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Rivers worldwide have been transformed into fragmented, impounded, channelized, and flow-regulated ecosystems. These anthropogenic transformations can reduce fish distribution and population status, especially of those species belonging to medium- or long-distance migratory guilds and those dependent on free-flowing rivers and intact sediment and habitat conditions. Here, we aim to understand how different hydro-morphological pressure types affect the distribution and population status of key potamodromous fish species of the rheophilic and lithophilic fish guilds, the barbel (Barbus barbus) and the nase (Chondrostoma nasus). We also assess the status of chub (Squalius cephalus) to include a species less sensitive to habitat degradation. For the first time, we assembled an extensive Austrian-wide GIS-based fish sampling database with hundreds of biological surveys, allowing us to analyze quantitatively >4,000 river kilometers for presence/absence of target fishes and to assess population status. The data reveal that the distribution range of target species decreased by around 40–60% compared to their natural ranges according to the reference standard (Leitbild). Hydro-morphological pressures affect target species’ population biomass, and trends between impact types can be detected. Chub and barbel exhibit the highest median biomass in free-flowing rivers and residual flow reaches, followed by reservoir sections. Of all pressure types, population biomass is lowest in hydropeaked river stretches. Nase biomass has a grand median of 0.0 kg/ha across all sites, showing hardly any differences between hydro-morphological pressure types. Overall, our results show a drastic shrinkage of the distribution range of three cyprinid fish species previously prominent in Austria. By linking current population vitality to hydro-morphological stressors and ecological status assessments, this study sets a baseline for data-based conservation actions of (Red-listed) species as well as policy and management frameworks.
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INTRODUCTION
Anthropogenic stressors in the world’s rivers are at an all-time high—and still rising. Consequently, the state of freshwater biodiversity and aquatic integrity is far worse than that of other ecosystems (Darwall et al., 2018; WWF, 2020). In this regard, hydro-morphological impacts constitute a prominent stressor group that can reduce fish species’ distribution range or diminish their population status. For example, dams and weirs are known to block fish migration routes, leading to fragmented populations with restricted access to vital spawning grounds, likely constituting a serious ecological bottleneck (Mattocks et al., 2017). Similarly, water abstraction and reservoirs can reduce passability in the river system. Moreover, these conditions alter habitat structure and availability, which can have dire consequences for fish dependent upon free-flowing rivers and intact sediment conditions (Hayes et al., 2018; Schmutz and Moog, 2018). Other common stressors are rapid flow fluctuations through peak-flow production; such hydropeaked rivers often feature diminished ecological integrity (Hayes et al., 2021, 2022).
In light of ever-increasing pressures on river ecosystems, it is urgent to describe the current status of target fish populations. Indeed, conservation and restoration efforts rely more heavily on comparing the status quo with the natural-historic reference situation (Schmutz et al., 2000; Palmer et al., 2005). Knowing how fishes respond to riverine stressors on the large scale of an entire region or country can help guide goals and strategies to mitigate adverse effects at the local scale or vice versa (Palmer et al., 2005).
In this regard, Peňáz (1996) calls for studies that assess the present status of target populations from multiple rivers and link these data to anthropogenic stressors. To this call, we compared the natural-historic and current status of three fish species previously widespread in Austrian rivers that are heavily impacted by diverse hydro-morphological stressors (Muhar et al., 2019). We chose three cyprinid fish as target species for this study: barbel (Barbus barbus), nase (Chondrostoma nasus), and chub (Squalius cephalus). All these species are prevalent in the epipotamal fish region (barbel zone)—of which the barbel is also the name giver—but also inhabit other river sections, particularly the hyporhithral region (grayling zone; Huet, 1959; Kottelat and Freyhof, 2007). The rheophilic and lithophilic barbel and nase both undergo longer spawning migrations and are excellent indicators for functioning rivers and restoration measures, particularly regarding habitat connectivity (Melcher and Schmutz, 2010). Chub, in contrast, is a species of higher environmental plasticity as it can handle a variety of habitat conditions and is therefore known to be more tolerant of habitat degradation (Arlinghaus and Wolter, 2003). Unsurprisingly, the first two are classified as ‘near threatened’ according to the Austrian Red List, whereas the latter is a species of ‘least concern’ (Wolfram and Mikschi, 2007).
In detail, the objectives of this study are to analyze (i) the distribution range and (ii) the population status of three cyprinid species–chub, barbel, nase–with regard to the natural-historic situation and hydro-morphological stressors, and (iii) to link population vitality with the ecological status assessment of the EU Water Framework Directive (2000/60/EC). Moreover, by comparing species-specific results, we investigate how response patterns of species that are more or less sensitive to habitat degradation differ.
MATERIALS AND METHODS
Study area and Leitbild classification
Austria is a landlocked country in central Europe, with a river network of 31,600 km (catchment size ≥10 km2), flowing within towering Alpine mountains and alluvial lowlands (BMLFUW, 2017). Austrian rivers are impacted by various anthropogenic stressors, particularly by hydro-morphological alterations. For example, Austria exhibits, on average, one migration barrier per river kilometer. Water diversions affect 13.7% of the nation’s river network (≥10 km2 catchment area). Over 4% of all rivers have been transformed into reservoirs. Almost 900 river km (2.8%) are impacted by hydropeaking (BMLFUW, 2017).
The study area for each target fish species is the natural, type-specific, or historic distribution of the species according to the national Leitbild catalog (BAW, 2007). The Leitbild catalog classifies a species’ reference status at the river section level according to a four-tier level structure, being either dominant (‘Leitart’), accompanying (subdominant), rarely occurring, or not occurring. This target-vision benchmark classification is based on environmental parameters such as bioregion, catchment size, or altitude. Also, historic sources are used where available (Muhar et al., 1995; Schmutz et al., 2000; BAW, 2007). Here, we relied on the GIS-based version that was updated for the target species based on more recent literature and expert knowledge (Schaufler, 2021).
Fish data
We assembled an extensive GIS-based fish sampling database by combining the survey datasets of the Austrian Federal Ministry of Agriculture, Regions and Tourism with those of the Institute of Hydrobiology and Aquatic Ecosystem Management. In both datasets, sampling was conducted via quantitative electrofishing according to the national sampling guidelines (Haunschmid et al., 2006) in accordance to the EU Water Framework Directive. In short, electrofishing sampling was performed during low flow conditions in fall by wading, boat, or a mix of both, depending on the river size. In smaller water bodies, two- or three-pass electrofishing removal approaches of representative river reaches were conducted (DeLury, 1947; Seber and Le Cren, 1967). In larger water bodies, fish sampling was done via boats equipped with an anode boom, proportionally sub-sampling available habitats (Schmutz et al., 2001). Fish population status was calculated as biomass per hectare [kg/ha] based on the sampled area. We transferred sampling locations to the Austrian river network through river kilometer marks and geographic coordinates and corrected erroneous locations through site descriptions (Figure 1).
[image: Figure 1]FIGURE 1 | Fish sampling sites in Austria located in river sections where the target species chub, barbel and nase occur according to their historic-natural (‘Leitbild’) distribution range.
It was assumed that a fish sampling site reflects the occurrence or population status of a continuous river stretch with the same hydro-morphological characteristics. Hence, we divided the entire river network into subsections. We based the delineation of subsections on non-passable migration barriers (natural or artificial) and edges of hydro-morphological stressor categories (see below). Further, we split subsections >10 km in length into smaller routes to avoid single sampling sites representing a too-long river section. Therefore, to ensure a maximum subsection length of 10 km, we halved sections between 10 and 20 km; a section between 20 and 30 km was divided into thirds, a section between 30 and 40 km was divided into fourths, and so forth. This reach length was the basis for comparing the historic-natural with the current presence/absence status of the target species in terms of the distribution range in river kilometers (Figure 1).
If the same river reach was sampled for multiple years, we only considered the most recent one and excluded all others from the analysis. The selected most recent fish surveys were performed between 2000 and 2018 (median = 2010).
Hydro-morphological stressors
We linked possible hydro-morphological impacts to each sampling site by using the location of residual flow stretches, reservoirs, or hydropeaking sections as determined by the National River Basin Management Plan (BMLFUW, 2017).
Furthermore, we calculated the maximum corridor length of the mainstem river between two non-passable barriers at each sampling site to analyze the effect of river fragmentation on the target species. For this purpose, the rivers were divided at all non-passable barriers, at all non-passable residual flow stretches, and at all dams with a reservoir length >1 km. Migration studies indicate that long reservoirs influence fish movements (Havn et al., 2018; Unfer and Rauch, 2019). Therefore, following Hayes et al. (2021), we also classified dams with a reservoir length >1 km as migration barriers, even if a fish ladder is present.
Target variables and statistical analyses
First, using presence/absence data, we compared the current distribution range of the target species with the natural-historic range as determined by the Leitbild. Aside from assessing total shifts in distribution, we also analyzed how species distribution changed in distinct fish ecological river regions (Huet, 1959) using descriptive statistics. The river reach length detailed above was the basis for assessing the current distribution range in river kilometers (sum per species and fish region).
Secondly, we assessed species’ population status in different hydro-morphological river sections using fish biomass [kg/ha] as the dependent variable. Considering that even in good river conditions, a target species might exhibit low population biomass in areas where it is classified as ‘rarely occurring’ according to the Leitbild (BAW, 2007), we analyzed only sites where the respective species is classified as ‘dominant’ or ‘subdominant’ (Hayes et al., 2021). Of these, sites without the target species were assigned 0 kg/ha fish biomass; therefore, our target variables follow a non-parametric distribution. Hence, we used the median test to investigate if the biomass of the target species differs between free-flowing rivers, residual flow sections, reservoirs, or hydropeaked rivers. Following, we assessed the influence of river corridor length on population status in each of the four hydro-morphological categories using Spearman’s rank correlation. Correlation strength was interpreted according to Cohen (1988), where |ρ| = 0.1 indicates a weak correlation, |ρ| = 0.3 a medium one, and |ρ| = 0.5 a strong correlation. Considering that this dataset spans 18 years (2000–2018), we also used Spearman’s rank correlation to elucidate if temporal aspects were linked to fish biomass.
In the next step, we investigated fish population status [kg/ha] in those fish ecological river regions that constitute the target species’ main distribution range—the hyporhithral and the epipotamal region (Huet, 1959; Kottelat and Freyhof, 2007). We used the median test to assess differences between the hydro-morphological stressors per fish region and the same stressor category between the two fish ecological regions.
Finally, we linked the species’ population status (biomass) to the ecological assessment according to the EU Water Framework Directive (BMLFUW, 2017) to understand how well the Water Framework Directive classification reflects the population status of the three target species. Therefore, we used the median test to assess differences in species biomass between the categories ‘high’ to ‘bad’ (natural water bodies) and ‘good or better’ and ‘moderate or worse’ (heavily modified water bodies).
The level of significance was p < 0.05 for all statistical tests. Regarding the median tests, the significance values for pairwise post-hoc tests were Bonferroni-adjusted. Analyses were performed with IBM SPSS Statistics 27.
RESULTS
Historic distribution range according to Leitbild status
The river reaches analysis revealed that chub has the largest natural distribution range of the three target species, totaling >14,100 river kilometers (rkm) according to the reference standard (Leitbild) (Figure 2A). In Austrian rivers, chub is classified as a dominant species in about 44% of its original range; in 23% of all cases, it is considered an accompanying species and a rare accompanying species in 33%.
[image: Figure 2]FIGURE 2 | Presence/absence of target species in the fish survey dataset. (A) Comparison of the target species’ natural distribution range according to the Leitbild reference standard (left bar) and current presence/absence data (right bar), (B) species’ presence/absence in distinct fish ecological river regions based on fish survey data (chub: n = 1,430; barbel: n = 764; nase: n = 730).
The natural distribution range of the other two species is around half of the chub. Barbel inhabits around 7,130 rkm and nase 6,880 rkm according to the Leitbild classification (Figure 2A). The first is identified as a dominant species in 47%, an accompanying species in 22%, and a rare accompanying species in 31% of its Leitbild-based distribution range. For the nase, it is 50%, 20%, and 30%, respectively.
Present distribution range
Recent fish data are not available for all river reaches, but for 31% (4,327 rkm), 36% (2,581 rkm), and 37% (2,542 rkm) of all Leitbild river sections for chub, barbel, and nase, respectively. This constitutes 1,430, 764, and 730 sampling sites in each species’ natural range. In these subsections, presence/absence data reveals that nase suffers the greatest losses in the distribution range, decreasing by almost 60% of its original range. The distribution range of barbel decreased by 45% compared to its natural range. For chub, this loss is the lowest of all three species, with less than 40% (Figure 2A).
Presence/absence data of distinct fish ecological regions reveals that all target species entailed the greatest distribution losses in rhithral rivers. Chub is the only species with a Leitbild occurrence in the upper trout zone (epirhithral); in this region, however, it is absent in 92% of sampling sites. In the lower trout zone (metarhithral), chub and barbel reduced their distribution by 86% each. Further downstream, in the grayling zone (hyporhithral), nase suffered the largest losses (86%), followed by barbel (70%) and chub (39%). A similar pattern, albeit with lower losses, was found in the barbel zone (epipotamal); here, nase, barbel and chub are absent in 40%, 30%, and 7% of sampling sites, respectively (Figure 2B).
Population status and hydro-morphological stressors
Our dataset contains 730, 467, and 437 fish sampling sites where chub, barbel, and nase are classified as dominant or subdominant species. These survey stretches represent 2,450 rkm, 1,534 rkm, and 1,438 rkm, respectively. Most sites are located in free-flowing sections (51–66%, depending on species), followed by residual flow (16–20%) and reservoir stretches (14–22%). Hydropeaked sites are sampled least frequently, constituting 5–9% of all sites (Supplementary Table S1). In this sample subset, the biomass of chub ranges from 0.0 to 1,107.4 kg/ha. Biomass range of barbel and nase is 0.0–681.6 kg/ha and 0.0–1,075.6 kg/ha, respectively. Median biomass is highest for chub (14.3 kg/ha), followed by barbel (0.02 kg/ha) and nase (0.0 kg/ha).
We found evidence that the four hydro-morphological types affect the population status of chub (p = 0.001) and barbel (p = 0.002) but not of nase (p = 0.068) (Figure 3).
[image: Figure 3]FIGURE 3 | Biomass of the three target species in different hydro-morphological types. Grand median: Chub = 14.3 kg/ha, barbel = 0.02 kg/ha, nase = 0.0 kg/ha. Outliers >180 kg/ha have been graphically cut off for better readability (chub: n = 55, max = 1,107 kg/ha; barbel: n = 10, max = 682 kg/ha; nase: n = 9, max = 1,076 kg/ha). This dataset includes only river sections where the respective target species is classified as ‘dominant’ or ‘subdominant’ according to the Austrian Leitbild classification (BAW, 2007). The same letters above the boxplots indicate that the categories are considered equal, different letters indicate a significant difference.
In detail, regarding chub biomass, free-flowing sections (median = 18.3 kg/ha) do not differ from residual flow reaches (median = 23.5 kg/ha; p = 1.00) nor reservoir sections (median = 6.1 kg/ha; p = 0.129). Reservoir sections, however, exhibit significantly lower biomass than residual flow sections (p = 0.010). Hydropeaking sites have the lowest biomass values of all hydro-morphological types (median = 0.1 kg/ha), which was statistically significant for all three comparisons (p = 0.001, respectively).
Pairwise test of barbel biomass showed that free-flowing (median = 0.5 kg/ha) and residual flow sections (median = 0.3 kg/ha) have the same population status (p = 0.100). However, biomass in reservoirs (median = 0.0 kg/ha; p = 0.039) and hydropeaking rivers (median = 0.0 kg/ha; p = 0.008) is both lower compared to free-flowing sections. Except for hydropeaking and residual flow reaches (p = 0.016), all remaining pairwise comparisons do not reveal differences in barbel biomass.
Nase biomass does not differ between the hydro-morphological types as the grand median is 0.0 kg/ha (Figure 3).
In the next step, we linked species biomass to river corridor length to assess the effects of river fragmentation on population status. Overall, the target species’ biomass correlated weakly with river habitat length (chub: ρ = 0.038; barbel: ρ = 0.108; nase: ρ = 0.208; Supplementary Figure S1). Running the analysis with the respective data subset of the hydro-morphological categories (Figure 4) showed a low correlation for chub biomass in all four cases (min–max: ρ = -0.034–0.127). A medium correlation strength was detected for barbel in free-flowing rivers (ρ = 0.247), reservoir sections (ρ = 0.276), and hydropeaked rivers (ρ = -0.308). Similarly, the nase biomass exhibited a medium correlation strength with river corridor length in free-flowing stretches (ρ = 0.227), reservoirs (ρ = 0.229), and hydropeaked rivers (ρ = 0.352). In residual flow reaches, only a low correlation was observed (ρ = 0.186).
[image: Figure 4]FIGURE 4 | Scatterplot of fish biomass [kg/ha] and river corridor length [km] for each of the three target species. The shown curve is a LOESS interpolation. Sites with a corridor length >20 km and a biomass >180 kg/ha have been graphically cut for better readability (see Figure 3). This dataset includes only river sections where the respective target species is classified as ‘dominant’ or ‘subdominant’ according to the Austrian Leitbild classification (BAW, 2007).
Regarding population status in the target species’ main distribution range—the hyporhithral and epipotamal fish region (Figure 2B)—data showed strong evidence that the median total biomass of chub and barbel is higher in the epipotamal than in the hyporhithral fish region (Table 1). The test statistics also revealed a difference for the nase, despite a median of 0.0 kg/ha per fish region (Table 1). The correlation between fish biomass and river connectivity is weak for all three species and the two fish regions (|ρ| < 0.06). Only for the nase in the epipotamal a slightly higher correlation was detected (ρ = 0.215; Supplementary Figure S2).
TABLE 1 | Median biomass of target species in different hydro-morphological categories according to fish region (hyporhithral and epipotamal), as well as p-values of Median test assessing biomass differences between the fish regions.
[image: Table 1]Concerning the individual hydro-morphological groups (Figure 5), chub biomass in the two fish regions differs in free-flowing rivers and residual flow sections—showing higher biomass in the epipotamal than in the hyporhithral—but not in reservoirs or hydropeaked rivers (Table 1). Barbel biomass differs in free-flowing rivers, reservoirs, and hydropeaked sections, but is the same between the fish regions of residual flow sections. In all cases, however, median biomass is higher in the epipotamal than the hyporhithral. Nase only exhibits higher biomass in free-flowing sections of the epipotamal than the hyporhithral. In all other cases, median biomass is 0.0 kg/ha, irrespective of the fish region; still, reservoirs revealed a strong difference (p = 0.008; Table 1 and Figure 5).
[image: Figure 5]FIGURE 5 | Biomass of the three target species in the hyporhithral and epipotamal fish region (grayling and barbel zone), separated by hydro-morphological impact type. Outliers and data points >180 kg/ha have been graphically cut off for better readability (chub: n = 55, max = 1,107 kg/ha; barbel: n = 10, max = 682 kg/ha; nase: n = 9, max = 1,076 kg/ha). This dataset includes only river sections where the respective target species is classified as ‘dominant’ or ‘subdominant’ according to the Austrian Leitbild classification (BAW, 2007). The same letters above the boxplots indicate that the categories are considered equal, different letters indicate a significant difference.
Regarding temporal effects, fish biomass and sampling year showed no more than a weak correlation (chub: ρ = -0.010; barbel: ρ = 0.103; nase: ρ = 0.008; Supplementary Figure S3). Also, no strong correlation was found regarding single hydro-morphological categories, the largest being ρ = 0.207 for barbel in reservoirs and ρ = 0.221 for nase in reservoirs. In most other instances, |ρ| was <0.1, indicating that the sampling year did not affect fish biomass (Supplementary Figure S4).
Fish population status and ecological status assessment
Linking target fish’ population status to the ecological status classification according to the EU Water Framework Directive (Figure 6; Supplementary Figure S5), median tests revealed that fish biomass of all species differs among the status classes (p < 0.001 each).
[image: Figure 6]FIGURE 6 | Biomass of the three target species with sites separated by the ecological status assessment according to the EU Water Framework Directive (2000/60/EC). Outliers and data points >550 kg/ha have been graphically cut off for better readability (chub: n = 7, max = 1,107 kg/ha; barbel: n = 1, max = 682 kg/ha; nase: n = 2, max = 1,076 kg/ha). This dataset includes only river sections where the respective target species is classified as ‘dominant’ or ‘subdominant’ according to the Austrian Leitbild classification (BAW, 2007).
In detail, chub biomass reveals a continuous decrease from the high to the bad status class (Figure 6). However, pairwise tests signaled no differences between the high status (median = 66.9 kg/ha) and other classes, probably because of the low case frequency in the high status class (n = 3). Chub biomass in the good status class (median = 35.8 kg/ha), however, is higher than that of the classifications ‘bad’ (median = 0.0 kg/ha), and ‘moderate or worse’ (median = 1.4 kg/ha; p < 0.001, respectively); the good status class does neither differ from ‘moderate’ (median = 37.6 kg/ha; p = 1.000), ‘poor’ (median = 12.7 kg/ha; p = 0.059), nor from ‘good or better’ (median = 6.1 kg/ha; p = 0.456). The moderate status distinguishes itself in chub biomass from ‘poor’, ‘bad’, and ‘moderate and worse’ (p < 0.001). The two grouped classes referring to the good ecological potential (i.e., ‘good or better’ and ‘moderate and worse’) do not differ (p = 0.468).
Like chub, barbel also features a biomass decline from the best categories to the others. In contrast, however, median biomass is close to zero already in the moderate class (Figure 6). In detail, the biomass of the high status class (median = 115.5 kg/ha) is larger than the class bad (median = 0.0 kg/ha; p = 0.020); however, the high class (n = 3) does not exhibit differences in the other five comparisons. The good class (median = 8.1 kg/ha) features higher barbel biomass than the classes ‘poor’ (median = 0.0 kg/ha), ‘bad’ (median = 0.0 kg/ha), and ‘moderate or worse’ (median = 0.0 kg/ha), and this is statistically significant (p < 0.001 each). Sites classified as ‘moderate’ (median = 2.0 kg/ha) exhibit higher barbel biomass than ‘poor’, ‘bad’, or ‘moderate or worse’ ones (p < 0.001 each). All remaining pairwise comparisons are non-significant.
Nase exhibits a median of 0.0 kg/ha in all categories except for ‘high’ (1.3 kg/ha), which, however, consists of only one site. The only comparisons that revealed significant differences were that the ‘good’ status differed from each of the following ones: ‘moderate’ (p = 0.003), ‘poor’ (p = 0.001), ‘bad’ (p = 0.001), and ‘moderate or worse’ (p = 0.002).
DISCUSSION
Shrinking distribution range
In this study, we used an extensive fish sampling dataset to assess the current distribution and population status of three cyprinid fish species—chub, barbel, and nase—in Austrian rivers. Our data revealed that losses in the distribution range are around 40–60% compared to the species’ natural range. This loss is greater for barbel and nase than for chub. The higher reduction of barbel and nase presence at sampling sites may be due to their greater sensitivity to hydro-morphological pressures than chub. Both barbel and nase conduct spawning migrations which can reach up to 20 km (Ovidio et al., 2007; De Leeuw and Winter 2008) or 100 km (Steinmann et al., 1937; Povž, 1988) along the mainstem and into the tributaries. At the spawning grounds, they require fast-flowing flow velocities over clean gravel beds for reproduction (Melcher and Schmutz, 2010). Although the accessibility of feasible spawning grounds was not part of this study, it can be presumed that the high count of migration barriers in Austrian rivers (∼1/rkm) is a fundamental driver of this shrinking distribution range (Haidvogl et al., 2015; BMLFUW, 2017); however, it some instances, such as multi-basin studies, it has been difficult to establish the effect of connectivity losses on fish distribution (Branco et al., 2012).
However, not only do thousands of dams, weirs, and reservoirs constitute migration obstacles (Belletti et al., 2020), but also free-flowing sections for spawning are becoming scarcer in rivers where one reservoir follows another (Cheng et al., 2015). The clogging of gravel substrate and fine sediment infiltration is another common issue in many rivers and may lead to reduced reproduction success (Düregger et al., 2018). These environmental stressors may reduce the distribution range of riverine fish by affecting sensitive life cycle stages, such as spawning or egg-to-fry development.
In contrast to barbel and nase, the eurytopic chub is considered a species more robust to habitat degradation. Still, an absence in around 40% of all sampling sites is surprising, particularly considering that chub can occupy many fish ecological river regions. In contrast, barbel and nase have a narrower range (Figure 2). This marked decrease in chub appears to be mainly due to distribution losses in the metarhithral and hyporhitral fish regions.
It shall be noted that at the river basin level, distribution ranges would have shrunken more drastically than at national level. In the Salzach River, Austria, e.g., the presence of nase declined by around 80% of river segments surveyed in a historic study (Haidvogl et al., 2015). Also, chub and barbel exhibited marked declines of around 60% each from their historic distribution range in the Salzach River (Haidvogl et al., 2015).
Diminished population status
Analyses of population status revealed that free-flowing and residual flow sections do not differ in terms of chub and barbel biomass. This might be due to the following reasons. Firstly, free-flowing sections do not automatically constitute ‘reference sites’ as they can also be impacted by other stressors not assessed in this study, such as those related to flood protection, floodplain degradation, or land use (Schinegger et al., 2016; Müller et al., 2020). This notion is supported by low median biomass values in free-flowing river sections, particularly regarding barbel (0.5 kg/ha). Also, more than two-thirds of the assessed free-flowing sections only reach a moderate or worse ecological status/potential according to the EU Water Framework Directive, underlining the likeliness that other confounding factors impact fish population status in these river reaches.
Secondly, more and more residual flow stretches in Austria are receiving environmental flow allocations based on abiotic parameters determined by (the size of) the dominant fish species present (QZVÖ, 2010) and seasonally dynamic flows as recommended by the literature (e.g., Hayes et al., 2018). However, the overall low biomass values also indicate that the ecological effects of these measures are not yet sufficient on a large scale. Moreover, river corridor length exhibited only a weak correlation strength with chub biomass and a medium one with barbel biomass in free-flowing sections. This weak correlation underlines that more work is needed to understand stressor hierarchies on varying spatial levels to develop custom-tailored management solutions (Birk et al., 2020).
Results also show that chub and barbel biomass in reservoirs is consistently lower than in free-flowing and residual flow sections. This pattern may indicate that the conditions of these artificial environments are less suitable for these cyprinid species than free-flowing and residual flow sections (Schmutz and Moog, 2018), presuming that sampling efficiency in reservoirs is not the main cause of this result. One can assume that this pattern would be similar for the nase, but due to the low nase stocks throughout Austria, this cannot be concluded from the data at hand. However, research at the Austrian Danube revealed that adult barbel also select reservoir habitats during large parts of the year despite reachable free-flowing tributaries, which are predominantly accessed for spawning (Panchan et al., accepted).
The fourth impact type—hydropeaking—yielded the lowest chub and barbel biomass of all hydro-morphological types. This outcome was expected in light of the manifold impacts of artificial flow fluctuations (Schmutz et al., 2015; Hayes et al., 2019, 2022); however, regarding cyprinid fish, studies on the effects of hydropeaking on fundamental hydro-ecological processes such as fish drift and stranding are largely still outstanding (Boavida et al., 2020; but see Führer et al., 2022).
Nase populations exhibited median biomass of 0.0 kg/ha in sites throughout Austria. This value was the same for all hydro-morphological types, except for free-flowing sections of the epipotamal fish region, which showed median biomass of 0.5 kg/ha. Nase exhibited the best links between fish biomass and river corridor length of all target species, particularly in free-flowing sections, reservoirs, and hydropeaked rivers; in these cases, there was medium evidence that increased corridor length positively affected nase biomass. Nevertheless, adequate habitats for all life cycle stages are key to maintaining healthy fish populations (Jurajda, 1995; Schiemer et al., 2002). The Austrian Enns River, e.g., features a highly-impacted reservoir cascade. Surprisingly, one of these short sub-sections between two dams boasts a noticeable nase population with biomass values of around 17 kg/ha in the reservoir. This population status is maintained by tributaries entering this fragmented reach of the Enns River. These tributaries are accessible to the nase reservoir population (>7,000 adult spawners were counted in 2016) that benefits from the high-quality spawning and rearing habitats (Führer et al., 2017).
A call for conservation
In our dataset, the median biomass of nase populations was disturbingly low (0.0 kg/ha). Even sampling locations with biomass >3.6 kg/ha already constitute outliers in the dataset (n = 98). Indeed, this critical population status is not restricted to Austria but has been observed throughout the species distribution range (Jurajda, 1995; Peňáz, 1996). The data-based status assessment presented in this work necessitates enhanced conservation efforts. The first step towards such efforts would be to rework the nase’s national vulnerability classification, especially since the last update occurred almost two decades ago (Wolfram and Mikschi, 2007). Critical reviews of international vulnerability classifications are also required.
The same vulnerability re-classification should also be done for the barbel in Austria, as the grand median biomass was only slightly higher (0.02 kg/ha) than that of the nase, albeit having more sampling sites with higher biomass values. One reason for this species-specific difference in population decline may lie in the species’ spawning habitat requirements. In general, nase requires higher flow velocities than barbel (Melcher and Schmutz, 2010) and possibly looser substrate conditions for egg-to-fry development (Düregger et al., 2018; Pelz, 2022). Hence, this pattern of species difference can be explained by the fact that habitats with higher flow velocities and regularly rearranged sediments are increasingly difficult to find in many of today’s hydro-morphologically modified river systems.
Our results showed that species biomass was generally well aligned with the ecological status classification according to the EU Water Framework Directive. This underlines the notion that particularly barbel and nase are key indicators for assessing the environmental conditions of European rivers (Schiemer et al., 2002; Britton and Pegg, 2011).
Study limitations and future research needs
This study served as the first national assessment of the distribution and population status of chub, barbel, and nase. Here, we used four prevalent hydro-morphological impact types to compare biomass across categories and link this status with river corridor length. However, as indicated above, the target species might also be impacted by other and interacting stressors (Côté et al., 2016), including land use or changing water temperatures. Hence, future works should aim to understand and detangle the effects of multiple stressors on target species populations (Schinegger et al., 2016; Hayes et al., 2021).
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