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Rivers support some of Earth’s richest biodiversity' and provide essential ecosystem
services to society?, but they are often fragmented by barriers to free flow>. 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
barriersin36 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
for147riversindicate 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
inriver restoration that recognizes the widespread impacts caused by small barriers.

Rivers support some of the most biodiverse ecosystems in the world,
but also some of the most threatened'. The defining characteristic of
non-ephemeral, natural rivers is that they flow*, and the most pervasive
telltale of humanimpacts onriversis the breakin connectivity caused
by artificial barriers to free flow’. Without dams, weirs, fords and other
instream structures it is difficult toimagine abstracting water, gener-
ating hydropower, controlling floods, ferrying goods, or even simply
crossing waterways. Rivers provide essential services to society, but our
use of rivers has nearly always involved fragmenting them®. However,
assessing river fragmentation has proved challenging’ owing to the

dendritic nature of rivers, the seasonality of the hydrological regime,
and the spatio-temporal nature of barrier impacts®’.

Brokenrivers

A critical challenge for quantifying river fragmentation is the lack
of information on the abundance and location of all but the largest
of dams, especially over spatial scales relevant for river basin man-
agement. Global database initiatives and developments in remote
sensing are making it possible to map the location of large dams
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Fig.1|Artificialinstreambarriersin Europe (from the AMBER Barrier
Atlas). The map shows the distribution of 629,955 unique barrier records
compiled from120local, regional and national databases after duplicate
exclusion. Red dots represent the new barrier records assembled in this study,

accurately, typically those that are more than 10-15 m high*'°%2,

but these represent only a small fraction of all instream barriers,
typically less than® 1%. Most low-head structures are unreported™,
despitethe fact thattheir cumulative impact onriver connectivity is
far more substantial®'¢. For instance, while only large storage dams
can affect the hydrological regime", nearly all barriers can affect
sediment transport'®", the movement of aquatic organisms?°, and
the structure of river communities™*., Under-reporting of small bar-
riers can vastly underestimate the extent of river fragmentation?.
For example, assessments of fragmentation based solely on large
dams® would ignore 99.6% of the barriers present in Great Britain®.
To estimate the true extent of river fragmentation, all barriers need
to be considered, large and small.

With only one-third of its rivers having ‘good ecological status’
according to the criteria of the EU Water Framework Directive (WFD)*,
Europe probably has more heavily modified rivers than anywhere else
in the world®?, as well as a long legacy of fragmentation, with fish
passage legislation dating back to the seventh century?. Strikingly,
the extent of river connectivity remains unknown for most European
rivers, despite the fact that the concept of river continuity is enshrined
inthe EUWFD and inventories of physical barriers are required in River
Basin Management Plans (RBMP)*. However, there is no comprehensive
inventory of stream barriers in Europe, only disparate records that dif-
fer in quality and spatial coverage from country to country*?°. Many
weirs in Europe, for instance, were built at the turn of the eighteenth
century and sometimes much earlier, and their number and location
are consequently poorly known®"*2,

A

whereasblack dots representlarge dams (>15 min height) from existing global
databases. The full georeferenced data canbe downloaded from https://doi.
org/10.6084/m9.figshare.12629051. Country and river networks were sourced
fromthe European Environment Agency®.

Here we present the first comprehensive estimate of river fragmen-
tation in Europe based on empirical and modelled barrier densities.
We collated and harmonized 120 regional, national and global barrier
datasets, and applied robust exclusion rules to identify unique barrier
records. To account for under-reporting, we surveyed 147 rivers in 26
countries to derive field-corrected barrier densities, and employed
random forest regression (a machine learning technique) to estimate
the number and location of missing barriers (Extended Data Fig. 1).

Barrier abundance, type and distribution

We assembled information on 736,348 instream barriers from 36
countries and identified 629,955 unique barrier records (Fig. 1), after
excluding 106,393 duplicates (see Methods). This figure is one order
of magnitude higher than previous estimates of longitudinal fragmen-
tation for Europe based only on large dams™"?, but is consistent with
regional®*?*and country estimates that considered all barriers?. Most
of the barriers in Europe’s rivers are structures built to control and
divert water flow or to raise water levels, such as weirs (30.5%), dams
(9.8%) and sluice gates (1.3%), to stabilize river beds, such as ramps
and bed sills (31.5%), or to accommodate road crossings, such as cul-
verts (17.6%) and fords (0.3%). In 8.9% of cases, the barrier type was not
recorded or could not easily be classified into one of our six main types
(forexample, gauge stations, spillways). Height data for 117,371 records
indicate that 68% of barriers are less than 2 mhigh and 91% are less than
Smhigh (mean=2.77m, standard error (s.e.) =0.025; median=1.20 m;
Extended DataFig.2), which probably explains why so many barriers are
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Table 1| Unique barrier records in Europe and barrier abundance field estimates

Country ECRINS Number of each barrier type Atlas barrier Corrected Corrected
river Dam Weir Sluice Culvert Ford Ramp Other Unknown Total density barrit.er num.ber of
network (number of density barriers
(km) barriers (number of

per km) barriers
per km)

Albania (AL) 16,717 210 308 518 0.03 0.51 8,607

Andorra (AD) 273 43 267 310 114 149 407

Austria (AT) 41,429 19,379 2,208 4 5 5,81 27,407 0.66 1.04 43,189

Belgium (BE) 8,018 1,504 1,388 254 1,993 1,394 205 6,742 0.84 119 9,580

Bosnia and 25,295 20 1 " 182 214 0.01 0.20 5150

Herzegovina (BA)

Bulgaria (BG) 42,050 187 549 736 0.02 0.42 17,800

Croatia (HR) 21,985 25 88 13 0.01 0.04 889

Cyprus (CY) 2,811 19 1 165 285 0.10 0.46 1,280

Czech Republic 26,788 2,210 1,934 7 1,331 5,482 0.20 0.78 20,846

(C2)

Denmark (DK) 6,723 333 380 19 186 863 305 980 3,066 0.46 0.62 4,176

Estonia (EE) 9,981 187 187 0.02 0.80 7,939

Finland (FI) 87,703 96 733 829 0.01 0.36 31,876

France (FR) 183,373 8,744 36,855 346 5,915 357 4,512 1,579 3,652 61,960 0.34 0.35 63,932

Germany (DE) 104,142 4,250 19,236 530 72,795 337 76,895 4944 9 178,996 172 216 224,658

Greece (GR) 61,994 143 75 218 0.00 0.36 22,508

Hungary (HU) 21,483 781 1,048 875 79 2,783 013 015 3124

Iceland (IS) 16,367 32 32 0.00 0.36 5,826

Ireland (IE) 19,503 32 389 30 390 34 554 87 16 1,532 0.08 0.43 8,436

Italy (IT) 134,868 1,406 20,428 5 586 7,849 1,760 5 32,039 0.24 0.49 65,756

Latvia (LV) 16,589 601 1 602 0.04 0.39 6,474

Lithuania (LT) 17,218 125 1132 1,257 0.07 0.45 7,800

Luxembourg (LU) 960 6 7 3 15 5 36 0.04 0.39 376

Montenegro 7621 5 33 38 0.00 0.00 38

(ME)

Netherlands (NL) 3,220 15 55,762 328 n 30 6,440 62,586 19.44 19.44 62,610

North Macedonia 12,876 7 166 173 0.01 0.37 4,731

(MK)

Norway (NO) 107,079 3977 1 1 1 3,980 0.04 0.08 9,045

Poland (PL) 80,401 1,07 10,742 2,707 1,339 44 268 16171 0.20 0.96 77,530

Portugal (PT) 31,451 725 n7 1 354 1197 0.04 0.51 16,095

Romania (RO) 78,829 305 6 3 302 175 79 0.01 0.23 18,095

Serbia (RS) 25,376 73 3 197 273 0.01 0.59 14,901

Slovakia (SK) 20,412 147 4 1 152 0.01 0.36 7378

Slovenia (SI) 9,891 23 1 669 693 0.07 0.13 1,321

Spain (ES) 187,809 5131 17,005 10 135 104 2,725 1,429 3,343 29,882 0.16 0.91 171,203

Sweden (SE) 128,357 7628 2,483 8,013 1,033 338 19,495 0.15 0.24 31,068

Switzerland (CH) 21,178 115 4,599 93 19,888 722 103,961 670 15113 145,461  6.87 81 171,693

United Kingdom 68,719 1566 17539 2915 266 61 92 1,280 23,719 0.35 0.70 48,293

(UK)

Total 1,649,489 61,521 192,403 8,111 110,944 2,201 198,591 28,326 27,858 629,955 0.38 0.74 1,213,874

Sum 1,194,629

Data are from the AMBER Barrier Atlas and derived from field surveys.

easily missed by surveys and automated procedures, and why low-head
structures are under-represented in most barrier inventories.

Accounting for barrier under-reporting

Barrier inventoriesin Europe are not homogeneous with respect to bar-
rier types, scope or completeness (Table 1), because they were compiled
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for different purposes using different resources. They have different
spatial coverage and suffer from strong sampling bias (Fig. 2a,b), both
of whichresultinunder-reporting of small structures. Here we adopted
two complementary strategies to account for barrier under-reporting
and to derive more realistic barrier densities (Extended Data Fig. 1):
ground-truthing of existing barrier records via walkover field surveys
inmatchedriver reaches (abottom-up strategy; Fig. 2b; Extended Data
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Fig. 2| Extent of river fragmentation in Europe. The maps show the barrier
density (barriers per kilometre) in ECRINS sub-catchments (n = 8,467) across
Europe based on existing barrier records (AMBER Barrier Atlas) (a),
ground-truthed barrier abundance (bottom-up approach) (b), and barrier
modelling viarandom forest regression (top-down approach) (c). Country and
sub-basin boundaries were sourced from the European Environment Agency®.

Fig. 3), and barrier modelling at sub-catchment level using random
forest regression (a top-down strategy; Fig. 2c).

Our study indicates that there are more barriers than existing
databases would suggest. We found 1,583 barriers in 2,715 km of
walkover river surveys across Europe, 960 of which (61%) were
absent from current barrier inventories (Extended Data Table 1).
None of the 147 surveyed rivers were free of artificial barriers
(although some of the contiguous test-reaches were). The number
of barriers recorded in the field was on average 2.5 times higher
thanin existing inventories.

Extent of river fragmentation in Europe

Field-corrected barrier densities indicate that there are on average
0.74 barriers per kilometre of river length, ranging from 0.005 barriers
per kilometre for Montenegro to 19.44 barriers per kilometre for the
Netherlands (Table 1) with a median distance between adjacent barriers
for all countries of 108 m (s.e. =44). This equates to 1,213,874 barriers
across Europe using a conservative estimate of 1.65 x 10° km for the
river network®, but could be as high as 3.7 x10° barriers if we consider
ariver network of 5x10°km, afigure that better takesinto account the
abundance of first- and second-order streams®. Our barrier density
estimates are higher than those reported anywhere (Extended Data
Table 2), possibly making Europe the most fragmented river landscape
inthe world.

Onthe other hand, modelling of barrier density predicted 0.60 barri-
ers per kilometre (s.e.=0.24; Fig. 2c, Extended Data Fig. 4a) or 991,341
barriers across Europe, which is within 20% of the field-corrected esti-
mate. Thus, both approaches provided congruent results and suggest
that fragmentation estimates based on existing barrier records under-
estimate true barrier numbers by 36% to 48% according to modelling
and field surveyresults, respectively. Thisis largely owing to the pres-
ence of many small structures (Extended Data Fig. 2) that tend to be
under-reported inbarrier inventories (Fig. 3a, b).

Correlates of barrier abundance

The highest barrier densities are found in Central Europe and corre-
spond with densely populated areas, intense use of water and high
road density (Fig. 2b, c); in contrast, the lowest barrier densities tend to
occurinthe most remote, sparsely populated alpine areas (for example,
Scandinavia, Iceland and Scotland). This pattern of river fragmenta-
tion largely mirrors the distribution of other anthropic pressures in
Europe®, as well as the location of rivers of good ecological status®.
Although no catchment in Europe is free of artificial barriers, there
are still relatively unfragmented rivers in the Balkans, the headwaters
of the Baltic States, and parts of Scandinavia and southern Europe.
Worryingly, these are also the areas where the construction of many
hydropower dams is being planned®®*, threatening their biodiversity
andgood ecological status and possibly contrary to the precautionary
principle that guides the EU WFD.

A callfor action onsmall barriers

Views onglobal patterns of river fragmentation have been dominated
by consideration of large dams (>15 m) for safety and economic rea-
sons*®, butalso because these create large reservoirs that are easier to
detect remotely***? and that generate social conflict***; there is also
the implicit assumption that large dams are primarily responsible for
theloss of longitudinal connectivity****, However, our study shows that
dams more than 15 m high are rare (<1.0%) and that most barriers to
free flow are small structures that are difficult to detect and are poorly
mapped (Fig. 2a, Fig. 3a). For example, in Switzerland fragmentation
ismostly caused by about 100,000 small bed sills built to compensate
forbed incision caused by channel straightening®. Loss of connectivity
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shown for barriers of different height (a), different types (b) and in different

depends mostly on the number and location of barriers, not on their
height*. As many of these barriers are small, old and obsolete, they
provide unprecedented opportunities for restoring connectivity, which
our study can help to inform.

First, to restore connectivity efficiently, we call for better mapping
and monitoring of barriers, particularly small ones, as they are the
most abundant and are the main cause of fragmentation. A concerted
global effortis required to map low-head structures and complement
existing dam databases. Although barrier density is only acrude meas-
ure of fragmentation, the number and location of barriers serves as
the basis for most metrics of river connectivity*. In this sense, our
work highlights the merits, but also the limitations, of modelling frag-
mentation, and suggests that there is no substitute for a‘bootsonthe
ground’ approach for estimating barrier numbers and location?*,
It also exposes the inadequacies of current barrier inventories, and
emphasizes the need for complete, harmonized barrier databases in
order to select the river catchments that offer the best prospects for
restoration of connectivity.

With nearly 630,000 records, the Adaptive Management of Bar-
riers in European Rivers (AMBER) Barrier Atlas represents the most
comprehensive barrier inventory available, but is far from being
complete. A staggering 0.6 x 10° barriers are probably missing from
currentinventories. Importantly, our study can help to optimize future
mapping efforts, and fill data gaps where information is lacking. For
example, our field surveysindicate that existing records grossly under-
estimate the abundance of small barriers (log-likelihood ratio=97.94,
degrees of freedom =35, P<0.001; Fig. 3a), particularly fords, culverts
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and sluice gates (log-likelihood ratio =44.70, degrees of freedom =5,
P<0.001; Fig.3b), and these are structures that should be targeted in
future surveys. Likewise, the completeness of current inventories dif-
ferswidely from country to country (Fig.3c). Barrier under-reporting
appears to be very high across the Danube and the Balkans (76%-98%
under-reporting), butalsoin Estonia (91%), Greece (97%), and particu-
larly in Sweden regarding low-head structures (100%). Thus, although
ourbarrierinventoryisinevitably incomplete, we can determine where
most of the informationis missing. At present, the results of our study
cannot be used to manage barriers at the catchment scale because
although the coordinates of the barriers we mapped are essentially
accurate, the underlying European digital river map (European Catch-
mentsand Rivers Network System; ECRINS; https://www.eea.europa.eu/
data-and-maps/data/european-catchments-and-rivers-network) lacks
therequired precision®. More detailed hydrographic maps, available
in many countries, are needed for dendritic estimates of longitudi-
nal river connectivity? and for detailed barrier mitigation planning.
Having a more consistent high-resolution hydrographic network
across Europe (that is, improving on ECRINS) must be viewed as a pri-
ority for large-scale assessments and for more effective restoration of
connectivity.

Second, to reconnect rivers, information is needed on the current
use and legal status of barriers, given that many arenolongerinuse and
could be removed. In some parts of Europe, for example, many weirs
were built to service former water mills, which have subsequently been
abandoned**. Giventhe currentimpetus towards barrier removal and
restoration of river connectivity?, it would make sense to start with
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obsolete and small (<5 m) structures, which constitute the majority
of barriers in Europe. Removing small barriers will probably be easier
and cheaper than removing larger infrastructures, and probably also
better accepted by local stakeholders, whose support is essential for
restoring river connectivity. However, removing old barriers will not
increase connectivity if more barriers are built elsewhere. Current
rates of fragmentation should be halted, and this may require a criti-
cal reappraisal of the sustainability and promotion of micro-hydro
developments*® against the alternative of enhancing the efficiency
of existing dams.

Finally, we call for an evidence-based approach to restoring river
connectivity, and the use of ‘what if” predictive modelling for assessing
the cost and benefits of different restoration strategies under various
barrier mitigation scenarios. Given the threat of further fragmentation
posed by new dams in Europe®**, and the new EU Biodiversity Strat-
egy’s target of reconnecting at least 25,000 km of Europe’s rivers by
2030%, our results can serve as a baseline against which future gains
or losses in connectivity can be gauged. Estimates of fragmentation
could also be incorporated into pan-European assessments of river
‘ecological status’ to inform the level of funding required to achieve
desired connectivity targets.

More generally, our analysis indicates that fragmentation caused
by amyriad low-head barriers greatly exceeds that caused by large
dams, a problem not unique to Europe and likely to be widespread
elsewhere. A global effortis hence required to map smallbarriers across
the world’srivers. Toavoid ‘death by a thousand cuts’, a paradigm shift
isnecessary:torecognize that although large dams may draw most of
the attention, it is the small barriers that collectively do most of the
damage. Smallis not beautiful.
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Methods

Overview

The connectivity of most riversin Europe is unknown?®, To fill this gap,
we quantified the abundance of artificial barriers across Europe as part
ofthe EC-funded Horizon 2020 project ‘Adaptive Management of Bar-
riers in European Rivers’ (AMBER; http://www.amber.international).
We estimated barrier densities in 36 European countries including all
26 member states of the European Union (EU), the United Kingdom,
three members of the Economic European Area (Switzerland, Iceland
and Norway) and seven countries geographically located within Europe
(Albania, Andorra, Bosniaand Herzegovina, Croatia, Macedonia, Mon-
tenegro and Serbia) covering an area of around 5.02 x10°km?. As there
isnoagreed definition of ‘barrier’ inrelation to river connectivity*, for
the purposes of our work we defined an artificial longitudinal barrier
as‘any built structure thatinterrupts or modifies the flow of water, the
transport of sediments, or the movement of organisms and can cause
longitudinal discontinuity’.

To estimate barrier densities we used afour-step approach (Extended
DataFig.1) consisting of (1) compiling ageoreferenced atlas of barrier
records fromlocal, regional and national barrier databases (the AMBER
Atlas), (2) cleaning and removing duplicate records, (3) ground-truthing
barrier densities with field surveys, and (4) modelling fragmentation
at the pan-European scale via random forest regression. This allowed
us to identify nearly 630,000 unique barrier records (Figs.1and 2a),
and to estimate the extent of longitudinal fragmentation in Europe
fromfield-corrected (Fig.2b) and modelled barrier densities (Fig. 2c).

Building the European Atlas of artificial instream barriers

We collected and cross-referenced barrier records from 120 databases
from 36 countries, including 65local and regional databases, 52 national
databases and four global ones®. After quality checking, we harmonized
recordsintoasingle relational database (the AMBER Barrier Atlas) and
removed duplicates (see below). We classified over 1,000 different
barrier types into six main functional groups that capture variation
in barrier size and use*%3: dam, weir, sluice, ramp/bed sill, ford and
culvert, plus ‘other’ (for example, groynes, spillways) and ‘unknown’
(Table1). Weincluded country, river name, geographical coordinates,
and barrier height if known, as well as database source. These attrib-
utes were available in most databases and provided the information
required to allow us to estimate barrier densities and compare them
to ground-truthed values.

To map barriers consistently across Europe we used 86,381 func-
tional sub-catchments with an average area of 58.2 km? (s.e. = 0.24)
derived from the European Catchment and Rivers Network System
database (ECRINS®). This database and the associated river network
are derived froma100-m-resolution digital elevationmodel and covers
1.65x10°km of river length across the study area. Although ECRINS may
underestimate river length by up to 74% compared to more detailed
river networks®, it is the most extensive and consistent river network
that can at present be used for global comparisons across Europe.
The consequences of underestimating river length for estimates of
river fragmentation are difficult to predict. Underestimating river
length can overestimate river fragmentation if the observed number
of barriersisinreality distributed over alonger river network, but it can
alsounderestimateitifundetected barriers are morelikely to occurin
poorly mapped first-order streams.

Excluding duplicated barrier records

We chose a maximum Euclidean distance of 1,000 m between neigh-
bouring barriers within the same ECRINS sub-catchment to investi-
gate potential duplicates; we had previously determined for asmaller
database that few or no duplicates may be expected beyond 500 m*.
To derive exclusion distances, three people working independently
assessed up to 200 potential random duplicates per country, or all

potential duplicatesifthe number was less than 200. Each person visu-
ally assessed 25% of duplicate records using Google and Bing satellite
imagery, and all assessed acommon subsample comprising 25% of the
records. The distance between each potential duplicate was measured
in QGIS 3.10%. We used bootstrapping® to calculate a mean and 95%
confidence intervals distance that excluded 80% of potential dupli-
cates and showed 80% or better agreement between the three people
working on the common subsamples using an optimized algorithm™
(Extended Data Table 3).

Ground-truthing barrier records through walkover river surveys
To ground-truth barrier density estimates, we surveyed 147 rivers
across 26 countries, totalling 2,715 km or 0.16% of the river network
(Extended DataTable1, Extended DataFig.3) using amethod described
previously?. We used expert judgement to choose 2 to 6 test rivers
per country that were broadly representative of the river types found
in Europe in terms of altitude, slope, stream order*® and, depending
on accessibility, biogeography and land use. Surveyed reaches were
mostly single-thread (>80%) and spanned Strahler stream orders 1to
8, although most were order 3 to 5 (62%). At each river, we surveyed a
contiguous 20-km reach at low flow conditions (approximately 80%
to 95% quartiles) during the spring of 2017 and the summers of 2018
and 2019, exceptin Denmark and Scotland where we surveyed multiple
5-10-km reaches owing to logistic constraints®. For each barrier we
encountered we recorded its coordinates, type, height class, status
(abandoned or in use), and span width (full or partial river width).

The influence of survey length on barrier discovery rate was deter-
mined via bootstrapping®> using R version 4.0.0%. This showed an
asymptoticrelationship in most cases, indicating that a sufficient river
length had been sampled to derive robust correction factors for barrier
density in each country, as well as a single correction factor across all
countries (Extended Data Table 1). These results were used to inform
the choice of calibration data sets for modelling barrier numbers using
random forest regression (see below).

Field-derived correction factors were applied in each country to
adjust existingbarrier records and derive more realistic barrier densi-
ties (Fig. 2b; Table1). To obtain corrected barrier densities for the ten
countries that had not been surveyed in the field we applied a mean
correction factor of 0.35 barriers per kilometre, derived from the
26 surveyed countries. We employed the likelihood-ratio test
(two-tailed) implemented in the DescTools R 4.0 package®® to assess
the level of under-reporting, comparing the frequencies of barrier
types and barrier height classes in existing databases and in walkover
river surveys. The barrier reporting error €,epoing Was calculated as

_ Natlas_Nﬁeld %
ereportmg Nﬁeld 100
where N, is the number of barriers recorded in the barrier atlas and
Nseq is the number of barriers detected in the field in the same test
reaches.

Modelling barrier density through random forest regression

We employed random forest regression to model barrier densities
based onanthropic and environmental predictors that were expected
tobe associated with breaksinriver connectivity. For example, culverts
tend to be associated with road crossings®’, small weirs with water mills
in headwaters*, and storage dams tend to be associated with nearby
cities, agriculture and hydropower®. Similarly, the location of barriers
is also determined by topography, geology and climate’.

For each ECRINS sub-catchment we extracted information on
11variables (Extended Data Table 4): land cover (Corine Land Cover
1: percentage of urban, agricultural, natural, wetlands and water®");
population density (people per km?)®%; mean elevation (m) and slope
bothscaled by catchment area, dendricity (thatis, river length divided
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by number of river segments; km per number), drainage density (that
is, river length divided by catchment area; km per km?)**%, and num-
ber of road crossings in the river network divided by catchment area
(number per km?)%*,

We used a data-driven, nonparametric Random Forest Regressor®
developed using the scikit-learn library in Python. The advantages of
this modelling approach are that it does not make any assumptions
abouttherelationbetween predictors and the dependent variable, or
about thedistribution, correlation or linearity of predictors. We used
k-fold (k=5) for cross-validation and the Mean Decrease Impurity (MDI)
index to estimate variable importance®, based on the number of tree
nodesthatincluded each predictor, normalized by the number of sam-
ples. After sometests, the original ECRINS sub-catchments (n=30,176;
mean area = 60.90 km?; s.e. = 0.41) were aggregated into increasingly
larger ones (Extended Data Table 5) using anad hoc graph theory algo-
rithmin R 4.0 according to a criterion of minimum aggregation area
from the upstream to the downstream direction. This step was used
toreduce the influence of unaccounted local factors (for example,
existence of canals for navigation, or pipes and aqueducts for water
diversion) operating at finer spatial scales than the predictors.

Comparisons of model performance at different sub-catchment
sizes (Extended Data Table 5) indicated poor model performance
at the original ECRINS sub-catchment scale. The best model perfor-
mance (explained variance = 0.4) was reached when the minimum
aggregation area was 3,000 km?, which corresponds to 593.5 km?
on average at the pan-European scale (s.e. =12.6). The predicted
number of barriers was broadly consistent with expectations from
field-corrected values and did not vary much between different mod-
els. Therelatively high amount of unexplained variance may be due to
the coarse resolution of our predictors, but is also likely to be due to
the omission of key predictors of barrier density, for example unac-
counted variationin barrier use, or possibly in barrier age. Instream
barriersin Europe vary widely in age, and many are over 50 years old
oreven mucholder®. A temporal mismatch may thus occur between
drivers thatgoverned barrier constructionin the past and the current
landscape.

For model training, we selected barrier records from six countries
(Austria, France, Hungary, Poland, Sweden and Germany) that ful-
filled five criteria: (1) together, they had relatively low levels of bar-
rier under-reporting (mean correction factor = 0.28); (2) they were
representative of different geographical areas; (3) they showed wide
variation in ground-truthed barrier densities; (4) there was a national
barrier database (or detailed regional ones) built withabroad purpose
(forexample, the EU WFD) that covered all barrier types; and (5) there
were at least five rivers surveyed in the field.

As above, we used the ECRINS sub-catchment as our spatial model-
ling unit. This allowed us to make use of all barrier records and avoid
errors that would have resulted from snapping accurate barrier loca-
tions to the less-precise, low-resolution ECRINS river network. For
these reasons, we modelled areal barrier density (barriers per km?;
Extended Data Fig. 4a) and then transformed into linear river density
(barriers per km; Fig. 2c).

The average model validation error was 0.09 barriers per km? (0.24
barriers per km; Extended Data Fig. 5). The model tended to overesti-
mate the number of barriers in small sub-catchments, as well as in flat
areas of France and Poland, and to underestimate the highest barrier
densities, possibly owing to superimposition of barriers of different
types and ages. Inspection of model residuals (Extended Data Fig. 5)
showed that the model was able to account for barrier under-reporting
across large areas, including southern Europe, the Danube basin, the
BalticareaandIreland. However, in general, the model underestimated
the extent of river fragmentation in Europe, most probably because
densities of low-head barriers are determined by local drivers operat-
ing at finer spatial scales that were not adequately captured in our
study. Inclusion in future models of barrier age, or proxies for barrier

age—perhaps obtained from consideration of barrier type, height and
location—may improve model performance.

Despite model limitations, modelled barrier densities for
sub-catchment aggregations of 3,000 km? (Fig. 2¢) were broadly con-
sistent with field-corrected barrier densities (Fig. 2b) and identified the
same broad patterns of river fragmentation across Europe, especially
in data-poor areas (for example, the Danube and the Balkans). The
most important predictors of barrier density were agricultural land
cover, road-crossing density, proportion of area covered by surface
water, and altitude, which together accounted for 0.63 in the MDIlindex
(Extended Data Fig. 4f). Higher barrier densities correspond to areas
withintense agricultural pressure (forexample, central Europe), andthe
lower densities correspond to more remote, alpine areas (for example,
parts of Scandinavia).

Data availability

Data for the AMBER Barrier Atlas (Fig. 1), observed barrier densi-
ties (Fig. 2a), ground-truthed barrier densities (Fig. 2b) and mod-
elled 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/
mo9.figshare.12629051 under a CC-BY-4.0 license. Results of walko-
ver surveys in test rivers (Extended Data Table 1), and barrier data-
base sources (Table 1) are also available at https://doi.org/10.6084/
mo.figshare.12629051. Source data are provided with this paper.

Code availability

ThePython code used for modelling of barrier abundance, with links to
GISfiles 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 manage-
ment, duplicate exclusion and processing were done manually in SQL
and QGIS usingad hoc procedures and are not deposited inarepository.
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Extended Data Table 1| Results of river walkover surveys used to ground-truth barrier records

Length

Y%

Bootstrapped

Country E?Er:\;s rivers  surveyed ECRINS NA NF Correcti(?n Factor
surveyed (km) surveyed L95CI Median U95CI
Albania 16,717 4 93.0 0.56 1 46 0.387 0.484 0.581
Austria 41,429 5 83.9 0.20 31 63 0.274 0.381 0.488
Bosnia-Herzegovina 25,295 2 40.6 0.16 3 11 0.073 0.195 0.317
Bulgaria 42,050 3 69.5 0.17 9 37 0.290 0.406 0.522
Croatia 21,985 4 85.4 0.39 5 8 0.000 0.035 0.082
Czech Republic 26,788 5 135.8 051 25 103 0493 0574 0.654
Denmark 6,723 18 102.7 1.53 3 20 0.097 0.165 0.243
Estonia 9,981 5 94.3 0.95 7 80 0.691 0.777 0.862
France 183,373 6 93.0 0.05 33 34 0.000 0.011 0.032
Germany 104,142 6 130.1 0.12 23 80 0.354 0438 0.523
Greece 61,994 5 89.2 0.14 1 33 0.258 0.360 0.461
Hungary 21,483 6 125.8 0.59 3 5 0.000 0.016 0.040
Italy 134,868 5 104.0 0.08 17 43 0.173 0.250 0.337
Lithuania 17,218 5 100.0 0.58 11 49 0.290 0.380 0.480
Montenegro 7,621 1 21.6 0.28 0 0 0.000 0.000 0.000
Netherlands 3,220 5 132.2 411 38 39 0.000 0.008 0.023
Norway 107,079 5 148.1 0.14 2 9 0.014 0.047 0.081
Poland 80,401 6 114.1 0.14 31 118 0.684 0.763 0.842
Portugal 31,451 5 95.2 0.30 5 50 0.379 0474 0.579
Romania 78,829 4 81.8 0.10 1 19 0.134 0.220 0.317
Serbia 25,376 5 84.9 0.33 7 56 0.471 0.576  0.682
Slovenia 9,891 3 63.2 0.64 6 10 0.016 0.063 0.127
Spain 187,809 5 101.0 0.05 24 100 0.663 0.752 0.832
Sweden 128,357 5 121.8 0.09 0 11 0.041 0.090 0.148
Switzerland 21,178 5 88.1 0.42 281 390 1.148 1.239 1.330
United Kingdom 68,719 19 315.9 046 56 169 0.307 0.358 0.411
1,463,977 147 2,715.4 0.19 623 1,583 0.335 0.354 0.372

NA, number of barriers present in the Atlas; NF, number of barriers encountered in the field. L95CI and U95CI, lower and upper 95% confidence intervals, respectively.



Extended Data Table 2 | Comparisons of barrier densities (barriers per kilometre) in Europe and elsewhere using a common

river network (HydroSHEDS™")

Location River Barrier No. Density Reference
network Height (m) barriers (barriers/km)
(km)

Europe 1,275,390 All barriers 1,213,874 0.952 This study
>2m 157,691 0.124 This study

USA 2,381,096 >1.83m 90,580 0.036 %
Japan 126,045 >15m 2,675 0.021 57
Brazil 2,498,090 >7.5 19,388 0.008 68
China 2,410,700 >15m 22,104 0.009 %
Small to Large 86,000 0.036 L

India 879,738 >15m 6,785 0.008 1€

Data are from refs.

66-71
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Extended Data Table 3 | Incidence of barrier duplicates and duplicate exclusion criteria

No. barriers

% . Algorithm
Country dljelfore Afrter barriers Ezglusmn (30% or
plicate  duplicate o) o, qeq  "AIUS (M) himised)
exclusion exclusion
Albania 1,230 1,209 1.7 332 80%
Andorra 316 310 1.9 178 Optimised
Austria 27,605 27,407 0.7 261 Optimised
Belgium 7,105 6,742 5.1 583 80%
Bosnia-Herzegovina 883 214 75.8 492 80%
Bulgaria 1,730 736 ) 510 Optimised
Croatia 459 113 75.4 504 80%
Cyprus 524 285 45.6 279 Optimised
Czech Republic 5,698 5,482 3.8 347 80%
Denmark 3,073 3,064 0.3 29 80%
Estonia 193 187 3.1 13 Optimised
Finland 929 829 10.8 371 Optimised
France* 63,478 61,960 2.4 - -
Germany 246,072 179,005 27.3 366 80%
Greece 1,065 214 79.9 356 80%
Hungary 2,835 2,783 1.8 306 80%
Iceland 104 32 69.2 935 80%
Ireland 1,826 1,532 16.1 204 80%
Italy 32,846 32,039 2.5 439 80%
Latvia 657 602 8.4 575 Optimised
Lithuania 1,311 1,257 41 58 Optimised
Luxembourg 38 36 5.3 677 Optimised
Montenegro 218 38 82.6 576 80%
Netherlands 63,438 62,588 1.3 18 Optimised
North Macedonia 524 173 67.0 442 80%
Norway 4,254 3,980 6.4 825 Optimised
Poland 16,658 16,171 2.9 283 80%
Portugal* 1,562 1,197 23.4 - -
Romania 904 791 12.5 649 80%
Serbia 1,986 273 86.3 527 Optimised
Slovakia 169 152 10.1 732 80%
Slovenia 1,117 693 38.0 455 Optimised
Spain* 32,044 29,882 6.7 = -
Sweden 19,497 19,466 0.2 366 80%
Switzerland 171,511 145,461 15.2 121 80%
United Kingdom* 23,719 23,719 0.0 - -

*Databases already collated and cleaned.



Extended Data Table 4 | Variables used to model barrier density

Variable

Resolution

Data

D Variable Description (m) sollce Owner URL
mean elevation FC%DeErr'\\/ilcgj
1 aley (m) - weighted o5 Lanz EEA https://land.copernicus.eu/imagery-in-
by catchment Monitoring situ/eu-dem/eu-dem-v1.1
area Service
mean slope
Slgf:tﬁlurxbrz?(ir; EU-DEM v1.0 https://land.copernicus.eu/imagery-in-
2 slop I0\g/v slope) - - 25 and Derived EEA situ/eu-dem/eu-dem-v1-0-and-derived-
; proaucts/siope
weighted by Products roducts/slope
catchment area
Global Human
population Settlement -
3 popd density 250 GHS EC https://ghsl.jrc.ec.europa.eu/ghs pop.php
(No./km?) POPULATION
GRID
proportion of
4 clet CLC level 1 - 100 SSVIZIrN(IéII__Ca)nd EEA https://land.copernicus.eu/pan-
type 1 (urban . ’ european/corine-land-cover/clc-2012
Version 20
areas)
proportion of
CLC level 1 - CORINE Land . .
s a2 e 00 Cowr(cl0) exa  Disladoserisouear
(agricultural Version 20 P
areas)
proportion of
CLC level 1 - CORINE Land . .
6 o yped 00 Cowr(CL0) Ea  bSladcmemasouner
(forested/natural Version 20
areas)
proportion of
7 clod CLC level 1 - 100 ggvzer(ELL(a:)n . EEA https://land.copernicus.eu/pan-
type 4 Version 20 ’ european/corine-land-cover/clc-2012
(wetlands)
proportion of
CLC level 1 - CORINE Land https://land.copernicus.eu/pan-
8 clcs 100 Cover (CLC), EEA :
type 5 (surface . european/corine-land-cover/clc-2012
Version 20
water)
European
drainage gﬁ?g&i’:@s https://www.eea.europa.eu/data-and-
9 LenD density 100 rehork EEA maps/data/european-catchments-and-
2 i e
(km/km¥<) system rivers-network
(ECRINS)
European
fendiific fatio Calchments https:/www.eea.europa.eu/data-and-
(total river and Rivers
10 denr 100 EEA maps/data/european-catchments-and-
length/No. network :
: rivers-network
rivers) system
(ECRINS)
density of river- GRIP global . - i
11 roadD  road crossing NA roads GLOBIO gg?ass./é}/vww.qloblo.mfo/download g
(No./km?) database -
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Extended Data Table 5 | Sensitivity analysis for barrier density modelling

Predicted
No. Mean catchment
Model Exp.var., RMSE MAE No. of
catchments area (km?) P bartiers

ECRINS 30,176 60.90 (SE=0.41) -0.158654 0.59 0.28 1.43M
600 4,273 497.28 (SE=5.15) 0.369610 0.05 0.10 1.09M
1200 3,062 716.06 (SE=12.36) 0.386606 0.04 0.09 1.03M
2500 1,597  981.03 (SE=32.60) 0.170263 0.06 0.12 1.11M
3000 2,306 1001.53 (SE=30.77) 0.405141 0.04 0.09 0.99M

RMSE, root-mean-squared error; MAE, mean absolute error. Exp. Var., explained variance; SE, standard error; M, x10°.
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