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Abstract

:

Restoring the longitudinal connectivity of rivers through fish passes is of great importance for achieving good ecological status of surface waters. However, the key stimuli determining the findability of the entrance of these structures is still subject to debate. In this article, the influence of water temperature, light and acoustic stimuli in addition to flow parameters on fish movement is assessed. Analyses are based on a comprehensive dataset of 40,000 fish migrations covering time accurate recording of ascending individuals during the observation periods from 2015 to 2020 in various fish passes on the river Drava in Carinthia, Austria. The data are assessed by technical, fish ecological and statistical methods. Results indicate that the effect of the water temperature gradient between the fish pass and the main river has most impact on the ascent rates, whereas the two factors of light and acoustic, as well as most of the flow parameters, have no or negligible effect on the findability. A favourable thermal environment can be important to ensure efficient upstream migration and thus facilitate the findability of fish passes.
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1. Introduction


“There doesn’t exist any completely untouched river in the Alpine arc, even larger near-natural sections are rare today” [1]. This statement from 1992 is applicable to almost the whole of Europe and the USA. The pervasive alteration of riverine ecosystems worldwide, due to their development for human needs, represents one of the greatest and priority challenges for the preservation and restoration of the fish fauna [2,3,4,5,6]. Obstacles that prevent or restrict the migration of fish, such as dams and weirs, isolate and alter previously connected fish communities, leading to drastic changes in the structure of the faunal communities of freshwater ecosystems and loss of biodiversity [7,8,9]. The European Water Framework Directive demands the maintenance or establishment of “good ecological status” for water bodies, defined by biological, hydromorphological, chemical and physical-chemical elements [10]. The main issue we have to deal with in Europe regarding the “good ecological status” is, without a doubt, the hydromorphological element, and here in particular, in a very high percentage, is the longitudinal connectivity. For decades, fish passes have been the most important means to re-establish the river continuum at the barriers; it is, therefore, not surprising that many publications, consisting of handbooks, guidelines and technical papers, have been published on the operation and design of fish passes [11,12,13,14,15]. There is a vast number of thresholds, reference or guiding values in those guidelines. However, most of them have never been evaluated regarding their ecological relevance [16].



One essential point in the design of fish passes concerns the findability of the entrance. The two major factors influencing findability are the position of the entrance in relation to the obstacle, and the presence of conditions that attract fish, respectively, and “guide” them towards the fish pass. The importance of the correct position of the entrance was first mentioned in 1912 [17]. It has since been discussed and further specified in numerous publications and is essentially undisputed. Attraction factors, on the other hand, target fish behaviour, e.g., rheotaxis, phonotaxis, phototaxis, chemotaxis and thermotaxis, to mention a few [18,19,20,21]. Despite the wide range of possible influencing factors, there is a lack of large-scale field studies that relate these factors to the findability of the fish migrating facilities.



The physical factor most frequently mentioned in the literature is the flow situation in the entry area, which is mainly determined by flow velocity, turbulence and flow impulse. The flow velocity is bounded upwards by the swimming performance of the weakest individuals, and downwards by the minimum velocity perceptible to fish. For the lower bound, values from the literature range from about 0.15 m/s for juvenile fish and 1.25 m/s for adult salmonids [22,23]. The flow impulse can only be controlled by the amount of water exiting the fish pass. Nevertheless, the magnitude of this impulse and thus of the attraction flow cannot be considered independently, as it is perceived to act relative to the competing flow over the weir or the turbines. Hence, Austrian and European Guidelines request an attraction flow at fish pass entrances at approximately 1–5% of the competing flow of the river, based on Larinier et al. [24].



Another major factor attracting fish and affecting its behaviour is the water temperature. It is well known that water temperature is one of the main triggers for fish migration. It influences the oxygen level of the water body, the trophic status and thus also nutrient availability for water organisms, and has therefore major influence on the energy balance and migration behaviour of fish [25].



In this work, we analyse the data of three function monitoring projects that took place over a timespan of five years at different fish passes in the epipotamal of the Drava River in Carinthia/Austria. Temperature, natural light conditions and flow data were recorded at each of the fish passes; furthermore, two additional artificial stimuli, addressing the phonotaxis and the phototaxis, were set at one single site. The following research questions will be addressed: (1) do the variables under investigation have a significant effect on the ascent rates; (2) can this influence be quantified in terms of effect size or incident rate ratios; and (3) does the influence vary between families, guilds and species, in terms of significance and/or effect size.



The collected data were sufficient to affirm our three principal hypotheses: (1) that the findability of the entrance is not or just weakly correlated to the flow parameters in the fish pass; (2) that the effect size of temperature parameters far outweighs that of the flow parameters of the main river; and (3) that there is a difference in response to the key factors between different families, flow preference guilds and species.



We use and compare the standard frequentist with the Bayesian statistical approaches to test the plausibility of the results of the regression analyses.




2. Materials and Methods


2.1. Study Site


The monitoring projects were carried out at fish passes at the Hydro Power Plants (HPP) Lavamünd, Schwabeck and Edling, situated at river Drava in Carinthia/Austria (Figure 1). The Drava, with a catchment area of about 12,000 square kilometres, drains the whole of Carinthia and East Tyrol and is thus an essential part of the Danube catchment area south of the main Alpine ridge. It is one of the most exploited rivers in the world in terms of hydropower, with 11 hydro power stations on the length of 270 km on its way through Austria (Figure 2). The HPP chain shows overlapping reservoirs. Therefore, the influence of the flow regulation and energy generation just show insignificant alterations in water level at the entrance of the fish passes. The tailwater of the single HPPs is mainly affected by the headwater of the downstream HPP.



Currently, the entire chain of power plants is being equipped with fish passes to restore the river continuum and thus fish passability. The optimal position of the entrance to each fish pass was determined using 2D hydraulic simulations. The entrances are located where a directed flow without rotating swivels downstream the turbines meets the riverbank, and are in all three cases situated at the end of the construction bay of the HPP. During the construction of these fish passes, the current research project, supported by VERBUND Hydro Power GmbH, was initiated, in which different key stimuli for finding the entrances of fish passes are investigated.



The three fish passes considered are vertical slot passes of the type enature® and are located in the epipotamal fish region with the lead species Squalius cephalus, Barbus barbus, Chondrostoma nasus and Hucho hucho [27].



The total lengths of the fish passes vary between 300 m and 650 m, with the fish pass at HPP Edling being the longest. The distance of the entrance varies between 110 m to 150 m to the obstacle, with an angle of about 35° between the flow direction of the watercourse and the outflow direction of the fishway. Table 1 provides an overview of the characteristics of the individual study sites.




2.2. Data Acquisition


Data were collected over various time periods across the three sites (Table 2), from 2015 to 2017 and from 2019 to 2020, with a total of 776 days of monitoring. Subsequently, the data acquisition will be split up into two parts, which will be mentioned separately:




	
The measured and derived predictor variables.



	
The fish ecological monitoring.








2.2.1. Predictor Variables


The discharge data of the main channel of the Drava (Qd) were provided by VERBUND Hydro Power GmbH with a temporal resolution of 15 min. The discharge in the fish passes (Qf) varied depending on the headwater level of the Drava and was thus almost independent of the runoff in the main channel. It was calculated in 15 min time intervals, using a rating curve and the data of the headwater level of the river Drava. The combination of the varying discharge in the river Drava caused by hydro peaking at the three HPPs and the change in discharge in the fish pass led to a guiding flow (Qa) in the range of 0.03 to >400% of the competing flow throughout the period of this study. Qa was calculated according to (1):


Qa = Qf × 100/Qd



(1)







Extreme values of the guiding flow (of more than 10% of Qd) occurred during the periods when the turbines of the HPPs were not in operation and the natural discharge of the Drava was intermitted and stored in the reservoirs for later energy production. About 750 hourly data sets scattered over the entire study period were affected. As there was just a minor influence on the water level at the entrance, because the water surface elevation (WSEL) is mainly dependent from the storage level of the downstream HPP in the chain with overlapping reservoirs, the WSEL at the entrance was not considered as a relevant and independent predictor variable. The discharge of the river Drava and one of the fish passes are at considerable different orders of magnitude, which hampers the comparability of results. Qd and Qf were therefore scaled so that a change of one unit corresponds to a change of 10% of the mean discharge in each case, which is 275 m3/s for the river Drava and 0.038 m3/s for the fish passes.



Water temperature was recorded by temperature sensors in time intervals of 1 h. The sensors with data logger of type “onset® HOBO® U22 Pro v2” were positioned in the most downstream pool of the fish pass, as well as in the main channel of the river Drava (Table 3).



Since the temperature shows a distinctly sinusoidal characteristic over the course of the year, and fish migration starts in spring when the water temperature rises and ends again towards winter when water temperature drops and fish move to their winter habitats, it seemed reasonable to consider a seasonal trend when analysing the effect of water temperature on ascent rates. For this purpose, a seasonal trend adjustment was carried out by fitting a sine curve to the annual cycle of the mean daily water temperature of the river Drava from 2017–2019. The temperature data used in the analysis stem from a gauge situated only 300 m downstream the HPP Lavamünd and can therefore be considered representative for the study area. The residuals of this adjustment process were used as the predictor variable “water temperature residuals” (tres) in the further analyses. The variable “water temperature difference” (tdiff), on the contrary, denotes the difference between the water temperature in the direct entry area of the fish pass and the water temperature of the river Drava without sinusoidal adjustment. The idea behind this is that the physical properties of water, such as density and especially kinematic viscosity, change with temperature. The mixing processes between two water bodies are thus influenced by the temperature gradient, resulting in a thermal front from the fish pass into the river, which can be perceived by the fish in their migrating corridor.



The “season” (seas) as a categorical predictor variable was considered, as there are differences in spawning- and thus migration times between the 34 observed species, some of which were subsequently analysed separately.



Since the study spanned 5 years of observations, the variable “year” addresses the fact that the number of migrating fish varies from year to year. This variation is based on influences not considered here, such as extreme floods and turbidity, among others, that have a strong impact on migration and are capable of destroying downstream habitats, as well as entire populations of juvenile fish and larvae [28,29]. The unobserved differences between the three locations of the fish passes were represented in the statistical models by the categorial variable “site”.



At one site, at the HPP Edling, light and acoustic were set manually as key stimuli during the spring and autumn monitoring in 2019 from 19 April 2019 to 18 June 2019 and from 17 September 2019 to 4 November 2019. This was to investigate the phototactic and phonotactic behaviour of the fish to determine whether these manually placed stimuli have an influence on the ascent rates and the findability of the fish pass entrance. The light stimulus was set by three LED strips with 630 lm/m and a total length of 15 m, which were positioned downstream from the first pool of the fish pass on both sides of the bank (Figure 3). The LED strips with a beam angle of about 110° were fixed about one meter above the ground. The resulting illuminance was about 50–100 lux, depending on the turbidity in the Drava. The acoustic stimulus was set by two under water speakers, which were positioned in the entrance area of the fish pass. The signal, played through an amplifier in a loop, was recorded in the preliminary study at a spawning location, known to be passed by many fish. The recording was made, using a calibrated measurement chain consisting of a Teledyne Reson TC4034 hydrophone, the corresponding Teledyne Reson EC6067 preamplifier and a Norsonic NOR140 Class I sound level meter. The volume of the signal was chosen to correspond to the sound pressure level at the recording location [30].



The artificial key stimuli acoustics and light were each constant for 24 h and changed in a pre-programmed weekly pattern from Monday to Sunday, according to Table 4.




2.2.2. Fish Ecological Monitoring


To evaluate the migration potential, the fish population downstream one of the weirs was recorded once during the monitoring period by electrofishing from the boat and by wading with a backpack DC power unit. In total, an area of 6.3 ha subdivided in 60-day and 21-night stripes in the river Drava and within the fish pass in 51 pools and 6 resting areas with a total area of 400 m2 have been targeted [16,31]. Out of the relation between the body lengths of different species to their spawning ripeness [27], a selection of the targeted fish into two groups, either if they are or are not ready to migrate and spawn, was conducted. Based on this, the theoretical migration potential was calculated. The species observed during this evaluation are shown in Table 5.



For the monitoring itself, the FishCam-System [32], consisting of a camera unit and a detection tunnel with a back wall, and a structured bottom and a mirror cover to determine the length of the passing fish, was applied. With two of these monitoring systems per site, the ascending individuals were recorded once near the entrances of the fish passes and once near the exits. The data under consideration relate to the cameras at the entrances. The migrating fish did thereby not experience any stress during the recording, as they were neither touched nor haltered. The time of migration of the fish was recorded by a time stamp in the video signature. The time stamp is a requirement to ensure that the time of fish entry into the fish pass can be accurately associated with all the independent variables. The recorded videos were stored and post- processed with FishNet, a software, that filters videos with fish from that with any other moving objects [33]. Finally, the determination of fish species is carried out by fish biologists. To avoid the occurrence of multiple records in the data, records with similar timestamps and migrations in different directions were looked at more closely and filtered in the case of duplications. Comparing the sum of fish entering the fish pass with the one leaving it at the exits, gave us a good overview over the number of ascending fish, although there were minor differences in the totals.





2.3. Data Processing


All data constitute time series, with gaps at the times when no monitoring took place. The data were aggregated to one-hour time intervals, to reduce the amount of data to a meaningful level without influencing the characteristics of the predictor variables too much. The fish data were cumulated in their entirety on the one hand and subdivided into individual subgroups on the other. We have chosen to distinguish the sub-groups both by family and by membership of one of the flow preference guilds according to Schiemer et al. [34]. Four selected species with high abundance were evaluated separately, including the two lead species, Chub (Squalius cephalus) and Nase (Chondrostoma nasus), Bleak (Alburnus alburnus) as the species with the highest abundance, and Roach (Rutilus rutilus). Alburnus alburnus were not included in the sub-groups of families and flow preference guilds, as their high abundance of over 55% would have severely biased the results of these sub-groups. The analyses for all the sub-groups were conducted at a one-hour time interval, as well as on a three-hour, six-hour and daily time interval, to examine the influence of the diurnal variation of some predictor variables on the model results.




2.4. Statistical Methods


Statistical analysis was conducted using two fundamentally different statistical methods for the regression analyses. The starting point was the standard frequentist approach to regression modelling, followed by Bayesian models for plausibility verification. Mixed-models were used in both approaches to determine the relationship between ascent rates and the independent variables. The models include the variable “year” as a random effect, whereas all other variables were defined as fixed effects. The reason for that was that we have only measured sub-sets of possible years at each site, and treating the year as a random effect allowed accounting for between-year variation. The boxplot in Figure 4 shows the variation of the daily ascent rates across the years. Complete pooling (ignoring year as variable) would ignore variation between the years, whereas the no-pooling analysis (setting year as fixed effect) would overstate it and tends to overfit the data within each year [35]. The partial-pooling model (mixed effects model), in contrast, captures the expected similarities that ascent rates share between years and adjusts the model to an annual magnitude of the predictors. To avoid overparameterization, which can lead either to uninterpretable models, or to convergence issues [36,37], which also occurred during test model setups, we restricted the effect of the random variable to the intercept only and did not model the random slope.



Since the response variable is count data (number of ascending individuals per time unit), generalized linear mixed model framework needs to be adapted [38]. In a preliminary assessment, we tested the suitability of three different distributions: the Poisson, the negative-binomial [39] and the zero-inflated-negative-binomial distribution. The Poisson distribution showed severe overdispersion and was therefore rejected, whereas negative-binomial and zero-inflated-negative-binomial distributions showed equally good results in predicting the observed values. For reasons of model simplicity and interpretability, we opted for the negative-binomial distribution for further statistical analyses.



The null-hypotheses are that the predictor variables have no significant influence on the ascent rates.



The estimates of the frequentist mixed-models were tested with a likelihood ratio test on a significance level of α = 0.05. We assessed the collinearity of independent variables using the variance inflation factor (VIF) and checked model assumptions using scaled residual plots [40].



The same set of fixed- and random-effect variables was applied to the Bayesian model approach. The multilevel models were fitted using the brms package [41] in R, which performs a Markov Chain Monte Carlo approximation with the No U-Turn Sampler to approximate the posterior distributions of the model parameters. For each model, we used 4 chains, each with 5000 iterations with the warmup phase including 1000 iterations; the maximum treedepth was set to 20, as in the first simulations, and there were a number of transitions that exceeded the default maximum number, which can bias the posterior draws. The family was set to negative-binomial, and the default priors were used for the standard deviation of the random effects. On the fixed-effect categorial variables, we set weakly informative priors, and on the variables of the flow and temperature parameters, we set informative priors. Stationarity of the posterior distribution was reached when the potential scale reduction factor (Rhat) was smaller than 1.01, which indicated convergence of the chains [42]. The posterior distributions of the model parameters are summarized using the posterior means and the 95% equal-tailed credible intervals. The fitted models were checked in terms of convergence, autocorrelation, and the quality of the posterior predictive distribution. The full models are presented with confidence intervals of the estimates and p-values for the frequentist models.



The statistical analyses for both approaches were carried out for various groups of different sizes: all individuals (nall), the flow preference guilds of the rheophilic (nrheo) and the eurytopic without the Bleak (neury), the families of the Salmonidae (nsal), the Percidae (nper) and the Cyprinidae (ncyp) without the Bleak, as well as the species Bleak (Alburnus alburnus—nlau), Nase (Chondrostoma nasus—nnas), Bream (Abramis brama—nbra) and Chub (Squalius—nait).



In a more detailed assessment, focusing on acoustics and light, these two parameters were investigated at the fish pass at the HPP Edling during the spring and autumn monitoring in 2019. For this purpose, the 24-h data for each of the two variables were divided into two groups. “Stimulus” referred to those where light or acoustics was set, and “without stimulus” referred to the rest. The difference between the two groups with respect to ascent rates of “all individuals” (nall), flow preference guilds (nrheo, neury) and families (ncyp, nsal, nper) were assessed using the Mann–Whitney U-tests. The dataset for this assessment was first categorised by the variable “daylight”, which was derived from the timestamp. For the subsequent evaluation, only the data without daylight were used, as the artificial light source is very unlikely to have any influence during daytime.



Table 6 provides an overview over the predictor variables for the statistical analyses.





3. Results


3.1. FishCam Monitoring


Across the entire study, a total of 18,456 one-hour observations were recorded on 776 days at the three sites. In this time, 40,194 fish migrated through the fish passes under various environmental conditions. We could observe 39 different species. Of the four lead species stated in the guideline, Chub (Squalius cephalus), Barbel (Barbus barbus) and Nase (Chondrostoma nasus) passed through the fish passes. Only the Danube Salmon (Hucho hucho) was not detected. Of the typical species, only Western vairone (Telestes souffi) was not observed. In contrast, 14 species were observed in the fish passes that were neither mentioned in the guideline nor detected during electrofishing downstream of the study area.



Table 5 provides an overview of the migrated number of fish together with their classification in the Natural guideline. The flow preference guilds and the families each cover around 41% of the ascending fish (Bleak is not considered in this groups). With the separately assessed Bleak (57%), we cover more than 98% of all ascending individuals within the subgroup analyses.



The number of fish entering the fish passes within an one-hour time interval shows a substantial variability, which can be observed from the standard deviation SD = 15.51 for the group of all fish (nall). This variability is likely resulting from the occurrence of fish schools, especially in the species Bleak (Alburnus alburnus), Sunbleak (Alburnoides bipunctatus), Roach (Rutilus rutilus), Nase (Chondrostoma nasus) and Bream (Abramis brama), which are known to be schooling fish and are also the species with the highest abundances in this study. The occurrence of schools can also be implied from the maximum number of ascending fish (981 individuals), which is particularly high compared to the mean number of ascending fish per hour (2.18 individuals).




3.2. Environmental Conditions


The discharge in the river Drava during the study period (mean = 274 m3/s, SD = 140.43 m3/s), as well as the attraction flow (mean = 4.66%, SD = 24.98%), demonstrate considerable variability. It is based on the fact that the mean discharge of the Drava in the study area is about 274 m3/s, while the minimum discharge with closed turbines is at about 0.1 m3/s. The hydropeaking at the HPP of the river Drava shows a pronounced diurnal variation, which is caused by the mode of operation. This variation can be easily observed from the 1-h data up to the 6-h data, but is no longer discernible in the 24-h data due to aggregation. Since the three HPPs are operated nearly simultaneously, and the requested power is determined by the national load dispatch centre, the difference in hydropeaking was independent of the power plant location, but was highly noticeable when comparing the different years (Figure 5). Another striking feature of this Figure, which compares a period of strong hydropeaking (a–d) with a period of a relatively weak one (e–h), is that the ascent rates seem to be unrelated to the mode of operation of the HPP.



Additionally, in the period under consideration, flood events in the range of HQ1 with discharges of more than 900 m3/s were observed. Hydropeaking along with flood events also explain the large spread in the attraction flow, from 0.025% to 441%, which exceeds the recommended values of 1–5% by far (Table 7). The data set was not adjusted for these extreme values, as more than 1200 individuals entered the fish passes even during periods with an attraction flow of more than 50%. More than 950 fish ascended at periods when Qd was more than 500 m3/s, meaning that at least 100 m3/s spilling over the weirs, as the utilizable discharge of the HPPs is at about 400 m3/s.



The discharge in the fish passes varied from 0.08 m3/s to 0.49 m3/s and exhibits a very low variability (SD = 0.059).



The water temperature residuals (tres) ranged from rd. −5 °C to 5 °C, with the mean at 0.16 °C. The variation depended mainly on the year, whereas the location had practically no effect on the variability.



The water temperature differences (tdiff), on the other hand, demonstrated a significant variation between the sites (t-test and F-test with p < 0.001), with the lowest variance in Lavamünd (var = 0.001), followed by Schwabeck (var = 0.01) and the highest variance in Edling (var = 0.23).




3.3. Regression Analyses


The regression models provided consistent results across the different time steps, as well as across the different types of statistical analysis methods (frequentist and Bayesian approach). In the 1-h to 6-h time intervals, collinearity was no issue with variance inflation factors (VIF) of at most 1.5. In the 24-h time interval, moderate collinearity occurred in the discharge of the Drava with a VIF = 5.1. For the Bayesian models, no divergence problems were encountered. The tests for autocorrelation did not show any irregularities among the predictors, and the predictive posterior distribution fits the observed data well.



The models across the time intervals of 1-hour to 6-h are, regarding the estimates and the p-values, almost identical, and just the intercepts differ. As they do not provide any additional information, we will not present them here, but they can be observed in the Supplementary Materials.



In the following, for better explanation, the incident rate ratios (IRR) are presented in the description of the models, which correspond to the exponential value of the estimates.



3.3.1. All Individuals (Nall)


The 1-h model in Table 8 shows significance at the α = 0.05 level for the variables Qf, Qa, tres, tdiff and the categorical variables of site and season. The IRRs of the Bayesian model are almost identical to those of the frequentist model. The same applies if we compare the confidence intervals of the frequentist model with the credibility intervals of the Bayesian one. For the 1-h time interval, all the predictors except the discharge in the river Drava are significant. The discharge in the fish passes (Qf) has a rather small effect size (IRR = 0.94, i.e., the ascent rate decreases by 6% per unit change of Qf). The attraction flow (Qa) has almost no influence (IRR = 1.00), but the temperature parameters are highly significant. Here, a clear positive relationship can be observed between the ascent rates and the water temperature residuals (tres). The effect size is very large, with IRRs of 1.63 and 2.61, respectively. The IRRs of the categorical variable site points out that the ascent rates in Schwabeck are about 1.9 times higher compared to Lavamünd (reference level). The IRRs for the seasons (with reference level autumn) indicate that in spring and summer significantly more fish enter the fish passes, whereas in winter, fish migration almost comes to a standstill.



Looking at the 24-h data, there are little differences in the categorial predictors of site and season. The temperature-related variables both remain significant with a positive slope and high effect size, whereby the effect of tdiff decreases significantly compared to the 1-h data, which can be explained by the omission of the diurnal cycle. What completely changes, is the significance of the runoff predictors. Qf and Qa become insignificant, whereas Qd becomes highly significant with an effect size of 0.85 (i.e., the ascent rates decrease by 15% per unit change). This can also be explained by the diurnal cycle, since the absence of the effect of hydropeaking means that the discharge of the river Drava comes to bear in its entirety, overriding all short-term and small-scale flow effects.




3.3.2. Flow Preference Guilds


Of the three possible flow preference guilds, only two are mentioned here, because the group of stagnophilic included just 179 individuals, which is far too few to analyse in a statistically meaningful way on a dataset with more than 18,000 observations.



The significant IRR regarding the flow parameters for the rheophilic with 8174 fish are Qd and Qa for the 1-h data and Qd for the 24-h data, respectively (Table 9). All of them indicate a negative relationship with small effect size for the 1-h data and an increasing effect size for the flow in the main channel for the 24-h data. There is a significant positive relation between the ascent rates, and both temperature predictors in the 1-h data with a smaller effect size compared to the group of all fish. In the 24-h data just tres stays significant with further reduced effect size. If we look at the seasons, it is obvious that the rheophilic migrate mainly in spring and autumn, and thus the high amplitudes in the temperature difference between the fish passes and the river Drava do not have that much influence. Another reason may be that the rheophiles were mainly observed at the HPP Lavamünd, where the temperature differences are inherently smaller than at the other sites.



A total of 8357 fish of the flow guild of the eurytopic w/o Bleak (Alburnus alburnus) entered the fish passes throughout the study. The significant variables and their effect sizes are pretty much the same when compared to the total of all ascended fish, with one major exception. At the 24-h data, the influence of the attraction flow (Qa) is significant at a value of 0.2, regardless of the statistical approach, which, however, cannot be plausibly explained.




3.3.3. Subgroups of Families


The three families described here are the Salmonidae with 504 fish, the Cyprinidae w/o Bleak with 13,057 fish and the Percidae with 3045 fish.



The significant flow parameters for the Salmonidae are the attraction flow for both the 1-h and 24-h data, with the same problem stated before for the latter and Qd for the 24-h time interval, all of them with a negative slope. Regarding tres and tdiff, only tres shows a significant positive relation with the ascent rates with increasing effect size from the 1-h to the 24-h data (Table 10 and Table 11). One thing to mention is that there is an indication for a positive correlation regarding the season summer compared to the other seasons, which is somewhat surprising, as many of the Salmonidae are winter spawners with the main migrating period in autumn. One possible explanation is that the epipotamal is not a typical salmonid region, and only 504 individuals entered the fish passes over the entire monitoring period, which may have biased the results.



For the Cyprinidae, the significant flow parameters are Qd and Qa for the 1-h time interval, and only Qd for the 24-h time interval. All these parameters have very similar effect sizes as observed in the groups mentioned before, with negative slope and increasing effect size from the 1-h to the 24-h data. The seasonal results are not surprising, as the cyprinid spawning season spans for many of the species from April to June.



The family of the Percidae can be equated with the European Perch (Perca fluviatilis), as only 27 of the 3045 observed Percidae were not European Perch. The influence of the flow parameters is like all the groups stated above and requires no further explanation. The temperature predictors are both significant, with a high effect size from 2.12 up to 3.6. The fact that in wintertime the number of observed Perch was zero, explains the IRR value of this predictor.




3.3.4. Species


During the entire study, 23,092 Bleak (Alburnus alburnus), 1413 Nase (Chondrostoma nasus), 1065 Bream (Abramis brama) and 815 Chub (Squalius cephalus) were observed.



The only noticeable aspect regarding the Bleak is the high IRR value of 4.76 for the difference of the water temperature at the 1-h time interval; all other values essentially correspond to those of the already mentioned groups.



The results of the 24-h data of the Nase are to be questioned, despite the convergence, since 1103 of the observed 1413 individuals migrated into the fish passes within only 4 days. The 1-h data, on the other hand, demonstrate plausible results, except for Qa.



In the results for the Chub, there are no inconsistencies noticeable, neither at the 1-h time interval, nor at the 24-h time interval. Table 12 and Table 13 provide an overview over the results.





3.4. Acoustic and Light


The Mann–Whitney U-test demonstrated, with p-values never below 0.5, no significant influence of the artificial set key stimuli on the ascent rates of any of the groups. Figure 6 shows the boxplots of the different groups. Further details on the artificial stimuli light and acoustic can be read in Brandl et al. [30].





4. Discussion


The number of fish entering the three investigated fish passes was significantly influenced by the difference in water temperature between the fish pass and the main river, which corresponds with other studies at nature-like bypass channels in potamal fish regions [43,44]. The only exception here is the family of the Salmonidae, where the data demonstrated no significant correlation between ascent rates and tdiff in neither the 1-h data nor the 24-h data. However, a migration obstacle due to an increasing temperature gradient such as discussed by Caudill et al. [45] for adult salmon could not be observed. Nonetheless, we are of course not in a trout region, and the number of Salmonidae is, with 509 individuals, small, compared to the other families.



The effect size for all groups except the Salmonidae decreased when data were aggregated to longer time intervals (24-h). The difference in effect size of tdiff at different time intervals can be explained by the diel variation of the temperature gradient. The intake of the fish pass is about 2 m below the water surface at all three sites, so that an almost constant temperature of the inflow in the fish pass can be assumed. The temperature gradient is thus primarily dependent on solar radiation and air temperature. Since the volume of the water body in the fish passes is many times smaller than that of the river Drava, the temperature-dampening effects are not present to the same extent.



The general correlation between tdiff and daytime [44] in the 1-h data suggests that the diurnal change in behaviour together with the temperature gradient might explain a portion of the observed statistical noise in ascent rates, implying that fish respond also to the overall daylight conditions rather than solely to temperature gradients [46]. It is obvious that a clear separation of these effects is not possible in an observational large-scale field study.



The positive effect of rising residuals of the water temperature on the migration of fish, and thus of a possible number of fish entering the facilities, agrees with observations by Lelek et al. and Rakowitz et al. [47,48], who observed a decreasing migration activity at dropping water temperatures in spring, and a high occurrence of individuals in the fish pass during steep temperature increase in the epipotamal fish region [49]. Higher tres affected the ascent rates in all families, guilds and species and was independent of the time interval of the data in terms of significance. For Cyprinidae and Percidae, the strong positive correlation between the spring migration activity and rising water temperatures was also published by Lilja et al. [50].



The observed significant, albeit small, decrease in ascent rates at higher flows in the mainstem for some species, flow guilds and families, as well as for the group of all individuals, is plausible, as several publications on the influence of water flow demonstrate a very heterogenous picture. The observed effect ranges from an increasing number of fish—especially Salmonidae—at higher discharges [51] to a decreasing number [47,52] and no effect [53,54,55]. The seasonality of the influence on migration mentioned in the above studies is not, however, the subject of this paper. The observation of about 1200 fish during extremely low flow of less than 1 m3/s, as well as about 950 fish during periods when at least 100 m3/s overflow, spilling over the weirs, indicates a high resistance of some of the migrating fish to highly varying environmental conditions.



An effect of guiding/attraction flow on the detectability of the fish pass entrances could not be determined. None of the IRRs, although significant, had an effect size that would allow a clear statement about a positive influence on the findability. This result is contrary to the general demand of 1–5% of competing flow at the entrance of fish passes [12,56]. From a hydraulic point of view, this result is not surprising, as there is no hydraulic effect of the outflow from the fish pass to the extent of 1–5% on the water body of the watercourse over further distances [44,57,58,59] and the attraction flow cannot compete with the main current of the river [60].



Light, per se, can have an influence on fish movement, but this varies depending on the species, as well as on the season and the life stage [61,62]. The attracting effect of even small levels of artificial light on diurnal species at culverts was studied by Keep et al. [63]. The results of a detailed assessment at the HPP Edling of this paper reveal no significant correlation between ascent rates during the night and artificial light. The positive effect of artificial light seems to be limited to short unlit sections in the migration corridor during daytime. The occurrence of artificial light at night (ALAN) and flow alterations can, however, lead to a loss of external cues for migration and spawning behaviour [64]; nevertheless, the influence of ALAN on freshwater ecosystems in general and fish in particular is still a relatively unexplored topic, and an issue for future research to investigate.



We could not observe a significant change of the ascent rates of any of the examined subgroups associated with the manually set stimulus acoustic. The absence of positive phonotaxis [65,66] and negative phonotaxis [19,67] can be explained by masking effects caused by background noise in streams and rivers as described by Amoser et al. [20], especially at HPP sites.




5. Conclusions


The results of the time accurate monitoring from 2015 to 2017 and from 2019 to 2020 at three fish passes in a large epipotamal river support the general understanding that fish migration is essentially influenced by large-scale environmental conditions. Apart from the position of the entrance, which is indeed of great importance, the small-scale flow conditions near the entrance area do not seem to have any influence on the ascent behaviour of fish. This is likely because the recommended flow impulse in the form of an attraction flow of 1–5% disappears within a few meters downstream from the entrance. Hence, there is no significant influence on the flow pattern in the migration corridor of the fish in the main channel from a hydraulic perspective. The investigation of the water temperature difference between the fish pass and the main river has demonstrated a strong effect on the findability of the entrances.



Overall, our results suggest that the general requirement for an attraction flow of about 1–5% of the competing flow, regardless of the fish region and type of fish pass, is no longer justifiable from a fish ecological point of view. From an energy policy and economic point of view, lower amounts of attraction flow have always been preferable. Providing a favourable thermal environment, in contrast, can be important to ensure efficient upstream migration and thus facilitate the findability of fish passes.



Future research should consider the effects of temperature difference in more detail, for example, at different types of fish passes in various fish regions.




6. Patents


enature® fish pass, Austria patent No. 507,195 and EU patent No. 2157243.
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Figure 1. Study sites: Hydro Power Plants (HPP) Lavamünd (left), Schwabeck (middle) and Edling (right), situated at river Drava, Carinthia/Austria. Red circles indicate the entrances of the fish passes. 
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Figure 2. Austrian part of the river Drava with sites of the HPP, red squares indicate the runoff-river-stations with hydropeaking according to [26], © Land Kärnten—KAGIS, BEV. 
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Figure 3. Entrance area fish pass of Edling with LED stripes and speakers. 
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Figure 4. Means and variances of ascent rates across the different years; boxes indicate the inter-quartile range (IQR), black horizontal lines within the boxes show the median, whiskers show values within 1.5 × IQR anddots indicate outliers. 
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Figure 5. Diurnal variation of the discharge of the Drava at the HPP Lavamünd for different time intervals ((a,e): 24-h data; (b,f): 6-h data; (c,g): 1-h data) with ascent rates; ((d,h): 1-h data). 
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Figure 6. Boxplots of artificial stimuli acoustic (a) and light (b), at the fish pass of HPP Edling sorted by investigated groups; boxes indicate the inter-quartile range (IQR), black horizontal line within the boxes show the medians, whiskers show values within 1.5 × IQR and dots indicate outliers. 
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Table 1. Overview of the fish passes at the three study sites, Lavamünd, Schwabeck and Edling, situated at river Drava, Carinthia/Austria.
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	Lavamünd
	Schwabeck
	Edling





	Total drop height
	10 m
	20 m
	22 m



	Total no. of pools
	74
	158
	148



	No. of resting pools
	14
	22
	24



	Drop height btw. pools
	13 cm
	13 cm
	13 cm



	Pool dimension (l × w)
	3.0 m × 2.2 m
	3.0 m × 2.2 m
	3.0 m × 2.2 m



	Slot width
	40 cm
	40 cm
	40 cm



	Total length
	300 m
	550 m
	650 m



	Distance to obstacle
	110 m
	120 m
	150 m
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Table 2. Monitoring periods at the study sites Lavamünd, Schwabeck and Edling.






Table 2. Monitoring periods at the study sites Lavamünd, Schwabeck and Edling.











	
	Lavamünd
	Schwabeck
	Edling





	Period 1
	26 August–5 December 2015
	8 April–26 May 2016
	9 April–18 June 2019



	Period 2
	29 March–8 November 2016
	5 July–9 September 2016
	17 September–4 November 2019



	Period 3
	
	3 October–6 December 2016
	10 April–23 June 2020



	Period 4
	
	21 March–9 June 2017
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Table 3. Specification of the temperature sensors for recording the water temperature at all three study sites.






Table 3. Specification of the temperature sensors for recording the water temperature at all three study sites.









	
	HOBO U22 Specifications





	Operation range
	−40 °C to 50 °C in water



	Accuracy
	±0.21 °C from 0 °C to 50 °C



	Resolution
	0.02 °C at 25 °C



	Response time
	5 min in water



	Waterproof
	To 120 m
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Table 4. Weekly pattern of the artificial key stimuli of light and acoustics at the fish pass at HPP Edling.






Table 4. Weekly pattern of the artificial key stimuli of light and acoustics at the fish pass at HPP Edling.





	Day of Week
	Stimulus
	Day of Week
	Stimulus





	Monday
	Acoustics
	Thursday
	Acoustics



	Tuesday
	Light
	Friday
	Light



	Wednesday
	-
	Saturday/Sunday
	-
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Table 5. Observed numbers of fish species from FishCam recording (count and percent of total) and their occurrence according to the Natural guideline and electrofishing downstream from the study area. [27].






Table 5. Observed numbers of fish species from FishCam recording (count and percent of total) and their occurrence according to the Natural guideline and electrofishing downstream from the study area. [27].

















	Species
	FishCam
	Guideline
	Downstream
	Percent
	Species
	FishCam
	Guideline
	Downstream
	Percent





	Alburnus alburnus
	23,095
	t
	t
	57.46
	Leuciscus aspius
	3
	
	
	0.01



	Alburnoides bipunctatus
	4918
	t
	t
	12.24
	Salvelinus fontinalis
	2
	
	
	0



	Rutilus rutilus
	3299
	t
	t
	8.21
	Barbatula barbatula
	2
	r
	
	0



	Perca fluviatilis
	3018
	t
	t
	7.51
	Leuciscus idus
	2
	
	
	0



	Chondrostoma nasus
	1414
	l
	l
	3.52
	Gymnocephalus schraetser
	2
	
	
	0



	Abramis brama
	1065
	t
	t
	2.65
	Lepomis gibbosus
	2
	
	
	0



	Squalius cephalus
	816
	l
	l
	2.03
	Anguilla anguilla
	1
	
	
	0



	Blicca bjoerkna
	599
	
	
	1.49
	Rutilus pigus
	1
	
	
	0



	Unknown
	356
	
	
	0.89
	Carassius carassius
	1
	r
	
	0



	Cyprinidae unknown
	286
	
	
	0.71
	Sander lucioperca
	1
	
	
	0



	Gobio gobio
	211
	t
	t
	0.52
	Ballerus sapa
	1
	
	
	0



	Leuciscus leuciscus
	193
	t
	
	0.48
	Hucho hucho
	0
	l
	
	-



	Oncorhynchus mykiss
	185
	
	
	0.46
	Telestes souffia
	0
	t
	
	-



	Salmonidae unknown
	179
	
	
	0.45
	Romanogobio kesslerii
	0
	r
	
	-



	Scardinius erythroph.
	168
	r
	
	0.42
	Vimba vimba
	0
	r
	
	-



	Barbus barbus
	67
	l
	l
	0.17
	Alburnus mento
	0
	r
	
	-



	Salmo trutta fario
	57
	r
	r
	0.14
	Barbus balcanicus
	0
	r
	
	-



	Thymallus thymallus
	47
	t
	
	0.12
	Cobitis elongatoides
	0
	r
	
	-



	Esox lucius
	45
	t
	t
	0.11
	Acipenser ruthenus
	0
	r
	
	-



	Salmo trutta lacustris
	42
	
	
	0.1
	Zingel streber
	0
	r
	
	-



	Gymnocephalus cernua
	30
	
	
	0.07
	Romanogobio vladykovi
	0
	r
	
	-



	Cottus gobio
	28
	r
	
	0.07
	Zingel zingel
	0
	r
	
	-



	Silurus glanis
	13
	t
	
	0.03
	TOTAL no. observed
	40,194
	
	
	



	Carassius gibelio
	12
	
	
	0.03
	
	
	
	
	



	Tinca tinca
	11
	r
	
	0.03
	Lead species (l)
	3
	4
	3
	



	Lota lota
	10
	t
	t
	0.02
	Typical species (t)
	12
	13
	8
	



	Eudontomyzon mariae
	8
	t
	
	0.02
	Rare species (r)
	7
	16
	1
	



	Cyprinus carpio
	4
	r
	
	0.01
	Not mentioned (-)
	14
	-
	-
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Table 6. Predictor variables for the statistical analyses with survey intervals and study site.






Table 6. Predictor variables for the statistical analyses with survey intervals and study site.





	Variable
	Survey Interval
	HPP Site





	Drava discharge (Qd)
	15 min
	All sites



	Fishpass discharge (Qf)
	15 min
	All sites



	Guiding flow (Qa)
	15 min
	All sites



	Season-adjusted watertemp. (tres)
	1 h
	All sites



	Watertemperature difference fish pass/Drava (tdiff)
	1 h
	All sites



	Season (seas.)
	-
	All sites



	Study location (Site)
	-
	All sites



	Year
	-
	All sites



	Artificial light
	1 day
	Edling



	Acoustic
	1 day
	Edling
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Table 7. Statistical summary over the independent variable discharges fish passes (Qf), discharge Drava (Qd), attraction flow (Qa), residuals of the water temperature Drava (tres), difference in water temperature fish passes–Drava (tdiff) and ascent rate of all observed fish (nall)—1-h data.






Table 7. Statistical summary over the independent variable discharges fish passes (Qf), discharge Drava (Qd), attraction flow (Qa), residuals of the water temperature Drava (tres), difference in water temperature fish passes–Drava (tdiff) and ascent rate of all observed fish (nall)—1-h data.














	
	Qf [m3/s]
	Qd [m3/s]
	Qa [%]
	tres [°C]
	tdiff [°C]
	nall [-]





	Min.
	0.08
	0.1
	0.025
	−5.32
	−2.38
	0



	Mean
	0.38
	274.2
	4.66
	0.16
	0.096
	2.18



	Median
	0.40
	278.5
	0.14
	0.38
	0.001
	0



	Max.
	0.49
	932.8
	441
	5.08
	3.64
	981



	SD
	0.059
	140.433
	24.984
	1.768
	0.410
	15.51
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Table 8. Regression models for the group of all individuals, 1-h data and 24-h data with incident rate ratios (IRR), confidence intervals (CI) for the frequentist models and credibility intervals (CI) for the Bayesian models. Glmm = frequentist approach, brm = Bayesian approach, Qd = discharge Drava, Qf = discharge fish pass, Qa = attraction flow, tres = residuals of the water temperature and tdiff = difference in water temperature btw. Fish pass and Drava, SB = Schwabeck and ED = Edling; p-values < 0.05 indicating significant parameters.






Table 8. Regression models for the group of all individuals, 1-h data and 24-h data with incident rate ratios (IRR), confidence intervals (CI) for the frequentist models and credibility intervals (CI) for the Bayesian models. Glmm = frequentist approach, brm = Bayesian approach, Qd = discharge Drava, Qf = discharge fish pass, Qa = attraction flow, tres = residuals of the water temperature and tdiff = difference in water temperature btw. Fish pass and Drava, SB = Schwabeck and ED = Edling; p-values < 0.05 indicating significant parameters.





	
All Fish

	
1-h Glmm

	
1-h Brm

	
24-h Glmm

	
24-h Brm




	
Predictors

	
IRR

	
CI (95%)

	
p-Value

	
IRR

	
CI (95%)

	
IRR

	
CI (95%)

	
p-Value

	
IRR

	
CI (95%)






	
(Intercept)

	
0.36

	
0.09–1.39

	
0.137

	
0.29

	
0.03–2.39

	
30.93

	
3.96–241.85

	
0.001

	
19.03

	
0.41–294.58




	
Qd

	
0.99

	
0.97–1.00

	
0.055

	
0.99

	
0.97–1.00

	
0.85

	
0.80–0.91

	
<0.001

	
0.85

	
0.80–0.91




	
Qf

	
0.94

	
0.90–0.98

	
0.003

	
0.94

	
0.90–0.98

	
0.93

	
0.80–1.09

	
0.371

	
0.92

	
0.79–1.08




	
Qa

	
1

	
0.99–1.00

	
<0.001

	
1

	
0.99–1.00

	
0.58

	
0.01–26.48

	
0.781

	
0.74

	
0.02–40.05




	
tres

	
1.63

	
1.57–1.69

	
<0.001

	
1.63

	
1.57–1.69

	
1.48

	
1.34–1.63

	
<0.001

	
1.49

	
1.35–1.65




	
tdiff

	
2.97

	
2.61–3.39

	
<0.001

	
2.96

	
2.60–3.39

	
1.69

	
1.03–2.78

	
0.04

	
1.65

	
1.01–2.66




	
Site: SB

	
1.89

	
1.61–2.23

	
<0.001

	
1.9

	
1.62–2.24

	
1.8

	
1.12–2.89

	
0.014

	
1.81

	
1.14–2.93




	
Site: ED

	
3.88

	
0.51–29.18

	
0.188

	
4.17

	
0.07–218.60

	
6.47

	
0.80–52.46

	
0.08

	
8.43

	
0.15–980.87




	
Seas.: Spring

	
3.59

	
3.07–4.19

	
<0.001

	
3.59

	
3.09–4.21

	
5.12

	
3.38–7.77

	
<0.001

	
5.32

	
3.52–8.13




	
Seas.: Summer

	
1.94

	
1.65–2.29

	
<0.001

	
1.94

	
1.65–2.30

	
3.92

	
2.52–6.09

	
<0.001

	
4.02

	
2.58–6.32




	
Seas.: Winter

	
0.04

	
0.01–0.09

	
<0.001

	
0.03

	
0.01–0.08

	
0.04

	
0.01–0.16

	
<0.001

	
0.04

	
0.01–0.18




	
Ran. Eff.

	

	

	

	

	

	

	

	

	

	




	
SD Intercept

	
1.26

	

	

	
1.94

	

	
1.30

	

	

	
2.04

	




	
Observations

	
18,456

	
18,456

	
775

	
775
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Table 9. Regression models for the flow preference guilds rheophilic (rheo.) and eurytopic w/o Bream (eury.). Side by side, 1-h data and 24-h data, frequentist models and all study sites.






Table 9. Regression models for the flow preference guilds rheophilic (rheo.) and eurytopic w/o Bream (eury.). Side by side, 1-h data and 24-h data, frequentist models and all study sites.





	

	
Rheo. 1-h Glmm

	
Eury. 1-h Glmm

	
Rheo. 24-h Glmm

	
Eury. 24-h Glmm




	
Predictors

	
IRR

	
CI (95%)

	
p-Value

	
IRR

	
CI (95%)

	
p-Value

	
IRR

	
CI (95%)

	
p-Value

	
IRR

	
CI (95%)

	
p-Value






	
(Intercept)

	
0.39

	
0.10–1.62

	
0.195

	
0.09

	
0.03–0.30

	
<0.001

	
20.5

	
1.66–253.38

	
0.019

	
5.71

	
0.88–36.85

	
0.067




	
Qd

	
0.95

	
0.93–0.97

	
<0.001

	
0.98

	
0.97–1.00

	
0.026

	
0.82

	
0.76–0.89

	
<0.001

	
0.85

	
0.80–0.90

	
<0.001




	
Qf

	
0.97

	
0.91–1.04

	
0.424

	
0.91

	
0.87–0.95

	
<0.001

	
1

	
0.81–1.23

	
0.979

	
0.98

	
0.85–1.12

	
0.72




	
Qa

	
0.98

	
0.97–0.98

	
<0.001

	
1

	
1.00–1.00

	
0.043

	
0.99

	
0.01–68.33

	
0.996

	
0.02

	
0.00–0.69

	
0.03




	
tres

	
1.38

	
1.29–1.47

	
<0.001

	
1.82

	
1.75–1.89

	
<0.001

	
1.2

	
1.06–1.37

	
0.005

	
1.77

	
1.63–1.92

	
<0.001




	
tdiff

	
1.4

	
1.15–1.70

	
0.001

	
2.49

	
2.19–2.84

	
<0.001

	
0.79

	
0.46–1.33

	
0.37

	
2.3

	
1.47–3.59

	
<0.001




	
Site: SB

	
0.71

	
0.53–0.95

	
0.02

	
1.43

	
1.19–1.71

	
<0.001

	
0.69

	
0.36–1.30

	
0.245

	
1.49

	
0.94–2.34

	
0.088




	
Site: ED

	
0.89

	
0.14–5.49

	
0.9

	
9.12

	
1.48–56.12

	
0.017

	
1.77

	
0.36–8.57

	
0.481

	
10.72

	
1.58–72.60

	
0.015




	
Seas.: Spring

	
2.85

	
2.24–3.63

	
<0.001

	
1.88

	
1.63–2.17

	
<0.001

	
3.35

	
2.17–5.17

	
<0.001

	
2.97

	
2.08–4.23

	
<0.001




	
Seas.: Summer

	
0.65

	
0.50–0.83

	
0.001

	
1.77

	
1.49–2.10

	
<0.001

	
1.12

	
0.70–1.79

	
0.644

	
3.29

	
2.18–4.96

	
<0.001




	
Seas.: Winter

	
0.08

	
0.03–0.23

	
<0.001

	
0.03

	
0.00–0.21

	
<0.001

	
0.06

	
0.01–0.27

	
<0.001

	
0.03

	
0.00–0.28

	
0.002




	
Ran. Eff.

	

	

	

	

	

	

	

	

	

	

	

	




	
SD Intercept

	
1.01

	

	
1.02

	
0.67

	

	
1.09




	
Observations

	
18,456

	
18,456

	
775

	
775
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Table 10. Regression models for the families Salmonidae (sal.), Cyprinidae (cyp.) and Percidae (perc.); 1-h data and all study sites.






Table 10. Regression models for the families Salmonidae (sal.), Cyprinidae (cyp.) and Percidae (perc.); 1-h data and all study sites.





	

	
Sal. 1-h Glmm

	
Cyp. 1-h Glmm

	
Perc. 1-h Glmm




	
Predictors

	
IRR

	
CI (95%)

	
p-Value

	
IRR

	
CI (95%)

	
p-Value

	
IRR

	
CI (95%)

	
p-Value






	
(Intercept)

	
0

	
0.00–0.01

	
<0.001

	
0.36

	
0.11–1.17

	
0.09

	
0.05

	
0.01–0.31

	
0.001




	
Qd

	
0.99

	
0.97–1.02

	
0.577

	
0.96

	
0.94–0.98

	
<0.001

	
1.01

	
0.99–1.04

	
0.165




	
Qf

	
1.08

	
1.00–1.17

	
0.059

	
0.95

	
0.90–1.00

	
0.06

	
0.88

	
0.83–0.93

	
<0.001




	
Qa

	
0.98

	
0.97–0.99

	
<0.001

	
0.99

	
0.99–0.99

	
<0.001

	
1

	
0.99–1.00

	
0.044




	
tres

	
1.31

	
1.21–1.43

	
<0.001

	
1.47

	
1.41–1.54

	
<0.001

	
2.19

	
2.04–2.35

	
<0.001




	
tdiff

	
0.87

	
0.61–1.25

	
0.465

	
1.53

	
1.32–1.78

	
<0.001

	
2.58

	
2.13–3.13

	
<0.001




	
Site: SB

	
6.8

	
4.71–9.81

	
<0.001

	
0.67

	
0.54–0.84

	
<0.001

	
1.56

	
1.21–2.02

	
0.001




	
Site: ED

	
1.26

	
0.53–3.02

	
0.602

	
3.02

	
0.61–15.04

	
0.178

	
5.27

	
0.41–68.27

	
0.204




	
Seas.: Spring

	
1.09

	
0.79–1.51

	
0.606

	
3.74

	
3.13–4.46

	
<0.001

	
0.39

	
0.32–0.49

	
<0.001




	
Seas.: Summer

	
1.55

	
1.12–2.15

	
0.008

	
0.87

	
0.72–1.07

	
0.184

	
1.5

	
1.18–1.91

	
0.001




	
Seas.: Winter

	
0.29

	
0.07–1.25

	
0.096

	
0.04

	
0.01–0.14

	
<0.001

	
0

	
0.00–Inf

	
0.988




	
Ran. Eff.

	

	

	

	

	

	

	

	

	




	
SD Intercept

	
0.17

	
0.79

	
2.02




	
Observations

	
18,456

	
18,456

	
18,456
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Table 11. Regression models for the families Salmonidae (sal.), Cyprinidae (cyp.) and Percidae (per.); 24-h data and all study sites.






Table 11. Regression models for the families Salmonidae (sal.), Cyprinidae (cyp.) and Percidae (per.); 24-h data and all study sites.





	

	
Sal. 24-h Glmm

	
Cyp. 24-h Glmm

	
Perc. 24-h Glmm




	
Predictors

	
IRR

	
CI (95%)

	
p-Value

	
IRR

	
CI (95%)

	
p-Value

	
IRR

	
CI (95%)

	
p-Value






	
(Intercept)

	
1.36

	
0.24–7.84

	
0.727

	
5.06

	
0.52–48.91

	
0.162

	
4.6

	
0.38–55.15

	
0.229




	
Qd

	
0.84

	
0.77–0.92

	
<0.001

	
0.82

	
0.76–0.89

	
<0.001

	
0.9

	
0.83–0.97

	
0.008




	
Qf

	
1.04

	
0.88–1.22

	
0.656

	
1.1

	
0.91–1.33

	
0.318

	
0.87

	
0.74–1.04

	
0.128




	
Qa

	
0

	
0.00–0.10

	
0.002

	
0.76

	
0.01–51.62

	
0.899

	
0.08

	
0.00–4.84

	
0.226




	
tres

	
1.33

	
1.20–1.48

	
<0.001

	
1.33

	
1.19–1.48

	
<0.001

	
2.12

	
1.88–2.39

	
<0.001




	
tdiff

	
1.46

	
0.72–2.97

	
0.299

	
0.66

	
0.40–1.08

	
0.095

	
3.61

	
1.87–6.95

	
<0.001




	
Site: SB

	
4.88

	
2.90–8.20

	
<0.001

	
0.87

	
0.49–1.54

	
0.63

	
1.67

	
0.94–2.97

	
0.079




	
Site: ED

	
0.97

	
0.43–2.21

	
0.946

	
7.96

	
1.51–41.97

	
0.014

	
4.95

	
0.38–65.04

	
0.224




	
Seas.: Spring

	
1.3

	
0.88–1.90

	
0.185

	
5.23

	
3.45–7.90

	
<0.001

	
0.55

	
0.35–0.88

	
0.012




	
Seas.: Summer

	
2.26

	
1.46–3.49

	
<0.001

	
1.47

	
0.92–2.33

	
0.103

	
2.76

	
1.71–4.47

	
<0.001




	
Seas.: Winter

	
0.27

	
0.05–1.36

	
0.113

	
0.03

	
0.01–0.17

	
<0.001

	
0

	
0.00–Inf

	
0.995




	
Ran. Eff.

	

	

	

	

	

	

	

	

	




	
SD Intercept

	
0.08

	
0.77

	
1.95




	
Observations

	
775

	
775

	
775
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Table 12. Regression models for the species Bleak (Alburnus alburnus), Nase (Chondrostoma nasus), Bream (Abramis brama) and Chub (Squalius cephalus); 1-h data and all study sites.






Table 12. Regression models for the species Bleak (Alburnus alburnus), Nase (Chondrostoma nasus), Bream (Abramis brama) and Chub (Squalius cephalus); 1-h data and all study sites.





	

	
Bleak 1-h Glmm

	
Nase 1-h Glmm

	
Bream1-h Glmm

	
Chub 1-h Glmm




	
Predictors

	
IRR

	
CI

	
p-Value

	
IRR

	
CI

	
p-Value

	
IRR

	
CI

	
p-Value

	
IRR

	
CI

	
p-Value






	
(Intercept)

	
0.11

	
0.02–0.67

	
0.016

	
0.64

	
0.01–52.16

	
0.842

	
0

	
0.00–0.03

	
<0.001

	
0.02

	
0.01–0.09

	
<0.001




	
Qd

	
0.99

	
0.97–1.02

	
0.539

	
0.62

	
0.53–0.74

	
<0.001

	
0.93

	
0.90–0.96

	
<0.001

	
0.95

	
0.92–0.99

	
0.004




	
Qf

	
0.88

	
0.82–0.93

	
<0.001

	
1.19

	
0.90–1.57

	
0.228

	
0.93

	
0.85–1.03

	
0.149

	
0.94

	
0.84–1.05

	
0.245




	
Qa

	
1

	
1.00–1.01

	
0.492

	
0

	
0.00–0.00

	
<0.001

	
1

	
0.99–1.00

	
0.41

	
0.98

	
0.97–0.99

	
0.002




	
tres

	
1.76

	
1.65–1.87

	
<0.001

	
1.74

	
1.34–2.26

	
<0.001

	
1.35

	
1.23–1.48

	
<0.001

	
1.38

	
1.25–1.52

	
<0.001




	
tdiff

	
4.76

	
3.74–6.06

	
<0.001

	
7.22

	
3.25–16.05

	
<0.001

	
3.59

	
2.73–4.72

	
<0.001

	
2.07

	
1.51–2.84

	
<0.001




	
Site: SB

	
2.66

	
2.05–3.44

	
<0.001

	
0.05

	
0.02–0.14

	
<0.001

	
2.91

	
1.84–4.61

	
<0.001

	
1.05

	
0.64–1.73

	
0.845




	
Site: ED

	
7.12

	
0.54–93.32

	
0.135

	
0.01

	
0.00–1.55

	
0.071

	
27.4

	
1.37–549

	
0.03

	
1.85

	
0.75–4.55

	
0.181




	
Seas.: Spring

	
6.19

	
4.65–8.23

	
<0.001

	
33.42

	
13.88–80.46

	
<0.001

	
4.24

	
3.02–5.95

	
<0.001

	
5.49

	
3.76–8.02

	
<0.001




	
Seas.: Summer

	
4.4

	
3.28–5.90

	
<0.001

	
1.28

	
0.45–3.59

	
0.645

	
2.34

	
1.46–3.76

	
<0.001

	
2.43

	
1.50–3.93

	
<0.001




	
Seas.: Winter

	
0

	
0.00–Inf

	
0.985

	
11.27

	
1.21–104.88

	
0.033

	
0

	
0.00–Inf

	
0.993

	
0

	
0.00–Inf

	
0.993




	
Ran. Eff.

	

	

	

	

	

	

	

	

	

	

	

	




	
SD Intercept

	
2.04

	
7.38

	
2.70

	
0.20




	
Observations

	
18,456

	
18,456

	
18,456

	
18,456
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Table 13. Regression models for the species Bleak (Alburnus alburnus), Nase (Chondrostoma nasus), Bream (Abramis brama) and Chub (Squalius cephalus); 24-h data and all study sites.






Table 13. Regression models for the species Bleak (Alburnus alburnus), Nase (Chondrostoma nasus), Bream (Abramis brama) and Chub (Squalius cephalus); 24-h data and all study sites.





	

	
Bleak 24-h Glmm

	
Nase 24-h Glmm

	
Bream 24-h Glmm

	
Chub 24-h Glmm




	
Predictors

	
IRR

	
CI

	
p-Value

	
IRR

	
CI

	
p-Value

	
IRR

	
CI

	
p-Value

	
IRR

	
CI

	
p-Value






	
(Intercept)

	
33.88

	
1.72–667.09

	
0.021

	
2513.7

	
0.20–3×106

	
0.103

	
0.33

	
0.01–17.04

	
0.58

	
0.57

	
0.08–4.32

	
0.588




	
Qd

	
0.86

	
0.78–0.96

	
0.007

	
0.44

	
0.25–0.79

	
0.005

	
0.75

	
0.66–0.87

	
<0.001

	
1.02
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