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Abstract

Total dissolved gas supersaturation from dams and power stations is a chronic fresh-

water pollutant that is toxic to animals with aquatic respiration. Laboratory ecotoxi-

cology experiments have revealed capacity for captive fishes to saturoregulate by

moving deeper, but field ecotoxicology research is largely lacking. We instrumented

94 brown trout in the Rysstad basin of the Otra River, Norway, with depth sensor

acoustic transmitters and monitored their movements for 10 months. We found that

the depths used by the trout largely protected them from the effects of total dis-

solved gas supersaturation, which ranged from 96% to 133% total gas pressure dur-

ing the study. The depth use of fish was affected by sun position, lunar phase and

spatial position in the river (i.e., available depth), and there was an extremely weak

effect of total dissolved gas supersaturation that was counterintuitive (i.e., positive

slope, movement toward surface). Depth traces of the fish revealed that nine fish

died during the study, mostly coinciding with the first wave of supersaturation, con-

sistent with observations of untagged dead fish with signs of gas bubble trauma

found on the river bottom during this period (May-June). Overall, tagged trout expo-

sure to total dissolved gas supersaturation depended on their use of depth, but

responses to waves of extreme supersaturation at supraphysiological levels were

weak and biologically insignificant, with individual variation and spatial position in the

river most important in the model. Exposure to total dissolved gas supersaturation

was mediated by individual differences in habitat use, which may be linked to activity

and other traits that determine overall vulnerability to exposure to total dissolved gas

supersaturation.

K E YWORD S

acoustic telemetry, generalized additive model, hydropower, pollution, river regulation

1 | INTRODUCTION

Point source pollutants in rivers negatively affect species' habitat

quality and their physiology (Dudgeon et al., 2006; Jeffrey

et al., 2015; Reid et al., 2019). However, water supersaturated with

total dissolved gas is a poorly documented freshwater toxicant, which

occurs most frequently in nature as a byproduct of hydroelectric gen-

eration (Pleizier, Algera, et al., 2020; Weitkamp & Katz, 1980). Water
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at atmospheric pressure is normoxic, but if mixed with air under added

pressure, water can dissolve additional gas and become supersatu-

rated relative to atmospheric pressure. This supersaturation com-

monly occurs below spillways of high dams or when flowing water is

passed through tunnels and turbines, where it is pressurized and may

dissolve additional gas if entrained. As supersaturated water flows

downstream, it degasses at a rate that depends on a variety of envi-

ronmental factors, especially mixing of the water column, and contact

area at the air–water interface (Colt, 1986). Supersaturated water is

toxic to many aquatic animals, causing the integration of gas bubbles

in blood and tissues resulting in gas bubble disease (Pleizier, Algera,

et al., 2020; Stenberg et al., 2020; Weitkamp & Katz, 1980).

Fish that are chronically exposed to supraphysiological (i.e., above

physiological tolerance) levels of total dissolved gas supersaturation

will eventually die, and high levels (i.e., >110% total gas pressure

[TGP] in Atlantic salmon) in rivers can cause mortality of the wild

animals that contract gas bubble disease (Pleizier, Algera, et al., 2020;

Stenberg et al., 2020). Total dissolved gas supersaturation is most

extreme at the water surface and attenuates at depth due to hydro-

static pressure (Pleizier, Nelson, et al., 2020). Fish may therefore find

refuge by moving deeper or downstream to areas that are less

affected. We therefore define saturoregulation as the active response

by animals to limit exposure to total dissolved gas supersaturation.

Laboratory ecotoxicology has suggested behavioural saturoregulation

of some fish species that move deeper when exposed to supersatu-

rated water (Wang et al., 2015). For rainbow trout (Oncorhynchus

mykiss), coho salmon (Oncorhynchus kisutch), sockeye salmon

(Oncorhynchus nerka), Chinook salmon (Oncorhynchus tshawytscha)

and rock carp (Procypris rabaudi), active avoidance behaviour has been

suggested with species-specific responses (Dawley et al., 1976;

Stevens et al., 1980; Wang et al., 2015). However, there are relatively

few field studies on the behaviour of wild fish encountering supersat-

uration in their natural habitat. What has been observed is that salmo-

nids are often swimming deep enough to compensate for low levels

of supersaturation (Johnson et al., 2007; Weitkamp et al., 2003). In

field trials, Chinook salmon and rainbow trout in a river travelled deep

enough to avoid acute gas bubble disease (Beeman & Maule, 2006).

For brown trout (Salmo trutta) and Atlantic salmon (Salmo salar), avoid-

ance behaviour to supersaturation has not been researched at all.

High-resolution monitoring of fish behaviour is possible with

acoustic telemetry, which can be used to investigate relationships

between individual animals and their environment (Hellström

et al., 2016; Taylor et al., 2018), particularly how they respond to

putative environmental stressors (e.g., Filous et al., 2017; Zięba

et al., 2014). Brown trout in the Rysstad basin of the Otra River live in

a 21-km stretch of river that is highly impacted by total dissolved gas

supersaturation caused by the Brokke powerstation (Pulg, Stranzl,

et al., 2016; Stenberg et al., 2020). We predicted that individual trout

depth distributions would respond to ambient total dissolved gas

supersaturation and considered putative predictors of depth distribu-

tion (solar azimuth, lunar phase and day of year) with total dissolved

gas supersaturation to test this prediction. To generate data on the

field ecotoxicology of total dissolved gas supersaturation, we

instrumented 94 brown trout with acoustic depth transmitters in an

array of acoustic receivers. We monitored the animals for 10 months

as light, temperature and total dissolved gas supersaturation fluctu-

ated, and we modelled individual movements to determine how the

fish responded to the change to gas saturation in the river.

2 | METHODS

2.1 | Study site

The Otra River is an ultraoligotrophic river in southern Norway. Upper

reaches of the river in the study area at the Rysstad (pronunciation:

roo-stah) impoundment below Brokke power plant are home primarily

to resident brown trout (S. trutta). The river is highly developed for

hydropower and has a series of dams and weirs that regulate the

water discharge, resulting in a variety of environmental changes that

has altered the biology of the river (Wright et al., 2017).

This study was conducted in the Rysstad Basin, an impoundment

between the outlet of the Brokke power station and the Tjurrmo dam

in the Otra River (Figure 1). The aquatic macrophyte Juncus bulbosus

(L.) has flourished in the upper reaches where depth is regulated and

sediments are collected on the bottom (Velle et al., 2021). The hydro-

power generating station at Brokke is a source of aquatic total dis-

solved gas supersaturation (Pulg, Stranzl, et al., 2016; Pulg, Vollset,

et al., 2016). River flow is strongly regulated and follows the produc-

tion scheme at Brokke hydroplant 2 km upstream (330 MW, max. tur-

bine discharge 136 m3 s�1). Gas saturation levels in the study period

in the river were measured as high as 205% TGP at the power outlet

with the largest peaks from April to June and again in December (ear-

lier studies measured up to 176%; see Pulg, Stranzl, et al., 2016; Pulg,

Vollset, et al., 2016). Supersaturation peaks reached up to 150% TGP

when entering the 9-km-long impoundment and up to 130% at the

end (Pulg et al., 2018; Pulg, Stranzl, et al., 2016; Pulg, Vollset,

et al., 2016).

Significance

Hydropower is pervasive in rivers around the world and can

cause total dissolved gas supersaturation, which is toxic to

organisms using aquatic respiration. This research provides

the most comprehensive assessment of the effects of total

dissolved gas supersaturation on activity and behaviour of a

riverine fish. Using acoustic telemetry, we show how brown

trout have the potential to be vulnerable throughout the

year to this toxic effluent but generally live at depths that

compensate for the most toxic effects. The research is rele-

vant for industry operations and government oversight of

power production in rivers and provides a framework for

using telemetry to study total dissolved gas supersatura-

tion's impact on animals in rivers.
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2.2 | Study design

Ninety-four brown trout (238 ± 23 SD mm TL) were captured within

the study reach in March–May 2020 by fyke net and beach seine net.

All trout were held in keep nets for up to 48 h following capture prior

to tagging. Depth sensor transmitters (Model D-2MP7, 32-mm length,

7-mm diameter, 3.7 g in air, 60- to 120-s transmission interval,

69-kHz frequency, 0- to 25.5-m depth range [0.1-m resolution],

10.6-month tag life; Thelma Biotel, Trondheim, Norway) were surgi-

cally implanted in the body cavity of brown trout. Veilleux

et al. (2016) suggested that manufacturer calibrations are sufficient

for similar depth sensors and no additional calibrations were per-

formed. We calculated depth from pressure assuming 100 kPa at the

water surface. Water level fluctuations were not accounted for given

that the depth sensors would account for these changes. Trout were

anaesthetized with benzocaine (0.25 ml L�1) and transferred to a sur-

gery table where an experienced surgeon opened the body cavity,

inserted the sterile tag and sutured the incision site with two single

interrupted sutures (4–0 Ethicon Vicryl synthetic absorbable suture

and surgery time was <5 min). Fish were recovered in an aerated con-

tainer for a minimum of 6–8 h and released under cover of darkness

(�2100 h). Batches were released at six different locations, all within

receiver detection range.

Two acoustic receiver (Thelma TBR700, Thelma Biotel,

Trondheim, Norway) arrays were established in the Rysstad basin to

listen for tagged trout. Receivers were mounted on concrete anchors

and placed on the river bottom. An array of receivers was established

below the Straume bridge (Figure 1) in a lattice configuration. The

downstream end of the array was at the Tjurrmo dam, which restricts

live fish passage in both directions. An additional array of receivers

was established upstream of the Straume bridge in a shallow area

characterized by abundant J. bulbosus. Receivers were active from

16 March 2020 to 16 February 2021.

2.3 | Total dissolved gas supersaturation
monitoring

Total dissolved gas supersaturation was measured with saturometers

from Fisch- und Wassertechnik with an accuracy of ±SD 1% TGP and

a measuring range from 80% to 250% TGP. The measuring principle is

based on gas diffusion through a semipermeable membrane (adapted

Weiss saturometer; Pulg, Stranzl, et al., 2016; Pulg, Vollset,

et al., 2016). Logging interval was 30 min. The gas monitoring was

conducted from 4 March 2020 to 12 February 2021 at the Straume

bridge station, which was closest to the telemetry sites. An additional

logger was placed in an upstream reach but did not measure any reli-

able values. The probes were pre-calibrated by the manufacturer and

recalibrated at atmospheric pressure before deployment and when

maintaining them (3-month intervals). They were mounted in 0.5-m

depth at lowest water level and were up to 1.5 m deep when the

impoundment was at maximum fill. The probes could not be mounted

deep enough to avoid bubble formation by compensation depth due

to limited water depth. Instead, they were mounted directly in the

main current and were exposed to the water stream. Thus, bubble for-

mation on the probe and a potential bias were avoided as confirmed

by visual checks and control measurements with a handheld logger

when installing and maintaining the logger. One saturometer logger

was placed directly at the hydroplant outlet ‘Brokke’, one was

deployed at the Straume bridge (8 km below Brokke in the middle of

the impoundment) and one was placed 11 km below Brokke at the

Tjurrmo dam, the lower end of the impoundment (Figure 1).

The temperature data ranged from 0�C to 14.2�C from 4 March

2020 to 12 February 2021. The average in this period was 5�C.

2.4 | Data preparation

Data were offloaded from all receivers in February 2021. Solar and

lunar data were extracted for Rysstad and synchronized with the

detection times using the suncalc (Thieurmel & Elmarhraoui, 2019)

and lunar (Lazaridis, 2014) packages in R (R Core Team, 2020). The

S256 protocol is prone to false detections, and we therefore calcu-

lated cost distances between receivers using the costDistance func-

tion in the raster package (Hijmans, 2020) and the gLength function

in gdistance (van Etten, 2017). Cost distances > 3 km were removed

F IGURE 1 Map of the Rysstad basin in the Otra River and the
telemetry array design. Receivers were arranged in two areas, with
20 in the upstream reach and 24 in the downstream area. One
receiver was placed at a northern boundary to capture dispersal
upriver. The navigable section of the river is truncated by the Tjurrmo
dam at the lower end of the figure. Gas was logged at the Straume
bridge, noted in yellow

LENNOX ET AL. 3 of 11



given that it would be unlikely for an individual to move that dis-

tance without being detected by another receiver. Detections for

which there were fewer than two detections for an individual on a

receiver in a 5-min interval were also removed. Each detection was

matched to the ambient gas saturation value at the Straume bridge

station within the 30-min window of recording. Visual inspection of

individual depth profiles revealed nine individuals that likely died or

discarded the tag during the study and within the receiver range,

with constant flat lines of depth suggesting that the tags were set-

tled on the river bottom. Date of death was determined visually, and

the depth traces were clipped to exclude depth recordings that were

inferred to represent immotile tags. Data were plotted using ggplot2

(Wickham, 2016).

2.5 | Data analysis

2.5.1 | Depth response to total dissolved gas
supersaturation

Data were modelled with hierarchical generalized additive models

(GAM; Pedersen et al., 2019) using the bam function in the mgcv

package (Wood, 2017). We hypothesized that trout depth selection

would be affected by ambient total dissolved gas supersaturation, sun

position, lunar illumination and date. Because the sun position

(we selected solar azimuth) is cyclical, we modelled it with a cyclic

cubic regression spline (bs = ‘cc’). Day of the year was also a smooth

function but not cyclic cubic because we did not have observations

through the full year. Lunar illumination and total dissolved gas super-

saturation were linear variables. Individual was considered as a ran-

dom intercept. We also incorporated a temporal autocorrelation

structure. In bam, the temporal autocorrelation can be modelled by a

parameter rho, which we calculated from a model without autocorre-

lation and then input in the subsequent model as the rho parameter

with start times specified for the first observation made of each indi-

vidual. The model with and without the rho parameter was compared

by Akaike information criterion (AIC; Baayen et al., 2018). We also

predicted that there would be a spatial component to the individual's

depth use because of different depths available in the river and incor-

porated a bivariate spatial smoother of longitude and latitude in the

model to account for the fact that the fish's depth would depend on

its spatial position in the river driving different depths available. The

final model was therefore bam(depth � ambient_gas) + s(longitude, lat-

itude) + s(solar_azimuth, bs = ‘cc’) + s(day) + lunar_illumination + s(ID,

bs = ‘re’), rho = rho_estimated.

2.5.2 | Risk model

Pleizier, Nelson, et al. (2020) presented an equation for rainbow trout

(O. mykiss) suggesting that each metre depth reduces exposure to

total dissolved gas supersaturation by 9.7%. We estimated exposure

to total dissolved gas supersaturation of each individual based on the

ambient gas levels and individual depth resolved by the acoustic

receivers. So that each detection was assigned a binary risk, either the

fish was in a two-dimensional position (depth and time) exposed to

total dissolved gas supersaturation > 100% or not. Although most

clinical signs of gas bubble disease are observed following exposure to

higher levels of total dissolved gas supersaturation, we wanted to

model any exposure levels in consideration of sublethal effects and

carryover effects that can occur from prolonged exposure and poor

avoidance. The logistic risk was modelled as a hierarchical generalized

additive model with a binary response. The model asked whether

ambient total dissolved gas supersaturation, spatial coordinates s(lon-

gitude, latitude), sun position s(solar_azimuth, bs = ‘cc’), day of year s

(day) or individual s(ID, bs = ‘re’) affected the probability of risk of

supersaturation exposure. The model structure was therefore essen-

tially equivalent to the depth model described above, but we excluded

the linear term for lunar illumination. In consideration of temporal

autocorrelation, a null model was once again run to estimate a rho

parameter, which was included in a subsequent model and compared

to the null by AIC.

3 | RESULTS

Average total dissolved gas supersaturation in the river at the logging

station was 106 ± 8% (Figure 2). Total dissolved gas supersaturation

in Rysstad was below 110% TGP through mid-April. On 27 May, the

first peak recorded >130% total dissolved gas supersaturation,

followed by peaks > 130 total dissolved gas supersaturation on

15, 16 and 18 June (Figure 3). Despite releasing all 94 trout directly

into the receiver array, only 93 fish were reliably detected during the

study. Durations of detection were on average 95 ± 80 SD days, with

nine fish detected for <10 days. Given there was suitable habitat

uncovered in the area, it is likely that some fish dispersed from the

release site into different areas, especially given that most individuals

were not captured directly in the areas where they were released

after tagging. Nevertheless, about a third of the fish were detected

for intervals > 100 days, yielding 1.57 million detections after filtering

for likely false and unreliable detections. Average depth use in the

study was 3.53 ± 2.43 SD m deep. One of the trout was recaptured

by a local artisanal fisher in a fyke net and removed from the study on

16 October in a batch of 241 trout; likely, others were caught and not

noticed given that high volumes in which fish were captured in July–

October. Nine trout were determined to have died during the study

based on depth traces within the array, on 23, 24 and 30 May (two

individuals), 3, 6 and 25 June, 7 July and 10 August (Figure 3). These

deaths occurred several months after tagging and mostly during a

period of high ambient total dissolved gas supersaturation. It was not

obvious that the fish that died lived more shallow than those that did

not (Figure 5), nor whether they spent more time in the upper reach

with higher TGP levels (higher latitude; see Figure 4). There was an

overall decline in the number of individuals detected per day after

June when the supersaturation stabilized following a month of

extremes (Figure 3). There were likely other individuals that died
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outside the array, but these could not be separated from individuals

that dispersed from the array, so no effort was made to estimate

their fate.

3.1 | Depth response to total dissolved gas
supersaturation

The model with and without the rho parameter had essentially identi-

cal results, but the model with the rho parameter was better according

to AIC (ΔAIC = 48,139). The model intercept was at �3.68,

suggesting that the baseline expected depth of fish was >3 m. Individ-

ual random intercepts suggested depth adjustments to account for

individual variation ranging from +2.67 to �8.95 m, emphasizing indi-

vidual differences from the intercept. The depth of the trout in

Rysstad responded to multiple environmental cues. Most strongly,

depth was a function of the solar azimuth; fish were deepest at mid-

day and came shallower in the evening and at night. The depth

adjustment was up to 0.87 m deeper between the midday sun and

crepuscular values (F = 849,147, P < 0.01; mean standard error of

smoother values = 0.0077). The day-of-year smoother was also sig-

nificant, showing a declining depth through the year (F = 1875,

P < 0.01; mean standard error of smoother values = 0.0135). The lin-

ear effect of lunar illumination was significant (t = 19.52, P < 0.01)

with a positive slope (b = 0.08 ± 0.004 SE). The linear effect of total

dissolved gas supersaturation was also significant (t = 2.46, P = 0.01)

but with a very weak overall effect suggestive of about a 0.8

± 0.3-SE-cm shallower depth for each 10% increase in total dissolved

gas supersaturation, the opposite direction to what was expected but

biologically minuscule in terms of magnitude.

3.2 | Risk model

The binomial risk model fit better when the rho parameter was inte-

grated to account for temporal autocorrelation (ΔAIC = 1,111,743).

F IGURE 2 Proportion of detections in
Rysstad basin (Otra River) during the study given
the surface supersaturation measured at the
Straume bridge and recalculated based on the
depth of the detection. Saturation levels are
ceiling rounded

F IGURE 3 Number of individual fish detected
in the Rysstad system on acoustic receivers by
day of the year during the study (bars). Overlaid
(line) is the total gas pressure supersaturation (%)
of the water measured at the gas logging station
at the Straume bridge (Figure 1). Nine individuals
were confirmed to have died; the timing of death
is noted by ex symbols on the top of the figure
(�)
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Individual random effects in the model were important, suggesting

that individual fish had adjusted logistic transformed probabilities

ranging from 0.47 to 0.64 of risk to exposure to gas >100%. The risk

model revealed a significant spatial effect (Figure 4), which suggested

higher risk in the upper reaches (maximum logistic transformed fitted

value = 0.63) that are shallower and therefore more exposed to

supersaturation than the lower latitudes (minimum logistic trans-

formed fitted value = 0.60). Interestingly, random effects suggested

that the nine individuals that most likely died were not among the

highest individuals at risk (Figure 5). Fitted values transformed by the

logistic function suggested a change in risk of approximately 10% in

the northern array compared to the area covered by the southern

array (Figure 4). Sun position also exerted a significant effect on risk

of supersaturation (F = 29,557, P < 0.01), suggesting that trout were

more exposed to supersaturated water when the sun was low

(i.e., night-time), which corresponds to their diel vertical movements

in the water column (see ‘depth response’). However, the changes

were biologically meaningless, with changes in risk of exposure

shifting between 0.53 and 0.56 with different solar positions. The lin-

ear effect of gas, however, had a significant influence (t = 521,

P < 0.01); exponentiating the coefficient yielded an odds ratio of 1.02,

suggesting that each unit increase in total dissolved gas supersatura-

tion increased odds of exposure by 2%. Risk of exposure to total dis-

solved gas supersaturation was higher as total dissolved gas

supersaturation increased.

4 | DISCUSSION

4.1 | Main effects

Hierarchical generalized additive modelling revealed a clear pattern in

depth use of trout that followed solar and lunar cues but was weakly

affected by total dissolved gas supersaturation, contrary to our predic-

tion. There was a weak but significant effect of ambient total dis-

solved gas supersaturation on depth use of trout such that trout

tended to be shallower at higher values of total dissolved gas super-

saturation, but the slope of 0.001 indicated negligible changes and the

intercept at 3.76 m suggested that changes would not have meaning-

fully affected exposure due to deep compensation depth. Total dis-

solved gas supersaturation fluctuated throughout the study, reaching

concentrations up to 133% at the Straume gas logging station.

Some laboratory experiments suggest that fish will move deeper

when exposed to total dissolved gas supersaturation (Wang

et al., 2015), but the experimental design seems to be important as

well as species and level of TDGS. Lund and Heggberget (1985)

observed no depth compensation among rainbow trout held in tanks

but high mortality if the tanks were shallow (max depth = 0.4 m). Sim-

ilarly, the location where trout live in the river will affect their total

dissolved gas supersaturation experience. Spatial smoothers in the

model showed that the depth used in upper reaches was shallower,

undoubtedly because the maximum available depth is shallower in this

area (max depth = 3 m). Fish in upper reaches must therefore be more

F IGURE 4 Posterior predictions of spatial effects on depth
(a) and risk of supersaturation exposure (b) in Rysstad. Depth values

are presented in metres and are adjusted based on the model
intercept, and risk values are logistic transformed. The northern array
is an area where depths are known to be shallow and where risk of
exposure to total gas pressure > 100% is higher. Risk values are
presented as probability of exposure to TDG > 100%, with higher
values corresponding to the shallower areas
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vulnerable to the effects of total dissolved gas supersaturation, which

is exactly what we observed in the risk model where plogis trans-

formed values indicated about a 10% increase in risk of exposure for

fish in upper reaches. However, all the trout were highly mobile in the

system and many moved between these reaches with regularity. We

expected fish in these upstream reaches would move downstream at

high total dissolved gas supersaturation waves, similar to the horizon-

tal avoidance responses of cyprinids reported by Wang et al. (2015),

or to greater depth as suggested by Dawley et al. (1976); however,

this was generally not the case. Avoidance responses were overall

weak at best when supersaturation was high in Rysstad.

Few field studies of wild fish have been conducted to examine

the behaviour of free living fish in areas afflicted with total dissolved

gas supersaturation, and none with high resolution monitoring of fish

depth use as made possible by our extensive acoustic tracking array.

Weitkamp et al. (2003) tracked behaviour of seven fish species using

radio transmitting depth sensors and calculated mean depth use on

11–135 relocations (mean relocations per species), finding that most

of the time fish were about 2 m or deeper from the surface, protected

from total dissolved gas supersaturation < 120% TGP at the surface.

In our study, trout were similarly distributed away from the surface

and most of the time were entirely unexposed to total dissolved gas

supersaturation due to compensation depth, even if it was occurring

at the surface. Trout were especially deep during daylight hours, prob-

ably close to the bottom and in refuge, and were therefore less

exposed to supersaturation at these hours. Hydropower regimes and

saturopeaking (i.e., acute pulses of supersaturated water; Pulg, Stranzl,

et al., 2016; Pulg, Vollset, et al., 2016) may therefore have implications

for exposure of trout to supersaturation and gas bubble disease risk if

saturation is peaking at night when trout are higher in the water col-

umn. Indeed, our risk model suggested a high risk of exposure to total

dissolved gas supersaturation for fish when the sun was low,

corresponding to their diel shifts in depth use. The changes in risk in

our study were too small to conclude that they were meaningful;

however, the risk may potentially be meaningful in more shallow

reaches and at higher TGP. Evidence from the data (i.e., vertical and

horizontal movement) suggested that the trout did not modulate their

behaviour during total dissolved gas supersaturation waves, still

exhibiting a shift towards the surface at night that increased risk of

exposure to gas saturation > 100%. Trout occurred deep enough to

compensate for total dissolved gas supersaturation most of the time,

F IGURE 5 Both model random effects distributions. Values
indicate individual random effects adjusted to account for model
intercept, indicating individual variation. Individual points are coloured
for the main depth model (a) based on the individual's mean depth
during the study and scaled to size based on the number of detections
for that ID. For the risk model (b), points are coloured based on
whether the individual was one of the nine fish determined to have
died during the study (yellow). Note that most of the fish that died
were not considered themselves to be high based on their depth and
the ambient supersaturation at each detection. In both figures, each
point represents one unique individual in the study
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but very likely due to other reasons than gas avoidance behaviour

based on general trout behaviour and relationships between depth

and other variables in our analysis. Evidence of active saturoregulation

was not found.

Overall, the results revealed generally low exposure to total dis-

solved gas supersaturation in Rysstad, which was surprising given the

high levels of supersaturation downstream of the power plant. The

depth model intercept suggested that trout were generally found

below 3 m, which was then affected by the sun position, time of year,

individual random intercepts, and spatial position in the river

according to the bivariate smoother. Depths > 3 m would have com-

pensated for all levels of total dissolved gas supersaturation, although

such depths were not always available where receivers were placed.

The risk model emphasized that spatial positions (i.e., deep or shallow

areas) and individual random effects were key drivers of exposure to

supersaturation among individuals. During the peak of the total dis-

solved gas supersaturation wave in June, visual observations con-

firmed mortality of (presumably) untagged trout on the bottom of the

river and local catches of trout in fyke nets indicated symptoms of gas

bubble disease. Fish mortality was observed in the upper part of the

basin, which is shallower and therefore depth compensation potential

is limited. Despite these findings, there is no doubt that the trout pop-

ulation in Rysstad is affected by gas bubble disease and the effects of

total dissolved gas supersaturation from the power station upstream.

Several fish that died during May and June could have succumbed

to gas bubble disease; indeed, two fish died on 30 May following the

first peak > 130% in total dissolved gas supersaturation on 29 May,

we cannot rule out that this was a coincidence, but it aligns with our a

priori hypothesis that total dissolved gas supersaturation would have

acute lethal consequences to the tagged fish. We predicted that there

would be clear patterns of avoidance among the trout in the study

revealed by changes in the vertical profile of trout when supersatura-

tion arrived or downstream dispersal. Trout were mobile within the

system and could easily move upstream or downstream from shallow

to deep areas where supersaturation is negated by depth. However,

even during high peaks, trout were present in the upstream reaches

of the river where depths < 2 m would not have provided suitable ref-

uge to supersaturation > 130% at the surface based on 9.7% compen-

sation per metre depth (Pleizier, Nelson, et al., 2020).

Solar azimuth had a profound influence on depth use by the trout,

suggesting some diel variation in individual patterns of habitat selec-

tion consistent with what has been observed for anadromous trout

(Eldøy et al., 2017; Kristensen et al., 2018). The bam model suggested

that trout were deeper when the sun was highest by about 50 cm, in

the middle of the day, and shallower during night-time by about

35 cm, relative to the intercept. There is a broad literature on activity

levels of brown trout and inconsistencies regarding when they feed,

and on what (reviewed by Klemetsen et al., 2003). Generally, they are

viewed as sit-and-wait predators in streams that feed on drifting

macroinvertebrates with higher activity levels nocturnally and at the

crepuscule (Giroux et al., 2000). Insects may preferentially drift noc-

turnally to avoid trout predation (Flecker, 1992), but this does not

necessarily explain why trout were consistently shallower at night

than during the day. Similar patterns of diel vertical movements are

usually attributed to predation risk, which may also be a driver of

depth use in Rysstad. Intuitively, the two-dimensional spatial

smoothers in the model suggested that depth use was shallower in

the upper river reaches where the maximum depths were �2.5 m,

compared to the lower reaches of the river where depths were up to

12 m.

Modelling animal movement using acoustic telemetry detections

is challenging and requires careful consideration of model parameteri-

zation. We modelled depths throughout the study period for multiple

fish, which seriously violate assumptions of independence. Depth in

the system has spatial dependency because of different areas having

different depth available to individuals, which is why we included the

bivariate spatial smoother in the model. Depth of an individual is also

serially autocorrelated because the depth of the fish is more similar to

the most recently recorded depth. Including the rho parameter in the

model to account for residual autocorrelation improved the model

considerably but had no effect on the model interpretation. We

explored other options including using the gamm framework, which

uses nlme and the more common corAR1 and corARMA residual auto-

correlation structures, but our data were too large to fit with that

model. We also considered using R-INLA and generating a mesh of

receivers to estimate residual autocorrelation, but this also would not

fit. The bam model predicted spatial effects on the intercept between

+3 (in the upper reaches) and �2 (at the deepest point in the array),

suggesting that it appropriately attributed variation in depth of fish to

the spatial dimensions, appropriately partitioning variance and helping

make more robust conclusions about the effects of total dissolved gas

supersaturation on fish depth.

4.2 | Further research

The majority of research on total dissolved gas supersaturation and its

effects on fish has focused on laboratory experiments testing the time

to mortality for different life stages of different species at different

gas saturations (examples reviewed by Pleizier, Algera, et al., 2020).

The present study is among the first (see Weitkamp et al., 2003) and

most detailed field studies but does not answer all possible questions.

We were not able to establish a control site to compare the depth dis-

tribution of trout in unaffected areas, which would have increased

power to draw conclusions about the response of individuals to the

polluting gas.

Phenotyping and genotyping individuals prior to tagging

(i.e., behavioural syndrome and metabolism) could explain more

about the behaviour and survival of fish encountering total dis-

solved gas supersaturation. Random intercepts for each individual

indicated that there was important inter-individual variation in

depth use and the risk model corroborated this with random inter-

cepts also indicating that some fish were more prone to exposure

to total dissolved gas supersaturation than others. There may also

be some evolutionary pressures on fish living in rivers such as

Rysstad where total dissolved gas supersaturation has been present
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for several decades that selects for genes or phenotypes that are

resilient to supersaturation; Gray et al. (1982) suggested that higher

supersaturation tolerance among Columbia River fish compared to

controls from Italy might reflect a legacy of exposure in the Colum-

bia. Cyprinids have better physiological tolerance to total dissolved

gas supersaturation than salmonids (e.g., Fan et al., 2020; Wang

et al., 2015), but what the mechanisms and whether they are heri-

table could be revealed in experiments and could include some

experimental displacement field studies by transporting, tagging and

observing behaviour and survival of fish from an affected and unaf-

fected area. Matching our findings to observations of high mortality

and symptoms of gas bubble disease of fish in the Otra River, how-

ever, are not in support of a hypothesis that this population is espe-

cially resilient to the trauma caused by total dissolved gas

supersaturation.

4.3 | Applications

Not all power stations are equally prone to supersaturating water; cer-

tain hydroelectric turbines, dam head heights and intakes may

enhance risk of supersaturation. Supersaturation in Rysstad tends to

peak in spring, when fish are beginning to disperse as water warms,

and autumn around when fish are moving and preparing to spawn.

There were some seasonal trends suggesting shallower depth use of

trout during these transitional seasons compared to summer, when

trout depths tended to be slightly deeper according to the generalized

additive model (GAM) model.

Trout that move vertically in the water column must be slightly

more vulnerable to supersaturation at night than during the day, but

the risk model suggested that diel differences in risk of exposure were

negligible. Ultimately, individual differences seem to result in more

extreme differences in depth use and risk of supersaturation exposure

than the diel periodicity. During our study, at least nine of the

94 tagged trout died, and there was an abrupt reduction in the num-

ber of fish detected after July when the spring supersaturation wave

receded, suggesting that supersaturation could be attributed to mor-

tality of >10% of our study animals.

Management tends to focus on the population scale, which is

robust for the trout in Rysstad; however, individual welfare is also

considered part of the purview of managers (Papastavrou

et al., 2017). Gas bubble disease is a traumatic affliction that causes

fish to suffer injuries and death (Pleizier, Algera, et al., 2020; Pleizier,

Nelson, et al., 2020). Ultimately, we found no evidence that the trout

were saturoregulating in the system based on telemetry, suggesting

that the fish mostly have suitable habitat refuge outside the highest

areas of influence of supersaturation (<1 m) and that the actual super-

saturation experienced by the animals during the study was predomi-

nantly ≤100% due to hydrostatic compensation. Despite these

findings, observations of tagged and untagged fish dying and gas bub-

ble disease in untagged fish captured by local fishers suggest that gas

bubble disease is a welfare concern in the river and may represent

additive mortality. Regulations should focus on limiting allowable gas

effluent from power stations in Norway and be particularly diligent

when rivers are shallow and have limited vertical refuge that fish will

use to compensate for the toxic effects of total dissolved gas

supersaturation.
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