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ABSTRACT

Globally, there has been an increase in the development and use of hydropower to produce energy. Hydropeaking is an oper-
ating regime that is used to meet real-time energy demands; however, daily fluctuations in flows may result in fish becoming
stranded. Understanding physical and operational factors that contribute to fish stranding will aid in the creation of mitigation
strategies to prevent fish stranding occurrences. Here we investigated factors that drive fish stranding. To do so, we deployed
cameras downstream of two hydropeaking generating stations in northern Ontario, Canada, from June to October in 2023 and
2024, to remotely capture occurrences of fish stranding. We observed significantly higher fish stranding densities (fishm=2) on
the Michipicoten River compared to the Magpie River. Stranded fish were difficult to identify to species (from the camera im-
ages) but in general, fish were small-bodied, likely representing early life stages (e.g., juveniles). The probability of fish stranding
was highest in the early spring and increased with both finer substrate types and slower horizontal ramping rates (cmh='). The
observed differences in fish stranding densities between the two rivers are likely due to physical features such as the absence
of morphological microstructures, larger substrate types, and the presence of a plunge pool (at one site). The plunge pool likely
dampened the change in discharge from the dam, which subsequently decreased the vertical ramping rate (cmh~') downstream.
The model we generated will allow for comparison with other hydropeaking systems globally to better understand if factors driv-
ing fish stranding are common among rivers to help identify potential mitigation strategies to minimize stranding.

1 | Introduction generating approximately 78% of renewable electricity glob-

ally (Berga 2016). To respond to real-time energy demands,

The energy sector is currently one of the largest contributors
of atmospheric greenhouse gas emissions (Bauer et al. 2017;
IPCC 2023). To reduce such emissions many countries have
made commitments (e.g., Paris Agreement 2015, Canada's
2030 Emissions Reduction Plan) embracing renewable and
low-carbon energy resources such as hydropower, solar,
and wind to meet growing energy demands during the
phase-out of coal-powered electricity. Of the existing re-
newable energy options, hydropower plays the largest role,

a hydroelectric generating station (GS) may employ a hydro-
peaking flow regime. Peaking events occur when the dam
changes from minimum discharge to maximum discharge
and then back to minimum discharge, which can occur daily
or sub-daily depending on market energy demands and opera-
tional capacities (Li and Pasternack 2021; Smokorowski 2022).
Consequently, these peaking events can have negative im-
pacts on fish (Nagrodski et al. 2012; Young et al. 2011), inver-
tebrates (Kjerstad et al. 2018; Timusk et al. 2016), riparian
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plants (Bejarano et al. 2018; Butterfield and Palmquist 2025),
and sediment transport (Béjar et al. 2018; Nguyen et al. 2025)
on the river reach downstream from a GS.

A potential ecological impact of hydropeaking is fish strand-
ing, which occurs when fish become stranded on dry substrate
or in pools disconnected from the main channel after a peak-
ing event (Glowa, Watkinson, et al. 2023; Irvine et al. 2015;
Larrieu et al. 2021; Nagrodski et al. 2012; Young et al. 2011).
Fish stranding can result in mortality through desiccation,
asphyxiation, and predation; however, if fish are isolated in
pools they may survive if the pool maintains adequate envi-
ronmental conditions and becomes reconnected during a sub-
sequent peaking event (Glowa, Watkinson, et al. 2023; Saltveit
et al. 2001; Young et al. 2011). All life stages of fish can be
negatively impacted by hydropeaking operations. The reduced
swimming capacity and habitat preferences for areas that fre-
quently become dewatered during peaking events increase the
stranding risk of juvenile and small-bodied fishes (Armstrong
et al. 2003; Eppehimer et al. 2021; Haas et al. 2016; Insulaire
et al. 2024; Irvine et al. 2015; Saltveit et al. 2001). As fish
increase in size, their habitat preferences often change and
their swimming capabilities improve, which decreases their
vulnerability to stranding (Hunter 1992; Young et al. 2011).
Over time, repeated peaking events can have negative con-
sequences on fish populations and communities, such as
lowering the abundance of juvenile and small-bodied fishes
(Enders et al. 2017), depleting populations (Hayes et al. 2024),
and the mortality of millions of fish each year (Glowa, Kneale,
et al. 2023).

The operational regime of the hydropeaking GS can influ-
ence the likelihood of fish stranding. The down-ramping
rate, which is the rate of change in discharge released from
the dam from maximum to minimum, can play a critical role
in fish stranding likelihood (Nagrodski et al. 2012; Moreira
et al. 2019; Young et al. 2011). In general, slower down-
ramping rates reduce fish stranding occurrences as fish have
more time to respond to changes in flow (Moreira et al. 2019).
The length of time that a site remains wetted also influences
fish stranding probability, with Irvine et al. (2015) observing
a positive relationship between fish stranding and time that a
site remained wet.

Physical characteristics of the river can influence the likeli-
hood of fish stranding on hydropeaking rivers. River morphol-
ogy features, such as the presence of side channels and gravel
bars, increase fish stranding occurrences (Bradford 1997;
Hayes et al. 2023). Repeated changes in discharge from the
dam often result in the formation of morphological micro-
structures (e.g., scour pools, potholes, and alluvial puddles)
on finer substrates which are known hotspots of fish strand-
ing (Insulaire et al. 2024). Fish stranding is also influenced
by the slope of the riverbank, with steeper slopes (> 6%) re-
ducing fish stranding occurrences compared to gentler slopes
(< 4%; Bradford et al. 1995; Fiihrer et al. 2022; Hunter 1992).
The horizontal ramping rate, which is related to the slope of
the riverbank, has been identified as a highly relevant con-
tributor to fish stranding, with faster horizontal ramping rates
increasing the likelihood of fish stranding (Hauer et al. 2017;
Le Coarer et al. 2023). Substrate size can also influence

fish stranding, although differences exist within the liter-
ature (Glowa, Watkinson, et al. 2023; Hunter 1992). Glowa,
Watkinson, et al. (2023) reported higher occurrences of fish
stranding on finer substrates, whereas Hunter (1992) reported
that fish stranding was more likely on large substrates.

The aim of this study was to further explore the impacts of
hydropeaking on fish stranding to identify potential mitiga-
tive strategies. Given that fish stranding is a concern on regu-
lated rivers, we selected two hydropeaking rivers in northern
Ontario, Canada with different operational and physical char-
acteristics. Here, we deployed trail cameras on both rivers
below their GS to document stranding using previously de-
veloped methods (Glowa, Watkinson, et al. 2023). Using the
same methodology as Glowa, Watkinson, et al. (2023) extends
the ability to learn from this novel method on different rivers
while enabling the comparison of model results, helping to
contribute to the broader understanding of what factors drive
fish to strand on hydropeaking rivers. The specific objec-
tives of this study were to (1) quantify fish stranding density
(fish m~2) occurring downstream of two hydropeaking gener-
ating stations; (2) compare fish stranding densities (fish m~2)
obtained from two different assessment methodologies (e.g.,
remote photography and quadrat sampling); (3) determine
fish species and sizes (mm) that are susceptible to stranding
on hydropeaking rivers; (4) determine what factors (e.g., wet-
ted history [min], horizontal ramping rate [cmh™!], calendar
day [day], substrate [mm], and fish density [fishm™2]) drive
fish stranding on hydropeaking rivers; and (5) determine if
factors that drive fish stranding are the same between rivers
with different hydropeaking regimes.

2 | Methods
2.1 | Study Sites

Two hydroelectric generating stations that operate with hy-
dropeaking regimes located near the town of Wawa, Ontario
(47.9888°, —84.7741°) were selected for this study. The first
hydroelectric GS is Scott Falls (47.9103°, —84.7449°), located
on the Michipicoten River (MR), commissioned in 1952 with
a 22.5MW generation capacity, a maximum turbine flow of
100m3s~! and a minimum flow of 17m3s~! (Figure 1a). From
April 15 to June 15, Scott Falls GS operates with an increased
minimum flow of 26.3m3s™! to support spawning of rain-
bow trout (Oncorhynchus mykiss). Scott Falls GS is the most
downstream of four operating hydroelectric stations on the
MR, after which the river flows directly into eastern Lake
Superior. The study reach was 3km in length, beginning ap-
proximately 250 m downstream from Scott Falls GS. The river
reach on the MR susceptible to changing flows from the GS is
approximately 10.5km (linear distance of river measured by
Google Earth Pro v.7.3.6) with vulnerability to fish stranding
decreasing at the end of our study reach due to habitat changes
that attenuate flow changes (e.g., steep slopes that lack gravel
bars). Being open to Lake Superior, fish are free to move into
the river throughout the year, and many species are known
to spawn in the river reach downstream from Scott Falls GS
(e.g., rainbow trout and lake sturgeon [Acipenser fulvenscens]
spawning in the early spring while lake trout [Salvelinus
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FIGURE 1 | Map showing the location of the (a) Michipicoten River, and (b) Magpie River Wawa, Ontario, Canada. Camera locations for both
study years are shown with red triangles (random) and purple triangles (strategic). Quadrat locations for both study years are shown with orange
squares. Electrofishing sites are shown with pink circles. Locations of study hydroelectric generating stations are identified with black bar. [Color

figure can be viewed at wileyonlinelibrary.com]

namaycush], chinook salmon [Oncorhynchus tshawyts-
chal, coho salmon [Oncorhynchus kisutch], and pink salmon
[Oncorhynchus gorbuscha] spawn in the late summer into the
fall). The second hydroelectric GS is Steephill Falls (48.0771°,
—84.7393°), located on the Magpie River (MPR), which was
commissioned in 1989 with a 16 MW generation capacity, a
maximum turbine flow of 45m3s~! and a minimum flow of
7.5m3s! (Figure 1b). The study reach was 1km in length, be-
ginning approximately 2 km downstream from Steephill Falls
GS. The river reach on the MPR susceptible to changing flows
is approximately 12km (linear distance of river measured by
Google Earth Pro v.7.3.6) with vulnerability to fish strand-
ing decreasing at the downstream end of our study reach due
to inflows from groundwater and tributaries that attenuate
changes in flow. The study reach of the MPR is a closed system
with two downstream hydroelectric generating stations that
prevent fish migrations from Lake Superior.

2.2 | Photography

To identify locations with potential for fish stranding, pho-
togrammetry mapping was conducted in August of 2022 on
each river which produced a digital elevation model (DEM).
Locations susceptible to fish stranding were identified as sites
that became both inundated and dry throughout the course of
a peaking event. Then a 15m-by-15m grid was overlayed on
the DEM of the river reaches in R (R Core Team 2023), using
the exactextractr (v0.7.2; Batson 2021), rgeo (v0.5-8; Bivand and
Rundel 2021), and rgal (v1.5-27; Bivand et al. 2021) packages.
Subsequently, 8 random sites were selected for each river in
2023, and for the MPR in 2024. Because the reach on the MR
was three times longer than the MPR, in 2024, a stratified ran-
dom sampling approach was taken to balance the relative spa-
tial coverage on each river. To facilitate this, the original 2023
study reach on the MR was divided into three approximately
1km reaches: reach 1 (47.9099°, —84.7576°), reach 2 (47.9581°,
—85.7323°), and reach 3 (47.9534°, —84.7418°). Eight locations
were randomly selected in each reach, resulting in 24 total ran-
dom sites in 2024. Recognizing that fish stranding is reported
to be patchy, strategic site locations were also selected with fea-
tures thought to be conducive to fish stranding (e.g., potholes,
gentle slopes, and fine substrate types). For both rivers in 2023,
and for the MPR in 2024, 3 strategic sites were selected. On the
MR in 2024, 3 strategic sites were selected for each study reach
totaling 9 strategic sites.

Remote photography methodology (Glowa, Watkinson,
et al. 2023) was completed at each selected site on both riv-
ers from June to October in 2023 and 2024 (Figure 2). Time
lapse cameras (Boly trail camera, model 2G2060-D, SG562-C,
SG2060T, Victoriaville, QC, Canada) were used to capture oc-
currences of fish stranding by attaching them to custom-made

camera mounts that pointed downwards towards the river sub-
strate, with a mean height of 3.67m and photographed area of
7.37+0.82m? (Figure 3; see Glowa, Watkinson, et al. 2023 for
full description of camera mounts). Cameras were programmed
to take a photograph every 30min to capture changing water
levels during peaking events from the GS. Camera mounts were
visited monthly for general maintenance (e.g., battery swaps,
clearing of spider webs, and tightening of ropes) and to exchange
SD cards.

2.3 | Quadrats

To compare methodologies, quadrat sampling was conducted
during monthly visits to the rivers when the GS was peaking.
A quadrat that was 2.55m by 2.55m, with a sampling area of
6.50m? was used to approximate the area captured by each
camera image. Twelve sites were randomly selected each month
using a random number generator for quadrat sampling from
the potential locations identified by photogrammetry. Then
a random distance up to 7m from the center of the quadrat in
any direction was generated to account for the size of each grid
(15m-by-15m). A Garmin GPS (GPSMAP 67i Handheld GPS
with inReach Satellite Technology, Garmin) was used to locate
the location for quadrat sampling. The rope quadrat was laid
down onto the site, and the quadrat was walked slowly in three
passes ensuring that a thorough search for any stranded fish was
completed. If a fish was stranded in the quadrat, the fish was
kept in formalin for 24 h and then transferred to ethanol to iden-
tify to species and measure the total length (mm).

2.4 | Fish Community Sampling

Electrofishing was performed monthly on both rivers when the
GS was peaking to determine fish species, life-stage, and den-
sity in the proximity of cameras. Five sites, each approximately
60m? were randomly sampled each month at locations parallel
to random camera locations during minimum discharge along
the shoreline, as rivers are not fully wadable at maximum or
minimum discharge. Locations were sampled using a direct
current backpack electrofisher (LR-24 Backpack Electrofisher,
Smith-Root Inc) with a maximum power output of 100V, to a
depth of about 60cm, and at a pace of 4sm™2. A dip net with
3.2mm mesh size and 304.8 mm bag depth was used to collect
stunned fish. Captured fish were identified to species, age class
(e.g., young-of-year, juvenile, and adult), counted, and returned
to the river. A voucher specimen of unidentifiable fish species
was kept for later identification in the lab using a microscope
and a key (Scott and Crossman 1973). A cerebral percussion was
performed to ensure euthanasia, then the fish was preserved in
formalin for 24 h and then transferred into ethanol. Fish density
(fishm~2) was calculated at each electrofishing location during
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FIGURE 2 | Mean hourly discharge (m®s~!) data (discharge data source), study period, and the camera deployment period are depicted for both
rivers (a) Magpie River 2023 (Steephill Falls GS), (b) Magpie River 2024 (Steephill Falls GS), (c) Michipicoten River 2023 (Scott Falls GS), and (d)
Michipicoten River 2024 (Scott Falls GS). [Color figure can be viewed at wileyonlinelibrary.com|]

FIGURE 3 | Example of remotely deployed camera stands used to
capture fish stranding occurrences on the Michipicoten and Magpie

Rivers, Wawa, Ontario, Canada. [Color figure can be viewed at wileyon-
linelibrary.com]

the study period and then assigned to each camera and quadrat
by proximity to the electrofishing site and date closest to the ob-
served peaking event.

2.5 | Habitat Classification

Habitat classification (e.g., substrate [mm)], slope [%], and hori-
zontal ramping rate [cmh~!]) was assessed at each camera and
quadrat location on both rivers.

Substrate assessments were performed using a photograph from
each camera and quadrat location. The photographs of each loca-
tion were brought into ImageJ (Schneider et al. 2012) and a 5-by-
10 grid was overlayed on the photograph. Each cell was assigned
a substrate size (mm, see Table S1 for substrate classification)
based on the dominant substrate type (clay, silt, sand, gravel,
pebble, cobble, and boulder) using a modified Wentworth Scale
(Blair and McPherson 1999). The mean substrate size (mm) for
each camera and quadrat location was determined by summing
the grids and dividing by the total number of grids (50).

The mean slope (%) was collected at each camera and quadrat
sampling location to calculate horizontal ramping rate (cmh™')
and for comparison between rivers and locations of cameras and
quadrats. To collect the mean slope (%), LIDAR data were col-
lected using Polycam (Polycam Inc., 2021 Polycam, Los Angeles,
CA, USA) on an iPad (iPad Pro version 16) at each camera and
quadrat location. To capture the total area of each site (i.e., cam-
era and quadrat sampling locations), the iPad was held at chest
height and LiDAR was collected by walking the site in three
passes (i.e., down the right side, up the middle, and down the
left side). For processing in ArcGIS Pro v.3.1.0 (Redlands, CA,

River Research and Applications, 2026

85U8017 SUOWILWIOD 8Aea.D 9|cedi(dde ay) Aq peusenob a.e Sejole YO ‘8sn J0 Sa|nJ J0} Aeid 1 8uluQ A1 UO (SUONIPUOI-PUR-SWB)/W00" A8 1M Ale.q 1 Bul|uoy//:Sdny) SUoNIpUOD pue swie | 8y 8es *[9202/S0/2T] uo Arid178uluO A8|IM ‘STTOLB1I/Z00T OT/I0P/W0 A3 | 1M Afelq Ul uo//:SANy WoJ) pepeojumoq ‘0 ‘Z9YTSEST


https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/

USA), LAZ files were decompressed into LAS format in the las-
look application (LAStools; rapidlasso GMbH, version 1.3.0).
The LAS file was clipped to only include the sampled area for
remote photography and quadrats using the built-in extract
LAS function (Extract LAS 3D Analyst Tools) in ArcGIS Pro v.
3.1.0 (Redlands, CA, USA). To obtain the elevation (m) of the
location the clipped LAS file was converted to a DEM using the
built-in LAS dataset to Raster function in ArcGIS Pro v.3.1.0
(LAS Dataset to Raster Conversion Tools; Redlands, CA, USA).
Finally, using the built-in slope function in ArcGIS Pro v.3.1.0
(Slope 3D Analyst Tools'; Redlands, CA, USA), the mean slope of
the location was calculated using the created DEMs as a percent
rise (%).

To determine vertical and horizontal ramping rates (cmh=") we
deployed water level data loggers (Onset HOBO U20L-02 Water
Level Data Logger, 100’, HOBO) that recorded water tempera-
ture and pressure at 30-min intervals. On the MR, six and eight
level loggers were deployed in 2023 and 2024, respectively. On
the MPR, six and five level loggers were deployed in 2023 and
2024, respectively. An additional logger was placed in a location
that would remain dry to account for barometric correction of
the water level data on both rivers in each year.

The vertical ramping rate (cmh™) was calculated for each
observed peaking event at a camera by using the closest level
logger, where d,,, represents the last water depth (cm) measure-
ment at maximum discharge (e.g., the subsequent depth mea-
surement must be >10cm) and d dry TEPTESENtS the depth (cm)
when a camera was observed to be dry or the depth had sta-
bilized at minimum discharge (e.g., changes in depth between
subsequent measurements were <2cm), and ¢ represents the
time (h) that the depth measurements were recorded, using the
following equation:

dp,, —d
Vertical Ramping Rate (em h™') = —2 %
Ipry = tpeak

The horizontal ramping rate (cmh=') was calculated for each
observed peaking event at each camera location using the fol-
lowing equation:

) ) .. Vertical Ramping Rate (cm h™")
Horizontal Ramping Rate (cmh™") = Mean Slope (%)
‘0

x100%

2.6 | Image Analysis

Photographs were downloaded from the SD cards retrieved from
the cameras during the monthly visits to the rivers. Each photo-
graph from the cameras was manually inspected to identify the
date and time that a site became wet—defined as when more
than 50% of the photographed area was inundated with water,
and dry—defined as when more than 50% of the photographed
area had become dewatered after a peaking event (Figure 4).
The time that a site remained wet (wetted history [min]) was
calculated for each peaking event observed at a camera by sub-
tracting the dry time from the wetted time. After each recorded
peaking event for the cameras, the photographs leading up to
and including when a site was completely dry were manually

FIGURE 4 | (a) Photograph captured by remotely deployed camera
demonstrating the location becoming inundated with water during the
beginning of a peaking event. (b) Stranded fish is indicated by red circle.
Fish was identified as a pink salmon (Oncorhynchus gorbuscha). [Color
figure can be viewed at wileyonlinelibrary.com]

searched for stranded fish. All photographs were inspected by
RD for consistency. If a fish was found, it was recorded, identi-
fied to species if possible, and total length (mm) was measured
using ImageJ (Schneider et al. 2012).

2.7 | Data and Statistical Analysis

Fish stranding density (fish m~2) was calculated for each camera
and quadrat for each peaking and sampling event, respectively,
by dividing the total number of stranded fish at that camera or
quadrat during that peaking or sampling event by the area of the
photograph or quadrat. Fish stranding density did not meet the
assumptions of normality and therefore Wilcoxon rank-sum tests
were used for all comparisons in R v4.3.2 (R Core Team 2023)
using the “base” R stats package (R Core Team 2023). To test
for annual differences in fish stranding density on each river we
compared: (1) densities between years for randomly deployed
cameras; (2) densities between years for strategically deployed
cameras; and (3) densities between years for quadrat sampling.
Data were combined as no statistically significant differences
were found between sampling years (p>0.05). Fish stranding
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densities captured by randomly and strategically deployed cam-
eras were compared separately for each river to assess differ-
ences in camera deployment strategy. We then compared fish
stranding densities between rivers for randomly and strategi-
cally deployed cameras to test for differences between rivers.
A final test was performed to compare observed fish stranding
density by sampling method, at random camera locations (fil-
tered to only include peaking events on the same day as quadrat
sampling) and quadrats.

A predictive model was only created for the MR due to the
limited number of stranded fish observed on the MPR. To cre-
ate the model, a binomial was created to denote fish strand-
ing events occurring at a camera for each peaking event. If
one or more fish were observed stranded at a camera during
a peaking event, a score of 1 was assigned, and if no fish were
observed stranded at a camera during a peaking event, a score
of 0 was assigned. To determine if fish stranding events from
both years and camera strategies (e.g., random and strategic)
could be modeled together, a generalized linear model (GLM)
using the “glm” function from the “base” stats package with
a “logit link” function in R was used to develop a predictive
model for the MR using year and camera strategy as predictors
(R Core Team 2023).

Remote Photography Model 1

Fish Stranding Event= glm(Fish Stranded ~ Year
+ Strategy, family = binomial(link = logit))

Subsequently, data collected from 2023 and 2024 could be mod-
eled together but separate models were developed for randomly
and strategically deployed cameras (p<0.001). A generalized
linear mixed-effects model using the “glmer” function from
the “lme4” package (Bates et al. 2015) with a binomial distri-
bution and “logit link” function was used to assess what pre-
dictors could be used to determine fish stranding probability.
Predictive factors were scaled using a Z-score normalization and
included electrofishing density (fishm~2), wetted history (min),
horizontal ramping rate (cmh™), calendar day (day), and sub-
strate (mm). To account for repeated measurements at camera
locations, camera site identification was used as a random effect.
One random camera was removed in 2024 due to camera fail-
ures resulting in the inability to obtain data.

Remote Photography Model 2

Fish Stranding Event = glmer(Fish Stranded ~ Fish Density
+ Wetted History+ Horizontal Ramping Rate
+ Calendar Day+ Substrate

+ (1| Camera ID), family = binomial(link = logit))

A GLM using the “glm” function from the base stats package
with a logit link function was used to develop a predictive model
for fish stranding occurrences at quadrat sampling locations (R
Core Team 2023). Predictive factors were scaled using a Z-score
normalization and included electrofishing density (fishm=2),
horizontal ramping rate (cmh™), calendar day (day), and sub-
strate (mm).

Quadrat Model

Fish Stranding Event= glm(Fish Stranded ~ Fish Density
+ Horizontal Ramping Rate
+ Calendar Day
+ Substrate, family = binomial(link = logit))

To determine if predictive factors known to influence fish strand-
ing probability differed between rivers, a Principal Component
Analysis (PCA) was performed. Using the “prcomp” function in
R (R Core Team 2023). A PCA was performed to determine dif-
ferences in the mean slope (%), substrate size (mm), and mean
horizontal ramping rate (cmh™) for remote photography locations
on both the MR and MPR. A PCA was conducted separately for
random and strategic camera locations.

3 | Results
3.1 | Fish Stranding on the Michipicoten River

Remote photography and quadrats successfully captured
fish stranding occurring downstream of Scott Falls GS on
the MR (Table 1). In 2023, across all 11 cameras a total of 49
stranded fish were observed, with 11 fish observed stranded
at random camera locations and 38 fish observed stranded
at strategic camera locations. The maximum number of fish
observed stranded at a single camera location during a peak-
ing event was four. Most fish stranding events were observed
at one strategic camera location, totaling 35 fish strandings
over the 2023 study period. The fish stranding density was
0.004 +0.029 and 0.046 +0.120 fishm~2 at random and strate-
gic camera locations, respectively. In 2023, quadrat sampling
was completed in June and July only, and the observed fish
stranding density was 0.013 #0.042 fish m~2 (Table 2).

In 2024, of the 33 cameras deployed, a total of 74 fish were ob-
served stranded, with 17 fish stranded at random camera locations
and 57 fish stranded at strategic camera locations. The maximum
number of fish to strand at one camera location during one peak-
ing event was eight. Two camera locations were responsible for a
large number of fish strandings; these camera locations had 27
and 16 fish strand over the duration of the 2024 study period. The
fish stranding density was 0.003 +0.020 and 0.020 +0.080fishm—2
at random and strategic camera locations, respectively. In 2024,
quadrats were sampled in June and July only, and the observed
fish stranding density was 0.049 +0.141 fishm—2.

3.2 | Fish Stranding Magpie River

Fish stranding was captured using remote photography on the
MPR below Steephill Falls GS. Only one occurrence of fish
stranding was observed using remote photography in both
years, at a randomly and strategically deployed camera in 2023
and 2024, respectively. In 2023, the fish stranding density was
0 and 0.001+0.129fishm~2 at random and strategic camera
locations, respectively. In 2024, the fish stranding density was
0.001+0.009 and 0+0fishm= at random and strategic cam-
era locations, respectively. Quadrat sampling was performed in
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TABLE 1 | Mean=SD of fish stranding density (fishm=2) captured using remote photography for the Michipicoten and Magpie Rivers during

camera deployment in 2023 and 2024.

Total
number Total Total
Total of number Total number Total fish
Number numberof camera of area of stranding
of operational failure peaking surveyed stranded density
River Year Strategy cameras days days events (m?) fish (fishm™2)
Michipicoten 2023 Random 8 981 27 362 2468.8 11 0.004£0.029
Michipicoten 2023  Strategic 3 376 2 120 818.4 38 0.046+0.120
Michipicoten 2024 Random 22 2857 339 763 5508.2 17 0.003+0.020
Michipicoten 2024  Strategic 11 1077 123 283 2522.2 57 0.020+0.080
Magpie 2023 Random 8 974 42 323 2188.3 0 0
Magpie 2023  Strategic 3 365 16 129 880.2 1 0.001+0.129
Magpie 2024 Random 8 933 139 232 1716.6 1 0.000+0.001
Magpie 2024  Strategic 3 376 26 141 962.1 0 0
TABLE 2 | Mean=SD of fish stranding density (fish m~2) obtained from quadrat sampling after a peaking event.

Number of Total area Number of Total fish stranding
River Year quadrats surveyed (m?) stranded fish density (fishm™2)
Michipicoten 2023 23 149.5 2 0.013+0.042
Michipicoten 2024 24 156 8 0.049+0.001
Magpie 2023 24 156 0 0
Magpie 2024 12 156 0 0

Note: Data presented is for both 2023 and 2024.

June and July in 2023, and June only in 2024 where no fish were
observed stranded in both years.

3.3 | Species Stranding Susceptibility

Electrofishing was performed on both rivers when their respec-
tive GS was operating with peaking events (see Tables S2 and
S3 for summary of electrofishing results). Over both sampling
years, 10 and 11 different species of fish were captured electro-
fishing, representing different life stages (e.g., young-of-year,
juveniles, and adults) on the MR and MPR, respectively. Fish
that were observed stranded using remote photography were
challenging to identify, given similarities between species (e.g.,
chinook salmon, coho salmon, and rainbow trout). On the MR
in 2023, using remote photography, we observed four adult pink
salmon (X TL=368+19mm, n=4), a young-of-year rainbow
trout (28mm), and eight sculpin species (X TL=55+13mm,
n=238). All other stranded fish were small-bodied with a mean
total length of 27 + 13mm (1 =36). On the MR in 2024, using re-
mote photography, we confidently identified two stranded fish as
sculpin species ()_( TL=52+4mm, n=2), and all other stranded
fish were small-bodied with a mean total length of 30+ 17mm
(n=72). On the MPR in 2023, the stranded fish was identified

as a northern pike (Esox lucius) with a total length of 74mm
and the stranded fish observed in 2024 was unidentifiable and
could not be measured due to the position in the photographic
frame. Quadrats allowed for the successful identification of
stranded fish on the MR. In 2023, we observed one longnose
dace (Rhinichthys cataractae) with a total length of 60mm and
an unmeasurable juvenile Pacific salmon species (e.g., coho
salmon, chinook salmon, rainbow trout, or pink salmon). In
2024, we observed six young-of-year rainbow trout with a mean
total length of 29+ 1mm and two juvenile Pacific salmon spe-
cies (e.g., coho salmon, pink salmon, or chinook salmon) with a
mean total length of 30 £ 0mm.

3.4 | Comparison Between Strategies and Rivers

Using Wilcoxon rank-sum tests, no statistically significant dif-
ferences in fish stranding density were found between years for
either randomly (MR: W=138,666, p=0.665; MPR: W=37,307,
p=0.240) or strategically deployed cameras (MR: W=17,682,
p=0.260; MPR: W=9165, p=0.299) on each river. Similarly,
fish stranding density did not differ between years for quadrat
sampling on the MR (W =250, p=0.349). As a result, data from
both years were combined for the subsequent comparisons.
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Fish stranding density was significantly higher at strategically
(0.030+0.010fishm=2) than randomly (0.004+0.025fishm2)
deployed cameras on the MR (W=202,496, p<0.001). On the
MPR, fish stranding densities were similar between randomly
(0.000+0.006fishm=2) and strategically deployed cameras
(0.000+0.009fishm=2; W=74,783, p=0.605). Observed fish
stranding density was significantly higher on the MR than
the MPR for random (W=305,813, p=0.001) and strategic
(W=47,585, p<0.001) cameras. Fish stranding density captured
by randomly deployed cameras (0.008 +0.043 fish m~2) was sim-
ilar to quadrats (0.032+0.106 fishm=2) on the MR (W=1131.5,
p=0.096).

3.5 | Fish Stranding Modeling

Model fitting of the data obtained from remote photography
camera strategies resulted in a statistically significant differ-
ence between camera strategy (p<0.001) but no difference
between study years (p=0.369). Model fitting of cameras
that were placed at random camera locations demonstrated
that day of the year was a statistically significant predictor
of fish stranding probability (p=0.036; Figure 5; Table S4).
Fish stranding probability was highest earlier in the season
with most fish stranding events occurring from June 14-July
14, 2023, and June 12-July 6, 2024. Model fitting of cameras
that were placed at strategic camera locations demonstrated
that slower horizontal ramping rates (cmh~!; p=0.012) and
smaller substrate sizes (mm; p=0.007) were statistically sig-
nificant predictors of fish stranding probability (Figure 6;
Table S5).

Model fitting of the data obtained from quadrat checks resulted
in no statistically significant difference between study years
(p=0.742), and therefore both years were modeled together. A
GLM revealed that no predictive factor had a statistically signif-
icant impact on fish stranding probability (Table S6).

3.6 | Comparison of River Habitats

PCA was used to explore the relationship between the habitat
variables mean slope (%), substrate size (mm), and mean hori-
zontal ramping rate (cmh=!) at camera locations for both rivers
(see Table S7 for summary of river characteristics). For randomly
deployed cameras, the first two principal components explained
89.1% (PC1=61.6%, PC2=27.5%) of the variance observed be-
tween rivers (Figure 7a). Randomly deployed cameras on the MPR
had larger substrate sizes (mm) and slower horizontal ramping
rates (cmh™) than the MR. For strategically deployed cameras,
the first two principal components explained 95.8% (PC1=54.7%,
PC2=41.1%) of the variance observed between rivers (Figure 7b).
Strategically deployed cameras on the MR had finer substrate sizes
(mm) and faster horizontal ramping rates (cmh~') than the MPR.
The mean slope (%) of the camera locations did not account for
large amounts of variance between the two rivers for random or
strategically deployed cameras, suggesting that the mean slopes
(%) of the sites were comparable between the rivers at both camera
strategies. Despite similar mean slopes (%) at camera locations, the
mean vertical and horizontal ramping rates (cmh~") on the MR are
much faster than the MPR (Figure 8).

4 | Discussion

In this study, we quantified fish stranding densities downstream
of two hydroelectric generating stations using remote photogra-
phy and quadrat sampling. Significantly higher observations of
fish stranding were observed on the MR compared to the MPR
for remote photography at both random and strategic camera lo-
cations. Stranded fish were difficult to identify to species using
remote photography, although most fish were small-bodied,
juvenile, and young-of-year fishes. Predictive models revealed
that day of the year for randomly deployed cameras, and hori-
zontal ramping rate (cm h™!) and substrate (mm) for strategically
deployed cameras were factors that significantly predicted fish
stranding probability on the MR. Observed differences in fish
stranding densities (fishm~2) between the rivers are likely due
to differences observed in horizontal ramping rates (cmh=!) and
substrate size (mm) at camera locations.

4.1 | Fish Stranding

Fish stranding densities differed between the two study rivers,
with low observations of fish stranding on the MPR compared to
the MR. Observed fish stranding densities on the MR were simi-
lar to those observed on the Saskatchewan River, Saskatchewan,
Canada, where extrapolation resulted in upwards of one million
fish stranding annually with average flow conditions (Glowa,
Kneale, et al. 2023; Glowa, Watkinson, et al. 2023). It is unlikely
that fish stranding on the MR is occurring at the same magni-
tude as the Saskatchewan River, Saskatchewan, Canada, due to
differences in river size, species composition, and operational
regimes. In the future, extrapolation of observed fish strand-
ing density on each river could be used to explore annual fish
stranding estimates using methods described by Glowa, Kneale,
et al. (2023).

Fish stranding is known to be patchy and occur at locations with
physical features, such as gentle slopes (Bradford et al. 1995;
Fiihrer et al. 2022; Hunter 1992), finer substrate types (Glowa,
Watkinson, et al. 2023), and the presence of morphological mi-
crostructures (Insulaire et al. 2024; Irvine et al. 2015). Using
this information, we deployed strategic cameras at sites thought
to be conducive to fish stranding and we observed higher fish
stranding densities (fishm™2) at strategic cameras compared
to randomly deployed cameras on the MR. Notable, is that 78
of 123 fish stranding events occurred at three strategic (out of
44 total) camera locations, demonstrating the patchiness of
fish stranding. At these camera locations there were potholes
which trapped fish during down-ramping, resulting in fish not
being able to respond to changing flow conditions (Insulaire
et al. 2024; Irvine et al. 2015).

Although transects are traditionally used to capture fish
stranding occurrences (Dauwalter 2013; Glowa, Watkinson,
et al. 2023; Irvine et al. 2015), here we deployed quadrats as it
allowed for site specific data (e.g., slope [%], substrate size [mm])
to be quantified with the same precision as remote photography.
Fish stranding densities were comparable between quadrats
and remote photography, suggesting that quadrat sampling is a
suitable method for capturing fish stranding on hydropeaking
rivers.
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4.2 | Fish Species and Body Size

Both rivers share similarity in the species present (e.g., sculpin
species, white sucker [Catostomus commersonii], and longnose
dace), with the biggest difference the presence of Pacific salmon

on the MR (see Tables S2 and S3 for electrofishing summary).
The inability to identify all stranded fish to species using re-
mote photography makes it challenging to make conclusions
about species stranding susceptibility. With the exception of
the adult pink salmon, all fish that stranded were small-bodied,
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likely representing juvenile and young-of-year fishes, similar
to findings by others (Glowa, Watkinson, et al. 2023; Irvine
et al. 2015; Nagrodski et al. 2012). The habitat preferences of
these small fishes position them in areas of the river that become

dewatered frequently, and their poor swimming capabilities in-
crease their susceptibility to stranding during peaking events
(Armstrong et al. 2003; Eppehimer et al. 2021; Haas et al. 2016;
Insulaire et al. 2024; Irvine et al. 2015; Saltveit et al. 2001). The
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stranding of the adult pink salmon may be a result of the lack
of willingness for the female to leave her spawning redd at the
onset of down-ramping but this is not highly documented in
the literature (Nagrodski et al. 2012), although adult salmon
are known to move into areas that become dewatered to create
redds, increasing their susceptibility to stranding (Connor and
Pflug 2004; Harnish et al. 2014; McMichael et al. 2005; Scott and
Crossman 1973).

4.3 | Fish Stranding Predictive Modeling

At randomly deployed camera sites, we observed a negative
relationship with fish stranding probability and calendar day.
Fish stranding was most likely to occur from June to early
July, which was also observed on the Columbia and Kootenay
Rivers, British Columbia, Canada (Irvine et al. 2015) and may
be due to a variety of factors. Peaking events on the MR were
more frequent from June to early July than later in the sea-
son when peaking operations were restrained due to mitigative
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FIGURE 8 | (a) Example of mean vertical ramping rate (cmh™") (b)
mean horizontal ramping rate (cmh~') obtained from water level log-
gers that were deployed below Scott Falls GS (N=6) on the Michipicoten
River, ON and Steephill Falls GS (N=5) on the Magpie River, ON from
June 18 to June 26, 2023. [Color figure can be viewed at wileyonlineli-
brary.com]

and operational constraints, which may be partially responsi-
ble for the increased probability of stranding early in the year.
The high abundance of juvenile and young-of-year fishes,
which are highly susceptible to stranding, may be contribut-
ing to a higher probability of stranding early in the summer
(Armstrong et al. 2003; Glowa, Watkinson, et al. 2023; Haas
et al. 2016; Irvine et al. 2015). In addition, fish stranding may
decrease later in the season if the population becomes de-
pleted due to mortality caused by peaking operations (Hayes
et al. 2024) or as fish learn to avoid areas that become fre-
quently dewatered during down-ramping (Capra et al. 2017;
Judes et al. 2023). Notably, when Scott Falls GS was operating
with an increased spring minimum of 26.3m3s™1, there were
only three occurrences of fish stranding over both years sug-
gesting that the increased minimum flow offers young-of-year
and juvenile fishes protection from stranding.

At strategically deployed cameras, we observed a negative re-
lationship with substrate size and fish stranding probabil-
ity, as has been previously documented (Glowa, Watkinson,
et al. 2023; Insulaire et al. 2024). Potholes are easily created on
finer substrates due to the continual fluctuation of water, and
these have been identified as stranding hotspots on other rivers
(Auer et al. 2017; Insulaire et al. 2024). The strategic predictive
model also demonstrated that slower horizontal ramping rates
(cmh™) increased fish stranding probability; this finding is
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not consistent with the literature as fish stranding typically in-
creases with faster horizontal ramping rates (Irvine et al. 2015;
Tuhtan et al. 2012). Horizontal ramping rate (cmh™) is slower
with a steeper mean slope; the strategic camera sites that had
high occurrences of fish stranding had potholes present, which
artificially increased the mean slope of that site. At these camera
locations, the surrounding river reach had gentle slopes (<4%),
suggesting that the overall reach had fast horizontal rates which
would increase fish stranding probability (Hauer et al. 2017;
Kopecki and Schneider 2016; Tuhtan et al. 2012). It is likely that
fish using these areas avoided fast horizontal ramping rates by
seeking refuge in potholes that remained wetted longer during
down-ramping; however, as the potholes became dry the sur-
rounding habitat (e.g., gravel bar) was already disconnected
from the main river channel, resulting in the fish becoming
stranded.

No relationship was observed between fish density (fishm=2),
horizontal ramping rate (cmh!), calendar day (day), substrate
size (mm), and fish stranding probability at quadrat locations.
This model lacks predictive power as we were only able to con-
duct quadrat sampling on 2days during both study years. The
lack of sampling is due to the GS not operating with a full peak-
ing regime (e.g., fish could not strand because the discharge did
not go from minimum flow to maximum flow and then back
to minimum flow) during our monthly visits. In the future, it
is recommended that more locations be sampled over multiple
days each month when the GS is peaking to build a more ro-
bust model.

4.4 | Habitat and Operational Differences

The observed density of fish stranding was significantly higher
on the MR in comparison to the MPR. PCA analysis of mean
slope (%), substrate size (mm), and mean horizontal ramping
rate (cmh™1) at camera locations revealed that the habitat on
the MR is more conducive to fish stranding than on the MPR,
given the presence of faster horizontal ramping rates (cmh=)
and finer substrate sizes (mm) on the MR (Auer et al. 2017;
Glowa, Watkinson, et al. 2023; Insulaire et al. 2024). Although
our model revealed that fish stranding increased with slower
horizontal ramping rates at strategic camera locations on the
MR, the literature suggests that fish stranding increases with
faster horizontal ramping rates (Hauer et al. 2017; Kopecki and
Schneider 2016; Tuhtan et al. 2012). The horizontal ramping
rates are much slower on the MPR in comparison to the MR,
suggesting that fish on the MPR have more time to respond to
changes in flow conditions on the MPR than the MR. In addi-
tion, the larger substrate on the MPR may act to decrease the
formation of morphological microstructures, which had high
densities of fish stranding on the MR and other hydropeaking
rivers globally (Auer et al. 2017; Insulaire et al. 2024).

The observed differences in mean horizontal ramping rate at
camera locations between the two rivers cannot be explained by
differences in the mean dam discharge down-ramping rate or
the mean slope of camera locations. The mean dam discharge
down-ramping rate (m3s~'min~!) is comparable between both
rivers, so it is likely not responsible for the differences in ob-
served horizontal ramping rates. Similarly, the mean slope (%) of

camera locations does not differ greatly between the rivers, with
both rivers generally having gentle slopes (<4%). Therefore, the
mean slope (%) of sites is likely not responsible for the large dif-
ference in observed horizontal ramping rate. We suggest that the
presence of a large plunge pool at the base of the dam on the
MPR dampens the change in discharge from the GS, resulting in
slower vertical ramping rates (cm h~') downstream from the GS,
which translates to slower horizontal ramping rates (cmh™).
In fact, basins and caverns have been constructed below dams
specifically as a structural mitigation to dampen ramping rates
(Premstaller et al. 2017; Tonolla et al. 2017). The observed dif-
ferences in vertical and horizontal ramping rates provide fish
with more time to respond to fluctuations in flow changes on
the MPR compared to the MR. Although there are physical dif-
ferences between the rivers (e.g., larger substrates, lack of pot-
holes) and fish species differences (e.g., pink salmon, chinook
salmon, coho salmon, and rainbow trout), we suggest that the
plunge pool is highly responsible for mitigating fish stranding
on the MPR.

4.5 | Benefits and Limitations of Remote
Photography

Remote photography, quadrats, and transects are all methods
that have been used to investigate fish stranding, and trade-
offs exist for each method. Remote photography provides
broad temporal data which could not be accomplished with
other sampling methods due to the inability and feasibility
for field staff to conduct transect surveys weekly on the river.
Capturing of photographs every 30min allows for predictive
factors such as wetted history (min) and ramping rates (e.g.,
vertical and horizontal ramping rates; cmh!) to be quanti-
fied more precisely than other sampling methods. Although
temporal coverage is increased, there is a decrease in spatial
coverage with remote photography. In 2024, on the MR, on
a single day when all cameras were working, only 255m? of
river area was sampled. To contrast, transect surveys con-
ducted in 1 day on the South Fork Boise River covered approxi-
mately 25.8 km? of river area (assuming viewer visibility is 3m
and 8.6 km of linear shoreline was surveyed; Dauwalter 2013).
The large increase in spatial coverage when comparing tran-
sects to remote photography might result in an increase in
fish stranding densities because there is a higher likelihood
of encountering a patch of stranded fish (Glowa, Watkinson,
et al. 2023), but the large temporal coverage exhibited from
remote photography methodology is lost. Other limitations of
remote photography include camera failures, difficulty identi-
fying stranded fish to species, and challenges observing fish
on large substrate types (e.g., cobble and boulder) where fish
can be hidden in the interstitial spaces.

In the future, we suggest that a combination of methods be em-
ployed to investigate factors that influence fish stranding. For
example, if camera stands are deployed, transects could be sam-
pled weekly and quadrats could be employed alongside transects
when fish are found stranded (e.g., quadrat is centered around
the stranded fish), and habitat data could be collected. This com-
bination of methods could increase temporal and spatial cover-
age while also providing information on species identification,
which was a challenge using remote photography.
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4.6 | Mitigation of Fish Stranding

Structural and operational mitigation measures could be used
to decrease fish stranding occurrences on the MR. On the MR,
structural mitigation measures that could be considered to re-
duce fish stranding include the construction of basins or caverns
(see Premstaller et al. 2017; Tonolla et al. 2017) and the recon-
touring of the substrate to reduce morphological microstructures
(e.g., potholes) where fish stranding occurred frequently (Irvine
et al. 2015). Operational mitigation measures could also be used
to reduce fish stranding occurrences on the MR. On the MR,
operational mitigation measures that could be considered to re-
duce fish stranding include a maximum dam down-ramping rate
during spring to protect juvenile and young-of-year fishes (Le
Coarer et al. 2023; Moreira et al. 2019) and a reduction of peak-
ing operations during critical times of the year, such as spawn-
ing (Connor and Pflug 2004; Harnish et al. 2014; McMichael
et al. 2005). As of now, the operators on the MR have eliminated
peaking operations during the Pacific salmon spawning season
and will perform manual salvage efforts to return any stranded
fish back to the main river channel if any peaking occurs (see
Figure 2c,d for the annual hydrograph of the MR).

With the increasing development of hydropower projects glob-
ally, we recommend that the MPR be used as a design example
(Zarfl et al. 2015). The plunge pool located below Steephill Falls
GS likely dampens the change in discharge, which translates to
lower vertical and horizontal ramping rates (cmh™). Although
creating a plunge pool below current hydropeaking generating
stations would be costly and disrupt the river habitat, it could
be implemented to mitigate fish stranding. Furthermore, we
suggest that plunge pools be considered as a mitigation strategy
during the construction of new facilities, highlighting the im-
portance of strategic planning in future developments to help
protect fish from stranding (Almeida et al. 2022).

In conclusion, our study determined that fish stranding den-
sity (fishm=2) differed significantly between study rivers with
minimal occurrences of fish stranding on the MPR compared
to the MR. Fish stranding density (fishm~2) was different be-
tween camera strategies (e.g., random vs. strategic) but not
methodology (e.g., quadrats vs. remote photography), suggest-
ing a combination of sampling techniques (e.g., remote photog-
raphy, quadrats, and transects) could be used to determine fish
stranding density (fishm=2). Predictive modeling determined
that fish stranding was more likely to occur early in the year
at random camera locations, and on finer substrates (mm) with
slower horizontal ramping rates (cmh™') at strategic camera lo-
cations, which is similar to other rivers (Le Coarer et al. 2023;
Glowa, Watkinson, et al. 2023; Irvine et al. 2015). Observed
differences in fish stranding between the study rivers is likely
a combination of differences in mean slope (%), substrate size
(mm), and mean horizontal ramping rate (cmh™!) of camera
locations on both rivers. Although the generating stations have
similar dam down-ramping rates (m3s~'min~'), the observed
vertical and horizontal ramping rates (cmh™!) at cameras are
much faster on the MR, suggesting that the natural plunge pool
dampens the changes in discharge from the GS. Potentially, the
design and physical features of the MPR could provide insights
to guide future developments towards rivers and features that

may be suitable, allowing fish to be protected while energy de-
mands are met.
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