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Abstract

:

Downstream of small-scale hydropower plants (SHPs), the intensity, frequency and persistence of hydropeaking events often cause an intolerable stress on fish of all life stages. Rapid increases in flow velocity result in fish avoiding unstable habitats and seeking refuge to reduce energy expenditure. To understand fish movements and the habitat use of native Iberian cyprinids in a high-gradient peaking river, 77 individuals were PIT tagged downstream of Bragado SHP in the North of Portugal. Tagged fish species included Pseudochondrostoma duriense and Squalius carolitertii. Fish positions were recorded manually on two different occasions: during hydropeaking events (HP) and without hydropeaking events (NHP). From the 77 tagged fish, we were able to record habitat use for 33 individuals (20 P. duriense and 13 S. carolitertii) in a total of 125 relocations. Fish species were distributed along the river reach with high density in the upstream area in the vicinity of the SHP tailrace, in particular during HP. Fish locations were associated with velocity for P. duriense and S. carolitertii. The latter tended to use faster flowing waters than P. duriense. Our findings on the habitat use in peaking rivers are a valuable tool to help in the selection and design of mitigation measures.






Keywords:


cyprinids; small hydropower plant; hydropeaking; peaking rivers; habitat use












1. Introduction


The recent boost of clean energy sources, such as wind and solar, and their foreseeable increase in the near future, relies on the possibility of being replaced when needed. Hydropower maintains a prominent position amongst renewables [1] while being able to quickly replace solar and wind and respond to electricity demand, thus contributing to reduce CO2 emissions and help cope with climate change. Consequently, the interest in hydropower generation has regained general attention [2,3]. In Europe, hydropower development is massive with a total of 30,172 plants, out of which, 8507 are planned and 278 are under construction [4]. There is a large dominance of small-scale hydropower projects (SHP) (<10 MW) [5], mainly as a consequence of the limited capacity of many countries to still accommodate large hydropower projects.



The damaging impacts of hydropower plants on ecosystems are relatively well studied for large hydropower dams [6,7], due to their size and position in the river network. However, little attention has been paid to the effects of SHP [8], with most studies focusing on the impacts of low flow in bypassed river reaches due to SHP water diversion [9,10]. SHP may produce extensive ecological impact because they are numerous, thus exacerbating ongoing habitat fragmentation and disturbing the ecological river integrity [10,11], while only contributing marginally to electricity production [4]. The impacts of SHP per megawatt of power produced may be disproportionally higher than that of large hydropower plants [12]. Their small size, resulting from their small watershed, allows them to be built in more remote areas where the ecosystems typically support unique and endemic fauna and flora adapted to thrive in these environments [9].



The rapid flow variations that may be generated by hydropower facilities—i.e., water pulses called hydropeaking [13]—have a serious impact in many riverine ecosystems, particular on fish [14], raising concerns as to the ability of fish to respond to peaking events, and the costs and time to react to constant changes [15]. In the past decade, several studies have been published in an attempt to assess the hydropeaking impacts by investigating swimming responses [15], feeding activity [16], growth rates and inter- and intraspecific competition [17], spawning and migration activity [18], and habitat use [19]. Regarding the latter, different responses have been reported. When exposed to peak flows, fish will probably move laterally to “recolonize” abandoned habitats [6], will seek out short-term refuge, rendering them prone to stranding on later downramping [20], will potentially move downstream to more suitable habitats [21], or will be forced to move between feeding zones and refuges [22]. The wide spectrum of fish responses, influenced by fish ecology and site-specificity, restricts an understanding of the effects of hydropeaking on freshwater fish.



Physical factors, usually described by water velocity and depth [23], substrate size and composition [24], are generally more predictable, less variable and more easily measured than biological and chemical ones [25]. Velocity and depth used by different fish species are widely available in the literature, whereas there is still lack of information on fish species preferences for turbulence parameters which strongly influence fish behavior [26,27,28]. Rapid flow changes reduce the amount and quality of suitable habitat, and the distribution and abundance of many fish species, including Iberian small-sized cyprinids, which are strongly influenced by their habitat [29]. Fish movements in river reaches subjected to hydropeaking may be expected to be primarily a response to deteriorating habitat conditions. Probably owing to the difficulty in controlling confounding effects, the field evidence of individual responses to hydropeaking remains limited. The great majority of hydropeaking research is still restricted to experiments in indoor flumes [30,31] and outdoor experimental channels [20], rather than field studies. There is currently a lack of studies, both in experimental and field situations, that consider small-sized species.



In narrow and shallow rivers, passive integrated transponder (PIT) technology, using a portable reading unit, can also be used to a similar effect as standard radio telemetry [32]. PIT tags are a less invasive and low-cost method [33], with a detection range up to 1 m and a detection rate up to 80% [34]. Additionally, PIT tags allow long-term monitoring, enabling to reduce the number of tagged fish [35]. The ability to tag and monitor individual fish provides a valuable insight into fish behavior [36] downstream of an SHP, which is crucial to propose solutions to mitigate the effects of rapid flow variation and contribute to the management and conservation of aquatic biodiversity.



In Iberia, endemic rheophylic cyprinids dominate the native fish fauna [37] and are considered indicator species in the sense that they can provide early an warning of any anthropogenic change that may occur [29]. Many of these species have a protected status under IUCN (International Union for Conservation of Nature), placing the Iberian freshwater fish fauna as one of the most endangered in Europe. The present study investigates the effect of peak flows from a SHP with short-term river regulation on the habitat of Iberian native small-sized cyprinids—Iberian straight-mouth nase Pseudochondrostoma duriense (Coelho 1985; IUCN status: vulnerable), and Iberian chub Squalius carolitertii (Doadrio 1988; IUCN status: least concern). We hypothesized that (i) cyprinids would prefer less hydropeaking-induced disturbance; (ii) habitat use patterns should shift in peaking rivers; and (iii) fish species should display differential habitat use.




2. Materials and Methods


2.1. Study Area


This study was conducted in the Avelames River, downstream of the Bragado SHP (41°34′53.27″ N, 7°40′50.95″ W, c. 337 m a.s.l.) located in northern Portugal. The Avelames River is a tributary of the Tâmega River (Douro River basin, Figure 1) located in a remote rural area, dominated by shrub and forested areas. The Avelames River, a low-sized, third-order stream [38] runs through deposits of sand, gravel and large cobbles. The Avelames River has a pluvial run-off regime. The climate is close to a Mediterranean with continental influence, characterized by warm and dry summers and concentrated precipitation events during the autumn and spring. Inter-annual variation in discharge is also large, as is typical of a river with a Mediterranean flow regime. Long-term mean annual discharge amounts to 1.4 m3/s (watershed area of 78.8 km2 and a mean annual flow volume of 44.1 hm3). A 150 m long reach representing a range of habitats was selected in the vicinity of Bragado SHP tailrace. The river reach can be divided in two sub-reaches located upstream and downstream of the powerhouse tailrace, respectively. The upstream sub-reach ends at a waterfall that blocks upstream fish movements. No other physical obstructions were found in the studied reach. The river reach includes a wide variety of habitats, from small pools to riffles and runs. Submerged boulders provide cover features, and well developed riparian vegetation provides shade. The cross-section width ranges from 3 to 10 m, with an average longitudinal slope of 0.0332.



The powerhouse of Bragado SHP is located around 2 km downstream of the weir where the water intake is located. A water diversion conveyance system feeds the powerhouse, which is equipped with a Francis turbine with a horizontal shaft designed for a maximum discharge of 2.2 m3/s and a net head of 155.2 m. The installed capacity is 3.1 MW and the mean annual electricity production is 9.0 GWh.



The fish community of the Avelames River is dominated by small-sized native cyprinids, as is typical of similar rivers in northern Portugal. Further downstream, close to the confluence with the Tâmega River, other species may be found, including the larger sized Iberian barbel (Luciobarbus bocagei). Further upstream, brown trout (Salmo trutta) may also be found. Migratory fish species requiring long distance movements to reproduce do not occur in this river.




2.2. Data Collection


The riverbed topography was surveyed from 8 to 10 of September 2017. A total of 5045 points were collected (x, y and z coordinates) along the 150 m Avelames reach with an accuracy adequate to define the riverbed morphology and the approximate shape of the macro-irregularities emerging from the water (e.g., boulders and large objects). Substrate composition was collected along the river reach and defined using a Wentworth scale [39]: (1) organic cover; (2) silt (1–2 mm); (3) sand (2–5 mm); (4) gravel (5–25 mm); (5) pebble (25–50 mm); (6) cobble (50–150 mm); and (7) boulder (>150 mm). Flow velocity and depth were measured in several points along five cross-sections. Depths were measured with a ruler and water velocities with a flow probe (model 801, Valeport) positioned at 60% of the local depth below the surface.




2.3. Telemetry


A total of 77 cyprinids were caught on the 16 May 2018 downstream of Bragado SHP by electrofishing (Hans Grassl IG-200). Fish species included Pseudochondrostoma duriense and Squalius carolitertii. Average water temperature was 16 ºC, conductivity was 50 μS/cm and pH was 7.7. After collection, the fish were kept in a 2 m-long closed fish net in the stream for 2 h before being individually marked with passive integrated transponder (PIT) tags. Fish were anaesthetized with MS-222 (Tricaine Methanesulfonate) (60 mg/L) and were marked with a small HDX PIT-Tag (12 × 2.12 mm weighing 0.1 g from Oregon RFID) previously sterilized with ethyl alcohol 96%. The weight of the transmitter was always less than 2% the recipient’s body weight [40]. The tag was injected in the intraperitoneal cavity with a sterilized needle linked to a grip injector (Oregon RFID). Marking without the use of sutures to close the incision was the most appropriate PIT tagging procedure for small cyprinids. Fish were sorted by species and measured for total length (TL) and weight (TW). One hour following the insertion and after regaining equilibrium, fish were released at their capture location (next to the SHP tailrace) and left to acclimate for four days.



Fish positions were recorded during base flow on two different occasions. First, when the SHP was in operation, with peak flows every week day, for at least a month (hereafter HP—hydropeaking). The HP survey occurred right after a peak flow within the range of 0.90 to 1.90 m3/s and with a minimum of 3 h duration was released. During the survey, the river flow rate was within the range of 0.35–0.50 m3/s. During the peak flow, the survey was unmanageable due to the intensity and magnitude of flow. Second, the survey took place when the SHP was not in operation for at least one continuous month (hereafter NHP—no hydropeaking) due to low flow. During the NHP survey the flow rate was 0.08 m3/s. On each occasion, the river reach was surveyed at six different times in 2018: 6, 7, 11, 12, 18 and 19 June for HP, and 1, 2, 3, 9, 10 and 11 of October for NHP. In each survey, the operator waded in the upstream direction, sweeping the portable (Oregon high-performance HDX RFID reader, ISO 11784 compatible) and length of pole antenna (c. 50 cm in diameter) [41] just above the water surface from the river bank to river bank, scanning the entire river reach looking for tagged fish and avoiding disturbing the flow. Each time a fish was detected, the fish ID was registered and the fish location was recorded with a dual-frequency GNSS receiver (Trimble R2). Additionally, the water velocity and depth were measured along different cross-sections to calculate the discharge during the surveys.



All the procedures involving fish sampling were carried out according to European standards (Directive 2010/63/UE), European norms CEN EN 14011:2003 [42], and Portuguese legislation (Decree Law 113/2013 and 1/2019) and guidelines [43]. For this, a permit was issued by the Portuguese licensing entity, the Instituto da Conservação da Natureza e Florestas (ICNF). All the researchers involved with the direct manipulation of fish are authorized to carry out and design procedures and scientific projects involving animal experimentation according to Article 23: the project was authorized by the Portuguese authority Direção Geral de Alimentação e Veterinária (DGAV) according to Article 38, both from the European Directive 2010/63/UE. The principle of replacement, reduction and refinement (3Rs) was followed while developing the experimental protocol. No fish were sacrificed for the purpose of this study.




2.4. Hydrodynamic Modeling


Hydrodynamic simulations of water flow were performed using HEC-RAS (version 5.0.7) considering two-dimensional unsteady flow. The HEC-RAS 2D model was used to simulate the hydrodynamic conditions during the surveys of HP and NHP. In the HEC-RAS model, the unsteady flow simulation uses either the 2D Saint-Venant equations (often referred as the shallow water equations) or the 2D Diffusion Wave equations. The 2D Saint-Venant equations solver disregards vertical velocities and assumes hydrostatic pressure, whereas the diffusive wave approximation additionally omits unsteady advection and turbulent viscous terms. The simulation time is thus different in both equations (the 2D Diffusion Wave equations generally allow the software to run faster), however the 2D Saint-Venant equations are applicable to a wider range of problems. In the present study, the 2D Saint-Venant equations were applied. The inputs were the topography, the boundary conditions (flow hydrograph in the upstream boundaries and normal depth in the downstream boundary) and the Manning’s roughness coefficient (n). The model was calibrated for a surveyed discharge and validated with the field measurements. The calibration procedure consisted of adjusting the channel roughness, i.e., Manning’s coefficient, and the finite element mesh until a good agreement of simulated versus a previously calculated rating curve at the most downstream section of the studied reach [44] and the surveyed water surface elevations for the 5 cross-sections was achieved. The finite element mesh cell’s minimum size was 0.1 m2 with an average of 3 m2. The best agreement between the model results, the calculated rating curve and the field campaign values was obtained considering a roughness coefficient (n) ranging between 0.08 and 0.09 s.m−1/3. A sensitivity analysis regarding the time step value was also performed. The time step value was assessed and chosen to obtain Courant numbers lower than 1 to increase model stability. The chosen values ranged between 1 and 2 s, depending on the simulated discharge. At the end of the calibration process, the model was simulated for the discharges occurring during the surveys. Finally, the values of depth-averaged velocity (hereafter velocity) and water depth were exported to ArcGIS and integrated with the fish relocations.




2.5. Data Analysis


All fish locations (hereafter relocation) from the tracking data were plotted into a Geographic Information System (ArcGIS version 10.3.1). To quantify the habitat use patterns, results from the hydrodynamic modeling (maps of habitat) were exported to ArcGIS for further analysis. Fish habitat use (i.e., velocity and depth) per relocation was then calculated in ArcGIS, including a buffer of c. 1 m for each fish position. Values inside the buffer region include all mesh nodes previously simulated in HEC-RAS. Outliers were left out (e.g., 1 m buffer may include a mesh node in the buffer border corresponding to a deeper region and thus not expressing the true habitat where the fish were found) and the mean values for the hydraulic parameters (i.e., velocity and depth) were calculated to attribute a single velocity and depth value to each fish relocation. The position of the fish was recorded as DW and UP if a fish was found, respectively, downstream or upstream of the SHP tailrace. The distance to the SHP tailrace was also measured for each fish relocation. Each fish relocation was assumed to be independent because fish surveys were done every other day, therefore reducing the likelihood of consecutive points being correlated. It was also assumed that the cyprinid species were not competing for habitat or food because P. duriense is a bottom feeder, in contrast to S. carolitertii which feeds in the mid- to upper water column. Therefore, data analyses were always individualized by species.



To determine if there was a significant discrepancy in the fish surveyed between the two occasions—HP and NHP—that could indicate downstream displacement, a Wilcoxon–Mann–Whitney test was used to compare the total length (TL), total weight (TW) and condition factor (K).



The environmental data for each fish relocation (i.e., velocity, depth, substrate and distance to the SHP tailrace) was submitted to a principal component analysis (PCA) [45] to determine the variables that best explain the habitat use. Before applying the PCA, the continuous variables were standardized. Only components with eigenvalues >1 were retained (Kaiser–Guttman Criterion). Loadings ≥|0.50| were used for the interpretation of the microhabitat gradients. The PCA was performed using prcomp function from factoextra R-package (v. 1.0.6) [46].



A permutational multivariate analysis of variance (PERMANOVA) using Euclidean distance was used to search for significant differences between the two occasions—HP and NHP in fish habitat use. The following habitat variables were used: velocity, depth, substrate, distance to the SHP tailrace and fish relocation in the river reach (i.e., UP or DW the SHP tailrace). PERMANOVA does not require the assumptions of parametric tests [47], and is also a powerful test even for small sized samples [48]. The analysis was done using the vegan R-package (v 2.5-6) [49]. When a significant overall effect was detected, a detailed analysis was performed by applying the Kruskal–Wallis test.



All statistical analysis were implemented in R v 3.6.2 [50]. Plots were done using the ggplot2 (v. 3.2.1) [51], ggfortify (0.4.8) [52], and corrplot (v 0.84) [53] R-packages.





3. Results


3.1. Telemetry


From the 77 tagged fish, we were able to record 33 individuals (20 P. duriense and 13 S. carolitertii) in a total of 125 relocations. The detection rate was 43%. During the hydropeaking (HP), one P. duriense was found dead, eaten by a snake (the tag was inside the snake) and was left out of the analysis. Overall, 15 P. duriense (TL 8.6 ± 1.1 cm; TW 6.6 ± 2.7 g) and 12 S. carolitertii (TL 10.0 ± 2.4 cm; TW 15.8 ± 15.4 g) were recorded on a total of 61 relocations during HP; and during the no hydropeaking (NHP) occasion, 14 P. duriense (TL 8.6 ± 1.3 cm; TW 6.8 ± 3.1 g) and seven S. carolitertii (TL 8.8 ± 1.0 cm; TW 7.1 ± 4.1 g) were detected in a total of 64 relocations. There were nine P. duriense (TL 8.6 ± 1.3 cm; TW 6.2 ± 3.0 g) and seven S. carolitertii (TL 8.8 ± 1.0 cm; TW 7.1 ± 4.1 g) that were recorded both in HP and NHP.



The remainder fish either: (i) were located in the study area, but may have escaped downstream while the operator with the portable antenna was moving upstream to detect fish; (ii) were located in a deep area perhaps below a boulder and the receiver was out of range, (iii) could have been eaten by animals at a higher level of the food chain, such as the European otter (Lutra lutra) [54] not spotted during the field sampling events, or (iv) could have moved longer distances downstream and left the studied reach.



The fish total length (TL) and total weight (TW) for each relocation were not significantly different between the HP and NHP occasions for P. duriense (N = 76, TL: p = 0.160; TW: p = 0.531) and S. carolitertii (N = 49, TL: p = 0.075) with the exception of TW for the later species (N = 49, TW: p = 0.011). The condition factor was significantly different between the HP and NHP for S. carolitertii (N = 49, p < 0.001) whereas for P. duriense no difference was found (Figure 2).




3.2. Habitat Use


Fish relocations were distributed along the river reach during the two surveys occasions—HP and NHP—with a high density in the region upstream of the SHP tailrace (Figure 3).



The fish relocations were evenly distributed within the two occasions (with 61 in HP and 64 in NHP) with a lower number of S. carolitertii detected in both survey occasions (76 and 49 relocations of P. duriense and S. carolitertii, respectively) (Table 1).



A total of 57 and 68 fish relocations were detected DW and UP the SHP tailrace, respectively (Table 1). The distances at which each fish was found in relation to the tailrace are shown in Figure 4. During NHP there is a tendency for both species to use the entire channel in comparison to the HP occasion. Only P. duriense was found in the section immediately downstream of the SHP tailrace after a peak event occurred (HP occasion), whereas no S. carolitertii were found in the 20 m below the SHP tailrace, although they used the section from 20 to 50 m distance of the tailrace. In general, during NHP, the fish tend to spread their habitat use along the river longitude, particularly P. duriense, which were also found in the most downstream region of the studied reach (i.e., 70 to 100 m distance to the SHP tailrace), where S. carolitertii was never found.



The standardized distances to the SHP tailrace of the upstream fish relocations were similar in HP and NPH for P. duriense (N = 42; p = 0.450) and S. carolitertii (N = 26, p = 0.258), in contrast to the downstream fish relocations where the standardized distances for both species were significantly different (P. duriense N = 34 and S. carolitertii N = 23; p < 0.05) for HP and NHP. The standardized distances DW and UP the SHP tailrace for both P. duriense and S. carolitertii were significantly different in the HP occasion (W = 62.5, p = 0.005 and W = 143.5, p = 0.012, respectively). When there was no hydropeaking, during NHP, no significant differences were found (p > 0.05) in the standardized distances of fish relocations to the tailrace between downstream and upstream areas.



Boxplots of habitat use (i.e., depth and velocity) for P. duriense and S. carolitertii in the two different occasions—HP and NHP—are shown in Figure 5.



As expected, for HP, the values of velocity for both species were significantly higher (p < 0.001; Mann-Whitney U) than in NHP; no significant differences were found for water depth. Among species, S. carolitertii velocity relocations during NHP were significantly higher (p < 0.01; Mann–Whitney U) than P. duriense relocations. No velocity higher than 1 m/s was found to be used by any of the studied species.



Principal component analysis (Figure 6) extracted two principal components (PCs) with eigenvalues >1, which explained 67.0% and 67.6% of the variance in the data for P. duriense and S. carolitertii, respectively. PC1 presented high loadings for velocity (−0.65) and distance to the SHP tailrace (0.50) for P. duriense, whereas PC2 loaded positively high on depth (0.67) and substrate (0.56). For S. carolitertii, PC1 also showed higher loadings on the distance to the SHP tailrace (−0.62) and depth (57.9) and PC2 loaded negatively high for velocity (−0.80) and positively high for substrate (0.60). For both species, fish relocations during HP were related to velocity.



The multivariate analysis of variance yielded an overall significant difference between occasions for P. duriense (F = 13.88, df = 75, p = 0.001) and S. carolitertii (F = 9.9995, df = 75, p = 0.001). P. duriense yielded significant differences for distance to the SHP tailrace (chi-squared = 4.5869, df = 1, p = 0.03222) (Figure 4a) and velocity (chi-squared = 40.491, df = 1, p < 0.001) (Figure 5a). Significant differences occurred only for the velocity variable (chi-squared = 35.6, df = 1, p < 0.001) for S. carolitertii (Figure 5b).





4. Discussion


The present study focused on the influence of an SHP on the habitat use of Iberian native small-sized cyprinids, the Iberian straight-mouth nase Pseudochondrostoma duriense and the Iberian chub Squalius carolitertii downstream of a SHP, contributing to the first insights on habitat use of these small-sized cyprinids in peaking rivers. Overall, differences in the use of habitat were observed between HP and NHP and among the two studied cyprinids. The number of fish collected in the studied reach was fairly similar for P. duriense and S. carolitertii. The former species is larger in size, undertakes seasonal potamodromous migrations and can be found in deeper habitats, with higher flow velocity [55], thus, potentially inhabiting peaking rivers. The association of P. duriense and S. carolitertii to high-gradient upstream rivers was reported before [55,56], though other studies have described P. duriense to inhabit mid-lower river courses [57,58]. Our results come in line with the latest reports [56]. According to other studies conducted in Iberian streams, Squalius spp. occupy a higher position in the water column, enabling feeding on drift, whereas Pseudochondrostoma spp. use the river bed, where they eat organic debris, small invertebrates and microscopic alga [59,60,61].



Body size and condition factors are two of the most important traits affecting the ecological performance of individuals [62] and susceptibility to displacement by peak flows may decrease with increasing fish size [63,64] and condition factor [21]. Low condition factors have been associated to downstream displacement due to peak flows [21] and also to fish inhabiting river reaches with low flow due to water diversion in SHP [9]. Therefore, highlighting the relation between fitness-related traits and flow magnitude， S. carolitertii with a higher condition factor, were found in HP (see Figure 2), likely pointing out the stress placed by peak flows. Fish with greater condition factor, and likely greater energy reserves, would subsist during HP while fish in the poorest conditions would likely lose their swimming capacity, being susceptible to downstream displacement [65]. In contrast, for P. duriense, no difference was found in the body condition between HP and NHP. The importance of higher body condition to hold positions during HP would be particularly relevant for S. carolitertii due to its use of the mid- to upper water column, where velocities are likely higher. On the other hand, fish with a higher condition factor could have moved longer distances due to their increased swimming capacity, therefore, leaving the studied reach.



S. carolitertii was found to be using the mid-section of the downstream part of the river reach (20 to 50 m distance of the tailrace) during HP (Figure 4). S. carolitertii, being a water column feeder, would probably benefit from the disturbed area downstream of the SHP tailrace to find food, including prey transported together with the turbined flow. P. duriense limited their movements to an area close to the SHP tailrace, either downstream or upstream the tailrace. P. duriense was possibly adopting a behavioral strategy of moving upstream whenever the SHP would start operation to avoid the peak flow and returning to the initial position when the SHP would cease the turbines. In this marginally disturbed region—the vicinity of the SHP tailrace—fish would profit from well aerated water from the receding peak flow, fundamental for fish survival [66,67], while not being directly exposed to high flow velocity. This artifice suggests a habituation behavior already reported for cyprinids [68,69] and other genera [70]. Furthermore, P. duriense, a bottom-dwelling feeder, would be encouraged to inhabit the area upstream of the SHP tailrace where they could find food supply [61,71].



Locations of both species were associated with velocity, distance to the SHP tailrace, depth and substrate. Other studies have identified water velocity as the most important variable differentiating habitats for these species [55], as well as for other cyprinids in Iberian rivers [72]. Depth has been also reported as the primary parameter influencing habitat use [59], though this may be related to the characteristics of studied river reaches, strongly affected by Mediterranean climate and where depth could be important for providing refuge against summer drying [73]. During both HP and NHP, P. duriense tended to occupy areas of higher depth and lower velocity when compared to S. carolitertii. This observation likely reflects the typical habitat used by both species (and related taxa), with S. carolitertii occupying a higher position in the water column of runs, and P. duriense occupying the river bottom of pools. The importance of distance to the SHP tailrace, also contributed to species distribution, highlighting the effect of peak flows in fish habitat selection. The importance of substrate has been pointed out in different studies focused on riverine cyprinids [24], namely during the spawning season [74]. In particular, substrate has been correlated to P. duriense distribution, together with cover and shading [58]. In peaking rivers, substrates seem to be less important to consider with regard to fish selecting habitat, probably because fish are first triggered by environmental variables that are peak-related, like water velocity. Habitat use will likely also result from other biotic and abiotic interactions occurring in the ecosystem, which are harder to define and quantify, such as predation, competition, learned behaviors, and food resources [25]. Additional variables, which are often used in fish distribution models at a local scale, include dissolved oxygen, pH and conductivity [75], and these variables could be important as well. Furthermore, the effects described here are confined to diurnal behavior, which correspond to our observation window. During the reproductive season for cyprinid species, diel behavior patterns and shifts in habitat use have been reported [76] and therefore assumptions for fish behavior at night could not be made.



Fish were probably unavoidably using areas of higher velocities during the HP occasion. Santos et al. [55] compared microhabitat use for different size-classes of S. carolitertii and P. polylepsis (from the same ecological guild as P. duriense). Both species were found using deeper and fast-flowing habitats during winter and spring, but S. carolitertii used slower velocities, contrarily to our results where S. carolitertii was found in locations with significantly higher flow velocities than P. duriense during NHP. Other studies associated P. duriense with fast-flowing areas in higher and medium courses of rivers [56]. It is likely that the larger size and higher condition factor could have helped S. carolitertii to inhabit faster current waters when compared with P. duriense in our study. In agreement, larger S. carolitertii were found occupying significantly faster flowing areas than smaller individuals [55]. Regardless, there is a lack of studies regarding habitat use for these cyprinids, in particular for P. duriense, despite studies to assess fish passage performance [77,78], or regarding large-scale fish distribution [58]. More studies are needed to validate our results.



It should however be noted that by using a 2D model, the velocity results obtained are depth-averaged, thus vertical variations of velocity and secondary circulation, which also influence habitat use, were not represented and accounted for in this analysis. In more complex flow areas (e.g., behind large boulders or other river flow topology variations) where the flow is 3D, this influence is higher. Turbulence, which is known to influence fish behavior and habitat use [26,27,28], since predictable flows enhance fish exploratory movements and reduce locomotion energy expenditure, while turbulent flows with chaotic and wide fluctuations in velocity can repel fish [26], was also not included in this study.



The use of telemetry may help to understand what triggers fish movements and their use of particular habitats. It enables studies of longer temporal range and the assessment of the impact of small-scale environmental conditions over large distances within streams [36]. Nevertheless, while interpreting telemetry data, one has to account for potential sources of errors, which may explain the low detection rate identified in this study in comparison with other studies in peaking rivers with rates of 80% [34] or even higher [79]. With PIT tag technology, the continuous harassment of the fish by the upstream walk of the operator may actually alter the very behavior that one is hoping to monitor. In specific situations, boulder structures in the river bed may isolate the signal between the tagged fish and the operator, and the fish may not be detected, as we believe could have been our case due to the river’s substrate (i.e., sections with large boulders) and morphology. The same can occur in deep areas, where the antenna range is not enough to identify a tagged fish on the bottom. Additionally, tag rejection could explain the detection rate, though the rejection of the tag has been only reported for 0.05% of the tagged fish in other studies [80,81], and we did not detect lost tags in the surveyed reach. Otherwise, fish may have moved downstream out of the studied reach, swimming longer distances. Another issue that may have compromised our detection rate is associated with the river ecosystem. Located in a mountainous and remote area, the studied reach harbors the mammal, European otter, with a diet including small-sized fish [54]. We hypothesized that fish would be eaten by the otters and tags would be afterwards excreted in the river banks, and, thus, lost for the accounting.



To our knowledge, this is the first contribution to the state of art of habitat use of small-sized cyprinids in peaking rivers. While a few studies reported the effects of hydropeaking on cyprinids [6], for small-sized bodies studies are almost nonexistent [56]. Nevertheless, data to study habitat use in peaking rivers should also be collected during all stages of the peak event: from upramping, to peak flow and to downramping. However, this is extremely difficult to obtain for small-sized fish, where telemetry technology could be simply unaffordable for a consistent amount of data [36]. Other popular data collection methods to study habitat use such as electrofishing or snorkeling [82] can be dangerous to undertake during a peak event, or at some point impossible due to the flow magnitude.



The effects of hydropeaking reported here at the individual level can cause detrimental effects on metabolism, growth, reproductive potential, and eventually, the condition and survival of fish. Such negative effects may be transferred to the different organization levels, depending on the magnitude and intensity of stress exposure: from individual (fitness condition, growth), to population (abundance) and, ultimately, to community level (relative abundance of fish species) [83,84]; already reported downstream of an SHP in other hydropeaking studies [85]. Therefore, the need to mitigate those impacts is paramount. Additionally, fish communities dominated by riverine cyprinids are more sensitive to hydropeaking than communities dominated by brown trout (Salmo trutta) [86]. Lateral velocity refuges tested in the laboratory environment have proven to be a successful mitigation measure in peaking rivers [30,31]. Preliminary analyses on the use of a lateral refuge (40 cm high; 40 cm wide and 50 cm long) in a river bank downstream of an SHP (Boavida et al., unpublished data) show fish starting to use the refuge c. 10 min after the turbines start operation, with larger adults appearing after the turbine discharge reached half of its maximum capacity. Nevertheless, further analyses have to be performed to assess the effectiveness of this mitigation measure to protect small-sized cyprinids in the field and, accordingly, guarantee the sustainability of the population and community. Environmental flows can also be a powerful measure to mitigate those impacts [86] by minimizing the flow ratio (difference between the base and peak flow), and, otherwise, mimic the natural flow regime and its inter-annual flow variability, which is the key factor controlling the ecological health and the natural abiotic structure of riverine ecosystems [87]. What we know so far is that, with respect to hydropeaking, mitigation measures are a proven tool to decrease the level of impact [88]. However, since impacts are site-specific, a prior assessment is unavoidable most of the time. Therefore, studies regarding habitat use in peaking rivers comprising different species and different river reaches will strongly contribute to help in the selection and design of those mitigation measures.
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Figure 1. Avelames River and Bragado small-scale hydropower plant (SHP) location in Northern Portugal. The SHP tailrace and the selected river reach. Large arrows indicate the maps scale increase. 
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Figure 2. Boxplots of the condition factor for (a) P. duriense and (b) S. carolitertii during the hydropeaking events (HP) and without hydropeaking events (NHP) occasions. 
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Figure 3. Fish relocations in the river reach during the surveys: (a) depth for HP (Q = 0.5 m3/s); (b) depth for NHP (Q = 0.08 m3/s); (c) velocity for HP (Q = 0.5 m3/s); and (d) velocity for NHP (Q = 0.08 m3/s). Fish relocations represent a point of 1 m2 that may contain one or more fish. 
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Figure 4. Histograms of frequency in relation to distance to the SHP tailrace of each fish relocation for (a) P. duriense during HP (N = 34) and NHP (N = 42) occasions; and for (b) S. carolitertii during HP (N = 27) and NHP (N = 22) occasions. Positive and negative values correspond to fish relocations down and upstream, respectively, in relation to the SHP tailrace. 
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Figure 5. Boxplots of habitat use—depth (m) and velocity (m/s)—for (a) P. duriense and (b) S. carolitertii relocations during HP and NHP occasions. 
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Figure 6. Principal component analysis (PCA) for (a) P. duriense and (b) S. carolitertii for the environmental variables: velocity, distance (to the SHP tailrace), substrate, and depth. Ellipses (confidence level = 0.95) are graphical representations of the samples at HP and NHP. 
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Table 1. Number of fish relocations by species detected in the river reach (downstream and upstream of the tailrace) during HP and NHP occasions.






Table 1. Number of fish relocations by species detected in the river reach (downstream and upstream of the tailrace) during HP and NHP occasions.





	

	
Downstream

	
Upstream




	

	
HP

	
NHP

	
HP

	
NHP






	
P. duriense

	
17

	
17

	
17

	
25




	
S. carolitertii

	
13

	
10

	
14

	
12












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
i

o *—yw

T
W

-
T
3

(spu) Aysopep (spw) Kyooiop.
e | b
te | o M re

(w) yideg

c s





media/file4.png
=
-4 :

_ _ _ _
=N 0k &0 00

10}3B} UOIHPUD D)

H +
-lHF

_ _ _ _
=y 0k &0 00

10}2B} UCIJPUOT)

NHP

HP

NHP

HP





nav.xhtml


  water-12-02522


  
    		
      water-12-02522
    


  




  





media/file6.jpg
)

Legend
=1
Gwaton
e
Dopen[m]

Logend
(=1
Sovaton )
o
e
22
Vetciy ()

©





media/file18.png
1-
Distance
[ ]
e ®
1- .
2-
2

Substrate

4L

0
Dim1 (44.9%)

(b)

Occasion

BEE
(A NHP





media/file2.png
River
0510 20 Kms
Leeelonsl

River
pue\af“"s
&
0 30 60 120 Meters
| 1 1 1 | 1 1 1 |

A Bragado SHP





media/file5.jpg
Legend
Dee

o 5 cwom
Elevation (m]
o531
|- s - 3%0
B

Depth [m]
Valve.

o

o 000100708

(a)





media/file3.jpg
NH

si 01 S0

1018 uonypuog

00

(b)

@





media/file9.png
0 5 10 20 Meters

Legend
[ s
@ P duriense
-] 3. cardlitertii

Elevation [m]

B :0- 321
B 329- 330
 328-329

326 - 328

Depth [m]

Value
sup 1.02655

- Inf 0.00128174

(b)

0 5 10 20 Meters

Legend
] s
@ P duriense
@ S, cardliterti

Elevation [m]

B 320- 331
B 329- 330
B 35 - 329

326 - 328

Velocity [m/s]

Value
Sup: 1.80954

- Inf 0.0177221

(c)





media/file1.jpg





media/file16.jpg





media/file7.jpg
N Legend
A s
Pyy—
Etevation [m]
o5
- -3
28320

P

Velocity [mis]
Value.

S

ot o00gae7

o 5 %0 2uews

(d)





media/file10.png
0 5 10 20 Meters

(d)

Legend
[ ] sHP
® P duriense
® S carditertii
Elevation [m]
B z30- 334
B 20- 330
B 2s- a9

326 - 328

Velocity [m/s]
Value

. Sup: 2.35828

- Inf: 0.00939791





media/file12.png
(a)

(b)

Frequency

Frequency

15 20 25

5 10

0

15 20 25

5 10

0

HP
0 1 T T T 1
-100 -60 20 0 20 40
o 1 T T T 1
-100 -60 20 0 20 40
Distance (m)

Frequency

Frequency

15 20 25

5 10

0

15 20 25

5 10

0

-100 -60

) o fin

-100 -60

NHP

|
20 0 20 40

_m s

Distance (m)





media/file0.png





media/file17.png
.
.-
""Velocity
2-
3

Substrate

Dim1 (34.6%)

(a)

Distance

Occasion

B
[A] NHP





media/file14.png
i

oot |

HP

'l 80 0 00
(spu1) Anaojas,
_ _ _ _ _ _ _
2’ 80 b0 00
(W) yidag

NHP

NHP

HP

_.||||

HP

'l 80 0 00
(spu) Anaojap
_ _ _ _ _ _
Al 80 b0 00
(W) yidag
9

NHP

NHP

HP





media/file8.png
0 5 10 20 Meters

(a)

Legend
[ ] sHP
@® P duriense
® S carditerti
Elevation [m]
B ::0-331
B 329-320
. 328-329

326 - 328

Depth [m]
Value

' Sup: 1.23257

- Inf: 0.00100708





media/file11.jpg
EC
Housnbaiy

% @50 s

Kousnboiy

[

Distance (m)





media/file15.jpg





