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Abstract

Most of the river systems in the British Isles have been subjected to anthropogenic influence to varying degrees over
recent times, in many instances leading to deleterious impacts on salmonid habitat to the detriment of populations. This paper
considers the range of management options that can be utilised to overcome habitat degradation. When examining salmonid
habitat management three areas need to be taken into account: water quality, water quantity and the physical structure of
the riverine environment. Although discussed separately, it should be remembered that these components of habitat are
inter-related, and should be viewed as a continuum. Water quality problems include pollution from point and non-point source
pollutants, although major improvements in the former have been achieved in recent years via the legislative framework
and further benefits may be anticipated from the introduction of the Water Framework Directive. However, diffuse forms of
pollutant, notably silt, still remain a significant threat to salmonid habitat and are yet to be tackled in any meaningful way.
Changes to modern agricultural and land management practices are urgently required. Water quantity is impacted upon in
a number of ways ranging from abstraction, which may reduce flows, through to land-use and flood defence that may alter
the shape of the hydrograph changing velocities and influencing stream power. Society’s conflicting demands are bound
to increase these pressures, although imaginative and integrated planning of schemes can avoid many deleterious impacts
and actually provide benefits to salmonid populations, provided the ecological requirements of the species are taken into
account. Arguably a more flexible and targeted approach to river regulation and abstraction would be beneficial to salmonid
populations. Degradation of physical stream habitat has been widespread caused primarily by insensitive land-use practices,
agriculture and flood defence. A significant commitment to consider long-term investment of resources will be required to
negate the widespread deterioration in habitat caused by such damaging management techniques. Although a wide range of
physical habitat restoration techniques have been demonstrated both in-stream and within the riparian zone with significant
success, itis suggested that some form of land-use regulation is required to prevent further damage. Treating the root cause of
the problems of deterioration with respect to water quality, quantity and physical habitat, and not just the symptoms, should
be a fundamental priority for salmonid management in the 21st century.
© 2002 Elsevier Science B.V. All rights reserved.
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degrees over recent times. In some rivers man’s in- it should be recognised that these are natural processes
fluence has progressed to the point at which habitat which drive variations in water quality that occur both
deterioration has occurred resulting in a concomitant spatially, within a catchment, and seasonally as a re-
impact on salmonid stocks. This has led to an in- sult of physical, chemical and biological interactions.
creasing need to understand habitat requirements of
salmonids Armstrong et al., 2003so that the fresh- 2.1, Reasons for deterioration—man’s influence
water environment can be managed to rehabilitate
and enhance fish stocks. The object of this paperisto Despite these natural variations in water quality,
review the range of management actions that can besalmonid species in the UK and Ireland have evolved
applied to overcome habitat deterioration. and adapted to localised variation. Man'’s activities
When considering salmonid habitat management however, which lead to a deterioration in water qual-
three areas need to be taken into account: water qual-ity, often outside the range to which the pollution
ity, water quantity and the physical structure of the sensitive salmonids are adapted, invariably have a
riverine environment. These three areas are discussedieleterious impact on the species. Depending on the
separately, but it should be remembered that in many extent of degradation, poor water quality can have
ways they are inter-related, and should be viewed as a marked effect on salmonid stocks, but the impact
a continuum. Management action to resolve problems can vary greatly in terms of scale and longevity. Nu-
in one area will be ineffective if deficiencies in either trient increases, at a low level, can be tolerated but
of the remaining two persist. excessive enrichment can lead to a slow decline in
salmonid populations. Isolated incidents such as ac-
cidental spillage of pollutants (e.g. agricultural silage
2. Water quality liquor) can wipe out entire juvenile year classes in
a stretch of river but recovery in future years can be
The basic water quality requirements of salmonids rapid. However profound land-use change involving
can be summarised as follows: agriculture, urbanisation and industrialisation has his-
torically resulted in widespread organic enrichment
and toxic industrial discharges that ultimately can
lead to the extinction of the species within a catch-
ment (e.g. salmon in the River Mersey). There are
two sources of pollution: ‘point’ and ‘non-point’, that
result in critical “bottlenecks” for the various life
history stages of salmonids on any specific river.

o Well oxygenated water with natural nutrient content
and temperature range, typically of upland or spring
origin.

e Suitably buffered water to prevent sustained varia-
tions in pH outside of the normal range.

e Water devoid of significant chemical contaminants.

e A naturally low silt/fines content within the normal

sediment matrix. 2.1.1. Point source pollution

In the natural state these water quality parameters Point source pollutants are discharges from a spe-
are determined by localised geochemistry within the cific location (pipe, drainage ditch, etc.). These can
catchment and, to a degree, can become modified bybe either regulated pollutants, such as sewage efflu-
chemical processes and physical interactions as riversents from consented discharges (see below), or illegal
flow from source to sea. For example in upland ar- unlicensed discharges, usually as a result of an acci-
eas, naturally acidic water arising from granite rocks dental failure in storage or transport of a potentially
and peat soils can become more alkaline as geol- polluting substanceMilne et al., 1992.
ogy changes to different strata, such as limestone. In  Industrial contaminants such as heavy metals and
spring-fed streams natural water plant growth can lead organic chemicals are often by-products from indus-
to diurnal fluctuations in oxygen and pH. Furthermore, trial processes. In recent years, the environmental
physical interactions between fresh and saline water effects of such by-products have been significantly
occurs in estuaries promoting stratification, which in reduced due to the introduction of new and more strin-
naturally enriched estuaries can lead to depleted oxy- gent pollution and water quality regulationsIRA,
gen concentrations during warmer periods. However, 1990. Similarly, the point discharges from sewage
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treatment works have come under more stringent con-  Nutrient enrichment has a number of deleterious ef-
trol and received significant investment over the last fects, notably encouragement of excessive macroalgae
10 years. Future investment will continue and will and water based vegetative growth, and in deeper slow
be extended to contain the risks from expanding ur- moving water-bodies, algal blooms. In rivers, exces-
banisation via improved infrastructure and increased sive plant growth can lead to the choking of the chan-
discharge standards. nel bed with actively growing plant material. This not
Farm wastes have also become much more of an im-only alters the physical characteristics of the stream
portant issue over recent decades, as European policyto which salmonids and their prey items are adapted,
has encouraged an intensification of agricultiNBA, but also accelerates entrapment of silts resulting in
1992. Intensification has been accompanied by atten- permanent habitat alteration. This process can lead to
dant changes in practice resulting in accumulations of a situation where typical middle reach and lowland
potentially damaging pollutants on farms such as live- river species including grayling, barbel, dace and other
stock slurry and silage liquor. The problem is further coarse fish may find these areas more suited to their
compounded by storage and disposal procedures forhabitat requirements.
the ever accumulating volume of farm wasteB\FF, In addition, excessive plant growth, whether from
1991). algae or aquatic macrophytes, can lead to alterations
However, one of the most worrying pollution im-  in water chemistry via photosynthesislébaster and
pacts on salmonid streams in recent years is the effectLloyd, 1982. In extreme cases, oxygen depletion
of inadequate disposal of the comparatively new syn- around dawn can occur as plant respiration reaches
thetic pyrethroid (SP) sheep dips on stream inverte- its peak, the resultant oxygen sag being sufficient to
brates. SP sheep dips are many times more toxic thancause salmonid mortalities, particularly in eutrophic
the organophosphate (OP) products previously used.still-waters. Under these circumstances pH elevation
Recent evidence from the Environment Agency sug- can also occur, carbon dioxide levels being depleted
gests that inadequate disposal has seriously affectedduring peak photosynthetic activity, usually in the
several thousand kilometres of upland stream in Eng- early afternoon, resulting a shift in the carbonate bal-
land and Wales, sometimes wiping out invertebrate ance which in turn causes the pH to increase. When
populations over several kilometres during each inci- pH is elevated above 9.0, even normally acceptable
dent, leaving little or no food for juvenile salmonids concentrations of ammonia will be converted to the
(Millbrand (1997). In Scotland, the Scottish Environ-  un-ionised form (UIA). UIA is many times more
ment Protection Agency (SEPA) has said by 2010 the toxic to fish, particularly to salmonids and can result
major threat to the freshwater environment north of the in stress or in extreme events direct mortaliti€sa(n,
border will be agricultural pollution, and at presentthe 1979.
greatest single threat is SP sheep dips. Many kilome- Another diffuse source of pollution comes from
tres of river within the River Tay catchment have been power generation and fossil fuel combustion in indus-
severely damaged by SP dips during 1999 and 2000. trial nations that result in releases of gaseous oxides
of sulphur and nitrogenSchofield, 1976; Schindler,
2.1.2. Non-point source pollution 1988. Nitrous and sulphurous oxides act in various
Non-point source pollutants emanate from diffuse ways, both directly from the atmosphere (acid rain),
sources, such as run-off from agricultural land. One catchment run-off (sulphate particulate transfer) and
of the most widespread impacts is nutrient enrichment indirectly via internal catchment processes (soil acid-
or eutrophicationlason, 1998 Nutrients applied to ification) to cause acidificationMason, 1998 In-
arable land and pasture for agricultural purposes of- creased acidity increases the mobility of toxic metals,
ten find their way into watercourses. Both artificial particularly aluminium. Eggs and alevins are highly
chemical applications and organic manure, either as sensitive to acidification and cannot tolerate a pH of
a result of over-fertilisation or inappropriate applica- much less than 4.5. Older parr stages are also suscep-
tion, are equally culpable, particularly when applied tible, even to short duration acid evenkgifs, 1989).
in fields adjacent to rivers, streams and ditches or on  Silt arising from bank erosion and poor land man-
steep slopesHurness et al., 1991 agement practices, in particular agriculture and land
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drainage, is also a non-point source pollutant and
arguably one of the most significant causes of de-
terioration in salmonid rivers seen today. Although
not widely recognised as such, silt is probably one
of the most significant causes of salmonid decline
(MAFF and NAW, 2000. It affects salmonids either
directly, via the siltation of redds, causing mortal-
ity at the egg stage, or indirectly by smothering
the bed in juvenile rearing areas thereby reducing
productivity.

The role of the European Common Agricultural
Policy (CAP) in precipitating changes in agricultural
practice that have led to increased silt inputs into
streams and rivers is particularly important. Over

K. Hendry et al./Fisheries Research 62 (2003) 171-192

ters are defined primarily by European Legislation,
including the Freshwater Fish Directiv&ld, 1979
which sets out specific limits for designated salmonid
waters for a range of determinants, together with di-
rectives concerning urban wastewater treatmgit, (
1991 and the control of dangerous substances dis-
charged into aquatic environment&, 197§ and
groundwaters KU, 1979. The new Groundwater
Regulations derived from this last directive, provide a
powerful tool to tackle the problem of SP sheep dips,
requiring all dischargers of dips to apply for specific
authorisation for disposal.

By and large, the implementation of these regu-
latory controls has brought dramatic improvements

recent decades the CAP has encouraged an intenin many of the worst affected rivers in the UK and

sification of agriculture particularly with respect to
upland farms where increasing numbers of livestock

Ireland which for years suffered from urban sewage
and industrial pollution. Several river systems, devoid

are encouraged by subsidies paid on a ‘headage’ of migratory salmonids for generations, including the

basis MAFF and NAW, 2000Q. The consequence

has been to maintain artificially high stock levels
on ill-suited land resulting in overgrazing, increased
stream run-off and power, with consequent erosion

Rivers Thames and Clyde, now support salmonid pop-
ulations, whilst the Tyne, which saw its rod catch de-
crease to zero in 1959 is now one of the most prolific
salmonid rivers in England. However, considerable

and a subsequent increase in silt levels. Changing difficulties are still being experienced elsewhere. New
practices such as over-wintering on the moors and lit- European Legislation under the Water Framework
tle or no shepherding exacerbate the probl&mREM, Directive should be in place in the near future that re-
1998. In lowland rivers, subsidies such as the Arable quires dischargers to take account of the impact of the
Area Payments Scheme, encourage the cultivation of discharge on the ecology of receiving waters. The new
maize in the flood plain and have resulted in large directive is considered to be a potentially more pow-
areas of pasture adjacent to rivers being put under erful regulatory tool for pollution control than those
the plough. Over-winter the soil surface is afforded available in the past and should bring a further level
little protection, allowing huge quantities of silt to  of water quality improvement to all waters affected by
be washed into the river during flood eveni®ifns, discharges.
1997. Non-point source pollutants can also be controlled
to an extent under existing legislation, e.g. designa-
tion as a ‘Sensitive Area’ or under treegisof the
Habitats Directive EU, 1993. Other land-based habi-
tat management schemes which may influence water
The primary process by which point source pol- quality and fish habitat indirectly include Environmen-
lutants are prevented from entering watercourses is tally Sensitive Areas (ESASs), the “Set-aside” scheme
via the consent system where potentially polluting (whereby farmers are compensated for taking land out
substances are subject to concentration limits in dis- of agricultural production), the MAFF Habitat Scheme
charges. These limits are defined based on the ability for Water Fringe Areas and many others. However, al-
of receiving waters to dilute deleterious polluting though designation of such areas can enforce fertiliser
impacts. In England and Wales they are based on use reductions in agriculture, e.g., the extent of land
Environmental Quality Standards for the parameters covered is minor compared with the overall scale of
concerned, or in the future on River Quality Objec- the problem.
tives set by the Environment Agency. The permissible  This area of regulation in agriculture is of funda-
concentrations of various parameters in receiving wa- mental importance to the issue of habitat management.

2.2. Regulatory controls—the consent system
and European Legislation
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Many of the problems discussed in this paper are 2.3.2. Buffer strips and water quality
created by a combination of weaknesses in the current  Whilst integrated catchment management and
regulatory regime and actual incentives in the form of land-use controls offer a long-term solution to fish-
subsidy payments. In promoting the intensification of eries habitat quality problems, non-point source pol-
agriculture CAP subsidies encourage many problems, lution can be intercepted, at least in part by the use
such as erosion, siltation and increasing run-off rates, of buffer strips. The vegetation alongside a river has
which many rivers face todajgans, 1990; Orr, 2000;  the potential to reduce the impact of non-point source
APEM, 1999. The habitat damage that results will be pollution from a variety of origins (e.g. slurries from
reversed on a sufficiently wide-scale only by funda- livestock, nitrates and phosphates from fertilisers, sus-
mental reform of both the regulatory system such that pended solids from land erosion etd.arge and Petts
it applies more widely to agriculture and by fundamen- (1992)andMuscutt et al. (1993provided detailed in-
tal reform of the CAP. Land-use controls which influ- formation on land management techniques and buffer
ence the use of floodplain land are essential togetherstrips for the prevention of diffuse pollution within
with a move towards area-based subsidy payments andcatchments.
a catchment-wide approach to agriculture-related con-  Pollutants present in water moving through the ri-
servation schemes. parian zone can be immobilised and degraded by the
With respect to acidification, internationally agreed physical and biological processes operating in this
emission limits on nitrogenous and sulphurous oxide strip ecosystem. The recommended width is 10 m for
production, by reducing burning of fossil fuel, is an upland streams and 100 m for lowland rivetsige
example of agreed international regulation to reduce and Petts, 1992 Effective treatment is achieved by
a recognised trans-border problem. However, closer management of the riparian corridor so that envi-
to home, arguably much more effort is required to ronmental conditions, such as slow rates of under-
tackle the problem of within catchment non-point drainage, favour these processBeddy and Debusk,

source pollution. 1987; Reddy and Smith, 1987
Buffer plants such aBhragmites communendTy-
2.3. Direct management of land and rivers pha latifola can be used to create a riparian reedbed
system which will act as an effective substrate—plant
2.3.1. Catchment-based land management biofilter. These species are capable of high rates of

Whilst the consent system regulates point source growth associated with elevated levels of nutrient up-
discharges and wider European Legislation can in- take and demand (particularly nitrogen and phospho-
fluence non-point source impacts to a degree, thererous). The presence of a wider land-based riparian
is a wider requirement to influence land-use to avoid plant community will also act as a physical barrier
cumulative damage from diffuse pollutants. Clearly it to pollutants, retarding their translocation from soil to
is not possible to separate salmonid fisheries and theirwater as well as having a role as a biofilter. As water
habitats from the wider catchment environment and passes through the rhizosphere, microbial activity re-
the detrimental activities which are pursued within sults in the decomposition of organic matter and the
it. Inevitably, external forces, such as the CAP or denitrification of nitrogen sources. Depending on the
pure economic drivers encourage these activities. In rooting medium, much of the phosphorous component
this context it should be recognised that salmonids may become fixed within the soil itselB(ix, 1987).
are sensitive indicators of environmental change and To maximise the removal of nitrogen and phospho-
consideration of environmental impact and in river rous via direct uptake into the plant tissue, high growth
habitat needs must therefore be integrated into the rates and levels of standing biomass must be achieved.
process of government policy formation and accom- Hence frequent harvesting may be required to remove
panying regulation. Thus a holistic catchment-based the accumulated nutrients, encourage new growth, and
approach embracing all facets of land-use manage- prevent any release of pollutants from senescent plant
ment is essential for truly sustainable management of material McEldowney et al., 1993
river habitats. Land-use controls are inevitable if this ~ However, riparian vegetation growing in buffer
goal is to be achieved. strips will also provide overhead cover, inputs of
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allocthanous material and from a water quality per- can be used to create these effects, which in addition
spective, shade. This can be vitally important in shal- can be used to trap or retain gravels to create spawn-
low salmonid nursery areas, particularly during low ing areas. The hydraulic conditions created maintain
flows when strong sunshine can cause peak summera low fines contentWesche (1985for example refers
water temperatures to rise to dangerously high levels to the use of deflectors (groynes) to reduce silt con-
for salmonids. The advent of climate change may tent of spawning areas and encourage accumulation of
result in greater importance for shade to maintain ad- gravels.
equate water quality. Therefore frequent removal of
riparian vegetation may need to be balanced against2.3.4. Gravel cleaning
other requirements, and hence the time of year when Gravel cleaning is a popular restoration technique
pruning occurs could be critical. for reducing silt content. For Pacific specié@élson
and Sheridan (1974)laim that the normal egg to fry

2.3.3. In-stream habitat structures and water quality survival rate of typically 10% can be increased to a

In-stream habitat restoration techniques designed level in excess of 40% in silt can be reduced or re-
to enhance steam energy and increase velocitiesmoved. A variety of techniques can be used to clean
(Section 4 will also have a beneficial effect on wa- gravels Gerke (1973) perhaps the most simple being
ter quality. Water turbulence generated when water tractors with forks, rakes or blades to clean spawning
flows over weirs into plunge pools, or merely surface gravels by stirring up the bed and causing the fines
agitation from flow constriction, will aid re-aeration to be mobilised and carried away in suspension by
elevating water oxygen levels. Lowland and chalk the flow (Solomon and Templeton, 19)6Another
streams, particularly those subjected to organic en- popular technique is the high powered water jet us-
richment, are particularly susceptible to the problem ing a simple water pump to wash fines out of gravel
of reduced oxygen, which again may well be made spawning areasHnnigan et al., 1980 Consider-

worse by climate change.

The increased local turbulence and velocity created
by in-stream structure has another important function,
mobilisation of silt. A variety of structurestéble J

Table 1
An inventory of salmonid riverine enhancement techniques being
used in Ireland

Timber structures Rock applications

Horseshoe stone weirs
\ortex stone weirs

Notched straight log weirs
V-notched log weirs

Paired timber deflectors Rubble mats

Timber channel constrictors Gravel beds
Crosslog revetments Alternating deflectors
Plank/log deflectors Rip-rap

Individual random boulders
Covers shelves on lateral
scour pools
Rock breaking to
reintroduce sinuosity
Create pools and step
impassable falls
Gravel desilting

Log/Xmas tree bank revetments
Log/rock bank revetments

Plank/rock cover shelves
on lateral scour
Pools

Conifer tree bank revetments
Half logs

Bed logs

Rootwads

Shrub pruning and tree planting

able success has been achieved with Atlantic salmon
spawning areas in the eastern US@e(nple, 198y
and the technique is being more widely applied in
Britain and Ireland both in lowland chalk streams and
high energy upland rivers.

Sediment accumulation is also a common problem
downstream of impoundments. However, reservoirs
offer the opportunity to provide flushing flows before
the spawning season to rework the gravels and remove
the silt deposits. Successful use of flushing flows has
been reported for the River Shin in Sutherland, and
a flow programme has been developed in the case of
the Roadford Reservoir in Devon which allows for
such releasesSambrook and Gilkes, 1994The ve-
locities generated need to be sufficient to rework the
upper layers of gravel beds, but not so high as to scour
away the gravel. Appropriate velocities are likely to
be generated by flows equivalent to 1.¥sn'm—1
of channel width Frederikson Kamine and Associates
(1980). Thus in a 15m wide channel, a riffle in the
target reach would require a flow of 25fs to initi-
ate silt removal. The time period required for effective
cleaning will vary, depending on the degree of silta-
tion, but is likely to be 1-3 days. Where an armour
layer has formed, higher flows are likely to be needed,
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and some prior mechanical disruption of the gravel
surface may be requiredNélson et al., 1987

2.3.5. Acidification and lime addition
The widespread phenomenon of acidification of up-

177

Even under naturally low summer flows, this some-
what artificial intervention can provide a much need
refuge area for migratory salmonids trapped in other-
wise poor water quality conditions in the estuary.

land streams induced by atmospheric pollution can be 2.3.7. Aeration, oxygen injection and hydrogen

neutralised to an extent by the addition of lime. Direct
addition of lime (calcium carbonate) to acidic headwa-

peroxide
In extreme oxygen depletion situations aeration

ter streams, lakes and wetlands has met with variousand oxygenation techniques can be employed. Ar-

degrees of succesBl{lls, 1989). Powdered limestone

tificial mixing/aeration techniques have been used

has been used in Sweden in upland lakes to good effectfor many years in still-water trout fisheries to over-

(Andersson et al., 1984whilst limestone slurry has
proved more successful in riverine systefRegseland
et al., 1988. Although in many cases a single applica-
tion will last for several years, more frequent, possi-
bly annual applications may be required in lakes with
a low retention period. However, limestone addition

come low summer oxygen levelBdiley-Watts et al.,

1987) However, in recent years, recovering indus-
trial/urbanised rivers such as the Tyne and Thames
have required direct oxygenation to maintain satis-
factory oxygen concentrations. Oxygen injection has
been used on both rivers, in either temporary instal-

to surrounding land and bogs has proved successfullations (drop in venturi units) or purpose designed

for long-term treatments, actually increasing calcium
levels during periods of heavy rair¢wells (1986).
An example from the River Towy in Wales shows

what can be achieved in a system that was totally fish-

vessels. However, permanent installations are cur-
rently being implemented in a number of water-bodies
including the Manchester Ship Canal, part of the
Mersey catchment, salmon and sea trout recently

less in its upper reaches as a consequence of acidi-having returned to the rivei\ilson et al., 2001

fication in 1992. Powdered lime was added to Llyn
Brianne, a reservoir formed by a dam on the main
river, initially directly but subsequently via large hop-

Hydrogen peroxide offers a rapid response solution
in oxygen depleted waters. It is particularly effective
for use in episodic events such as organic pollution

per feeders to in-flowing streams. The results were incidents or oxygen sags caused by algal bloom die
quite spectacular, the upper reaches of the River Towy back, a problem sometimes encountered in the organ-

now supporting a class A/B juvenile salmon popula-
tion (NRA, 1994. An alternative approach is the addi-

ically enriched lower reaches of migratory salmonid
waters. Hydrogen peroxide added to receiving waters

tion of limestone gravel to the stream bed, which has at a concentration between 35 and 50 ppm, in either
met with considerable success in several upland loca- aqueous or powdered form dissociates into water and

tions. Acidity problems in the upper tributaries of the
Lancashire Wyre were dramatically improved by addi-

oxygen. Roughly 5t of peroxide are required for ev-
ery tonne of oxygen delivered to the systehittbn

tions of limestone gravels, adult trout being observed and Hendry, 1998

actually spawning in the gravel (Dr. D. Evans, pers.

commun.). Similar techniques have been successfully

employed in CanadaMills, 1989).

2.3.6. Reservoirs and water banks for quality
improvement

3. Water quantity

The basic water quantity requirements of salmonids
can be summarised as follows:

Water resource and flood alleviation schemes can be
used to great advantage in overcoming water quality e Adequate flows at appropriate times of year to en-
problems commonly experienced during low flows in courage and permit migration of adults and smolts.
estuaries. For example, in the highly regulated Welsh e Presence in nursery areas of appropriate water ve-
Dee catchment, a water bank is available for specific locities, volumes and depths for spawning fish and
fisheries purposes to allow quantities of water to be  juveniles, and in the case of non-migratory trout,
released to improve quality in the estuary by dilution.  for adults.
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e Regular occurrence of “flushing” flows to ensure are often complex, with potentially a wide variety
that spawning gravels are maintained in an unsilted of interactions which can mask the exact mecha-
condition. nism controlling critical changes. However, in many

e Adequate dilution of effluent inputs, from both point instances, flow and its associated hydraulic char-
and diffuse sources, to ensure that water quality is acteristics can be pivotal to many of the processes
satisfactory. (DeGraaf and Bain, 1986; Heggenes and Saltveit,

1990; Morantz et al., 19§7and hence are potential bi-

ological “bottlenecks” to optimum productivity of any

salmonid system.

3.1. Reasons for deterioration—man’s influence In addition, loss of depth in holding pools¢nnedy

and Strange, 1986and inadequate dilution of point

The “fluvial hydrosystem” comprises the whole and diffuse sources of pollution are also impacts to
river corridor, the river channel, the riparian zone, the be considered which arise from artificially induced
flood plain and the alluvial aquifer, and the natural flow low flows. Exacerbation of other adverse physical
regime in any river is influenced by factors such as cli- influences such as high water temperatures and re-
mate, geology, topography and vegetation cover in the duced habitat diversity following channel modifica-
catchment. In the vast majority of rivers in England tion schemes can also occur. Where river regulation
and Wales the balance of the various natural processesschemes or land management practices result in ex-
has been affected by human activitRA, 1996. cessive flows, there can be increased scouring of river

The principal activities by which flow regimes can be bed deposits with damage to spawning beds and ju-

modified include land-use changes such as drainagevenile habitat, and also increased bank erosion and

and agricultural/forestry practices, water abstraction sediment input to rivers.

and transfer between catchments, impoundment and With ever-increasing demands for water, future

flow regulation, and hydro-electric power generation. management of water resources should ideally be

In terms of simple hydrology, the effects of these var- based on sound “hydro-ecological” principles with the

ious activities can be to reduce flow, to increase flow, objectives of achieving a balance between the needs

and to modify patterns of flow fluctuations. of water users and the environment of the catchment,

The consequent physical effects of these flow together with the resolution and prevention of actual
changes on the various stages of the salmonid life impacts. Although the main theme of this section
cycle can be summarised as follows: deals with management and manipulation of flows, it
must be stressed that establishment of good land man-
agement practices can play a key role in restoration
of a more natural flow regime in a river.

More detailed considerations of these requirements
are given byArmstrong et al. (2003)

(a) A modified flow regime that results in both tempo-
ral and spatial changes to the availability of flows
for salmonid migration.

(b) Modified water velocity, wetted area and water
depth along affected river reaches, which will im-
pact on the availability and distribution of the habi-
tats preferred by different life stages of salmonids.

(c) Modified flows which directly affect channel mor-
phology, with resulting habitat changes along the
river.

(d) Modified sediment dynamics, including the pro-
cesses affecting the amount of the sediment
load and the distribution and deposition of the
finer fraction in sensitive spawning and nursery
areas.

3.2. Management solutions to benefit flow
and habitat

3.2.1. Land management practices and hydrology
Modern land management practices, such as high
sheep densities and upland drainage have been im-
plicated in influencing the hydraulics and hydrology
of rivers, resulting in increases in peak flows and
increased velocitiesJbhns, 1997; Robinson, 1986;
Howe et al., 1967; Burt, 1995Evans (1996provides
evidence that as sheep numbers increased in the north
Derwent catchment, so too did the rate of run-off,
The various environmental issues associated with an observation supported by a study in Shetland by
the life cycle of salmonids in rivers and estuaries Birnie and Hulme (1990)Furthermore, in a detailed



K. Hendry et al./Fisheries Research 62 (2003) 171-192 179

review of the influence of drainage on river hydrology 3.2.2. Establishment of flow requirements in
downstreamBurt (1995)concluded that the combined individual rivers
effect of agricultural under-drainage and channel im-  In any individual situation the particular needs of
provements is to generate quicker, higher peak flows fish in terms of flow are going to be specific. Itis there-
but not to alter flood volumes. fore essential that any management solutions adopted
The influence of land management on hydrology are tailored to the local needs, and a first priority
has however, been the subject of much debate overmust therefore be to ascertain these needs, as far as is
the last century. In a detailed review of the subject possible.
Robinson (1990¢oncluded that a number of complex
processes are involved and hence there are dangers ir3.2.2.1. Flows required for migration. Recent stud-
over-simplification of cause and effect; soil type, gra- ies on migration of radio-tagged salmon in relation
dient, nature of drainage and scale all being important. to flow in several rivers in south west England have
However, the study supported the conclusiorBoft resulted in the development of an analytical tech-
(1995) that drainage reduces peak flows from clay nique which can be used to determine threshold flows
soils but increases them from permeable soils, a partic- for upstream migration§olomon et al., 1999 This
ularly important issue in relation to upland salmonid technique is based on the cumulative frequency of
nursery streams which are often situated in porous available flows compared with the flows actually
peat based soils. Further it suggests that farming prac-used by fish for migration, and allows the deriva-
tices affecting soil compaction and tillage may have a tion of a migration index for each flow. An index
significant effect on flows under local circumstances less than 1.0 indicates that upstream migration is
but questions whether this is likely to be significant under-represented at that flow, but an index greater
at the catchment scale, particularly in larger systems. than 1.0 indicates that the flow is unlikely to be in-
Importantly the study highlighted the need to consider hibiting migration. Thus the flow with an index of
the land management history of a catchment when 1.0 can be regarded as the migration threshold. At
assessing its flows; suggesting that even a compara-the tidal limits of the rivers studied b§olomon et al.
tively ‘stable’ catchment with little change in land-use (1999) the migration threshold ranged from 101 to
may show changes over time in the rainfall-run-off 284% of the Q95 (the flow exceeded for 95% of the
relationship. time). Adoption of this technique where appropriate
Arguably, reversal of these practices, even on a lo- data are available, either from tracking studies, fish
cal scale, should enable a return to more natural flow counters or fish traps, coupled with flow data, would
characteristics. The principles of river restoration are allow determination of threshold flows for migration
discussed irBection 4 but the overall aim must be to  in different parts of the river and at different times of
establish the basis of sustainable and environmentally year.
acceptable land practices in the catchment to benefit, Where appropriate data are not available, the
wherever possible, the natural flow regime. approach developed by the former Lancashire
In impacted catchments, reinstatement of a more River Authority Stewart, 1973 might be consid-
natural fluvial hydrosystem may take a considerable ered. From studies on fish movement derived from
time to achieve but the overall gain in habitat, biota counters it was concluded that upstream migra-
and biodiversity will reflect a more balanced and less tion of salmon commenced when the flow reached
damaging flow regime resulting in slower run-off and 0.084n¥s™m~! of channel width, peaking at a
reduced stream power. This in turn will help reduce flow of 0.20n?s~tm=! width. However, these re-
erosion during storm eventsiéndry et al., 1998 It lationships were derived from data from spate rivers
should also be recognised that the adoption of im- in North West England, and should be used with
proved land management practices will be required to caution as they may not be universally applicable.
buffer the extremes associated with changed weatherIn addition there is also the approach proposed by
patterns experienced in recent years, as well as theBaxter (1961pased on the percentage of the Average
increased risks associated with the predicted changesDaily Flow to provide adequate discharge for fish
resulting from climate change. migration at different times of year. However again,
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the approach was based on spate rivers, in this case3.2.3. Abstraction control measures

in Scotland, and hence may not apply to all river

types.
The migration flow requirements of sea trout are

Once the flow requirements of different life stages
have been determined, operating rules for abstractions
can be applied. This section identifies the most com-

known to be less than those of salmon, so any flow mon methods employed.

management to protect salmon migration is also likely
to be effective for sea trout.

3.2.2.2. Flows required by juvenile stagesThe his-

3.2.3.1. Prescribed flow (PF) and percentage take
rules. A single prescribed flow PF below which
abstraction must cease is the most usual operating

torical approach to this problem has been to take somerule, with the Q95 being a commonly adopted figure.

arbitrary proportion of the naturally occurring flow,
typically 10% of the average daily flow (ADF) or in
more recent times the Q95, as a flow below which

However, the effectiveness of this figure in protecting
salmon and trout migration is known to vary from
river to river and within an individual river. A flexible

there should be no further reduction, except as a conse-approach with a higher PF at times and in locations
guence of naturally occurring events. The Lancashire where fish are migrating, and a relaxation at other
River Authority approach referred to above adopted a times of year when no migration is likely to occur

figure of 0.03mM s 1 m~1 width as an “inactivity” or
“survival” flow, but again, this was based only on spate
rivers in North West England. This suggested survival
flow was derived for adult salmonids in the lower
reaches of rivers. In rivers experiencing naturally
low flows and drought conditions then the likely sur-
vival flow for juvenile salmonids would be markedly
less.

The critical point at which reduction in flow begins
to have a damaging impact on production of juvenile
salmonids in any particular situation is very difficult
to define. Predictive habitat models such as PHAB-
SIM (Bovee (1986)and its derivatives have been used
in such situationsRode, 199% but there are some
concerns about their reliability. There is still insuffi-
cient information about the overall ecological impacts

of the changes in habitat predicted by these models,

and the reliability of the suitability curves for indi-

would be more effective, provided water quality or
the requirements of juveniles was not compromised.
Some abstraction operating rules allow only a pro-
portion, typically 50%, of the flow above the PF to
be taken Cragg-Hine, 198p This rule preserves flow
variability, and avoids a “plateau” of residual flow
which can occur where an abstraction takes all the
flow above the PF until the capacity of the pumps is
exceeded. In reality, it may also have the effect of in-
creasing the lowest flows from which abstraction takes
place, as there is usually a minimum take associated
with pump capacity. While a percentage take rule rep-
resents a precautionary approach and is potentially
beneficial as far as salmon migration and general well
being is concerned, it does reduce the time when the
full take can be abstracted, and reduces the reliable
yield of an abstraction scheme. A likely consequence
of this is that to satisfy overall supply demands other

vidual fish species and age components have not beensources of water will have to accessed, with result-

confirmed Holm et al., 2001 More detailed work

ing environmental impacts elsewhere. Adoption of a

on salmonid habitat requirements is therefore required percentage take rule should therefore be targeted and
together with dedicated refinement of these models used where it is perceived to offer significant advan-

to confirm their applicability to rivers in the British
Isles.

Regarding the needs of juvenile salmonids, the
flows required to promote downstream migration of

tages over a 100% take above the PF. Such situations
mightinclude: (a) schemes where there are insufficient
data to evaluate likely impacts reliably; (b) schemes
where the abstraction is large relative to the PF, when a

smolts need to be considered. At present there is little 100% take could cause very long periods of “plateau”

reliable information available on the flow requirements
of migrating juveniles, but generally the flow levels
likely to promote upstream migration of adults will

flows at times of environmental sensitivity; (c) situa-
tions where flow variability per se is considered im-
portant, e.g. for biota other than migratory salmonids.

be adequate to encourage downstream movement of Overall, the application of prescriptive and generic

smolts.

operating rules may be considered to represent a rather
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rigid and sometimes inefficient means of managing which augmentation would normally cease has been
water resources, such that critical flows and time pe- exceeded. Factors which need to be considered when
riods are not specifically targeted. Also, this results in developing such spate sparing include absolute flow
the sterilisation of available abstraction from environ- levels, relative increases in flow level, occurrence of
mentally benign flows. Further, the efficient use of re- spates in the preceding period, spate thresholds and
sources at times when no adverse impact is apparent,duration of sparingl{awson et al., 1991
particularly in conjunctive use schemes, may offer the
potential for reduced abstraction under more environ- 3.2.4.2. Location of the abstraction pointThe low-
mentally sensitive conditions. Again, experience sug- ermost reaches of rivers are often the locations se-
gests a more flexible approach will be required by the lected for major abstractions because they are likely
regulators and operators in response to climate changeto provide a more reliable yield during droughts than
sites further upstream, because the supply demand/use
3.2.4. Protected flow range tends to be concentrated in the lower reaches, and be-
Where the flows justifying protection are too high cause of a perception that, overall, less environmental
for an effective PF rule, and in some cases where a low damage will be caused by an abstraction near the tidal
PF already applies, there may be scope for adopting limit. The results of the study reported Solomon
a protected flow window. For example on the Hamp- et al. (1999)support this perception as far as salmon
shire Avon, ceasing abstraction for a 7-14 days period migration is concerned. Threshold flows for summer-
when the residual flow first falls below 9%s on the  time movement increase in an upstream direction. On
falling summer hydrograph (May-July) would signif-  the Avon, the increase over a 60 km reach was only
icantly reduce the effects of abstraction on the flows modest reflecting the lowland nature and low gradi-
being used by salmon for migratioS¢lomon et al.,  ent of the river. On other rivers, the threshold flow
1999. Usually after 2 weeks natural flows have fallen increases several fold (in terms of multiples of the ap-
further, so that continuing protection would be much propriate Q95) over the length of river studied. Thus
less effective in terms of additional salmon entering the impact of any water resource proposal is heavily
the river. dependent upon the location along the river, and can
The protected flow range approach may be particu- vary even over a short distance of a few kilometres.
larly attractive for abstraction at sites located well up- Extrapolation from river to river and from location to
stream where salmon migration is typically associated |ocation should therefore be treated with caution and
with a higher flow band relative to the ADF. However, avoided if possible. Observations from fixed locations
as is the case with percentage take rules, there could(counters and traps) cannot be simply interpreted for
be impacts elsewhere if the shortfall had to be made other locations even in the same river.
up from sensitive alternative sources. It is also impor-
tant to consider the impact of reduced residual flows 3.2.4.3. Diurnal and tidal modulation of abstraction.
downstream to the estuary where the relationship be- The pattern of salmon migration up to and past the
tween salmon movement and flow will be different.  tidal limit appears to be modulated to a considerable
extent by the time of day and the state of the tide. Par-
3.2.4.1. Protection of critical spates.In dry years, ticularly at times of low freshwater flow, movement
certain flow events of limited magnitude and duration is greatest at night, with peaks after dark and around
can be associated with disproportionately large levels dawn. It is likely that salmon utilise the flood tide for
of salmon migration Alabaster, 1970; Banks, 1959 much of their landward migration. This pattern offers
Wherever possible, such flow events should be pro- a potential operating rule for abstraction points located
tected. There are various ways in which this might be near the tidal limit, based on reduction of abstraction
achieved, such as closing down an abstraction for the to protect critical times when migration is likely to be
duration of the minor spate event and bringing another at its greatest and allowing a commensurate increase
source of supply on line. Where regulation releases in take at other times to maintain overall yield. How-
are being used to support an abstraction, augmentationever, for such modulated regimes a degree of off-river
could be continued, even though the control flow at storage may be required.
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3.2.4.4. General considerations for the management these uses, is that they release compensation water
of abstractions. The various approaches outlined to the impounded river. The pattern of these releases
above provide a range of measures aimed at achievingvaries, being either set at a fixed daily volume or
a balance between minimising environmental impacts, with some seasonally based variation. The quantities
maximising scheme yields, sustainability and cost also vary, historically often based on 1/8th ADF of
effectiveness. The application of generic operating the impounded stream, or more recently the Q95. In
rules may be an ineffective and inefficient means of some cases the compensation flow provides a signifi-
managing water resources, such that critical flows and cant benefit over the natural flows experienced in dry
time periods are not specifically targeted. Unneces- and drought years, an example being the River Wolf
sarily stringent operating rules, while apparently hon- downstream of Roadford Reservoir, where formerly
ouring the precautionary principle, may in fact have under extreme conditions the stream would be re-
indirect adverse effects on other river systems where duced to inter-gravel flow, leaving extensive reaches
alternative supply sources have to be used. A generalof dry river bed (Dr. W.M. Duncan, pers. commun.).
consideration applicable to all approaches is that there  Seasonal variations in compensation flows can be
should be scope for operating rules to vary seasonally used for the benefit of fisheries. In particular, increases
to maximise their effectiveness in protecting fisheries in the quantities released during the autumn and win-
and to minimise disruption to scheme yields. The ter months can be used to provide optimum conditions
efficient use of resources at times when no adverse for spawning of fish and to ensure that redds are not
impact is apparent, particularly in conjunctive use left high and dry during the incubation period. How-
schemes, may offer potential for reduced abstraction ever, in the Scottish context there is a complication in

under more environmentally sensitive conditions. that compensation flows and freshet release volumes
were set in the past to prevent damage to fisheries. The

3.3. Reservoir management and the control of fishery proprietors through the District Salmon Fish-

regulated rivers eries Boards have right to alter the flows as they see

fit (within the overall yearly allocation of water). This

Flow regulation of rivers through environmen- has in many situations resulted in flows being utilised
tally and scientifically sound principles of reservoir to help the fishing in the summer and not the upstream
management can present opportunities for fisheries migration of fish to their spawning burns or the provi-
and environmental benefits which are low risk and sion of adequate habitat in the wint&té¢phen, 2001
sustainable. These approaches are dependent on our
knowledge of the life history and environmental re- 3.3.2. Management of releases to benefit fisheries
guirements of salmonids as detailed Armstrong Reservoirs offer the potential to control the timing
et al. (2003) which form the basis of the criteria for ~and volume of releases, and any adverse environmen-
the operating rules. Experience has shown that ide- tal impacts of a reservoir and its operation may in part
alistic regimes are not always achievable due to real be offset through innovative management of releases.
constraints imposed by engineering and operational For example, reservoirs provide a degree of flood and
conditions for each specific site. It is easier to design peak flow control, and can reduce the incidence of the
and implement the necessary features to enable envi-damaging scouring flows which occur on unregulated
ronmental gain when dealing with any new scheme. rivers. This is particularly valuable in the early months
Retrofitting modern concepts and standards to old en- of the year, around the time of fry emergence. In some
gineering has its limitations. This generally results in cases, a “bank” of water may be held in storage which
making use of the best available solutions as defined can be used specifically for fisheries purposes. Such

by the real constraints. water banks may consist simply of a total volume of
water available in each year, or may be based on more
3.3.1. Compensation flows complicated arrangements, with availability depend-

A general feature of on river reservoirs, whether ing on the total volume being held in storage at any
they were constructed for direct supply, river regu- one time of year in relation to operating rule curves for
lation, hydropower generation or a combination of the reservoir. As is the case with developing optimal
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patterns of release of compensation water, pro- to the upper reaches of the River Cassley when re-
grammes for using special releases should be basedeased on the back of natural run-atéphen, 2001
on a knowledge of the in-stream requirements of  Purely artificial freshets to encourage migration are
salmonids. Typical reasons for making releases are to more likely to be successful during the autumn, or in
stimulate upstream migration of adult salmon and sea attracting fish into freshwater from the tideway, than
trout or downstream migration of smolts, to provide in other situations. Flat-topped freshets of a relatively
flushing flows to clean gravels prior to the spawn- small magnitude but of long duration are generally
ing season, and to mitigate the effects of pollution unsuccessful in stimulating migration, especially in
incidents. There can also be situations where somethe upper parts of a river system (W. Purvis, unpub-
release of stored water can be justified to ameliorate lished data). The same total volume of release in a
extreme drought conditions, as discussed earlier. shorter duration event which mirrors a natural freshet
is more likely to succeed in such areas. In the case
3.3.2.1. Releases to stimulate upstream migration. of the Welsh Dee it was proposed that releases from
Various patterns and timings of releases of stored Llyn Tegid during the autumn months aimed at pro-
water have been adopted over the years in attempts tomoting movement of salmon into the upper reaches
encourage upstream migration, particularly of salmon. should be made ova 4 days period, generating flows
Experience has shown that the releases most likely totwo, four, three and two times the baseline flow (Dr.
succeed in this aim are ones made to coincide with D. Cragg-Hine, pers. commun.).
naturally occurring increases in run-off from other A similar stepped approach is being adopted by
parts of the catchment. Releases of stored water madeScottish and Southern Energy, with typically flows
at other times have in many instances failed to stim- being built up over a 6 h period, followed by 12 h at
ulate significant upstream movement. The magnitude peak flow, then with a 24 h recession. To attract fish
and duration of releases needed to produce upstreaminto freshwater from the tidal reaches of the Welsh
migration will depend on local conditions. Evidence Dee after prolonged periods at baseline flowéd days
from tracking studies has shown that upstream mi- period with the residual flow raised from the normal
gration occurs most freely during the recession of 4.2—-13n?/s was recommended (i.e. a multiplier of 3),
spates $ambrook and Broad (1990)Where infor- on the basis of observations on movement of radio-
mation on the flows typically used for migration is tagged fish into the freshwater riveXPEM (1998b).
available, e.g. from tracking studies or counters, re-
leases could be used during the recession of a natural3.3.2.2. Releases to benefit juvenile stagd®eser-
spate to hold the flow at an appropriate level for a voir release can be used in some circumstances to ben-
longer period awson et al., 1991; Sambrook and efit juvenile life stages. The advantages of enhanced
Gilkes, 1992. It has been suggested that this period flows during winter low flows to benefit egg incuba-
should last for at least 48 iHEndry and Cragg-Hine, tion have been mentioned. This can be particularly
1997. This would be particularly useful in the case important during hard frosts when low flow situations
of small spates where naturally occurring migration similar to summer discharges can be encountered,
flows might only last for a few hours. especially in upland streams. For fry and parr stages,
In the absence of empirical local information on enhanced flows in regulated rivers can also be benefi-
migration flows, the method developed by the Lan- cial. The Enhanced Flow Programme adopted on the
cashire River Authority might be adopted for spate River Wolf in Devon as part of the Roadford Reser-
rivers, using the predicted peak migration flow figure voir scheme has produced encouraging results with
of 0.2 s~ m~1 of channel width as atarget flow. An  this technique. Using data from two 5-year periods
alternative approach would be to use releases to holdbefore and after impoundment (late 1980s and late
the flow at some multiple of the baseline flow. An ad- 1990s respectively) marked improvements in both
dition of 20 million gallons per day (1.05%s) to the juvenile salmon and trout were observed in the lower
prevailing baseline flow of 8 million gallons per day reaches of the River Wolf following implementation
(0.42 ni/s), amultiple of 2.5, for a period of 3 days has of the Enhanced Flow Programmé&ambrook and
been found to be successful in moving salmon through Gilkes, 1994. Salmon fry and parr increased by 130
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and 43%, respectively, whilst trout fry and parr in- oversize for some distance downstream of the dam
creased by 670 and 57%, respectively. In the caserelative to the regulated flow regime which it will
of salmon and trout fry these increases elevated den-receive. To reinstate favourable velocity and depth
sities from grade ‘E’ to grade ‘C’ according to the conditions, physical narrowing of the channel by ap-
Environment Agency National Fishery Classification plication of appropriate river engineering techniques
SchemeIRA, 1994. In comparison the control sites may be necessary. However, such a channel may
on the River Lyd displayed mainly modest declines still have to cope with occasional high flows, e.g.,
in salmonid density over the same time periods. when dam overspill occurs, or when large quantities
of augmentation water are being released. In such
3.3.2.3. Control of releases in river regulation and circumstances a two-stage channel may be required,
hydro-electric power schemesTruncated patterns of ~ with a low flow channel designed to carry compen-
release, with rapid rising and recession limbs should sation flows and normal regulation releases, and a
be avoided where possible because of the hydraulic higher level channel over shallow side berms to carry
stress this can impose on the regulated river channel.high flows. Alternatively some form of relief-channel
There is also the possibility that sudden and large in- or creation of refuges and in-stream cover may be ap-
creases in flow might put human life at risk, and that propriate. Various designs for achieving these various
sudden reductions in flow might put fish at risk through  channel modifications are given biendry and Cragg-
stranding. However, it needs to be recognised that in Hine (1997)and in the New Rivers and Wildlife Hand-
many locations where HEP schemes operate they dobook (RSPB/NRA/RSNC, 1994
so to satisfy peak demand and a gradual stepped in-
crease in production is not an option, being incompat- 3.4.2. Replenishment of spawning gravels
ible with the effective production of energy when it is Although appropriate management of releases from
required. Fortunately, most of the major stations that reservoirs can reduce the incidence and severity of
are regularly brought up to full load very quickly dis- damaging peak flow events, these can still occur when
charge into lochs or reservoirs rather than into a river- dams overspill. One consequence of these events is a
ine situation, largely buffering the effects of changes scouring of the river bed below the dam and removal
in flow and water height. of the small material used by spawning salmonids. The
Nevertheless, as far as possible the pattern of re- presence of the dam prevents replacement of this ma-
lease should simulate a natural spate hydrograph forterial from further upstream, leaving areas devoid of
the river, although the extent to which this will be spawning gravelAPEM (1995). Scottish and South-
achievable will be dependant on the technical limita- ern Energy have developed a policy of placing gravel
tions of the machinery used to manage the release.which has been dug out of intakes and small dams
Ideally the releases will involve small stepped changes back into the river downstream of the dam, so that the
which are smoothed by short time intervals. In the normal process of replenishment can continue (Dr. A.
case of Roadford Reservoir, the increase to a maxi- Stephen, pers. commun.).
mum discharge of 320 MI per day (3.7fs) from the
base flow of 9 Ml per day (0.104%s) takes place over
3.5h and reduction of releases back to 9 MI per day
takes 40 h. However, where fixed gate opening inter-
vals are involved, larger stepped changes may have to
be accepted (H.T. Sambrook, pers. commun.).

4. Physical habitat

The physical habitat requirements of salmonids can
be described as follows:

3.4. Channel manipulations e Adequate quantities of spawning gravel of the ap-
propriate size range (16—150 mm) and with a low

3.4.1. Channel modification to mitigate impacts of fines content.
unfavourable flow conditions e In close proximity to spawning grounds, extensive
Following reservoir construction on a river, the re- nursery areas for fry and under-yearlings, with wa-

duced flow often means that the original channel is  ter depth around 20-40cm and velocities of the
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order of 20—75 cm/s. In-stream cover should be pro- sulting in over-wintering on vulnerable hillsides and
vided by small cobble (up to 64 mm) and bank- planting of crops such as maize in floodplain areas
side vegetation should provide a degree of overhead previously suitable only for pasture. Large scale land
cover and shade. drainage to increase the area available for cultivation,

e Adjacent to the fry habitat large areas of deeper such as the arterial drainage schemes in Ireland in the
faster water (up to 46.cm) with velocities up to 1960s and 1970s, have also had a profound impact
100 cm/s for yearling and older parr. The substrate on the ability of watercourses to support salmonids
should be coarse, predominately cobble and boul- (O'Grady, 199). The consequences of these practices
der in size, ranging from 64 to 256 mm to provide for rivers and streams include:

in-stream cover. . : .
. . (1) higher run-off speeds with concomitantly greater
e Foradults free access to the spawning areas is essen-* .
stream power;

tial, and with adequate secure holding areas (1-2m ; . . .
X A (2) increased erosion resulting in bank collapse,
deep) for adults adjacent to the spawning riffles. Ob- stream widening and instability:
stacles should not exceed a vertical height of 3m. . 9 : Y . .
(3) greater in-stream sediment loads with resulting

In a physically undisturbed river channel the condi- siltation and compaction of critically important
tions outlined above, would normally be present with spawning areas.
rubble strewn riffle/pool sequences in high gradient
areas, and riffle/glide/pool sequences in low gradient
reaches.

Poorly managed or neglected forestry and wood-
land sites can also have deleterious consequences
for salmonids. Dense shading caused by un-managed
overgrown streamside vegetation, limits primary pro-
4.1. Reasons for deterioration ductivity and consequently the abundance of stream

invertebrates on which salmonids depend for food

Freshwater riverine habitats may be modified as a (O’Grady, 1993.
result of natural changes in river channel and climate  Although these practices arguably impact rivers on
but by far the largest impact is human use of the river a local scale, the driving force behind them is the
and the surrounding land. In the UK and Ireland ad- CAP. Farmers are encouraged by the prevailing sub-
verse effects are predominately related to agriculture, sidy regime to farmin a manner that causes widespread
land drainage, water supply, hydropower, flood con- damage to riverine environments. The CAP combined
trol and historically industrial use associated with the with the current lack of any effective land-use con-
construction of weirsidendry and Cragg-Hine, 1997 trol legislation to specifically police and control these
Hydropower and water supply dams, together with detrimental effects of agriculture and forestry, is ar-
industrial weirs have all played their part in providing guably the biggest single threat to the survival of many
obstacles to upstream migrating salmonids, helping salmonid populations throughout the British Isles.
to eradicate salmon and migratory trout populations
from many tributaries and even whole river systems. 4.2. Identifying habitat deterioration
However, smaller obstacles, such as bridge culverts
and engineered fords, can also be widespread within  When considering habitat improvement it is essen-
catchments, severely restricting upstream migration tial to understand the nature of the deterioration, its
in some cases. For example on the River Tweed, sev-extent, and, an issue of crucial importance, identify-
eral hundred man-made obstacles of this type were ing which of the salmonid life history stages it im-
recently identified (Dr. R. Campbell, pers. commun.). pacts upon. Once identified, the critical factors leading

However, agriculture and associated land drainage to deterioration, known as “bottlenecks” or “pinch
schemes are considered the greatest single cause opoints”, can be overcome by specific habitat improve-
habitat decline todayHendry et al., 1998 Poor agri- ments aimed at alleviating the bottleneck to salmonid
cultural management practices include activities such production Garcia de Jalon, 1995However, the pro-
as overgrazing as a consequence of unsustainably highcess of identifying the critical factors leading to deteri-
stock densities, changes in sheparding practices re-oration requires detailed information on a spatial scale.
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Therefore a dedicated baseline survey, carried out 4.3. Physical habitat restoration

on a catchment-wide basis, is a critical pre-requisite to
designing and implementing major habitat enhance-
ment/rehabilitation programmes. The catchment-wide
basis of such an exercise is critical. Many such sur-
veys have indicated that different sub-catchments
and discrete reaches of the “main stem” can have
very different functions in salmonid term®'Grady,
1995. It is only with an overview of an entire catch-
ment that the various imbalances leading to bottle-

When considering physical habitat restoration it
is essential to realise the importance of river type.
Hendry and Cragg-Hine (199entified the range of
river types in which salmonids are found in the British
Isles. These range from comparatively low energy
chalk streams of southern England, to low Moorland
rivers of moderate energy in Ireland to the high en-
ergy spate rivers of the Scottish highlands. Techniques

necks can be recognised and subsequently prioritisedthat may be applicable in one type of river may be

for enhancement/rehabilitation purposed’Grady,
199)).

Essentially a baseline survey, from a salmonid fish-
ery management viewpoint, is an attempt to divide a

catchment into a series of discrete zones each of which

has a different function in salmonid terms within the
context of an overall catchment. There are four pri-
mary factors involved in defining a zone (assuming

good water quality and adequate quantity); mean sum-
mer discharge value; channel gradient or slope; chan-

nel bed type, and the nature of the riparian zone.

hopelessly inadequate in others. An understanding of
channel types as defined Rpsgen (1996¢ombined
with geomorphological and hydrological expertise is
essential in physical habitat restoration.

4.3.1. Removal of obstacles

A baseline survey of the Tweed Catchment illus-
trated the presence of 861 natural and man-made
obstacles (Dr. R. Campbell, pers. commun.). The
Tweed Foundation have since removed or made pass-
able many of the man-made obstacles, in the process

Once one or more of these primary factors changes re-opening up improving access to 640 km of spawn-

significantly then the capacity of a channel to sup-
port, or produce, salmonids will be altere@’'Grady
(1994).

A knowledge of man’s activities in a specific catch-
ment, both historically and currently, is also invaluable
in designing a specific survey programme that will
be of practical value to the fishery manager in under-
standing a particular catchment and its problems. For
example, historical problems from heavy industry and

ing and nursery water. If the level of obstructions
located on the Tweed is a reflection of general devel-
opmental trends on British rivers then clearly there
is a need for “walk-over” surveys and subsequent
electro-fishing programmes to clarify the extent of
this problem in all major salmonid catchments in
Britain. The removal or easement of passage over
such barriers clearly represents the single most cost
effective rehabilitation proposal one could undertake.

arterial drainage in the past, serious overgrazing and On a larger scale, for obstructions such as weirs and
bankside erosion problems, excessive shading from dams, there is a wealth of information on fish pas-

deciduous and/or coniferous plantations and siltation
of channels from agricultural practices are typical
issues which may be encountered.

Various baseline survey methodologies have evol-
ved overtime in different countrie§©(Grady and Duff,

sage obstructions and means of overcoming obstacles
using fish passes, fish ladders etc. (Bgach, 1984,
Reeves et al., 1991There are two basic types of fish
pass which are commonly used in England and Wales
including the pool and traverse passes and the “rough-

2000; Hendry and Cragg-Hine, 1997; Summers et al., ened channel” passes (e.g. the Denil Pass and its vari-
1996. A fishery manager challenged with the task of ants, such as the Alaskan Steep Pass and the Larinier
surveying an individual catchment should take cogni- Pass). Where access past high dams is required, a fish
sance of the various methodologies already developed, lift or fish lock, such as the Borland Lock, may be
compile as much background information on the par- necessary. Borland Locks have been installed in some
ticular catchment as possible and then “tailor” a survey hydro-electric dams in Scotland and Ireland.
programme specifically to take account of any special ~ The issue of temporary obstructions caused by large
characteristics (problems both historical and current) woody debris has been subject to considerable inves-
in a particular watershed. tigation in North America. Woody debris is perceived



K. Hendry et al./Fisheries Research 62 (2003) 171-192 187

to have a positive important impact on spawning and  Where the riparian zone is inadequate to provide
juvenile habitat for Pacific salmonid€apman and  cover for fish and prevent excessive erosion but chan-
Knudson, 1980; House and Boehne, 198khe loss nel physical form has not yet deteriorated significantly,
of large woody debris is regarded as a long lasting it is crucial that banks are fenced-off from stock
phenomenon that transforms streams into consider-and planted. This is often an essential preventative
ably less productive environmentdquse and Boehne,  measure that, of itself, will address excessive erosion
1985. Consequently, the issue of trash dam removal problems before they arise thereby maintaining the
to facilitate either fish passage and/or land drainage is channels physical form. In the long-term this strategy
heavily criticised. Obviously this is at odds with re- is likely to lead to increased salmonid standing crops
moval of large woody debris that is considered to be as the riparian zone regenerates and has been used very
an impediment to fish migration, hence a balanced ap- successfully both in Ireland and Scotland, notably on

proach needs to be adopted. the River Tweed (Dr. R. Campbell, pers. commun.).
Given the potential conflict between unchecked ri-
4.3.2. Control of tunnel vegetation parian vegetation and a need to prevent denudement

Poorly managed riparian vegetation, from a fishery from grazing clearly a balanced approach is needed.
perspective, can be easily “re-balanced” by selective This should comprise a long-term management pro-
thinning and pruning. On the River Arrigle in Ireland, gramme of fencing, planting and pruning to maintain
a continuously heavily shaded reach some 800 m in and where possible maximise salmonid productivity.
length was selected for study in 1990. Scrub trees,
briars and woody shrubbery were removed along the 4.3.4. Channel modification using riparian structures
banks from the lower 400 m length, leaving mature  In low energy river systems, such as chalk streams,
bankside trees uncropped, whilst no pruning was “soft engineering” techniques can be employed
undertaken in the upper 400 m reach. A statistically (RSPB/NRA/RSNC, 1994 harnessing geomorpho-
significant 6-fold increase in{l year old salmon and  logical processes to accomplish aims such as channel
a doubling in the % year old trout numbers were narrowing and deepening. The natural process of flu-
evident in the pruned section 2 years post-works, Vvial erosion can be harnessed and manipulated by
whilst no increase was observed within tunnelled zone incorporating structures such as live trees, dead trunks
(O’Grady, 1993. and brushwood into the riparian zone. Woody materi-

These data illustrate that the management of the ri- als will create a colonisable natural habitat, compared
parian zone to prevent overshading is critical in or- to the sterile homogenous environment occurring
der to optimise the standing crop of salmonids but it where “hard” structures are used.
is also necessary to understand that a suitably vege- Large tree trunks, half submerged alongside the
tated riparian zone has other functions also essentialriverbank, can help to halt erosion by directly absorb-

to salmonid production. ing energy from the water. Bundles of live willow
withies can then be placed behind the trunks where

4.3.3. Fencing and the protection of riparian they will develop roots and shoots, binding bank

vegetation material together and trapping silts which act as a

Well vegetated banks are essential in order to pre- growth medium for colonising emergent macrophytes
vent unnaturally high erosion levels, to provide cover (Hemphill and Bramley, 1989
for fish, reduce critically high summer water tempera-  Spiling is an useful technique in low energy streams
tures and reduce the run-off of silt from adjacent land. where live willow withies are weaved around freshly
Fencing to exclude livestock and prevent grazing of cut winter willow stakes. The stakes are placed into
riparian vegetation is now commonplace and a central the bankside material and will protect over-steep/verti-
theme of salmonid restoration strategy. The direct ben- cal banks or scour holes as the stakes root and pro-
efits include promoting channel stability, controlling duce living and long lasting protectiomémphill and
erosion, diversification of habitat by providing over- Bramley, 1989. In more energetic systems, live wil-
head vegetative cover, and increased in-stream pro-low stakes planted into a revetment structure (e.g. log
ductivity (Hynes, 1970; Anderson and Ohmart, 1885  structures, rip-rap or gabion baskets) will root and
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consequently bind the fill material together thus in-
creasing its longevity and improving habitat diversity
(Dr. M. O’Grady, pers. commun.).

Hazel hurdles (constructed from coppiced materi-
als) will not root but will protect a regarded bank from
wash and scour. The natural riparian community will
grow through the weave and, after approximately 10
years, the wood will rot away. Another successful tech-
nique used in low energy chalk stream rivers involves
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in Eire (O'Grady, 199%. A wide variety of tech-
nigues have been employed to varying degrees and
in different combinations to solve individual prob-
lems (Table 1. Techniques used are similar to those
employed in North America since the 19303uff

et al., 199%. Natural materials (rock and timber) were
largely used with the exception of iron pins used to
secure logs and sheets of terram (fibreglass cloth) laid
beneath the bed upstream of log weirs (attemt,

the use of faggots (brushwood bundles) placed in the 1993 to prevent “wash out”.

bankside material. They trap silt and sediment and

Three examples illustrating the success of in-stream

hence consolidate the bank through accretion. Subse-habitat restoration works from Ireland are presented
qguent scour is prevented by emergent shoots (if wil- in Table 2
low is used) and the woody branches buried in the silt  The data indicate that enhancement in both lowland
(Lewis and Williams, 198% streams and rivers and upland channels has proved
successful, the data being statistically significant at
4.3.5. Channel madification using in-stream the 95% confidence level. In Ireland over the past 10
structures years, quantitative data on fish stocks have been com-
In-channel modifications can be used to great ef- piled for over 200 paired sites (developed and con-
fect to improve in-stream habitat for all life stages of trol areas), in a wide variety of channels (0.5-25m
salmonids. Techniques range from gravel addition and in width) in many different catchment&¢lly, 1997;
retaining structures, to weirs and deflectors designed to O’'Grady, 1991; O’Grady and Duff, 2008hdO’Neill,
increase stream turbulence and direct flow to promote 1998. The results presented for the Borroe, Grange
habitat diversity. Other techniques include a range of and Deel channels are fairly typical of this entire data
bank protection measures from boulder armouring or set.
rip-rap to log and christmas tree revetments. A full In Britain, with a few exceptions, habitat restora-
description of the range of techniques can be seen intion and monitoring of its effectiveness has been
Hendry and Cragg-Hine (199@nd Summers et al.  limited to date Hendry and Cragg-Hine, 1997al-
(1996) though habitat restoration programmes carried out by
The most extensive programme of in-stream sal- the Tweed Foundation on tributaries of the Tweed us-
monid habitat enhancement/restoration schemes un-ing some of the techniques already described for Irish
dertaken in the British Isles has been implemented channels have also proved successful (D.l. Glen, pers.

Table 2
Observed changes in salmonid stocks in two lowland, and one upland channel in Ireland 2 years after enhancement works

Channel Base Gradient  Problems and solutions Results (2 years post-works)

width (m) (%)

Borroe stream 3.5 0.75 Drained in 1950s. Good riparian recovery since pod.5-fold and 2-fold increase in
areas rebuilt with stone and timber structures over 1Ki# salmon and trout nos.,
length of channel respectively

Grange River 5.0 0.1 Drainage and subsequent bank trampling eliminated-fold increase in 4 salmon nos.
natural channel form. Banks rebuilt in stone. Riffle  6-fold increase in 4 and older
pool glide sequence rebuilt. Spawning gravel trout stocks
placement. Fencing and planting willows. An 4.39 km
length was developed

Deel River 5.0 2.8 Overgrazing by sheep led to severe bank erosion or2.4-fold increase in + salmon nos.

meander bends. Log/Xmas tree revetments used to No significant change in trout stocks
stabilise banks. Willows planted. Banks fenced-off. An
4.0km length of channel was repaired




K. Hendry et al./Fisheries Research 62 (2003) 171-192 189

commun.). Giles and Summers (1996lso report of pollutants, notably silt, which impact on water
positive results in relation to in-stream habitat en- quality arising from poor land management are yet to

hancement on the River Piddle in Dorset. be tackled in any meaningful way.
With respect to water quantity, arguably our ap-
4.3.6. Costs and returns proach is not yet as advanced as that which applies

The benefits from salmonid riverine rehabilitation/ to water quality. Proposals for a more effective and
enhancement proposals can be very positive whensustainable regulatory regime are currently under
compared to other strategies such as stockiiglfy consideration but water quantity must be recognised
et al., 199%. The unit costs of producing additional as an equally delicate and finite resource and one that
fish from habitat enhancement will obviously be vari- must be sensibly managed. This is not merely an issue
able, dependant as it is on both the level of works of abstraction for the water supply industry but is of
required to protect, restore or enhance channel form much wider significance relating equally to land man-
and the riparian zone in tandem with the natural agement, flood defence and the active management of
capacity of a particular channel to produce fish. water resources for environmental benefit. In the case

The Irish experience over the period 1995-1999 in- of water regulation and supply, society’s demands
dicates that there are probably many circumstancesfor increasing quantities of water and better flood
where additional salmon pre-smolts and/er fear defences will undoubtedly increase. However, with
old trout can be produced for between 20 and 40p per imagination and integrated planning many environ-
fish assuming the capital costs are written off over the mental benefits advantageous to salmonid populations
lifetime of the works, typically 25-30 years. This is can be built into schemes without the need for detri-
probably an over-estimate of the cost per fish becausemental impacts. It should also be realised that many
the restored channel form is likely to remain in place of the benefits that may accrue from environmentally
for longer than 30 years. For example, many timber sensitive flow management programmes cost little or
weirs built in American streams in the 1930s are still nothing to implement.
in place and functional (D. Duff, pers. commun.). The Effective physical habitat restoration has been
principal long-term maintenance costs will be in rela- demonstrated in a wide range of river types and in
tion to fence maintenance and, in smaller rivers and particular on an extensive scale in Ireland. Suitably
streams, a pruning of the riparian canopy at intervals. monitored pilot schemes are an integral part in devel-

oping the discipline of physical habitat restoration,

and are essential to developing these restorative and
5. Conclusions enhancement techniques as a major tool for fisheries

management. The implementation of in river and

Salmonid habitat is a complex and interactive mix- bankside rehabilitation programmes designed to ben-
ture of water quality, quantity and physical structure. efit fish stocks, can clearly be successful. However,
If any one component is degraded or inadequate, thenthe benefits extend way beyond the increases in fish
salmonid productivity will decline. Historically, many  numbers. Once the natural physical form of a channel
of man’s activities have severely impacted on all of has been restored and the banks protected, then the
these components and have contributed to a decline innatural ecology of the whole river corridor starts to
salmonid populations, in some cases leading to their recover bringing benefits to a wide diversity of flora
total eradication from whole river catchments. and fauna.

In these more enlightened days we have made However, we are currently merely scratching the
significant progress with regard to water quality surface, attempting to reverse damage and neglect in-
deterioration, and as a society have demanded theflicted and often unwittingly funded by misguided
wide-scale removal of pollutants from our rivers ne- policies over many years. In England and Wales alone,
cessitating better treatment of effluents and more the Environment Agency estimates that for the fore-
effective regulation. This is largely being achieved seeable future a rolling programme of expenditure in
with unprecedented levels of industrial investment excess of £10 million a year will be required to reverse
after generations of neglect. However, diffuse forms historic damageMIAFF and NAW, 2000. However,
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in contrast to water quality and quantity deteriora- APEM, 1998. The impact of grazing and upland management on
tion, the damage is continuing largely unchecked due erosion and runoff. R&D Technical Report P123. Environment

to current agricultural policies and a lack of land-use ~_Agency, Bristol, p. 42. _ ,
regulation APEM, 1998b. An investigation into the impact of flow regulation

. . . on fisheries of the River Dee. Environment Agency, Welsh
In comparison to the water quality and quantity — gegion, p. 95.

components of salmonid habitats, physical riverineé armstrong, J.D., Kemp, P.S., Kennedy, G.J.A., Ladle, M., Milner,
structure is largely neglected when it comes to regula-  J., 2003. Habitat requirements of Atlantic salmon and brown
tory protection. There is no effective regulatory con-  trout in rivers and streams. Fish. Res. 62, 143-170.

trol to prevent habitat deterioration and the deleterious Balley-Watts, A.E., Wise, E.J., Kirka, A., 1987. An experiment in

aspects of land management that contribute so much  Pftoplankton ecology and applied fishery management: effects
of artificial aeration on troublesome algal blooms in a small

to the decline of our salmonid populations. The CAP eutrophic loch. Aquat. Fish. Manage. 18, 259-275.
continues to encourage damaging land practice and apanks, J.W., 1969. A review of the literature on the upstream
lack of regulatory control effectively rules out any ef- migration of adult salmonids. J. Fish Biol. 1 (2), 85-136.
fective land management strategy. Baxter, G., 1961. River utilisation and the preservation of migratory

Clearly, we must tackle the cause of the problem _ fish life. Proc. Inst. Civ. Eng. 18, 225-244.

and not just treat the symptoms. Therefore funda- Beach, M.H., 1984. Fish pass design-criteria for the de;ugn and
approval of fish passes and other structures to facilitate the

mental reform of the CAP is essential, CouDIed with passage of migratory fish in rivers. Fisheries Research Technical
meaningful regulatory controls for land-use which Report, 78, MAFF, Doctorate of Fisheries Research, Lowestoft.
impact upon river catchments to the detriment of Bilsby, M.A., Cragg-Hine, D., Hendry, K., 1996. Cost benefit

all aspects of salmonid biology. Ultimately tackling analysis its use in recreational fisheries development and

these fundamental issues will benefit the environment ~ Management. In: Proceedings of the EIFAC Symposium on
as a whole and not iust fisheries. leading to trul Social, Economic and Management Aspects of Recreation
w ju I 1es, Ing uly Fisheries, Dublin, June 1996.

sustainable management of our natural resources.  gjpjie, RV, Hulme, P.D., 1990. Overgrazing of peatland
vegetation in Shetland. Scottish Geogr. Mag. 106.
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