

#4200 - 6270, University Blvd., Vancouver,

BC V6T 1Z4, Canada

e-mail: pleizier@zoology.ubc.ca

S. J. Cooke

Fish Ecology and Conservation Physiology Laboratory,

Department of Biology, Carleton University, 1125

Colonel By Drive, Ottawa, ON K1S 5B6, Canada

123

Hydrobiologia (2021) 848:4837–4850

https://doi.org/10.1007/s10750-021-04676-w(0123456789().,-volV)(0123456789().,-volV)

http://orcid.org/0000-0001-5255-082X
https://doi.org/10.1007/s10750-021-04676-w
https://doi.org/10.1007/s10750-021-04676-w
https://doi.org/10.1007/s10750-021-04676-w
https://doi.org/10.1007/s10750-021-04676-w
http://crossmark.crossref.org/dialog/?doi=10.1007/s10750-021-04676-w&amp;domain=pdf
https://doi.org/10.1007/s10750-021-04676-w


Dams have multiple effects on aquatic ecosystems

(reviewed in Baxter, 1977; Dynesius & Nilsson, 1994;

Ligon et al., 1995), including loss of river connectiv-

ity, habitat alteration, altered flow regimes, and

changes in sediment transport, but a lesser known

effect is the generation of TDG supersaturation.

TDG supersaturation can be produced at dams

during spilling or air injection into turbines (Ebel,

1969; Bouck et al., 1976). When air mixes with water

passing through the spill gates or the turbines, bubbles

can be entrained and pushed below the surface of the

water in the plunge pool below the dam. Hydrostatic

pressure causes these bubbles to dissolve at depth.

When this water mixes into shallower depths, hydro-

static pressure is reduced, but air can remain dissolved,

causing TDG supersaturation. The tissues of aquatic

animals can become supersaturated with TDG in these

conditions. In a process somewhat analogous to

decompression sickness in divers, bubbles nucleate

in the tissues of animals exposed to TDG supersatu-

ration. These bubbles can cause damage, known as gas

bubble trauma (GBT). Gas bubble trauma in fish is rare

below 110% TDG (Pleizier et al., 2020a) and only

occurs at 110% TDG after long exposures (e.g.,

Dawley et al., 1976; Gray et al., 1983; Shrimpton et al.,

1990; Espmark et al., 2010). At 110% TDG, 10%

mortality is predicted to occur in rainbow trout and

steelhead trout (Oncorhynchus mykiss [Walbaum,

1792]) after 9.6 days in a surface treatment with a

molar oxygen to nitrogen ratio of 0.52. The higher the

TDG, the shorter the duration to mortality. For

example, at 140% TDG, 50% mortality may occur in

as little as 2 h (Nebeker et al., 1979; Pleizier et al.,

2020a).

Gas bubble trauma can have multiple different

effects on fish. Direct effects include gas bubbles in

the lateral line, beneath the skin, in the mouth, in and

on the gills, in the blood and the heart, behind the eyes,

and in other tissues. Indirect effects include hemor-

rhaging, tissue necrosis (Stroud et al., 1975), infection

(Schisler et al., 2000; Stroud et al., 1975), and

impaired development (Cornacchia & Colt, 1984;

Counihan et al., 1998; Geist et al., 2013). There have

also been many reports on the effects of TDG on fish

behavior (e.g., Bentley et al., 1976; Antcliffe et al.,

2003; Chen et al., 2012), although much of the data are

qualitative.

Knowledge of behavioral avoidance of deleterious

environmental conditions can inform regulatory

guidelines and management actions for protection of

fish and wildlife (Buchholz, 2007; Cooke et al., 2014;

Blumstein & Berger-Tal, 2015). Of the effects of TDG

on fish behavior, it remains unclear whether fish can

sense and choose to avoid TDG supersaturation.

Whereas some studies provide evidence that fish

increase depth during exposure to TDG supersatura-

tion (e.g., Dawley et al., 1976; Chamberlain et al.,

1980; Wang et al., 2015a; Table 1), others have not

(Lund & Heggberget, 1985; Table 1). We note,

however, that the TDG supersaturation levels tested

differed by study (Table 1). Vertical movements to

increase depth has the advantage of compressing gases

in the swim bladder and reducing buoyancy in the

event of swimbladder over-inflation, but this may be a

response to changes in buoyancy rather than direct

detection of TDG. Increasing depth also reduces other

effects of GBT because hydrostatic pressure reduces

the probability of bubble formation and compensates

for the effects of TDG at a rate of 9.7% supersaturation

per meter of freshwater (Pleizier et al., 2020b). Fish

can also potentially reduce their exposure to unevenly

distributed TDG supersaturation using lateral move-

ments to swim away from areas with high TDG levels.

However, this would require the ability to directly

sense TDG supersaturation and respond. Lateral

avoidance has been observed in some studies, but

not in others (Table 1).

Rainbow and steelhead trout are of interest in TDG

avoidance studies because they commonly occur

downstream of dams in North America. Stevens

et al. (1980) found that a strain of rainbow trout

avoided TDG supersaturation using lateral move-

ments, but steelhead strains tested by Blahm et al.

(1976) and Stevens et al. (1980) did not. Moreover, the

rainbow trout that avoided TDG supersaturation in the

study by Stevens et al. (1980) did not avoid it to the

extent that it prevented high rates of mortality from

GBT, despite regions of air-equilibrated water being

available to these fish. In these studies of lateral

avoidance, juvenile rainbow and steelhead trout were

tested in groups, although juveniles of this species are

known to be territorial and to form social hierarchies

(reviewed by Sloman & Armstrong, 2002 and Gilmour

et al., 2005). Thus, it is possible that interactions with

conspecifics prevented fish in these experiments from

avoiding TDG supersaturation.

To determine whether rainbow trout can detect and

avoid TDG supersaturation in the first few minutes of
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Table 1 Summary of studies on total dissolved gas (TDG) avoidance in fish

Study Species % TDG

treatments

Experimental arena Tested as

groups or

individuals

Avoidance of TDG

supersaturation (yes/no)

Blahm et al.

(1976)

Oncorhynchus
tshawytscha
(Walbaum,

1792)

100, 130a Two-channel flume (lateral

avoidance)

Groups Yes

Blahm et al.

(1976)

Oncorhynchus
mykiss
(steelhead)

100, 130a Two-channel flume (lateral

avoidance)

Groups No

Chamberlain

et al. (1980)

Micropogonias
undulatus
(Linnaeus,

1766)

145 Deep column (vertical avoidance) Groups No (acute response)

Yes (2–4 days of

exposure)

Dawley et al.

(1976)

O. tshawytscha 100, 105, 110,

115, 120,

124, 127

Deep column (vertical avoidance) Groups No (acute response)

Yes (C 3 days of

exposure)

Dawley et al.

(1976)

O. mykiss
(steelhead)

110, 115, 120,

127

Deep column (vertical avoidance) Groups No (acute response)

Yes (C 3 days of

exposure)

Gray et al.

(1983)

Ameiurus melas
(Rafinesque,

1820)

100, 114, 120,

146

Rosette tank (lateral avoidance) Groups Yes (C 24 h of exposure)

Gray et al.

(1983)

Cyprinus carpio
(Linnaeus,

1758)

100, 114, 120,

146

Rosette tank (lateral avoidance) Groups No

Huang et al.

(2010)

Procypris
rabaudi
(Tchang,

1930)

99, 105, 115,

125, 135,

145

Two-channel flume (lateral

avoidance)

Groups Yes (125%, 135%, 146%

TDG)

No (105%, 115% TDG)

Lund &

Heggberget

(1985)

O. mykiss
(rainbow trout)

100, 117–124 Deep column (vertical avoidance) Groups No

Shrimpton

et al. (1990)

O. mykiss
(rainbow trout)

100–120 Deep column (vertical avoidance) Individuals Yes (body mass\ 10 g)

No (body mass[ 40 g)

Stevens et al.

(1980)

O. tshawytscha 98, 115, 125,

145

Rosette tank (lateral avoidance) Groups Yes

Stevens et al.

(1980)

Oncorhynchus
kisutch
(Walbaum,

1792)

98, 115, 125,

145

Rosette tank (lateral avoidance) Groups Yes

Stevens et al.

(1980)

O. mykiss
(rainbow trout)

98, 115, 125,

145

Rosette tank (lateral avoidance) Groups Yes

Stevens et al.

(1980)

O. mykiss
(steelhead)

98, 115, 125,

145

Rosette tank (lateral avoidance) Groups No

Stevens et al.

(1980)

Oncorhynchus
nerka
(Walbaum,

1792)

98, 115, 125,

145

Rosette tank (lateral avoidance) Groups Yes
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exposure, we conducted a series of lateral choice

behavior trials. As there is no known mechanism by

which fish can detect TDG supersaturation in shallow

water, we hypothesize that rainbow trout do not detect

and avoid TDG supersaturation in shallow water.

Results from preliminary experiments suggested that

there may be a difference between strains in the ability

of rainbow trout to detect and avoid TDG supersatu-

ration; for this reason, we tested fish from the

Blackwater and Fraser Valley strains. The Blackwater

strain originates from the Blackwater River in the

Cariboo region of British Columbia (BC), Canada.

The Blackwater broodstock are reared in Dragon Lake

near Quesnel, BC, Canada and are regularly crossed

with wild source fish from the Blackwater River. The

Fraser Valley strain is a domesticated strain developed

in the 1940s with fish that may have originated from

California, USA. We introduced rainbow trout indi-

vidually into an arena where they were able to swim

freely between two channels: one which contained

control TDG and one which contained high TDG

supersaturation (Fig. 1). For the latter, we chose a

nominal TDG value of 145% as this level would result

in mortality within a few h of exposure; for example,

juvenile steelhead reach 50% mortality in 2 to 5 h of

exposure to 140% TDG at depths less than 60 cm

(Nebeker et al., 1979; Pleizier et al., 2020a). After

6 min of exposure, we switched treatments between

Table 1 continued

Study Species % TDG

treatments

Experimental arena Tested as

groups or

individuals

Avoidance of TDG

supersaturation (yes/no)

Wang et al.

(2015a)

P. rabaudi 100, 120, 125,

130, 135,

140, 145

Two-channel flume (lateral

avoidance) with control group and

previous exposure to 130% TDG

Groups Yes (130%, 135%, 140%,

145% TDG; control and

pre-exposed groups)

No (120%, 125% TDG;

control and pre-exposed

groups)

Wang et al.

(2015a)

P. rabaudi 100, 135–140 Deep column (vertical avoidance)

with control group and previous

exposure to 130% TDG

Groups Yes (control and pre-

exposed groups)

Wang et al.

(2015b)

Schizothorax
prenanti
(Tchang,

1930)

100, 120, 125,

130, 135,

140, 145,

150

Two-channel flume (lateral

avoidance)

Groups Yes (140%, 145%, 150%

TDG)

No (120%, 125%, 130%,

135% TDG)

Wang et al.

(2015b)

Schizothorax
prenanti

100, 130, 135,

140

Deep column (vertical avoidance) Groups Yes (C 1 h of exposure)

No (0.5 h of exposure)

aPercent nitrogen saturation

Fig. 1 Diagram of the two-channel flume
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the two channels to account for any effects of side

preference, and we exposed the fish to these treatments

for an additional 6 min. We analyzed video footage of

their movements during the last 2 min of each trial to

quantify the time that fish spent in each channel of the

flume and to determine whether they make lateral

movements to avoid TDG supersaturation. This is the

first study to test the lateral avoidance of TDG

supersaturation by individual rainbow trout. By testing

individuals, we avoid the confounding effects of

territorial behavior and dominance hierarchies among

conspecifics.

Methods

Experimental subjects

We acquired Fraser Valley strain rainbow trout June

5th, 2019, and Blackwater strain rainbow trout March

6, 2020, from the Freshwater Fisheries Society of BC

Fraser Valley Trout Hatchery in Abbotsford, BC,

Canada. Fraser Valley strain were spawned at the

Fraser Valley Trout Hatchery November 2018 and

were 1 ? years old at the time of the experiment

(mean weight 28.48 g ± 1.88 SEM, mean fork length

132 mm ± 2.6 SEM). Blackwater strain were

spawned in May 2019 in the Vancouver Island Trout

Hatchery in Duncan, BC, Canada and were 1 ? years

old at the time of the experiment (mean weight

19.44 g ± 1.04, mean fork length

123.06 mm ± 2.04). We held fish at the University

of British Columbia in a 15,000 l recirculating system

supplied with dechlorinated Vancouver city water

maintained at a mean temperature of 10.8�C for the

Fraser Valley strain and 9.7�C for the Blackwater

strain. The photoperiod was 12 h light, 12 h dark for

all fish. We fed all fish a maintenance diet of 1.5%

body weight three times a week with EWOS Pacific

commercial fish feed pellets prior to the experiment.

TDG in the holding tanks was generally 100–102%

TDG.

Experimental system

We generated TDG supersaturation using a pressur-

ized column (1200 pressurized packed column for

supersaturated oxygen, model number X024656-01,

Pentair Aquatic Eco-systems). The system pumps

water into the top of a 2.8 m tall, 0.3 m diameter

pressurized stainless-steel column packed with bio

balls. The water equilibrated with the air in the column

as it trickled over the high surface area medium. A

pressure transducer measured the pressure in the

column and provided feedback to the variable fre-

quency drive water pump which turned on when the

internal pressure fell below 30 PSI. We used a level

sensor attached to a sight glass to maintain the water

depth in the column. When the water level rose above

the sensor, the air input valve opened, and a compres-

sor turned on and pumped air into the column at a rate

of 11 l/min. When the water level fell below the

sensor, the air input valve closed, and the compressor

turned off. After the air input valve closed, there was a

5 s lag before it could be turned on again. The

pressurized column supplied TDG supersaturated

water (150% TDG) to a 38 l header tank. We supplied

air-equilibrated water (100% TDG) to two additional

38 l header tanks. Water for both the TDG supersat-

urated header tank and the air-equilibrated header

tanks originally came from the same 15,000 l recir-

culation system.

Two-channel flume

We used a two-channel flume (Fig. 1) which was

constructed of sealed wood and painted white. The

dimensions of the entire two-channel flume were

131 cm 9 44 cm 9 35 cm and was 11 cm deep, for a

total water volume of approximately 63 l. Water of

each respective TDG level flowed into one of the two

channels created by a divider. We diffused the water

inflow using a round plastic baffle attached to mesh

and used a plastic collimator to straighten water flow

(Fig. 1). The area available to the fish in each channel

was 42 cm 9 21 cm (9 11 cm deep). Water from the

two channels flowed into the 44 cm 9 44 cm mixed

area before flowing through a mesh and over a ramp to

the outflow. Water was supplied to the two-channel

flume by header tanks containing either TDG super-

saturated or air-equilibrated water.

We directed water flow from the respective header

tanks to the channel of choice using ball valves, which

permitted switching of water types between channels

as required. We monitored the flow rate from each

header tank using flowmeters (Great Plains Industries

TM050 Flowmeter/Totalizer) which we controlled

manually using needle valves to achieve a flow rate of
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4.5 l/min per channel, for a combined total flow rate of

9 l/min into the flume. We calibrated flowmeters at the

beginning of the experiment and again partway

through the experiment. Dye tests indicated mixing

between the two channels; however, nominal TDG

levels were relatively constant in the channels over the

duration of the study. We conducted TDG measure-

ments in both channels at the end of the trials for each

fish. Dye tests indicated that it took approximately

4 min to flush out each channel after switching TDG

treatments between channels.

Measuring TDG

We measured TDG using a Point Four Tracker Total

Gas Pressure Meter (Pentair Aquatic Eco-Systems).

The meter uses two sensors to simultaneously measure

atmospheric pressure and the pressure of gas that has

diffused into the silastic tubing of the submerged

probe. We calibrated the sensors based on an adapted

protocol from the US Geological Survey (Tanner &

Johnston, 2001). We corrected the atmospheric pres-

sure sensor to the prevailing atmospheric pressure

reported by Environment and Climate Change Canada

at the Vancouver International Airport (YVR). We

calibrate the TDG pressure sensor in the silastic tube

using a two-point calibration. We measured the first

point with the dry probe at atmospheric pressure. We

measured the second point by placing the probe in a

chamber and pressurizing it up to 200 mmHg above

atmospheric. We compared the reading of the probe to

the reading of a separate pressure gauge attached to the

chamber. The range of the two-point calibration is

equivalent to 100–126% TDG. We increased the

second point for the calibration to 300 mmHg

(100–139% TDG) above atmospheric when calibrating

prior to the trials using Blackwater strain rainbow trout.

We measured TDG during the experiment by repeat-

edly knocking the submerged probe against the bottom

of the flume to dislodge any bubbles on the silastic

tubing. We assume the pressure in the silastic tubing

was equilibrated with the TDG pressure in the water

when the percent TDG reading was stable for 2 min.

Water quality

We measured the pH, ammonia, and nitrite levels in

the two-channel flume at the beginning of the exper-

iment for the Fraser Valley strain and both at the

beginning of the experiment and mid-experiment for

the Blackwater strain. We measured temperature,

dissolved oxygen, and TDG in each channel of the

flume at the end of the behavior trials for each fish

(Table 2).

Behavioral protocol

To avoid including initial fright response behavior in

the behavioral assays, we ran preliminary trials to

determine the time necessary for fish to resume

swimming behavior after being introduced to the

flume. During preliminary trials, we placed single fish

in the flume (Fraser Valley strain n = 5; Blackwater

strain n = 5) and recorded their behavior using a video

camera (Apexcam Action Camera M80) for 30 min.

The fish displayed freezing behavior when first

introduced into the flume and gradually resumed

swimming. We deemed that fish had fully resumed

swimming behavior when a fish swam continuously

for 3 min without a pause greater than 3 s. The longest

time to resume swimming behavior in the preliminary

trials was 9 min; thus, we gave fish in the experimental

trials 9 min to acclimate to the two-channel flume

before beginning observations (Ou et al., 2015; Jutfelt

et al., 2017).

We conducted behavioral trials between January 8

and 21, 2020, for the Fraser Valley strain rainbow trout

(n = 37) and between June 19 and July 6, 2020, for the

Blackwater strain rainbow trout (n = 41). We fasted

fish for 48 h prior to the behavioral trials. We

conducted trials between 10 AM and 5 PM. Behavior

experiments consisted of three trials (Fig. 2); during

the first, baseline trial both channels of the flume

contained air-equilibrated water (100% TDG), during

the second trial one channel of the flume contained air-

equilibrated water and the other contained water at

145% TDG, and during the third trial we switched the

air-equilibrated and the 145% TDG treatments

between channels. At the beginning of each set of

trials we flushed both channels of the flume with air-

equilibrated water for at least 10 min. Next, we netted

a single fish and quickly placed it in the flume at the

downstream end in the ‘‘mixed area’’ (Fig. 1). We

recorded fish behavior continuously with a video

camera. During all trials, the experimenter was

blocked from the view of the fish by an opaque screen.

In most of the trials we monitored and adjusted

flowrate continuously throughout the experiment to
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maintain consistent flowrates of 4.5 l/min in each

channel. This was necessary because bubbles from

TDG supersaturated water can form in the supply

tubing and restrict flow. After 9 min of acclimation

with both channels receiving air-equilibrated water,

we began the baseline trial, during which we recorded

the behavior of the fish for an additional 2 min (Ou

et al., 2015) to determine whether the fish had a

preference for one channel over the other. After this,

we recorded the flowrate for both channels. The TDG

supersaturated water from the pressurized column is

approximately 1�C warmer than the control water; for

this reason, after the first trial and before the beginning

of the second trial we turned on heaters in one of the

air-equilibrated header tanks so that the temperatures

would be similar between the two treatments

(* 11�C, see Table 2). Immediately after turning on

the heater, we switched the water to TDG supersat-

urated water in one of the channels. We assigned the

channel that received TDG supersaturated water first

using a random number generator. We determined that

after 6 min the water in the air-equilibrated header

tank reached the same temperature as the TDG

supersaturated water and the TDG supersaturated

water had also replaced the air-equilibrated water in

one channel of the flume. At this time, we used a sign

within view of the video camera, but not visible to the

fish, to indicate the beginning of the second behavior

trial.

The second behavior trial lasted for 6 min; the fish

acclimated to the treatments during the first 4 min,

after which we recorded behavior for an additional

2 min. After the 6 min trial, we recorded the flowrates

in each channel of the flume and we switched the air-

equilibrated and TDG supersaturated water between

the channels of the flume. Once we adjusted the flows

in each channel to the target flowrates, we used a sign

in view of the video camera to indicate that the

treatments had been switched between channels. As

above, during the third trial the fish acclimated to the

new conditions for the first 4 min and we recorded fish

behavior for 2 min. After this behavior trial, we

recorded the flowrates in each channel of the flume and

removed the fish (Fig. 2). We euthanized the fish with

MS-222 (200 mg/l MS-222 and 400 mg/l sodium

bicarbonate) and we weighed the fish and measured

their fork length. We measured TDG, temperature, and

dissolved oxygen in the flume as described above after

testing each fish.

Video analysis

We analyzed the videos using Ethovision XT video

tracking software (version 13.0.1220, Noldus Infor-

mation Technology, 2017), which tracked the mid-

point of a fish and quantified the amount of time spent

in each channel of the flume during the last 2 min of

the first trial in air-equilibrated water only, as well as

during the last 2 min of both trials with air-equili-

brated water in one channel and TDG supersaturated

water in the other. We excluded fish from the first day

of testing from the dataset (Fraser Valley strain n = 3)

because those fish displayed freezing behavior typical

of a stress response throughout the experiment,

Table 2 Experimental conditions in the two-channel flume trials

Number of

samples

Air-equilibrated

treatment

TDG supersaturated

treatment

Mean percent TDG, Fraser Valley strain 31 107 (± 1) 143 (± 1)

Mean percent TDG, Blackwater strain 33 106 (± 0.3) 145 (± 0.3)

Mean flowrate (l/min), Fraser Valley strain 62 4.50 (± 0.03) 4.48 (± 0.01)

Mean flowrate (l/min), Blackwater strain 66 4.49 (± 0.004) 4.52 (± 0.02)

Mean dissolved oxygen (mg/l), Fraser Valley

strain

31 12.76 (± 0.08) 15.45 (± 0.09)

Mean dissolved oxygen (mg/l), Blackwater strain 33 13.01 (± 0.06) 15.59 (± 0.08)

Mean temperature (�C), Fraser Valley strain 31 11.3 (± 0.02) 11.1 (± 0.02)

Mean temperature (�C), Blackwater strain 33 11.6 (± 0.05) 11.5 (± 0.05)

Values for air-equilibrated and TDG supersaturated treatments represent the mean ± (standard error)
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possibly because they had been recently disturbed

during preparations for the experiment. We also

removed fish from all analyses if they expressed

jumping behavior during the trials (Fraser Valley

strain n = 2; Blackwater strain n = 5), because jump-

ing can be caused by flow attraction as well as

avoidance. We ran two models; for the first model we

removed additional fish from the analysis if they did

not enter both sides of the two-channel flume after

TDG supersaturate water was introduced or did not

enter either of the channels during both of the 2 min

behavior trials with air-equilibrated and TDG super-

saturated water (Fraser Valley strain n = 1; Blackwa-

ter strain n = 3). We did this because the fish would

not have had the opportunity to experience the TDG

level in each channel and to potentially avoid one

treatment in favor of the other. The second model

included fish whether they entered both channels

during the experiment or not.

We concealed the treatments from a researcher who

reanalyzed a subset of the behavior trials. The author

NKP removed the treatment information from the

video trials of 30 randomly selected fish. The author

BRK used Ethovision to track the fish in the same way

described above for each of the two trials with air-

equilibrated and TDG supersaturated water per fish.

There was no effect of concealing the treatments from

one of the authors on the results from the video

analysis of the time spent by fish in each treatment.

Statistical analysis

To determine whether there was a difference in the

duration of time spent by fish in the TDG or air-

equilibrated treatments, we modeled the time spent in

each channel of the flume with fixed effects for

treatment (TDG or air-equilibrated water), time

(whether it was the second or third trial), the channel

(channel A or B), fish strain, flowrate, the combined

time spent in the channels during the baseline trial, and

a random effect for fish ID. Because the data were

zero-inflated we used the package ‘glmmTMB’ (Ver-

sion 1.0.1, Brooks et al., 2017) from the R environ-

ment to make generalized linear mixed effect models

with a Tweedie distribution and a log-link. We

checked model assumptions using the ‘DHARMa’

package (version 0.2.7, Hartig, 2020, http://

florianhartig.github.io/DHARMa/). We compared

models with the drop1 method using AIC values with

a threshold of 2 AIC units to determine if two models

were different.

We compared the behavior data collected by two of

the authors to determine whether concealing the

treatments affected the results. We summed the time

spent by the fish in each treatment between the second

and third trial for each fish. We compared the time

spent by the fish in each treatment using a robust

between-subjects ANOVA on the 20% trimmed

means (bwtrim(), package ‘WRS2’, version 1.0.0,

Mair & Wilcox, 2019) with the observer, the

Fig. 2 Protocol used in this study to assess avoidance behavior

of rainbow trout (Oncorhynchus mykiss) exposed to air-

equilibrated water and TDG supersaturated water. We assigned

the channel that received TDG supersaturated water first during

the trials using a random number generator
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treatment, and their interaction as fixed effects and a

random effect for fish ID.

Results

Mean TDG levels at the end of behavioral trials were

106% TDG (± 0.5; mean pressure above ambient air

pressure (DP) = 49 mmHg) for the air-equilibrated

treatment and 144% TDG (± 0.5; DP = 334 mmHg)

for the TDG supersaturated treatment. The TDG

treatments differed somewhat between strains; the

range of TDG values was greater for the Fraser Valley

strain in both the air-equilibrated treatments (mean

107% TDG (± 1; DP = 55 mmHg); range 103–118%

TDG) and the TDG supersaturated treatments (mean

143% TDG (± 1; DP = 326 mmHg); range

134–151% TDG) compared to the Blackwater strain

air-equilibrated treatments (mean 106% TDG (± 0.3;

DP = 44 mmHg); range 103–111% TDG) and the

TDG supersaturated treatments (mean 145% TDG

(± 0.3; DP = 341 mmHg); range 140–148% TDG).

Air-equilibrated treatments above 104% TDG were

the result of mixing in the flume. However, in all trials

TDG treatments were at least 29% TDG greater than

the air-equilibrated treatments. The mean water tem-

perature for all subjects was 11.4�C (± 0.0) in the

channels of the flume at the end of the trials. The mean

temperature in the air-equilibrated treatment for all

fish was slightly higher (0.2�C (± 0.0)) than the TDG

supersaturated treatment at the end of the trials. Mean

dissolved oxygen for all fish was 12.89 mg/l (± 0.05)

in the air-equilibrated treatments and 15.53 mg/l

(± 0.06) in the TDG supersaturated treatments. The

mean flowrate into the channels of the flume for all fish

and treatments during the trials was 4.50 l/min

(± 0.0). For a comparison of water conditions

between treatments and strains see Table 2. The pH

in the flume ranged from 6.6 to 6.8 during the trials,

and ammonia and nitrite were undetectable in the

flume throughout the experiment.

The model of the time spent in each channel of the

flume with air-equilibrated and TDG supersaturated

treatments for the dataset in which all fish entered both

channels was improved by the inclusion of TDG

treatment, flowrate in each channel, and the baseline

data as fixed effects, but not by the inclusion of

channel, strain, or time (whether it was the second or

third trial) (Table 3). The mean amount of time spent

in the channel with TDG supersaturation was 11 s

greater than the time spent in the channel with air-

equilibrated water (Fig. 3), which indicates that fish

did not avoid the TDG supersaturation treatment in

favor of the air-equilibrated treatment. Fish preferred

the mixed area of the flume near the outflow; on

average, fish spent 72% (87 s, n = 64 fish, two trials

per fish) of each 2 min trial in the mixed area of the

flume during the trials with TDG supersaturated and

air-equilibrated water.

The model of the time spent in each channel of the

flume with air-equilibrated and TDG supersaturated

treatments for the dataset in which all fish were

included (n = 68), whether they entered both channels

during the experiment or not, was improved by the

inclusion of channel, flowrate in each channel, and the

baseline data as fixed effects, but not by the inclusion

of TDG treatment, strain, or time (whether it was the

second or third trial) (Online Resource 1).

Discussion

Our results indicate that rainbow trout from two strains

were unable to detect and avoid TDG supersaturation

using lateral movements. Rainbow trout in our exper-

iment spent slightly more time in the channel with

TDG supersaturated water than the channel with air-

equilibrated water during the trials. The results support

our hypothesis that fish cannot detect and avoid

harmful TDG supersaturation using lateral movements

during an acute exposure.

Two similar studies also report a lack of lateral

avoidance to TDG in steelhead. Blahm et al. (1976)

found that steelhead exhibited 50% mortality from

GBT after 43 h in a two-channel flume containing

130% TDG in one channel and air-equilibrated water

in the other channel, indicating that fish were not able

to detect and thus avoid lethal levels of TDG

supersaturation. Stevens et al. (1980) reported that

the number of steelhead observed in each compart-

ment of a rosette-shaped avoidance test tank with

145%, 125%, 115%, and 100% TDG treatments did

not differ significantly between treatments. In the

same experiment, significantly fewer rainbow trout

were observed in compartments with high levels of

TDG relative to compartments with low levels of

TDG. However, 80% of the rainbow trout in this

experiment died from GBT, which suggests that the
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fish were unable to avoid lethal exposures to TDG

despite some avoidance behavior. Both the experi-

ments by Blahm et al. (1976) and Stevens et al. (1980)

suggest that some strains of O. mykiss do not use

lateral movements to avoid TDG supersaturation in

shallow test arenas. However, the animals in these

experiments were tested in groups and juvenile

rainbow and steelhead trout are known to exhibit

territorial behavior and social hierarchies, which has

the potential to obscure avoidance behavior. For

example, Stevens et al. (1980) observed territorial

behavior in rainbow and steelhead trout during their

lateral avoidance experiments. Ours is the first lateral

TDG avoidance study to test rainbow trout

individually, and our results reflect previous findings

that most strains of rainbow and steelhead trout do not

avoid TDG supersaturation.

Interestingly, other species have been reported to

avoid TDG supersaturation as low as 125% in lateral

choice tests, including black bullhead (Gray et al.,

1983), coho salmon (Stevens et al., 1980), chinook

salmon (Blahm et al., 1976; Stevens et al., 1980), rock

carp (Huang et al., 2010; Wang et al., 2015a), and ya-

fish (Wang et al., 2015b) (Table 1). We note that these

experiments differ in the %TDG exposures, the

number of fish tested in a group, and the duration of

exposure. Our results indicate no avoidance of TDG

supersaturation during a 2-min exposure after a 4-min

Table 3 Generalized linear mixed effects model of the

duration spent by individual rainbow trout (Oncorhynchus
mykiss, n = 64) in each channel of a two-channel flume, where

treatments are TDG supersaturation or air-equilibrated water,

area refers to the channel identity (channel A or B), and time

indicates whether it was the first or second trial in a series of

two

Fixed effect Coefficient DAIC 95% confidence interval

Intercept - 6.02 – - 13.41, 1.38

TDG (supersaturation treatment) 0.31 2 0.001, 0.63

Channel (A) - 0.23 0 - 0.54, 0.08

Strain (Fraser Valley) 0.15 - 1 - 0.19, 0.48

Time (second trial) - 0.09 - 2 - 0.40, 0.22

Flowrate (l/min) 1.88 3 0.24, 3.51

Baseline (s) 0.007 4 0.001, 0.01

DAIC is the change in AIC if the term is removed from the model

Fig. 3 The duration spent in air-equilibrated and TDG

supersaturated channels by rainbow trout (Oncorhynchus
mykiss) from two strains; a Fraser Valley, n = 31, b Blackwater

n = 33, and c both strains combined, n = 64 in a two-channel

flume. Each point is the sum of the durations for two trials for a

single fish, where we switched air-equilibrated and TDG

supersaturated treatments between channels for those two trials.

There was no significant effect of channel or trial sequence on

duration. Gray lines connect paired observations for individual

fish. The combined duration of the two trials for each fish was

240 s; fish also had the choice to spend time in an arena with an

intermediate TDG level that connected the two channels
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acclimation period. However, studies that did detect

lateral TDG supersaturation avoidance generally

exposed fish to TDG for hours (between 2 and 48 h),

with the exception of Huang et al. (2010) and Wang

et al. (2015a, b), and reported avoidance only after

multiple hours of exposure (Stevens et al., 1980; Gray

et al., 1983). Thus, it is possible that fish have a

mechanism for detecting TDG supersaturation over

longer timescales, although no mechanism has been

proposed by the authors of lateral avoidance studies.

Fish may become positively buoyant during longer

exposures to TDG supersaturation (e.g., Shrimpton

et al., 1990), with unknown effects on lateral move-

ments. The short duration of the TDG exposure in our

study may preclude the potential behavioral effects of

positive buoyancy. Whereas TDG supersaturation

avoidance after several hours of exposure may be

protective at lower TDG levels, O. mykiss reach 50%

mortality in as few as 2 h of exposure to 140% TDG

(Nebeker et al., 1979), which suggests that a lack of

short-term TDG detection and avoidance at high TDG

supersaturation exposures in shallow water can lead to

sublethal and potentially lethal harm to fish.

Other studies have demonstrated vertical avoidance

of TDG supersaturation in deep tanks (e.g., Dawley

et al., 1976; Chamberlain et al., 1980; Wang et al.,

2015a) including rainbow trout (Shrimpton et al.,

1990). In this scenario, the TDG content of the water is

uniform throughout the water column, but hydrostatic

pressure reduces the effects of TDG on GBT as depth

increases (Pleizier et al., 2020b). In vertical avoidance

tests fish generally began avoiding TDG after[ 1 h of

exposure, which is much longer than our TDG

exposure treatments. It is possible that fish tested for

vertical avoidance become positively buoyant at the

surface as a result of swimbladder over-inflation and

then increase depth to maintain neutral buoyancy,

rather than choosing to avoid TDG supersaturation per

se. This mechanism would not apply to species

without swimbladders; it is unknown whether species

without swimbladders change their vertical position to

avoid TDG supersaturation.

Fish spent 72% more time in the mixed area

compared to the channels of the flume, but the

motivation to spend more time in this area is unknown.

TDG was not measured in the mixed area during

experiments but based on measurements made during

preliminary experiments and on mixing during dye

tests, we assume that TDG in this area was

intermediate between the two channels. Intermediate

values of TDG in the mixed area were likely above the

threshold for GBT (76 mmHg or 110% TDG at an

atmospheric pressure of 760 mmHg, Fidler, 1988),

and thus the mixed area was unlikely to be a refuge

from harmful levels of TDG supersaturation. We note,

however, that in some experiments fish avoided high

levels of TDG but not lower levels that could

nevertheless be harmful over time (Huang et al.,

2010; Wang et al., 2015a, b; see Table 1). If fish did

display avoidance of TDG, this response might have

been weaker toward the lower TDG level in the mixed

area compared to the high TDG level in the treatment

channel. Our results, however, do not indicate avoid-

ance of high levels of TDG in the TDG supersaturation

treatment channel compared to the air-equilibrated

channel, which suggests that they were unable to

detect and avoid harmful levels of TDG supersatura-

tion in this scenario.

Dissolved oxygen in the air-equilibrated treatment

channel had a mean saturation of 119% (although

mean TDG was 106%), with potential effects on fish

behavior. Atlantic salmon exposed to low levels of

hyperoxia can display increased activity and small

differences in spatial distribution relative to fish in

control treatments (Espmark et al., 2009, 2010),

although exposures in these experiments were 1 week

or longer and dissolved oxygen levels tested differed

from our own. Thus, we cannot discount the possibil-

ity that the behavior of fish in the air-equilibrated

treatment in our experiment differs somewhat from

fish exposed to 100% TDG treated water at normoxia;

however, this would require further investigation.

Whereas fish spent a mean duration of 11 s longer

in the TDG supersaturated treatment channel over a

240 s period compared to the air-equilibrated treat-

ment channel, there were individual differences in the

duration spent in each treatment. If we sum the time

spent in each treatment over the two trials, we observe

that 31 individuals of the 64 tested spent more time in

air-equilibrated treatment than the TDG supersatu-

rated treatment. We also observe an outlier; one fish

spent 197 s in the TDG supersaturated treatment,

which is almost twice as long as any other individual.

If we remove this individual from the dataset, fish

spent a mean duration of only 8 s longer in the TDG

supersaturated treatment compared to the air-equili-

brated treatment (n = 64). Individual differences in

time spent in each treatment were not explained by
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strain and may be the outcome of either chance or

some unknown variable.

Our results indicate that some fish species, such as

rainbow trout, may be unable to detect and avoid acute

TDG supersaturation in shallow water during events

such as spilling from hydroelectric dams. This could

be problematic for certain species and life stages that

are restricted to shallow environments where lateral

movements would be necessary to avoid TDG super-

saturation. Fish in our experiment did not avoid TDG

supersaturation (144% TDG) during an acute exposure

to what would otherwise be a lethal level during longer

exposures; Nebeker et al. (1979) report that juvenile

steelhead reach 50% mortality in 2 to 5 h in 140%

TDG at depths less than 60 cm. Fish in deep water

have the potential to avoid GBT by increasing depth as

a response to positive buoyancy, although experimen-

tal evidence suggests that not all individuals will depth

compensate when exposed to TDG supersaturation

(e.g., Shrimpton et al., 1990). Based on our results, we

cannot assume that fish will seek deeper water due to

detection of TDG supersaturation exposures in the

field. Whereas some fish will maintain their depth in

TDG supersaturated conditions (e.g., Johnson et al.,

2005, 2010), others have the potential to become

positively buoyant as a result of GBT (Shrimpton

et al., 1990), which may cause them to occupy

shallower depths during TDG exposure. For this

reason, we recommend that managers consider the

effects of exposure at the surface when estimating the

effects of TDG supersaturation on wild fish to make

conservative estimates of potential impacts of TDG on

fish.

We recommend additional studies to confirm

whether other species can avoid TDG supersaturation

using lateral and vertical movements when tested as

individuals. If certain species can avoid TDG super-

saturation using lateral movements, as indicated by

some previous studies, it would be of interest to

determine the mechanism by which they detect TDG

supersaturation. Understanding TDG detection mech-

anisms would allow us to predict which additional

species may be able to avoid TDG supersaturation. In

our study, both strains of rainbow trout have no known

history of exposure to TDG supersaturation. Lateral

and vertical avoidance tests comparing species from

different populations in which one has a long history

of exposure to TDG supersaturation would be of

interest to determine whether populations can have

behavioral adaptations to TDG supersaturation.
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