
1.  Introduction
Dams convey water to downstream environments through turbines for power generation or through spillways and 
related infrastructure during seasonal high flow events, for safety purposes, during periods of reduced energy 
demand, or for meeting conservation requirements such as maintaining minimum flows to mitigate stranding 
events and/or provide attraction flows and enhance fish passage (Nagrodski et al., 2012; Travnichek et al., 1995). 
Spilling water to mitigate aquatic impacts can be beneficial from a conservation standpoint, but the process of 
spilling water can also generate supersaturated total dissolved gas (TDG) levels in the downstream environment. 
Water passing over hydropower infrastructure such as spillways can entrain bubbles containing atmospheric 
gases (i.e., nitrogen, oxygen, and other trace gases) that are plunged to depth and then dissolved in water in 
proportion to their partial pressures, resulting in elevated TDG levels. If that water rises to the surface, TDG 
exceeds the surrounding hydrostatic pressure, resulting in supersaturated TDG levels. The latter can result in gas 
bubble formation in the surrounding water and within aquatic organisms inhabiting the water (Pleizier, Algera, 
et al., 2020).

Exposure to TDG supersaturation >110% in surface waters is known to produce gas bubble trauma (GBT) and 
fish mortality, although the severity is dependent on species, life stage, and exposure duration (Cao et al., 2019; 
Deng et al., 2020; Ji et al., 2019; Pleizier, Algera, et al., 2020; Wang et al., 2015; Weitkamp & Katz, 1980). 
Exposure at low to moderate TDG levels (i.e., 105%–120% supersaturation) in surface waters can have sub-lethal 
effects (Pleizier, Algera, et al., 2020; Pleizier, Nelson, et al., 2020), with fitness related implications (i.e., survival) 
for fishes residing below large hydro dams (McGrath et al., 2006). Since TDG supersaturation is a function of 
pressure (depth), hydrostatic compensation is possible such that a 1 m increase in depth roughly compensates 
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for the effects of about 10% increase in TDG supersaturation (Bouck, 1980; Pleizier, Algera, et al., 2020; Plei-
zier, Nelson, et al., 2020). Thus, a fish positioned at 1 m depth is compensated for the effects at 110% TDG 
supersaturation. Through hydrostatic (depth) compensation, fish can endure increased TDG levels with no ill 
effects or GBT occurrence (Dawley et al., 1976). However, symptoms of GBT can manifest with loss of depth 
compensation.

Generation of TDG is greatly influenced by a hydropower facility's operational conditions, where the degree of 
spillage is the primary factor in elevating TDG (Qu et al., 2011). Dissipation of TDG occurs via air-water contact, 
so turbulent waters dissipate TDG more rapidly than flat, standing tailwaters where TDG can remain elevated for 
considerable distances downstream from the dam (Qu et al., 2011; Urban et al., 2008). Consequently, fish imme-
diately downstream of the dam are at greatest risk of exposure to higher TDG levels, with exposure risk diminish-
ing with distance from the dam (Qu et al., 2011). Mitigating supersaturated TDG levels involves preventing the 
production of TDG by avoiding water spillage, or rapidly increasing downstream dissipation through operational 
modifications or infrastructure installations that increase tailwater turbulence (Kamal et al., 2020). Passing water 
through turbines for power generation can minimize TDG supersaturation by reducing the volume of water passed 
over spillways, but is not always an option under high flow scenarios. Maximum allowable TDG levels have 
been included in water quality standards and TDG reduction strategies, such as installing spillway deflectors or 
changing the timing of spillway operations during fish migrations, have been implemented in some jurisdictions 
(Fidler & Miller, 1994; McGrath et al., 2006). However, in systems with large tributaries or waterfalls upstream 
of hydropower facilities, or in highly impounded systems with multiple hydropower facilities in series such as the 
Columbia River system, TDG levels may be already elevated in the receiving waters (e.g., Kamal et al., 2020). 
Consequently, elevated TDG levels remain a persistent problem in these systems (Ma et  al.,  2018; McGrath 
et al., 2006).

Fish behavior may mitigate TDG exposure, either through direct avoidance or through habitat preferences that 
make them less susceptible to elevated TDG (e.g., benthic species). Pelagic silver carp Hypophthalmichthys 
molitrix and resident cyprinid and catostomid fishes in the Yangtze River system exhibited strong detection and 
avoidance abilities when TDG was high (i.e., >130%, Ji et al., 2021, 145%, Wang et al., 2020). Some salmo-
nids, common focal species for TDG management and conservation actions in North America (Backman & 
Evans, 2002), appear able to detect high TDG levels and, in some instances, exhibit lateral movement avoid-
ance behaviors (Pleizier et al., 2021; Stevens et al., 1980). Another method of TDG avoidance is through depth 
compensation, however, salmonid responses are varied (Dawley et  al., 1976; Lund & Heggberget, 1985) and 
remain largely understudied. Habitat use and residency may increase exposure risk to elevated TDG levels. 
Mature fish that are spawning may spend more time in certain areas of a watercourse during the spawning 
season. Furthermore, many salmonids are territorial (Bachman, 1984; Gunnarsson & Steingrímsson, 2011) and 
body size can influence behaviors, with larger individuals typically occupying higher quality habitats (i.e., with 
higher resource abundance) and defending territory against smaller conspecifics attempting to occupy the same 
habitats (Bridcut & Giller, 1993; Gunnarsson & Steingrímsson, 2011; Pert & Erman, 1994). If preferred or criti-
cal habitats (e.g., territorial, spawning) are in areas with elevated TDG levels, avoidance may not be possible and 
individuals may face increased exposure risk and probability of developing GBT.

Although studies tracking individual fish movements in relation to elevated TDG levels and hydrostatic compen-
sation have been conducted (Johnson et al., 2005, 2010; Weitkamp et al., 2003), knowledge of TDG exposure risk 
as it relates to behavioral traits such as site residency is limited. Most studies have focused on migratory salmon 
and trout, with few investigating resident fishes that could experience increased TDG exposure multiple times a 
year. Furthermore, to our knowledge no studies have conducted a risk analysis correlating TDG exposure to fish 
movement behavior. In this study, three TDG profiles were developed based on operational scenarios for two 
hydropower facilities located on the Columbia River Basin. Fish movements (location, depth) of two resident 
species, rainbow trout Oncorhynchus mykiss and mountain whitefish Prosopium williamsoni, were tracked using 
acoustic biotelemetry to determine whether fish movement behavior mitigated or aggravated exposure risk to 
TDG. More specifically, the goal was to examine relationships between fish seasonal reach residency and depth 
use and assess exposure risk to elevated supersaturated TDG levels under operational scenarios with high spill-
way use. It was hypothesized that: (a) reach and depth residency would vary by body length, species, and season; 
(b) exposure risk would differ by species and location within the system. It was further predicted that: (a) smaller 
mountain whitefish and rainbow trout reach residency would be more widespread in the system when compared 



Water Resources Research

ALGERA ET AL.

10.1029/2021WR031887

3 of 18

with larger conspecifics occupying preferred habitats; (b) mountain whitefish and rainbow trout seasonal reach 
residency would correspond to the species-specific pre- and post-spawning areas; (c) owing to increased water 
levels, mountain whitefish and rainbow trout would occupy deeper habitats in fall and spring and shallower habi-
tats in winter; (a) benthic oriented mountain whitefish would be fully depth compensated more frequently than 
predominantly drift-feeding rainbow trout; and (b) species-specific elevated TDG exposure risk would be highest 
at locations closer to dams.

2.  Methods
2.1.  Study Site

Acoustic telemetry data were collected on the Columbia River and Kootenay River systems located near Castle-
gar, British Columbia (Figure  1). The Columbia River segment included the ∼56  km stretch downstream of 
Hugh L. Keenleyside Dam (HLK; 49°20’30″N 117°46’25”W) to Waneta Dam (WAN) at the Pend d’Oreille 
River confluence (49°00’15”N 117°37’12”W) near the Canada-United States border. The HLK facility, which 
impounds the Arrow Lakes Reservoir, consists of a 52 m dam, eight low-level outlet gates on either side of a 
four-bay spillway, and a 185 MW generating station (two low head Kaplan turbines) on the left bank. The HLK 
dam, which was constructed as part of the Columbia River Treaty for water regulation purposes, is owned and 

Figure 1.  The Lower Columbia study system which included the ∼56 km reach that extends from the Hugh L. Keenleyside Dam (HLK) on the Columbia River, 
Brilliant Dam (BRD) on the Kootenay River, and Waneta Dam (WAN) at the Pend d’Oreille River confluence. Filled circles denote receiver sites; filled triangles denote 
locations used in analyses with location names and downstream distance (∼river km) from HLK indicated in textboxes.
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operated by BC Hydro, whereas the powerhouse (Arrow Lakes Generating Station) is owned and operated by 
the provincially owned Columbia Power Corporation. The Kootenay River segment includes the ∼2.8 km stretch 
downstream of Brilliant Dam (BRD; 49°19′29″N 117°37′13″W) to the confluence with the Columbia River. 
The BRD facility, also owned and operated by Columbia Power Corporation, is a run-of-the-river facility with a 
140 MW generating station (four vertical Francis turbines) on the right bank, an eight-bay gated spillway, and a 
120 MW capacity generating station (one Kaplan turbine) 150 m downstream on the left bank.

2.2.  Fish Capture and Tagging

Rainbow trout (RT) and mountain whitefish (MW) were captured in October 2016 and October 2017 (surface 
water temperatures of 8°C–11°C). The 2016 fish were captured via angling (n = 31) or electrofishing (n = 42). 
Angled fish were captured in the Columbia River ∼7–18 km downstream of HLK. Fish caught by electrofishing 
at night received a passive integrated transponder (PIT) tag prior to surgery. The 2017 fish (n = 19) were all 
captured via angling ∼7–8 km downstream of HLK.

Fish were immobilized for surgery using electric fish handling gloves (EFHG) or anaesthetized using clove 
oil. Immobilization with EFHG (Smith Root, Inc., Vancouver, and Washington) was achieved using the lowest 
power settings (i.e., 4 or 6.3 mA) that induced immobilization. Fish that were anaesthetized by clove oil were 
immersed in a 40 mg L −1 clove oil solution (1 part clove oil: 9 parts 95% ethanol) until loss of equilibrium was 
achieved. Once immobilized or anaesthetized, fish were measured for body length (total length [TL], nearest 
mm), and surgically implanted with an acoustic transmitter (Thelma Biotel, Trondheim, Norway). Betadine was 
used to disinfect transmitters and surgery equipment prior to surgery and between each fish. Small (∼15 mm) 
incisions were made along the midline, just anterior to the pelvic girdle and closed using 3 simple-interrupted 
absorbable sutures (3/0 monofilament PDSII, Ethicon Inc., Somerville, New Jersey). During surgery, fish were 
held in a 100 L cooler containing ambient temperature river water, and the entire surgery procedure took <5 min 
for each fish. A wide range of fish body lengths were targeted for tagging to examine if movement data differed 
between large and small conspecifics. Body lengths for RT ranged from 307 to 504 mm TL and for MW from 
310 to 499 mm TL. Weights were not taken to limit air exposure and handling time, but published length-weight 
relationships suggest that estimated weights for RT ranged from ∼315 to 1,737 g (Simpkins & Hubert, 1996) and 
for MW ranged from ∼300 to 1,275 g (Rogers et al., 1996).

Two types of transmitters were used (ADT LP-9-LONG, 9 × 38.5 mm, 6.8 g dry weight, 30–90 s duty cycle, 
143 dB power output, expected battery life 30 months; ADT LP-7.3-LONG, 7.3 × 27 mm, 2.9 g dry weight, 
90–120 s duty cycle, 139 dB power output, expected battery life 12 months). Both transmitter types were outfitted 
with depth sensors and transmitted using the 69 kHz transmitter frequency. The larger 6.8 g LP-9 transmitters 
(n = 73) were implanted into fish in the 307–540 mm TL range. The body length range equates to a weight range 
of ∼315–1,737 g and a maximal tag weight of 2% of the fish's body weight. The smaller 2.9 g LP-7.3 transmitters 
(n = 19) were implanted into fish in the 310–506 mm TL range, which equates to a weight range of ∼300–1,427 g 
and a maximal tag weight of 1% of the fish's body weight. Transmitter weights 2% of fish body weight are 
consistent with the assumption that tag burden would not impede swimming behavior (Brown et al., 1999). The 
LP-9 tags accounted for 79% of the tags in the study and were implanted into fish in October 2016, whereas 
the LP-7.3 tags accounted for 21% of the tags in the study and were implanted in October 2017. Surgeries were 
performed as close to the capture location as feasible and fish were released after recovery at the surgery location. 
During recovery, fish were held at a low density (i.e., <10 kg m −3) in a 100 L cooler containing ambient river 
water and released once they gained equilibrium.

2.3.  Telemetry Array

An array of 27 omni-directional hydrophone acoustic telemetry receivers (VR2W, Vemco/Innovasea, Halifax, 
Nova Scotia, Canada) deployed downstream of HLK and BRD was used to track fish movements (Figure 1). 
The telemetry array was active from October 2016 through to April 2019. Thirteen receivers were deployed in 
October 2016 and the remainder were already in place as part of long-term monitoring program in the Columbia 
River. As the lower Columbia River is relatively shallow, receivers were secured to a nylon rope anchor line at 
∼1 m depth under a large surface buoy and oriented such that the hydrophone listening component was pointed 
toward the substrate.
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Range and detection efficiency testing were conducted in July 2018 using an 
array of three VR2W receivers and the LP-7.3 acoustic transmitter model. 
The LP-9 transmitters were not tested, however, the LP-7.3 model has a 
longer duty cycle and a lower power output than the LP-9 model. There-
fore, the resulting range and detection efficiencies of the LP-9 model were 
expected to be similar or exceed the LP-7.3 model. For testing, the LP-7.3 
transmitter was anchored at a location ∼300 m downstream of the HLK dam 
face and receivers were anchored 50, 100, and 150 m from the transmitter. 
The receivers remained anchored for the duration of the range and detection 
efficiency testing. Since the transmitter depth sensor values recorded by the 
receivers were reported as unitless values, a depth calculation for the sensor 

values was required. During range and detection efficiency testing the transmitter was anchored at six depth 
intervals (0.5, 2, 5, 10, 15, and 17 m) for time periods between ∼21 and ∼73 hr. A standard calibration curve was 
developed by plotting the six depth intervals against the reported unitless depth sensor values, and the resulting 
Equation 1, which yielded a good fit to the data (R 2 = 0.99, F1,13 = 1,056, P < 0.001), was used to calculate 
telemetry depth data.

Depth = 0.3892(sensor value) − 2.9175� (1)

2.4.  Total Dissolved Gas Modeling

In the present study, three TDG scenarios for the Columbia-Kootenay sector (henceforth Lower Columbia) were 
modeled using a TDG dissipation methodology following Kamal et al. (2019, 2020, 2021). See Appendix A in 
Text S1 for a more detailed description of the TDG modeling methodology. Hourly operational data (discharge 
per water conveyance structure) for the facilities were provided by BC Hydro. Scenarios were chosen based on 
HLK and BRD operating conditions during periods of interest in 2016 and 2018. Acoustic tags were active for 
these periods except for Scenario 1. Data exploration of the HLK and BRD facilities revealed there was substan-
tially higher variation in BRD spillage relative to HLK, so scenarios were selected based on BRD operating 
conditions (Table  1). Time periods for a given scenario were selected where the spillage rate was relatively 
consistent (coefficient of variation <15%, all scenarios) to enhance TDG dissipation modeling outputs. Low, 
moderate, and high spillage scenarios that occurred in May and June were selected. These scenarios were chosen 
because they represented relevant scenarios that resident fishes would experience annually during spring high 
flows. The dissipation modeling output resulted in TDG point data for transects in the Lower Columbia system, 
which were extrapolated across the entire ∼56 km section using the Ordinary Kriging function in QGIS (version 
2.142).

2.5.  Data Analysis

Telemetry data, statistical analyses, and maps were processed in R Studio (version 1.2.5042) using R (version 
3.6.3). False negative detections, defined as transmitter IDs that were not implanted into fish, were removed prior 
to data analysis. False positive detections, existing transmitter IDs deemed erroneous, were removed from the 
data set by applying a minimum lag method whereby a pre-determined, biologically relevant minimum detection 
number within a specified time interval was used to identify and remove false positive detections (Pincock, 2012). 
Since the duty cycle differed for the two transmitter types (LP-9 = 30–90 s, LP-7.3 = 90–120 s), the minimum 
lag was calculated separately for each of the transmitter types. In the present study a minimum of two detections 
within a one-hour period were considered “true” detections (Papastamatiou et al., 2010). Fish detection data were 
verified by visually inspecting individual abacus plots. Maximum detection range was determined by examining 
range testing data. Detection efficiency percentage was calculated at each distance and depth interval as the 
quotient of the number of observed detections divided by the number of possible detections while the receivers 
were active. The mean duty cycle of the two transmitter types (i.e., 105 s) was used to determine the number of 
expected detections for a given time period. Range and detection efficiency testing results were not applied to 
telemetry data during analysis, but are presented to provide the level of certainty for interpretation of the detection 
data (see Appendix B Table B1 in Table S1).

Scenario Date range BRD spillage (m 3s −1) Description

1 May 01–31, 2016 895.5 Low

2 June 01–10, 2017 1,837.8 Moderate

3 May 26–27, 2018 2375.5 High

Table 1 
Date Range, Spillage Rate at Brilliant Dam (BRD) and Description of 
Selected Water Spillage Scenarios
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The individual receiver sites (stations) were grouped based on geographical proximity and location in similar 
fish habitat. The mean coordinates (latitude and longitude) of each receiver group (location) were calculated for 
mapping purposes. If a location's mean coordinates fell outside of the river boundary on terrestrial habitat (five 
instances), the latitude was retained, and the longitude was manually adjusted to a point in the middle of the river. 
In total there were 11 locations used for analyses (Figure 1, Table B2 in Table S1).

2.6.  Reach Residency Index

A residence index (RI) was used to quantify site residency as a measure of reach use for individual fish. A resi-
dence index was selected to infer site residency over use of raw detection data because a RI reduces the potential 
for bias, that is, in cases where mean site residency was primarily driven by a few individuals generating high 
numbers of detections at a given site (Kessel et al., 2016). To calculate RI, daily fish detections were enumer-
ated within a 24 hr time-bin at each location and divided by the total number of time-bins in which the fish was 
detected anywhere in system. A fish was considered “resident” at a site if there were >9 detections within a 24 hr 
time-bin at the location. Time-bins that did not meet the threshold were excluded from analyses. The detection 
threshold cut-off was selected based on the distribution of the telemetry data (based on visualizations of patterns 
of detections) and gave us confidence that fish were resident within the assigned reach without sacrificing usea-
ble data. The RI values vary between 0 and 1, with a value of 1 indicating that at least one fish was resident at 
that location for that 24 hr period. The daily RI was summed for each fish at each location within a season and 
divided by the total number of days corresponding to each season to calculate a seasonal RI value. In the present 
study September-November was considered as fall, December–February as winter, March–May as spring, and 
June–August as summer. The data set encompassed seasons over multiple years (e.g., spring 2017, spring 2018). 
A Kruskal-Wallis rank sum test found no statistical difference among inter-annual seasonal RI data in the MW 
data (Kruskal-Wallis chi-squared = 13.128, df = 9, P = 0.157). An overall inter-annual statistical difference was 
found for RT seasonal RI data (Kruskal-Wallis chi-squared = 19.1068, df = 9, P = 0.02), but a Dunn's test with 
a Bonferroni correction factor for pairwise comparisons revealed that no relevant pairwise comparisons (e.g., 
winter 2017 and 2018) were statistically different (P > 0.05 all cases). Consequently, seasonal data were pooled 
across years. To account for the difference in the number of receivers that could contribute to fish detections at 
a given location, the seasonal RI was weighted at each location by dividing the seasonal RI by the number of 
stations at the location (see Table B2 in Table S1 for maximum weighted RI values at each location).

2.7.  Depth Residency Index

A depth RI was determined at each location following the same procedure as described for the reach use RI. 
Telemetry depth values were categorized into 1 m incremental bins (e.g., 0–0.9, 1–1.9 m, etc.). Depth RI was 
calculated by enumerating the number of detections grouped by depth-bin at a location divided by the total 
number of detections independent of location and depth bins. An overall inter-annual statistical difference in 
depth use was found for MW data (Kruskal-Wallis chi-squared = 19.1068, df = 9, P = 0), but a Dunn's test with 
a Bonferroni correction factor revealed no significant differences in pairwise comparisons (P > 0.05 all cases). 
An overall inter-annual statistical difference was found for RT data (Kruskal-Wallis chi-squared = 28.569, df = 9, 
P = 0). A Dunn's test with a Bonferroni correct factor revealed only one significant pairwise comparison (spring 
2018 and 2019: P = 0.011). Consequently, seasonal depth RI data were pooled across years to retain sample sizes.

2.8.  Risk Assessment

The modeled TDG levels in the present study are a discrete representation at a given location, and thus the TDG 
exposure risk resulting in harmful outcomes can be assessed as a function of reach and depth residency (i.e., 
reach use and hydrostatic compensation). The TDG exposure risk for MW and RT were analyzed separately and 
only included spring (March, April, and May) reach RI and depth RI data. Spring data were chosen because they 
represent the high flow season when increased water spillage events are most likely and presumably associated 
with relatively greater TDG exposure risk (Fidler, 2003). A Monte Carlo method (MCM) was used to generate 
probability distributions of reach, depth, and TDG level occurrence using input distributions derived from the 
reach residency, depth residency, and TDG level data. For the reach occurrence input distribution, an empirical 
density function (EDF) was applied to MW and RT reach residency data to determine the cumulative probability 
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of occurrence at a given location for each species. For the MCM reach residency output distribution, a uniform 
distribution of 100,000 randomly generated numbers between 0 and 1 was generated. The input reach residency 
cumulative probability distribution was then applied to the uniform distribution such that the location assigned 
to the randomly generated value corresponded to the cumulative proportion range for that location. For example, 
if EDF determined the spill basin location accounted for 0.25 of the total proportion and the tailrace for 0.25, 
random number values between 0 and 0.25 (inclusive) in the uniform distribution were assigned as occurring in 
the spill basin and those >0.25 but ≤0.50 were assigned to the tailrace. For depth occurrence input distributions, 
an EDF was applied to MW and RT depth residency data at each location to determine the cumulative proba-
bility of occurrence at a given location for each species. For the MCM depth residency output distribution, a 
uniform distribution of 100,000 randomly generated numbers between 0 and 1 was generated for each location. 
The input depth residency cumulative probability distribution was then applied to the uniform distribution in 
the same manner as for reach occurrence above. For TDG occurrence, TDG levels were categorized into 5% 
incremental bins (e.g., 100%–104%, 105%–109%, etc.) at each location and an EDF was applied to the TDG data 
determine the cumulative probability of TDG occurrence at each location. The MCM TDG output followed the 
same uniform distribution and cumulative proportion process as for depth occurrence. The location-conditional 
cumulative probability process used for depth and TDG occurrence ensured that values represented real possi-
bilities at the corresponding locations. All EDF were determined using the “ecdfPlot” function in the EnvStats 
package (Millard & Kowarik, 2020) and all uniform distributions were generated using the “runif” function in 
the R base stats package.

The within-species realized risks for MW and RT were assessed by calculating the cumulative proportion of 
compensation occurring at a given location compared against the mean TDG and depth RI values for that loca-
tion. The degree of compensation achieved by fish was determined using the 10% TDG supersaturation compen-
sation per meter of depth rule (Pleizier, Algera, et al., 2020; Pleizier, Nelson, et al., 2020). For example, a depth 
RI bin value of 2–2.9 m would compensate for all TDG levels <130%. A TDG level of 110% was chosen as the 
benchmark to evaluate risk because 110% TDG is the threshold above which GBT effects begin to be observed 
(Pleizier, Algera, et al., 2020) and British Columbia has a water quality objective requiring that TDG not exceed 
110% (Fidler & Miller, 1994).

2.9.  Statistical Analysis

For all statistical analyses the significance threshold was set α = 0.05. A Pearson's Chi-square test with Yate's 
continuity correction was used to determine if there was a difference in the relative proportions of transmitter 
types that were detected in the array. The weighted seasonal reach RI data (reach RI hereafter) were used to test 
for statistical differences in seasonal MW and RT reach use. Low detection numbers precluded inclusion of loca-
tion in the statistical model, so testing focused on overall drivers of residency. Because the response data were 
bounded by 0 and 1, a generalized linear mixed model (GLMM) with a beta distribution and logit link function 
was used to test for differences in seasonal reach RI among species (categorical), season (categorical), and body 
length (TL, continuous). A random intercept for individual fish (fish ID) was included in the GLMM because 
there were multiple observations from each individual fish. The GLMM was modeled using the “glmmTMB” 
function in the glmmTMB package (Magnusson et al., 2020). Model fit was verified by plotting the residuals 
against the fitted values for all the factors. A Type III Wald Chi-square analysis of deviance test was used to deter-
mine the significance of main factor effects on response variables. Multiple comparisons were conducted with a 
Tukey's HSD method using the “lsmeans” function in the eemeans package (Length et al., 2020).

The weighted depth residency RI data (depth RI hereafter) were used to test for statistical differences in seasonal 
MW and RT depth use. A GLMM with a beta distribution and logit link function was used to test for differences 
in seasonal depth RI among species (categorical), season (categorical), location (categorical), depth bin (cate-
gorical), and body length (TL, continuous). A depth bin interaction term with species, season, or location was of 
primary interest for the purposes of this study, but sample sizes were either not sufficient for testing or interaction 
terms were not found significant and consequently removed from further statistical testing. A random intercept 
for individual fish (fish ID) was included in the GLMM because there were multiple observations from each 
individual fish. The GLMM model, analysis of deviance for main effects, and any multiple comparisons were 
completed using the same functions and packages for reach RI data. Model fits were verified as outlined above 
for reach RI data.
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A Pearson's Chi-square test with Yate's continuity correction was used to test if there was a difference in overall 
depth compensation between species (i.e., independent of location). To test if there was a difference in TDG 
exposure risk at a given location, within-species cumulative proportions were compared using a Marascuilo 
method for pairwise multiple comparisons (Wagh & Razvi, 2016). Briefly, the absolute value of the difference 
between two cumulative proportions was compared to a critical range value. The difference was considered 
statistically significant if the absolute value was greater than the critical range value. Locations with an occur-
rence of <110% TDG were automatically categorized as low regardless of fish depth compensation because the 
110% guideline threshold was not exceeded. If the TDG exceeded 110%, risk was categorized according to depth 
compensation percentages whereby 0%–25% compensation was considered high risk, 26%–50% as of concern, 
51%–75% as moderate, and 76%–100% as low risk.

3.  Results
3.1.  TDG Models and Detection Data

The range (mean ± SD) of TDG levels varied among and within the three scenarios (Figure 2). Scenario 2 and 
3 produced the highest TDG levels, ranging from 107% to 129% (120 ± 4.3) and 108% to 131% (122 ± 4.6), 

Figure 2.  Modeled total dissolved gas (TDG) profile for the Lower Columbia system and frequency of TDG levels for Scenario 1 (a), Scenario 2 (b), and Scenario 3 
(c). The corresponding date ranges for each Scenario are described in Table 1.
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respectively. Scenario 1 produced relatively lower TDG levels that ranged 
from 108% to 124% (118 ± 2.5). The highest TDG levels were generated at 
the Kootenay confluence or downstream thereof.

A total of 92 (RT  =  51, MW  =  41) fish were tagged and released. After 
removing false negative and positive detections, a total of 66 of the 92 tagged 
fish were detected in the receiver array, resulting in 1,265,723 detections. The 
relative proportion of the LP-9 and LP-7.3 transmitters detected were similar 
(LP-9 = 76%, LP-7.3 = 24%) to the relative proportion originally deployed 
for the study (LP-9 = 79%, LP-7.3 = 21%) and were statistically equivalent 
(χ 2 = 1.145, df = 1, P = 0.285).

Maximum detection range was >150  m. Detection efficiency was lowest 
when near the surface, and increased until 10 m depth, where it remained 
relatively high across depths and distances (Table B1 in Table S1).

3.2.  Reach Residency Index

Reach and depth RI calculation criteria (i.e., fish with >9 detections) further 
excluded five fish, resulting in 61 fish (RT = 42, MW = 19) included for RI 
analyses. The body length of the 61 fish ranged from 307 to 540 mm TL.

The GLMM model revealed no statistical differences in seasonal reach RI 
among any of the factors included in the model (Table 2). Examining loca-

tion-based fish reach residency (Figure 3), MW were most commonly observed in the upper half of the ∼56 km 
Lower Columbia sector in all seasons, with the majority of fish resident at locations upstream of the Genelle 
location (rkm 22). Residency downstream of Genelle in the lower reaches of the system was only observed in the 
fall. The highest MW residency was in the spring at Raspberry (rkm 9) and Norns Creek (rkm 7.5). Residency 
was lowest in summer, which also produced the fewest detections of MW throughout the system overall. Genelle, 
Robson Ferry (rkm 5), and Kinnaird Bridge (rkm 15) had moderate MW residency in the spring and winter 
seasons. Rainbow trout residency was documented at locations upstream of Genelle in all seasons (Figure 3). 
During the study period, the highest RT residency occurred at Norns Creek in spring and Raspberry in the 
summer. Fall RT residency was evenly distributed among all locations, and primarily at/or upstream of Kootenay 
confluence in winter.

3.3.  Depth Residency Index

The GLMM revealed that season and location had an effect on depth residency, but both were independent of 
species, body length, and depth bin (Table 2). Examining species-pooled depth residency among locations and 
seasons (Figure 4), fish exhibited relatively consistent within-season residency at each location, with consistently 
higher residency values in winter and spring across depth bins. Multiple comparisons for season revealed that fish 
exhibited higher depth residency in the winter compared to fall and summer (P < 0.001, all cases), and in spring 
compared to fall (P = 0.011) and summer (P = 0.003). Fish at Norns Creek, the Tailrace, and Raspberry consist-
ently produced the highest within-location depth residency values. Multiple comparisons for location revealed 
that fish exhibited higher depth residency at Norns Creek area compared to Kootenay confluence (P = 0.007), 
Robson Ferry (P < 0.001), Robson West (P = 0.016), and the Spill Basin (P = 0.012), and at Raspberry compared 
to Robson Ferry (P < 0.001). Of primary interest in this study was depth use (i.e., hydrostatic compensation). The 
GLMM revealed no significant interaction terms between depth bin and any of the other factors, meaning that the 
fish in this study did not exhibit a depth preference according to season, species, location, or body size. Graphical 
representations of the main effects differences in depth residency among seasons and locations are presented in 
Appendix C (Figure C1 in Figure S1).

3.4.  Risk Assessment

The MCM TDG frequency distributions resulted in TDG levels that fell entirely within the 105%–109% range 
at locations downstream of HLK but upstream of the Kootenay confluence (Figure 5a). The highest TDG values 

Response Factor χ 2 df P

Reach RI Intercept 44.475 1 <0.001

Species 0.001 1 0.974

Season 6.158 3 0.104

Body Length 1.812 1 0.178

Depth RI Intercept 27.479 1 <0.001

Species 0.026 1 0.871

Season 26.542 3 <0.001

Body Length 2.839 1 0.092

Depth Bin 5.989 4 0.200

Location 59.711 10 <0.001

Note. Depth bins are in increments of 1 m. Locations are found in Figure 1. 
Significant terms are denoted in bold. Multiple comparisons for significant 
interaction terms are described in the text.

Table 2 
Summary of Statistical Test Outputs for the Effect of Species, Season, Body 
Length, Binned Depth and Location on Seasonal Reach Residence Index 
(RI) and Depth RI
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were produced at the Kootenay confluence and Kinnaird Bridge locations. Kinnaird Bridge had an even frequency 
distribution of TDG levels and the highest mean TDG level, and thus posed the highest risk purely from a TDG 
exposure standpoint (i.e., when not incorporating consideration of reach or depth use). The TDG values at loca-
tions upstream from the Kootenay confluence fell within the 110% water quality guidelines whereas locations at 
or downstream of the Kootenay confluence did not.

The reach use distributions revealed that MW occurrence would extend from Robson Ferry downstream to 
Genelle (Figure 5b). The highest frequency of MW occurrence was at Genelle (>25%), but the spatial mean of 
MW occurrence was at Raspberry and cumulatively occurred more frequently (>50%) in the locations directly 
upstream of the Kootenay confluence (Figure 5b). The Kootenay confluence location produced the lowest MW 
occurrence. The MCM revealed that RT occurrence extended from the spill basin downstream to Genelle. The 
highest frequency (>35%) and spatial mean frequency of RT occurrence were at Norns Creek, with the occur-
rence distribution being fairly equal upstream and downstream of Norns Creek.

The depth use distributions revealed mountain whitefish depth occurrence that varied by location (Figure 5c). 
Depth use at locations upstream of the Kootenay confluence were most frequently in the 0–0.9 m range. Mean 

Figure 3.  Mountain whitefish and rainbow trout seasonal reach residency index at each location in the Lower Columbia 
system. See Figure 1 for location details and Table B2 in Table S1 for minimum/maximum possible residency index values at 
each location.
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depth use for MW was in the 0–0.9  m depth range at all locations except for the Kootenay confluence and 
Kinnaird Bridge areas, where MW were deeper, being predominantly confined to ≥3 m depth at these locations. 
The MCM also indicated RT depth use varied according to location. In the areas directly downstream of HLK, RT 
mean depth use in the Spill Basin and Tailrace areas was ≥3 m, and <2 m in the other locations. Rainbow trout 
depth occurrence was deepest in the Spill Basin area and largely confined to the 4+ m depth bin. Depth occur-
rence was fairly evenly distributed among depth bins at the Tailrace, Robson West and Norns Creek areas, and 
was largely confined to shallower 0–0.9 depth bins at Robson Ferry, Raspberry, Kootenay confluence, Kinnaird 
Bridge, and Genelle locations.

Mountain whitefish were more frequently depth compensated than RT (MW = 43%, RT = 39%), and this differ-
ence was statistically significant (χ 2  =  2263.800, df  =  1, P  <  0.001). Mountain whitefish cumulative depth 
compensation and risk level varied by location (Table 3). The highest risk locations were at Norns Creek and 
Raspberry in terms of compensation, but the TDG level was <110% at these locations so they were assigned a low 
risk categorization. Genelle was the only location for MW occurrence where TDG levels consistently exceeded 
compensation and thus risk was high. Within-species multiple comparisons revealed that MW depth compensa-
tion percentages were statistically different among the locations in all cases except for the Norns Creek-Robson 
Ferry comparison (i.e., both 0%). Rainbow trout were most frequently compensated at the Spill Basin and Tail-
race locations, which also had <110% TDG, and fish were considered at a low exposure risk in these locations. At 

Figure 4.  Seasonal depth Residency Index (RI) at each 1-m depth bin and location in the Lower Columbia system. Mountain whitefish and rainbow trout data are 
pooled for each season and location. Numbers below the dashed x-axes indicate the number of individual fish detected at each depth bin within each location. Statistical 
testing revealed no significant differences among depth bin-location interaction terms. For main effects of season and location see Figure C1 in Figure S1.
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the Robson West, Robson Ferry, Norns Creek, and Raspberry locations, RT were infrequently or minimally depth 
compensated but the TDG level was <110% so they were assigned low risk. The high risk locations for RT were 
the Kootenay confluence and downstream where TDG levels consistently exceeded sufficient depth compensa-
tion. Within-species multiple comparisons revealed that RT depth compensation percentages were statistically 
different among the locations in all cases.

4.  Discussion
Acoustic telemetry was used to examine and quantify the reach and depth residency of resident MW and RT in 
a system impounded by two hydropower facilities. This analysis enabled us to estimate the location-based risk 
exposure in relation to TDG levels for each species. The reach residency analysis revealed no differences in resi-
dency between MW and RT, or according to season or body length. The depth residency analysis revealed that 
there was a difference among seasons and locations, partially supporting the hypothesis that depth use would vary 
by species, season, body length, and depth bin. As hypothesized, the risk assessment revealed that MW were fully 
depth compensated more frequently than RT. The risk assessment also revealed that MW and RT were at highest 
TDG exposure risk at locations close to or downstream of BRD. The result thus only partially supported the 
hypothesis that species-specific elevated TDG exposure risk would be highest for fish at locations closer to dams.

Figure 5.  Monte Carlo model risk assessment frequency distribution outputs for total dissolved gas (TDG) level occurrence (a), reach occurrence (b), and depth 
occurrence (c) of mountain whitefish (MW) and rainbow trout (RT) at each location. The dashed line denotes the mean value. The solid line in (a) denotes the 110% 
TDG threshold. Values to the left of this line met the provincial TDG guideline and fish occupying areas meeting the guideline were considered compensated. The solid 
line in (c) denotes the depth bin required for compensation at that location. Values to the right of the line indicate lack of depth compensation.
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4.1.  Reach and Depth Residency

Fish movement and migration decisions are ultimately made at the individual 
level (Chapman et al., 2012). Although interesting from a biological perspec-
tive, a TDG management approach catered to individual fish movement 
patterns is not feasible from a hydropower operational perspective. Neverthe-
less, a greater understanding of movement patterns of fish populations or for 
specific behaviors (e.g., spawning movements or fish arriving at passage facil-
ities) would allow hydropower managers to better understand how to adjust 
operations to mitigate TDG exposure. For this reason, the focus was on exam-
ining location-based residency patterns independent of individual fish move-
ments. Mountain whitefish can substantially vary in their seasonal movement 
patterns among systems and within the same population (Baxter, 2002; Ford 
et al., 1995). In the present study, within-species trends in MW reach resi-
dency appeared to be reflective of habitat selection for seasonal spawning, 
foraging, and refuge movements characteristic of fluvial or fluvial-adflu-
vial potadromous species (Northcote, 1997). Mountain whitefish reach and 
depth residency at locations within the Lower Columbia were comparable 
in winter-spring relative to the other seasons. The timing of MW spawn-
ing tends to be population specific, driven largely by temperature (Benjamin 
et  al.,  2014) and varies according to altitude and longitude of the system 
(Boyer et  al.,  2017; Pettit & Wallace,  1975; Thompson & Davies,  1976; 
Wydoski, 2001). The main spawning season for MW in the Lower Columbia 
system, or those close by, occurs between late October and February with a 
peak in January (Ford et al., 1995; Irvine et al., 2017). Mountain whitefish 
were most often resident at Norns Creek, Kinnaird Rapids, and the Kootenay 
confluence areas in the winter, which have been identified as primary and 
secondary spawning locations in the system (Golder Associates Ltd., 2014). 
Boyer et al.  (2017) found no evidence that MW select for specific depths, 
water velocity or substrate composition at spawning sites in a Montana river 
system. This was evident in the fish in this study which showed increased 
depth residency in winter and spring, but no depth bin preference. In the 
spring, MW in the present study were largely resident in the same locations 

as winter, which contrasts with the post-spawning movements of adult MW reported in other systems (Benja-
min et al., 2014; Pierce et al., 2012; Thompson & Davies, 1976; Wydoski, 2001). However, these studies were 
conducted on MW populations in high elevation streams or tributaries where spawning timing is earlier (October/
November) than in the Lower Columbia (January/February) (Ford et al., 1995) and overwintering in the spawn-
ing habitats in some of these systems may not be possible. Furthermore, these systems have more pronounced 
differences in upstream-downstream habitat relative to the Lower Columbia system. With the later spawning 
timing in the Lower Columbia system and the relatively system-wide habitat homogeneity, the sustained winter-
spring residency suggests that larger, potentially spawning MW in this study do not undertake  post-spawn migra-
tions from the spawning areas. Alternatively,  the MW included in this study may have been facultative spawners 
which did not spawn. Pierce et al. (2012) noted that over 30% of the adult MW showed no migratory spawning 
movements during the spawning season. Boyer et al. (2017) also noted that a proportion of adult MW remained 
close to spawning grounds throughout the spawning period. Specimens were not directly monitored to confirm 
spawning activity, thus it is also possible that MW selected these locations for foraging or overwintering purposes 
(Northcote, 1997). As movement can be energetically costly relative to residency (Forseth et al., 1999; Morinville 
& Rasmussen, 2003), environments supporting both spawning and overwintering requirements are likely to be 
occupied for both purposes as data from the fish in this study suggest.

There was a lack of summer MW reach and depth residency data, thus it was somewhat unclear where MW 
spent their time in Lower Columbia during the summer season. In other systems, fluvial/fluvial-adfluvial MW 
migrate to deeper, slower moving areas for foraging (Benjamin et al., 2014; Pettit & Wallace, 1975). Pettit and 
Wallace (1975) found MW exhibited a high degree of residency in deep pools throughout the summer months. 
There was an increased residency at sites across the study system in the fall, including in the lower reaches where 

Location (∼rkm)
Mean 

TDG (%)

Comp 
depth-
bin (m)

MW comp 
(%), risk 

level

RT comp 
(%), risk 

level

Spill Basin (0)* 105–109 1.0–1.9 - 80, low

Tailrace Area (0.5)* 105–109 1.0–1.9 - 86, low

Robson West (2.5)* 105–109 1.0–1.9 - 64, low

Robson Ferry (5)* 105–109 1.0–1.9 0, low 34, low

Norns Creek (7.5)* 105–109 1.0–1.9 0, low 57, low

Raspberry (9)* 105–109 1.0–1.9 40, low 6, low

Kootenay confluence (11) 115–119 2.0–2.9 100, low 14, high

Kinnard Bridge (15) 120–124 2.0–2.9 99, low 12, high

Genelle (22) 115–119 2.0–2.9 20, high 0, high

Rivervale-Trail (38) 115–119 2.0–2.9 - -

Upstream Waneta (50) 115–119 2.0–2.9 - -

Note. The compensation depth-bin value indicates the minimum depth-bin 
interval occurrence required for compensation at that location. Locations 
denoted with * indicate that the 110% threshold was not exceeded and were 
assigned a low risk level regardless of compensation %. If the TDG level 
exceeded 110% at a location, risk was categorized according to cumulative 
depth compensation whereby 0%–25% was considered as high exposure risk, 
26%–50% as of-concern, 51%–75% as moderate, and 76%–100% as low risk. 
No telemetry observations were noted at the Rivervale-Trail or Upstream 
Waneta locations for MW and RT. Within-species Marascuilo pairwise 
multiple comparisons revealed compensation was statistically different at all 
locations except MW Norns Creek-Robson Ferry.

Table 3 
The Mean Total Dissolved Gas (TDG) Level, Cumulative Depth 
Compensation (Comp) and Exposure Risk Level of Mountain Whitefish 
(MW) and Rainbow Trout (RT) at Each Location As Determined Using a 
Monte Carlo Simulation
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they were absent in the other seasons. Hence, this may suggest that MW in this study moved to foraging areas in 
the summer and fall in the downstream reaches of the system, thereby evading detection in the summer. As MW 
seasonal movement patterns appeared to largely follow that of their key life history activities, a TDG abatement 
strategy for the Lower Columbia MW should consider seasonal movement patterns to lower exposure risk.

Rainbow trout exhibited consistent residency in the same locations across seasons, as previously demonstrated 
by BC Hydro long-term monitoring studies where RT exhibited high (50%–75%) site fidelity (Golder Associates 
Ltd. et al., 2016, 2018). Consistent locational residency made it difficult to discern patterns in RT seasonal move-
ments. However, RT reach residency appeared to follow habitat association patterns reflective of RT ecology. 
For example, previous research on the Kootenai River in northern Idaho found that RT were positively associated 
with faster water velocities, shallower depths, and cobble-boulder riverbanks and substrates (Smith et al., 2016). 
The reach from Kinnaird Bridge upstream to HLK, that accounted for the bulk of the RT residency in this study 
consists largely of faster water habitats with deep riffle, pool and back eddy areas with varying substrate types. 
Many of these habitat characteristics align with those reported in Smith et al. (2016), suggesting that areas down-
stream of HLK to the Kootenay confluence provide habitats sufficient for year-round RT refuge, foraging, and 
spawning activities.

4.2.  Risk Assessment

Residency patterns of MW and RT were examined to determine if TDG exposure risk differed according to 
species and the location of hazardous areas for each species. As predicted, RT exhibited less cumulative depth 
compensation and were found to be at a greater TDG exposure risk relative to MW. Some species and life stages 
are more likely than others to experience harmful outcomes from exposure to elevated TDG levels owing to differ-
ences in physiology, morphology, or habitat use (Beeman et al., 2003; Fidler & Miller, 1997; Jensen et al., 1986; 
Weitkamp & Katz, 1980; Weitkamp et al., 2003). Rainbow trout appear to be one of the more susceptible salmo-
nids based on both field and lab studies. In a field study at Bonneville Dam, Backman and Evans (2002) found 
that adult steelhead rainbow trout and sockeye salmon O. nerka had a higher incidence of GBT relative to chinook 
salmon O. tshawytscha despite the latter's exposure to higher TDG levels. In lab experiments, Mesa et al. (2000) 
reported that juvenile steelhead rainbow trout mortality occurred in shorter timespans than juvenile chinook 
salmon exposed to the same TDG levels. Dawley and Ebel (1975) also noted that larger steelhead rainbow trout 
were less tolerant than small chinook salmon to elevated TDG levels.

The TDG risk in the spring season varied by location for each species within the Lower Columbia. Upstream 
of the Kootenay confluence to HLK, the TDG levels fell within the 110% guidelines, and despite RT and MW 
lacking complete depth compensation at these locations the risk of GBT occurrence was considered low, in part 
because degassing occurs throughout this reach (Kamal et  al., 2019) and deeper refugia habitat are available 
year-round. Previous research has found that TDG levels <110% are generally not lethal for salmonids even when 
they are lacking complete depth compensation (Antcliffe et al., 2002; Ryan et al., 2000; Weitkamp et al., 2003). 
Downstream of the Kootenay confluence to the United States border had TDG levels that posed greater risk to 
fish in the Lower Columbia. The highest TDG levels exceeding the 110% guideline (120%–124% in the present 
study) are associated with mortality and other harmful effects when fish are not fully depth compensated and 
exposed for extended periods (Pleizier, Algera, et al., 2020; Pleizier, Nelson, et al., 2020). In lab experiments, 
Mesa et al. (2000) reported that 20% of steelhead rainbow trout died (LT20) within 25–30 hr exposure to 120% 
TDG and within 5–7 hr at 130% when lacking depth compensation. However, previous field studies in other 
hydropower impounded systems have found most fish to be depth compensated during TDG exposure. Weitkamp 
et al. (2003) reported minimal GBT symptoms in salmonids and non-salmonids exposed to 120%–130% because 
fish were sufficiently depth compensated. Studies on the Columbia River in the United States that tracked depth 
use of migrating rainbow trout and chinook salmon in relation to modeled TDG levels found that they used water 
depths sufficient for full depth compensation (Johnson et al., 2005, 2007, 2010). The high risk areas in the Lower 
Columbia have sufficient habitat available for full depth compensation, but the risk assessment results in the 
present study indicated that MW and RT occurrence in those deeper waters is relatively low.

The TDG risk for the BRD/HLK operational regime in the present study appeared to be divided into two zones—
upstream and downstream of the Kootenay confluence. The timing of freshet in the Kootenay and Columbia 
systems differs, with freshet in the Kootenay occurring in the spring and freshet flows in the Columbia occurring 
in the summer. Accordingly, exposure patterns to elevated TDG can differ upstream and downstream of the 
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confluence. The fish seasonal residency results generally followed this same pattern, suggesting that the Koot-
enay confluence may be a transition zone in the Lower Columbia and that RT and MW follow known zonation 
(i.e., ranges within the longitudinal section of the river) and habitat association patterns in the region (Smith 
et al., 2016). Dividing a watercourse into zones according to habitat associations and the functional guilds of 
the fish assemblage (i.e., fish zonation) may be an effective tool for managing TDG risk outcomes. Using fish 
zonation for avoiding or mitigating the negative effects of fish exposure to elevated TDG levels is not common, 
but similar frameworks exist for other hydropower management outcomes. For example, European regulators and 
environmental managers have explored using a fish zonation approach to assess the ecological status of rivers 
and to support decision making for restoring river connectivity for diadromous and potadromous fishes (Breve 
et al., 2014; Lasne et al., 2007). There, fish assemblages were categorized into ecological fish guilds to identify 
their sensitivities and habitat requirements, then fish zonation (via spatial analyses) was used to identify the most 
disruptive connectivity barriers for the fish guilds. Other European fish-based assessment methods used a combi-
nation of environmental data, ecological guilds, reference sites, impact sites, and spatial based modeling to assess 
the human disturbance of rivers (Schmutz et al., 2007; Virbickas & Kesminas, 2007). These fish zonation and 
other fish-based methods have broad applicability and could likely be scaled for facility level operations such  as 
TDG management strategies.

5.  Management Implications
The telemetry and risk assessment results indicated that TDG exposure risk depends on the interplay between 
species ecologies and the patterns of TDG generated by the hydropower facilities. While the risk assessment 
results indicated that RT were at a higher TDG exposure risk relative to MW, the high habitat suitability reaches 
near hydropower facilities are likely to pose an increased risk for both species if higher TDG water is unavoidable. 
Given that spring is the high flow season, the risk assessment results reported here probably represent a worst-
case scenario for the operational regimes used in this study. Risk levels would likely change under other opera-
tional regimes, such as high-water years where the duration of spill operations are extended. The ecological and 
TDG patterns suggested that system-specific studies, in combination with further field-based studies into TDG 
biological responses will be necessary if detailed TDG exposure predictions are required for decision-making. In 
the interim, hydropower operators should focus on reducing the frequency and duration of operations that gener-
ate high TDG and be particularly diligent when rivers have limited refugia in which fish can TDG compensate.
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