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Most of the world’s large rivers are affected by dams and weirs causing modifications of serial continuity and a 
disconnection to their floodplains. The resulting restrictions concerning the lateral and longitudinal connectivity 
of the rivers resulted in a serious decline of European riverine fish species diversity. Information on the 
quantitative and qualitative effects of anthropogenic change such as the introduction of weirs as well as on the 
efficiency of floodplain restoration measures is crucial for successful restoration and management of these 
ecosystems. We developed and tested an evaluation system for the quantification of weir-introduced serial 
discontinuity, the effects of instream habitat restoration and the assessment of the ecological functionality of fish 
passes and secondary floodplain channels. The effects were quantified concerning abiotic habitat properties as 
well as in the community structures of fishes, macroinvertebrates, macrophytes and periphyton. Weir-induced 
effects exceeded the effects from variation of geographic location, geology, and drainage system. Instream 
habitat restoration revealed little effect on the fish community. In addition to their roles as migration corridors, 
large nature-like fish passes provided important key habitats for juvenile and small rheophilic fishes, particularly 
in highly modified waterbodies. Consequently, these secondary channels can play an important role as 
compensatory habitats and this function should be better considered in floodplain restoration. The evaluation 
system presented herein, by including several taxonomic groups and physicochemical habitat variables, provides 
a universally applicable tool for the ecological assessment of serial discontinuity and its mitigation. 

1 WEIR-INTRODUCED INTERRUPTION OF LONGITUDINAL AND LATERAL 
CONNECTIVITY  

The functioning of river ecosystems strongly depends on their longitudinal and lateral connectivity. The habitat 
fragmentation caused by introductions of weirs into rivers is thus considered a major threat to aquatic 
biodiversity [1]. Alterations of hydraulic components were shown to change the availability of habitat space, 
habitat quality and the structure of aquatic communities [2]. The “Serial Discontinuity Concept” [3] describes the 
effects of physical barriers such as weirs and dams on biotic and abiotic components of lotic systems in a 
hypothetical framework, but experimental studies into the ecological effects of weirs have mostly focused on 
single rivers and single taxonomic groups [4]. For a comprehensive assessment of the weir-induced serial 
discontinuity, it is essential to compare upstream and downstream sides of weirs in their abiotic and biotic 
habitat characteristics including all major taxonomic groups. This is important since there is recent evidence that 
cross-taxon congruence in diversity and community composition of aquatic organisms is typically low [5].  

In a study comprising five central European stream ecosystems, pronounced effects of weirs were found on 
community structure, productivity and the abiotic habitat characteristics. These alterations are supposed to 
originate in an interruption of the natural gradient of physical habitat conditions and the biotic responses from 
the headwater to the mouth of river systems [3], as originally described in the River Continuum Concept by 
Vannote et al. [6].  

The most important finding of our case study was the overriding influence of weirs on biological 
communities compared to other variables including bedrock geology or drainage system. This finding was 
unexpected, since several authors suggest strong relatedness of rivers of the same or similar geological origin or 
drainage system [4]. Remarkably, small scale effects of heterogeneity in dg (geometric mean particle diameter), 
water depth and current speed introduced into adjacent sites of the same stream by weirs greatly exceeded the 
large scale effects of geology and geographic isolation.  

This study indicates that none of the single taxonomic groups (periphyton, macrophytes, 
macroinvertebrates, fishes) alone is a universally suitable indicator of the overall discrepancy in community 
structure upstream and downstream of weirs, yet they are widely used as indicators for the ecological status of 
aquatic ecosystems [4,7]. The low congruence between the responses of different taxonomic groups to weirs is 



also supported by their individual and distinct responses to environmental gradients in other freshwater 
ecosystem studies [5].  

2 MITIGATION STRATEGIES 

2.1 Restoring the longitudinal connectivity  

Free fish movement and a sustainable restoration of degraded fish habitats in heavily modified river reaches 
are crucial for a successful achievement of a good ecological status as required in the context of the European 
Water Framework Directive. The implementation of fish passes in practice is often trial and error based, more 
founded on limited funding than on scientific knowledge [8]. The scientific investigation of fish passes in the 
past was mostly limited to the functions of these artificial watercourses as migration corridors [9]. However, the 
potential suitability of artificial fish passes themselves as compensation habitats for rheophilic fishes is often not 
considered. The novel topic of our case study was the comparative assessment of three semi-natural fish passes 
considering their functions as migration corridors as well as compensation habitats for fish species.  

Nearly all of the fish species detected during the electrofishing surveys used the fish passes for upstream and 
downstream movements, which demonstrates the principle functionality of the bypasses as a compensation for 
weir-caused barrier effects. The continuous movement of smaller fish species such as Barbatula barbatula (10% 
of all recorded fish movements) and Gobio gobio (54% of all recorded fish movements) that are considered 
“stationary” species indicate that migration behavior of such species deserves better consideration.  

In conclusion, fish bypass channels are not only important for facilitating fish migration, but they can also 
provide important key habitats for the reproduction of rheophilic species, as well as for juveniles and small fish 
species. Consequently, well-designed fish bypass channels can have positive effects on the overall fish diversity 
in streams affected by weirs by enriching overall habitat diversity.  

2.2 Restoring the lateral connectivity 

As a consequence of the increasing awareness that floodplain ecosystems provide important ecosystem services 
[10], their restoration and reconnection with the main channel have become core topics in policy, management 
and science. Floodplain restoration typically intends to re-establish lateral connectivity and to produce a great 
variety of initial habitat stages [11].  

At the Danube River, the second largest river in Europe with the world’s most international river basin, 
a new permanent floodplain river was created to improve the lateral and longitudinal connectivity of the main 
river and to restore the groundwater level fluctuations of the adjacent alluvial forest [12]. In addition to the 
newly constructed river sections, the floodplain also comprised reconnected oxbow habitats. During high water 
levels, it also floods previously isolated ponds and connects them with the Danube.  

The objective of this study was to assess the effects of this floodplain restoration on aquatic biodiversity 
by analysing the colonisation and succession of the fish community in the new floodplain river and the changes 
in existing adjacent habitats over a period of four years. In particular, the relative importance of source 
populations both in the reconnected Danube as well as in the pre-restored habitats, connectivity to source habitat, 
life history traits of colonizers, and physicochemical habitat properties of restored habitats was considered to test 
ecological theory on colonisation of freshwater habitats and to deduce management implications.  
 

 
 
Figure 1. Left: typical restored stretch of the newly created floodplain river, right: reconnected oxbow after the 
restoration. 
 



Following the restoration-induced changes in habitat morphology and availability of habitat space, a 
very fast initial colonisation was observed, with 46% of the source species pool of the Danube present in the 
study area after only two months. Colonisation by fishes was explained by habitat features such as habitat 
morphology as well as biological features such as the species inventory of the source habitat and life-history 
traits. The time span required for developing functional demographic structures could be explained by the degree 
of specialisation in different life stages, with faster population development in species with high ecological 
plasticity. The high representation of small individuals in multiple fish species indicates the importance of the 
artificial floodplain channel as habitat, especially for early life stages.  

Since the colonisation of the artificially created floodplain river was almost completed within the first 
two months after its opening, it is important to consider pre-restoration conditions and to start the post-
restoration monitoring immediately after the completion of the measures. Based on the results of this study, a 
seasonal repeated monitoring over several years, which ideally covers the development of several generations of 
the target species, can be recommended.  

Initially, the floodplain river was mainly colonised by small species, juveniles or sub-adult fishes. This 
confirms its function as key habitat for many species, particularly of their early life stages. Consequently, the 
creation of secondary floodplain channels can be an important contribution in restoring populations of 
endangered fishes, at least partly compensating the loss of natural floodplains [9,11].  

2.3 In-stream restoration measures 

River restoration can often be limited to instream restoration measures due to constraints by hydropower 
generation, flood protection or limited land availability [13,14]. In these cases, habitat restoration addresses 
small-scale modifications such as the introduction of in-stream structures. To date, there are several commonly 
applied in-stream structures [15] such as the introduction of spawning gravel or boulders, the development of 
overhanging bank vegetation or the introduction of coarse woody debris, and the removal of bank fixation to 
create flat-angled, dynamic riverbanks and shallow water zones. However, there is a lack of a critical evaluation 
of the success of such measures.   

The present study compared the effects of introducing four different instream structures (bank rip-rap, 
benched bank rip-rap, successively grown riparian wood and artificial dead wood, nine replicates each) on the 
fish community distribution in the river Günz in Germany. To assess the sustainability of the restoration 
measures, different time points (seven and two years after the restoration) and seasons were considered. 
 

 
Figure 3. Schematic drawing of the four restored bank habitat types. HA = bank reinforcement with overhanging 
riparian wood; HB = bank reinforcement with overhanging shrubs (similar to the status before restoration); HC = 
benched bank reinforcement with graminaceous vegetation; HD = benched bank reinforcement with artificial 
made dead wood fascine. 
 
Out of all measures, the introduction of dead wood had strongest effects on fish aggregation (biomass and 
density) as well as on species richness and diversity [13]. Even seven years after restoration, no alterations in the 
density and demography of target species in conservation was detectable. The assessed instream habitats, like the 



deadwood fascine HD, lose functionality over the years and require successive replacement to maintain their 
functions. Other habitat restoration measures, which had lower effects on the fish populations, seem to have 
limited success both in terms of supporting species with high conservation value, as well as in terms of the 
densities and population demographies of other fishes.  

However, none of the instream restoration measures were successful in improving the status of 
populations of target species such as Chondrostoma nasus and Barbus barbus, or even enhance biomass and 
population densities of other fishes. Thus, additional restoration strategies should be prioritized including the 
creation of spawning possibilities, juvenile habitats, or shelter in case of flood events inside the rivers as well as 
measures outside the main channel like the creation of nature like bypass channels, which should be than 
intensively connected to the instream habitats. If such comprehensive measures are unrealistic, a focus on 
restoring other systems that are closer to an optimal state appears more promising.  
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