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Abstract

:

Pool-type fishways have been increasingly tested to improve fish passage performance and minimize migration delays. Designing cost-effective fishways is essential for a trade-off between water uses and successful longitudinal connectivity restoration. The multislot fishway (MSF) concept, which operates with 30–50% lower discharge than a vertical slot fishway (VSF), was recently developed. This study assessed and compared the entrance performance (entrance time; entry efficiency) and transit times of two cyprinids for VSFs and MSFs. Four configurations, with the same structural characteristics (slope; water depth; head drop; pool width and depth), operating with different discharges (Q), were tested (VSF 1: Q = 112 L·s−1; VSF 2: Q = 80 L·s−1; MSF 1: Q = 58 L·s−1; MSF 2: Q = 37 L·s−1). Hydrodynamics characterization was performed using a numerical model. Results showed that entry efficiency was higher in MSFs than in VSFs, while entrance time and transit time were overall lower. Numerical modelling revealed that velocities were around 30% lower in MSFs, and turbulence could reach a difference of around 70% in Reynolds shear stress and 50% in turbulent kinetic energy. Overall, MSFs can be considered as a cost-effective fishway solution that can balance the trade-offs between divergent interests in water uses.
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1. Introduction


Globally, river fragmentation and dam construction represent a major threat to freshwater ecosystems biodiversity and functioning [1]. In Europe, recent estimates indicate the presence of over one million barriers causing cumulative impacts on freshwater organisms [2]. Over the course of the years, pool-type fishways were considered the main technical mitigation solution to restore longitudinal connectivity for fish species in regulated rivers worldwide [3,4,5]. When correctly designed, these structures allow moving fish to have a pathway and, thus, allow the genetic flow between fish populations [6]. As barriers and correspondent impoundments will continue to expand in a near future, to meet the rising demand for water (hydropower, irrigation, and drinking water) [7], new engineering solutions are deemed necessary to increase passage efficiency and reduce the transit time and the flow allocated to the fish passage [8,9,10]. Among the several pool-type fishways (i.e., pool-type with bottom orifices and/or notches, or slots) the vertical slot fishway (VSF) is considered a reliable option for managers who wish to re-connect river segments and set a passageway for moving fish [11,12]. VSF is usually regarded as one of the best technical fishway option, because (i) fish can move between pools at their preferred depth [13]; (ii) they can handle significant variations in the up-and-downstream water levels, making them suitable to undergo variations in river discharge [14]; (iii) they are less prone to clogging with debris and sediments than pool-type fishways with orifices and/or notches [11,15]. However, when compared with other fish passages equipped with orifices and/or notches, VSFs require higher discharges (Q), which inflates their water related operational costs [16]. To reduce these costs, the multislot fishway (MSF) stands out as a recent design that provides a cost-effective solution that gathers some of the best features of VSFs but operates with a lower discharge [17]. In fact, this type of facility may operate with 30 to 50% lower discharge compared to widely used VSFs while maintaining its effectiveness for cyprinid species [10].



Two central aspects should be considered in the development process of designing a fishway for multi-species, as they play a key role in maximizing its performance: the biology and ecology of the target species (i.e., swimming mechanics, physiologic thresholds, reproductive strategy, motivation to migrate) and the hydraulic conditions of the facility (i.e., the slope, pool geometry, head drop, discharge, turbulence, flow velocities) [3,18]. Ideally, a holistic fishway should serve a wide range of species, ensuring effective negotiation with minimal physiological stress and energy expenditure, allowing fitness enhancement or maintenance [19,20]. Therefore, fish transit time (the time to successfully ascend the fishway), the entrance time (the time to enter the first pool), and entry efficiency are determinant metrics to characterize the performance of a fishway design. Hence, entrance and transit time should be as low as possible to enable fish to continue their migratory movements and access habitats for growth, refuge, and reproduction [21], as fish frequently need to overcome several obstacles to reach their vital areas [22].



River systems in the Iberian Peninsula are mainly characterized by Mediterranean climatic conditions with strong inter-seasonal and inter-annual variability in river flows [23]. These systems exhibit periods with high flows in winter followed by dry or very dry summers. However, due to the inter-annual rainfall variability, the dry season can extend longer and consequently result in long supra-seasonal droughts [24]. For this reason, water scarcity is a recurrent scenario in these regions and restoration designers and managers should be encouraged to develop and apply cost-effective fish passage solutions. Furthermore, drought scenarios are expected and will increase inevitably in the near future due to climate change, reinforcing the need to use water-effective and resilient fish passage systems [25,26]. The Iberian Peninsula freshwater fish assemblages are composed of a considerable number of endemic species. Currently, around 52% of these species are cataloged as threatened, according to the Red List of the International Union for Conservation of Nature [27]. The large number of endemic species collectively with the extensive human impacts in this region (e.g., dams, water abstraction, and pollution) is the main cause of this worrying scenario [28]. Therefore, the reestablishment of the longitudinal connectivity through fishways is paramount to allow Iberian fish assemblages to survive and thrive, as endorsed by the European legislation, the Water Framework Directive (WFD) [29,30].



In the present study, the entrance performance (i.e., entrance time and entry efficiency) and the transit time of the Iberian barbel (Luciobarbus bocagei, Steindachner, 1864) and the South Iberian chub (Squalius pyrenaicus, Günther, 1868), two endemic Iberian cyprinids with distinct ecological traits and swimming capacities, was assessed in a full-scale model of a fishway. Four different configurations of fishways (with the same structural characteristics (i.e., slope, water depth, head drop, pool width and depth) were tested—two commonly used VSF and two MSF configurations—with the objective of determining which configuration enhances the passage performance of both species. To characterize the hydrodynamics of the tested configurations, numerical modelling was conducted using the computational fluid dynamics (CFD) commercial software FLOW-3D®. In this study, we predict that (i) entrance performance is higher (i.e., lower entrance time and higher entrance efficiency) in MSFs than in VSFs and that (ii) transit time to successful negotiation of the fishway is lower for MSFs than for VSFs.




2. Materials and Methods


2.1. Experimental Facility


Experiments were conducted between spring 2015 and autumn 2016 in a flume with the following dimensions: 10 m length; 1 m width; 1.2 m height located at the National Laboratory for Civil Engineering (LNEC) in Lisbon, Portugal. A full-scale model of a fishway was installed in the flume, equipped with lateral glass walls, which allowed the continuous tracking of fish movements. The flow supplied to the fishway was provided through a pump and measured by an electromagnetic flow-meter (precision of 0.4%) installed in a recirculation pipe. The discharge was regulated through a pump frequency controller, and the water level was adjusted by a slot gate in the downstream tank with the following dimensions: 4 m length; 3 m width; 4 m height. Further details about the experimental apparatus are provided in Romão et al. [13].



Four different configurations of fishways were assembled in the flume—two commonly used VSF (VSF 1 and VSF 2) and two MSF configurations (MSF 1 and MSF 2). VSF configurations had a hydraulic head drop per pool (ΔH) of 0.16 m and were based on designs proposed by Rajaratnam et al. [31]—VSF 1 included a central and lateral baffle, while VSF 2 included only a lateral baffle (Figure 1a,b). The MSFs presented a twofold number of slots compared to the VSFs and were based on the multislot fishway concept, originally developed by Tauber and Mader [32], also designated as Enature [17,33]. MSF 1 (Figure 1c) presented two vertical slots in each pool, while MSF 2 (Figure 1d) included a combined solution that incorporated a vertical slot and a bottom orifice. Since MSFs presented two slots per pool, the ΔH = 0.16 m was divided by two, becoming approximately 0.08 m per slot. The MSF 1 was selected based on numerical model results reported by Quaresma et al. [34], which simulated suitable flow conditions based on Iberian fish species critical swimming speed thresholds. Therefore, this configuration was assembled in the flume to assess the passage performance of Iberian cyprinids, as it represents a theoretical optimal design.



In all the configurations, the mean water depth in the pools was 0.80 m; the fishway slope was set to 8.5%, and the cross-walls were made with plywood (0.022 m thick). Each fishway was composed of 6 pools with a total length of 1.85 m and 1 m width (Table 1). All the vertical slots were 0.10 m wide and the bottom orifices used in MSF 2 were 0.40 m high and 0.1 m wide. By fixing these parameters in all configurations, the operating discharge had to be different (range: 37–112 L.s−1; Table 1) in order to attain the hydraulic equilibrium in vertical slot fishways under uniform flow condition [11,35].




2.2. Fish Capture


Tested fish were previously caught with electric fishing in a small Atlantic coastal river in central Portugal, the Lizandro River. The fish collection was performed with wadable electrofishing gear (IG-200, Hans Grassl, Schönau am Königsee, Germany) according to the protocol adopted by the European Committee for Standardization [36]. After being caught, fish were directly transported to the laboratory holding tanks using a fish-transport box (Hans Grassl, Schönau am Königssee, Germany, 190 L) with river water and external aeration (ELITE, Holm, Germany). In each sampling event, 50 fish were collected and transported to the laboratory facilities. The holding tanks with 700 L capacity were equipped with high-performance mechanical and biological filtration (FX5, Fluval, Quebec, Canada) with a turnover rate of 2300 L·h−1. Fish were allowed to recover from the fishing- and handling-induced stress for a period of 48 h and were not fed during this stage. Food was provided daily to the tested fish in the holding tanks with Tetra Pond sticks. Water quality was regularly monitored with a multiparametric probe (HANNA, HI 9812-5, Wensojit, RI, USA); mean (±SD) temperature, pH, and conductivity were, respectively: 22.1 ± 1.5 °C, 7.6 ± 0.4, 182 ± 23.2 µS·cm−1.




2.3. Fish Experiments


All procedures involving animal handling, including capture, housing, and fish passage experiments, were carried out in strict compliance with European standards (Directive 2010/63/EU) and Portuguese legislation (Decree-Law 113/2013, 7th August, article 35, n.° 5, transposing the European Directive for animal experimentation). Permits regarding fish capture, handling, transportation, and holding were issued by the Portuguese Institute for Conservation of Nature and Forests (ICNF), which also authorized keeping the fish in captivity, in accordance with the methodology presented in this study. Thus, all the necessary procedures to complete this study were performed with minimum handling stress. No fish were sacrificed for the purpose of this study.



Fish experiments were performed with a total of 200 wild-caught fish: 100 barbels and 100 chubs (25 individuals of each species were used in each fishway configuration tested). These numbers were chosen in a balanced way to harmonize ethical issues with the scientific and management knowledge gains and preformed with acceptance of the national authorities ensuring animal welfare, according to the international recommendations for replacement, refinement, and reduction in animals in research (3Rs), expressed in the European Directive 2010/63/EU, and transposed into Portuguese national legislation (DL 113/2013 and DL 1/2019). Those species were selected because they were considered representative of medium-sized potamodromous benthic cyprinids (Luciobarbus sp.) and small-size water-column-oriented resident species (Squalius sp.), occurring in several Iberian and European rivers [27]. Chubs presented a total length (±SD) of 12.8 ± 0.7 cm and a total body mass (±SD) of 23.7 ± 2.8 g, and barbels presented, respectively, 20.1 ± 1.9 cm and 88.5 ± 33.2 g. Each trial was composed of a school of five adult fish with a similar total length, to avoid bias in the swimming performance [37,38]. Additionally, to avoid possible bias in the outcome of the experiments, as a result of learning-based effects [39], each fish was used only once in the study. Trials began with an acclimation period to the experimental facility of 30 min. For this, fish were first placed in the downstream end of the fishway in an acclimation area (dimensions: 0.9 m length and 1 m width), which was set with two mesh panels, allowing fish to get acquainted with the flow conditions of each configuration tested. After the acclimation period, the upstream mesh panel was lifted and individuals could move freely through the fishway for a period of 90 min. Water quality was monitored during the trials, mean (±SD) temperature, pH, and conductivity were 22.1 ± 1.3 °C, 7.9 ± 0.4, 165.5 ± 18.7 µS·cm−1, respectively.



Fish behavior was recorded with the assistance of three independent observers for the following passage metrics: (i) entrance time (the time for the fastest fish of each school to pass the first slot); (ii) entry efficiency (the total number of fish passing through the first slot divided by the number of corresponding attempts to pass—an attempt was only registered when fish were standing towards the main jet passing through the slot and simultaneously exhibiting sprint movements); (iii) transit time (the time of the fastest fish in each school to cross the most upstream slot and reach the upstream end of the fishway). Video recording was performed (video camera: GoPro HERO5 positioned laterally in the first pool of the fishway) to analyze fish entrance movements and entry efficiency. After experimentation, fish were then released at their natural environment.




2.4. Data Analysis


Data analysis was conducted using permutational multivariate analysis of variance (PerMANOVA) using the Euclidean distance to examine interspecific and intraspecific significant differences between the barbel and chub passage metrics (entrance time, entry efficiency, and transit time) between the four fishway configurations tested (VSF 1, VSF 2, MSF 1, MSF 2), and particularly between VSF and MSF. This statistical analysis is based on permutations tests that directly partition the variation in a distance matrix according to Euclidean distances or non-Euclidean-embeddable dissimilarity measures [40]. This statistical approach is considered a robust non-parametric method, which enables significance tests even for small size samples [41]. The analysis was computed using the package PERMANOVA for PRIMER + v6.0 [42].




2.5. Hydrodynamic Characterization


A commercial CFD software (FLOW-3D®) was used to perform the flow field numerical modelling of the tested fishway configurations. FLOW-3D® solves the governing equations of fluid motion in a Cartesian staggered grid using finite volumes method to obtain transient, three-dimensional solutions. The computational domain was discretized using multi-block grids to optimize the mesh according to the simulated fishway configurations, which were generated in AutoCAD and were imported into the code as stereolithography (STL) files. The large-eddy simulation (LES) model and the second order monotonicity preserving method were used. The acceleration of gravity was applied in the negative z-direction and in the positive x-direction so that the x-axis was parallel to the fishway bottom. The upstream and downstream boundaries were specified as pressure boundary conditions, based on the water depths observed experimentally. The side-walls and the bottom were modelled as no-slip boundaries, and, at the top, a symmetry boundary condition (zero value for normal velocity, zero gradients for the other quantities) was applied. The initial pressure was set to the atmospheric pressure. Firstly, the model was used to characterize the hydrodynamics of 3 of the 4 tested configurations (VSF 1, VSF 2, and MSF 1) in Quaresma et al. [34], where a complete outline of the model development, verification, and validation can be found. To validate the numerical model results, measurements were performed using an Acoustic Doppler Velocimeter (ADV) to characterize flow velocities. These measurements were performed for both VSF 1 and VSF 2 configurations in the second pool (in the upstream direction) in two planes parallel to the flume bottom (112–110 sampling points in each plane) at two flow depths: 0.50 m and 0.625 m, corresponding, to 62.5% and 78% of hm, respectively (further details concerning the ADV measurements are presented in Romão et al. [13]). Additionally, mean water depth in the pools, the hydraulic head drop (Δh), and discharge were measured in each configuration tested in the physical model. Comparisons between the values observed in measurements performed in the physical model and numerical model show relative differences (computed by dividing the difference between numerical and experimental values by the latter ones) lower than 5%. The discharge observed in the physical model was VSF 1—110 L.s−1; VSF 2—81 L.s−1; MSF 1—56 L.s−1; MSF 2—36 L.s−1, while in the numerical model, VSF 1—112 L.s−1; VSF 2—80 L.s−1; MSF 1—58 L.s−1, MSF 2—37 L.s−1, resulting in relative differences of 2.3, −1.3, 3.3, 2.8%, respectively. Regarding the pool mean water depth, the values observed in the physical model were VSF 1—0.80 m; VSF 2—0.80 m; MSF 1—0.80 m; MSF 2—0.80 m, while in the numerical model, VSF 1—0.80 m; VSF 2—0.81 m; MSF 1—0.83 m; MSF 2—0.81 m, resulting in relative differences of 0.1, 1.8, 4.2, —1.2%, respectively. These values are in line with the ones found for the other configurations [34], showing that the model accurately reproduced the flow fields under analysis (further details concerning the numerical model verification and validation are presented in Quaresma et al. [34]).





3. Results


The entrance time, the entry efficiency, and transit time for both species are shown in Figure 2. Regarding the entrance time, pairwise comparisons performed with a PERMANOVA analysis, using the fishway configuration as a four-level fixed factor (VSF 1; VSF 2; MSF 1; MSF 2), evidenced significant differences in the entrance time (Figure 2a) of both species. For barbel, differences occurred between VSF 1 (median time ± SE: 14 ± 6 min) and MSF 2 (median time ± SE: 3 ± 1 min) (t = 2.48; p = 0.02); VSF 2 (median time ± SE: 12 ± 2 min) and MSF 2 (t = 2.86; p = 0.02); MSF 1 (median time ± SE: 12 ± 4 min) and MSF 2 (t = 2.85; p = 0.02). Correspondingly, chub entrance time was different between VSF 1 (median time ± SE: 6 ± 4 min) and MSF 2 (median time ± SE: 1 ± 0 min) (t = 2.08; p = 0.01); VSF 2 (median time ± SE: 19 ± 4 min) and MSF 1 (median time ± SE: 2 ± 1 min) (t = 2.72; p = 0.04); VSF 2 and MSF 2 (t = 3.19; p = 0.01). Overall, for both species, MSF displayed a significantly lower entrance time relative to VSF, with the MSF 2 performing the best.



Concerning the entry efficiency (Figure 2b), PERMANOVA post hoc pairwise tests indicated differences for barbel performance between VSF 1 and MSF 2 (t = 10.99; p = 0.001); VSF 2 and MSF 2 (t = 9.69; p = 0.001); MSF 1 and MSF 2 (t = 7.93; p = 0.001). While for the chub differences were found between VSF 1 and VSF 2 (t = 3.77; p = 0.01); VSF 1 and MSF 1 (t = 4.53; p = 0.01); VSF 1 and MSF 2 (t = 14.241; p = 0.001); VSF 2 and MSF 2 (t = 11.25; p = 0.001); MSF 1 and MSF 2 (t = 5.23; p = 0.002). Again, for both species, MSF were found to report a significantly higher entry efficiency than VSF, with the MSF 2 being the best one.



Regarding the transit times (Figure 2c), significant differences were found in the chub transit times negotiating the VSF 2 (median ± SE: 59 ± 10 min) and MSF 2 (median ± SE: 21 ± 6 min) (t = 2.47; p = 0.04), with the latter displaying a lower transit time for successful negotiation. As for the barbel, no differences were found for the transit times between configurations. Additionally, comparing interspecific (barbel vs. chub) transit times, no differences were determined within each configuration tested.



In what concerns the hydraulics characterization of the four configurations tested (Table 2), for the same pool mean water depth, the MSF configurations operate with a lower discharge when compared to the VSF configurations, with the MSF 2 operating with less than 36, 54, and 67% of the discharge needed for the MSF 1, VSF 2, and VSF 1, respectively.



Figure 3 shows the mean velocity magnitude and 2D time-averaged streamline patterns at 25% hm for the four tested configurations. VSF configurations (Figure 3a,b) show higher average velocities when compared with MSFs (Figure 3c,d). Both VSFs have a sinusoidal flow pattern, even though they are fitted with aligned slots (see [10,16,34] for the explanation). This flow pattern creates two large recirculation areas of lower velocities—one smaller, adjacent to the upstream cross-wall, and one larger, in the center of the pool. The decrease in flow, and changes in configuration between VSF 1 and VSF 2, leads to a general flow velocity reduction and to a decrease in the size of the smaller recirculation area; however, an increase in the size of the larger recirculation area occurs, and the velocity gradients are also reduced from VSF 1 to VSF 2. MSFs have overall lower flow velocities. Their different configurations generate different flow patterns when compared with VSFs—the sinusoidal flow pattern is more pronounced as the flow makes a 90° degree angle turn, at mid pool length, redirecting the flow from one sidewall to the other. There are two large recirculation areas within the main pool, and a small one near the entrance to the slot chamber, where a second small recirculation region is present.




4. Discussion


Pool-type fishways are frequently the option applied to mitigate the impacts of instream structures obstructing river connectivity [11,43]. Among the several designs developed so far, VSFs are generally a consistent solution for river restoration managers, because they favor multi-species passage negotiation [13,44]. However, since VSFs generally require higher discharges to operate compared to pool-type fishways with bottom orifices and/or notches, operators may not share the same opinion, whereas they fail to meet one of the most challenging criteria in fishway design—the requirement to use as little water as possible for two main reasons: (i) construction costs are directly inflated with the design discharge; (ii) the more water volume is diverted, the less is available to hydropower production or other services provided by the dam, such as drinking water and irrigation [45]. Furthermore, in recent years, there has been a growing need to develop cost-effective fishways with lower turbulence that may operate with a broad discharge range [46]. In the present study, an experimental approach was conducted to assess entrance performance (entrance time and entry efficiency) and transit times of two Iberian cyprinids negotiating four distinct fishway configurations—using the same water depth in the pools—two VSFs and two MSFs, to gather insights about the fish passage behavior under different hydrodynamic scenarios and how conservation managers and dam operators may consider alternative mitigation cost-effective solutions capable of matching their goals.



Overall, the results from the fish experiments revealed that entrance performance, as described by entrance time and entry efficiency, was significantly higher—i.e., lower entrance time and higher entry efficiency—in MSFs (and particularly on MSF 2, which operates with the lowest discharge, 37 L·s−1) than in VSFs. In addition, transit time for successful negotiation was found to be significantly lower in MSFs than in VSFs, at least for the Iberian chub, a small resident water-column fish. Altogether, this means that MSF configurations (and particularly MSF 2) were clearly able to display a better performance in terms of entrance and transit time, comparatively to VSFs, making them a potential reliable technical solution to implement at river barriers, when water is a limiting factor, and physical site conditions do not allow the installation of nature-like fishways [47].



While discharge could stand as a determinant parameter driving the passage performance of these two cyprinids, other dependent factors, such as the flow patterns, velocity fields, and turbulence must be considered, as they play a major role in the assessment [15,48,49,50]. According to Quaresma et al. [34], the flow patterns are similar between VSF 1 and VSF 2 but change considerably when compared to MSF 1 [16] and MSF 2. This is mainly due to the fact that MSFs have a twofold number of slots per pool (which divides the head drop), but also because this type of fishway has slots organized in an offset position while both VSF configurations, VSF 1 and VSF 2, presented aligned slots; this implies that MSFs show a more pronounced meandering follow pattern than VSFs. MSF 1 and MSF 2 flow patterns are also dissimilar because MSF 2 was assembled as a hybrid solution composed of a bottom orifice and a vertical slot in each pool. This means that the flow pattern is clearly 3D (as described by Branco et al. [51], while characterizing the hydrodynamic conditions of a pool-type fishway equipped with notches and bottom orifices), differing from the quasi-2D pattern from the remaining configurations equipped only with vertical slots [13,15,52]. According to the numerical modeling results, maximum flow velocities were generated in the vicinity of the slots, whereas the higher magnitudes were found in VSFs, while MSFs showed velocities about 30% lower (Table 2). However, even with relatively lower velocities, the attraction flow provided by the MSFs was able to drive both the stronger (barbel) and the weaker (chub) swimmers [53,54] to negotiate this type of fishway and accomplish even lower transit times.



Regarding turbulence, VSFs generated the maximum magnitudes, whereas both MSFs revealed much lower values: 70% difference in Reynolds shear stress for VSF 1 compared to MSF 2 and 48% in turbulent kinetic energy, respectively (Table 2). This means that fish encountered more predictable flows during MSF passage negotiation, which according to Liao [55], enhances fish exploratory movements and reduces their locomotion costs. Contrarily, according to the same author, turbulent flows with chaotic and wide fluctuations in velocity can repel fish and, consequently, increase their transit times. Moreover, pool areas with low velocities and turbulent magnitudes theoretically provide favorable hydrodynamic conditions for sustained swimming [49,56], allowing fish to rest in these areas before progressing through the fishway [57]. In addition, as described by Quaresma et al. [34], more than 90% of the pool volume of the MSF 1 holds lower flow velocities than the critical swimming (Ucrit) thresholds of Iberian fish, such as the potamodromous Iberian straight-mouth nase (mean Ucrit = 0.78 m·s−1 Pseudchondrostoma polylepis, Steindachner, 1864) [54] and Iberian barbel (mean Ucrit = 0.81 m·s−1) [53], but also for resident species such as the North Iberian chub (mean Ucrit = 0.54 m·s−1 Squalius carolitertii, Doadrio 1988) [54], a sister species of the South Iberian chub, with similar swimming capacity.



In terms of management implications, the MSFs offer an alternative option to restoring longitudinal connectivity comparatively to VSFs, currently viewed as one of the best types of technical pool-type fishway. This cost-effective solution allows stakeholders or barrier owners to save around 30 to 50% more water for fishway operation and should be taken into account as an effective fishway option [16], which allows for eco-efficiently enhancing the hydropower production or other water services provided by the barrier, such as irrigation or drinking water [10]. In dry regions such as in the Iberian Peninsula or other Mediterranean systems, this type of facility would be useful at river basins subject to long periods with low flows. Furthermore, it is likely to be an ever-increasing option in the near future, considering the rising scenarios of drought due to climate change [25,58]. Between both MSF configurations tested in this study, a major concern should be addressed—the probability of clogging with woody debris, sediments, or other materials transported by the river, particularly for configuration MSF 2, because it holds a bottom orifice, which is likely to become clogged and, consequently, completely compromise the operation of the facility. On the other hand, in VSFs, the probability of clogging is rather lower, making this type of fishway more reliable [11]. However, maintenance and monitoring are a key step to securing the correct functioning of any fish passage facilities and, therefore, should never be overlooked [5]. From this point forward, testing steeper slopes in multislot fishways could be an encouraging opportunity to determine if this type of facility could reduce the construction costs even more without compromising its efficiency for migrating fish.




5. Conclusions


The present study aimed to compare two widely used vertical slot fishways designs (VSF 1 and VSF 2) with recently developed multislot fishways (MSF 1 and MSF 2). For this, the transit time and entrance performance (entry efficiency and entrance time) of two cyprinids were assessed in four fishway configurations in a full-scale model under laboratory conditions. A numerical model previously verified and validated with experimental measurements was used to characterize the hydrodynamic conditions. Fish experiments highlighted that transit times tend to decrease, while negotiating MSF designs and entrance performance was effectively higher in this type of fishway compared to VSFs, which operate with higher discharges and revealed much higher turbulences. In conclusion, the MSFs stand out as an alternative cost-effective fishway solution for managers or practitioners working in river connectivity enhancement. This type of facility should be particularly useful in river systems subjected periodically to periods with low flows, since the operating discharge may reach a difference of 30–50% compared to VSFs, currently viewed as one of the best types of technical fishway. Finally, further studies should be conducted in the laboratory and in the field with these innovative cost-effective fishways, based on site-specific characteristics, encompassing multiple species and their swimming thresholds, to evaluate if these fishways may represent a holistic solution capable of assuring adequate up-and-downstream transposing for diadromous, potamodromous, and resident fish.
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Figure 1. Fishway configurations tested (slope of 8.5%). (a) Vertical slot fishway (VSF 1)—discharge (Q) = 112 L·s−1; (b) VSF 2—Q = 80 L·s−1; (c) multislot fishway (MSF 1)—Q = 58 L·s−1; (d) MSF 2—Q = 37 L·s−1) (dimensions in meters). 
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Figure 2. Luciobarbus bocagei (barbel) and Squalius pyrenaicus (chub) passage performance in the different fishway configurations tested: vertical slot fishway (VSF) 1—Q = 112 L·s−1, VSF 2—Q = 80 L·s−1; multislot fishway (MSF) 1—Q = 58 L·s−1, MSF 2—Q = 37 L·s−1. (a) Entrance time—the time for the fastest fish to pass the first slot; (b) entry efficiency—the total number of fish passing the first slot divided by the number of corresponding attempts; (c) transit time—the time of the fastest fish reached the upstream end of the fishway. (Q, discharge). 
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Figure 3. Mean velocity magnitude and 2D time-averaged streamline patterns at 0.2 m high from the bottom of the fishway (25% hm—pool mean water depth) in the four different fishway (VSF—vertical slot fishway; MSF—multislot fishway) configurations (VSF 1—Q = 112 L·s−1; VSF 2—Q = 80 L·s−1; MSF 1—Q = 58 L·s−1; MSF 2—Q = 37 L·s−1): (a) VSF 1; (b) VSF 2; (c) MSF 1; (d) MSF 2. Figure produced with FLOW-3D® results. (Q, discharge). 
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Table 1. Summary of the fishway configurations tested. Q, discharge; Pv, volumetric dissipation power; Cd, discharge coefficient; L, pool length; B, pool width; b, vertical slot width; ΔH, head drop per pool; hm, pool mean water depth; I, fishway slope. VSF—vertical slot fishway; MSF—multislot fishway. ΔH was 0.16 m; however, since the MSF has two slots per pool compared to a VSF, this head drop is divided into two, becoming approximately 0.08 m per slot.
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Table 2. Numerical results, discharge, velocity, and turbulence parameters of the four fishway configurations tested considering the total water volume in a reference pool (pool n.° 3). Q, discharge; U average, volume-averaged mean water velocity magnitude; U max, maximum water velocity magnitude; TKE average, volume-averaged turbulent kinetic energy; TKE max, maximum turbulent kinetic energy; RSS average, volume-averaged Reynolds shear stress parallel to the bottom component; RSS max, maximum Reynolds shear stress parallel to the bottom component; VSF, vertical slot fishway; MSF, multislot fishway.
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	Fishway

Configuration
	VSF 1
	VSF 2
	MSF 1
	MSF 2





	Q (L·s−1)
	112
	80
	58
	37



	U average (m·s−1)
	0.58
	0.35
	0.26
	0.19



	U max (m·s−1)
	2.2
	1.9
	1.4
	1.4



	TKE average (m2·s−2)
	0.054
	0.042
	0.026
	0.016



	TKE max (m2·s−2)
	0.34
	0.35
	0.12
	0.18



	RSS average (Pa)
	10.3
	8.2
	5.1
	3.4



	RSS max (Pa)
	145
	147
	52
	55
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