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Migrations between different habitats to maximise fitness are well documented in many organisms, although such migrations imply a potentially great risk when moving between habitats. For anadromous salmonids, these migrations occur between the freshwater stage in their natal rivers to coastal waters during spring/summer, where they can potentially experience high mortality rates. This study investigated the riverine migration dynamics of Atlantic salmon (Salmo salar) and sea trout (Salmo trutta) smolts with a multiple camera array over three consecutive years (2021–2023). A total of 19,238 individuals were recorded, and the dynamics of schooling behaviour and diel activity patterns were examined with respect to both intra- and interspecific traits associated with migratory behaviour. The observed pattern describes the migration dynamics for sympatric natural stocks of Atlantic salmon and sea trout over a 3-year period with little-to-no interferences with natural behaviour. Results indicate a clear diel pattern in schooling behaviour, governed by the influx of natural light, with clear species-specific differences in migratory behaviour. The observed diel pattern was less dominant later in the migration period, revealing daylight length as a factor altering migratory behaviour during the smolt run. The observed changes in migration dynamics could possibly be adapted as an anti-predator behaviour during river migration, where night/dark offers protection from visual predators, whereas safety in numbers aids predator detection and avoidance during daytime.
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Introduction

The life history and migration patterns of anadromous Atlantic salmon (Salmo salar) and brown trout (Salmo trutta), hereafter sea trout, have fascinated and attracted scientific interest for decades. Both species exhibit high plasticity in life history traits, where perhaps the most intriguing and diverse part of their life history is anadromy. Prior to the initiation of the seaward migration, smolt experience a change in both morphological and physiological attributes (smoltification) to adapt to both the saline levels of the ocean and the ability to cover long distances in search for food (Hoar, 1988). The seaward migration from their natal rivers typically occurs from spring to early summer; the size and age of these smolts are between 12 and 25 cm and between 1 and 6 years, respectively (Thorstad et al., 2010; 2012).

Seaward migration of smolt is a critical life history event where the timing of sea entry to optimise favourable marine environmental conditions is crucial for maximising the survival and fitness of these salmonids (McCormick et al., 1998; Harvey et al., 2020). Migratory cues triggering downstream migration are well documented in the literature, and factors such as photoperiod, water discharge, temperature, and the interaction effects between these are often seen as main drivers for migration (McCormick et al., 1998; Thorstad et al., 2010; Bjerck et al., 2021; Hawley et al., 2024). The downstream migration in the freshwater phase is shown to be an active migration, i.e., the fish moves faster than the water currents (Newton et al., 2021). Atlantic salmon and sea trout smolts have been proven to respond to the same environmental triggers for migration (Harvey et al., 2020). In Norwegian rivers, Atlantic salmon smolt typically start their migration period somewhat earlier than sea trout, but the differences have shown to be negligible for some rivers (Jensen et al., 2012; Haraldstad et al., 2017; Harvey et al., 2020).

Visual predators like birds [gulls (Laridae sp.) and mergansers (Mergus sp.)], mammals [otters (Lutra lutra) and mink (Neovison vison)], and other fish [brown trout and pike (Esox lucius)] are the most common predators of salmonid smolt migrating toward the sea, and predator-induced mortality rates during the riverine migration phase are reported to be between 0.3 % and 7 % km−1 (Thorstad et al., 2012). Mortality rates from these predators are dependent on environmental factors such as water discharge, light, turbidity, and temperature (Thorstad et al., 2012; Gauld et al., 2013: Haraldstad et al., 2017). However, anti-predator behaviour such as nocturnal migration and schooling are considered normal (Thorstad et al., 2012). The smolt run is shown to be predominantly nocturnal in the beginning, with a transition to more daytime migration later in the season due to prolonged daylight and rising temperatures, especially in northern latitudes (Ibbotson et al., 2006; Haraldstad et al., 2017). However, migration in relation to daylight and its impact on the dynamics of smolt migration and inter-species differences are not fully understood. Schooling behaviour is a well-documented anti-predator strategy in many fish species (Marras and Domenici, 2013), but the interspecific dynamics is scarcely documented for descending Atlantic salmon and sea trout smolts in sympatric populations. A better understanding of not only the environmental factors affecting the degree of schooling during riverine smolt migration but also the dynamics of migratory strategies is needed to enhance the understanding of migratory behaviour in salmonids.

Data on natural schooling behaviour of salmonid smolts are a concept that is notoriously difficult to document throughout the migration period without invasive studies. PIT-tagged fish are prone to not be detected if they pass the PIT antenna during the same/short period (Holcombe et al., 2019; Zetner et al., 2021), acoustic tagged fish studies typically do not have the numbers of tagged fish to estimate such effects due to the cost of tags, and tagged experiments typically operate in the space of 50–200 tagged individuals (Hussey et al., 2015). In addition, both PIT and acoustic tagging of fish involve capture, handling and post-operation practises that may harm the fish and their natural behaviour (Thorstad et al., 2013; Vollset et al., 2020). The current study used a video surveillance system detecting close to 20,000 descending smolts from a river system in the western part of Norway from 2021 to 2023. We investigate if and how environmental factors (water discharge, temperature, and light intensity) impact anti-predator behaviour like nocturnal migration and schooling, and if there are any behavioural differences between descending Atlantic salmon and sea trout smolts. Understanding both the behavioural mechanisms of migration and anti-predator strategies, and factors affecting this critical life stage, is of vital importance for better management and preservation of these ecologically and economically valuable species.





Material and methods

River Ervika, a part of Dalsbøvassdraget, is located on the outermost part of the Norwegian coast in the middle of Western Norway (62°9.732 N; 5°6.710 E) (Figure 1). The total accumulated drainage basin for the river is 32.8 km2, and the river has a total length of 11.6 km. The water course consists of multiple river stretches and four lakes (Morkavatnet, Sætrevatnet, Dalsbøvatnet, and Ervikvatnet). The only two anadromous species of this river are Atlantic salmon and sea trout. Sea-run fish can access a total anadromous stretch of 9.3 km up to the final migration barrier located just downstream of Morkavatnet, where fluvial habitats account for 5.2 km (Figure 1). Possible visual predators on smolts inhabiting the system include gulls, otters, mink, and brown trout.

[image: Map of a region in Norway with detailed topographic lines and elevations marked in meters. Key locations include Storelva, Ervikvatnet, Dalsbøvatnet, Sætrevatnet, and Morkavatnet. A camera array is indicated with a red dot, and a migration barrier is marked in red. Inset shows the location of the region relative to Trondheim, Bergen, and Oslo. Scale is provided at the bottom left.]
Figure 1 | Map over Dalsbøvassdraget; river Ervika is located from Ervikvatnet to the sea. Main spawning and nursing area are located in Storelva. The camera array are located only 200 m above the sea, and the anadromous migration barrier is located in the river stretch between Morkavatn and Sætrevatn.

Video technology has been established as an acknowledged methodology for gathering information in fish monitoring programs during the past decades (e.g., Davidsen et al., 2005; Svenning et al., 2017), and the method relies on visual information and classification of species and life stages. The multi-camera array was placed at the same location in all consecutive years (Figure 1), and the total smolt-run period (mid-April until mid-June) was surveyed each year (2021–2023). A total of four cameras were placed in the narrowest part of the river. Camera platforms were moored to the bottom of the riverbed with an effective weight in water of 8–10 kg and with an adjacent white LED light mounted on a bracket next to the cameras. Each camera (Minicam V2 from Skynordic) had a horizontal field of view under water of 60°. The underwater lights have a beam angle of 135° and a colour temperature of 5,700 K and 1,500 lumens of light. The maximum depth at the camera array varied between 40 and 60 cm depending on water discharge, and all cameras were positioned less than 1 m apart from each other to ensure overlapping line of sight over the three subsequent cameras (Figure 2). Each camera delivered a phase alternating line (PAL) continuous stream with a resolution of 720 × 576 pixels. All cameras were set up with a hardwire connection to a stationary land base equipped with a receiver and transmitter, storing the video at 3 frames per second (FPS) for the whole duration of the experimental period in external hard drives.

[image: A stream with measurements labeled along the water's flow, indicating distances between the four cameras in the camera array. The surrounding landscape features grassy fields, rocks, and distant hills.]
Figure 2 | Camera array with measured distance between camera platforms. All cameras had overlapping line of sight for maximum detection probability of passing fish. Created in https://BioRender.com.

All material was analysed through manual continuous playback, varying between 6× and 12× the actual speed. All anadromous fish passing were logged, and uncertainties regarding fish species identification of the fish passing were cross-checked by extracting still images from the video and cross-validated by multiple persons subsequently. For each detected anadromous fish, data were recorded including the date and time of passage (HH:MM:SS), species identification, camera unit responsible for detection, and the observed swimming direction. Schooling behaviour was defined as three or more fish passing the camera array within a timeframe of 12 s for comparison to earlier published data (Fernandes et al., 2015). Nevertheless, in the majority of observations, the smolts were observed within visual range of each other, and the maximum time between registered individuals within a school never exceeded 4 s.

To account for daylight, influx solar irrigation (hereafter solar radiation) was extracted for the time period in question and the Ervika location through the package “httr” (Wickham, 2023) and “jsonlite” (Ooms, 2014) in R [R version 4.4.0; R Core Team (2024)] and applied to the raw data on an hourly basis. Solar radiation in this context is the global solar irrigation (direct + diffuse) measured in kW per square meter. Minimum and maximum values throughout the time series for the Ervika location were 0 and 801.1 kW m−2, respectively, where solar radiation levels follow, on average, a bell-shaped curve during the day with the peak at noon (mean = 449.5 kW m−2) when the sun reaches its highest point (see Appendix Figure A2). Solar radiation is therefore used as a proxy for daylight. For the whole time series, average solar radiation was 173.8 kW m−2. Water discharges were readily available from an NVE station (Norwegian Water Resources and Energy Directorate) in Dalsbøvassdraget, and water temperatures were collected by HOBO loggers attached to the camera platforms, both logging on an hourly basis.




Statistical analysis

To assess differences in timing of downstream migration between Atlantic salmon and sea trout across multiple years, daily counts were transformed into proportional values within species–year–groups to ensure the focus on relative timing patterns with migration dynamics independent of total abundance. Dates were assigned a day-of-year value (Julian date). To account for temporal distribution of migration events, each date was converted to day-of-year format and weighted by its proportional contribution to the total migration. A weighted dataset was constructed by replicating day-of-year values according to their proportional weights, simulating the temporal distribution of migration events. An analysis of variance (ANOVA) was performed to test for effects on species, year, and interaction effects between species and year on migration dates.

To evaluate how environmental variables on an hourly scale influenced the probability of smolt
migrating in schools, we fitted a generalised linear mixed-effects model (GLMM) using the glmmTMB package in R (Brooks et al., 2017). Each fish migrating past the camera array was classified as either schooling or solitary, meaning that the response variable “schooling” was binary. To account for potential non-linear effects of solar radiation on schooling behaviour, we modelled solar radiation influx (kW m−2) using a natural cubic spline with four degrees of freedom (df = 4) from the “splines” package in R (Bates and Venables, 2014). Natural splines were chosen because they provide smooth, flexible fits while constraining the function to be linear beyond the boundary knots, reducing the risk of overfitting at the extremes of the data range (Hastie and Tibshirani, 1990). Increasing the degrees of freedom beyond four did not substantially improve model fit [as assessed by the Bayesian information criterion (BIC)] and risked overfitting, while fewer degrees of freedom failed to capture the relationship between solar radiation and schooling probability.

Model selection was performed using a backward stepwise procedure based on the BIC, which penalises model complexity more strongly than the Akaike information criterion (AIC). The full model included fish species (Atlantic salmon vs. sea trout), solar radiation influx (modelled as a spline), river discharge (m³ s−1), and interaction terms between species and both environmental variables. At each step, the variable or interaction contributing least to model performance (as measured by BIC) was removed, and the process continued until no further improvement in BIC was achieved. The final model retained species and solar radiation as main effects, while water discharge and the interaction terms were excluded, indicating that these terms did not substantially improve model fit relative to their complexity. Year was included as a random intercept to account for repeated observations within years and unmeasured annual differences. Therefore, the final model included the predictors species and solar radiation influx with year as a random intercept in the GLMM. The model used a binomial error distribution with a logit link. Model assumptions were evaluated using the DHARMa package (Hartig, 2025). Normality of residuals was assessed via a Kolmogorov–Smirnov test on simulated residuals (p = 0.394), variance homogeneity was checked using a dispersion test (p = 0.82), an outlier test showed no residual outliers with extreme values (p = 0.69), and a visual inspection of residuals versus predicted values showed no heteroscedasticity in the residuals (Appendix Figure A1). These diagnostics indicated no significant deviations from model assumptions. The model equation for the final model was:

logit (pi) β0 + β1 ·speciestrout + f (solar radiationi) + uyear(i),


where pi
 is the probability of being in a school for observation i, β0
 is the intercept, β1
 is the effect of trout compared to salmon, f(solar radiationi)
 is the natural spline-transformed effect of solar radiation, and uyear(i)
 is the random intercept for year.






Results

During the entire study period, the visibility was consistently greater than 1.5–2 m; therefore, at least two cameras had an overlapping field of view to ensure a continuous visual coverage of the full width and depth of the water column. A total of 19,238 individual smolts were registered over the period 2021-2023 (Table 1), with the median time between observations of schools and single fish varied between 11.9 and 12.8 min (see Appendix Table A1). The migration period had a relatively short time span in all years, with significant variations between species and year, where the first smolts were observed passing the camera array on 18, 19, and 15 April and with the last detection of smolt migration on 15, 11, and 14 June in 2021, 2022 and 2023, respectively. An accumulation of 90 % of all smolts passed the video arrays within 28 May (2021), 24 May (2022), and 4 June (2023) for Atlantic salmon and 20 May (2021), 24 May (2022), and 3 June (2023) for sea trout (Figure 3).

[image: Violin plots comparing sea trout and Atlantic salmon data across three years: 2021, 2022, and 2023. Each plot displays data distribution over time, with separate colors for each species by year. Horizontal box plots indicate median and interquartile ranges. Dates are on the x-axis.]
Figure 3 | Distribution of arrival dates to the camera sector for Atlantic salmon and sea trout smolts by year. Each horizontal violin represents the distribution of individual arrival date times for a given species and year. The width of each violin reflects the density of arrivals (wider sections indicate more arrivals at that time). The embedded boxplot within each violin shows the interquartile range (IQR; the middle 50% of the data), with the thick horizontal line indicating the median arrival date time. Whiskers extend to the most extreme data points within 1.5 × IQR from the box.

The timing of downstream migration differed significantly, both between species and years. A Levene’s test revealed significant heterogeneity of variance across groups (p < 0.005), violating the assumptions of the ANOVA test. To account for this, a Welch’s ANOVA was used and confirmed significant differences in migration across species–year combination (F = 27.49, p < 0.001). A Kruskal–Wallis test supported this result, indicating significant differences in the distribution of migration timing (χ2 = 113.11, p < 0.001). The results demonstrated significant differences both between species, year, and interaction and between year and species. A post-Tukey HSD was performed to investigate all years, and the only year without a significant effect on migration timing between species was 2022 (Tukey HSD; p = 0.97) (Figure 3, Appendix Tables A2-A5).

Across all years, a total of 1,467 schools of fish were recorded: there were 1,014 (69.1 %) schools of Atlantic salmon, 102 (7.0 %) schools of sea trout, and 351 (23.9 %) mixed-species schools. Results reveal a diel pattern in schooling behaviour for both species, where a total of 76.9 %–88.8 % of all Atlantic salmon observations and 41.7 %–57.8 % of all sea trout observations were classified to exhibit schooling behaviour in 2021–2023 (Figure 4, Table 1).

[image: Two density plots show fish activity by species and time of day. The top plot combines Atlantic salmon and sea trout densities. The bottom plots separate species with color-coded schooling data. Peaks occur for both species at dawn and dusk.]
Figure 4 | Observed diel migration patterns for all fish in 2021–2023, all raw-data combined. Density represents portions of the total number of observed fish in each separate category. The upper panel shows total portions of all passages for Atlantic salmon and sea trout; all fish included for all years. The lower panel shows schooling vs. single fish passages for Atlantic salmon (left) and sea trout (right). Daylight times were derived using the “suncalc” (Thieurmel and Elmarhraoui, 2022) package in R for May 15, representing approximately 50% cumulative migration across all years.


Table 1 | Total numbers of registered smolts categorised as “schooling” and “single” fish passages in River Ervika 2021–2023.
	Year
	Species
	Total N
	Schooling (N)
	Single (N)
	% Schooling
	% Single



	2021
	Atlantic salmon
	4,365
	3,874
	491
	88.8
	11.2


	Sea trout
	652
	377
	275
	57.8
	42.2


	2022
	Atlantic salmon
	5,303
	4,079
	1,224
	76.9
	23.1


	Sea trout
	784
	327
	457
	41.7
	58.3


	2023
	Atlantic salmon
	7,057
	5,447
	1,610
	77.2
	22.8


	Sea trout
	1,077
	534
	543
	49.6
	50.4


	Total 2021–2023
	Atlantic salmon
	16,725
	13,400
	3,325
	80.1
	19.9


	Sea trout
	2,513
	1,238
	1,275
	49.3
	50.7







The observed schooling behaviour correlates with daylight and reveals a bimodal trend where higher densities of fish passages are pronounced around dusk for Atlantic salmon, whereas sea trout have higher densities of fish passages during night/dawn (Figure 4).

The final GLMM included the predictors species and solar radiation modelled as a natural cubic spline with four degrees of freedom (BIC = 19,159.7), with year as a random intercept in the GLMM. Model selection excluded the interaction between discharge and species (BIC = 19,223.3), the interaction between solar radiation and species (BIC = 19,175.4), and discharge as a main effect (BIC = 19,172.6). Results from the GLMM analysis reveal that the probability of migrating together with other fish, “schooling”, differed significantly between salmon and sea trout smolts. Disregarding environmental factors, but keeping year as a random intercept, salmon smolts had 81% probability and sea trout had only 51% probability of migrating in a school. This corresponds to 77 % lower odds of schooling in trout compared to salmon (odds ratio = 0.23, t = −32.35, p < 0.001). Including solar radiation as a natural spline (df = 4) significantly improved model fit compared to a linear effect (likelihood ratio test: χ2 = 642.3, df = 3, p < 0.001), demonstrating a non-linear relationship between solar radiation and probability of schooling for both species (Figure 5). While the relationship between solar radiation and schooling was not linear, increased solar radiation promoted schooling, but the effect was strongest at intermediate levels of solar radiation. For the highest levels of solar radiation, the effect on schooling reached a plateau (Figure 5). The random intercept for year had a variance of 0.15, indicating modest to moderate annual variation (see Appendix Table A6 for model output results).

[image: Line graph showing the diurnal activity patterns of Atlantic salmon and sea trout by hour of the day. The y-axis represents percentage activity, while the x-axis represents hours. The red line denotes Atlantic salmon, showing higher activity from 5:00 to 20:00 hours. The teal line represents sea trout, with fluctuating activity throughout the day. Error bars indicate variability. A gray background marks nighttime hours.]
Figure 5 | Observed (solid lines) and predicted probability (dashed lines) of schooling by hour of day for Atlantic salmon (red) and sea trout (blue) smolts. Observed percentages represent average values across years 2021–2023 for each species, with whiskers showing standard error (SE) between years. Predictions are based on the generalised linear mixed-effects model results. Beige, blue, and grey background shading indicate daytime, dawn/dusk, and night, respectively. Daylight times were derived using the “suncalc” package in R for May 15, representing approximately 50 % cumulative migration across all years.

Analyses on solar radiation reveals a fixed diel pattern for all years, where hours with no solar influx have dominantly more single fish passages as also predicted by the GLMM. This pattern breaks up during dawn when fish passages for both species predominantly are together with others (schooling). Sea trout migrated more often during hours with less solar influx and dawn compared to Atlantic salmon, which favoured dusk, and generally had less migration activity during total darkness compared to sea trout. Nevertheless, diel patterns with less midday movement and prominently less “schooling” and more single fish detections during nighttime were observed for both species (Figure 5).





Discussion

The results from River Ervika offer a novel insight into the diel migration patterns in sympatric salmonids and reveal a correlation between schooling behaviour and natural light regimes, and its effect on the migratory timing during seaward migration for Atlantic salmon and sea trout smolts. The observed pattern describes the migration dynamics for sympatric natural stocks of Atlantic salmon and sea trout over a 3-year period with little-to-no interferences with natural behaviour.

Results indicate significant differences in the timing of the “smolt run” between species within years, where sea trout migrated earlier than Atlantic salmon in 2021 and 2023. There were no significant differences, but the same trend in the data was observed in 2022. Significant variation between years was also detected for both species. The timing of the “smolt run” and the effects of environmental triggers have been thoroughly studied during the last decades, and environmental factors such as photoperiod, temperature, water discharge, and turbidity have shown to be amongst the most pronounced effects triggering migration (Jonsson and Ruud-Hansen, 1985; McCormick et al., 1998; Urke et al., 2013; Harvey et al., 2020; Bjerck et al., 2021). The timing of migration between species considering day of year have often shown that Atlantic salmon are somewhat earlier than sea trout, but with considerable overlap between species (e.g., Aldvén et al., 2015; Haraldstad et al., 2017). Nonetheless, there are also examples where sea trout smolt start their migration period before Atlantic salmon (Sortland et al., 2025); thus, the results from River Ervika are formally recognisable compared to earlier work and further establish and strengthen the hypothesis of coinciding migration patterns for sympatric Atlantic salmon and sea trout.

Concerning migration behaviour, analyses disclose a diel pattern in schooling behaviour, with clear species-specific differences in migratory behaviour concerning time of day. Mixed-species schools were frequently observed to contain higher proportions of Atlantic salmon compared to sea trout. Observations within these schools suggest that sea trout individuals typically occupied positions toward the rear of the school, often passing the camera array as the last individuals. In addition, Atlantic salmon exhibited a more direct and coordinated movement, suggesting a decisive migratory strategy. In contrast, sea trout displayed less structured behaviour, occasionally lingering or moving erratically within the school before passing the camera array, but within the observed school. These observations could indicate species-specific differences in schooling dynamics and migratory decisiveness, which may reflect underlying ecological or behavioural adaptation traits. The shift from territorial behaviour to formation of schools in salmonid fish such as Atlantic salmon and sea trout is associated with the transition from parr to the smolt migratory life stage, influenced by habitat conditions, water temperature, and food availability (Kasumyan and Pavlov, 2023). Okasaki et al. (2020) also found that Chinook salmon (Oncorhynchus tshawytscha) exhibited increased efficiency in navigation fishways at manmade dams when migrating in schools rather than as a single fish, suggesting that the conspecific social cues could facilitate better route identification for safe passages. Nevertheless, in the same study, there was no evidence that the sockeye salmon (Oncorhynchus nerka) had higher passing success; thus, interspecific differences in salmonids must be expected (Okasaki et al., 2020).

Results from the current study show a correlation between schooling behaviour and influx of natural light, where “single fish” are more prone to be detected during darker hours. However, there were discrepancies between observed and predicted values (GLMM) during the darkest hours of the night, where the observed probabilities for schooling were lower than predicted from the model. Even though the model showed a good fit to the data, a model will always be a simplification of ecological reality. Several likely possibilities could explain these differences: first, data on global solar radiation were extracted for the coordinates matching River Ervika, but these are modelled data and not accurate measurements on site, meaning that there could be a difference between actual solar radiation and modelled values. In addition, other environmental and ecological factors that promote or discourage schooling behaviour in salmonid smolts but not measured or modelled here could play a part in addition to solar radiation. The model prediction showed that schooling probability increased with increasing solar radiation, but the effect plateaued for the highest values of solar radiation for both species. The observed values support these findings, which indicate a threshold in solar radiation that does not promote additional probability of schooling. In a biological sense, it could be interpreted such that solar radiation or light influx acts as a factorial variable of “light or dark” instead of a continuous variable, with a linear effect on schooling probability only during the transition between “light and dark” periods.

Species-specific differences reveal a bimodal trend for passing the camera location during dawn/dusk and darker periods rather than in full natural sunlight, where sea trout are more prone to pass at dawn and Atlantic salmon are more prone to pass in the afternoon/at dusk. This migration regime breaks up in late May when daylight length increases, and the darkest hours of the night could only be considered as dusk or dawn. These results are in accordance with earlier research where the diel patterns become less prominent later in the migration period with longer natural daylight regimes (Thorstad et al., 2012; Haraldstad et al., 2017). The observed changes in migration dynamics could possibly be adaptations in anti-predator behaviour during river migration, where night/dark offers protection from visual predators, whereas safety in numbers aids predator detection and avoidance during daytime. Previous research has demonstrated that Atlantic salmon smolts are more likely to migrate in schools during daylight hours than at night (Riley et al., 2014; Simmons et al., 2021), concluding that it is an adaptive response to predation risk, where darkness offers protection for solitary individuals from visually oriented predators, while the group migration during the day enhances vigilance and safety through collective behaviour. The current data collected and analysed further support this hypothesis and contribute to a deeper understanding of one of the most vulnerable life history stages in anadromous salmonids. Moreover, results from River Ervika reveal species-specific differences in diel migration patterns, with salmon predominantly migrating in the afternoon and evening, while sea trout show a stronger preference for migration during the morning hours. Such interspecific variation in sympatric Atlantic salmon and sea trout has been poorly documented in previous literature. The observed species composition has remained stable throughout the 3-year monitoring period in River Ervika, where 87 % of all registered smolts in 2023 were Atlantic salmon, compared to 81 % in 2020, and 87 % in both 2021 and 2022 (Ulvund et al., 2025). The consistently high smolt counts observed in the current study suggest that the river may be approaching its maximum production potential, given its size, and that recruitment is strong with good survival from egg to smolt. These are indicators of a system with a production potential in equilibrium and, thereby, the consistency of the observed pattern can be seen as a natural behavioural trait for both species.

Schooling of migrating salmonids has been documented in earlier research (e.g., Riley et al., 2014; Simmons et al., 2021) but not as extensively as in the current study, in terms of number of individuals and consistency. In addition, the current study collected observational data with a method with little-to-no interferences with the study objects’ natural behaviour, compared to tagging studies and studies using fish traps, where tagging effects and the typical laminar flow over fish traps could affect the natural behaviour of the fish. Data collection and different methodologies for observation and remote logging of animal behaviour have weaknesses, strengths, and limitations. In the case of video surveillance as a method for detecting the presence of fish and observing their behaviour, the most profound limiting factor is visibility in the water column. Nonetheless, the consistency and the precision of the data collected over multiple years in River Ervika suggest that video surveillance as a method works well in small rivers. Size differences among individuals can influence migratory behaviour, particularly through size-dependent predation risk (Ibbotson et al., 2011). In the present study, although measurements indicated negligible size variation between Atlantic salmon and sea trout smolts when comparing individuals migrating in mixed schools to those observed in single-fish frames, these estimates are subject to inherent uncertainties in size determination. Nevertheless, the limited observed variation suggests that potential confounding effects of body size on behaviour and seaward migration were likely minimal. Consequently, the behavioural patterns reported are more plausibly driven by ecological or environmental factors rather than size-related vulnerability. The bimodal migration patterns observed in River Ervika are a poorly documented and understood phenomenon, and further understanding of the migration patterns and schooling behaviour could assist in improved management plans through facilitating better migration possibilities in rivers with anthropogenic challenges such as power plants with better practices for bypass flow for fish migration concerning natural light regimes.
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