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Weirs, dams and other river structures:
Their effects on wild brown trout —=WTT
information paper

Introduction— what are the main impacts of weirs?

Man-made structures on rivers which can be a barrier to fish include flumes, sluices, weirs, dams,
culverts, barrages and river crossings. The nature of these structures is to alter the flow regime of a
river or stream. Impounding a river or stream has possible consequences for: discharge, water
velocity, temperature, dissolved oxygen, river bed movement, siltation and suspended solids'. Some
man-made barriers such as low head dams and small weirs may not represent a permanent or
insurmountable barrier to fish migration but can still have significant effects on animal movements,
flow and temperature regimes, sediment transport, biogeochemistry, and stream habitat’. There are
also many cases where a structure is completely impassable to fish. For simplicity, all of these man-
made structures will be referred to as “impoundments” throughout this document, unless it is
appropriate to be more specific. This paper has been produced by the WTT to review the impacts
and management of obstructions on wild brown trout (WBT) and their habitat.

Brown trout are flow-loving fish that benefit from the structural variety associated with complex
current flow. Adequate spawning, juvenile and adult habitat is important for a healthy WBT
population® and formation of this habitat is favoured under a natural (varied) flow regime. For
instance, features such as habitat diversity (e.g. pools, riffles and glides), good water quality (cool,
well-oxygenated and low levels of pollutants) and a low amount of sediment are generally regarded
as desirable®. Indeed, overall species diversity, of both flora & fauna, tends to be associated with
diverse physical habitat, favoured by a natural flow regime with its attendant natural processes
(erosion & deposition)*>®. Habitat connectivity and diversity are therefore of utmost importance to
successful WBT populations. The effects of impoundments on rivers can be divided, broadly, into
two main categories:

2. Changes to river habitat

Whilst the first category of impacts is partially recognised amongst both conservation specialists and
the general public, the second category receives far less coverage. This document has been
produced by the WTT in order to characterise the impacts of impounding structures and identify
potential options for the management of rivers and river habitat for the benefit of WBT and
associated river-corridor biodiversity.

1. Impacts on fish passage/access

Although perhaps more widely known, it is still important to recognise the crucial role of free
passage for all trout between adult, juvenile and breeding habitat. Brown trout migrations may be



anadromous (migrate to the sea) or potadromous (migrate within a freshwater system —see WBT in
Lake Walchensee, Bavaria’), but the crucial point is that ALL trout migrate®>'°. These migrations
occur for a number of reasons, for example to exploit richer feeding, to spawn, avoid low flows or
the icing up of streams in winter'® and can be severely affected or curtailed by man-made
impoundments'' ™.

The ability of fish populations to move freely is therefore crucial; curtailing this movement can
adversely affect the populations’ abundance and long-term viability. When, for example, upstream
migrations and passive downstream drifts (e.g. by fry or smolts) are interrupted by impoundments®,
the net result is a reduced effective breeding population'****’. This means, rather than a single,
connected population of fish breeding freely in a river system, impoundments fragment populations
into small, reproductively isolated units. This in turn fragments the genetic structure of WBT
populations'®'*?°. Much has been written about the genetic diversity of brown trout and the
importance of genetic diversity to the continued survival of the species. While there are situations
where fish populations have become genetically impoverished after weir construction®,
paradoxically, this fragmentation can cause rapid differentiation between local populations and an
initial, rapid increase in genetic diversity'®. But first, it is worth considering genetic drift and natural
selection, two driving forces of evolution (Fact box 1).

Fact box 1: Evolution & genetics

Genetic drift: In small populations, genes present are unlikely to reflect the whole range of genetic diversity present in a
species. Genetic drift occurs when the population size is limited (for example by impoundments or even natural disasters)
and therefore by chance, certain genetic characteristics increase or decrease in frequency. However, unlike natural selection,
genetic drift is random and rarely produces adaptations to the environment®. It is NOT the same as “inbreeding”, and the
two should not be confused.

Natural selection: Under natural selection, some individuals in a population have modifications that allow them to more
successfully survive and reproduce and respond to changes in their environment. Their adaptations become more common
as a whole due to their increased reproductive success. This leads to “survival of the fittest” (where “fitness” is a measure of
survival and reproductive output) and individual beneficial variations are preserved in a populationn.

When genetic drift happens in small reproductively isolated populations, genetic variation can be
greatly reduced and beneficial adaptations may be permanently eliminated®®. Small ranges put
constraints on migration behaviour and spawning site selection. This increases the potential for
distinct phenotypic or behavioural subpopulations which are reproductively isolated from other
populations®®. The ultimate consequence of this is to compromise a population’s evolutionary
potential'’ (see Case study box 1).

Case study box 1
Fragmentation & genetics, what are the implications for WBT conservation?

Initial increased genetic diversity
e In the Mana River, Norway, research concluded that construction of four hydropower dams
from 1906-57 fragmented the wild trout population the overall effect of which was to
increase local genetic diversity in the Mana River system.
e The researchers hypothesized that the most likely reason for this rapid differentiation was
genetic drift. In small populations, genetic drift is thought to be the main driver of this
process. This effect has been observed in other related studies'®, however:

Increasing risk of long term extinction(s)
e As has already been mentioned, genetic drift may not necessarily produce beneficial
variation (in this case due to anthropogenic changes) and small, reproductively isolated




populations are however threatened by increased risk of extinction in the longer term*”*>%°.

e In a study of white spotted charr in Japan, researchers sampled isolated populations of charr
above a reservoir'’. They found that local extinctions were strongly related to isolation
period. Impoundments produce long-term evolutionary bottlenecks and serve to reduce the
‘evolutionary potential’ of a species.

e Meldegaard et al’® demonstrated rapid genetic differentiation in a weir fragmented
population of Danish grayling. This rapid differentiation increases the probability of losing
rare alleles, and thereby lowering genetic variability. If grayling, in this case, had to undergo
similar rapid differentiation at a future stage, it is crucial that a species has full access to its
genetic ‘tool-box’.

e It is becoming apparent that many trout populations are structured in ways that we
previously did not understand, with different populations of trout and salmon co-existing
but separated within the same river system e.g. in the River Tweed”’. In the case of Atlantic
salmon larger, older multi-seawinter fish tend to enter rivers earlier and spawn higher
upstream than younger grilse, which tend to enter later in the season and spawn lower in
the system®®. Weirs can force both age classes to interbreed and the presumed benefits of
assortative mating' are lost” leading to population homogenization. Many WBT populations
also display assortative mating characteristics, such as the trout of Lough Melvin, Ireland.

e Further research may be required into whether weirs have this same effect on WBT. The
Blackwater, a tributary of the Deveron in Scotland, hosts a run of large trout, once presumed
to be sea trout. Preliminary scale readings suggest that these trout are in fact resident
brown trout that migrate, either into the main river or the sea®’. This is a good example of
why connectivity in river systems is so important for the various life histories and strategies
of brown trout.

More immediate impacts on fish populations result as impoundments can reduce the carrying
capacity of a river system' (Case Study box 2). For example, impoundments may concentrate
juveniles into homogenous habitats where shelter is lacking®'. When access to spawning®*, nursery*?
and important foraging habitat®® is restricted, bottlenecks are created in the different life stages of
WBT. Weirs or hydro-schemes can increase the mortality of migrating fish as fish repeatedly attempt
to pass impoundments. This depletes energy reserves and results in reduced spawning success and
increased spawning mortality>**®>. High levels of predation can occur during migrations at
impoundments; opportunistic predators (such as the great cormorant Phalacrocorax carbo) may use
weirs as vantage points>® and impoundments hold up smolting runs, increasing smolt vulnerability
to both avian and piscine predators *’. The opportunity for smolts to reach the sea is quite narrow
and there is recent (as yet unpublished) evidence that even low head impoundments delay smolt
migrations to such an extent that up to 80% of a smolt run is lost®.

Case study box 2
Why is connectivity in rivers important for healthy WBT populations?

Access to spawning
e Hydropower developments and weirs are typically built in upper catchments, taking advantage
of steeper gradients. This can disproportionately reduce the availability of spawning habitat and
force trout to spawn in lower reaches of rivers, where siltation and predation might be a
problem™.
e In Northern Spain, 86% of migratory salmonid habitat is inaccessible to spawning fish®® due to

'Where individuals of different genotypes or phenotype (appearance) within a species mate exclusively. This
can lead to increased fitness amongst offspring and in the case of salmon, distinct strains of larger, the multi
sea winter spawners so valued by fishing interests.




weir construction. On the River Badisoa, with over 140 obstacles, sea trout runs are severely
restricted with only 25% of the upstream stem of the River accessible®*.

Moreover, accessibility is also often dependant on flow rate and obstacles often have an
associated abstraction use (e.g. irrigation, hydropower). Loss of discharge therefore increases
the barrier effect of weirs on tributaries and further isolates upstream sections of tributaries:
prime spawning habitat.

Habitat connectivity

Migratory survival rates o0%

In the Willamette and Lower Columbia River Basins of the US Pacific Northwest, historically
abundant runs of pacific salmon have crashed. A conservative estimate indicated that 42% of
accessible stream habitat was lost to salmonids™*.

Salmon, like trout, require connectivity between the diverse habitats that are suitable for
different life history stages. Impoundments clearly reduce stream connectivity and may
therefore influence fish population abundance.

Effectiveness of fishpas:
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A heavily fragmented river, the Gudena in ' : =i
Denmark has seen a crash in sea trout
numbers since the early part of the 20"
century®, partly due to the proliferation
of impassable impoundments.

This cumulative effect of multiple
impoundments adversely impacting on
salmonid  populations  across  river
catchments is well documented in the
literature®*>. Recent modelling work®
suggests this negative effect occurs even T T T u T T 1
with the provision of fish passes, and the ’ ° ° * # ® *
efficiency of fish passes has a significant

effect on the number of fish reaching Figurel; Cumulative impact of multiple fish passes on
habitat. proportion of migrating fish reaching habitat (Dr E. Shaw,
Catchment Science Centre, University of Sheffield,
unpublished).
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Time & effort spent by trout waiting
downstream of weirs for flow thresholds
to be crossed compromises reproductive success & survival**. Weirs also hold up returning sea
trout kelts; Swedish research found mortality at weirs was far higher than overwintering
mortality, 69% mortality in one case™®.

Restricting free passage has a negative effect on the structure and size of WBT populations. Just as
serious are the impacts impoundments have on river habitat which in turn has consequences for
WBT and fish populations as well as other fauna and river processes.

2.

Impacts on habitat

River catchments with a high number of weirs or dams present tend to have both homogenized'

flows and instream habitat
as riffles, runs and side channels with ponded, deep, slow flowing sections

>4 This is because impoundments replace diverse stream habitats such

4748 When this happens,

habitat variability is lost® and rivers undergo a change in species composition. Specialist species
(e.g. gravel spawners like grayling & WBT) decline® and the ecosystems become dominated by

' Similar/generalised




generalist species able to survive in the slow, laminar conditions created by impoundments*. This
reduction in structural complexity has knock-on impacts for fish productivity®’. The deep anoxic
conditions that exist behind dam walls are ideal conditions for increased methane production®, a far
more potent greenhouse gas than CO,.

Disrupting the natural hydrology of rivers can have further consequences for WBT populations. For
example, weirs reduce the recruitment of downstream gravels®™ while increasing sediment
deposition upstream which can silt up spawning habitat.

In the Great Ouse, a sequence of weirs (Figure 2) has converted the river into a series of relatively
deep channels with an absence of salmonid species®. Like other heavily modified rivers, habitat
homogenization has resulted in an impoverished fish fauna and predominance of generalist fish
species. Some people (including anglers) may not recognize a problem with homogenized rivers and
their attendant homogenized fish communities. However, in the majority of cases, homogenized
environments and ecological communities are less resilient to change than their more diverse
counterparts® (see the WTT Stocking position statement, click here to view, for the analogy with
genetically diverse WBT populations versus genetically homogenous stocked fish). For example,
flooding impacts are more severe on fish populations in heavily modified stretches than in
structurally diverse stretches™ and diverse ecosystems and communities are better at withstanding
invasive species introductions.>

Re-establishing Habitat connectivity — a key step in river restoration

Restoring connectivity in watersheds is often advocated as one of the first steps in restoring
catchments to good ecological status and the benefits of barrier removal are inherently obvious (e.g.
fish passage) and can be realized relatively quickly when compared with other restoration
techniques®®. When natural flow
regimes are re-instated, natural
movement of sediment, woody
debris and organic materials can

occur. Instream habitat
enhancements (e.g. large woody
debris installation, creating

spawning gravels etc.) can often be
unsuccessful or temporary in nature
because landscape or catchment
constraints, such as impoundments,
have not been adequately
considered”’. Having said this, while
it is important to solve the 3 — =
catchment scale problems that are Figure 2; Weir on the Great Ouse ©Thomas Smith
limiting fish habitat and restricting

access, this process may take time and instream habitat enhancement is a good way of realizing
shorter term gains in biodiversity and fisheries in the meantime. Local stakeholders, such as angling
clubs, often cannot afford to wait for the benefits of barrier removal to be realized.

And while a holistic, catchment-based approach is required to reach the ultimate goal of habitat
connectivity, local actions and improvements at key obstacles can have a catchment wide effect. For
example, walkover surveys of the River Tweed illustrated the presence of 861 natural & man-made
obstacles; in the short term it is not feasible to tackle all of these barriers but a catchment
perspective can identify barriers that are having a disproportionate impact on river habitat. Some
notable and current examples include:


http://www.wildtrout.org/content/trout-stocking

e Cromwell weir in the tidal reaches of the River Trent which currently hinders lamprey and
eel migration to the rest of the catchment®*°.

e Norbury weir on the Dove which is effectively impassable to Atlantic salmon in all but the
highest flows and the upstream limit to their distribution on the River Dove.

Are all barriers impassable?

The effect of an impoundment on fish passage can depend on impoundment type, flow conditions
and fish species® so it is important that impoundments are consistently assessed when prioritizing
removal/modification options. A wide range of techniques for assessing the impact of
impoundments on fish passage exist®, all with inherent biases and constraints. A recent method has
been developed for UK agencies to provide a means to consistently assess fish passage across the
full range of obstacles found on British rivers. The appropriate regulatory agency should therefore be
consulted whenever weir removal is considered. The Water Framework Directive emphasizes the
need for connectivity in river systems and anglers can play a key role in identifying and cataloguing
impoundments along watercourses. A simple, non-technical recording form can be used to report
potential problems (click here for the WTT online Upland River Manual with an example).

Once an initial survey of obstructions has been undertaken, problems can be prioritized. Modifying
larger weirs, dams or road culverts can take considerable time to go through planning and various
impact assessments.

Fact box 2: Examples of fish passage easements’"’?

Pre barrage boulders: are used to improve passage mainly at low obstacles and on small
watercourses.

Bypass channels: a shallow channel mimicking a natural watercourse and linking the sections
below and above the obstruction. Water velocity in the channel is reduced and a rough bottom
dissipates energy in the channel, this is combined with a series of constrictions and expansions
of the flow created by blocks, groynes and weirs. Well-designed channels have proven to be a
highly successful restoration technique® and are even used as habitat by brown trout’>.

Figure 1; Bypass channel on the River Cam, Cambridge, showing outlet structure and rock baffles ©Thomas Smith

Low flow notches: a low flow notch serves to concentrate flows, usually at the centre of a weir
and at low flows. This type of easement produces a concentrated plume (with as little
turbulence as possible) of water and is particularly suitable for salmonids.



http://www.wildtrout.org/sites/default/files/library/uplands_section5.pdf

Improving connectivity in your river

Because of the importance of fish access and habitat, the WTT often identifies obstacles as major
factors limiting fish production on its Advisory Visit programme. Small streams are often
undervalued as an angling resource (they do not hold as many adult fish and access is difficult) but
they are vitally important spawning and nursery habitat™.

Small-scale easement and fish passage, on small obstacles, can be achieved by simple engineering
solutions such as bypass channels, low flow notches & pre barrage boulders. Road culverts are
commonly encountered barriers to fish passage, particularly on small streams. Inadequate water
depth, perch height, excessive water velocity or a combination of all three may restrict fish
passage®®. Culverts can be modified or removed to assist with fish passage® and a number of studies
have demonstrated the effectiveness of replacing stream culverts to restore fish access® %%,

Case Study Box 3
Improving WBT habitat through weir removal

e Cong Burn, River Wear, County Durham®: The
Wear drains a post-industrial landscape and
consequently, this legacy has left the Wear with
heavily modified and with numerous weirs which
once drove local industry. On the main river,
many of the weirs have been dealt by the EA or
have scheduled works to improve fish passage.
On smaller burns however, numerous barriers to
migration  exist which  the  authorities
understandably lack the capacity to deal with. It is
in situations like this that angling clubs, rivers
trusts and the WTT can fill the void and make a
real difference. >

e Approach: Working in partnership with the Figure 2: Male seatrout with dorsal & tail out the
Chester le Street and District Angling Club (CDAC), twater, after barrier easement
project to improve fish passage on the Cong Burn, a major spawning tributary of the Wear
system. The project involved the removal of a redundant weir and installation of baffles in
road culverts and the WTT was able to support CDAC in sourcing over £20,000 to complete
the work. Within hours, sea trout of up to 5lbs were observed above previously impassable
obstacles (Figure 5).

The role of angling clubs in restoring catchment wide connectivity

e River Stepenitz, Germany: In the Stepenitz catchment, a tributary of the Elbe in Germany,
Atlantic salmon and sea trout had become extinct by the 19" century, due to widespread
modifications of the river. In 1997, the Brandenburg Angler Association partnered with
fisheries researchers to re-establish migratory fish into what was then a heavily modified
and fragmented river. A stock restoration programme was combined with an ambitious
programme of easements & removals leading to 50% of impoundments being removed by
2008%. The project was successful because anglers, working in partnership with professional
fisheries biologists and water management professionals were able to build up momentum
and attract funding. 64% of potential spawning habitats are now open and since 2002
returning adult salmon have been routinely observed.




Summary

When assessing options for barrier removal/easement, fisheries managers should bear in mind that
the presence of impoundments does not just affect WBT passage, but also habitat. Restoring fish
passage and improving habitat for fish and biodiversity should be the primary management goals;
fish passes need continual maintenance and may not be effective in all flows’®. However, removal of
weirs is not always feasible or desirable and in cases like this, easements or provision of passage may
be the only options. Charismatic species like brown trout and Atlantic salmon can be used to effect
the catchment wide environmental enhancements that will come about with improved passage and
habitat connectivity.

Simple dos and don’ts:

e DON’T assume that weirs are providing good holding habitat for fish. A properly functioning river system with
sufficient flows will produce a much greater diversity & density of deeper pool areas without the negatives
associated with weirs.

e DO maintain access for trout, even in small un-fished streams; these are often breeding and nursery areas and
can produce the majority of juvenile trout in many river systems.

e DO continue to improve instream habitat on your river, in spite of the presence of weirs and their overarching
impact on habitat connectivity & quality in a river. It is still important that reach scale problems are addressed
whilst long term objectives (free fish passage) are addressed. In this way, when they are resolved, the benefits
associated with habitat improvements will be maximized.

e DO liaise with the relevant regulatory agency personnel who will establish (and potentially influence) the
sequence of fish passage solutions. There are many different designs of fish passes suitable for different locations
and species and will require specialist input to ensure their effectiveness. In these cases, angling clubs are usually
the catalyst & driver for getting the process underway.

e DO involve landowners from the outset and educate them on what you are trying to achieve.

e DO ‘encourage’ gradual weir removal. On high energy, spate rivers, weirs can erode away over time. Removing a
few choice pieces of the upper structure provides the spate flows something to work with to ‘naturally’ remove
the weir.

e DO encourage the controlled removal of weirs or create notches in weirs which will allow the upstream river bed
to re-align itself gradually.

e DO prioritize removal over fish pass provision where possible. Fish passes should be as a last resort as they do
not adequately address the problems of habitat connectivity and degradation.



Figure 3; Section of Sussex Ouse showing ponded, homogenous habitat before (a) and after (b) weir removal and riffle
installation © Andy Thomas

References

1. Crisp, D. The environmental requirements of salmon and trout in fresh water.
Freshwater Forum 3, 176 — 2-2 (1993).

2. Larinier, M. Environmental issues, dams and fish migration. , : in FAO Fisheries
Technical Paper 419. Dams, Fish and Fisheries. Opportunities, challenges and
conflict resolution. (Marmulla, G.) 45-89 (FAO, 2001).

3. Summers, D. & Giles, N. Helping Fish in Lowland Streams. (Game Conservancy Ltd.,
1996).

4. Williams, J. & Reeves, G. Stream Restoration. (Island Press, 2006).

5. Poff, N., Allan, J., Bain, M. & Karr, J. The natural flow regime. BioScience 47, 769—
784 (1997).

6. Poff, N. L., Olden, J. D., Merritt, D. M. & Pepin, D. M. Homogenization of regional
river dynamics by dams and global biodiversity implications. Proceedings of the
National Academy of Sciences of the United States of America 104, 57327 (2007).

7. Denic, M. & Geist, J. Habitat suitability analysis for lacustrine brown trout (Salmo

trutta) in Lake Walchensee, Germany: implications for the conservation of an
endangered flagship species. Aquatic Conservation: Marine and Freshwater
Ecosystems 20, 9-17 (2010).




10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Rustadbakken, A., L’Abée-Lund, J. H., Arnekleiv, J. V & Kraabgl, M. Reproductive
migration of brown trout in a small Norwegian river studied by telemetry. Journal of
Fish Biology 64, 2—15 (2004).

Banks, J. W. A Review of the Literature on the Upstream Migration of Adult
Salmonids. Journal of Fish Biology 1, 85-136 (1969).

Klemetsen, A. et al. Atlantic salmon Salmo salar L., brown trout Salmo trutta L. and
Arctic charr Salvelinus alpinus (L.): a review of aspects of their life histories. Ecology
of Freshwater Fish 12, 1-59 (2003).

Sheer, M. & Steel, E. Lost watersheds: barriers, aquatic habitat connectivity, and
salmon persistence in the Willamette and Lower Columbia River basins. Transactions
of the American Fisheries Society 135, 1654-1669 (2006).

Johnson, J. H. Sonic tracking of adult salmon at Bonneville Dam, 1957. United States
Fish and Wildlife Service Fisheries Bulletin 60, 471-485 (1960).

Ward, H. . The influence of a power dam in modifying conditions affecting the
migration of salmon. Proceedings of the National Academy of Science of the U.S.A 13,
827-833 (1927).

Webb, J. The behaviour of adult Atlantic salmon ascending the Rivers Tay and
Tummel to Pitlochry Dam. Scottish Fisheries Research Report 48, 27 (1990).

Gauld, N. R., Campbell, R. N. B. & Lucas, M. C. Reduced flow impacts salmonid
smolt emigration in a river with low-head weirs. The Science of the total environment
458-460, 435-43 (2013).

Meldgaard, T., Nielsen, E. & Loeschcke, V. Fragmentation by weirs in a riverine
system: A study of genetic variation in time and space among populations of European
grayling ( &It;i&gt; Thymallus thymallus&lIt;/i&gt; ) in a Danish river system.
Conservation Genetics 4, 735-747 (2003).

Morita, K., Morita, S. & Yamamoto, S. Effects of habitat fragmentation by damming
on salmonid fishes: lessons from white-spotted charr in Japan. Ecological Research
24, 711-722 (2009).

Heggenes, J. & Rged, K. H. Do dams increase genetic diversity in brown trout (Salmo
trutta)? Microgeographic differentiation in a fragmented river. Ecology of Freshwater
Fish 15, 366-375 (2006).

HORREDO, J. L. et al. Impact of habitat fragmentation on the genetics of populations in
dendritic landscapes. Freshwater Biology 56, 2567-2579 (2011).

Hansen, M. M. & Jensen, L. F. Sibship within samples of brown trout (&It;i&gt;Salmo
trutta&lt;/i&gt;) and implications for supportive breeding. Conservation Genetics 6,
297-305 (2005).



21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

National Biological Information Infrastructure. Introduction to population genetics.
Genetic biodiversity (2005). at
<http://www.nfstc.org/pdi/Subject07/pdi_s07_mO01_wc.htm#10>

Darwin, C. On the origins of species by means of natural selection. London: Murray
(1859). at <http://sciencestudies.pbworks.com/f/O0S.pdf>

Futuyma, D. Evolutionary biology. (Sinauer Associates, 1998).

Gosset, C., Rives, J. & Labonne, J. Effect of habitat fragmentation on spawning
migration of brown trout (Salmo trutta L.). Ecology of Freshwater Fish 15, 247-254
(2006).

Morita, K. & Yamamoto, S. Effects of Habitat Fragmentation by Damming on the
Persistence of Stream-Dwelling Charr Populations. Conservation Biology 16, 1318—
1323 (2002).

Frankham, R., Ballou, J. D. & Briscoe, D. A. Introduction to conservation genetics.
(Cambridge Universty Press, 2002).

Cauwelier, E., Stradmeyer, L., Gilbey, J., Sinclair, C. & Verspoor, E. Marine Scotland
Science Report 02 / 13 An Overview of Population Genetic Structuring in the River
Tweed M W Coulson, L M | Webster , R Campbell , A Armstrong ,.

Summers, D. W. Differences in the time of river entry of Atlantic salmon, Salmo salar
L., spawning in different parts of the River North Esk. Fisheries Management and
Ecology 3, 209-218 (1996).

Taggart, J., McLaren, 1., Hay, D., Webb, J. & Youngson, A. Spawning success in
Atlantic salmon (Salmo salar L.): a long-term DNA profiling-based study conducted in
a natural stream. Molecular Ecology 10, 1047-60. (2001).

Walters, M. Moray Firth Sea Trout Project report. THE DEVERON FLYER Newsletter
19 (2010). at <http://www.deveron.org/wb/media/pdfs/newsletter19.pdf>

Beechie, T., Beamer, E. & Wasserman, L. Estimating Coho Salmon Rearing Habitat
and Smolt Production Losses in a Large River Basin, and Implications for Habitat
Restoration. North American Journal of Fisheries Management 14, 797-811 (1994).

Arnekleiv, J., Kraabgl, M. & Museth, J. Efforts to aid downstream migrating brown
trout (&lt;i&gt;Salmo trutta&lt;/i&gt; L.) kelts and smolts passing a hydroelectric dam
and a spillway. Hydrobiologia 582, 5-15 (2007).

Aarestrup, K. & Koed, A. Survival of migrating sea trout (Salmo trutta) and Atlantic
salmon (Salmo salar) smolts negotiating weirs in small Danish rivers. Ecology of
Freshwater Fish 12, 169-176 (2003).

Gerlier, M. & Roche, P. A radio telemetry study of the migration of Atlantic salmon (
&lt;i&gt;Salmo salar&It;/i&gt; L.) and sea trout ( &lt;i&gt;Salmo trutta
trutta&lt;/i&gt; L.) in the upper Rhine. Hydrobiologia 371-372, 283-293 (1998).



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Geist, D. R. et al. Relationships between metabolic rate, muscle electromyograms and
swim performance of adult chinook salmon. Journal of Fish Biology 63, 970-989
(2003).

Garcia de Leaniz, C. Weir removal in salmonid streams: implications, challenges and
practicalities. Hydrobiologia 609, 83-96 (2008).

Jepsen, N., Aarestrup, K., Okland, F. & Rasmussen, G. Survival of radio-tagged
Atlantic salmon (Salmo salar L.) and trout (Salmo trutta L.) smolts passing a reservoir
during seaward migration. HYDROBIOLOGIA 372, 347-353 (1998).

Gauld, N., Campbell, N. & Lucas, M. Lessons from smolt tagging on the River Tweed
(Unpublished work). in The Rivers Trust Seminars (2012).

Alvarez, J., I. etal. in Un Viaje de Ida y Vuelta. 1V Jornadas del Salmo’n Atla’ntico en
la Peni 'nsula Ibe rica (Alvarez, M. & J.) 177-186 (Dpto. de Medio Ambiente,
Ordenacio’n del Territorio y Vivienda. Gestio’'n Ambiental—Viveros y Repoblaciones
de Navarra,, 2003).

Poulsen, E. M. Nye undersggelser over Guden®aens lakseog havgrredbestand.
Beretning til Ministeriet for Landbrug og Fiskeri fra Den Danske Biologiske Station,
(1935).

Williams, J. in Fish Migration and Fish Bypasses. (Jungwirth, M., Schmutz, S. &
Weiss, S.) 180-191 (Fishing News Book, University Press, 1998).

Naughton, G. P. et al. Late-season mortality during migration of radio-tagged adult
sockeye salmon (Oncorhynchus nerka) in the Columbia River. Canadian Journal of
Fisheries and Aquatic Sciences 62, 30-47 (2005).

Shaw, E. Unpublished. (2012).

Aarestrup, K. & Jepsen, N. Spawning migration of sea trout (Salmo trutta (L)) in a
Danish river. Hydrobiologia 371/372, 275-281 (1998).

Ostergren, J. & Rivinoja, P. Overwintering and downstream migration of sea trout
(Salmo trutta L.) kelts under regulated flows—northern Sweden. River Research and
Applications 24, 551-563 (2008).

Moyle, P. B. & Mount, J. F. Homogenous rivers, homogenous faunas. Proceedings of
the National Academy of Sciences of the United States of America 104, 5711-2 (2007).

Rahel, F. Homogenization, differentiation and the widespread alteration of fish faunas.
Am. Fish. Soc. Symp 311-326 (2010). at <http://www.uwyo.edu/frahel/pdfs/rahel-
2010-1.pdf>

Boet, P., Belliard, J. & Berrebi-dit-Thomas, R. Multiple human impacts by the City of
Paris on fish communities in the Seine river basin, France. Hydrobiologia 410, 59-68
(1999).



49.

50.

51.

52.

53.

54,

55.

56.

S7.

58.

59.

60.

61.

Miranda, R., Oscoz, J., Leunda, P. M., Garcia-Fresca, C. & Escala, M. C. Effects of
weir construction on fish population structure in the River Erro (North of Spain).
Annales de Limnologie - International Journal of Limnology 41, 7-13 (2009).

Bambace, L. A. W., Ramos, F. M., Lima, I. B. T. & Rosa, R. R. Mitigation and
recovery of methane emissions from tropical hydroelectric dams. Energy 32, 1038—
1046 (2007).

Kondolf, G. M. Some Suggested Guidelines for Geomorphic Aspects of Anadromous
Salmonid Habitat Restoration Proposals. Restoration Ecology 8, 48-56 (2000).

Copp, G. H. Effect of regulation on 0+ fish recruitment in the great ouse, a lowland
river. Regulated Rivers: Research & Management 5, 251-263 (1990).

Folke, C. et al. Regime Shifts, Resilience, and Biodiversity in Ecosystem
Management. Annual Review of Ecology, Evolution, and Systematics 35, 557-581
(2004).

Pearsons, T. N., Li, H. W. & Lamberti, G. A. Influence of Habitat Complexity on
Resistance to Flooding and Resilience of Stream Fish Assemblages. Transactions of
the American Fisheries Society 121, 427436 (1992).

Knapp, R., Matthews, K. & Sarnelle, O. Resistance and resilience of alpine lake fauna
to fish introductions. Ecological monographs 71, 401-421 (2001).

Roni, P. et al. A review of stream restoration techniques and a hierarchical strategy for
prioritizing restoration in Pacific Northwest watersheds. North American Journal of
Fisheries Management 22, 1-20 (2002).

Beechie, T. & Bolton, S. An approach to restoring salmonid habitat-forming processes
in Pacific Northwest watersheds. Fisheries 24, 6-15 (1999).

Nunn, A. D., Harvey, J. P., Noble, R. A. A. & Cowx, I. G. Humber eel management
issues : barriers and stocking FINAL REPORT. (2007). at
<http://archive.defra.gov.uk/foodfarm/fisheries/documents/fisheries/emp/humber-
append.pdf>

Hopkins, D. River Lamprey; Brief summary of Humber Basin Information.
www.ifm.org.uk (2007). at <http://www.ifm.org.uk/sites/default/files/page/River
lamprey Summary 2008.pdf>

Northcote, T. . in Fish Migration and Fish Bypasses (Jungwirth, M., Schmutz, S. &
Weiss, S.) 3—-18 (Fishing News Books, Blackwell Science, 1998).

Kemp, P. S. & O’Hanley, J. R. Procedures for evaluating and prioritising the removal
of fish passage barriers: a synthesis. Fisheries Management and Ecology 17, 297-392
(2010).



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Armstrong, J. ., Kemp, P. ., Kennedy, G. J. ., Ladle, M. & Milner, N. . Habitat
requirements of Atlantic salmon and brown trout in rivers and streams. Fisheries
Research 62, 143-170 (2003).

Kahler, T. & Quinn, T. Juvenile and resident salmonid movement and passage through
culverts. (1998). at
<http://wvvvv.krisweb.com/biblio/gen_wadot_kahleretal 1998 culverts.pdf>

Roni, P., Hanson, K. & Beechie, T. Global Review of the Physical and Biological
Effectiveness of Stream Habitat Rehabilitation Techniques. North American Journal of
Fisheries Management 28, 856890 (2008).

Iversen, T. M., Kronvang, B., Madsen, B. L., Markmann, P. & Nielsen, M. B. Re-
establishment of Danish streams: Restoration and maintenance measures. Aquatic
Conservation: Marine and Freshwater Ecosystems 3, 73-92 (1993).

Bryant, M. D., Frenette, B. J. & McCurdy, S. J. Colonization of a Watershed by
Anadromous Salmonids following the Installation of a Fish Ladder in Margaret Creek,
Southeast Alaska. North American Journal of Fisheries Management 19, 1129-1136
(1999).

Glen, D. I. Recovery of salmon and trout following habitat enhancement works:
review of case studies. in 13th international salmonid habitat enhancement workshop
(O’Grady, M.) 93-112 (Central Fisheries Board,, 2002).

Lockey, D., Atkinson, L. & Pedley, G. Easing the journey for Wear sea trout. Salmo
Trutta 14, 48-49 (2011).

Granek, E. F. et al. Engaging recreational fishers in management and conservation:
global case studies. Conservation biology : the journal of the Society for Conservation
Biology 22, 1125-34 (2008).

New UMass Amherst research shows fishways have not helped fish. at
<http://www.sciencecodex.com/new_umass_amherst_research_shows_fishways_have

_not_helped_fish-105169>

LARINIER, M. Pool fishways, pre-barages and natural bypass channels. BFPP-
Connaissance et Gestion du Patrimoine ... 54—78 (2002). at <http://oa.imft.fr/2071/>

Bates, K. & Whiley, A. Fishway Guidelines for Washington State: Draft. (2000). at
<http://scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:FISHWAY +GUID
ELINES+FOR+WASHINGTON+STATE#0>

Jansen, W., Kappus, B., Béhmer, J. & Beiter, T. Fish communities and migrations in
the vicinity of fishways in a regulated river (Enz, Baden-Wdrttemberg, Germany).
Limnologica-Ecology and ... 29, 425-435 (1999).



