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ABSTRACT 
With the continuous development of hydropower on a global scale, stranding of freshwater fishes 

is of growing concern and an understanding of the mechanism and variables affecting fish 

stranding in hydropeaking rivers is urgently needed. In particular, a methodology is required to 

identify the magnitude and timing at which fish stranding occurs in relation to environmental 

conditions. Here, we studied fish stranding in three reaches downstream of a hydropeaking 

generation station in the Saskatchewan River, Saskatchewan, Canada using an innovative remote 

photography approach with 45 trail cameras and traditional transect monitoring, conducting 323 

transects. We observed that juvenile sport and commercial fish species are stranding at a higher 

proportion than small bodied fish species. The remote photography approach provided more 

precise fish stranding timing and associating the environmental and physical conditions with a 

given stranding event, but captured fewer fish and only rarely allowed species identification. The 

comparison of the two methodologies resulted in similar stranded fish densities but the remote 

photography allowed for continuous observations whereas the transect monitoring was limited 

by the observer availability in the field. Remote photography allowed for additional information 
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on the scavenging of stranded fish, with scavenging occurring on average within 240 min of the 

fish being stranded. The probability of fish stranding increased significantly with increasing 

water temperature and substrate particle size resulted greater stranding on finer substrates. Our 

findings have important implications for hydroelectric flow management by introducing an 

innovative, standardized method to study the effects of hydropeaking events on fish stranding 

that can be applied to increase our understanding of the impacts of hydropeaking on fish 

communities.  

1 | INTRODUCTION 
Climate change and increasing energy demands are driving the need for renewable 

energy. Hydropower is one of the renewable resource options that continues to grow globally 

(Zarfl et al., 2015). Albeit having the advantages of a renewable resource, the development and 

operation of hydroelectric generating stations can have negative impacts on natural ecosystem 

processes (e.g., hydrology, sediment transport; Bruder et al., 2016; Rosenberg et al., 2000), and 

affect fish survival and fish community composition and structure (Algera et al., 2020; Enders et 

al., 2019; Guisández et al., 2013; Silva et al., 2018; Smokorowski, 2021; Winemiller et al., 

2016). 

Anthropogenic flow fluctuations, defined as hydropeaking, occur when storage dams are 

operated to meet diurnal changes in electricity demand by modifying sub-daily changes in flow 

(Smokorowski, 2021). One of the direct impacts from hydropeaking is fish stranding (Nagrodski 

et al., 2012). Fish stranding occurs when water levels decrease and fish become trapped on the 

river edge or in pools that become disconnected from the thalweg, resulting in increased risk of 

desiccation, asphyxiation, freezing, and predation by avian and mammalian predators (Larrieu et 

al., 2021; Nagrodski et al., 2012). Fish communities that are subject to hydropeaking are 

threatened with a noticeable decrease in overall fish abundance (Moog, 1994) and can have 

fewer small-bodied and juvenile fish (Enders et al., 2017). Stranding is influenced by physical 

factors including hydropeaking regime, water temperature, substrate particle size, slope and 

wetted history (Nagrodski et al., 2012; Smokorowski, 2021) but understanding the interactions 

and cumulative effects of these variables in determining stranding risk is still limited. Previous 

fish stranding studies have focused on only a few species, notably salmonids (Nagrodski et al., 

2012), whereas fish communities in large continental rivers are less well studied.  
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Different methods have been used to assess fish stranding, which include counting fish in 

natural settings such as transect monitoring (Irvine et al., 2015; Moore & Gregory, 2011) or in 

modified settings such as enclosures and isolated channels (Auer et al., 2017; Bradford, 1997; 

Flodmark et al., 2002; Irvine et al., 2009; Puffer et al., 2015; Saltveit et al., 2001), and within a 

laboratory setting (Fisk et al., 2013). In general, stranding is directly linked to the recession of 

water. Subsequently, if stranding assessments are not conducted at the time of the water 

recession, stranding events can be missed. Therefore, there is a need for a standardised method 

that on one hand does not modify the riverine ecosystem and on the other hand is able to capture 

stranding events as they happen independent of potential limited observer availability (Nagrodski 

et al., 2012). Solutions can be found in remote photography, which is commonly used in 

applications where it may be difficult to observe or capture a phenomenon when it transpires as it 

eliminates the need for on-site surveys and allows for continuous monitoring over prolonged 

periods of time (Cutler & Swann, 1999). Trail cameras have previously been used to monitor 

changes in water level, including when channels become dewatered (Eppehimer et al., 2021; 

Larrieu & Pasternack, 2021). Here, we extended that approach by depicting the potential for 

stranding through water level changes as well as by quantifying the fish stranding densities in the 

camera image.  

Fish stranding has been identified as an issue in the Saskatchewan River, Saskatchewan, 

Canada due to the hydropeaking operation of the E.B. Campbell Hydroelectric Station. This 

station has been operating on a hydropeaking regime since its commission in 1963 (Watkinson et 

al., 2020). In 2004, Fisheries and Oceans Canada’s Fish and Fish Habitat Protection Program 

enforced a minimum flow requirement of 75 m3⸱s-1 (Enders et al., 2017). Currently the 

hydropeaking continues with daily discharge releases from the powerhouse ranging as large as 

~100 to 1,000 m3⸱s-1, leading to regular fish stranding events (Green et al., 2020).  

The objectives of this study were to (1) quantify stranding events that are occurring due to 

hydropeaking downstream of E.B. Campbell Hydroelectric Station; (2) identify species and 

estimate the size of fish being stranded in comparison to local species composition; (3) compare 

time lapse cameras to conventional transect monitoring to estimate fish stranding; and (4) assess 

what variables (i.e., horizontal and vertical ramping rate, water temperature, substrate, wetted 

history) influence fish stranding.  
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2 | METHODS 

2.1 | STUDY SITE 

The E.B. Campbell Hydroelectric Station was constructed in 1962 on the Saskatchewan 

River in East-Central Saskatchewan and has a generation capacity of 289 MW (Watkinson et al., 

2020) (Figure 1). The natural hydrograph of the Saskatchewan River follows a pattern of two 

annual flood peaks representing the surrounding snow and ice melt in May followed by the 

snowpack melt from the Rocky Mountains, Alberta in July (Enders et al., 2017). The E.B. 

Campbell Hydroelectric Station is typically operated with a hydropeaking regime to address 

daily peak energy demands.  

The study site was located downstream of the E.B. Campbell Hydroelectric Station and 

had a total length of 16 km. It was further divided into three study reaches (Figure 1). The 

reaches varied in substrate, slope, and ramping rate, allowing for observations of fish stranding 

over a variety of different habitats. Reach 1 (N 53.69022 W 103.34913) is ~1 km long and is 

situated in the original, pre-1962 river channel that is now bypassed by the E.B. Campbell 

Hydroelectric Station. Reach 1 is typically back watered daily due to the hydropeaking 

operation. Reach 2 is situated ~9 km downstream from the hydroelectric station and is ~1 km 

long (N 53.71792 W 103.23237). Reach 3 is located ~13 km downstream from the hydroelectric 

station and is ~1.2 km long (N 53.72514 W 103.17578). Two boat launches in the local area 

were used for additional sites to conduct transect monitoring that represent fish stranding outside 

of the three reaches (Figure 1). 
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FIGURE 1 Map of the study site in Saskatchewan River, Saskatchewan, Canada. Study reaches 

are indicated in red, boat launches in yellow, and the Water Survey of Canada’s gauging stations 

in green.  

 

2.2 | REMOTE PHOTOGRAPHY  

In order to estimate fish stranding remotely, time lapse cameras (Boly trail camera, model 

2G2060-D, Victoriaville, QC, Canada) were used to take pictures of the riverbed. The cameras 

were secured to a custom-made camera mount (Figure 2) pointed downwards, perpendicular to 

the slope of the riverbed. Each mount consisted of three 0.635 mm double braided nylon ropes, 

30 x 30 cm concrete paving stone, 30 cm steel fence post stakes, 2.5 cm square aluminum tube, 

0.79 cm pin with keeper, 1.9 cm square aluminum tube, 5 x 15 cm dimensional lumber, 1.27 cm 

eye bolt, and the trail camera housing (Figure 2). Camera mounts were on average 367.7 cm high 

(minimum 350.5 cm, maximum 378.5 cm, standard deviation 5.8 cm, camera lens relative to 

substrate) above the riverbed resulting in a surface area ranging from 6.50–7.26 m2 that was 

examined for stranded fish. 

Cameras were placed in locations that were identified as having the potential for fish 

stranding, which was determined using photogrammetry and bathymetry mapping conducted in 

2019. Photogrammetry mapping was performed during low discharges (averaging 375.1 m3·s-1) 

that exposed the available riverbed, while the bathymetry was conducted during high discharges 

(averaging 751.1 m3·s-1). The photogrammetry map and bathymetry map were then imported into 

ArcGIS Pro (Redlands, CA, USA) to develop a map outlining low and high-water levels. 

Locations of overlap were considered areas of stranding potential. At each of the three reaches 
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within the alternating wet/dry zone, 15 locations were randomly selected for the camera 

installation by overlaying site maps with a 50 m-by-50 m grid in RStudio (RStudio Team, 2020), 

using the exactextractr (v0.7.2; Baston, 2021), rgeos (v0.5-8; Bivand and Rundel, 2021), and 

rgdal (v1.5-27; Bivand et al., 2021) packages. Camera mounts were placed in the center 

coordinates of the randomly selected quadrats. Images were taken on 30 min intervals to capture 

receding water levels and stranded fish. 

The cameras were placed as soon after ice-out as possible and remaining in place as late 

in the ice-free season as possible. In Reach 1, they were set up May 14–16, 2021 and due to 

Covid-19 restriction the cameras in Reaches 2 and 3 were only set up a month later, June 14–19, 

2021. Cameras stayed on site continually capturing images until October 13–15, 2021. Once a 

month, the cameras were visited to download the images and ensure the mount was stable. 

 

FIGURE 2 Schematic of the camera setup for the downward-facing time lapse cameras. The 

landscape block and fence post stakes are recessed into the natural riverbed substrate. 
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2.3 | TRANSECT MONITORING  

To search for stranded fish by direct observation, transect monitoring was conducted 

monthly during the same site visits when cameras were installed, maintained, and images 

downloaded. In total, six sampling periods occurred at Reach 1 and five sampling periods at 

Reaches 2 and 3. Within each reach, 15 transects located between camera mounts were surveyed. 

Three additional transects were conducted in Reaches 1 and 2 and two in Reach 3 to extend 

surveys along the shorelines (Figure 3). In addition, transect monitoring was performed at each 

of the boat launches that are accessible by road (N 53.692633 W 103.326204 and N 53.729585 

W 103.123385, respectively). Sampling was conducted in the early morning during lower water 

levels. All transects were surveyed ~1.5 m on either side of the surveyor line and ranged in 

length from 44–420 m, so stranding was calculated on a per area basis. All fish in the transects 

were fixed in formalin and brought to the laboratory for identification, measured (fork and total 

length), and weighed. We assumed that stranded fish found during transect monitoring stranded 

at the previous wet-dry cycle, despite the possibility that the fish might have stayed in place 

since multiple hydropeaking cycles. 

 In order to determine stranding rates in the absence of hydropeaking, transect monitoring 

was conducted monthly in two reference sites on the South Saskatchewan River in Saskatoon, 

Saskatchewan, upstream from the E.B. Campbell Hydroelectric Station. This reach experiences 

only subtle daily changes (<5 cm per day) in water level due to attenuation of hydropeaking 

flows from the Coteau Creek Hydroelectric Station at Gardiner Dam ~130 river km upstream. 

These transects were 200 m long and located within Saskatoon’s city limits. 

Including the reference site and the downstream reaches and boat launches, a total of 60 

transect walks, representing 8198.5 m were completed (Table 2). In Reach 1, 19 transects of an 

average length of 137 m were monitored once a month for six months (Table 2; Table S3). In 

Reach 2, 19 transects of an average length of 119 m were monitored once a month for five 

months (Table 2; Table S3). Finally, 18 transects of an average length of 141 m were monitored 

once a month for five months in Reach 3 (Table 2; Table S3). Boat launch and Saskatoon 

transects were 200 m and monitored 6-times once a month over six months (Table 2).  
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FIGURE 3 Reach 1, Reach 2, and Reach 3 downstream of the E.B. Campbell Hydroelectric 

Station in the Saskatchewan River. Camera mount locations are represented as purple circles, 

transects symbolized by green lines, and water level loggers represented as blue squares. 

2.4 | HABITAT ASSESSMENT  

Substrate assessments were performed at the same time when camera mounts were 

deployed and the first transects were conducted in each reach. Larger substrates are believed to 

increase stranding risk because they provide cover for fish and less incentive to move in response 

to dewatering (Saltveit et al. 2001, Hauer et al. 2014). Substrate was reassessed at locations 

where fish were found during transect monitoring and if no fish were discovered the original 

transect substrate was used. Substrate was assessed using a modified Wentworth scale; clay 

<0.004 mm, silt 0.004–0.06 mm, sand 0.06–2 mm, pebble 2–64 mm, cobble 64–256 mm and 

boulder >256 mm (Fisher, 1961; Wentworth, 1922), assigning a percentage to each substrate 

type present within the 6.50–7.26 m2 covered by camera and the area covered by the transect. 

The substrate composition for each camera and transect was determined by taking the percent of 
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each substrate using mean substrate particle sizes (clay 0.002 mm, silt 0.032mm, sand 1.3 mm, 

pebble 33 mm, cobble 160 mm and boulder 628 mm).  

Four slope measurements were made at each camera mount after its installation using a 

construction level (125.73 cm in length). Measurements were in the following directions: 

orthogonal to the thalweg and towards the river bench, and upstream and downstream the river 

with respect to the camera mount, resulting in typically both positive and negative rises. The 

minimum rise was subtracted from the maximum rise to calculate the overall rise and then 

divided by the total of two runs (251.46 cm) to calculate the overall slope at each camera 

location. The slope was calculated using the absolute value of rise over the run of both 

measurements. Slopes were not measured at the transect fish stranding locations. Consequently, 

the variable slope was not included in the model of the transect monitoring dataset. 

Water level and temperature within the reaches were recorded with water level data 

loggers (Onset, U20L-01, Onset, Bourne, MA, USA) deployed at the upstream and downstream 

ends of each study reach (Figure 3). To account for barometric pressure changes, an additional 

logger was deployed in a dry location at Reach 1 to measure atmospheric pressure and allow for 

barometric correction of the water level data. All loggers were set to record pressure and 

temperature every 30 min.  

Using the data from the water level logger, a reach specific vertical ramping rate (cm·h-1) 

was calculated for each 30 min interval. For Reaches 2 and 3, the mean vertical ramping rate of 

the upstream and downstream logger data was used for this analysis. However, due to the 

complex riverbed morphology in Reach 1, the ten cameras situated in the upstream portion of 

Reach 1 characterized by a steeper riverbed were associated with vertical ramping rates obtained 

from the upstream logger, whereas the remaining five cameras located in the downstream areas 

were associated with the vertical ramping rates of the downstream logger (Figure 3). 

Furthermore, the vertical ramping rate and slope were transformed to obtain a horizontal ramping 

rate for camera locations. The vertical ramping rate divided by the slope at the respective camera 

determined the horizontal ramping rate for all recorded stranding possibilities. 

As transect monitoring was typically conducted during daylight hours, after the flow had 

receded and fish stranding had occurred; the time of fish stranding could not be accurately 

determined. Therefore, for the transect monitoring dataset, we assumed that the time of the 

stranding event occurred at the highest magnitude of the down ramping rate. Consequently, the 
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selected ramping rate was the maximum ramping rate since the previous low water level (Figure 

4). The same time point was used for the water temperature associated with the fish stranding.  

 

FIGURE 4 (a) Example of the mean ramping rate (cm·h-1) in Reaches 1, 2, and 3 obtained from 

water level data loggers that were deployed at the up- and downstream location of each reach 

from July 1–10, 2021; and (b) Discharge (m3·s-1) of the E.B. Campbell Hydroelectric Station 

from July 1–10, 2021 measured at the water gauge 05KD003, Canada Water Survey. 

2.5 | FISH COMMUNITY SAMPLING  

 Seine netting was conducted to determine what species and life stages were present in the 

study reaches during the study period, and therefore had the potential to strand. The fish 

sampling was performed with a 9.14 m x 1.82 m beach seine with a 4.76 mm mesh size and a 

1.82 m3 center pocket. During each of the monthly visits, five seine hauls were conducted at each 

reach in the afternoons when flows were high. Seining was performed in a semi-circle by two 
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people, with one person acting as the pivot holding one side of the seine net while the other crew 

member extended the net along the shore, upstream from the pivot point and swept it out along 

the river margin following the direction of the flow (Bonar et al., 2009). The preformed seine 

radius was estimated to allow for calculation of area sampled, fully deployed seines sampled an 

~8m radius semi-circle (~100 m2). Once the sweep was completed, both crew members pulled 

the lead and float lines together onto the shore trapping the fish in the seine bag. Fish were then 

identified to species, counted, and returned to the river, while one reference individual was 

collected per species and brought to the laboratory for confirmation of the species identification 

and length and body mass measurements.  

2.6 | IMAGE ANALYSIS  

Fish stranding is dependent on the river channel being wetted and then dry as the water 

level fluctuates with the changing flow releases from the hydroelectric station. At the three study 

reaches, the highest instantaneous discharge did not necessarily inundate each camera location 

on each day. For example, if the camera location was placed at a higher elevation than the water 

level reached by the highest instantaneous discharge, stranding could not have occurred that day 

because the location stayed dry. As well, a camera location set at the lower elevation was not 

always de-watered daily if the minimum flow maintained a water surface elevation that kept the 

camera location inundated. If a camera location went through a wet-dry-cycle, then this indicated 

that stranding was possible for that location, and we refer to each of these as a “potential 

stranding event”. These events could occur across more than one day, as typically flows peaked 

in the evening and were at their minimum in the early morning (Figure 4).  

All images from all camera locations for the deployment period were inspected for when 

a potential stranding event occurred, defined as when all water in the image lost connection with 

the thalweg. The time of the potential stranding event was identified from the date/time stamp on 

the time lapse camera image. The ramping rate and water temperature at this time point was then 

associated with the event. The total number of potential stranding events for each camera 

location, per study reach, was summarized. Several camera locations suffered failure due to 

environmental or wildlife interference; these time periods were excluded from the data analysis. 

Wetted history was determined as the period that water covered the area in view of the camera 

before an observed stranding possibility, calculated as the time difference between a dry image 

and the earliest preceding wet image.  
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Camera images following a potential stranding event were then examined for stranded 

fish. Images were processed by two observers for validation and data quality control. Any 

observed stranded fish was identified to species, if possible, and fish length was estimated 

through pixel counts using CellProfiler software (Cambridge, MA, USA). Fish length measured 

in pixels was subsequently converted to millimetres using the base of the camera mount pole (25 

mm) as a reference. Fish length was then categorized into four size classes (Table S1).  

When a stranded fish was observed, the subsequent images were inspected for 

scavenging by wildlife. Scavenging was assumed when stranded fish disappeared in the 

following images before the next water inundation occurred. The image taken after the fish 

disappeared was noted and the scavenging time was calculated as time period between fish 

stranding and scavenging. 

2.7 | DATA AND STATISTICAL ANALYSES   

The fish stranding density (fish·m-2) was calculated for both the remote photography and 

transect monitoring to allow for comparisons between the two methodologies. The cameras 

captured a surface area ranging from 6.50–7.26 m2 of the riverbed in each image. The transect 

walk area was calculated by multiplying the total length of a given transect by 3 m (i.e., 1.5 m 

either side of the transect). Similarly, fish density (fish·m-2) was calculated for fish seining 

efforts. The number of fish observed or collected from three methodologies (i.e., remote 

photography, transect monitoring, and seine netting) was then divided by the respective area 

covered. A t-test was performed using all fish stranding densities of remote photography and 

transect monitoring calculated for the entire study (Table S2; Table S3), to analyse if the fish 

stranding densities were statistically different between the two methodologies. 

Generalized linear models (GLM), fit with the glm function in the R 2.10.0 package (R 

Development Core Team, 2010), were used to develop predictive models of fish stranding. 

Separate models were developed for the remote photography and the transect monitoring 

datasets. For the remote photography data, the model was developed using the calculated fish 

stranding densities as the response variable and predictor variables were horizontal ramping rate 

(cm·h-1), water temperature (°C), substrate (mm), and wetted history (min) (Model 1).  
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Model 1- Remote Photography 

𝐹𝑖𝑠ℎ 𝑆𝑡𝑟𝑎𝑛𝑑𝑖𝑛𝑔 𝐷𝑒𝑛𝑠𝑖𝑡𝑦

= 𝑔𝑙𝑚(log(𝐹𝑖𝑠ℎ 𝑆𝑡𝑟𝑎𝑛𝑑𝑖𝑛𝑔 𝐷𝑒𝑛𝑠𝑖𝑡𝑖𝑒𝑠 + 1) ~ 𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑅𝑎𝑚𝑝𝑖𝑛𝑔 𝑅𝑎𝑡𝑒

+ 𝑊𝑎𝑡𝑒𝑟 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 + 𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 + 𝑊𝑒𝑡𝑡𝑒𝑑 𝐻𝑖𝑠𝑡𝑜𝑟𝑦 

 

The transect data model used fish stranding density as the response variable and the 

predictor variables were vertical ramping rate (cm·h-1), water temperature (°C), and substrate 

type (mm) (Model 2).   

Model 2 – Transect Monitoring 

𝐹𝑖𝑠ℎ 𝑆𝑡𝑟𝑎𝑛𝑑𝑖𝑛𝑔 𝐷𝑒𝑛𝑠𝑖𝑡𝑦

= 𝑔𝑙𝑚(log(𝐹𝑖𝑠ℎ 𝑆𝑡𝑟𝑎𝑛𝑑𝑖𝑛𝑔 𝐷𝑒𝑛𝑠𝑖𝑡𝑖𝑒𝑠 + 1) ~ 𝑉𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑅𝑎𝑚𝑝𝑖𝑛𝑔 𝑟𝑎𝑡𝑒

+ 𝑊𝑎𝑡𝑒𝑟 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 + 𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 

 

The fish stranding densities used in both models were based on the effort of sampling, 

with remote photography densities calculated using each “potential stranding event” as a unit of 

replication and transect monitoring densities calculated using each transect in each survey is a 

unit of replication.  

Due to overdispersion, a quasi-Poisson regression was conducted to determine the 

deviances in the GLM model (Takahashi & Kurosawa, 2016). For each model variable, we tested 

if homoscedasticity of variance was met using Levene’s test. If data transformation was needed, 

fish stranding density was log transformed to reduce heteroscedasticity. Additional assumption 

testing was conducted by running the model as a logistic regression (where the response variable 

was either stranding or no stranding) to compare against the model with log transformed fish 

stranding density data. A generalized linear mixed model (GLMM) was performed with the 

random effects of reach and camera/transect location, but issues around model convergence and 

limited variation meant we were unable to run this more complex model, so the random effects 

were removed and the model re-analysed. 
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3 | RESULTS  

3.1 | FISH STRANDING DOWNSTREAM OF E.B. CAMPBELL HYDROELECTRIC STATION  

Remote photography using time lapse cameras captured a total of 59 stranded fish within 

images over the deployment period. Fifty-eight of the fish observed in the cameras were size 

class 1 (young-of-the-year), while only one fish was size class 4 (large). Species identification 

was not reliable for young-of-the-year fish (Figure 5). A total of nine fish were observed 

stranded in Reach 1 by the 15 cameras deployed for 149–151 days (d) (Table 1). In Reach 2, 15 

cameras were deployed for 121–122 d observing a total of 24 stranded fish (Table 1). Finally, in 

Reach 3, 15 cameras deployed for 117–118 d observed a total of 26 stranded fish (Table 1). All 

cameras combined, a total of 651 d of observational time was missed due to camera failures 

(Table S2). The highest number of stranded fish was observed in July with a total of 38 

individuals across all three reaches combined. Reach 2 had the highest fish stranding density 

with 0.0042 fish·m-2 (Table 1).  

Out of the 59 stranded fish, 32 were estimated to be scavenged. Average time until 

removal occurred was 240 min, with a minimum time of 30 min and a maximum time of 780 

min (Figure S2). The remaining 27 fish were inundated by water during the next hydropeaking 

event and scavenging was therefore not observed.  
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FIGURE 5 Example images of trail cameras capturing images of the riverbed. (a) Image 

representing water coverage allowing habitat accessibility, taken at 21:19:12 on August 8th, 

2021. (b) Image representing water recession exposing a stranded fish, taken at 00:49:12 on 

August 8th, 2021. The stranded fish species, located in the center of image B and indicated by the 

arrow, was not identifiable.  

A 

B 
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3.2 | FISH STRANDING COMPOSITION  

During transect monitoring, a total of 2,343 stranded fish were found, representing 15 

species; 1,021 of these fish were discovered alive laying on the dry riverbed or in isolated pools 

that were not survivable to the next water inundation, and 1,322 were dead. Fish were located at 

116 different coordinates within 36 transects out of a total of 323 transects conducted during the 

study period. The largest number of fish discovered in one location (N 53.726117 W 

103.177737) was 809 on July 17, 2021. The most common species that stranded was white 

sucker (Catostomus commersonii) with 1,627 individuals (Table 4). A total of 270 fish were 

collected at Reach 1, 297 fish at Reach 2, 1,742 fish at Reach 3, 34 fish at the first boat launch, 

and zero fish during the transect monitoring at the second boat launch and in Saskatoon (Table 

S4). The highest number of fish stranded was in Reach 3 with 1,742 fish over the study period 

and the fish stranding density was highest in Reach 3 with 0.0457 fish·m-2 (Table 2). During 

transect monitoring 2,302 young-of-the year (size class 1) fish, 32 small (size class 2) fish, 6 

medium (size class 3) fish, and 2 large (size class 4) fish were observed (Table 4).  

A total of 7,246 fish, representing 11 species were caught in the seine net surveys (Table 

4). The most abundant species was emerald shiner (Notropis atherinoides) with a total of 2,823 

individuals caught over the study period (Figure 6). The highest fish density from seine netting 

was in Reach 1 (Table S4). The greatest fish density was found at Reach 1 with 1.6453 fish·m-2 

(Table 3).  

  

3.3 | COMPARING METHODOLOGIES 

 When comparing remote photography and transect monitoring, though occasional high 

density stranding events were observed on transects (Figure 7), there was minimal significant 

difference in fish stranding density between methods (t = -2.04, df = 56.23, p-value = 0.046). 

Figure 7 shows that the fish stranding densities of each method are comparable as they overlap in 

ranges for each respective reach. Therefore, the two methodologies provide comparable fish 

stranding densities.  
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TABLE 1 Fish stranding density during the collective efforts of remote photography. 

Location 

Number of 

cameras 

Cumulative 

operational 

days 

Camera 

failures days 

Stranding 

possibilities 

Total area 

surveyed 

(m2) 

Number of 

stranded fish 

Fish stranding 

density (fish·m-2) 

Reach 1 15 2249 240 1308 9256.9 9 0.0010  0.003 

Reach 2 15 1828 169 859 6236.3 24 0.0038  0.005  

Reach 3 14 1646 242 1045 7586.7 26 0.0034  0.004 

 

TABLE 2 Fish stranding density during the collective efforts of transect monitoring.  

Location 

Number of 

transects 

Observing 

days 

Total area of view 

in each survey (m2) 

Total area 

surveyed 

(m2) 

Number of 

fish found 

Fish stranding 

density (fish·m-2) 

Reach 1 19 6 7817 46904 270 0.0058  0.02 

Reach 2 19 5 6761 31997 297 0.0093  0.02 

Reach 3 18 5 7618 38088 1742 0.0457  0.06 

Boat Launch 1 1 6 600 3600 34 0.0047  0.01 

Boat Launch 2 1 6 600 3600 0 0 

Saskatoon 2 6 1200 7200 0 0 

 

 
FIGURE 6 Number of fish per species caught in seine netting surveys representing the local fish 

community that is subject to stranding compared to the number of stranded fish observed during 

transect monitoring.  
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FIGURE 7 Comparison of all calculated fish stranding densities (fish·m-2) from remote 

photography and transect monitoring. Note: Y-axis is on a logarithmic scale. 

3.4 | FISH STRANDING MODELLING  

Heteroscedasticity in the variance was found for multiple variables within both datasets. 

Subsequently, the raw data was log transformed to reduce heteroscedasticity (due to a high 

volume of zero values a value of one was added to all datapoints before log transformation). The 

logistic regression model showed similar patterns as the GLM models with log-transformed data, 

so the log-transformed GLM models are presented here. There is reduced statistical power in our 

model for remote photography as there are only 59 data points where stranded fish were 

observed and a large number of zero values for the response variable. 

Model fitting of data obtained by remote photography resulted in a positive relationship 

between fish stranding density and water temperature (Table 5; Figure 8). There was a negative 



 

 19 

relationship between fish stranding density and substrate (Table 5; Figure 8); smaller particle 

sizes were associated with higher fish stranding densities. Horizontal ramping and wetted history 

had no significant effect on fish stranding density (Table 5).  

 The transect monitoring data model revealed an increase of fish stranding density with 

increasing water temperature (Table 6; Figure 9). In addition, the density of stranded fish 

increased with smaller particle sized substrate (Table 6; Figure 9). There was no effect of vertical 

ramping rate on fish stranding density.  

TABLE 3 Fish density during the collective efforts of fish sampling using a seine net. 

Location Total Area Seined (m2) Number of Fish Caught Fish Density (fish·m-2) 

Reach 1 2532 4452 1.6453  6.3 

Reach 2 2221 834 0.5444  2.0 

Reach 3 2341 1960 0.8631  2.8 

 

TABLE 4 Species collected during seine netting and transect monitoring. The numbers are 

summarized by size class (1 – juvenile, 2 – small, 3 – medium and 4 - large (Table S1)).   

Species Collected 

Seine Netting 

Seine Total 

Transect Monitoring 

Transect Total Size 1 Size 2 Size 1 Size 2 Size 3 Size 4 

blacknose shiner 2 
 

2 2 
   

2 

burbot 
   

1 1 
  

2 

cisco  16 
 

16 6 12 
  

18 

emerald shiner 2822 1 2823 7 2 3 1 13 

fathead minnow 2 
 

2 8 1 
  

9 

finescale dace 12 2 14 
     

johnny darter 
   

2 1 
  

3 

logperch 
    

10 
 

1 11 

northern pike 
   

1 
   

1 

northern redbelly dace 2 
 

2 
     

Sauger 
   

1 
   

1 

spottail shiner 2783 
 

2783 292 3 2 
 

297 

troutperch 6 
 

6 1 
   

1 

unidentifiable 
   

70 
   

70 

walleye 14 
 

14 42 1 
  

43 

white sucker  1276 
 

1276 1624 2 1 
 

1627 

yellow perch 227 81 308 245 
   

245 

Grand Total 7162 84 7246 2303 32 6 2 2343 
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TABLE 5 GLM results for remote photography model with fish stranding density (fish·m-2) as 

the response variable and the predictor variables, horizontal ramping rate, water temperature, 

substrate type, and wetted history. 

Predictor Variables Estimate Standard Error T-value P 

Horizontal Ramping Rate 7.11 x10-6 2.739 x10-5 0.26 0.795 

Water Temperature 3.49 x10-3 1.41 x10-3 2.47 0.014 

Substrate -9.05 x10-5 3.78 x10-5 -2.40 0.017 

Wetted History  -1.94 x10-5 1.67 x10-5 -1.16 0.246 

 

TABLE 6 GLM results for transect monitoring model with fish stranding density (fish·m-2) as 

the response variable and the predictor variables, vertical ramping rate, water temperature, and 

substrate type. 

Predictor Variables Estimate Standard Error T-value P value 

Vertical Ramping Rate -0.007 0.013 -0.567 0.57 

Water Temperature 0.265 0.044 5.975 <0.001 

Substrate -0.003 0.001 -3.829 <0.001 
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FIGURE 8 Fit of the model for the response variable fish stranding density (fish·m-2) observed 

using remote photography with respect to the predictor variables (a) horizontal ramping rate 

(cm·h-1), (b) water temperature (C), (c) substrate type (mm), and (d) wetted history (min). 

Variables with significant relationships have a trendline to represent the relationship between 

variables. Each data point represents a “potential stranding event” as a unit of replication. Note: 

Y-axis is on a logarithmic scale and many of the data points are superimposed.  
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FIGURE 9 Fit of the model for the response variable fish stranding density (fish·m-2) observed 

using during transect monitoring with respect to the predictor variables (a) vertical ramping rate 

(cm·h-1), (b) water temperature (C), and (c) substrate type (mm). Variables with significant 

relationships have a trendline to represent the relationship between variables. Each data point 

represents a transect survey as a unit of replication Note: Y-axis is on a logarithmic scale and 

many of the data points are superimposed.  

4 | DISCUSSION   
Our assessment of fish stranding risk downstream of the E.B. Campbell Hydroelectric 

Station used an innovative remote photography approach. By taking a picture every 30 minutes 

for a five-month period, we were able to document the stranding potentials in three downstream 

reaches. Our cameras were placed in locations where there was a stranding risk for more than 

half of the observational period at all three reaches, highlighting the spatial and temporal extent 

of the influence of the hydropeaking regime of the station. The hydropeaking regime is unlike a 

natural river and is theoretically beyond the abilities of species occupying the river to adapt and 

quickly move away as areas dewater during down-ramping. The channel morphology in the three 
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study reaches are such that vertical ramping rates are greatest below the powerhouse, but 

horizontal ramping rates are greatest in reaches 2 and 3 (Figure S3), where a greater number of 

stranded fish were discovered. Hydropeaking is known to impact the Saskatchewan River’s 

water surface elevation for ~60 km downstream, indicating fish stranding could occur over this 

entire distance. This suggests that the entire fish community structure is being affected in the ~60 

km downstream reach and indicates there are more variables influencing fish stranding than just 

the hydropeaking regime, such as water temperature, substrate, fish life history and body size. 

In the drainage near the study reaches there are ~37 fish species. In the seine netting 

surveys, we observed a total of 11 species in the three study reaches, compared to the 15 species 

observed during transect monitoring. Remote photography observed a northern pike (Esox 

lucius), and a burbot (Lota lota) but other stranded fish were not identifiable (Figure 5). The 

image quality does not allow distinguishing small features required for species identification, 

especially as majority of stranded fish captured in the images were small bodied, young-of-the-

year fish. Stranding susceptibility is likely different based on a species habitat selection and 

behavior as some species, e.g., emerald shiner, spottail shiner (Notropis hudsonius), trout-perch 

(Percopsis omiscomaycus) stranded less than expected based on their proportion in the seine net 

catch (Figure 6). Juvenile sport and commercial fish species, e.g., walleye (Sander vitreus), 

white sucker, yellow perch (Perca flavescens), cisco (Coregonus artedi), burbot and northern 

pike stranded more often based on their proportion in the seine net catch (Figure 6), but we have 

no explanation for this finding based on physiology or behaviour. This could be a result of 

habitat and/or behavioural adaptation leading to increased stranding risk. Alongside juvenile 

sport and commercial fish species, other species were not caught in the seine net but were subject 

to stranding. For example, burbot are more sedentary during daylight hours when seining 

occurred, becoming more active during the night (McPhail & Paragamian, 2000) when the 

hydropeaking regime subjects them to potential stranding. Accordingly, we did not catch any 

burbot in seine netting but the species was observed during transect monitoring in the morning 

after the water level fell overnight, as was the case for johnny darter (Etheostoma nigrum), 

logperch (Percina caprodes), northern pike, and sauger (Sander canadensis). Additionally, lake 

sturgeon (Acipenser fulvescens) are known to occupy the river (Abu et al., 2020; Enders et al., 

2017) but were never seen to be stranded or in fish sampling. This is likely due to gear 

selectivity.  
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The highest proportion of stranded fish was composed of juvenile and small-bodied fish. 

Juvenile and small-bodied fish are more likely to use the nearshore habitat due to the available 

food resources, flow refugia, and habitat structure providing shelter from predators (Irvine et al., 

2015). Juvenile fish are known to be slow to move away from nearshore areas when water levels 

decrease (Korman & Campana, 2009), putting them at a higher risk of stranding compared to 

adults. During the May survey, young-of-the-year emerald shiner dominated the catch in the 

seine netting, but emerald shiner were neither seen in large numbers in later study months in the 

seine netting nor during transect monitoring (Table S5) when stranding rates for all species 

combined were the highest. Likely emerald shiner habitat selection and behaviour reduced their 

stranding risk.  

Despite the advantages of the remote photography, there were some complications using 

the camera mounts. For example, in substrate dominated by boulder and cobble, the camera 

mounts could not be buried into the substrate, which made these mounts vulnerable to being 

pushed over by wildlife or unfavorable weather conditions (i.e., strong wind). The study year 

also had lower than average discharge, so we are uncertain whether the mounts would hold 

against significant flooding. Wildlife were attracted to the camera mounts and were frequently 

observed in images and during site visits. Eagles and small birds used them as perches. Coyotes 

were curious about the tie ropes and chewed and cut multiple ropes during the study period. 

Arachnids used the mounts to support their webs, which was frequently seen in the images and 

sometimes obscured the view of the camera. Subsequently, we recommend that camera mounts 

are frequently maintained to assure full functioning. 

Transect monitoring depends on the availability of field staff, is time intensive and often 

allows for only sporadic observations. During transect monitoring large numbers of fish that 

stranded in the same area were discovered, reflecting the often-clustered nature of stranding 

events. Due to the patchy nature of the fish stranding and fish occurrence in general and the 

larger surface area surveyed during transect monitoring, a higher absolute number of fish were 

observed during transect monitoring, but the relative fish stranding density between the two 

methods are comparable. 

Remote photography captured stranding events as flows dropped during the night; our 

sample period used for modeling summarized these events to within 30 min of the occurrence. In 

contrast, our transect monitoring was conducted after the fish stranding occurred, possibly after 
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scavenging had happened. More than half of the fish observed stranded by the remote 

photography were scavenged on average 240 min after the water receded. Therefore, it is 

possible when small numbers of fish stranded in a location, similar to the numbers observed in 

the remote photography, a large proportion of them may have been scavenged before the transect 

monitoring was conducted. This would result in an underestimation of the fish stranding for the 

transect monitoring. Stranding occurred as the flows typically decreased between 18:00 h and 

6:00 h when it is dark, but the timing varied day to day. Therefore, the ramping rate for the 

transects was an estimate, not necessarily specific to when the stranding occurred. 

An additional limitation of observing fish with remote photography or during the transect 

monitoring is the substrate particle size. Large particle sizes create interstitial spaces. If fish are 

in these interstitial spaces they might not be visible using either method. During transect 

monitoring, fish were seen in crevasses created by large boulder and cobble; however, the 

observers’ ability to change the angle of their view point should have observed more fish than 

the remote photography.  

Remote photography provides advantages due to the continued surveying ability and 

relation to stranding parameters. Though there was no significant difference in the ability of the 

methodologies to capture fish stranding densities, transect monitoring was beneficial in capturing 

a greater sample size of stranded fish used to understand species being stranded. It is suggested 

that remote photography mounts are continually checked throughout a study period to reduce 

complications from weather and wildlife, and on-site transects should be conducted in a timely 

manner as soon as possible after water levels drop to minimize fish lost to scavenging. To best 

depict the extent of fish stranding, a combination of remote photography and transect monitoring 

is recommended.  

In the temperature range of 6–25 °C, we observed a positive relationship between fish 

stranding density and water temperature. Water temperature affects fish behaviour and 

metabolism (Korman & Campana, 2009). For example, warmer nearshore habitat may attract 

juvenile fish to optimize growth (Korman & Campana, 2009) resulting in an increased stranding 

risk. Additional studies are needed to explore fish stranding during winter months, as ice cover 

periods are important for understanding how fish occupy the river habitat (Linnansaari et al., 

2009). In general, at colder water temperatures a higher stranding risk is observed (Irvine et al., 

2009; Juárez et al., 2019; Puffer et al., 2015; Saltveit et al., 2001) as the fish’s swimming 
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capacity decreases (Canal et al., 2015). In addition, during the winter season, under colder water 

temperatures the fish become more sedentary, which can also result in an increased potential for 

stranding (Scruton et al., 2005). While the sedentary behaviour of fish during the winter is a 

response to conserve energy reserves, hydropeaking may increase stress levels and energy 

demands in fish (Scruton et al., 2005).  

The GLM models revealed relationships between the fish stranding density and the type 

of substrate. The models showed that finer substrates such as silt and sand were associated with 

an increase in fish stranding. Continuous change in substrate distribution occurs as the water 

levels rise and fall, creating pools or potholes in sandy areas that are stranding hotspots (Irvine et 

al., 2009; Moreira et al., 2020; Tuhtan et al., 2012). Pools and potholes near the shore allow the 

fish to congregate in shallow areas and get trapped in areas away from the thalweg, increasing 

the chance of stranding (Auer et al., 2017; Irvine et al., 2009). During transect monitoring, 

stranded fish were commonly found in patches that occurred in potholes formed in the substrate, 

most common on sand. This was also witnessed in remote photography; as water levels receded, 

fish congregated in pools and potholes that disconnected from the thalweg and then became 

stranded as the water retreated. However, previous studies have determined that there is high 

variability in predicting fish stranding based on substrate (Hauer et al., 2014), and our models 

were complicated by the interplay between spatial (substrate) and temporal (temperature) effects 

which likely interact. More data with a greater number of stranding observations would help 

develop more robust models. 

Although we did not find a relationship between horizontal or vertical ramping rates and 

stranding, we know stranding can only occur when water levels recede. A lack of relationship in 

horizontal and vertical ramping rate could be a result of the sporadic nature of the station’s 

hydropeaking and insufficient data to define an association with a small range of horizontal and 

vertical ramping rates represented. Previous studies showed that stranded fish are more 

commonly observed in river reaches with gradual riverbanks with a greater horizontal ramping 

rate, as slower water velocities create optimal habitat for juvenile and small-bodied fish (Irvine et 

al., 2015; Tuhtan et al., 2012), exposing them to increased stranding potential. Additionally, 

there was no supporting evidence for effects of wetted history, although the wetted history could 

also affect the stranding potential. Irvine et al. (2015) found with a increased wetted history, 

there is an increased risk of fish stranding due to additional cover or forage availabity leading to 
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more fish choosing to occupy the nearshore environment. Stranding data distributions have a 

large number of zeroes, creating challenges for building robust models. Consequently, further 

studies are required to further investigate the mechanism between these variables and fish 

stranding. 

 In conclusion, our study demonstrated that the hydropeaking of E. B. Campbell 

Hydroelectric Station can lead to mortality of juvenile and small-bodied fish. Enders et al. (2017) 

noted lower densities of juvenile and small-bodied fish downstream from the station in 

comparison to an unaffected upstream site, and our results indicate that fish stranding may be a 

contributing factor to the lower numbers of these life stages and fish species. In addition, since 

the installation of the hydroelectric station, there has been a decline in fish populations 

downstream in the Saskatchewan River Delta (Abu et al., 2020). Our results showed that water 

temperature and substrate affect stranding risk, but surprisingly horizontal ramping rate or wetted 

history did not have a significant effect even though these variables are known to influence 

stranding risk elsewhere (Irvine et al., 2009, 2015; Nagrodski et al., 2012; Young et al., 2011). 

Based on our results, minimizing the hydroelectric station’s hydropeaking during periods of 

warmer water temperatures could reduce the number of stranded fish. Additional use of remote 

photography and transect monitoring should occur to study fish stranding further downstream on 

the Saskatchewan River and in other river systems, to observe fish stranding in colder periods, 

and to validate the fish stranding model results. The use of remote photography has been proven 

to be a valuable methodology that can be applied to hydropeaking rivers globally to gain a better 

understanding of fish stranding.  
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SUPPLEMENTARY MATERIAL 

 
FIGURE S1 (a) Average ramping rate (cm·h-1) for Study Reaches 1, 2, and 3 obtained from 

water level data loggers (U20L-01, Onset, Bourne, MA, USA) that were deployed at the up- and 

downstream locations, respectively, of each reach from June 20, 2021 to October 13, 2021. (b) 

Exceedance curve of the ramping rates (cm·h-1) for each reach.  
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TABLE S1 Size groupings determined by fork length measurements.  
Species Young-of-year Small Medium Large 

Cyprinids <45 mm 46–55 mm 56–70 mm >71 mm 

walleye, sauger, 

burbot, northern pike 

<100 mm 101–200 mm 201–400 mm >401 mm 

cisco  <100 mm 101–150 mm >151 mm 

trout-perch, johnny 

darter, logperch 

 35–60 mm 61–80 mm >81 mm 

yellow perch, white 

sucker 

<50 mm 51–100 mm 101–200 mm >201 mm 

 

 

 

FIGURE S2 Time taken for scavenging of stranded fish within remote photography, based on 

site location. Sample size 5, 14 and 13 for Reaches 1, 2, and 3 respectively.  
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TABLE S2 Summary of the densities of stranded fish (fish stranding density in fish·m2) 

observed during remote photography for the entire study period.  

Reach Camera 

Camera 

deployment 

days 

Camera 

failure 

days 

Observation 

days 

Stranding 

possibilities 

Standing non 

possibilities 

Stranding 

risk (%) 

Area in 

View (m2) 

Total Area 

Seen (m2) 

Number 

of Fish 

Fish Stranding 

Density 

(fish·m2) 

1 

A 
151 21 130 80 50 61.5 7.26 580.8 0 0.00000  0.002 

B 
151 44 107 45 62 42.1 6.9 310.5 0 0.00000  0.002 

C 
151 0 151 97 54 64.2 6.5 630.5 1 0.00159  0.002 

D 
150 19 131 125 6 95.4 7 875 0 0.00000  0.002 

E 
150 0 150 118 32 78.7 7.26 856.68 1 0.00117  0.002 

F 
151 0 151 79 72 52.3 7.00 553 0 0.00000  0.002 

G 
149 26 123 99 24 80.5 7 693 1 0.00144  0.002 

H 
149 14 135 129 6 95.6 7 903 0 0.00000  0.002 

I 
149 16 133 68 65 51.1 7.26 493.68 0 0.00000  0.002 

J 
149 0 149 89 60 59.7 7.26 646.14 1 0.00155  0.002 

K 
149 0 149 93 56 62.4 7.26 675.18 0 0.00000  0.002 

L 
150 27 123 78 45 63.4 7 546 0 0.00000  0.002 

M 
150 20 130 74 56 56.9 7.26 537.24 1 0.00186  0.002 

N 
150 27 123 64 59 52.0 7 448 0 0.00000  0.002 

O 
150 26 124 70 54 56.5 7.26 508.2 4 0.00787  0.002 

2 

A 
121 0 121 17 104 14.0 7.26 123.42 0 0.00000  0.005 

B 
122 0 122 27 95 22.1 7.26 196.02 0 0.00000  0.005 

C 
122 0 122 10 112 8.2 7.26 72.6 0 0.00000  0.005 

D 
122 30 92 20 72 21.7 7.26 145.2 0 0.00000  0.005 

E 
122 13 109 101 8 92.7 7.26 733.26 4 0.00546  0.005 

F 
122 0 122 121 1 99.2 7.26 878.46 5 0.00569  0.005 

G 
122 56 66 62 4 93.9 7.26 450.12 0 0.00000  0.005 

H 
122 0 122 100 22 82.0 7.26 726 3 0.00413  0.005 

I 
122 0 122 34 88 27.9 7.26 246.84 0 0.00000  0.005 

J 
122 0 122 92 30 75.4 7.26 667.92 1 0.00150  0.005 

K 
122 0 122 91 31 74.6 7.26 660.66 0 0.00000  0.005 

L 
122 0 122 18 104 14.8 7.26 130.68 0 0.00000  0.005 

M 
122 0 122 50 72 41.0 7.26 363 1 0.00275  0.005 

N 
122 70 52 35 17 67.3 7.26 254.1 0 0.00000  0.005 

O 
121 0 121 81 40 66.9 7.26 588.06 10 0.01701  0.005 

3 

A 
117 0 117 101 16 86.3 7.26 733.26 8 0.01091  0.004 

B 
117 0 117 107 10 91.5 7.26 776.82 8 0.01030  0.004 

C 
117 0 117 102 15 87.2 7.26 740.52 0 0.00000  0.004 

D 
117 27 90 22 68 24.4 7.26 159.72 0 0.00000  0.004 
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E 
117 0 117 103 14 88.0 7.26 747.78 0 0.00000  0.004 

F 
117 16 101 88 13 87.1 7.26 638.88 0 0.00000  0.004 

G 
118 31 87 71 16 81.6 7.26 515.46 0 0.00000  0.004 

H 
118 0 118 100 18 84.7 7.26 726 0 0.00000  0.004 

I 
118 0 118 99 19 83.9 7.26 718.74 1 0.00139  0.004 

J 
118 49 69 54 15 78.3 7.26 392.04 0 0.00000  0.004 

K 
118 27 91 27 64 29.7 7.26 196.02 0 0.00000  0.004 

L 
118 28 90 0 90 0.0     

M 
118 9 109 12 97 11.0 7.26 87.12 0 0.00000  0.004 

N 
118 55 63 62 1 98.4 7.26 450.12 3 0.00666  0.004 

O 
118 0 118 97 21 82.2 7.26 704.22 6 0.00852  0.004 

 

TABLE S3 Summary of the densities of stranded fish (fish stranding density in fish·m2) 

observed during transect monitoring for the entire study period. 

 

Site Transect Observing days 
Area of View 

(m2) 

Total Area Seen 

(m2) 
Number of Fish 

Fish Stranding 

Density 

(fish·m2) 

1 

1 6 324 1944 1 0.000514  0.02 

2 6 270 1620 0 0.000000  0.02 

3 6 315 1890 0 0.000000  0.02 

4 6 1260 7560 2 0.000265  0.02 

5 6 411 2466 1 0.000406  0.02 

6 6 312 1872 1 0.000534  0.02 

7 6 202.2 1213.2 0 0.000000  0.02 

8 6 154.5 927 0 0.000000  0.02 

9 6 333 1998 0 0.000000  0.02 

10 6 597 3582 0 0.000000  0.02 

11 6 696 4176 3 0.000718  0.02 

12 6 204.9 1229.4 0 0.000000  0.02 

13 6 132.9 797.4 0 0.000000  0.02 

14 6 453 2718 0 0.000000  0.02 

15 6 173.1 1038.6 0 0.000000  0.02 

16 6 292.8 1756.8 0 0.000000  0.02 

17 6 600 3600 26 0.007222  0.02 

18 6 645 3870 32 0.008269  0.02 

19 6 441 2646 204 0.077098  0.02 

2 

1 5 318 1590 1 0.000629  0.02 

2 5 582 2910 2 0.000687  0.02 

3 5 178.5 892.5 0 0.000000  0.02 

4 5 216.3 1081.5 0 0.000000  0.02 
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5 5 258.3 1291.5 5 0.003871  0.02 

6 5 141.9 709.5 0 0.000000  0.02 

7 3 903 2709 7 0.002584  0.02 

8 5 339 1695 155 0.091445  0.02 

9 5 169.5 847.5 1 0.001180  0.02 

10 5 147.9 739.5 2 0.002705  0.02 

11 5 166.5 832.5 2 0.002402  0.02 

12 5 292.5 1462.5 3 0.002051  0.02 

13 5 256.8 1284 64 0.049844  0.02 

14 5 471 2355 1 0.000425  0.02 

15 5 237.3 1186.5 1 0.000843  0.02 

16 5 519 2595 12 0.004624  0.02 

17 5 600 3000 3 0.001000  0.02 

18 5 600 3000 38 0.012667  0.02 

19 5 363 1815 0 0.000000  0.02 

3 

1 5 178.5 892.5 7 0.007843  0.06 

2 5 459 2295 5 0.002179  0.06 

3 5 621 3105 138 0.044444  0.06 

4 5 312 1560 18 0.011538  0.06 

5 5 516 2580 7 0.002713  0.06 

6 5 468 2340 1 0.000427  0.06 

7 5 1011 5055 1350 0.267062  0.06 

8 5 299.4 1497 1 0.000668  0.06 

9 5 204.6 1023 0 0.000000  0.06 

10 5 621 3105 0 0.000000  0.06 

11 5 306 1530 0 0.000000  0.06 

12 5 288 1440 0 0.000000  0.06 

13 5 182.1 910.5 0 0.000000  0.06 

14 5 453 2265 0 0.000000  0.06 

15 5 265.2 1326 1 0.000754  0.06 

16 5 232.8 1164 94 0.080756  0.06 

17 5 600 3000 106 0.035333  0.06 

18 5 600 3000 14 0.004667  0.06 

Boat Launch 
1 6 600 3600 34 0.009444  0.007 

2 6 600 3600 0 0.000000  0.007 

Saskatoon 
1 6 600 3600 0 0.000000  0.0 

2 6 600 3600 0 0.000000  0.0 
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TABLE S4 Species collected during seine netting and transect monitoring. The numbers are 

summarized by reach caught/found. 

Species 

Seine 

Seine 

Total 

Transect 

Transect 

Total 

Reach 

1 

Reach 

2 

Reach 

3 

Reach 

1 

Reach 

2 

Reach 

3 

Boat 

Launch  

blacknose shiner 2   2 1  1  2 

burbot     2    2 

cisco  16   16 18    18 

emerald shiner 2642 35 146 2823 11 1  1 13 

fathead minnow   2 2 9    9 

finescale dace 12 2  14      

johnny darter     1  2  3 

logperch       11  11 

northern pike     1    1 

northern redbelly dace 2   2      

sauger       1  1 

spottail shiner 811 172 1800 2783 5 168 115 8 297 

troutperch   6 6   1  1 

unidentifiable     13 39 11 7 70 

walleye 2 12  14  29 14  43 

white sucker  830 440 6 1276 207 58 1344 18 1627 

yellow perch 135 173  308 1 2 242  245 

Grand Total 4452 834 1960 7246 270 297 1742 34 2343 
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TABLE S5 Species collected during seine netting and transect monitoring. The numbers are 

summarized by month caught/found.  

Species 

Seine 
Seine 

Total 

Transect 
Transect 

Total May June July August September October June July August September October 

blacknose shiner 
  

1 1 
  

2 
 

2 
   

2 

burbot 
        

1 
 

1 
 

2 

cisco  
  

14 2 
  

16 
 

17 1 
  

18 

emerald shiner 2590 52 41 94 2 44 2823 
 

9 
 

2 2 13 

fathead minnow 
 

2 
    

2 
 

9 
   

9 

finescale dace 
  

14 
   

14 
      

johnny darter 
        

3 
   

3 

logperch 
        

10 1 
  

11 

northern pike 
       

1 
    

1 

northern redbelly 

dace 

  
2 

   
2 

      

sauger 
        

1 
   

1 

spottail shiner 569 1 52 1936 202 23 2783 
 

285 6 2 4 297 

troutperch 
  

6 
   

6 
 

1 
   

1 

unidentifiable 
        

68 
 

2 
 

70 

walleye 
  

14 
   

14 
 

43 
   

43 

white sucker  
  

1272 4 
  

1276 
 

1623 1 3 
 

1627 

yellow perch 
  

223 83 2 
 

308 
 

244 
 

1 
 

245 

Grand Total 3159 55 1639 2120 206 67 7246 1 2316 9 11 6 2343 
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Figure S3. Horizontal ramping rates (cm·h-1) recorded at camera mounts when stranding 

potential occurred.  

 


