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            Abstract
Rivers support some of Earth’s richest biodiversity1 and provide essential ecosystem services to society2, but they are often fragmented by barriers to free flow3. In Europe, attempts to quantify river connectivity have been hampered by the absence of a harmonized barrier database. Here we show that there are at least 1.2 million instream barriers in 36 European countries (with a mean density of 0.74 barriers per kilometre), 68 per cent of which are structures less than two metres in height that are often overlooked. Standardized walkover surveys along 2,715 kilometres of stream length for 147 rivers indicate that existing records underestimate barrier numbers by about 61 per cent. The highest barrier densities occur in the heavily modified rivers of central Europe and the lowest barrier densities occur in the most remote, sparsely populated alpine areas. Across Europe, the main predictors of barrier density are agricultural pressure, density of river-road crossings, extent of surface water and elevation. Relatively unfragmented rivers are still found in the Balkans, the Baltic states and parts of Scandinavia and southern Europe, but these require urgent protection from proposed dam developments. Our findings could inform the implementation of the EU Biodiversity Strategy, which aims to reconnect 25,000 kilometres of Europe’s rivers by 2030, but achieving this will require a paradigm shift in river restoration that recognizes the widespread impacts caused by small barriers.
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                    Fig. 1: Artificial instream barriers in Europe (from the AMBER Barrier Atlas).[image: ]


Fig. 2: Extent of river fragmentation in Europe.[image: ]


Fig. 3: Extent of barrier under-reporting.[image: ]
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                Data availability

              
              Data for the AMBER Barrier Atlas (Fig. 1), observed barrier densities (Fig. 2a), ground-truthed barrier densities (Fig. 2b) and modelled barrier densities (Fig. 2c) are freely available at https://amber.international/european-barrier-atlas/ as well as at https://doi.org/10.6084/m9.figshare.12629051 under a CC-BY-4.0 license. Data for ground-truthed surveyed reaches (Extended Data Table 1, Extended Data Fig. 3) are also available at https://doi.org/10.6084/m9.figshare.12629051 under a CC-BY-4.0 license. Results of walkover surveys in test rivers (Extended Data Table 1), and barrier database sources (Table 1) are also available at https://doi.org/10.6084/m9.figshare.12629051. Source data are provided with this paper.

            

Code availability

              
              The Python code used for modelling of barrier abundance, with links to GIS files for visualization, is available under a GNU (https://en.wikipedia.org/wiki/GNU_Project) General Public License at https://github.com/AMBER-data/atlas-model. Protocols used for barrier database management, duplicate exclusion and processing were done manually in SQL and QGIS using ad hoc procedures and are not deposited in a repository.
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Extended data figures and tables

Extended Data Fig. 1 Approach used to estimate river fragmentation in Europe.
To correct for under-reporting and derive more accurate estimates of barrier density we used a four-step approach: (1) compilation of georeferenced barrier records from local, regional and national barrier databases (the AMBER Barrier Atlas), (2) data cleaning and removal of duplicate records, (3) ground-truthing barrier densities from walkover river surveys, and (4) statistical barrier modelling via random forest regression.


Extended Data Fig. 2 Cumulative height distribution of artificial barriers found in European rivers.
The figure shows (log10 scale) that most barriers (68% of n = 117,371 built structures equal to or greater than 10 cm in height) are low-head structures (such as fords, culverts and sluice gates) smaller than 2 m in height; these are ubiquitous but typically unreported in existing barrier inventories.
Source data


Extended Data Fig. 3 Location of test reaches used to ground-truth the AMBER Barrier Atlas during walkover surveys.
We walked 147 test reaches totalling 2,715 km that were representative of river types found in Europe in terms of altitude, slope, stream order, biogeography and land use. River network and country boundaries were sourced from the European Environment Agency35.


Extended Data Fig. 4 Variation in areal barrier density and main drivers of barrier abundance modelled by random forest regression.
a, The predicted barrier density at ECRINS sub-catchments (barriers per km2; number of sub-catchments 8,467). b, Agricultural pressure (proportion of agricultural area, Corine Land Cover 2, level 1). c, Road crossing density (crossings per km2), d, Mean altitude (m.a.s.l., metres above sea level). e, Extent of surface water (proportion of area occupied by surface water, Corine Land Cover 5, level 1). f, The relative weight (MDI) of the 11 predictors used to model barrier density (detailed in Extended Data Table 4). Country and sub-basin boundaries, CORINE Land Cover and mean altitude were sourced from the European Environment Agency35,61,63 and road density was sourced from the GRIP database64.
Source data


Extended Data Fig. 5 Performance of the barrier density model.
The maps show the distribution of modelling residuals (predicted minus observed barrier density, in units of barriers per km2) for the model calibration dataset (number of sub-catchments 2,306) (a), and the whole AMBER Barrier Atlas dataset (number of sub-catchments 8,467) (b). Country and sub-basin boundaries were sourced from the European Environment Agency35.


Extended Data Table 1 Results of river walkover surveys used to ground-truth barrier recordsFull size table


Extended Data Table 2 Comparisons of barrier densities (barriers per kilometre) in Europe and elsewhere using a common river network (HydroSHEDS71)Full size table


Extended Data Table 3 Incidence of barrier duplicates and duplicate exclusion criteriaFull size table


Extended Data Table 4 Variables used to model barrier densityFull size table


Extended Data Table 5 Sensitivity analysis for barrier density modellingFull size table
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