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• A prioritization method to help restore
longitudinal connectivity is developed.

• 18 fish species are grouped into five guilds
(diadromous and potamodromous).

• The essential water types for all native
migratory fish species are identified.

• A national prioritization of 2924 barriers
in all WFD water bodies is achieved.

• Application beyond regional or national
borders is recommended.
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Preservation and restoration of Europe's endangeredmigratory fish species and habitats are high on the interna-
tional river basin policy agenda. Improvement through restoration of longitudinal connectivity is seen as an im-
portant measure, but although prioritization of in-stream barriers has been addressed at local and regional levels
the process still lacks adequate priority on the international level. This paper introduces a well-tested method,
designed to help decision makers achieve the rehabilitation of targeted ichthyofauna more successfully. This
method assesses artificial barriers within waters designated under the Water Framework Directive (WFD),
Europe's main legislative driver for ecological improvement of river basins. The method aggregates migratory
fish communities (both diadromous and potamodromous) into functional biological units (ecological fish guilds)
and defines their most pressing habitat requirements. Using GIS mapping and spatial analysis of the potential
ranges (fish zonation) we pin-point the most important barriers, per guild. This method was developed and de-
ployed over a 12 year period as a practical case study, fitting data derived from the 36 regional water manage-
ment organisations in the Netherlands. We delivered national advice on the prioritization of a total of 2924
barriers located within WFD water bodies, facilitating migration for all 18 indigenous migratory fish species.
.P. Brevé).
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Scaling up to larger geographical areas can be achieved using datasets from other countries to link water body
typologies to distribution ranges of migratory fish species.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Restoration of Europe's ichthyofauna and longitudinal connectivity

Inmany European rivers rheophilous populations have declined and
diadromous fish have become scarce or extinct during industrialization
of the 19th and 20th centuries (European Inland Fisheries Advisory
Commission, 1998). Today however, there is much greater appreciation
for their societal value and the need to restorefish faunas and habitats is
acknowledged. This is being implemented e.g. under the International
Union for the Conservation of Nature (IUCN) and the Convention on In-
ternational Trade in Endangered Species of Wild Fauna and Flora
(CITES), as required by the EU Habitats Directive (Directive No 92/43/
EC) within the Natura 2000 sites, the Benelux Order on Fish Migration
(M(2009)1), the Eel Regulation (Council Regulation No 1100/2007/
EC), and the EU Water Framework Directive, WFD (Directive No 2000/
60/EC). The WFD notably puts the restoration of fish faunas high on
the international agenda of river basin policy, seeking to achieve
“good ecological status” for all freshwater and coastal waters by set
deadlines (2015 and 2027). All EU Member States share the need to es-
tablish goals and assessments of surfacewaters in a comparablemanner
within combined water management plans based on river basins. Fish
are an important biological quality element within the WFD, and in
the Netherlands, fish community composition has been specified for
each water body type (natural water bodies: van der Molen, 2012; arti-
ficial water bodies: Evers et al., 2013).

The restoration of Europe's ichthyofauna is a major challenge as
many factors have to be addressed. There is usually no single factor re-
sponsible for deterioration, but a combination of multiple stressors
(Parrish et al., 1998). These include commercial exploitation (intensive
fisheries), habitat degradation (water quality, water temperature, and
riverbed deterioration), habitat losses (extraction of gravels and
sands) and fragmentation of habitats due to infrastructural works
(impounding, damming, embanking, etc.) in rivers, deltas and coastal
areas for flood risk reduction, transport, energy production and fresh-
water supply. In particular the disruption of longitudinal connectivity
is known to severely impact migratory fish (Aarts et al., 2004; Baras
and Lucas, 2001; Fagan, 2002; Kroes et al., 2006; Roni et al., 2002,
2008; Vannote et al., 1980). Restoringfishmigration can have a substan-
tial positive effect on fish distribution, productivity and abundance
(Fullerton et al., 2010; Roni et al., 2002, 2008; Slawski et al., 2008).
This is recognizedwithin the scope of theWFD: barriers that significant-
ly hamper migration must be mitigated or removed before the end of
2027. Clearly, removal of all barriers would be the preferred solution
seen through the eye of afish. However, to keep the artefact functioning,
many technical and semi-natural bypass systems are available. Fish-
ways have to be customized since the solution depends on several var-
iables: the target fish species, the type and dimensions of the water
body, the type of barrier and the trade-off with the demands of socio-
economic function the barrier supports. Multiple reference books to
choose and design proper fishways are available. For the lowland condi-
tions such as in the Netherlands Kroes and Monden (2005) and Kroes
et al. (2006) are particularly relevant. The challenge, however, is im-
mense since it is not only the type of fishway to choose, but themodern
landscape in Europe is fragmented and characterised by hundreds of
thousands of barriers hampering fish migration (e.g. European Inland
Fisheries Advisory Commission, 1998). Currently it is neither feasible
nor affordable nor does it seem necessary to resolve (removal or by-
pass) all barriers. Instead there is an urgent need to develop a procedure
to prioritize which barriers are most critical.
Until recently tackling barriers has mostly been addressed at the re-
gional level, but this approach lacks strategy and consistency at the na-
tional and international levels (Kemp and O'Hanley, 2010). For example
in 2007 we screened the policy, criteria, level of detail and existing doc-
umentation of all 36 individual water management entities in the
Netherlands (Kroes et al., 2008). At that time only one-third of the
water authorities had a policy document for fish migration. There was
no common understanding and relevant criteria and strategies to prior-
itize barriers varied considerably and were insular with jurisdictional
boundaries, insufficiently tuned to neighbouring water authorities,
and failing to address national borders. Furthermore, the actual migra-
tion requirements of fish species were too often not taken into account.
This clarified the need for a higher level of integration, and a broader
prioritization strategy. Much progress has been made in recent years
as the river basin approach, as initiated by the WFD, has increasingly
been implemented.

The sustainable management of man-made river infrastructure
today requires planning of maintenance, replacement and renewal
with ecological requirements firmly inmind. Existingmigration barriers
are therefore increasingly being opportunistically resolved during reno-
vation or maintenance, and when any new constructions are planned
(e.g. Kemp and O'Hanley, 2010). There is however a need to address
the connectivity problem more strategically (Williams et al., 2012)
and the following two examples demonstrate how cost-effective im-
provements can be delivered to address the rehabilitation of multiple
species (fish guilds).

1.2. Migratory fish guilds

1.2.1. Example 1, from sea to source, long-distancemigration of diadromous
species

Many EU LIFE funded projects aim to rehabilitate populations of en-
dangered anadromous species, e.g. the German “Rhine Salmon 2020”
(Salmo salar) project (Bölscher et al., 2013; Molls and Nemitz, 2008)
and the Allis shad (Alosa alosa) project (LIFE06 NAT/D/00005, LIFE09
NAT/DE/000008); in Denmark the houting (Coregonus oxyrinchus) pro-
ject (LIFE05 NAT/DK/000153); in France the Loire salmon project
(LIFE00 NAT/F/007252) and the European sturgeon (Acipenser sturio)
projects in the Rivers Gironde–Garonne–Dordogne (B-3200/98/460 for
1998–2002 and B4-3200/94/754 for 1994–1997). These projects all in-
clude habitat restoration and focus on ex-situ aquaculture projects in
fish farms for development of brood stocks. Despite substantial invest-
ment, the results in terms of rehabilitation and natural recruitment of
populations remain fragile with only low level populations established
(e.g. De Groot, 2002; MacCrimmon and Gots, 2011; Rochard and
Lambert, 2011). This suggests the necessity of developing adaptive ac-
tion on several levels other than re-stocking, focussing on ecosystem so-
lutions that serve multiple migratory species, but also stocks of other
non-migratory fish species.

Long-distance anadromous species share a life-style that makes
them particularly sensitive as a group to specific degradations of longi-
tudinal connectivity (De Groot, 2002). Rehabilitation solutions need to
focus upon optimization of migration routes (Raat, 2001) and for anad-
romous species the concept ‘from sea to source’ is the right order in
which to prioritize barriers. For the Rhine such an overview has been
prepared for Atlantic salmon and eel by the International Commission
for Protection of the Rhine (ICPR, 2009; www.iksr.org). This is a good
strategic overview focussing on the long-distancemigratoryfish species
travelling through various Rhine-bordering countries. It, however, ad-
dresses solely the Rhine and its major tributaries and as such covers

http://www.iksr.org
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only part of the overall disruption of connectivity in the entire Rhine
basin.
1.2.2. Example 2, potamodromous species, migrationwithin middle reaches
The life histories of rheophilic, stream resident (potamodromous)

species such as barbel (Barbus barbus), chub (Squalius cephalus), burbot
(Lota lota) and nase (Chondrostoma nasus), encompass mid-range dis-
persal patterns (see references for fish migration type 4 below), close
to the mid-point of river networks. These species are generally consid-
ered less susceptible to in-stream barriers than diadromous species as
they are less susceptible to habitat fragmentation, althoughwhen exces-
sive this can limit population sizes creating genetic isolation and a higher
risk of extinction (Wofford et al., 2005). Migration of potamodromous
species is particularly important when habitats are too small to sustain
viable populations and when key-life cycle events are obstructed, such
as seasonal reproduction migrations (Baras et al., 1994). Understanding
habitat requirements for all life stages is important to define the mini-
mum limit of distribution necessary for a viable population.

Both examples show the need for a pragmatic, well-informed ap-
proach to prioritization of in-stream barriers, as recognized by Cote
et al. (2009). Prioritization can be achieved using one of many scoring-
and-ranking, GIS mapping and optimisation methodologies (e.g. Aarts
and Nienhuis, 2003; Kemp and O'Hanley, 2010). The methodology pre-
sented here is based on linkingwater body types and their spatial config-
urationwithin catchments to habitat requirements andmigration routes
of diadromous and potamodromous fish species. The individual species
are aggregated into larger functional units (guilds) being recognized as
useful ecological denominators (Noble et al., 2007a,b). GIS map ranges
of these migratory fish guilds enable visualization of migration routes
and critical barrier locations. This method recognizes the overlap in hab-
itat requirements (fish zonation) and characteristics of multiple species
Fig. 1. (a) Management area boundaries of regional Water authorities, Netherlands. (b) Na
Informatie Systeem 1990). (c) Overview of surface waters designated to the WFD and the rel
fish migration (n = 660).
that share life history strategies. It allows assessing the needs offish com-
munities and their response to changes in the connectivity of the whole
river basins.

The ecological guild approach in relation to the WFD has previously
been addressed under the EU FAME project (http://fame.boku.ac.at/)
and documented in a special issue of FisheriesManagement andEcology
(see Schmutz et al., 2007 and references therein). There, European fish
specieswere classified into ecological guilds in order to identify suitable
metrics as basic tools for the development of a new standardised eco-
logical assessment method. However, this approach did not elaborate
the prioritization of barriers for migratory fish species.
1.3. Aim

The overall objective is a method that can be adopted and applied
rather easily by other countries or by river basin authorities and thus
aids the implementation of the WFD or similar river basin approaches
to improve continuity. Our example has been a national (Netherlands)
approach to prioritize in-stream, man-made barriers that need atten-
tion for rehabilitating migratory fish species. Such a tool can help deci-
sion makers to maximize restoration gains of migratory fish faunas
through harmonisation on the theme of longitudinal connectivity. We
believe that a method that suits such a complex hydrological and man-
agement situation in the Netherlands (Fig. 1a), could be rolled-out else-
where. The Netherlands encompasses a delta of four major basins
comprising the rivers Rhine,Meuse, Scheldt and Ems.Wide scale hydro-
logic engineering has resulted in a myriad of small catchments, inter-
connected water bodies and approximately 18,000 man-made barriers
that disrupt fish migration at various scales. This complexity illustrates
the need for a tool to rank barriers as it is neither feasible and affordable
nor necessary to make all passable (Fig. 1b).
tional survey of artificial in-stream structures, WIS 1990 (In Dutch: Waterstaatkundig
ated selection of barriers at present without (n = 2262) and with a measure to enhance

http://fame.boku.ac.at/
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2. Method

Our approach to prioritize pools of barriers is in essence based on the
requirements of fish species that have the most pronounced migration
behaviour. We linked their migration requirements to specific types of
water bodies that are essential to fulfil their life cycle. Barriers within
or between suchwater bodies are in principle designated to be a priority
to improve longitudinal connectivity. Our approach has four steps and
can subsequently be further regionally elaborated.
Table 1
All (n = 18) migratory fish species of the Netherlands and their (inter)national status in conse
cies facing a high risk of global extinction:DD = Data deficient, LC = Least concern, LR = Lowe
No 92/43/EC): * = a priority species; annex II = animal and plant species of community inte
animal and plant species of community interest in need of strict protection; V = animal and pla
to management measures. The Convention on International Trade in Endangered Species of W
Appendix I = most endangered; II = may become threatened unless trade is closely controlle
Red list (Red) exclusively lists species that still breed within the Netherlands: EX = extinct, ST

Guild no. Species

1 Allis shad Alosa alosa (Linneaus, 1758)
Atlantic salmon, Salmo salar (Linnaeaus, 1758)
Common sturgeon, Acipenser sturio (Linnaeus, 1758)
Houting, Coregonus oxyrinchus (Linnaeus, 1758)
Sea lamprey, Petromyzon marinus (Linnaeus, 1758)
Sea trout = Brown trout, Salmo trutta (Linneaus, 1758)
Twaite shad, Alosa fallax (Lacépède, 1803)

2 Smelt, Osmerus eperlanus (Linnaeus, 1758)
Three-spined stickleback, Gasterosteus aculeatus (Linnaeus, 1758)

3 European eel, Anguilla Anguilla (Linnaeus, 1758)
4 Barbel, Barbus barbus (Linnaeus, 1758)

Burbot, Lota lota (Linnaeus, 1758)
Chub, Leuciscus cephalus (Linnaeus, 1758)
Dace, Leuciscus leuciscus (Linnaeus, 1758)
Ide or Orfe, Leuciscus idus (Linnaeus, 1758)
Nase Chondrostoma nasus (Linnaeus, 1758)
River lamprey, Lampetra fluviatilis (Linnaeus, 1758)

5 Brook lamprey, Lampetra planeri (Bloch, 1784)
2.1. Database

A location database was compiled with up-to-date information on
artificial barriers (e.g. weirs, sluices and pumping stations) and fish mi-
gration measures already in place and operating and measures planned
(e.g. fish ladders, fish guidance systems, barrier removal and sluice
management) in the Netherlands. Since it is outside any management
goal to address approximately 18,000 potential barriers (Fig. 1b), the in-
ventory is limited to structures located inWFDdesignatedwater bodies,
which make up 65% of the total fresh water surface area, and covers
most waters of ecological importance (Fig. 1c). Consecutively in 2001,
2005, 2009 and 2013 the database was upgraded with data derived
from the 26 Dutch regional water authorities and 10 directorates of
Rijkswaterstaat (RWS). This resulted in a uniform dataset of 2924 se-
lected barriers (Fig. 1c) of which 660 currently have a measure to im-
prove fish migration (version 2013).

2.2. Migratory fish guilds

Key to our method is the identification of migratory fish species in
the Netherlands (Table 1). Twenty-eight percent (9 families, n = 18)
of the native species display a migratory component during their life-
history, of which 10 species are protected by international legislation
(Habitats Directive or CITES). We aggregate the species into five guilds
based on documented differences in biology (habitat requirements, mi-
gratory behaviour) during different life-stages of each species.

2.3. GIS mapping

By identifying themain habitat needs per guild in relation to theWFD
typology, the next step is to select data subsets of water bodies and in-
stream barriers, which are then visualized in a GIS. The Netherlands has
a total of 724WFD designated water bodies, and all are classified accord-
ing to the national WFDwater body typology (Table 2). The delineations,
either planar or linear, are available as ESRI shapefiles (polygons and
polylines) at http://www.waterkwaliteitsportaal.nl/. We implemented
both shapefiles and the location database in ArcGIS10.1™, and assumed
a selection of WFD typology for each guild (Table 3), following the de-
scription of indicators and fish communities of lakes and rivers (van der
Molen, 2012). Finally we joined the guild-tables with the shapefiles and
rvation. D = diadromous, P = potamodromous. The IUCN Red list (IUCN, 2013) cites spe-
r Risk, CE = Critically endangered, EX = Extinct. The EUHabitats Directive (HD; Directive
rest whose conservation requires the designation of special areas of conservation; IV = -

nt species of community interest who's taking in the wild and exploitationmay be subject
ild Fauna and Flora (CITES) focuses on the negative effects caused by international trade:
d. The Dutch Flora & Fauna Law (FF) lists threatened species on a national scale. The Dutch
= seriously threatened, T = threatened, V = vulnerable, S = sensitive.

D/P International National

IUCN HD CITES FF Red

D DD II + V V
D LR II + V
D CE * II + IV I x EX
D EX * II + IV x
D LC II
D LC EX
D LC II + V
D LC
D LC
D CE II x
P LC V T
P LC T
P LC V
P LC V
P LC
P LC T
D LC II + V
P LC II x T

http://www.waterkwaliteitsportaal.nl/
image of Fig.�1


Table 2
Water FrameworkDirectivewater body typology, theNetherlands. This table displays only a selection ofWFD types, relevant to theNL typesusedby thefivemigratoryfishguilds (Table 1).
All coastal and transitional waters in the Netherlands are part of the Atlantic North Sea Eco region (CIS WG 2.4, 2002). Regarding surface waters, a water body belongs to one of four cat-
egories: rivers (R, N10 km2 basin area), lakes (M, N0.5 km2 surface area), transitional waters (O) and coastal waters (K) (van der Molen, 2012; Evers et al., 2013). All ‘R’ types are natural,
while ‘M’ types include both natural lakes and artificial canals or ditches. The WFD typology divides waters by their physical dimensions and physical–chemical character.

WFD water body typology, the Netherlands

A. Lake type Description Salinity (g Cl/l) Shape Substrate N 50% Width (m) Depth (m) Surface area (km2) Buffer capacity (meq/l)

M3 Buffered medium-sized canals b0.3 Line Sand 8–15 b3 1–4
M6 Large, shallow canals b0.3 Line Sand N15 b3 1–4
M7 Large, deep canals b0.3 Line Sand N15 N3 1–4
M8 Buffered fen ditches b0.3 Line Organic b8 b3 1–4
M10 Fen canals b0.3 Line Organic N8 b3 1–4
M14 Shallow, relatively large, buffered lakes b0.3 Planar Sand b3 0.5–100 1–4
M20 Relatively large, deep, buffered lakes b0.3 Planar Sand N3 0.5–100 1–4
M21 Large, deep buffered lakes b0.3 Planar Sand N3 N100 1–4
M27 Relatively large, shallow, fen lakes b0.3 Planar Organic b3 0.5–100
M30 Light brackish waters 0.3–3 Line/planar
M31 Small brackish till salt waters N3 Line/planar b5
M32 Large brackish till salt lakes N3 Planar N5

B. River type Description Gradiënt (m/km) Flow velocity (cm/s) Substrate N 50% Width (m) Surface area river basin (km2)

R4 Brook, slow-flowing, upper reach b1 b50 Sand b3 0–10
R5 Brook, slow-flowing, middle and lower reach b1 b50 Sand 3–8 10–100
R6 Slow-flowing small river b1 b50 Clay–sand 8–25 100–200
R7 Slow-flowing large river b1 b50 Clay–sand N25 N200
R8 Large freshwater tidal river b1 b50 Clay–sand N25 N200
R10 Slow-flowing, middle reach b1 b50 Lime 3–8 0–10
R12 Brook, slow-flowing, middle and lower reach, bog b1 b50 Organic–peat 3–8 10–100
R14 Brook, fast-flowing middle and lower reach N1 N50 Sand 3–8 10–100
R15 Fast-flowing small river N1 N50 Gravel 8–25 100–200
R16 Fast-flowing large river N1 N50 Sand–gravel N25 N200
R18 Brook, fast-flowing, middle and lower reach N1 N50 Lime 3–8 10–100

C. Coastal & transitional type Description Salinity (g Cl/l) Tide difference (m) Substrate

O2 Estuarium Variable 1–5
K1 Polyhaline coastal water 10–17 1–5 Sand
K2 Sheltered polyhaline coastal water 10–17 1–5 Variable
K3 Euhaline coastal water N17 1–5
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the location database. This resulted in GIS maps per guild (Fig. 2a–f),
consisting of a cropped shapefile ofWFDwater bodies and a subset of pri-
oritized barriers.

2.4. National evaluation of barrier prioritization

The differentiated maps and datasets were presented to the fishmi-
gration experts of the regional water authorities, to verify our draught
results relating to connection between migration guilds and individual
water bodies. Following their recommendations some adjustments
were made, mostly based on the geographical position of a water
body and whether or not it was located on a migration route for one
of the guilds. The outcome is an overview comprising the present situa-
tion of barriers and migration measures, scope for the planning of new
measures, and understanding of currently undetermined sites for
which it is unclear whether migration will be improved.
Table 3
Five native migratory guilds, and their potential distribution specified by the category (coast K
further details. Migratory species are grouped into guilds based on some degree of overlap in th
but unlike migration guild 1 this species migrates to small rivers and brooks, therefore the spe

Guild
no.

Migration routes between

1 The sea, transitional waters, and middle and upper (tributary) rivers from neighb
countries (Germany, Belgium and France)

2 The sea, transitional waters, and adjacent fresh water bodies up to 50 km inland

3 The sea, transitional waters, rivers, and middle- and upper (tributary) rivers, and
fresh water bodies

4 Rivers, small rivers and brooks

5 Small rivers and brooks
3. Results

3.1. Migration guilds

We identified migratory fish guilds, their distribution and migration
routes within WFD designated water bodies through life-history charac-
teristics, such as short, middle and long distances travelled inland (b25,
25–100, N100 km), being either diadromous or potamodromous, and
habitat requirements and suitability in the various water categories (riv-
ers, lakes, transitional and coastal waters). This resulted in a total of five
guilds: two anadromous, one catadromous and two potamodromous
(Table 3). With the relevant water bodies identified, next a GIS selection
pin-pointed the subset of barriers relevant for each guild.

Migration type 1 consists of a diverse group of seven long-distance
migratory anadromous species (Fig. 2a). All except one are listed
on the Habitats Directive, while two are among Europe's highly
, transitional O, lake M, river R) and type of water body (e.g. R7). See text and Table 2 for
eir ecological niches, regardless of taxonomic relationships. * River lamprey is diadromous,
cies is added to guild 4. It, however, also requires the water types of guild 1.

Coastal (K) &
transitional (O)

River (R) Lake (M)

ouring K1, 2, 3; O2 7, 8, 15, 16

K1, 2, 3; O2 8 3, 6, 7, 8, 10, 14, 20, 21,
27, 30, 31, 32

adjacent K1, 2, 3; O2 5, 6, 7, 8, 10, 12, 15,
16

3, 6, 7, 8, 10, 14, 20, 21,
27, 30, 31, 32

5, 6, 7, 8, 10, 12, 14,
15, 16, 18
4, 5, 10, 12, 14, 18
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endangered species: European sturgeon (Acipenser sturio) and houting
(Coregonus oxyrinchus) (Table 1). The core of their native range, Allis
shad (Alosa alosa) and sea lamprey (Petromyzon marinus) lies within
open waters along the coast, within estuaries, large coastal (K1, 2, 3;
Table 2) and brackish transitional waters (O2). These species enter the
large lowland rivers (R7) during their reproduction migrations via
large freshwater tidal rivers (R8). Houting remains there, while Allis
shad, Sea lamprey and sturgeon require gravel habitats and therefore
migrate further upstream into Germany (Kottelat and Freyhof, 2007;
Billard, 1997; Quignard and Douchement, 1991; Rochard and Elie,
1994; Whitehead, 1985).

Using the same entrance Atlantic salmon (Salmo salar) and sea trout
(Salmo trutta) move towards middle and upper reaches and tributaries
with swift currents and well-oxygenated gravel substrate (R15, 16)
which are rare in the Netherlands, but common in Belgium, Germany
and France (Fleming, 1996; Klemetsen et al., 2003; Kottelat and
Freyhof, 2007; Rochard and Elie, 1994; Scott and Scott, 1988).

All species have suffered from river fragmentation (e.g. Baras and
Lucas, 2001; Bauchot, 1987; Garcia de Leaniz, 2008; Lepage and
Rochard, 1995; Lucas et al., 2008, 2009; Whitehead, 1985). This migra-
tion guild has priority over all others. Most species are highly endan-
gered and the barriers in the Delta comprise a very small number of
very large structures positioned in river mouths and main branches,
such as the big sea locks and sluice–weir complexes (including low-
head dams) and large hydropower plants.

An example of local expertise verifying migration routes for this
guild is the large shallow Lake IJsselmeer in the centre of the
Netherlands. It is type M21 and, from its fish community perspective,
would not be considered relevant for this guild. Formerly however,
prior to engineering developments, it was a transitional water (O2)
and due to its geographical positioning it is still considered a potentially
vital link to the migration routes of most diadromous species in the
Rhine river basin (Hartgers and Buijse, 2002).
Fig. 2. Overview of the potential distribution ranges of migratory fish guilds in the Netherland
anadromous migration, mostly via large rivers Rhine and Meuse towards upstream neighbou
from the coast. (c) Guild 3, long-distance catadromous migration, eel migration. (d) Guild 4, p
an example of the selected water body typologies. (f) Guild 5, potamodromous migration with
Migration type 2 comprises short-range anadromous migration of
small- to medium sized fish (Fig. 2b). Species from this guild represent-
ed in the Netherlands are smelt (Osmerus eperlanus) and the migrating
strain of three-spined stickleback (Gasterosteus aculeatus) (Kottelat and
Freyhof, 2007).

Due to their small body sizemigrationdistances donot extend far in-
land. The guild disperses inland from coastal waters (K1, 2, 3), into con-
nected estuaries (O2), freshwater tidal rivers (R8), and various lake
types (Banister, 1986; Maitland and Lyle, 2010; Rochard and Elie,
1994). Worldwide, smelt stocks are locally threatened due to pollution
and migration barriers (Kottelat and Freyhof, 2007). In contrast the
three-spined stickleback is a species of little concern according to
IUCN (Table 1), but it is certainly valuable as a prey towaterfowl, for ex-
ample to the Eurasian spoonbill (Platalea leucorodia).

Migration type 3 represents the distribution pattern of European
eel (Anguilla anguilla) (Fig. 2c). The eel is amphihaline (Rochard and
Elie, 1994) and inhabits all types of benthic habitats from streams to
shores of large rivers and lakes (e.g. Keith et al., 1992; Kottelat and
Freyhof, 2007). The dispersion of eel inland depends on factors
such as local population densities and the presence of suitable habi-
tat. Eel migrate between coastal waters (K1, 2, 3), transitional waters
(O2), many brackish and fresh water M-types, and large and small
river systems (Edeline et al., 2005; Van de Wolfshaar et al., 2014).

For eel in particular, barriers should be passable in both directions.
Predation of glass eel increases substantially at migration barriers
(Vollestad and Jonsson, 1988). Adult eel are susceptible to mortalities
at weirs and hydropower plants (Jansen et al., 2007; Klein Breteler
et al., 2007; Breukelaar et al., 2009; ICES, 2004; Pedersen et al., 2012;
Winter et al., 2007). Pumping stations are an issue of particular impor-
tance to eel in the Netherlands and other flat and low-lying countries
that encompass deltas and estuaries, such as Flanders in Belgium
(Buysse et al., 2014).Watercourse length and surface area are therefore
the most important criteria that determine suitable eel-habitats at a
s and the prioritized barriers with or without migration facility. (a) Guild 1, long-distance
ring countries 1. (b) Guild 2, short-distance anadromous migration within about 50 km
otamodromous migration between large rivers and their tributaries. (e) Guild 4 detail, as
in small rivers and brooks.
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regional level. Our GIS analysis of surfaces and lengths of M-types
showed that the lakes (polygon shapes: M14, 20, 21, 27, 32) comprise
a small number of migration barriers and the largest surface
(2.575 km2; 88%). In contrast the artificial canals (polyline shapes:
M3, 6, 7, 10, 30) comprise the largest length (8.800 km; 88%), but con-
tain numerous migration barriers (a myriad of sluices, weirs and
pumping stations). Therefore, it is suggested to focus on mitigation
measures reconnecting lakes with estuaries.

Short list of 30 high-priority barriers to European eel
The eel stock is outside safe biological limits (Feunteun, 2002; ICES,

2012), and given the strong decline of the species, emergencymeasures
are required to reverse this trend (EC Eel Regulation, Council Regulation
No 1100/2007/EC). The Netherlands consists for the greater part of the
delta of the large rivers Rhine and Meuse, and of all migratory fish spe-
cies eel has the most widespread distribution and is consequently
confronted with the largest number of barriers (Fig. 3c, Table 4). In re-
sponse RWS, charged with managing all large water bodies (K & O
types, large R and M-types) and sluice–weir complexes between the
marine and freshwater environments, asked for a short list of 30 high-
priority barriers to eel (Buijse et al., 2009) (Fig. 2c). The criteria used
were a maximum of one or two barriers between the freshwater and
marine environments and access to large freshwater surface areas.

Migration type 4 comprises mid-distance potamodromous migra-
tion within slow to fast-flowing, large to medium sized rivers and
brooks (Fig. 2d and e). These are characterised by well oxygenated
water, moderate to strong currents, and sand–gravel substrate. Species
are barbel (Barbus barbus), burbot (Lota lota), chub (Squalius cephalus),
ide (Leuciscus idus) and nase (Chondrostoma nasus). The core of the dis-
tribution area of barbel and nase lies in faster flowing middle reaches
(barbel zone) outside the Netherlands, while ide is more found in the
lower reaches (bream zone) (Kottelat and Freyhof, 2007; Muus and
Dahlström, 1968; Riede, 2004). Species like barbel, burbot, dace and
nase migrate between larger rivers (R7, 8) and gravel-rich small rivers
and brooks (R6, 14, 15, 16, 18) (Billard, 1997; Muus and Dahlström,
1968). Ide are known to enter slow flowing tributaries on peat (R12)
(Kottelat and Freyhof, 2007). Chub also use lower and middle river
stretches and migrate for spawning to inflowing streams (R5, 10)
(Kottelat and Freyhof, 2007). Side channels and temporary connected
floodplains serve as nursery habitat for larvae and juveniles (Grift,
2001).

We grouped the anadromous river lamprey (Lampetra fluviatilis) in
this guild, because river lampreys can undertake upstream reproduction
migrations into small rivers and brooks (R5, 10, 12) (Kelly and King,
2001; Narberhaus et al., 2012; Rochard and Elie, 1994). While the
passability of barriers relevant for guild 1 is equally important for this
species, it has a more widespread distribution in rivers and brooks in
the Netherlands compared to the other anadromous species.

Free-flowing and passable sub-basins or river stretches of sufficient
length with access to all habitats needed for the various life stages are
of importance to support viable populations. Suitable waters require
good quality (physical and chemical), which implies that rehabilitation
of habitat and removal or mitigation of migration barriers have to go
hand in hand.

Migration type 5 represents short-ranged potamodromous migra-
tion within the middle and upper reaches of brooks and small rivers
(R4, 5, 10, 12, 14, 18) (Fig. 2f). This puts focus on connectivity within
the sub-basins of the tributaries of the Rhine and Meuse. In the
Netherlands guild 5 is represented bybrook lamprey (Lampetra planeri).
Migration is vitalwhen the habitats are too small to sustain populations.
However, it is not always necessary to open up full river stretches or
sub-basins. Brook lamprey need a minimum habitat length of only
about 3 km for reproduction when this encompasses suitable spawning
redds and nursery grounds (Waterstraat and Krappe, 1998).
Ammocoetes (larvae) of brook lamprey are resident close to their
spawning areas for several years and serve as mid-term bio-indicators
for good water quality and a specific hydromorphology (Hanel and
Andreska, 2006; Hardisty, 1986; Kottelat and Freyhof, 2007).
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3.2. National evaluation of barrier prioritization

The WFD designations of the five combined guilds resulted in an
overall flow chart representing their shared habitats and migration
routes (Fig. 3). From this schematic overview it can easily be deduced
where multiple migratory fish species benefit most from restoration of
longitudinal connectivity. For example, restoration of transitions be-
tween coastal and transitional waters and M-types will help eel, smelt
and the three spined stickleback (guilds 2 and 3). Another example
would be restoration of upstream connections from slow-flowing,
small rivers (R6), which would help multiple rheophilic species, such
as barbel, ide, nase and brook lamprey (guilds 4 and 5).

Moreover, linking theWFDcategories and geographical setting of in-
dividual water bodies to migration requirements of the various guilds
shows that 84% of WFD water bodies is important for at least one
guild (Tables 4 and 5). This is often for eel, which has the widest distri-
bution of all migratory fish species. Twenty water bodies are important
for four guilds and thus represent the top priority from a fish migration
perspective. Inevitably running waters (rivers and streams) are more
important to fish migration than lakes and canals, but still 42% of all
water bodies designated as either lake or canal is of importance for
two or three migration guilds (Table 5).

In order to find out howmuch progress has beenmade in solving
migration barriers, an overview was compiled by linking the deliv-
ered and planned migration facilities to the requirements of the
various fish guilds (Table 6). Results were available for nearly
2000 barriers. Information is grouped into the phase of completion
or planning to make barriers passable. In 490 (25%) cases migration
facilities are already in place (prior to 2008 and 2008–2011), while
for 485 (24%) a solution is planned in the WFD river basin manage-
ment plans (2012–2015 and 2015–2027). On the whole, more bar-
riers have been made passable in water bodies that are of
importance for multiple migration guilds, which is very positive.
However there is a very large number of barriers (n = 776) that
are not yet passable in water bodies that are considered important for
twoor threemigration guilds andwhere nothing appears to be planned.

The three most common types of barriers are weirs (n = 1759),
pumping stations (n = 434) and sluices (n = 205), which together
comprisemore than 80% of all barriers (n= 2924), and of these respec-
tively 18.0, 16.1 and 28.3% has been equipped with a fish migration fa-
cility. For 741 sites (25%) the choice for fish migration facility was
known. Mostly of course because the facility is already in place and op-
erational (n = 541), but also when it has been decided what will be
constructed in the near future. There is a wide range of measures ap-
plied to facilitate fish migration (Table 7). Up to 2011 predominantly
various forms of fish passes or by-pass channels have been put in
place. Adapted sluice management has been implemented in nearly
half of the barriers, while fish-friendly pumps and siphons are a more
recent approach to enhance fishmigration, in particular in lakes and ca-
nals where water levels aremanaged by pumping stations. It is, howev-
er, quite disappointing that by having hundreds ofmigration facilities in
place there is so little insight to which extent they have improved con-
ditions for fish to pass the barrier. Monitoring studies on the efficiency
of fishways and other migration facilities is mostly solely reported in
grey literature and as such too little available to support a well-
founded decision-making for cost-effective migration facility given the
environmental conditions and species requirements.

4. Discussion

4.1. Geospatial inventories of barriers

Kemp and O'Hanley (2010) reviewed procedures to evaluate and
prioritize barrier passability. They concluded that there is a bias towards
facilitating upstream migrating adult salmonids, while ignoring other
life-stages and the migration of non-salmonid species. Their review
strengthens us in our new approach to identify the habitat needs of all
native migratory fish and put the prioritization of in-stream barriers in
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a broader perspective. Kemp and O'Hanley (2010) recommend the de-
velopment of comprehensive and centrally owned geospatial invento-
ries of barriers that can be used for ecosystem management of large
rivers and floodplains and thus for transboundary cooperation, for
Table 4
Number of water bodies grouped according to typology and migration guild. The type (K,
O, R orM) of thewater body has been linked to amigration guild. Somewater bodiesmay
however be not relevant, based on their geographical location in the river basin. This ex-
plains when numbers per guild are lower than the total number for any specific type,
which is particularly relevant for guild 2 (smelt, three-spined stickleback). Vice versa,
some water bodies are considered relevant based on their geographical location e.g. the
few M-types for guild 1.

Type Guild Total

1 2 3 4 5

K0 5 5 5
K1 3 3 3 3
K2 4 4 4 5
K3 2 2 2 2
O2 5 5 5 5
R4 2 7 30 47
R5 1 114 110 79 133
R6 1 2 30 30 11 30
R7 7 2 11 11 11
R8 7 8 10 8 10
R12 5 6 6
R13 2 2
R14 2 3 3 3
R15 1 1 1 1 1
R16 1 1 1 1
R17 3 6
R18 1 4 4 4 4
M1 3 21 1 47
M2 2
M3 16 85 1 1 99
M6 7 32 1 38
M7 4 18 18
M8 14 16 18
M10 17 31 31
M12 1
M14 2 44 47 1 52
M20 5 23 29
M21 1 2 2 2
M23 6
M27 17 24 24
M30 1 44 49 61
M31 12 9 20
M32 2 2 2
Total 41 214 558 185 134 724
which there is a clear need (e.g. Huisman et al., 2000; Sparks, 1995;
Schulte-Wülwer-Leidig, 1994; Van Dijk et al., 2006). Accordingly the
Water Framework Directive has led to River Basin Management Plans
for all EU Member States which can easily be consulted via the internet
(e.g. http://ec.europa.eu/environment/water/participation/map_mc/
map.htm). To resolve connectivity issues several transboundary
geospatial inventories of barriers covering whole river catchments
have been made. For example, the International Commission for the
Protection of the Rhine (ICPR) has developedmaps of the historical dis-
tribution and currently freely passable reaches of the Rhine and its
major tributaries, focusing on Atlantic salmon, sea trout, lake trout and
eel (ICPR, 2009). This information has been used specifically to discuss
the key points for fish migration in a transboundary context.

4.2. This approach

The present study shows that there is a further need to detail the pri-
oritization of barriers to smaller rivers and brooks as well as lacustrine
ecosystems. Our inventory started in 2001. By 2006when thefirst man-
datory collection and identification of anthropogenic pressures for the
WFD were completed, data had been collected from thousands of bar-
riers hampering fish migration. This demonstrated the need to develop
a prioritization procedure to identify the most critical barriers. Ap-
proaches such as those proposed by Cote et al. (2009) and O'Hanley
et al. (2013) offer practical tools to assess stream networks, but do not
include the linkage between fish communities and water body typolo-
gy. Nunn and Cowx (2012) prioritized barriers for Atlantic salmon, eel
and river lamprey using information on fish stock status, the passage ef-
ficiency of individual structures, the distance from sea and the down-
stream passability, and the quantity and quality of habitat upstream
structures. Our studydiffers in that it starts from thepotential distribution
of all migratory species based on the typology of water bodies and its
type-specific fish community. This allowed us to assess all 724 WFD
water bodies, either natural or artificial, for their importance for 19migra-
toryfish species. The approach proposed byNunn andCowx (2012) could
be an efficient and more detailed follow-up, but requires more data and
therefore was particularly useful to apply for parts of the catchment.
Our approach was considered necessary as the connectivity issue em-
braces much more than a single anadromous species such as the Atlantic
salmonwhichmainly uses the Netherlandwatercourses as a transit route
between the sea and the spawning grounds in mountainous regions in
Germany, France and Belgium. Identifying native species with their
most prominent migration requirements and their potential distribution
based on surface water typology, demonstrates that migration issues
occur not only in running waters and transitions between marine and
freshwater environments, but also in standing aquatic ecosystems. This
is especially the case in lower countries and their deltas and estuarine re-
gions. In the Netherlands, the lower Rhine and Meuse have more than
1500 barriers considered important for at least two out of five migration
guilds. To date nearly 30% has a measure in place improving fish migra-
tion, leaving an enormous task for more than 1000 others.
Table 5
Importance of the various water categories for fish migration. The value represents the
number of designated water bodies.

Category Water bodies Migration guilds (n)

n 0 1 2 3 4

Coastal & estuarine 20 1 0 5 14 0
Lakes & canals 450 76 184 183 6 1
Rivers and brooks 254 39 35 61 108 11
Total 724 116 219 249 128 12

Coastal & estuarine 5% 0% 25% 70% 0%
Lakes & canals 17% 41% 41% 1% 0%
Rivers and brooks 15% 14% 24% 43% 4%
Total 16% 30% 34% 18% 2%

http://ec.europa.eu/environment/water/participation/map_mc/map.htm
http://ec.europa.eu/environment/water/participation/map_mc/map.htm
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Table 6
Realised (prior to 2008; 2008–2011) and planned (2012–2015, 2015–2027) migration facilities; and unknown whether a migration facility will be installed. The three categories are
grouped per combination of migration guild. For a migration guild description, see Table 2.

Migration guild Barriers Realisation & planning

1 2 3 4 5 n Prior to 2008 2008–2011 2012–2015 2016–2027 No facility foreseen Unknown

X X X X 4 1 0 0 0 0 3
X X X X 1 0 0 1 0 0 0
X X X 13 10 3 0 0 0 0

X X X 711 213 22 25 48 12 391
X X X 46 9 3 5 2 2 25

X X 454 66 29 71 72 12 204
X X 37 9 17 2 0 0 9

X X 314 41 27 69 46 8 123
X 3 0 1 2 0 0 0

X 100 11 3 4 8 0 74
X 3 0 1 0 1 0 1

X 288 13 11 43 86 5 130
1974 373 117 222 263 39 960
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Although the relevant water authorities recognize that an important
step has been made towards restoration of longitudinal connectivity,
there are strengths and weaknesses in this present approach.
4.2.1. Strengths
There are clear interrelations between guildswhere important paths

(migration routes) coincide. Measures taken to rehabilitate one guild
can therefore be profitable to species from another guild, and also to
other less demanding species. The European eel can benefit when mi-
gration is improved for guild 1 as this connects large areas, in particular
between marine and freshwater environments. In brackish waters,
European flounder (Platichthys flesus) and grey mullet (Mugil cephalus)
will also benefit from measures required for guild 1 and 2. In guild 5,
several rheophilic species can profit from the rehabilitation and connec-
tion of these habitats, e.g. stone loach (Barbatula barbatula), gudgeon
(Gobio gobio) and bullhead (Cottus gobio). The list of species that can
profit from restoration of longitudinal connectivity is extensive, and al-
though the species we have focussed on are, in our view, those that
must migrate to fulfil their cycle, other more stationary species also
profit.

Besides the rather well-known diadromous species (e.g. Atlantic
salmon) it is important to have better insight into the migratory behav-
iour of potamodromous species both in riverine and lacustrine ecosys-
tems. In the Netherlands we propose to distinguish between at least
two potamodromous migration strategies. It is therefore likely that a
better understanding of such migratory behaviour will lead to more ef-
fective and cost-efficient solutions in the long term for restoration of
Europe's fish faunas.

Identifying a short list of high priority barriers, such as that for eel, is
effective as this emphasizes the potential biggest gains. Taking into con-
sideration the threatened status of eel, its longevity and uncertainty of
the causes of its decline, we believe that the prioritized top 30 barriers
Table 7
Selection of the most common applied measures to facilitate fish migration up to 2011 in
the Netherlands; ranked by percentage of realised fishways relative to planned fishways.

Type of migration facility n % realised

V-shaped fish pass 60 95%
Pool-type fish pass 108 89%
By-pass or side channel 62 87%
De wit fish passage 79 77%
Vertical slot fish pass 48 75%
Cascade fish pass 159 71%
Remove barrier 22 68%
Sluice management 116 45%
Fish-friendly pump or siphon 110 28%
(Buijse et al., 2009) will, once resolved, significantly contribute to en-
hancement of adult silver eel migration to sea. It would be helpful if
such short lists were prepared for other species and guilds in each EU
member state. River basin migration plans could then deliver longitudi-
nal connectivity solutions in a cost-effective transnational approach.
4.2.2. Weaknesses
This present study is based upon the principles developedwithin the

WFD framework for the associated fish faunas and their migration
needs. One shortcoming of this is that the selection ofWFDwater bodies
covers only about 65% of all water bodies (Fig. 1c). It is unclear whether
this sub-set of water bodies will be enough to rehabilitate certain vul-
nerable species, but currently this is the best that can be achieved and
it gives decision makers a clear target.

In contrast to improving connectivity, there are some situations
where isolation of habitat is preferred, for example in the case of pristine
isolated waters containing specific native species that need protection
from influences of exotic invasive species or when river basins or sub-
basins are artificially interconnected (Bij de Vaate et al., 2002). In addi-
tion, decision makers can also postpone barrier mitigation in cases
where either water quality or morphology is at present inadequate for
the targeted species.

Thedistinctionbetweenfish species that characterisemigratory guilds
requires good levels of understanding of species biology. For example, the
anadromous L. fluviatilis was clustered within the potamodromous fish
guild 4. This case illustrates that the accessibility of (shared) spawning-
and nursery areas is also very important when identifying migratory
guilds, based upon their habitat needs.

Several species described in the guilds are obligate migrants, while
others tend to be more flexible in their migratory behaviour and choice
of habitats. Anguilla sp. for example are considered to be facultative ca-
tadromous i.e. it does not always need to migrate into freshwater
(Tsukamoto and Arai, 2001; Daverat et al., 2006; Narberhaus et al.,
2012). A proportion of eel move frequently between different environ-
ments during their life, and some remain in estuarine or marine habi-
tats. Sea lamprey, river lamprey (Renaud, 2011), smelt (Maitland and
Lyle, 2010) and three-spined stickleback (Elofsson et al., 2003), and res-
ident male Atlantic salmon (Hutchings and Myers, 1988; Thorpe, 1989)
can each fulfil their full life history in freshwater. This life cycle diversity
can in some cases facilitate recovery of populations (Secor and Kerr,
2009).

Possibly specific M-types, lakes and canals encompass parts of mi-
gration routes, and may not be covered by GIS mapping. In these cases
corrections based on expert judgement are important and indeed this
is always likely to be the case, sincenomodel ormethod of assessingmi-
gration barriers can be 100% accurate.
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4.3. Recommendations

In addition to selecting themost appropriate barriers tomitigate, it is
also essential to make sure that fishways are designed, constructed,
assessed,maintained andmanaged appropriately and that the function-
ality is evaluated (Kroes et al., 2006). Despite the fact that there are hun-
dreds of fish pass solutions in place there remains inadequate insight
into their effectiveness (Larinier, 2001). Effectiveness needs to be
assessed by taking account of environmental context including the loca-
tion of barriers and the range ofmigratory fish present. This also encom-
passes the type of water bodies and themigration guilds for which they
are important.

In principle our WFD based approach can be systematically evolved
into an internationally applicable tool, encompassing data from other
EUMember States, and covering basinwide restoration planning efforts,
and cross-disciplinary interests. To achieve this with this present meth-
od, theWFD water body typologies between countries have to be com-
pared for their type-specific fish communities and where possible
harmonised. To accomplish this task, representatives of international
river basin management authorities will need to meet periodically to
develop a unified, multi-national and multi-river basin approach. We
believe that the experience in the Netherlands provides a favourable
template for rapid progress.

4.4. How to apply this approach elsewhere?

It is clear that across Europe there is a much larger diversity in both
aquatic ecosystems and fish species than those present in the
Netherlands. So how could river basin authorities or other countries
adopt and apply our approach. Within the European Communities all
member states are obliged to implement theWFD. It is theWFD imple-
mentation requirements that formed the basis and point of departure
for our approach. Therefore it is reasonable to assume that other EU
member states will or should have similar data sources to make similar
assessments (Table 8).

To summarise the main elements: member states have to develop a
typology for their surface water bodies. An overview of all existing na-
tional typologies has been made and will be published by the end of
2014 (Lyche-Solheim, pers. comm.). For each type the type-specific
fish community needs to be described. Relevant information for this is
Table 8
Essential data sources and information type to prioritize fishmigration routes. At the local
level a selection of barriers hamperingfishmigration can be further prioritized by incorpo-
rating information on suitable habitat quality for various life stages, cumulative costs to
fully open migration routes, source populations of migratory species, etc.

Data sources Type of information used

Water body typology River type
Lake type
Transitional water type
Coastal water type
Geographical location
Relevance for migratory route

• Specify per guild or species
Type-specific fish community Identify migratory species

• Anadromous
• Catadromous
• Potamodromous

Pressure assessment Obstructing continuity

• Specify: type, location
Programmes of measures Migration improvement

• Specify: type, planning, priority
the compilation of ecological requirements of fish in the EU research
projects FAME and EFI + and formed the basis for the successful inter-
calibration to assess the ecological status of rivers using fish community
composition. What we subsequently added is identifying the species
with strong migration requirements. It is then known between which
types of surface water bodies those species need to migrate. The WFD
further requires a collection and identification of anthropogenic pres-
sures for eachwater body including those impacting longitudinal conti-
nuity. Lastly member states have to compile a programme of measures
to improve the ecological to either GES or GEP. In our study these vari-
ous data sources were compiled and presented to local water managers
asking for the following additional information:

• Specify the pressure impacting the continuity.
• Specify the measure to improve fish migration.
• Verify for each water body which migratory fish species should be
present.

So in our opinion most European countries could develop a similar
prioritization for fish migration, because they should have comparable
data sources at their deposition.
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