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Abstract

A new approach to the assessment of relationships between habitat controlling processes and
salmon and trout abundance is presented and applied to the River Eden, Cumbria, UK. The
potential of Geographical Information Systems (GIS), remote sensing, aerial photography, risk-
based environmental modelling and electrofishing is demonstrated for the collection and
integration of habitat and species abundance data at the scale of large catchments (>1000km?).
Based on this data, a key output of the research is the development of a spatially-structured,
hierarchical database that allows hypotheses regarding the relationship between habitat controls
and salmon and trout abundance to be tested at multiple scales. In particular, assessment has
been made at the whole catchment-scale (2,300km?) and then at a series of sub-catchment
scales (10-100s km?). Analyses at these two scales revealed contrasting results, emphasising
that the scale of observation and analysis is crucial in determining the relationships identified. In
the catchment-scale analysis, salmon and trout abundance were significantly correlated with the
catchment-scale process of surface hydrological connectivity, both weighted and un-weighted by
land cover. However, as the scale of analysis contracted, the spatial variance exhibited by
catchment-scale processes declined and more local-scale riparian and in-stream habitat
controlling processes such as cover and bank erosion became important. These results provide
evidence in support of theories which suggest a hierarchical structuring of catchments where
large scale processes provide the structure within which riparian and in-stream habitat controls
operate. Results are also presented showing that fish abundance responds and maps onto to this
hierarchical structuring in different ways depending on the potential for mobility at different life-

stages and the location of habitat utilised within the landscape.

Based on these results it is concluded that effective habitat restoration strategies must adopt a
multi-scale approach in which in-stream and riparian scale actions are situated within the context
of their controlling catchment-scale processes. The concept of hydrological connectivity is also
recommended as an effective tool by which to assess the influence of landscape factors such as

land cover on in-stream condition and salmon and trout abundance.
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Chapter One - Introduction

11 Research aims and objectives

The aim of this research is to couple recent advances in remote sensing, Geographical
Information Systems (GIS), environmental modelling and ecological surveying techniques with
current ecological understanding of habitat controls on salmonid populations, to help develop a
more effective approach to prioritising habitat restoration. This will be a generic study but
developed and applied to the River Eden catchment, Cumbria, UK, in particular focusing on the
salmonid species, Salmo salar (Atlantic saimon) and Salmo trutta (brown trout). The aim of the
research will be achieved through the following objectives:

Objective (1): To review and to synthesise current understanding of in-stream, riparian and
catchment-scale controls on freshwater salmonid habitat throughout the lifecycle of salmon and
trout, to help formulate a set of hypotheses for further investigation.

Objective (2): To employ recent advances in remote sensing, GIS and environmental modelling,
to identify, to develop and to validate tools for quantifying the habitat of salmon and trout at the
catchment-scale, appropriate to each habitat control and scale of control.

Objective (3): To use the data acquired under (2), to investigate hypotheses formulated through
(1) regarding habitat controls and salmonid populations, and to discuss the results in the context
of effective approaches to habitat restoration.

The aim of this chapter is to present an overview and introduction to the research. This will first
consider the wider context within which the thesis is set, outlining the need for the research (1.2).
Second, the specific case study approach will be explained, including an introduction to the River
Eden catchment (1.3). Third, each of the above thesis objectives will be discussed in detail,
highlighting their contribution to the overall aim (1.4). The chapter will conclude by presenting the
thesis structure (1.5).
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the widespread improvement in populations that is desired is not always achieved. Localised

restoration projects may be unsuccessful for the following reasons:

(N They frequently fail to capture a fundamental biological property of salmonid populations:
their life-stage dependent habitat requirements and associated mobility throughout the

river system.

(2) They often focus solely on local physical habitat conditions and fail to consider habitat
controls which operate at a range of different spatial scales, often remote, but

nevertheless connected to, and impacting on, the site in question.

(3) They often apply findings from research undertaken at one spatial scale or location to
management undertaken at another, without accounting for differences in the spatial

heterogeneity of habitat controls across different scales and in different locations.

To address these issues, there is a need to understand the relationships between habitat controls
and salmonid populations across a wider range of spatial scales than is possible from local
analysis. It is readily acknowledged that habitat availability and quality exert significant influence
over population dynamics both by limiting carrying capacity and stimulating the operation of
density-dependent effects such as territorial competition and food availability, and through
density-independent effects such as the siltation of spawning gravels (Milner et al., 2003). We
know much less about what factors control habitat availability and quality, the scale at which they
operate, and the life-stage they affect.

1.22 The need to consider species mobility

It is frequently recognised within the scientific literature that scale is an important factor to
consider when undertaking investigations in fisheries science (e.g. Folt et al., 1998; Stauffer et
al., 2000; Armstrong ef al., 1998; Pess et al., 2002; Wang et al., 2003). This is particularly true
when examining the relationship between habitat and highly mobile species such as the Atlantic
salmon and brown trout. As Folt ef al. (1998, p.9) state: “Major shifts in behaviour and habitat use
over ontogeny, along with a relatively long life span and large dispersal and migration distances,
make scale issues critical for effective conservation, management, and restoration of Atlantic
salmon”. The same statement could equally be applied to the case of brown trout. Figure 1.2
presents a schematic representation of the life-cycle of the Atlantic salmon and brown trout whilst

Table 1.1 summarises life-stage dependent habitat requirements. It is important to note that the
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Chapter One

Additionally, factors that pose a problem for one life-stage may not impact others to any
significant degree. For example, consider the issue of overshading. This is believed to limit
Atlantic salmon populations by reducing autochthonous primary production and subsequently
reducing the number of drift invertebrates which are an important food source (O'Grady, 1993).
Overshading of adult habitat is considered less critical than overshading of juvenile (fry and parr)
habitat, a variation that can be linked to different physiological requirements and habitat needs at
different life-stages. Salmon fry and parr actively feed, primarily on invertebrates particularly
aquatic insect larvae such as mayfly, caddis and stonefly. On migrating to sea, salmon undergo a
period of rapid growth feeding primarily on other fish and crustecea (Hendry and Cragg-Hine,
1997). However, on returning to the river system to spawn, adult salmon are commonly believed
not to feed (Milis, 1989). This onset of anorexia has been linked to fish reaching a threshold level
in condition where they have acquired sufficient energy reserves for upstream migration and
spawning (Kadri et al., 1995). This is not always the case, and adult salmon have been caught
with freshwater insects inside their stomach and gut. However, the number of insects found is
generally low (Johansen, 2001). These variations in feeding habit mean salmon at different
stages of their life-cycle will respond differently to the level of overshading. Restoration projects
advacating the use of coppicing to reduce shade and encourage autochthonous production
should be mindful of this. In fact, high levels of cover over pools may be required by adult salmon
to provide protection from predators and bright sunlight, whilst resting between periods of active
migration (Crisp, 1996). Whilst beneficial for juvenile life-stages, broad-scale coppicing aimed at
improving populations could become detrimental to adult populations if targeted at habitat of the

wrong life-stage.

Relationships with habitat may also be linked to the spatial range utilised by salmonids at different
stages in their life-cycle (Figure 1.3). Fry have been observed to remain within 100s of metres of
their spawning site. For example, Einum and Nislow (2005) observed fry to remain within 644m
and 884m downstream, and 1,500m and 642m upstream of their redd in 2002 and 2003
respectively, with the median dispersal range being 92m and 41m in the two years. Similarly,
Kennedy, (1982, cited in Crisp, 1996) found over 70% of fry to be within 100m downstream of
their stocking point. There are always exceptions and Beall et al., (1994, cited in Crisp, 1996)
found that salmon had dispersed over 2000m downstream, with a substantial number moving
between 1000m and 1500m by the October of their first year. It has been suggested that
dispersal of fry is constrained by: (1) energetic costs and the lack of feeding opportunities during
dispersal, which may lead to starvation; and (2) increased exposure to predators (Einum and
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Nislow, 2005). This lack of mobility within the first few weeks and months of life means that fry are
highly susceptible to density-dependent mortality and, as a result, to local habitat conditions
which regulate the local carrying-capacity. Parr and adult populations can be more mobile, with
dispersal ranging from 10s m-1000s m. Dispersal downstream is typically greater than the degree
of dispersal upstream. Some dominant fish may aggressively defend a small localised territory
which is profitable for food, whilst other, more subordinate fish may be more mobile and ‘float
between teritories (Suter and Huntingford, 2002). Some fish may remain within metres of their
redd, whilst others migrate to main stem rivers, lakes or to sea (Elliott, 1994). This increased
potential for mobility and dispersal results in mortality of parr and adult populations that tends to
be density-independent, as they can move away from localised habitat pressures provided that
the spatial extent of the pressure is less than the spatial range of their mobility. The opposite can
also occur where localised degradation can affect the entire adult population of a catchment
whilst having little effect on the juvenile population. For example, during the Atlantic salmon smolt
run an entire population may be funnelled through one reach. If a pollution event were to occur
there, the whole smolt population of that catchment could be wiped out, whereas only juveniles
that inhabit that particular reach would be affected (Armstrong et al., 1998). This poses an
interesting question as to whether salmonid distributions exhibit relationships with habitat that are
structured by life-stage according to the extent of their mobility at that stage in their life-cycle.
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Figure 1.3: Stages of the life-cycle of Atlantic salmon in relation to scales of space and time. (Ammstrong et al., 1998)

The complexities of the Atlantic salmon and brown trout life-cycle mean that it is essential to
make connection between the scale and extent of degradation sources, the type of habitat
impacted, and the life-stage this affects.




Chapter One

123 The need to consider the scale at which habitat controlling processes operate

It is not just fish which operate at different scales. The factors and processes which influence
habitat quality at a point in the channel network also operate across a range of scales. These can
be viewed within a hierarchical framework and include: (1) catchment-scale, processes such as
the impact of topography, fand use and hydrological connectivity on the delivery of diffuse
pollution and water quality; (2) riparian scale processes such as the impact of bankside
vegetation growth on shade and cover availability, and the impact of stock access, grazing
pressure and bank erosion on siltation and channel morphology; and (3) at the in-stream scale,
processes and variables such as depth, velocity, substrate size, gravel siltation and channel

slope.

Historically, freshwater and fisheries management has focused on in-stream habitat conditions
often undertaking restoration projects aimed at treating the symptoms of habitat degradation
rather than the causes (Summers et al, 1996). This has included strategies such as: the
placement of in-stream structures to provide cover, increase habitat diversity and accumulate
gravels (De Jong et al., 1997, and O'Grady et al., 2002); and gravel cleaning to alleviate the
problems of siltation in spawning gravels (Shackle ef al., 1999). Such strategies can be highly
successful. For example, O'Grady et al. (2002) noted a major increase in trout parr stock
densities following a programme of in-stream enhancement works including log and stone weirs,
boulder placement and pool creation in the Lough Ennell catchment, Ireland. However, unless the
causes of habitat degradation are also dealt with, such strategies may fail to be sustainable in the
long-term, without ongoing maintenance. In-stream structures may be damaged or washed
downstream during high flows, whilst gravels may re-silt following cleaning. Instead, achieving
sustainable restoration requires focus on the causes of habitat degradation. It is now widely
recognised that processes which control in-stream habitat can operate outside the channel. In
recognition of this restoration projects (e.g. livestock exclusion fencing) which address riparian
scale processes are now commonplace and a central theme of salmonid restoration strategy
(Hendry et al., 2003). By targeting the processes that control habitat degradation such projects
provide a more sustainable solution. For example, excluding livestock from the riparian zone can
result in reduced bank erosion due to stock trampling, thereby reducing fine sediment delivery
and hence siltation of gravels; encourage regeneration of bankside vegetation providing cover,
shade and invertebrates for fish; and lead to improvements in channel morphology, habitat
diversity and the accumulation of gravels (Opperman and Merenlender, 2004).
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It is not just the riparian zone that is important. There is growing recognition that controlling
processes can operate at the scale of the entire landscape (Wang et al., 2003; Cowx and de
Jong, 2004). This is particularly true for the case of water quality. Traditionally, fisheries
management has focused on high-magnitude, point-source pollution located within the immediate
vicinity of the symptoms such as sewage treatment outfalls and industrial effluent. However,
progress has been made in reducing inputs from these sources which are now heavily regulated
by statutory bodies such as the Environment Agency in the England and Wales. More attention is
now being directed at diffuse pressures. This includes pollutants associated with land
management and agricultural intensification, such as fertilisers (Heaney et al., 2001), pesticides
(Waring and Moore, 2004) and insecticides (Lower and Moore, 2003), microbial pathogens
(Oliver et al., 2005), and fine sediment (Soulsby et al., 2001). There are also other diffuse
pollutant sources such as salts, heavy metals, and hydrocarbons associated with road runoff
(Barbee et al., 2004; Sanzo and Hecnar, 2006), and acidification due to acid rain (Schindler,
1988). The impact of such pressures on in-stream water quality is controlled by catchment-scale
processes such as land management, topography, and geology and climate. The location of
pollutant sources within the landscape structure, fiow pathways, and hydrological connection
between sources and the channel network are also important in determining their impact (Burt
and Pinay, 2005). Consider the issue of fine sediment delivery. Sources such as ploughed fields
may be widespread in the landscape, but not all sources pose an equal threat to watercourses.
Rather, risk is determined according to catchment-scale hydrological processes and the degree
of connectivity exhibited between sources and the drainage network. The combination of sources
and catchment-scale processes that contribute to the water quality at a particular point in the
channel network are also important (Lane et al., 2006). For example, an individual drain may
contain a high level of suspended solids. If this is diluted by high quality water from several other
inputs, or de-coupled from the channel by a buffer zone, there may not be a water quality problem
at that site. Conversely, several inputs with moderate sediment levels that are highly connected to
the channel and lack any buffering may combine to generate a fine sediment delivery problem at
a particular site even though they were not initially identifiable as a problem themselves. Similar
catchment-scale principals of landscape structure, flow path organisation and functional
‘connectedness’ can also be applied to case of solute transport within catchments (Burt and
Pinay, 2005). In either case, critical sources of such pollution may only be identified with

consideration of catchment-scale processes.
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Despite the recognition that habitat controlling processes operate across a range of scales, it is
often noted that few studies actually incorporate more than one scale of controlling process (Foit
et al, 1998: Wang et al., 2003). Even where studies do incorporate more than one scale of
process, they typically focus on trying to identify which scale is most important overall, which can
lead to contrasting results. For example, Wang et al. (2003) suggest in-stream processes explain
most variation in fish populations compared with catchment-scale and riparian-scale processes.
Stauffer et al. (2000) conclude that riparian-scale processes are most important. Such conflicting
results lead to confusion for fisheries managers who are trying to determine the most effective
restoration strategy to adopt. Instead, the question fisheries managers need answering is not
which scale of process explains most variation overall but which process is limiting where and, as

Section 1.2.4 considers, over what spatial extent.
124 The need to consider the scale of investigation

The relationships identified between habitat and salmonid populations may depend upon the
scale at which the investigation is undertaken. In this context scale refers to the spatial extent
over which processes and relationships are measured (e.g. national, regional, catchment
tributary, reach). Within this thesis this has been separated into three distinct scales (catchment-
scale, area and tributary). A catchment-scale or catchment-wide approach relates habitat controls
to variations in fish abundance data across the entire catchment. An area-scale approach focuses
measurement upon capturing variability within a distinct area of the catchment (e.g. streams
draining the Pennine escarpment) and a tributary approach considers relationships between
habitat and variations in fish abundance within a singie tributary. If saimon and trout abundance
tracks a particular controlling process at one scale of investigation but not another, studies at
different scales will arrive at different answers (i.e. there will be scale inconsistencies) (Folt et al.,
1998). As described by Stauffer et al. (2000), two studies in the same river basin by Lambert and
Allan (1999) and Roth et al. (1996) found contrasting results. The first was undertaken in a small
sub-catchment that had relatively similar land use throughout and found that in-stream habitat
and local land use were most important in explaining ecological status. The second was
undertaken over a much wider extent, which contained a wider variety of land uses, finding that
regional land use was the most important factor. in this example, the larger the spatial extent of
investigation, the greater the influence of catchment-scale processes on fish populations. This is
not to say that processes operating at in-stream and riparian scales cannot exert significant
influence over fish populations measured over a wide extent, rather it depends on the spatial

extent over which these processes exert their influence. For example, an impassable barrier is an
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in-stream process but one which can influence a large extent of the catchment depending on its
location within the river network. Similarly, whilst one isolated reach of stock access may not
represent a significant pressure to populations catchment-wide, if stock access were to be found

extensively throughout the catchment, it might accumulate to represent a major pressure.

Understanding the relationship of an organism with its environment requires understanding of the
interaction between the heterogeneity of controlling processes observed within the environment
and the scale at which an organism'’s response to that heterogeneity can be observed (Fahrig,
1992, cited in Folt et al., 1998). It is particularly important to recognise this issue when
undertaking research that is aimed at guiding management strategies. If the spatial scale of
investigation does affect the degree of heterogeneity captured within different scales of habitat
controlling process and, hence, does affect the habitat controls identified as limiting to salmonid
populations, it poses an important dilemma for managers. It would mean that applying findings
from research undertaken over one spatial extent to management undertaken at another could
result in restoration that is ineffective and inappropriate. To take a hypothetical example, a
catchment-wide research project may identify catchment-scale processes such as land
management and diffuse pollution as the most important factor controlling salmonid populations.
Conversely, research restricted in extent to an individual reach may find livestock access to be
the most important factor. If the aim of restoration is to improve fish stocks catchment-wide,
implementing bankside stock exclusion fencing catchment-wide may prove ineffective if the water
quality remains poor as a consequence of diffuse pollution. However, if the aim of restoration is to
improve populations within that individual reach (e.g. for the benefit of the fisheries owner), then
addressing diffuse pollution may have little effect as water quality may not be limiting and
addressing the issue of stock access may be of greater priority. Folt et al. (1998) suggest that
“identifying inconsistencies in results via multiple scale observations is the first step for identifying
the scales over which processes affecting distribution and abundance operate. Further, there can
be many different organisations and individuals interested in undertaking fisheries habitat
restoration within a river basin, each with their own very different aims. For example, angling
clubs and riparian owners who may be particularly interested in fisheries performance within
specific angling beats, regulatory organisations such as Natural England who may be most
interested in improving habitat condition within designated areas (e.g. Sites of Special Scientific
Interest), and Rivers Trusts who want to enhance biodiversity catchment-wide. It is therefore
essential to understand the scale over which management aims are sought, before deciding on

the scale of measurement and investigation required to inform that management.
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1.2.5 Summary of research context

There are many and varied hypotheses for the perceived decline in salmonid fisheries. The
hypothesis of habitat degradation has received particular attention, and a long history of habitat
restoration and enhancement schemes has become established. To date, these have mainly
been small-scale projects which, whilst achieving local improvements, have often failed to
achieve the widespread catchment-wide increases in populations that are desired. This may be
attributed to their failure to capture variations in the relationship between habitat and salmonids
that occur through space and time. Four main scaling issues surrounding the relationship
between habitat controls and salmonid populations have been identified. Figure 1.4 presents a
conceptual representation of these issues, which are detailed below in terms of their implications
for the minimum and maximum scale required by any investigation into the effects of habitat on
salmonid populations. The numbers in Figure 1.4 correspond with the numbered points below.

1. Salmonids are mobile and make extensive use of the river environment. They move
throughout the catchment and occupy different locations, at different stages in their life-cycle,
as habitat requirements change. Consequently, successful and sustainable management
may only be achieved with a catchment-wide approach to restoration that considers all these
habitats. Without this approach, restoration may only succeed in redistributing populations
throughout the catchment rather than increasing absolute populations catchment-wide.

2 The amount of habitat utilised by salmonids varies throughout their life-cycle as their level of
mobility changes (e.g. 10s-100s metres for fry to 1000s kilometres for adults). This affects the
spatial extent over which habitat variables impact salmonid populations. For example, at the
minimum scale, fry are the least mobile life-stage and it is valid to make the assumption that
their survival is strongly influenced by local conditions. Fry populations can therefore be
related to habitat conditions at discrete spatial locations within the catchment. As mobility
increases, survival is less dependent on local conditions and the extent over which habitat
conditions must be evaluated increases. At the maximum scale, for smolt and adult survival,
habitat conditions may need to be evaluated over many kilometres from their spawning site.

3. In-stream salmonid habitat conditions are controlled by a range of processes operating at
different scales within the river basin (e.g. in-stream, riparian and catchment-scale).
Processes operating at all scales have the potential to influence salmonid habitat at any point
in the channe! network and across any reach. Therefore, any catchment-wide study should

include controlling processes from across all three scales..
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4. The importance of various habitat controlling processes may vary according to the spatial
scale over which they are measured (e.g. tributary, sub-catchment, and catchment) due to
different levels of heterogeneity within the environment at different scales of observation and
in different locations. Within a catchment-wide analysis (as required by point 1), the minimum
scale of investigation required for any life-stage is the catchment itself. This will yield broad-
scale information on the major controls over salmonid habitat operating within the river basin.
However, understanding variation in salmon and trout abundance at a finer scale, for
example variations within individual tributaries as well as between tributaries, will require
scientific investigation to be undertaken at a finer scale that is capable of capturing and
measuring more subtle variations in habitat and salmonid response.. This typically requires a
greater number of measurements to be made. For example, 40 sites may be required to
capture the spatial variability in salmon fry populations within an individual tributary, and the
same may be true for another 40 individual tributaries across the catchment. However,
measuring spatial variability in salmon fry populations between those 40 tributaries may only
require 200 samples rather than the 1600 cumulative samples required to capture spatial
variability within all 40 tributaries (Williams and Hendry, 2003, p7).

The challenge facing researchers and fisheries practitioners is to determine how the interaction
between habitat controls and salmonid populations can be studied, whilst taking into account
these issues of scale, in order to identify the limiting controls and target habitat restoration more
effectively. Within the scientific literature it has been proposed that this issue be addressed by
adopting a hierarchical approach to research that transcends a variety of spatial scales, capturing
intricacies, whilst not overlooking larger-scale processes (e.g. Wiley et al., 1997; Armstrong et al.,
1998). However, a major obstacle to this type of research has, in the past, been the difficulty of
acquiring spatially distributed data on salmonid habitat, sources of degradation and salmonid
populations at the required scales. Given recent advances in remote sensing, GIS, environmental
modelling, and in ecological surveying techniques such as electrofishing, there is now much more
potential for overcoming this obstacle. Hence, the aim of this research is to couple recent
advances in remote sensing, Geographical Information Systems (GIS), environmental modeliing
and ecological surveying techniques with current ecological understanding of habitat controls on

salmonid populations, to help develop a more effective approach to prioritising habitat restoration.
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Approximately 2,300km2, the Eden catchment exhibits a diverse range of physical, ecological and
topographic conditions: from sandstone to limestone geologies, oligotrophic to mesotrophic
ecological conditions and high fell to lowland floodplain (Parsons et al., 2001). These in tum
support a diverse range of habitats and species, for example, 184 aquatic plant species have
been reported on the Eden, more than any other river in the UK (JNCC, www.jncc.gov.uk). In
addition to the landscapes, habitats and species, the Eden catchment and its water bodies are
also a very important resource for the many people who depend upon it to provide water for
domestic and industrial use, productive land for agriculture and attractions for tourism. Population
density within the catchment is low and mainly concentrated in the city of Carlisle, together with
the small towns of Penrith, Brampton, Appleby, and Kirkby Stephen, the remaining population
being scattered throughout the catchment in numerous small villages and hamlets. Predominantly
rural, 90% of the Eden catchment is under agricultural production. Consequently, issues relating
to agriculture and its intensification are often cited as the cause of ecological degradation.
However, agriculture within the Eden catchment is just as diverse as the physical landscape
within which it is set and, therefore, so are the issues associated with it. A wide range of farming
practices and types are found, from upland hill to lowland dairy, stocking (including, beef, dairy,
sheep, poultry and pigs), to cropping (grass, cereals, and root crops). Tourism is the second
major industry and accounts for 18% of Cumbria's economic output (Mackay Consultants, 2003).
Therefore, maintaining the beauty of the catchment’s landscapes, its ecological diversity and
heritage is vital to the catchment's economy. The diversity of the Eden river basin makes it an
excellent choice because it allows a wide range of habitat types, and spatial variability in habitat
controls to be captured and investigated in terms of their impact upon salmonid populations. The
catchment also comprises six distinct sub-catchments (herein referred to as the area-scale),
varying from each other in terms of geology, topography, climate and land cover (Figures 1.6 (a-
g). These areas can then be sub-divided further into individual tributaries. This facilitates the
development of a hierarchical approach as investigation can be readily applied at the catchment,
area and tributary-scale.
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131 Detailed site description
Each of the distinct sub-catchments (areas) of the Eden catchment is described below.

Upper River Eden: In the south of the catchment, the area upstream of Stenkrith Falls
(impassable by salmon and trout) near Kirby Stephen is termed the ‘Upper River Eden’ area for
the purposes of this project. Here the River Eden, a dynamic gravel-bed river, meanders through
the Mallerstang valley where it is confined to a relatively narrow floodplain bounded by the steep
fells of Mallerstang Common (>550m above sea level). Draining extensive areas of blanket peat
are numerous, fast flowing upland tributaries characterised by cascades, waterfalls and
oligotrophic conditions. The dominant land use is extensive hill sheep farming predominantly on
common land. Further downstream towards Kirby Stephen, the valley floodplain opens out as the
River Eden flows over first limestone and then sandstone geology. Here, more intensive stock

rearing of both cattle and sheep on permanent pasture and loam soils is found

Orton & Howgill Fells: Also in the south of the catchment, rising on Carboniferous Limestone,
the Scandal Beck, Helm Beck, Hoff Beck, River Lyvennet and River Leith drain the Orton and
Howill Fells. These tributaries are typified by high levels of dissolved calcium carbonate with
characteristics more akin to the Chalk streams of southemn England (Coleman, 2003). Rich in
nutrients, they exhibit mesotrophic conditions and are particularly important for the endangered
white-clawed crayfish which requires calcium carbonate for its carapace. The topography of this
area has a tendency towards wide, gently sloping valleys, and this together with the nutrient-rich
soils, has resulted in an area that is intensively farmed. This includes dairy, and in more recent

years an expansion in cropping including winter cereals and maize has been seen.

Pennine Becks: To the east of the catchment, the Northem Pennines are capped by the Great
Whin Sill, an igneous rock, together with limestone in the uplands and soft red sandstones in the
lowlands. The topography and aspect of the steep Pennine escarpment, 893m at Cross Fell,
makes this area prone to high rainfall. The streams draining this area are highly dynamic,
sinuous, fast flowing upland becks with a plentiful supply of coarse sediment. They represent
some of the most ecologically productive streams within the Eden catchment. The uplands are
typified by extensive peat moorland and blanket bogs, and extensive hill sheep farming is the
dominant land use. This gives way to more intensive stocking of both sheep and cattle together
with some cropping in the lowlands were the climate is less harsh and soils are more free

draining (e.g. sandy loams).
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Ullswater and Lowther Valley: In the south west of the catchment older, more resistant,
volcanic rocks of low acid neutralising capacity form the high Lake District fells. The geology of
this area leads to nutrient-poor soils, acidic becks and oligotrophic conditions. The topography
results in steep upland becks that are fast flowing and characterised by waterfalls, cascades and
rapids, many of which drain into Ullswater, the second largest still water in the Lake District. This
is then subsequently drained by the River Eamont, one of the major tributaries of the river Eden.
This area experiences the highest rainfall within the catchment, with the long-term average (1941-
1970) recording 3,031mm p.a. at the Blea Water rain gauge (OS ref: NY456108). Within this
marginal environment agriculture is predominantly extensive with enclosed more intensive
farmiand confined to the valley floor. The River Lowther is also included in this area. it is heavily
regulated with two large impoundments, the Haweswater and Wet Sleddale reservoirs in its
headwaters. As such, it experiences an attenuated flow regime. This area is renowned as the
predominant spawning ground for multi-sea-winter, spring-run saimon (Gowans, 2004).

The Tyne Gap: In the north of the catchment the highly dynamic and sinuous River Irthing and its
tributaries drain areas of extensive peat moorland, with acidic soils. These rivers flow through
deeply incised gorges within their middle reaches and onto sandstone floodplains before their
confluence with the River Eden just east of Cariisle. Coniferous forestry is the dominant land use
in the uplands of the Irthing catchment and this combined with the peat moorland leads to acidic
streams that are high in dissolved organic carbon and highly coloured. The lowland floodplains
are more intensively farmed and dominated by beef cattle. Relatively undisturbed stands of
alluvial forest (Alder and Willow) are associated with the Irthing catchment where they occur on
the shingle and grave! of actively migrating channels.

Caldew and Petteril Rlvers: To the west of the catchment two major tributaries of the River
Eden, the River Caldew and River Petteril both flow into the Eden at Carlisle. The River Caldew
drains the Skiddaw fells exhibiting characteristics similar to the Ullswater tributaries in its
headwaters. Through its middle reaches, the Caldew valley and its tributaries the River Roe and
River Ive, are subject to some of the most intensive farming, primarily dairy, within the Eden
catchment, whilst the lower reaches are heavily modified reflecting their industrial, past and
present, and the need for flood protection. The River Petteril is a lowland meandering river with
gentle riffle-pool sequences throughout its length. Similar to the River Caldew it is subject to
intensive farming through its middle reaches with lower reaches that are heavily modified. The
River Petteril has the added pressure of contaminated runoff from the M6 and A6 which run
alongside it for much of its length.
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Table 1.2: National and intemational laws applying to the environment of the River Eden catchment

Laws & Designations

Description

National Designations

Wildlife and Countryside Act, 1981
Site of Special Scientific Interest

The River Eden and tributaries is noted for floating vegetation of plain and sub-
mountainous rivers (Ranunculus spp.), white-clawed crayfish, sea, brook and

{SSSI) river lamprey, bullhead, otter and the Atiantic salmon

The National Parks and Access to the | Under this act the Lake District National Park, North Pennines Area of

Countryside Act 1949 Outstanding Natural Beauty (AONB), Solway Coast AONB, and a number of
National Nature Reserves and Local Nature Reserves have been established

European Designations

Directive 92/43/EEC, Conservation of
Natural Habitats and of Wild Fauna
and Flora. Special Area of

Extends the level of protection provided under the SSSI notification to include
residual alluvial woodiand and cover an area of 2,550 ha.

Conservation (SAC)
Directive 2000/60/EC, Water Under the Directive all European waters must achieve ‘good ecological status’
Framework Directive by 2015

Directive 79/409/EEC, Conservation
of Wild Birds

In the north east of the catchment is the Geltsdale Reserve, managed by the
Royal Society for the Protection of Birds {RSPB)

International Designations

The Ramsar Convention 1973
‘Wetlands of International Importance’

Rockcliffe Marshes, areas of the Solway Firth, Butterburn Flow and Kielder
Mires

Convention Caoncerning the Protection
of the World Cuitural and Natural
Heritage, UNESCO 1972 ‘World

Heritage Site’

Hadrian's Wall. There are also numerous other Scheduled Ancient Monuments
within the catchment, many of which are believed to have strong connections
with water and represent the historic importance of water within the landscape

Table 1.3: Institutional management framework within the Eden catchment

Institution Examples

Description

Central government

Department for the Environment,
Food and Rural Affairs (DEFRA)

Statutory public
bodies

Environment Agency (EA)

Natural England (NE)

Amongst other responsibilities the EA are the competent
authority! in England and Wales for delivering the Water
Framework Directive. NE are responsible for maintaining
SSSis and SACs in favourable condition

Non-departmental
public bodies
(NDPBs)

Lake District National Park Authority
and the North Pennines and Solway

Coast AONB partnerships.

Manage and co-ordinate conservation efforts  within
designated and protected areas of the catchment. They
rely on central govemment and the statutory public bodies
for funding.

Local govemnment

Cumbria Country Council, Eden

Responsible for planning, refuse collection, and

businesses and communities

authorities District Council; Carlisle City Council | implementing national planning policy guidance.
Non-govemmental | Eden Rivers Trust, RSPB; Cumbria | Cover a diverse range of environmental and conservation
organisations Wildlife Trust, Flora of the Fells; | remits
(NGOs) Friends of the Lake District; National

Trust
Private water United Utilities Responsible for the provision of safe, clean water for
companies domestic and industrial use and for the cleaning of waste

waters afer use.

Individuals Landowners, farmers, anglers, All may have an interest in ensuring sustainable use of

the catchment's resources.

I The Eden catchment falls within the Trans-national boundary between England and Scotland where the Scottish
Environmental Protection Agency (SEPA) are the lead competent authority responsible for delivering the Water

Framework Directive.
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All the organisations and individuals included in Table 1.3 cover different geographical areas and
have different responsibilities, management aims and objectives resulting in catchment
management that can be disparate and inefficient, and that frequently leads to confiicts between
managers. Whilst each institution may be achieving benefits in its own area of responsibility, or
geographic location, its actions may be damaging to another or simply missing opportunities to
deliver mutual benefits. A classic example of conflicting management is the use of hard
engineering such as revetment, canalisation and barrages for flood defence, all of which are well
documented as being damaging to ecology and biodiversity. Instead what is required, as
enshrined in the Water Framework Directive, is holistic management of water and people within

the river basin (catchment) framework.

One group of Non-govemmental organisations (NGOs) within England and Wales that is striving
to adopt a catchment approach to river restoration is the Rivers Trust movement, which includes
the Eden Rivers Trust. Covering entire river catchments, Rivers Trusts are ideally placed to
achieve this goal as they are not limited to specific geographical locations within catchments.
They also have no statutory powers, legal authority or responsibilities. Instead, they work on the
basis of voluntary partnerships with many organisations and as such are better placed to secure
the agreement to, and involvement of, local communities and individuals in restoration projects.
The national Association of Rivers Trusts (ART) says: “Rivers trusts have been described as
having “wet feet” because they have the reputation of being “doers” concentrating much of their
effort on practical catchment, river and fishery improvement works on the ground”

(www.associationofriverstrusts.org.uk).
1.3.3 The Eden Rivers Trust

The Eden Rivers Trust (ERT) is a charitable organisation (charity number 1059534) formed in
1996 and has the following mission statement:

“To secure the conservation, protection, rehabilitation, and improvement of the rivers, streams,
watercourses and water impoundments, together with their related banksides and estuary with
respect to the River Eden (Cumbria) its tributaries and the Eden Valley. To advance the

education of the public in the management of water and water habitats. ”
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The principal aims of ERT are:

e To secure the conservation, protection and rehabilitation of the River Eden Catchment; and

e To promote education and understanding of the river environment.

In terms of delivering these aims, ERT is currently involved with its partners in a catchment-scale
restoration plan ‘Restoring Eden’. The Trust recognises that with limited funds it is prohibitively
expensive and impractical to restore every habitat within the catchment. Instead, ERT has
adopted a catchment-wide, ecosystem approach, aimed at delivering conservation, protection
and rehabilitation of the River Eden catchment that is targeted to achieve the greatest cost-
benefits. Simultaneously, the Trust's education programme aims to promote awareness, increase
understanding and foster stewardship of the river environment to encourage and ensure the
sustainability of restoration projects throughout future generations. Restoration targeting is based

upon sound scientific research and best practice principles, which to date have involved:

1. A socio-economic impact assessment into the current value of the River Eden and likely

impact of restoration to the local economy (Mackay Consultants, 2003);

2 Annual catchment-wide semi-quantitative electrofishing surveys undertaken since 2002.
These are targeted at salmonid fry habitat, with the aim of identifying reaches of the River

Eden and its tributaries where environmental degradation is occurring (Section 3.3.1); and

3. Quantitative electrofishing surveys in 2005 aimed at collecting more detailed data on
salmonid populations, including parr, within specific habitats, and monitoring the impact of
restoration projects on aquatic ecology (Section 3.3.2).

Through collaboration with the Eden Rivers Trust, this research brings together the Trust's
knowledge of salmonid population distribution and abundance with data on the spatial distribution
of salmonid habitat controls, the mutual aim being to develop a catchment approach to targeting
fisheries habitat restoration that is practical and efficient. Local knowledge of the Eden catchment,
its fishery and land management issues has been greatly enhanced by working with the Trust.

1.3.4 Salmonids in the Eden catchment

The River Eden supports an important and diverse fishery, estimated to contribute £1.2 million to
the local economy per annum through angling alone (Mackay Consultants, 2003), of which the

salmonid species of Atlantic salmon and brown trout are an important part. Once renowned as
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The level of data on current stocks in the Eden is much higher, and represents one of the most
detailed spatial datasets on stocks at the catchment-scale in the UK. This comprises information
from catchment-wide semi-quantitative electrofishing surveys undertaken by the Eden Rivers
Trust since 2002, complementing the Environment Agency's own electrofishing programme; data
from the Environment Agency’s resistivity fish counter located at Corby on Eden (OS Reference:
NY 469545); and data on spawning locations collected via the Environment Agency's radio-
tagging programme (Gowans, 2004). Further details the collection of fisheries data in the Eden
catchment are presented in Chapter Three.

1.3.5 Summary of the case study approach

Based on a case study of the River Eden catchment, this research has been undertaken in
collaboration with the Eden Rivers Trust, its aim being to couple recent advances in remote
sensing, Geographical Information Systems (GIS), environmental modelling and ecological
surveying techniques with current ecological understanding of habitat controls on salmonid
populations, to develop a more effective approach to prioritising habitat restoration. The scope of
the research has been set by the fisheries data available. As such, this research will adopt a
catchment-wide approach focused primarily on the relationship between habitat controls and the
salmonid species, Atlantic salmon and brown trout at the fry life-stage. Analysis will be
undertaken initially at the catchment-scale. The Eden catchment can be divided into 6 distinctive
areas based on geology, topography and land use. Investigation of whether the relationships
identified between habitat controls and salmonid populations vary between these areas wil also
be undertaken, and where data permits, analysis will be extended to the tributary-scale. Research
will also be conducted into the relationship between habitat controls and salmonid parr for an

area of the upper catchment.
14  Detailed research objectives and thesis structure

The aim of this research is to be achieved through three main objectives, discussed in detail

below.

1.41 Objective (1): To review and to synthesise current understanding of in-stream, riparian
and catchment-scale controls on freshwater salmonid habitat throughout the life-cycle of
salmon and trout, to help formulate a set of hypotheses for further investigation.
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The ultimate aim of this research is to develop a more effective approach to informing and
prioritising salmonid habitat restoration at the catchment-scale. This is to be achieved by
investigating the relationship between salmonid abundance and a range of habitat controls at the
in-stream, riparian and catchment-scale. Consequently, a fundamental factor constraining the
success of this research is the ability to identify and select, from the outset, a suite of potential
habitat controls that are considered to be ecologically relevant in terms of salmonid performance,
and about which habitat restoration decisions are currently, or can be made. To achieve this, a
review of the current scientific literature is required to examine expert opinion and current
understanding about which controls at the in-stream, riparian and catchment-scale may exert an
influence over salmonid performance and the mechanisms by which they exert that influence.
However, the sources of research surrounding this issue are diverse and cover a number of

scientific disciplines.

Ecological research in general has made significant advances in understanding the mechanisms
by which natural populations are regulated. The theories of stock recruitment, carrying capacity,
density-dependent and density-independent mortality and self-thinning are well documented and
form the general consensus within the scientific community. These theories have been applied to
studies of salmonid population dynamics and a comprehensive review of current understanding in
this area was presented by Milner et al. (2003) at the Salmonid 21C conference. However, there
is some debate on the issue of population regulation and density dependence in particular
(Berryman et al., 2002). A number of researchers (e.g. White, 2001) oppose these theories and
their altemative hypotheses should be explored.

Fisheries scientists have made considerable advances in understanding the in-stream habitat
requirements of salmonids (e.g. see Armstrong et al., 2003 for an in-depth review), in terms of
depth, velocity, substrate and cover at different stages throughout their life-cycle and a summary
of this was presented in Table 1.1. Substantial research into the water quality requirements of
salmonids has also been done (e.g. Heaney et al., 2001; Waring and Moore, 2004; Lower and
Moore, 2003). However, much of this work has been undertaken through [aboratory
experimentation where habitat properties and water quality can been artificially controlled. Whilst
this research provides essential information about the environmental in-stream conditions that are
important to saimonid survival what is less well understood within ecology are the controls over

these conditions and the mechanisms by which they operate within the natural environment.
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At the opposite end of the spectrum research conceming the environmental controls of in-stream
morphology, flow and water quality has been predominantly the reaim of fluvial geomorphologists
and hydrologists. Again, significant progress has been achieved in these areas. The theories of
connectivity and coupling between the riparian zone, wider catchment and channel network, and
mechanisms by which energy, water, sediment and pollutants are transferred throughout the
environment are well documented. Beginning in the 1970s with Schumm's (1977) work on fluvial
geomorphology and hillslope channel coupling, and Brunsden and Thomes’ (1979) work on
landscape sensitivity, these theories have since been adapted, applied and developed to work on
sediment delivery (e.g. Walling, 1983), buffer zones (e.g. Haycock and Burt, 1993,) the flood
pulse concept (e.g. Middleton, 1999), and the delivery of material from hillslope failures (e.g.
Harvey, 2002). More recently researchers have raised the theory of hydrological connectivity at
the catchment-scale as a tool for determining the impact of certain land management strategies
upon the delivery of water, sediment and pollutants to the channel (e.g. Burt, 2001; Lane et al.,
2003a) and as a concept for integrating dynamic runoff generation with landscape characteristics
to investigate and model flood production (Bracken and Croke, in press). The impact of certain
land management practices upon these processes has also been the focus of much research, for
example, the impact of animal stocking densities upon catchment hydrology, sediment
generation, flooding and bank erosion (e.g. Trimble and Mendel, 1995, APEM, 1998, and
Greenwood et al., 1998). What is less well understood within these fields is which of these

processes are the most ecologically significant in terms of fish.

As Summers et al. (1996) note, there is a lot of relevant but disparate knowledge within these
disciplines which needs to be drawn together if sustainable restoration techniques are to be
developed. Without these links it is impossible to identify which controls potentially have the
greatest ecological significance or to determine what effect restoration strategies may have upon
fish stocks. For example, siltation of spawning gravels is known to significantly reduce salmonid
egg survival within redds, whilst catchment hydrological processes coupled with land
management practices are known to influence fine sediment delivery rates. However, failure to
make the direct connection between sources of habitat degradation such fine sediment delivery
from agricultural fields and ecology has resulted in managers trying to treat the symptoms of such
problems using short-term strategies such as gravel cleaning rather than implementing long-term

sustainable solutions such as soil conservation strategies.
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A mechanism for integrating and synthesising a large volume of data and research from across
disciplines is therefore required. One such approach, that is being increasingly used by
researchers and environmental policy makers such as the European Environmental Agency is the
DPSIR (Driver - Pressure — State — Impact - Response) framework (e.g. Gobin et al., 2004; Borja
et al, 2006; Karageorgis et al., 2006). This approach provides a framework for identifying
different factors (Drivers and Pressures) which may impact on salmonid habitat (State) and
ultimately salmonid abundance and distribution at different stages of the life-cycle (Impact).
Restoration strategies (Responses) may then be linked back to previous stages of the framework
to consider their sustainability and potential impact upon salmonid populations. Typically used for
integrating science with socio-economic policies the approach can also be adapted to integrate

different branches of science to provide a simplistic but holistic conceptualisation of the system.

The focus of this objective therefore, is to review the scientific literature and apply the DPSIR
approach to the Eden catchment to identify a suite of ecologically relevant habitat controls at the
in-stream, riparian and catchment-scale, together with hypotheses about how those controls may

impact salmonid populations for further investigation under Objective (3).

142 Objective (2): To employ recent advances in remote sensing, GIS and environmental
modelling, to identify, to develop and to validate tools for quantifying the habitat of
salmon and trout at the catchment-scale, appropriate to each habitat control and scale of

control.

A fundamental data requirement to achieving the aims of this research is a catchment-wide
survey of habitat controls across a range of scales. This requirement has previously been a major
obstacle to undertaking this type of research due to the considerable costs and impracticalities
involved in collecting data. However, with recent advances in remote sensing, GIS, and
environmental modelling there is now the potential to overcome this obstacle. To this end,
Chapter Three discusses the broad-scale data needs of this research, presenting the catchment-
wide data sources that are available for the Eden catchment, including digital topographic data,
satellite imagery and aerial photography. Chapters Four and Five then focus on identifying,
developing and validating tools by which this data can be used to derive salmonid habitat

information relevant to each habitat control and scale of control.

Chapter Four focuses on the derivation of in-stream and riparian scale habitat information. In-

stream and riparian physical habitat is a product of the geomorphological processes of water and
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sediment transfer acting within the catchment (Newson & Newson, 2000). As such, most river
habitat survey techniques focus on recording geomorphic forms and processes, and
subsequently interpret these in terms of habitat availability for the species in question. Traditional
fluvial geomorphological studies take a field-based approach (Sear, et al 2003); and numerous
walkover survey protocols have been developed over the years, (Table 1.4) ranging from generic
baseline surveys such as the Environment Agency's River Habitat Survey to user specific surveys
such as APEM’s walkover survey of salmonid habitats (Hendry and Cragg-Hine, 1997).

Table 1.4: Traditional geomorphological survey techniques

Survey Description References

River Habitat Developed by the Environment Agency this semi-quantitative Raven et al. (1997)

Survey (RHS) technique aims to characterise and assess, in broad terms, the Parsons et al. (2001)
physical structure of freshwater streams and rivers to provide a Sear et al. (2003)
catchment baseline survey.

GeoRHS An extension of the classic RHS, which facilitates the collection of Sear et al. (2003)
more quantitative information on channel morphology and which is
extended to the wider floodplain.

Fluvial Audit Overview of the sediment system typically aimed at addressing Sear et al. (2003)

sediment-related management issues, and identifying sediment
source, transfer and storage reaches within the river network.

Geomorphological | Field survey of channel form and flows; hydrological and hydraulic Sear et al. (2003)

Dynamic data, bank materials and bed sediments. Aimed at understanding

Assessment reach dynamics and channel morphology.

User specific Unlike the above generic surveys, several researchers and Hendry and Cragg-
surveys organisations have developed more specific surveys focused on Hine, (1997)

recording only those features relevant to the survey's purpose, €.9.
APEM's walkover survey for salmonid habitats.

Whilst providing valuable information, at the catchment-scale and particularly for large
catchments in excess of 1000 km2, walkover surveys can become prohibitively time consuming
and costly. There is therefore a real need to develop an alternative approach capable of
delivering the information required in a more cost-effective manner. Table 1.5 considers some of
the features typically recorded by walkover surveys and identifies altemative approaches
currently documented in the scientific literature which are based on remote sensing and GIS.
Techniques such as the interpretation of channel planform change from aerial photography
(Winterbottom, 2000; Micheli & Kirchner, 2002) are now commonplace. However, the study of
finer-scale features still remains in the realm of scientific research or if applied, is only done so for
small catchments or small areas of catchments, primarily due to cost. As with all technology,
remote sensing is undergoing rapid development with new sensors and datasets emerging all the
time. Therefore, the aim of Chapter Four is to evaluate the capability of two recently developed
datasets, 20cm digital aerial photography and the Nextmap Britain 5m digital terrain model
(DTM), for undertaking river habitat survey at the catchment-scale.
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Chapter One

It is also vital to consider catchment-scale processes and how the wider landscape structure may
influence the physical, chemical and biological properties of in-stream habitat. If riparian and in-
stream habitat walkover surveys are considered prohibitively expensive at the catchment-scale,
then visiting every location within the landscape to determine whether it is having an impact on
the aquatic environment is virtually impossible. To this end, a progressive engagement between
remotely sensed data and mathematical models is enabling science to make statements about
which locations in the landscape are likely to be causing habitat degradation without the need to
visit those locations (Lane et al., 2006). This is the focus of Chapter Five. Debate over the
influence that landscape structure and land management activities at the catchment-scale may
have over aquatic ecology via influences over flow regime, sediment dynamics and water quality
has grown in recent years (Wang et al., 2003). This interest has resulted in the inclusion of
catchment land cover, determined through remote sensing, as a variable in several studies
relating habitat to fish populations (e.g. Stauffer et al., 2000; Wang et al., 2003) and also within
fisheries models used for stock size prediction (e.g. the Habscore model, Milner et al., 1993).
However, such studies and models typically only incorporate the proportion of land under
particular cover types in the upslope contributing area and take no account of location, or of the
hydrological processes such as hydrological connectivity operating within the catchment. Indeed
the spatial distribution of hydrological processes such as infiltration, soil saturation, flow pathway
and ultimately hydrological connectivity may be just as important, if not more important than the
spatial distribution of land cover type in determining sensitivity to land management (Burt, 2001)
and which parcels of land pose the greatest threat to in-stream habitat. For example, research
has shown that not all locations within the landscape contribute equally to in-stream water quality
degradation, even if they are under the same land use (e,g. Heathwaite et al., 2000). Instead it is
theorised that it is land use coupled with the ability for pollutants to be transported to the channel
network that is crucial in determining water quality. The aim here, therefore, is to identify and to
validate an approach which adopts explicit treatment of landscape location and the process of
hydrological connectivity within its framework. Direct links with ecology will be made to investigate
whether, in this case salmonid populations, are structured by catchment hydrological processes,
firstly by hydrological connectivity alone and secondly by hydrological connectivity weighted by

land cover.

To consider the case of catchment land management, nutrient export, water quality and ecology
as one particular example, there are two major model types (empirical and physically based
models) that have been applied within the scientific literature. Table 1.6 presents a classification
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of models found under these two types as described by Lane et al. (2006). Empirical models are
generally the simplest form of model. Based primarily on the analysis of observations, they seek
to characterise response from these data using statistical techniques (Merritt et al., 2003). Their
computational and data requirements are typically low making them advantageous at the
catchment-scale. For example, Burt (2001) notes that export co-efficient models in particular have
been used to model long-term nitrate loss from catchments with much success. However, such
models are often criticised for ignoring the heterogeneity of catchment characteristics and the
inherent non-linearities found within the catchment system. Further, and crucial to the aims of this
research, they tend to be spatially aggregated or ‘lumped’ and therefore restricted to the extent by
which they can represent the spatially distributed effects of location and hydrological connectivity
(Burt, 2001; Lane et al., 2006)

Table 1.6: A simple classification of water quality models. Based on Lane et al. (2006)

Broad-scale | Specific modelling Description Examples
model type | approach classified
by Lane et al. (2006)
Empirical Data inference Infer diffuse poliution sources from detailed Nutrient budgeting
analysis of water quality data. (e.g. Cooper et al.,
2002)
Empirical Transfer function Predict nutrient export on the basis of simple | Export co-efficient
modelling transfer functions driven by known nutrient models ( e.g. Johnes,
inputs from fertiliser and manure applications 1996; Worrall and
and uptake under certain land cover types Burt, 1999)
Physically Land unit modelling Model the physical, chemical and biological (e.g. Priess et al.,
based processes of nutrient cycling within individual | 2001; Binder et al.,
{and units to determine export. 2003)
Physically Land transfer Combine land unit modelling with a physically | (e.g. Adams et al,,
based modelling based sometimes dynamic treatment of how | 1995; De Roo and
material is transferred across the landscape. | Jetten, 1999)

Alternatively, physically-based models are based upon the solution of differential equations such
as conservation of mass and momentum for describing stream flow and nutrient cycling within the
catchment (Merritt et al., 2003). Typically distributed in nature, they enable the effects of location
and hydrological connectivity to be incorporated within their framework. However, as Lane et al.,
(2006) note, this is only the case for land transfer models and even then they typically treat
hydrological connectivity in a simplified way. With intensive computational and data requirements
there is also typically insufficient capability to run models at the catchment-scale or to collect the
field data required for parameterisation. This leads to parameters being determined through
calibration against observed water quality and hydrometric data (Merritt et al., 2003), which
typically focuses on mean tendencies collected at coarse tirhesc‘a.les. This tendency to use

averaged data, attributing variability to “noise” caused by sampling and analytical errors, may
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lead to modellers and managers missing evidence of small scale information (Haris and
Heathwaite, 2005). This results in the issue of equifinality, in that many combinations of
parameters may result in an apparently successful calibration of the model, i.e. obtaining the
correct results for the wrong reasons (Beven, 1989; Beven and Freer, 2001; Wheater, 2002,
Heathwaite, 2003). Additionally, concems have been raised over the uncertainty associated with
model structures, which may over-simplify the complex heterogeneities of ecosystems due to
partial evidence and incomplete understanding (Harris and Heathwaite, 2005). These limitations
result in mode! output that is usually indicative rather than absolute (Sear et al., 2003). As such,
complex physically-based models may have no greater predictive power than simple empirical
models. For example, Perrin et al., (2001) rigorously compared model performance for 19
different model structures, finding that simple models frequently achieved similar levels of
performance to more complex ones. However, they did also comment that there is a limit to
model simplicity that is reached when the model fails to adequately account for observations.
Simple models may also require greater calibration, as although they have fewer parameters,
they can often have greater parameter sensitivity.

For these reasons, as has long been recognised in export coefficient modelling approaches, a
more parsimonious approach to water quality modelling may be more cost effective whilst just as
successful. However, there is still the need to incorporate explicit and spatially distributed
treatment of hydrological connectivity at the catchment-scale within models. Lane et al., (2006)
propose that this problem can be solved through the use of risk-based prioritisation of critical
source areas (CSAs) (Heathwaite et al., 2000) within the landscape. This approach is similar to
the transfer function approach. However, as Lane et al., (2006, p243) state “rather than casting
the export as a volume of material produced it is specified as a risk of material being produced, in
relative terms compared with other units within the landscape”. This risk can then be combined
with explicit treatment of the risk of hydrological connectivity based on catchment topography and
the location of land units, which will influence the dominant hydrological pathway, and the risk of
coupling along flow lines which will determine the risk of delivery (Burt, 2001). Indeed, managers
may not actually need absolute details; rather it is the spatial distribution of risk, with one location
compared relatively to another that is necessary for targeting resources. A new environmental
risk model, the SCIMAP model (Lane et al., 2006) aimed at delivering this approach is currently

under development.
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Hence, Chapter Five evaluates the potential of the SCIMAP model for estimating the sensitivity of
ecology, in this case salmonid populations, to the risk of connectivity present within the
landscape. Model capability will be assessed by making direct links between salmonid
populations and (1) hydrological connectivity alone and (2) hydrological connectivity weighted by

land cover.

1.4.3 Objective (3): To use the data acquired under (2), to investigate hypotheses formulated
through (1) regarding habitat controls and salmonid populations, and to discuss the

results in the context of effective approaches to habitat restoration.

Objective (1) will identify a number of hypotheses regarding the relationships between saimonid
populations and habitat controls at the in-stream, riparian and catchment-scale. Objective (2) will
produce the data on habitat controls required to explore these hypotheses. The aim of Objective
(3) is to develop an approach capable of integrating and analysing these data together with data
on salmonid populations to test the hypotheses identified. The first stage to achieving this is the
requirement to produce a spatially-structured hierarchical database integrating the habitat data
acquired under (2) with data on salmonid populations. As discussed, habitat controls operating at
any of the three scales (in-stream, riparian and catchment) have the potential to impact any point
or reach within the channel network. Therefore, only those sites containing data at all three scales
should be selected for analysis. Additionally, to evaluate the importance of investigation scale and
location, sites must be also be associated with the various hierarchical scales of structure within
the catchment (e.g. catchment, area and tributary). With powerful GIS systems specifically
designed to manipulate, store and analyse large quantities of spatial data now widely available
and accessible to practitioners, this type of database creation should be readily feasible. As the
habitat data have been produced using different tools data will need to be spatially co-registered
to facilitate extraction to a single database. The database should be capable of being interrogated
both within the GIS itself and exported to statistical packages such as Microsoft Excel and SPSS
for further analysis.

The second stage requires an approach capable of interrogating farge, multivariate datasets.
Researchers have previously used statistical methods such as linear regression (e.g. Bradford
and Irvine, 2000), multiple regression analysis (Pess et al, 2002; Coley, 2003), canonical
correspondence analysis (CCA) (Wang et al., 2003), and analysis of variance (ANOVA) (Stauffer
et al., 2000) to undertake similar studies. Multiple regression analysis has been selected here as

it can establish whether a set of independent variables explains a proportion of the variance ina
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dependent variable at a significant level and, more importantly, can establish the relative
predictive importance of the independent variables (Garson, 2006). This is important as it enables
managers to identify which factors are mostly likely to be limiting salmonids and which restoration

strategies may result in the greatest benefits to salmonid stocks.

Significant issues to consider with this type of analysis (Armstrong et al., 2003) are the problems
of spatial autocorrelation and collinearity that are likely to occur between habitat features. For
example, in-stream variables such as gradient, substrate size, width, depth and velocity are all
interrelated. Similarly, the location of various habitat pressures may also exhibit spatial
autocorrelation. For example, livestock access is likely to go hand in hand with bank erosion due
to stock poaching. If these variables are independently included within the statistical analysis,
their effects may be double-counted resulting in selection of an end-model parameter suite that
contains redundant parameters whilst not necessarily including those variables that exert most
influence over population dynamics. Other researchers have also commented on this problem
and have adopted procedures such as Principal Components Analysis (PCA) including
transformed feature variables to alleviate the problem to some degree (Walters et al., 2003).
Analysis of spatial autocorrelation within the dataset should initially be undertaken at the
catchment-scale. However, in order to explore the importance of scale in such studies,
subsequent analysis should be undertaken where possible at an area and tributary level, to
examine whether habitat controls relate to each other differently at different scales and in different

locations.

The aim of this research was to develop an approach that would enable fisheries managers to
prioritise restoration more effectively. Achieving this requires the results of the above analysis to
be discussed in the context of developing strategies for restoration using the Eden catchment as
a case study. As Lane et al. (2006) state “To ensure the most efficient deployment of mitigation
effort it is important to focus upon those parts of a catchment where restoration is likely to give
the greatest added value.”
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1.5 Summary of thesis structure

The structure of this thesis closely follows the order of the three objectives outlined in detail

above.

Chapter One: This has presented an overview of the research, setting the context, discussing

the specific case study approach and presenting detailed objectives.

Chapter Two: This will concentrate on Objective (1) and aims to provide a synthesis of current
ecological, geomorphological and hydrological understanding of the in-stream, riparian and
catchment-scale controls on salmonid habitat in order to identify gaps in current knowledge and
identify hypotheses for investigation. Whilst this research is specifically concemed with the impact
of in-stream, riparian and catchment-scale controls upon the freshwater habitat of salmonids, to
set it within the wider context of saimonid research Chapter Two will first provide an overview of
the altemative theories for decline and consider their relevance to the Eden’s salmonid

populations (Section 2.3). Discussion will then consider:

(1) Ecological theory of salmonid population regulation including stock recruitment, carrying
capacity, density-dependent and density-independent mortality (Section 2.4);

(2) Ecological understanding of habitat (both physical and water quality) requirements and
impacts of habitat degradation throughout the salmonid life-cycle, including hypotheses
regarding habitat controls and reviews of research relating salmonid populations to these

controls (Section 2.5); and

(3) Hydrological and geomorphological understanding of the processes which control in-
stream conditions, including hydrological connectivity and the impact of land
management upon in-stream morphology and catchment hydrological processes (Section
2.6).

The information provided within the above discussion will then be synthesised by developing a
diagrammatic, conceptual model summarising current understanding and expert opinion
regarding the in-stream, riparian and catchment-scale controls on salmonid habitat. Finally, the
synthesis will be examined to identify a set of hypotheses regarding relationships between

salmonid populations and habitat controls for investigation within Chapter Six.
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Chapter Three: This thesis is heavily reliant on a large amount of spatial data, much of which
has to be sourced from a variety of third parties. To this end, Chapter Three aims to identify the
broad-scale data needs of this research, and to review the catchment-wide data sources that are
available to fulfil these needs for the Eden catchment. This will include a review of fisheries data,
digital topographic data, satellite imagery and aerial photography. The methods by which these
data have been collected will be discussed together with an evaluation of their accuracy and the

uncertainty involved in their use.

Chapter Four: The aims of Chapter Four are to identify and to develop new tools for the
derivation of in-stream and riparian habitat data based on the data sources presented in Chapter
Three, specifically 20cm digital aerial photography and the NEXTMap Britain 5m digital terrain
model (DTM). Methodologies for the tools developed will be presented including the use of aerial
photography to carry out a virtual walkover survey within GIS (Section 4.2); DTM processing to
estimate channel slope and in-stream flow type (Section 4.4); and the automated classification of
water depth and in-stream habitat from aerial photography (Section 4.3). The capability of these
tools will then be evaluated: (1) in terms of their accuracy through the use of ground validation
and established accuracy assessment procedures based on the error matrix (Congalton and
Green, 1999); and (2), equally importantly, in terms of their practicality and cost compared with

traditional walkover survey techniques.

Chapter Five: The aims of Chapter Five are to identify and to validate an approach which adopts
explicit treatment of landscape location and the process of hydrological connectivity within its
framework, making direct links with ecology to investigate whether, in this case salmonid
populations, are structured by catchment hydrological processes: (1) by hydrological connectivity
alone and; (2) by hydrological connectivity weighted by land cover. The chapter will begin with a
general overview of hydrological modelling approaches, focusing in detail on the selected
approach, the SCIMAP framework. The methodology of producing catchment risk maps of (1)
hydrological connectivity and (2) hydrological connectivity weighted by land use will be presented
together with the risk maps produced for the Eden catchment. Direct links through statistical
analysis will then be made between salmonid populations and hydrological connectivity risk, in
order to validate the technique and to assess whether salmonids are structured at the catchment-
scale by catchment hydrological processes. The technique will also be evaluated in the context of
an intensive spatial sample of water quality, and evidence from gravel siltation mapping.
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Chapter Six: This chapter will concentrate on Objective (3), its aim being to use the data
acquired in Chapters Three, Four and Five to investigate hypotheses identified in Chapter Two
regarding habitat controls on salmonid populations. The chapter will first present the methodology
of developing a spatially-structured hierarchical database of catchment-wide habitat data
including GIS processing, co-registration of the data sources and integration with salmonid
population data. This will be followed by statistical analysis. Analysis will be undertaken in three
stages: (1) habitat controls will be related to salmonid fry data at the catchment-scale; (2) habitat
controls will be related to saimonid fry data at an area and, where possible, tributary-scale; and
(3) habitat controls will be related to salmonid parr data for an area of the Upper Eden catchment.

Chapter Seven: The results of the analysis undertaken in Chapter Six will be discussed in terms
of the three hypotheses identified in Chapter Two and in the context of effective approaches to
prioritising habitat restoration, using the Eden catchment as a case study example. This will
include discussion of specific restorations strategies for the Eden catchment and the wider
implications for fisheries managers undertaking catchment restoration for salmonids and fisheries

in general.

Chapter Eight: This chapter will conclude the thesis by revisiting the aims and objectives of the
thesis, summarising results in terms of their ability to fulfil the aims, discussing their implications

for fisheries management, and highlighting areas for future research.
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Chapter Two - Current understanding of salmonid habitat controls

21 Introduction

It is now widely acknowledged that assessing freshwater ecological integrity and developing
sustainable and effective management policies requires a catchment or ecosystem approach
(e.g. Petts, 2000). This should consider how policies and restoration strategies at one level within
the ecosystem may impact upon functions at other levels in the system (Elliott, 2002; Karageorgis
et al., 2006) and, in so doing, be holistic. Such an analysis requires a mechanism for synthesising
and integrating a large volume of data from across disciplines, within a common conceptual
framework. A number of approaches and frameworks have been applied within environmental
management for synthesising knowledge of environmental systems in order to inform decision
making. These include environmental accounting which combines economic and environmental
information to assess the contribution of the environment to the economy and the impact of the
economy on the environment (e.g. Lange et al., 2003); adaptive management approaches that
accept uncertainty and experimentally test a range of altemative management approaches,
refining them over time based on comparison of results (e.g. Gregory et al., 2006); ecological risk
analysis based on problem identification, analysis, risk characterisation and risk management
(e.g. Stohigren and Schnase, 2006); the ‘Outcomes’ approach (Olsen, 2003) in which policy
implementation is linked to the behavioural and societal changes required, to enhance the
environment: and SWOT (Strengths, Weaknesses, Opportunities, and Trends) analysis which
evaluates different management strategies against each other (Pesonen et al., 2001). Whilst all
these techniques have their individual merits, one particular approach, the DPSIR (Drivers -
Pressures — State — Impact — Response) approach has received considerable attention in recent
years, especially from within the European Union (EU). This approach is now recognised as a
powerful scoping framework for visualising complex environmental issues with regards to
sustainable development and for linking science to the causes of environmental change
(Karageorgis et al., 2006; Borja et al., 2006), or in this case linking the hydrological and
geomorphological drivers and pressures at the riparian and catchment-scale to ecological
impacts upon salmonid habitat and hence populations at the in-stream scale. It is therefore the
approach that has been selected for use within this research.

Thus, the aim of this chapter is to use the DPSIR framework to help achieve Objective (1) of the
thesis: fo review and to synthesise current understanding of in-stream, riparian and catchment-

scale controls on freshwater salmonid habitat throughout the salmon and trout life-cycle. This
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Drivers typically relate to the social and economic policies and goals of governments, businesses
and individuals that result in environmental changes, without regard to their specific impacts
(Borja et al., 2006). This includes population expansion, urban and industrial development,
agricultural intensification, and exploitation of natural resources (e.g. fishing). Natural
environmental conditions, such as topography, geology, soil type and climate can also be classed
as ‘Drivers’ should they control the environment's sensitivity to change or in the case of this
research control the environment's suitability for salmonids. Climate change is a unique ‘Driver
as it is a natural phenomenon but one which is being influenced by anthropogenic greenhouse

gas emissions.

Pressures represent the specific ways in which driving forces are expressed and by which
ecosystems and their components are perturbed (Borja et al., 2006), resulting in a change in the
'State’ of the environment. This thesis is particularly focused on identifying those ‘Pressures’
which control the physical, chemical or biological state of the freshwater environment. This
includes anthropogenic pressures such as catchment land use, river canalisation, sewage
treatment and industrial discharges, road runoff, dam construction, land drainage, gravel
extraction, and agricultural stock access to channel banks, together with natural pressures such

as hydrological connectivity and rainfall intensity.

State refers to those components of the environment that are affected by ‘Pressures’. In relation
to the freshwater environment the ‘State’ is usually considered to comprise of hydraulic
components such as flow regime, frequency and duration of inundation, depth and velocity; and
abiotic components such as channel dynamics, bedform, channel slope, substrate composition,
water temperature and water chemistry (Petts, 2000). These components then ‘Impact’ the biotic
state of the environment, for example, the distribution and composition of macroinvertebrates,
macrophytes, biological oxygen demand and dissolved oxygen concentrations. As predators, the
distribution and abundance of salmonids not only depends directly upon the hydraulic and abiotic
components of the ecosystem, but also on the biotic components. As such, from the perspective
of salmonids, biotic factors are also part of the ‘State’ of the ecosystem, and through these
salmonids may be indirectly impacted by hydraulic and abiotic components. This research
therefore interprets ‘State’ as Atlantic salmon and brown trout requirements (hydraulic, abiotic
and biotic) with the aim of specifically identifying those ‘Pressures’.and ‘Drivers’ that control
salmonid habitat and hence salmonid populations.
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Impact: relates to understanding the effects of altering the ‘State’ of the environment on a
particular organism or ecosystem function of interest. Within general applications of the DPSIR
framework, this has typically focused on impacts to human health, or ecosystem functions of
social and economic importance such as flood risk. However, in terms of this research, ‘Impact
will relate to understanding the mechanisms by which salmonid habitat and changes to that

habitat may influence salmonid abundance and distribution.

Response: relates to the identification of strategies and policies such as, regulations and taxes
which can remediate detrimental impacts on the ‘State’ or in this case to environmental strategies
that can restore, rehabilitate and enhance salmonid habitat and hence salmon and trout
populations. With regard to the various strategies employed there has been considerable debate
regarding the precise definition of the terminology used. In the strictest sense, the term
restoration is generally acknowledged to mean a radical attempt to recreate the structure and
function of a system prior to disturbance or pressure (Caims, 1991, cited in Wheaton, 2007;
McDonald et al., 2004). Rehabilitation typically refers to the partial return to a pre-disturbance
state through the recreation of certain, but not all, ecosystem functions, as a result of natural,
social and economic restrictions upon a pure restoration process (Caims, 1991, cited in Wheaton,
2007: McDonald et al., 2004). For example, imeversible changes to abiotic and biotic factors may
have occurred preventing a return to former conditions even when pressures are removed, or
features of cultural or historic importance (e.g. national monuments, infrastructure, high value
agricultural land) may need to be preserved (McDonald et al., 2004). Enhancement refers to the
alteration of a site to produce conditions that did not previously exist in order to accentuate one or
more values of a site (Lewis, 1989 cited in US EPA, 2007). For example, flow deflectors, weirs
and rubble mates may be used to promote habitat diversity within heavily engineered channels
(O'Grady et al., (2002). In this case, the river is being modified to provide a function that is
economically or socially desired without restoring true ecosystem function. Despite the precise
definition of restoration it is often loosely applied to mean any variety of river management
activities including rehabilitation, enhancement and creation (Brookes, 1996, cited in Wheaton,
2007). Throughout the thesis the term restoration is used in this broad sense unless specific

reference is made to rehabilitation or enhancement.
Responses can be directed at any other part of the system (Borja et al., 2008). In general,

'Responses’ targeted at ‘Drivers’ should result in the most sustainable restoration or rehabilitation

as they address the drivers of ecosystem function, but they are often the most difficult to
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implement involving high economic costs and widespread behavioural changes. In comparison
those targeted at the ‘State’, typically enhancement schemes may be less sustainable and
require on-going maintenance as ‘Pressures’ still remain. However, they are often cheaper in the
short term and achieve more immediate benefits. As a result many traditional restoration

‘Responses’ are targeted at the ‘State’.

In terms of the DPSIR framework the aim of this chapter is to review and synthesise current
understanding and expert opinion regarding the in-stream, riparian and catchment-scale controls
(‘Drivers’ and ‘Pressures’) of salmonid habitat (‘State’) and their subsequent ‘impact’ on salmonid
populations. Scientific understanding of the controls upon salmonid habitat falls primarily within

three areas which can be incorporated within the DPSIR framework as follows:

1. Ecological research has focused upon the mechanisms by which natural populations are
regulated including the impact of habitat availability on population dynamics. This
equates to the ‘Impact’ section of the DSPIR framework.

2. Fisheries science has studied the habitat requirements of salmonids or in terms of DPSIR

the optimum ‘State’ required to maximise their performance.

3. Hydrological and geomorphological research on the other hand has focused on the
actions, variables and processes (‘Drivers' and ‘Pressures’) which control in-stream

hydraulic and abiotic ‘State’ conditions.

Collaboration between ecologists, fisheries scientists, hydrologists and geomorphologists has
been slow to evolve. The benefits of collaboration are emerging, but are yet to be fully realised
(Petts, 2000). The DPSIR framework focuses and encourages their integration, with the common
link between ecological and hydrologicaligeomorphological research being the understanding of
the ‘State’. Biologists consider the state in terms of biotic habitat requirements or habitat niches
whilst hydrologists and geomorphologists consider the state in terms of hydraulic and abiotic
physical and chemical conditions. Synthesising a review of current understanding from across
disciplines within the DPSIR framework should enable habitat controls (‘Pressures’) to be
identified for further investigation that control abiotic factors which are ecologically relevant to
Atlantic salmon and brown trout. It is also important to recognise that due to changing habitat
requirements and mobility throughout the salmonid life-cycle (Armstrong ef al., 2003) different
controls at different scales may be relevant at different stages of the life-cycle. In this respect the
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‘State’ of the ecosystem may limit specific life-stages more than others. This has resulted in the
widely adopted concept of “bottienecks” within fisheries science (e.g. Summers et al., 1996;
Hendry, et al, 2003). For example, if fry numbers are constrained by habitat then parr
populations may be low regardless of habitat availability at the parr life-stage. It is important to
accommodate this concept within the DPSIR framework as identifying population/habitat
bottlenecks enables restoration strategies to be targeted towards particular life-stages where they
may achieve maximum benefits. As such, habitat requirements (‘State’) will be discussed in terms

of specific life-stages, principally, spawning, fry and parr.

The DPSIR framework is not a model. Whilst it may identify potential hypotheses regarding the
causes and effects of habitat degradation, it will not model the dynamics and processes that link
components (Karageorgis et al., 2006). This must be done either by employing specific scientific
models such as hydrological runoff models to represent processes or by identifying appropriate
indicators or measures of drivers, pressures, state and impacts that can be the subject of
statistical investigation. Identification of such models and indicators will be expanded upon in the
proceeding chapters of this thesis. Additionally not all ‘Drivers’ and ‘Pressures’ may be applicable
to the case study of the Eden catchment. Consequently, greater attention will be directed towards
identifying and discussing those which are potentially applicable based on their likelihood of

occurrence within the Eden catchment's landscape.
2.3 Hypotheses for salmonid decline: the wider context

This research is specifically concemed with the impact of in-stream, riparian and catchment-scale
controls upon the freshwater habitat of salmonids and how this relates to salmonid abundance
and distribution. However, habitat degradation is not the only hypothesis or potential driver for
declining salmonid populations. in reality, it is most likely that the observed decline is due to the
complex interaction of many factors. It is therefore important to recognise these alternative
hypotheses and discuss their relevance in terms of the Eden catchment prior to development of
the DPSIR mode!, in order to fully appreciate the role of freshwater habitat and pressures upon
that habitat within the entire ecosystem function.

2.3.1 Exploitation

Of the many factors implicated in the decline of salmonid stocks, exploitation is the only activity
that involves deliberately killing fish. It is therefore unsurprising that management of fishing levels

receives considerable attention, as it is presumed that reductions in exploitation pressure will
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achieve the most direct and immediate improvement in stocks (Potter et al., 2003). Exploitation
can be both commercial, involving fisheries on the high seas, coastal waters and estuaries, and
recreational within the freshwater environment by rod and line angling. Public awareness
regarding the issue of exploitation was particularly raised following the dramatic collapse of
another species, the Northem cod (Gadus morhua) fishery off Newfoundland and Labrador
(Myers et al., 1997). This led to concems being raised about other major fisheries including

Atlantic salmon.

Studies of returning Atlantic salmon have suggested that up to 70% of retuning fish may be
taken by commercial marine fisheries (Dempson ef al., 2004). Such figures have led to the
closure or downscaling of several fisheries. However, studies investigating the impact of this have
found conflicting results. For example, following the regulation of drift netting in the River Usk
estuary, Wales in 1992, there was a dramatic rise in the rod catches of Atlantic salmon on the
River Usk (Bowker et al., 1998). However, ten years after the closure of the Newfoundland
commercial Atlantic salmon fishery in 1992, which took an average of 905 t yr, little difference in
smolt abundance and even a decline in marine survival was observed (Dempson et al., 2004).
They attributed this to climatic fluctuations in the North Atlantic or an increase in predators
throughout the period of study, and concluded that without the closure of the fishery the resource
would now be in a particularly depressed state. Alternatively, Potter et al. (2003) comment that,
whilst exploitation reduces the number of available spawners and therefore eggs, there should be
less competition between juveniles and so a greater proportion should survive. They suggest that
fisheries can sustain relatively high exploitation rates and give the example of the productive
Northemn Esk, Scotland where over 50% of the returning fish are exploited. However, they do add
that there will be a critical exploitation rate above which the population’s productive capacity will
be impaired potentially leading to collapse. They discuss the use of conservation limits and
management targets to set threshold spawning requirements for each stock which can be
monitored enabling decisions regarding harvesting levels to be managed. This is no easy task

since many stocks are exploited in common fisheries such as West Greenland and Faeroes.

In addition to impacts on salmonid abundance, exploitation has also been linked to changes in
population structure (Aimodova and Nicola, 2004) phenotypic behaviour and genetics (Consuegra
ef al,, 2005). Evidence suggests that exploitation is often selective, leading to increased pressure
and higher mortality for particular components of the population. Adult Atlantic salmon that enter
the river in spring are often dominated by large multi-sea-winter females. Fish that enter later in
the year are dominated by smaller male grilse. It has been noted (Consuega et al., 2005), that the
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larger spring run fish, prized by anglers, have been particularly exploited in many areas, leading
to detrimental genetic and phenotypic responses such as reductions in size, sea-age and
longevity of fish and delayed entry into the river that may reduce the adaptive ability of these
populations to cope with stress. Similar observations have been noted for brown trout (Almodova
and Nicola, 2004), where selective exploitation of large fish has led to decreases in the mean
age, and age diversity of populations, resulting in reductions in the available breeding stock and
population fecundity. Such findings have led to the introduction of legislation aimed at protecting
vulnerable components of populations. For example, in April 1999 the Environment Agency in
England and Wales introduced a national bye-law aimed at protecting the muiti-sea-winter spring
running salmon. It states that

“Any person who removes any live or dead salmon taken by rod and line from any waters or
banks without the previous written authority of the Agency before the 16th day of June in any
calendar year shall be guilty of an offence. This Byelaw shall not apply to any person who lawfully
takes a salmon and returns it immediately to the water with the least possible injury’.

The use of slot limits that determine the size of fish that may be taken by anglers has aiso been
advocated as a method of protecting vulnerable and essential components of the population
(Nordwall ef al., 2000; Almodova and Nicola, 2004). However, the use of such management
techniques must be population-specific as different populations have different genetic
characteristics exhibiting different growth rates and different maturation ages. Legislation that
only protects one population may be detrimental to another.

In terms of the Eden catchment, Table 2.1 presents a summary of the national and regional bye-
laws governing rod and line angling. These are set and regulated by the Environment Agency
which is responsible for managing the freshwater fishery.

Table 2.1: National and regional bye-laws goveming rod and line angling in the River Eden catchment, Cumbria
(Environment Agency, 2005.)

Species Closed season Catch and release Size limits
Atlantic salmon 15" October — 14t January 15 January — 16% June Only adult fish may be taken

Non-migratory \ _44m At the angler’s or fishery No fish under 200mm in length
_ brown trout 1 October — 14" March owner's discretion may-be taken
At the angler's or fishery No fish under 300mm in length
owner's discretion may be taken

Migratory frout 15t October — 315t March
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The issue of exploitation is complex involving both the conservation of species and allocation of
surplus resources to achieve the greatest socio-economic benefits. To ensure continued and
sustainable utilisation of the resource, fisheries must be managed in such a way as to protect the
productive capacity of stocks and maintain biological diversity (Potter et al., 2003); this is often
associated with improving freshwater habitats to maximise production.

2.3.2 Aquaculture

At the same time as wild stocks of Atlantic salmon and brown trout decline and tighter regulations
are imposed on exploitation, aquaculture (fish farming} is booming in order to meet the increasing
demand for fish. Today, over 94% of all adult Atlantic salmon are in aquaculture (Gross, 1998),
an industry that has seen major intensification over the last two decades (Read and Fernandes,
2003). However, whilst this may appear to reduce pressure on exploitation of wild stocks, it
comes with its own issues that have been suggested as contributory causes to the current decline
in wild stocks. Aquaculture has been linked to: increased instances of disease in wild stocks (e.g.
McVicar, 1997; Bjorn et al., 2001); degradation of surrounding water quality due to discharges of
effluent containing waste feed, faeces, medications and pesticides (Read and Femandes, 2003);
and genetic weakening of wild stocks through interbreeding of escaped and stocked farmed fish
(e.g. Gross, 1998).

In particular, the movement of live fish for farming or re-stocking has been associated with the
transfer of pathogens from one region where fish may have natural resistance to another where
the fish have no natural resistance. This can lead to devastating results should the exotic infected
fish escape or be stocked in new waters. One of the most notable cases of disease transfer was
of Gyrodactylus salaris, from Baltic salmon to Atlantic salmon, devastating wild stocks in Norway
(McVicar, 1997). High instances of infection within farmed fish have also been blamed upon the
high densities and environmental conditions under which fish are kept, and epidemics within fish
farms have been linked to outbreaks of infection in nearby wild stocks. For example, sea trout
feeding in the vicinity of a salmon farm in Northern Norway were found to have 100-200 salmon
lice (Lepeophtheirus salmonis) per fish compared with only 10 lice per fish in an area remote from
farming activity (Bjorn et al., 2001). The development or evolutionary forces operating within the
aquaculture environment are very different to those operating in the wild, and it has been
suggested (Gross, 1998) that this is leading to the development of two very different biologies.
Farmed fish have relatively restricted genetic origins compared to wild fish and are therefore less
genetically diverse. This has led to concerns being raised about the impact of reared fish inter-
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exofic diseases which pose a threat. There are many other fish diseases that are naturally
endemic within populations and the environments in which they survive, but which only result in
outbreaks at specific times under specific conditions. In the UK one such disease is Ulcerative
Dermal Necrosis (UDN), never reported in farmed fish. It is a condition that predominantly occurs
in adult Atlantic salmon and sea-trout but which may also affect brown trout to some degree. The
first recorded outbreak of UDN occurred in 1877, after which it largely disappeared until the
1960s when an outbreak originating in south west Ireland spread to most Irish and British rivers
(Roberts, 1993), including a major outbreak in the River Eden in 1966, which particularly affected
the multi-sea-winter, spring run salmon. A number of authors have noted that epizootics of
endemic diseases coincide with very high wild stock numbers such as occurred in the UK in the
1960s, and suggest that this may be no coincidence, with high densities aiding the spread of
disease (George, 1991; Roberts, 1993).

It has also been hypothesised that changes in environmental conditions (such as increased
pollution) may lead to greater infection rates by altering the host's susceptibility to disease. For
example, juvenile Pacific salmon (Oncorhynchus spp.) have been shown to bioaccumulate
chlorinated and aromatic hydrocarbons that can result in immuno-suppression and increased
disease susceptibility (Arkoosh et al., 1998). This again raises the importance of protecting
salmonid habitat, both physical and chemical, as maintaining a high quality environment should
reduce stress on fish, improve population health and therefore ultimately reduce the risk of

disease.
2.3.4 Predation

Within the commercial and recreational fisheries communities there is particular concern over the
impact of predation upon Atlantic saimon and brown trout populations especially from pisciverous
(fish-eating) birds including, in the UK, great cormorants (Phalacrocorax carbo) and goosanders
(Mergus merganser). A rapid increase in the number of these birds roosting near and feeding
within freshwater habitats has been observed since the 1980s especially during the winter
months (Defra, 2004). Several studies have examined the stomach contents of birds (e.g. Stewart
et al., 2005) or tracked the fate of radio-tagged fish (e.g. Dieperink et al., 2002) confirming that
pisciverous birds can take considerable quantities of salmonids.

Fish have been observed to be particularly vulnerable to predation from birds under a number of

circumstances. First, although normally territorial, during smoltification salmonids aggregate and
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migrate to sea in large numbers with particularly high densities occurring in areas where fish are
funnelled through narrow channels, for example, fish passes around weirs and dams. Second,
vulnerability may be high in open water bodies such as estuaries (Dieperink et al., 2002), lakes
and reservoirs (Jepsen et al., 1998), where cover from predators in sparse. Associated with this,
several researchers have hypothesised that the stocking of fish (especially aduit fish) for angling
purposes encourages predation due to increased fish densities, which may cancel out the effects
of stocking on fishery performance (Stewart et al., 2005). Similarly changes in land management
such as agricultural intensification and urbanisation which reduce riparian vegetation and remove

overhead cover may increase the fishing efficiency of predators resulting in a decline in stocks.

The question as to whether predation actually causes salmonid population decline remains
unanswered and requires further studies involving accurate estimates of populations and
predator-prey relationships (Carss and Marquiss, 1999). It is important to note that it is not only
birds that prey upon salmonids. Researchers have also found that species such as pike (e.g.
Jepsen et al., 1998), otter (Lutra lutra) (Jacobsen, 2005) and seals take significant volumes of
salmonids. Whilst all these species may prey on salmonids, predation is a natural component of
ecosystem function. However, should some change such as, a reduction in the availability of
cover or the migration of birds into a new geographical area as a result of climate change, disturb
the natural predator-prey equilibrium, severe consequences for the prey species may be

observed.

Within the Eden catchment pisciverous bird surveys were undertaken biannually by the River
Eden District Fisheries Association (REDFA) between 2003 and 2005 (Table 2.2). They observed
the greatest number of birds during March immediately prior to the Atlantic salmon smolt run
when fish are most vulnerable, reporting higher numbers (5.71 times more goosanders and 1.41
times more cormorants) than the Breeding Birds of Cumbria tetrad survey 1997-2001 (Pers.
Comm. J.Brown). However, the reason for an increase in goosanders and cormorants and their

impact upon fish populations in the River Eden remains unknown.

Table 2.2: Biannual pisciverous bird survey counts 2003-2005 (REDFA, 2006)

Oct-03 Mar-04 Oct-04 Mar-05 Dec-05
Cormorant 203 230 68 234 95
Goosander 302 349 150 357 193
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2.3.5 Invasive species

The implications of introducing reared fish of the same species as a consequence of aquaculture
or stocking have already been discussed, both in terms of disease transmission and genetic
alterations to wild stocks through interbreeding. Introductions can also include non-indigenous
species resulting in further pressures on native populations. This includes direct pressures such
as competition for habitat and food, or predation of native species. There are also indirect
pressures such as trophic cascades or even changes in ecosystem functioning, including nutrient
cycling and energy transfer (Simon and Townsend, 2003). Exotic species are often highly
successful in their new environments and cases of native species expatriation are common.
Examples include the escape or release of American mink (Mustela vison) in Britain and their
decimation of native water vole (Arvicola terrestris) populations; the impact of zebra mussels
(Dreissena polymorpha) on freshwater pearl mussels (Margaritifera margaritifera) in North
America (Ricciardi, 2003), and following their introduction through live baiting by pike anglers,
predation of vendace (Coregonus albula) eggs by ruffe (Gymnocephalus cemuus) in
Bassenswaite Lake, Cumbria, UK (Winfield and Durie, 2004). Reasons for the success of these
invasive species may include: (1) that they are simply more effective competitors having evolved
in a more competitive environment; and (2) that they are free from natural predators in their new
environment (Allendorf and Lundquist, 2003). In terms of Atlantic salmon and brown trout, whilst a
review of the scientific literature identified a number of studies investigating their competition with
other salmonid species such as rainbow trout (Oncorhynchus mykiss) and grayling (Thymallus
thymallus) (e.g. Degerman et al., 2000; Scott and Irvine, 2000) few examples of severe negative
impacts due to invasive non-salmonid species could be found. Interestingly, one non-fish species,
the signal crayfish (Pacifastacus leniusculus), introduced to UK rivers from North America, has
been shown to out-compete juvenile Atlantic salmon for over-wintering habitat, leaving them
vulnerable to predation (Griffiths et al., 2004). Conversely, there were more references to
salmonids, brown trout in particular, acting as an invasive species, following its introduction as a
sport fish into many countries including New Zealand and Australia (e.g. Simon and Townsend,
2003).

In terms of the Eden catchment, whilst several non-indigenous coarse fish species (e.g. pike,
perch, chub and dace) and grayling have been introduced, many of these species have been
present for hundreds of years becoming naturalised and developing their own particular niches,
co-existing with Atlantic salmon and brown trout without negative effects. For example, the moats

of Carlisle castle were stocked with pike as early as 1298, whilst grayling were introduced to the
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Eden in 1883 (Pers. Comm. C.Bowman). However, in an attempt to help prevent further
introductions that could lead to negative consequences, the Environment Agency introduced in
2002 a byelaw stating that the ‘use of any dead or alive freshwater fish, salmonids or eels as bait
is prohibited” on or in Ullswater, Haweswater, Brotherswater and Red Tarn, all still waters within
the Eden catchment (Environment Agency, 2005). In fact the invasive species causing the
greatest threat to Atiantic salmon and brown trout in the Eden catchment may not be a fish
species at all but a plant species, Himalayan balsam (Impatiens glandulifera) which has
extensively colonised the lower catchment's riparian zone resulting in increased bank erosion and

potentially increased siltation of spawning gravels.
2.3.6 Climatic variability and change

Climatic conditions are believed to exert a major influence over aquatic ecosystems in general
and salmonid populations in particular due to impacts on both thermal and flow regimes. For
example, Martin and Mitchell (1985) observed variations in the timing at which Atlantic salmon
returned to spawn in the River Dee, Scotland during the period 1877-1972 associated with
fluctuations in sea surface temperature (SST) in the sub-Arctic sea. Lower SSTs were correlated
with reduced numbers of multi-sea-winter (MSW) fish and increased numbers of grilse (1-sea-
winter) fish, and vice versa. George (1991) noted similar observations for other Scottish rivers,
commenting that as a grilse-dominated period declines, the following MSW period lags behind,
resulting in a period of low retuming numbers from all age classes. However, as a MSW-
dominated period declines, the rise of the grilse period is concurrent yielding large runs of both

age classes for a number of years.

Cyclic variations in thermal and flow regimes such as sea surface temperature have since been
associated with global climate variations and large scale fluctuations in atmospheric phenomenon
such as the North Atlantic Oscillation Index (NAQI), and the EI Nifio Southem Oscillation (ENSO),
(e.9. Trenberth and Hurrell, 1994; Hurrell and VanLoon, 1997; Rodwell et al., 1999). These
phenomena have also now been statistically linked to fluctuations in the dynamics of salmonid
populations. For example, Boylan and Adams (2006) directly related cyclic variability in the
abundance of returning Atlantic salmon to the River Foyle, Ireland to the NAO! in winter. Climatic
influences are not restricted to the marine environment: inter-annual variations in the date of trout
fry emergence for a small Lake District beck has also been related to cyclic fluctuations in the
NAOI and stream temperature (Elliot et al., 2000). Further, the effects of smaller scale, extreme
weather patterns such as droughts and floods have also been shown to be important and
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influence salmonid population dynamics, behaviour and survival on an inter-annual basis, from
estuarine conditions and upstream migration (Solomon and Sambrook, 2004) to redd stability and

egg survival (Brown 2006a).

This sensitivity to climatic variations has lead to much debate and concemn over the potential
effects of anthropogenic induced climate change, particularly global warming due to increased
greenhouse gas emissions, upon salmonid population dynamics in the future (e.g. Scott and
Poynter, 1991; Swansberg et al., 2002; Borgstrom and Museth, 2005; Boylan and Adams, 2006).
Some researchers consider that future climate changes will and are already being detrimental to
stocks. Juvenile Atlantic salmon have been observed to be getting smaller since 1971 in Eastern
Canada, a trend that is inversely related to increasing spring air and water temperatures
(Swansberg et al., 2002). The authors suggest this is evidence of current climate change and that
future predicted temperature rises may reduce growth further and ultimately diminish the overall
productivity of Atlantic saimon in this region. Others are less certain about the future. For
example, Borgstrom and Museth (2005) consider that juvenile brown trout recruitment in
Norwegian mountain streams may be adversely affected by predicted increases in winter

precipitation but that predicted increases in summer temperatures may increase recruitment.

In terms of the Eden catchment, North West England is predicted to experience increased
seasonality, with warmer drier summers and wetter winters (Table 2.3). Short high intensity
storms are likely to be more common especially during the summer and spells of extreme

weather such as droughts and flooding are expected to occur more frequently.

Table 2.3: Plausible changes in the climate of North West England by the 2050’s as simulated by HADCM3?.

Climate Variable | Indicated change

Temperature Annual temperature averaged across the UK may rise by 2-3.50C depending on the scenario
adopted. In the North West predicted summer temperature rises are between 0.8-2°C. The
number of days below freezing may be reduced by up to 65%.

Winter precipitation Winter precipitation is predicted to increase by as much as 6-13%. Flooding may become
more frequent.

Summer precipitation | Summers will become drier with a reduction of up to 10% in rainfall. However, summer
storms are predicted to become more intense with an increase in convective rainfall.

Seasonality The contrast between winter and summer climate will increase under all scenarios.

River Flows Seasonally river flows in the North West may show an increase of 5-15% in winter with little

difference expected in summer.

(Based on Shackley et al., 1998).

3 Percentage changes are relative to the mean of the standard 1961-1990 baseline period.
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Not only are these changes likely to have direct effects on salmonids via changes in thermal and
flow regimes but also indirect effects. For example, climate changes are predicted to result in new
opportunities for agriculture such as extended stocking periods and higher productivity of
grasslands (Shackley ef al., 1998). The expansion of crops such as maize and winter cereals is
already being seen within the Eden catchment. Such changes will have implications for water
quality and erosion both from banks and catchment sources, and ultimately for freshwater
ecology. Climate change has also been linked to predicted increases in coarse sediment delivery
rates with implications for in-stream conditions and the frequency of flooding (Lane et al., 2007).

What is clear is that climate variations do impact upon salmonid populations. What is less clear is
precisely how future climate may change and how these changes may affect salmonid
populations. What appears likely is that the Eden catchment will experience increased
seasonality with more extreme weather conditions occurring more frequently. This may put
pressure upon current salmonid populations. If such changes do occur, the availability of refugia
habitat structures will become even more important. Additionally, it is important to recognise the
role that land and water resource management strategies (e.g. land drainage, abstraction,
deforestation) play in determining the environment's sensitivity and resilience to climate change
and therefore the magnitude of changes that salmonids will have to adapt to and cope with. This
further emphasises the importance of habitat in managing salmonid restoration.

2.3.7 Interactions between driving forces

The above discussion has touched upon the diversity and complexity of hypotheses associated
with the decline of salmonid populations outside the issue of habitat degradation. It is unlikely that
any one of these hypotheses or that habitat degradation alone can explain salmonid population
dynamics. Rather, there are many complex interactions between factors and indeed many
remaining unknowns that will ultimately determine salmonid population distribution and
abundance. For example, the issues of exploitation and aquaculture are closely intertwined, both
driven by the growing consumer demand for fish. Climate change has been associated with an
increase in the incidence of invasive species observations as species ranges expand or contract

leading to knock-on effects in terms of predation.

What has become particularly apparent through the above review is the link between many of the
hypotheses discussed and the importance of habitat. These interactions are important to
appreciate if the impacts of habitat management are to be fully understood. For example, Potter
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et al., (2003) commented that for sustainable exploitation of resources, fisheries must be
managed in such a way as to protect the productive capacity of stocks and maintain biological
diversity. If habitat restoration enhances the productive capacity of a stock, exploitation rates will
be sustainable at a higher level. In contrast, the pressure of exploitation will be felt to the greatest
extent in degraded habitat regions. Pollution has been linked to reduced immunity and increased
instances of disease (Arkoosh et al., 1998); a cleaner environment will not only support greater
numbers of fish but produce healthier individuals more able to survive extreme climatic events
and long migrations resulting in higher longevity. Predation is closely linked to the ease with
which prey can be caught. Habitat alterations that reduce cover such as tree clearance or bank
reinforcement may increase the impact of predation. Habitat has also been shown to influence
sensitivity to climate change. Populations within pristine, heterogeneous habitats with abundant
refugia will be more capable of withstanding increased instances of extreme events such as

floods and droughts than populations in degraded habitats.

The remainder of this review focuses on current understanding of salmonid habitat and its
controls at the in-stream, riparian and catchment-scale within a DPSIR framework. This begins

with ‘Impacts’ and current ecological understanding of population dynamics.
24  Ecological understanding of salmonid population dynamics

Most salmonid populations are naturally highly variable responding to changes in their
environment. Understanding the mechanisms by which populations interact with their natural
environment and respond to changes is important to help understand how they may respond to
management interventions that aim to manipulate environmental conditions (Milner et al., 2003).
In terms of the DPSIR framework this refers to ‘Impacts’.

It is well established that a given environment can only accommodate a certain number of fish
and this is termed the “carrying capacity” (Summers et al., 1996). The carrying capacity of any
environment varies depending upon the species and life-stage of interest, territory and food
availability and the time of year. There are two major theories regarding the mechanisms by
which carrying capacity influences population abundance: (1) population regulation; and (2)
population limitation, both of which are important to consider if the impacts of habitat degradation
and habitat restoration strategies aimed at increasing carrying capaqity are to be fully

appreciated.
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241 Theories of population regulation and population limitation

Population regulation is by far the dominant theory within the ecological community based upon
the premises that: (1) populations are persistent and relatively stable over time fluctuating around
a mean abundance; and (2) that no population can increase without limit, because that would
ultimately mean to use up all resources, starve and become extinct (Elliott, 1994; and Milner et
al., 2003). Instead, the theory argues that some mechanism must actively act to regulate
populations keeping them below the maximum carrying capacity of the environment, thereby
preserving resources and allowing populations to persist. These mechanisms are theorised to
intensify as population density increases and relax as it falls (Berryman et al., 2002). This is more
commonly known as “density-dependent mortality” and is first attributed to Nicholson (1933). The
regulating forces proposed by Nicholson consist primarily of intraspecific competition for
resources such as food and territory but also predation and parasites (Elliott, 1994). As described
by Milner et al. (2003) at low spawning densities, following emergence from the redd, competition
for resources is limited between young fry and survival high. However, as spawning numbers
increase, so does competition following emergence, resulting in lower fry survival rates (Figure
2.3). Section 2.34 has already discussed the potential relationship between predation and
population density, with increased predation observed following the introduction of stocked fish
and section 2.3.2 discussed the increased incidence of parasitic infection within the high density
aquaculture environment. These are all examples of negative density-dependence, in that the
probability of survival decreases with increasing density. However, processes may also act
positively so that the probability of survival increases with density (Miiner et al., 2003). For
example the shoaling behaviour of smolts may act to reduce the probability of mortality from

predation.
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Figure 2.3: Diagrammatic representation of recruitment constrained by carrying capacity, showing survival rate (%
egg lo recruit) changing with spawning stock (reproduced from Milner et al., 2003).
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Population regulation theory does not just include density-dependent factors, Nicholson (1933)
also referred to density-independent factors which can cause mortality at any life-stage
regardless of density. For example, pollution from fertilisers and pesticides may cause mortality
through direct toxicity, siltation of redds through asphyxiation, or egg washout/desiccation at
highflow flows through injury. These factors are thought to often mask the effects of density-
dependent mortality due to their extensive impact which is often unpredictable (Miner et al.,
2003). Habitat availability and quality can influence the severity and probability of such events by
determining an environment's resilience or sensitivity. For example, the presence of riparian
buffer zones may increase resilience and reduce the impact of diffuse pollution. A resilient
environment is likely to support more fish than a sensitive environment and therefore have a

higher carrying capacity.

Whilst the theory of population regulation is well established, it is not without controversy. There
are other researchers who are highly critical, particularly of the role of density-dependence,
offering instead the theory of population limitation. Initiated by Andrewartha and Birch (1954), the
theory of population limitation considers that abundance is passively limited by the inability of the
environment to support all individuals (White, 2001), emphasising that population fluctuations are
the result of fluctuations in environmental conditions and that there is no need to look any further
for explanatory mechanisms (Elliott, 1994). Instead, they suggest it is more important to focus on
identifying the limiting resource. Supporters of the limitation theory argue that the observation of
population stability which drives population regulation is incorrect and that the reason populations
remain below carrying capacity is not the result of competition or predation but because not all
resources are easily accessible (White, 2001). For example, if prey became more accessible
through the removal of cover, then the predators may increase until they destroy all the prey and
ultimately starve. Population limitation theory does not deny that competition for resources occurs
but proposes that it is a consequence not a cause, and that it is the environment that ultimately
controls how many organisms survive, competition simply determines which ones. Nor does it
reject predation, but instead argues that those fish caught represent the starving, sick, old or
injured who would have died soon anyway (White, 2001). If environmental changes or events
result in less food, cover, injury, sickness and more vulnerable fish, then increases in predation

and competition are likely to follow, but in their absence abundance would still decline.

Others argue that there is really little difference between the two theories and that it is more a
matter of perspective, with density-dependent mortality a mechanism that may or may not occur

depending upon circumstances (Berryman et al., 2002). Using the example of flooding in an

61



Chapter Two

environment with few refuges, Berryman et al. (2002) suggest supporters of regulation theory will
observe density-dependent competition for a limited resource (refuges) with a density-
independent factor (flooding) being the agent of mortality; whilst supporters of limitation theory wil
see passive limitation resulting from the inability of the environment (lack of refuges) to support
populations in the event of a sudden environmental change (flooding). One focuses on the
mechanism limiting abundance whilst the other focuses on the environmental condition setting
the limit. Within the DPSIR framework this could be likened to the difference between ‘State’ and
‘Impact’. It may also be unsurprising, as Elliott (1994) comments, that Nicholson worked in
favourable controlled laboratory environments with stable populations close to their equilibrium,
whilst Andrewatha and Birch worked in unfavourable environments where conditions and

populations fluctuated widely.
2.42 Stock recruitment, self thinning and habitat bottienecks

In addition to considering population controls at individual life-stages, it is also necessary to
understand the connections between life-stages and principles of stock recruitment which
determine how many fish at one life-stage will survive over time to develop into the next. Even in
a system with abundant habitat, it is likely that the number of fish present will decline over time. It
has been theorised that this is because as juvenile Atlantic saimon and brown trout grow the
resources they require in terms of space and food increase. Therefore, if resources remain
constant, competition will increase as fish grow. This process is known as self-thinning (Milner et
al., 2003). Elliott (1994), notes that this process is well documented for plants but that evidence
for or against self-thinning in mobile species such as salmonids is limited. The fact that saimonids
are mobile enables them to disperse and migrate in order to find new sources of food and larger
territories as their requirements increase. Declining numbers may therefore represent emigration
and dispersal not mortality. Further, a reduction in fish numbers over time may simply be the
result of density-independent mortality events (Milner et al., 2003). It is not just the amount of
habitat (space and food) that changes throughout the salmonid life-cycle, different stages also
have different types of requirement in terms of water depth, velocity, substrate and cover.
Therefore the ability to progress to the next life-stage also depends on the ability to meet these
changing requirements. If fish are unable to do this at any life-stage, numbers will either be
regulated or limited resulting in a reduced number of fish at the next life-stage. The particular life-
stage or habitat type at which this occurs is known as a ‘habitat bottleneck’. An alternative view is
that due to different habitat requirements at different life-stages a single environment will offer
different potential for mortality to different life-stages (Summers et al., 1996).
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Habitat bottienecks and high mortality are most commonly observed at the fry life-stage for a
short period of time following emergence from the redd (Milner et al., 2003; Einum and Nislow,
2005). This is intrinsically linked to their mobility and dispersal capability. As discussed in Chapter
One (Section 1.2.2), fry are the least mobile life-stage, and have been observed to remain within
hundreds of metres of their redd. Dispersal requires energy but at the same time it reduces
feeding opportunities and leaves fish more vulnerable to predation (Einum and Nislow, 2005).
Therefore, the further a fish is required to disperse, the less likely it is to survive. These effects
are most acute at the fry life-stage, when an under-developed swimming capability increases
energy expenditure and time exposed to predators per unit distance moved compared with older
fish. Subsequently, fry are least able to disperse to avoid competition or find adequate habitat if
that in their immediate vicinity is unsuitable or afready occupied, instead dying in-situ. In this
respect fry may be more sensitive to locally distributed habitat pressures and controls than older
life-stages. Parr and adult fish are more mobile and are therefore more able to disperse to find
suitable habitat and avoid competition. This has lead to the suggestion that parr and adult
populations may be regulated or limited more by density-independent factors such as poor water
quality than density-dependent ones (Milner et al., 2003). However, even older life-stages have a
limit to the range of their mobility and if suitable habitats are not available within that spatial
range, populations may also be restricted by habitat bottlenecks at older life-stages, as observed
by Elliot and Hurley, (1998).

Overall the more heterogeneous and pristine the environment, the higher the probability that fish
will find suitable habitat within their spatial range. For example, Johnston et al. (2006) monitored
the daily movements of salmon parr using PIT tags from July to November observing shorter daily
movements in complex habitats. However, as spatial range varies with life-stage, it may be the
case that fry are impacted more by pressures localised in extent, requiring a more heterogeneous
and complex environment than parr that are limited by factors which are more widespread
(endemic) throughout their environment as a whole. This has resulted in development of
Hypothesis (1).

Hypothesis (1) Relationships between habitat and salmonid abundance/distribution are
structured by life-stage according to the level of mobility and potential for dispersal at each life-
stage.
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243 Summary of current ecological understanding of population dynamics

The exact mechanisms determining abundance are difficult to untangle in complex natural
environments. However, what is evident from the above discussion is that habitat availability and
quality do influence population abundance whether actively by stimulating competition and
predation or passively, for example, through starvation. Habitat availability and heterogeneity
controls carrying capacity and also the environment's resilience or sensitivity to both
anthropogenic and natural pressures. In terms of developing the DPSIR framework changes to
the ‘State’ of salmonid habitat can ‘Impact’ salmonid abundance by a number of mechanisms
including, competition, predation, starvation, disease, asphyxiation, and injury (either physical or
chemical). The ability of an individual fish to survive in an environment or withstand pressures is
potentially influenced by their level of mobility. It is also worth remembering that this may also be
influenced by the individual fitness of that fish and therefore by its genetic predisposition (Milner
et al., 2003).

Restoration strategies that either: (1) increase carrying capacity, for example, by increasing food
supplies, refugia or habitat heterogeneity; (2) reduce the ability for negative impacts to operate,
for example, increasing cover to reduce competition by increasing visual isolation and reducing
interaction between fish (Summers et al., 1996); or (3) increase environmental resilience such as
riparian buffer zones reducing diffuse pollution, should therefore result in increased abundance.
However, the success of such restoration strategies relies on the ability to identify which habitat
component s critical in limiting carrying capacity. This requires knowledge of habitat requirements

at different life-stages and is the next focus of this review.
2.5  Current ecological understanding of habitat requirements

Salmonid in-stream habitat represents the ‘State’ component of the DSPIR framework. It is
essential to identify which components of the in-stream environment are ecologically relevant to
salmonids so that these in tum can be used to identify which hydrological and geomorphological
processes are most likely to result in ecologically relevant impacts. It is also important to identify
the optimum ‘State’ of these components for salmonids so that areas of degradation can be
located and restoration strategies identified aimed at reinstating or creating optimum habitats.

In Chapter One, Table1.1 and Figure 1.2 presented a summary of the Atlantic salmon and brown
trout life-cycle, together with a board overview of habitat requirements. The aim of this section is
to expand upon this summary for the freshwater stages of the life-cycle principally spawning, fry

64




Chapter Two

and parr habitat requirements, to identify critical and ecologically relevant components of the in-
stream environment, or altemnatively, critical salmonid ‘resources’, that if degraded may result in
one or more of the ‘impacts’ (e.g. competition, predation, starvation, disease, asphyxiation, injury,
or toxicity) discussed above. It is important to recognise that whilst the habitat requirements of
salmon and trout do overlap there are several important differences between the two species as
discussed in the following sections.

251 Salmonid spawning habitat requirements

In the Northern Hemisphere, Atiantic salmon and brown trout have been observed spawning
between October and March, with the peak time being in November and December (Elliott, 1994,
Summers et al., 1996; Armstrong et al., 2003). At this time, breeding fish migrate upstream,
typically to their own natal stream to find suitable spawning grounds. Whilst some fish, primarily
Aflantic salmon, may spawn in main stem rivers, spawning grounds, particularly for trout, are
often located within small low-order tributaries (Armstrong et al., 2003). Initiation of spawning
activity usually follows a period of high flows that enable adult fish to enter these smaller
tributaries (Soulsby et al., 2001). The first habitat requirement is therefore access to spawning
grounds (e.g. Crisp, 1996). Any obstruction whether physical or chemical, anthropogenic or
natural, temporary or permanent that disrupts the longitudinal in-stream connectivity of migratory
runs, fragmenting adult and spawning habitat may be detrimental to spawning success. Inability
to reach spawning grounds may result in: (1) reduced numbers of fish spawning; (2) fish
spawning in unsuitable or less suitable habitats, thereby reducing survival to emergence; or (3)
increased and more concentrated spawning below obstructions. In the latter situation this could
lead to competition for space which at very high densities may cause overcutting of redds with
mortality of eggs (Solomon, 1985 cited from Milner et al., 2003). Increased spawning densities
may also lead to knock-on effects for the juvenile life-stage with increased competition and higher
mortality rates. Factors (‘Pressures’) that may cause obstruction include, physical barriers such
as dams weirs, rapids and waterfalls (e.g. Crisp, 1996; Calles and Greenberg, 2005) or chemical
factors such as plugs of deoxygenated or toxic water in the estuaries or lower reaches of rivers
(Crisp, 1996; Solomon and Sambrook, 2004). Additionally, high temperatures or low flows may
hamper spawning by failing to initiate migratory activity (Solomon and Sambrook, 2004).

On reaching spawning grounds, fish lay and fertilise eggs within a redd (nest) excavated from
gravel substrate (Figure 2.4). Redd site selection and excavation is generally undertaken by the
female fish who ‘cuts’ a depression into the gravel by vigorously flexing her body and tail to
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generate up-currents, dislodging gravel, causing it to be displaced downstream. Once satisfied
that the depression is complete, the female lays her eggs which are simultaneously fertilised by a
male fish. The fertilised eggs exhibit negative buoyancy which causes them to sink and settle
within the gravel interstitial spaces. The female then moves slightly upstream repeating the
‘cutting’ procedure to create a new depression whilst burying the eggs in the downstream
depression with the newly displaced gravel. This procedure is repeated until all her eggs have
been laid (Elliott, 1994; Summers et al., 1996, Soulsby et al., 2001). Atlantic salmon typically bury
their eggs at a depth of 13-30cm whilst brown trout cut shallower depressions of 8-25¢cm (Crisp,
1989). This is likely to represent a correlation with fish size and therefore their ability to move
substrate (Crisp, 1996).

-
9%
.Q.u

a. Redd (Nest) excavation b. Egg deposition & fertilization ¢. Egg burial

Figure 2.4: Salmonid spawning behaviour: (a) redd excavation; (b) egg deposition; and (c) egg bunial. Reproduced
from Soulsby et al., (2001).

Redd site selection and excavation relies in part on the second set of spawning habitat
requirements considered here, which are the physical habitat conditions of velocity, depth and
substrate. These factors control an individual fish’s ability to dislodge gravel, to hold position
(station) within the water column whilst redd building and for dislodged sediment to be displaced
downstream. They also determine the structure of the redd and the ability for throughflow to
ventilate the redd and provide a constant supply of oxygen to the eggs (Armstrong et al., 2003).
Numerous studies have been undertaken on this aspect aimed at identifying the optimum
hydraulic and substrate conditions for spawning and a number of comprehensive review papers
have been produced synthesising this research (e.g. Crisp, 1996; Summers et al., 1996; Hendry
and Cragg-Hine, 1997, Armstrong et al.,, 2003). A summary of the review paper findings are
presented in Tables 2.4(a8b) showing that velocity, depth and substrate preferences are highly
variable both between and within species.

66



(186)) “lej@ Aemeno  8Zii

(8261) uesisjed 0¢ 0z 9. 9¢

(1661) Jos19y 7/ 06 14

(z861) “/e Je puejeg 8¢ 9/ L) €5 08 Ge
(g661) ‘IO NON 20T 14 €6
(1661) 19b12g66a 001 05 oY

(6861) Buieg pue dsi 02

ueey Xew Ui ueapy Xe uin ueoy Xe| U

g8oUaI8j0Y (ww) ezis ajensqng (wo) yydaq 193 (,-s wo) A100[8A 1818 M

(6002) “1e 10 Buossuuy pue ‘(/664) ‘eulH-6681) pue AipusH uo peseq) uowies djueqy Aq pesin sieyqey Bujumeds pansesqo (q) ¥ algel

(8861) uewdeyd 8z} 8
(9861) “1e 1o ubrerey gl L0 02 0. 0z
(1861) “re jo kemeno 08 8zl 8 or 0¢
(0661) “fe J8 15019 Gl 92 8l Z £ 74
(9861) uosieN oy 8l 6 ge
(5661) “fe j8 uosuyor 05 02 09 0Z
(£861) UOWWLDIL PUB [BZUIM 69 66z Loy 208 80}
(eg61) Aabung pue BANS  p) 821 8 L1g z8 9 '6€ Gl Gl
(6861) Bueg pueds) G 02 Gl
ueeiy Xew uiN ueapy XeN uln ueapy xe ui
FCRITETETEN] (ww) az1s ajensqns (wo) yydaq Ja3eMm (,-s wo) Ao0jeA 1018

-(6002) “18 18 BuoiSuLY pue (9661) ‘1B J8 SIeLwnS uo peseq) Jnalj umeiq Aq pesin sieyqey Bujumeds pensesqQ (e) 7 eiqel



Chapter Two

What is less clear, due to the high degree of comrelation between these three variables, is which
variable is the dominant cue for spawning site selection (Crisp, 1996; Armstrong et al., 2003). It
has been suggested that velocity may be the dominant variable with fish having a preference for
higher velocities that enable greater flow through the redd and hence higher rates of oxygen
delivery to the incubating eggs. Female fish have been observed ‘testing’ velocities within redds
by lowering their anal fin into the depression (Crisp, 1993, cited in Armstrong, et al., 2003).
However, it has also been suggested that velocity may simply be a proxy for substrate size which
ultimately determines redd structure (Shirvell and Dungey, 1983 cited in Armstrong et al., 2003).
Imespective of which is dominant, it is likely that the upper constraints on velocity and substrate
selection may in part be related to variations in fish size. Larger fish are able to hold station at
greater velocities and to dislodge coarser substrate particles (Summers et al., 1996). In terms of
depth, larger female fish require deeper water than smaller fish, as they are unlikely to spawn in
water much shallower than their own body depth (Armstrong et al., 2003). In this respect salmon,
which are typically larger than trout, may utilise main stem rivers and larger tributaries for
spawning, whilst trout utilise the smaller headwaters. The high variability in velocity, depth and
substrate preferences observed between and within the two species, may therefore be related to
a high variability in fish size. This variability has led some researchers to use dimensionless
variables such as the mean Froude number (Soulsby et al., 2001) to characterise habitat

selection, as these standardise for different sized rivers allowing comparison between sites.

The availability of suitable spawning habitat in terms of substrate, velocity and depth can have a
major control upon productivity. Anthropogenic pressures that reduce the availability of suitable
spawning habitat include: (1) canalisation or dredging of channels resulting in flow
homogenisation and the creation of typically deep slow flowing channels which are unsuitable for
spawning; (2) gravel extraction may remove valuable spawning gravels from the river; (3) bank
protection measures aimed at protecting property or agricultural land from erosion may also
reduce gravel additions to the channel by reducing natural bank erosion; (4) obstructions such as
dams and weirs may disrupt downstream sediment transport preventing gravel replenishment
over time (Kondolf, 1997); and (5) flow regulation may result in fish spawning in areas of gravel at
times of high flow which then become exposed during low flows resulting in mortality through
freezing or desiccation (Crisp, 1996).

Following spawning, the third critical requirement for survival and embryonic development is a
good and constant supply of well oxygenated water to the eggs (Crisp, 1996; Armstrong et al.,
2003). One habitat factor which can severely impact upon this is the infiltration of fine sediment
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(fines) into the redd. For example, egg mortalities of up to 86% were recorded in one stream
where redd siltation occurred (Soulsby et al., 2001). A number of studies have been undertaken
investigating the effect of fine sediment infiltration upon salmonid spawning and survival to
emergence noting impacts such as: (1) reduced flow through the redd reducing oxygen delivery
to eggs (Greig et al., 2005) and impeding removal of metabolic waste products such as ammonia
(Crisp, 1996); (2) reduced oxygen concentrations within the interstitial water, which may be
particularly significant where organic matter infiltrates the redd and decomposition reduces
oxygen tensions (Soulsby et al., 2001); (3) infiltration of clays, even in small quantities may
restrict the exchange of oxygen across the egg membrane through the development of a
sedimentary seal around individual eggs (Greig ef al., 2005); (4) nutrients such as phosphorus
and toxins including pesticides and herbicides attached to fine sediment particles may also
infiltrate the redd causing mortality and reduced growth (Lower and Moore, 2003); and (5) the
presence of fines can reduce the ability of alevins to wriggle out through gravels and emerge from
the redd (Summers et al., 1996). The process of redd cutting is considered to clean gravels as
fine sediments are disturbed and camied downstream increasing porosity within the redd
(Summers et al., 1996; Amstrong et al., 2003; Greig et al., 2005). However, whilst this may be
the case, researchers have also observed rapid re-infiltration of fines into redds by the time of
emergence. For example, Soulsby et al. (2001) observed complete siltation of artificial redds
within a week, and possibly within a single moderate to large storm eventin a Scottish lowland
tributary. Sources of fine sediment and ‘Pressures’ which may increase fine sediment loads and
hence are hypothesised to increase the risk of redd siltation include: (1) runoff from agricultural
fields both arable and stocked; (2) channel bank erosion; and (3) road and urban runoff.

In order to enhance the flow of oxygen and water through the redd it has been proposed that
salmonids tend to spawn at the upstream end of riffles. At this point, velocities are increasing and
the difference in hydraulic head between the upstream pool and downstream riffle causes water
to be drawn down into the streambed (the hyporheic zone) (Summers et al., 1996; Petts, 2000).
in upland environments that lack pool-riffle sequences a similar effect has been observed around
protruding boulders (Crisp, 1996). A number of researches have suggested that the source of
water (groundwater or surface) that dominates within the hyporheic zone is vitally important for
egg survival. Groundwater of long residence time typically has a higher mineral content and lower
oxygen content than surface water. Therefore, in areas of groundwater upwelling, egg mortality
may be high due to a reduced oxygen supply (Soulsby et al., 2001). However, others suggest that
areas of upwelling groundwater may be favourable, due to higher water temperatures during
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winter that prevent freezing and accelerate growth, whilst upwelling may also help to limit fine
infiltration (Summers et al., 1996; Malcolm et al., 2002). The selection and effect of upwelling or
downwelling water appears highly variable between locations and may depend upon local

conditions.

The final habitat requirement discussed here that does not appear to have been studied to any
great extent is that of cover for adult fish whilst spawning. Several researchers have suggested
the need for cover in the form of deep pools, boulders, tree roots, and overhung banks in close
proximity to spawning grounds to provide protection from bright sunlight and predation whilst
resting as redd building can take several days (Crisp, 1996; Armstrong et al., 2003).

2.5.2 Juvenile fry and parr habitat requirements

Upon hatching the young fish are known as alevins which remain in the gravel, feeding off their
yolk sac. Just before this is exhausted, they wriggle up through the gravel and swallow an air
bubble to attain neutral buoyancy (Crisp, 1996). Following absorption of the yolk sac juvenile
salmonids begin actively feeding and become known as fry. There is some debate within the
scientific literature as to how long this stage (terminology) persists (Summers et al., 1996). The
term ‘fry’ has been used to describe juveniles: (1) only until dispersal from the redd; (2) up until
the end of their first summer; and (3) for the whole of their first year of life. For the purposes of
this thesis, juveniles will be referred to as fry utilising nursery habitat until the end of their first
summer and as parr utilising rearing habitat thereafter. Fish generally remain as parr for 1 to 3
years after which time they either undergo smoltification and migrate to sea (Atlantic salmon and
sea trout) or become sexually mature as adult brown trout, remaining in their natal river or
migrating to main stem rivers, lakes or estuaries (Elliott, 1994).

2.5.2.1 Physical habitat requirements

As for spawning, numerous studies have been undertaken aimed at describing the preferred
physical habitat use of fry (Tables 2.5 a-d). The fry period is considered to be critical with high
mortality as a result of limited dispersal; resulting in high densities and therefore high levels of
competition for food and territories (Elliott, 1994; Summers ef al., 1996; Armstrong et al., 2003).
The proximity of fry habitat to spawning habitat is therefore crucial in determining survival. in
general, fry habitat for both species appears to be found within areas of shallow, fast flowing
water, typically riffles, of moderately coarse pebble to cobble substrate (Hendry and Cragg-Hine,
1997). These areas p;ogide a number of advantages for salmonid fry: (1) surface turbulence
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provides cover from predation (Hendry and Cragg-Hine, 1997); (2) turbulent flow increases the
dissolved oxygen content of water which is particularly important for fry as oxygen consumption is
inversely related to per unit body weight (Crisp, 1996); (3) riffles are areas of high food
production, light penetration through the water column is inversely related to water depth,
therefore at shallower depths primary production is maximised resulting in a good supply of drift
invertebrates to fish; (4) the coarse pebble to cobble substrate provides shelter and cover that is
adequate for fry but free from competition and predation by larger fish which require coarser
substrate (Armstrong et al., 2003); and similarly (5) water depths are adequate for fry but
unsuitable for larger fish enabling them to avoid competition (Summers et al., 1996).

Within this broad habitat classification there is evidence and discussion in the scientific literature
for further microhabitat selection. Fry are not yet powerful swimmers, and to minimise energy
expenditure, occupy relatively low velocity zones close to the channel bed (Summers et al.,
1996). However, at the same time, higher velocities are required to deliver food. The most
efficient strategy for maximising net energy gain therefore appears to be to hold position within a
low velocity flow, but one that is adjacent to a high velocity current supplying drift invertebrates at
high rate (Armstrong et al., 2003). Different metrics such as vorticity and circulation are being
developed and tested to capture these subtle velocity arrangements and apply them within
habitat studies (e.g. Crowder and Diplas, 2002).

As fish grow into parr they become capable of utilising a much greater range of velocities
(Summers et al., 1996) and aiso disperse towards deeper habitats (Table 2.5), which may be
faster flowing zones such as runs and rapids with coarser cobble, boulder substrate, slower
flowing, silty pools and glides or even lakes (Armstrong et al., 2003; Crisp, 1996). Deeper water
and/or coarser substrate are required to meet the increased cover demands of larger fish, whilst
feeding within higher velocities enables a greater intake of food to meet their increased energy
demands. At this stage, they are more able to adapt to a variety of conditions and therefore to
utilise the habitat available to them even if it does not meet optimum conditions. At both the fry
and parr life-stage juvenile salmon are better adapted to higher velocities than juvenile trout of the
same size, as a result of their large pectoral fins which act as hydrofoils and aid them to maintain
position (Crisp, 1996). Therefore, salmon fry aré typically found in shallower, faster flowing zones,
whilst trout fry exhibit a preference for deeper areas of slower velocity, often located at riffle
margins. Trout are considered the more aggressive and teritorial species and in areas of
coexistence juvenile trout have been observed to out-compete salmon fry for low velocity areas
(Heggenes et al., 1999).
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2.5.2.2 The requirement for cover

For both fry and parr, habitats with a large amount of cover are considered beneficial (Summers
et al., 1996; Hendry and Cragg-Hine, 1997; Heggenes et al., 1999; Armstrong et al., 2003;
Johnsson et al., 2004; Johansen et al., 2005). Cover can be provided by bankside features such
as undercut banks, exposed tree roots, and shade from overhanging vegetation, or in-stream
features such as boulders, woody debris, and submerged macrophytes (Summers et al., 1996).
Deep pools (Elso and Giller, 2001) or turbulent water (Armstrong et al., 2003) can also act as a
form of cover in reaches lacking the aforementioned features. The presence of cover is

understood to provide a number of benefits.

First, cover provides protection from predation. Experiments have found that fish defend
territories with cover more aggressively and to a greater extent than those without, especially
following an increase in the perceived threat from predation (Johnsson et al., 2004). Cover from
predation is thought to be particularly important during the winter and the availability of over-
wintering habitat for salmonid parr has received considerable attention in the recent scientific
literature (Valdimarsson and Metcalfe, 1998; Armstrong and Griffiths, 2001; Amstrong et al.,
2003; Riley et al., 2006;). In general, as temperatures drop below about 10°C, the ability for
salmonids to hold station within high velocity currents diminishes. At such temperatures, fish have
been observed to switch to noctumnal activity, sheltering within substrate interstices (typically
coarser than those used in summer), macrophytes, and tree roots by day and moving to feeding
stations at night. A main benefit of sheltering is thought to be the avoidance of predators which, if
endothermic, may enjoy an increasing advantage in speed over the ectothermic fishes as water
temperature declines (Valdimarsson & Metcalfe, 1998);

Second, it may provide increased visual isolation. This reduces temitorial behaviour and
competition between fish, and hence increases productivity. This is thought to be particularly
important for juvenile trout, which are especially territorial (Heggenes et al., 1999). Territorial
competition is considered to be central to the mechanisms responsible for population regulation in
brown trout (Elliott, 1994) and observations have concluded that a dominant trout will not tolerate
any other fish within its visual range displacing subordinate fish by aggression (Summers et al.,
1996).

Third, overhead cover provides shade which may have impacts upon teritory size and

competition. Experiments have shown the level of aggression and competition between saimon to
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increase with light intensity (Valdimarsson and Metcalfe, 2001). Therefore, in shady reaches, fish
may occupy smaller territories resulting in higher densities. Additionally, shade may be important
during periods of high summer temperatures, and may become even more important shouid the
predicted rises in temperature as a result of climate change occur. Temperatures over 20°C for
salmon and 19°C for trout are believed to be detrimental (Crisp, 1996).

Fourth, it may generate flow complexity. In-stream features such as woody debris and boulders
are associated with the generation of complex flow pattems. This may enhance the development
of low velocity zones in close proximity to high velocity zones, thereby increasing the density of
profitable feeding sites and hence fish. However, this is not without debate. Much of the research
regarding the benefits of woody debris has been undertaken in the Pacific North West, with
respect to Pacific pool dwelling salmonids. There are arguments that it is less important to
Atlantic salmon that are predominantly riffle dwelling (Summers, 2000). It has also been
suggested that too much in-stream vegetation may reduce flow velocities to such an extent that
fine sediment deposition occurs limiting invertebrate production and hence reducing salmonid
productivity (Summers et al., 1996).

Finally, in-stream cover and encroaching bankside vegetation may provide important refugia for
fish during periods of extreme flow both floods and droughts.

2.5.2.3 Food sources and feeding habits

In respect of food sources and feeding habits an important distinction between the two species
should be made. Juvenile salmon are considered to be reliant on autochthonous production and
aquatic, macroinvertebrates for food (e.g. mayfly, stonefly and caddis larvae), much more so than
the more opportunistic juvenile trout that will also feed on terrestrial invertebrates which fall into
the channel. To revisit the DPSIR model and the structure of the ‘State’ category, these feeding
(biotic) requirements can in tum be related to hydrological and abiotic requirements. First, the
widely cited research by O'Grady (1993), found that in reaches of tunnelled (heavily shaded)
vegetation, juvenile salmon and trout stocks were only 19.4% and 28.5% respectively of those
found in open reaches. This result has been primarily attributed to a decline in food availability
due to the impact of reduced light penetration on autochthonous primary productivity and aquatic
invertebrate abundance in tunnelled reaches (Summers, 2002). Taking feeding habits into
account the impact of excessive shade is assumed to be more detrimental for juvenile salmon

than juvenile trout. Conversely, overhanging vegetation may actually be an important food source
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for trout as it encourages terrestrial invertebrates to fall into the channel. The amount of riparian
vegetation has been shown to explain up to 93% of the variation in the drift density of terrestrial
invertebrates (Johansen et al., 2005), which have been found to contribute up to 91% of trout
prey (Kelly-Quinn and Bracken, 1990 cited in Johansen et al., 2005). Some overhanging
vegetation is also likely to be important for saimon as it is a vital habitat component for the aduit
reproductive stage of many aquatic insect life-cycles (Hendry and Cragg-Hine, 1997). In-stream
vegetation and macrophytes such as Ranunculus species are also likely to be important as they
support aquatic invertebrates at the larval stage (O'Connor and Kennedy, 2002). However, as
Armstrong et al. (2003) note, there appears to be no data available to predict exactly how much

vegetation or cover is optimal in different catchments.

Second, autochthonous production also requires the delivery of nutrients to the channel.
Catchment nutrient sources can be associated with land use and geology, and their availability
may be determined by the ease with which they are transported to the channel by a combination
of surface, sub-surface and groundwater flow pathways (e.g. Croke and Hairsine, 2006).
Bankside vegetation may also increase nutrient availability through the provision of leaf litter
(Armstrong et al., 2003). In reaches of low nutrient status (oligotrophic waters) autochthonous
production may be limited resulting in either a lower abundance of saimonids and/or smaller fish
as a result of slower growth rates (Folt et al., 1998). In reaches of high nutrient status (eutrophic
waters) excessive in-stream production may result in a high biological oxygen demand and again
reduced numbers of fish. As with cover there appears to be little data available to predict exactly
what level of nutrients is optimal in different catchments.

It terms of the impact of changing food resource availability there again appears to be no clear
answer within the scientific literature as to the impact on salmonid production (Folt et al., 1998).
For example, does increasing food result in more fish, larger fish or more, larger fish? It has also
been suggested that growth rates may be linked to the tendency for salmon to: (1) migrate to sea
at a younger age; (2) for females to retum as grilse or multi-sea-winter fish; and (3) affect the
number of eggs produced (Armstrong et al., 1998). These characteristics are primarily considered
to be genetically determined, but if environmental influences in food availability are also
important, then changing light or nutrient and hence food availability may have considerable

consequences for fisheries managers (Armstrong et al., 1998).
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253 Water Quality

Salmonids are often cited as an excellent indicator of freshwater ecosystem health due to their
requirements for clean high quality water. The issue of siltation has already been raised in
conjunction with spawning, but excessive inputs of fine sediment can also be detrimental to fry
and parr by reducing aquatic invertebrate densities, causing damage to gills and reducing
visibility hindering foraging (Watts et al., 2003). Salmonids also require water with a high
dissolved oxygen content at all stages of their life-cycle. The precise levels required vary with
activity, feeding and temperature, but levels from 5 mg I to 9 mg It and 80% saturation have
been suggested within the literature (Crisp, 1996; Armstrong et al., 2003). Eutrophication of
waters and increased biological oxygen demand (BOD) have therefore, been suggested as
significant factors in the decline of salmonid populations. Whilst naturally nutrient-rich water may
be beneficial in aiding in-stream production, providing a plentiful supply of invertebrates, artificially
high nutrient loadings can result in excessive primary production with the development of
significant algal blooms and increased BOD. Such issues are particularly evident during summer
at times of low flow and high temperatures. A range of other toxic chemicals, that have been
found to adversely effect salmonid survival, can also been found in freshwaters including,
pesticides, herbicides, endocrine disruptors, heavy metals, surfactants, microbial pathogens, salts
and hydrocarbons (e.g. Lower and Moore, 2003; Heneay et al., 2001; Waring and Moore, 2004;
Oliver et al., 2005, Sanzo and Hecnar, 2006) . Salmonids are also sensitive to extremes of pH,
and there is evidence to suggest that pH greater than 9.0 or less than 4.5 may be detrimental. As
well as direct effects, pH together with temperature can affect the toxicity of many other

chemicals, one of the most widely cited, being aluminium (Crisp, 1996).
254 Differences between salmon and trout

The habitat requirements of salmon and trout at the spawning, fry and par life-stages do exhibit a
great deal of overlap. However, there are also subtle differences between the two species leading
to a number of papers discussing the importance of niche separation in enabling them to coexist
(e.g. Heggenes et al,, 1999; Riley et al.,, 2006). Greater differences in habitat use have been
observed between salmon and trout and for different age classes than between summer and
winter (Riley et al., 2006). These have been attributed to anatomical, physiological, and
behavioural differences which result in different hydraulic, abiotic and biotic requirements (Table
2.6)
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Table 2.6: Differences between salmon and trout at the spawning, fry and parr life-stages.

con?:;tre\e nt Juvenile salmon Juvenile trout
Hydraulic  Large pectoral fins enable juvenile salmon to Less able to hold station at high velocities trout
hold station at higher water velocity and to exhibit a preference for deeper areas of slower
dominate faster flowing zones of shallower velocity, often located at riffle margins, for which
water. As adults, salmon are larger and they will out-compete salmon. In general, as
therefore, more able to utilise main stem rivers adults, trout are smaller and therefore, more
and larger tributaries for spawning. able to utilise smaller headwaters for spawning
Abiotic Lower levels of aggression and territoriality Cover is important for trout to reduce intra-
mean overhead cover is less important for specific competition.
salmon.
Biotic Reliant on autochthonous production and Termestrial invertebrates can contribute a

aquatic invertebrates. and nutrient

availability are important.

Light

significant proportion to trout prey. This can be
associated with the amount of riparian

vegetation.

These considerations have resulted in the conclusion that juvenile trout may perform well in
narrow streams where bankside shelter is abundant relative to the area of the stream bed, whilst
salmon which are less dependent upon cover may thrive in wider streams where the bankside
has less influence and where they are free from competition with trout (Armstrong et al., 2003).
indeed there are a number of references to trout, in particular, making use of very small
tributaries, for example, less than 0.8m wide in Black Brows Beck, Cumbria (Elliott, 1994), and
less than 2.75m in tributaries of the River Usk (Bembo et al., 1993). This presents an interesting
situation in that different species utilise different scales of habitat to differing degrees, according
to their specific habitat requirements. These different habitat scales are found in different
locations of the catchment. Therefore, it may be that restoration strategies aimed at dealing with
particular pressures and habitat controls may be applicable at different habitat scales in different
locations. For example, riparian controls that influence cover availability, such as intensive
grazing and agricultural stock access, may be more effective in smaller trout producing streams
than in wider salmon producing rivers. These issues are yet to be explored experimentally
(Armstrong ef al., 2003) particularly at a catchment-scale leading to the development of
Hypothesis (2).

Hypothesis 2: Relationships between habitat and saimonid abundance are species and location
specific relating to the scale of habitat occupied by different species.
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255 Summary of current understanding of saimonid habitat requirements

What is clear from the above discussion is that salmonids utilise a complex mosaic of habitats,
both spatially and temporally, for spawning, feeding, sheltering, and as refuges during winter,
floods and droughts. The more complex (heterogeneous) the environment, the greater the
carrying capacity and probability that fish will be able to find the habitat they require within their
range, free from competition. It is especially crucial that fry habitat be located close to spawning
sites due to their limited dispersal capabilities and therefore, the spatial arrangement of habitat is
important. As discussed in Section 2.4.2, the more homogeneous the environment, the further
fish have to move to find the habitats they require; such movements are associated with greater
predation risk and utilise more energy. As fish grow they are more able to adapt to their
surroundings and make greater movements. However, at the same time, they are also likely to
need a wider variety of habitats. Pressures that may reduce in-stream heterogeneity include: (1)
intensive grazing within the riparian zone, reducing vegetation cover and causing the collapse of
undercut banks; (2) deforestation and the removal of bank side trees; (3) urban development
within the riparian zone including bank reinforcement; and (4) canalisation, dredging, gravel
extraction, weed cutting and debris clearance for flood conveyance and navigation purposes. The
availability of food is also important and this may be related to light and nutrient availability as
controlled by geology, land use, flow pathways and riparian tree cover. Salmonids also demand
their environment to be supported by water of high quality, which due to their complex life-cycle
and extensive range is required across large areas of the catchment. This confirms the approach
outlined in Chapter One which stated the need for a catchment-wide analysis of salmonids and
their habitat that is spatially explicit. Pressures that may reduce water quality include: (1) runoff
from agricultural land; (2) discharges from sewage treatment works and septic tanks; (3) industrial
effluents; (4) road runoff, (5) mine drainage; and (6) runoff from forestry. The precise
requirements of salmonids have been found to be species-specific and are therefore likely to be
location specific as the different species utilise different scales of habitat in different locations
throughout their life-cycle. The next sections of this review concentrates on the geomorphological
and hydrological controls, together with anthropogenic pressures, which influence the distribution
and abundance of habitat heterogeneity, cover availability, food availability and water quality.
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2.6 Current understanding of geomorphological and hydrological controls on in-stream

conditions

It is increasingly recognised that aquatic habitats and hence ecology are intrinsically linked to
geomorphological and hydrological processes (Newson and Newson, 2000; Piegay et al., 2000;
Fukushima, 2001; Gilvear et al., 2002; Walters et al., 2003). Indeed many models aimed at
predicting in-stream ecological diversity and abundance give considerable weighting to in-stream
geomorphological and hydrological variables (Gilvear, 1999), e.g. HABSCORE (Milner et al,
1993), for predicting fish carrying capacity, SERCON (Boon et al., 1998), for evaluating river
conservation status and RIVPACS (Wright et al., 1998) for predicting invertebrate assemblages.
In the previous section, the requirements of salmonids were discussed making reference to
preferred hydraulic and substrate conditions, whilst also raising the importance of specific
morphological features such as riffle-pool sequences, as locations where preferred conditions are
most likely to occur. The spatial distribution of these conditions and features has in tum been
associated with geomorphological and hydrological variables such as channel slope, channel
planform, width:depth ratios and flow regime. For example, riffle-pool sequences typically
correlate with channel slopes < 2% whilst channel slopes >4% exhibit step-pool sequences (Sear
et al., 2003). In a study relating fish assemblages to geomorphological variables Walters et al.
(2003) concluded that local stream slope was the dominant factor controlling stream habitat.
Fukushima (2001), observed a correlation between redd density and channel sinuosity in low
gradient alluvial streams, commenting that sinuosity is a primary control over the density of riffle-
pool sequences in such environments. However, it should be recognised that these variables may
not be the ultimate drivers of in-stream habitat but rather effective descriptors or ‘surrogate’
variables for the overriding controls of geology, topography, climate, land cover and flow regime.
It is important to recognise these natural controls over fish abundance and distribution, as
restoration may not be applicable everywhere within a catchment. Some locations may simply be

unsuitable for salmonids.

The disciplines of fluvial geomorphology and hydrology aim to understand the processes
controlling the spatial distribution of these variables and as such, are primarily focused upon
understanding energy, sediment and water transfers through the fluvial system. In achieving this,
the concepts of connectivity and coupling are central, as paralleled in ecology by definitions of
connectivity describing the movement of species throughout landscapes (Moilanen and Hanski,

2001). These concepts have been widely applied to the study of many phenomenon within the
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disciplines of hydrology and fluvial geomorphology including: landscape sensitivity (Brunsden and
Thornes, 1979); buffer zone function (Haycock and Burt, 1993); the flood pulse concept
(Middleton, 1999); the impact of mass movements upon sediment delivery (Harvey, 2002); and
more recently the impact of landscape characteristics such as land use and topography upon
runoff generation, the delivery of sediment and contaminants and flood production (Burt, 2001;
Lane et al., 2003a; Lane et al., 2006; Bracken and Croke, in press).

In terms of conceptualising river systems and the processes operating within them, Schumm
(1977) developed the theory of a three zone longitudinal continuum with an upstream erosion
zone, connected to a transition zone of sediment transport, ending with a downstream deposition
zone. From this the concept of downstream trends in many fluvial properties such as sediment
fining (Knighton, 1980), river width:depth ratios, and longitudinal profile (channel slope) have
been developed. Similar comparisons of continuum theory can be found within ecological
research with the River Continuum Concept (RCC) (Vannote et al., 1980) that describes
downstream changes in species diversity and abundance driven by downstream gradients in
nutrient and energy levels. Both these theories can be related to the premise as described by
Hynes, (1975), “that in every respect the valley rules the stream” (cited in Johnson and Gage,
1997). In other words, it is landscape variables such as topography, climate, geology, and soil
type which ultimately control the distribution of these processes and hence the distribution of
habitat. However, as Piegay et al. (2000) note, while these continua may manifest at the
catchment scale, channel form and habitat at the local and reach scale are typically not well
predicted, but are instead influenced by local discontinuities in geomorphological and hydrological
processes. For example, disruptions to downstream trends in bed elevation, channel gradient and
bed material size are often observed downstream of lateral water and sediment inputs such as at
tributary junctions or landslides (e.g. Ferguson et al., 2006). Discontinuities can also occur due to
localised changes in geology, glacial legacy, land use and anthropogenic actions. Similarly, within
ecology the River Continuum Concept has been acknowledged as an effective framework for
catchments but that within individual reaches, longitudinal relationships may be obscured by local
factors resulting in the detailed adaptation of biota to ecosystem niches (Newson and Newson,
2000). This has resuited in the promotion of patch dynamic theory, and concepts such as physical
biotopes (Padmore, 1998), to characterise patterns and processes in heterogeneous
environments. However, difficulties have arisen because the processes influencing the spatial
and temporal distribution of hydraulic variables and ecological patches are often poorly
understood (Walters et al., 2003).
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What is now more widely recognised is that the local and catchment perspective are intrinsically
linked and that large scale processes create the template within which the small scale operates
(Armstrong et al, 1998; Stauffer et al, 2000). This poses an interesting challenge when
investigating environmental systems as discussed in Chapter One, in that different scales of
analysis may identify different scales of process as important in controlling environmental
conditions. This precise issue was recognised by Wiley et al. (1997) who argued that viewing the
same ecological system from both a site and landscape perspective can lead to contradictory
interpretations as to the controlling factors. At a large spatial scale ecological communities appear
predictable and related to large scale processes such as catchment geology and hydrological
regime (as in continuum theories), but as the spatial scale contracts high variability is observed
and local factors become emphasised more (as in patch dynamics). This, Allan and Johnson
(1997) state, leads to a hierarchical organisation of physical units most clearly captured for rivers
in the hierarchy habitat-reach-segment-subcatchment-basin. Concepts adopting this hierarchical
approach are emerging within the literature. For example, Thorp et al. (2006) propose the
“riverine ecosystem synthesis”. They portray rivers as a downsiream armay of large
hydrogeomorphic patches formed by catchment geomorphology and climate within which
“functional process zones” are formed according to physiochemical habitat differences.
Community structure and ecosystem function are then theorised to vary predictably among
different types of functional process zone. However, to date few field studies have been
undertaken at more than one scale within such hierarchies (Folt et al., 1998). This raises an
important issue where results from scientific research at one scale are transferred to

management at another and has resulted in the development of Hypothesis (3).

Hypothesis (3): The scale of analysis (e.g. catchment, sub-catchment, reach) will influence the
relationships identified between habitat controls and salmonid abundance and distribution. In
other words, the scale of the control will be related to the scale at which its impact is observed.

It is also important to recognise that fluvial systems are dynamic and that processes such as
channel migration, planform change, bank erosion, deposition, and bar formation are continually
occurring. As such, fluvial systems are often considered to be in a state of dynamic equilibrium.
The connection between these dynamic processes and ecology is also becoming increasingly
being recognised. For example, floods, flow disturbances and bank erosion are essential to clean
and replenish the gravels that are important as salmonid spawning and nursery habitat (Gilvear et

al., 2002). The importance of channel migration, bank erosion and planform changes has also
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been recognised as critical in controlling vegetation patch dynamics within riparian zones (Tiegs
and Phol, 2005; Gilvear ef al, 2002; Parsons et al., 2006), and greater woody debris abundance
has been observed downstream of active migrating channels (Piegay et al., 2000). A final note
regarding the importance of geomorphological and hydrological connectivity and coupling in
determining in-stream habitat relates to the issue of landscape sensitivity as first raised by
Brunsden and Thornes (1979). Well coupled systems transmit the effects of environmental
change more readily than poorly coupled or buffered systems, and hence are more sensitive to
change (Harvey, 2002). Therefore habitats that are well connected to the riparian zone and wider

catchment will be more sensitive to pressures that occur within those zones.
2.7 Anthropogenic pressures on in-stream salmonid habitat

It is not just natural variables which influence the distribution and suitability of salmonid habitat.
Anthropogenic actions can also have a profound effect upon hydrological and geomorphological
processes. Just as natural controls can be viewed within a hierarchical framework, so can
anthropogenic ‘Pressures’, and again it is hypothesised that the scale at which these pressures
occur will influence the scale of impact upon salmonids. In the following sub-sections controls
over in-stream salmonid habitat will be considered as occurring at the in-stream, riparian or

catchment-scale.
271 In-stream pressures

In-stream pressures and modifications can have an immediate and severe impact upon
salmonids, due to their immediate connection to in-stream habitat. Pressures can occur as a
change to channel morphology, a change in flow regime or as an obstruction disrupting
longitudinal connectivity.

2.7.1.1 Changes to morphology

Engineered pressures such as canalisation, hard-bank protection, dredging and embankments
have been frequently implemented on many rivers within the UK for flood defence and navigation
purposes, most commonly within urban areas, but smaller schemes have also occurred to protect
agricultural land. The impacts of such modifications upon salmonid habitat are three-fold. First,
they may lead to a reduction in channel migration and the renewal of channel bedforms. Riffles
have been noted to exist either in a stable, fixed from with a compacted bed surface as relics of
past processes, or as active features with ‘fresh’ surface sediments, little compaction and a
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pronounced bar front reflecting current sediment transport processes (Sear et al., 2003) in
actively meandering reaches. It is likely that active riffles represent prime spawning habitat.
Second, modifications may lead to reductions in bankside cover which may have particular
impacts upon trout. Third, they may lead to flow homogenisation and a loss of in-stream diversity.
For example, riffle-pool sequences may be replaced by long reaches of run and glide, reducing
habitat availability.

In ‘Response’ to such impacts a wide range of strategies have been implemented. These include
the use of in-stream structures such as woody debris, flow deflectors, weirs and rubble mats to
induce turbulence, direct flow and promote habitat diversity (Summers ef al., 1996; Hendry and
Cragg-Hine, 1997). Such strategies have been used to great success particularly in Ireland, (e.g.
the Lough Ennell enhancement programme O'Grady ef al. (2002)). However, the authors do note
that such schemes should be regarded as enhancement programmes, not rehabilitation
schemes, as on-going maintenance is required. There are others who argue that a truly
sustainable approach to river restoration should involve the removal of engineering structures,
leaving the river to regain its natural state over time. However, such strategies are often not
feasible where protection of property and infrastructure from flooding are required. In these cases

active management may offer the only altemnative.
2.7.1.2 Changes to flow regime

The flow regime of many rivers has been modified by in-stream pressures such as regulation and
abstraction for water resources and hydro-electric power generation. The impacts of such
schemes include, elevated and depressed low flows, diumnal fluctuations in flow, reduced flood
frequency and magpnitude (including total efimination) and unnaturally rapid rates of stage change
(Gilvear et al., 2002). This may have a number of impacts on salmonids (after Hendry et al.,
2003). First, it may modify water depth and wetted area impacting directly upon the availability of
habitat. Reductions in depth may reduce the availability of holding pools which provide cover for
adult fish and for juveniles during periods of high temperature. Reductions in velocity may reduce
the degree of turbulence, lowering oxygen levels and reducing cover in riffles. Second, modified
flows may directly affect channel morphology and therefore habitat availability. For example, a
comprehensive study of morphological response to river engineering in Italy reported channel
narrowing of up to 50%, a reduction in the braiding index, and channel incision (Surian and
Rinaldi, 2003). The importance of flow variability is increasing being recognised as critical to the

maintenance of channel morphology and ecological quality and is a function frequently lost in
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regulated rivers (Gilvear et al., 2002). Third, modified flows may lead to modified sediment
dynamics resulting in deposition of fines where flows are reduced and scour of spawning gravels
where excessive flows are released. Fourth, a modified flow regime may also impact the
availability of flows for salmonid migration limiting access to spawning grounds. Finally, flow
modifications may also impact upon invertebrate abundance reducing food availability for
salmonids (Gilvear et al., 2002).

In recognising these impacts, many flow regulation schemes operate compensation flows.
However, there is currently considerable debate as to the benefit of such releases in terms of the
timing and level of releases that are critical to maintain ecological diversity (e.g. Gilvear et al.,
2002; Hendry et al., 2003).

2.7.1.3 Obstructions to longitudinal connectivity

Just as obstructions such as weirs and dams can prevent the upstream migration of salmonids,
they can equally prevent the downstream transport of sediment, causing water to become
sediment starved. This can have severe consequences downstream of the obstruction, as water
released from the dam possesses the energy to transport sediment, but has little or no sediment
load. As such it is often referred to as ‘hungry water'’ because the excess energy is typically
expended upon increased bed scour and bank erosion downstream. This can lead to channel
incision, changes in planform, a coarsening (armouring) of bed material and loss of spawning
gravels as smaller gravels are transported without replenishment from upstream (Kondolf, 1997).
Appreciation of the geomorphological significance of trapping the upstream sediment is now
resulting in the use of substrate replenishment to prevent bed degradation and changes in
substrate character downstream where removal of obstructions is not possible (Gilvear, 1999).

2.7.2 Riparian management

Riparian zones can be considered ecological boundaries, which physically separate terrestrial
and aquatic ecosystems. As such they are important regulators of the movement of material
through the catchment system (Burt et al., 2002). Directly connected to the channel in many
circumstances they are areas of high sensitivity, and pressures occurring in these zone may be

transmitted readily and rapidly to in-stream habitats.
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2.7.2.1 Riparian stock access and grazing

Within agricultural catchments such as the Eden, riparian functioning is often seriously impaired
as a result of agricultural intensification, which has often concentrated on these zones due to their
fertile floodplain soils. Of particular concern, stock access and grazing pressure within the riparian
zone are often cited as major causes of salmonid habitat degradation. Indeed one scientific
review into the impact of grazing stated that “No positive environmental impacts were found”
(Belsky et al., 1999). A number of negative impacts upon salmonid habitat have been described
in the literature. First, the trampling of banks, particularly by cattle, has been shown to directly
alter channel morphology. The shear-force applied by their hooves as cattie enter and exit the
channel causes sediment to be dislodged and leads to the development of ‘cow ramps’ (trough
shaped routes to and from the channel). During periods of high flow these areas are particularly
vulnerable to further erosion as a result of water ingress into areas of increased hydraulic
roughness and water turbulence. Where grazing is located on steep banks erosion can be
particularly severe resulting in whole sections of bank collapsing into the channel (Trimble and
Mendel, 1995). Bank slumping is a characteristic indicator of cattle trampling and it reduces the
availability of undercut banks providing cover to salmonids (Belsky et al., 1999). Removal of
vegetation through grazing has also been shown to induce bank instability, and therefore
increase susceptibility to erosion in areas of stock access. Accelerated erosion rates can result in
channel widening, increased width:depth ratios, a reduction in water turbulence and the loss of
pool-riffie sequences, which have been noted as an important component of salmonid habitat
(Gilvear et al., 2002). The effect of such changes may be especially significant during periods of
low flow, when reduced depths can, in summer result in high water temperatures causing stress
to salmonids; and in winter result in exposure of gravel bars and the consequential desiccation of
redds and salmonid eggs (Hendry and Cragg-Hine, 1997). Second, accelerated erosion
generates inputs of fine sediment which, depending on the extent of erosion may by locally or
regionally significant (Walling, 2005), and could lead to the degradation of sensitive spawning
habitats (Blesky et al., 1999). Third, reductions in vegetation cover in tum reduce both cover for
salmonids (Hendry et al., 2003) and the input of terrestrial invertebrates which were discussed as
an important food source especially for trout in upland rivers where autochthonous production is
low (Gilvear et al., 2002). Fourth, the capacity of riparian vegetation to act as a buffer towards
suspended solids and nutrients can be reduced when it becomes depleted through grazing

(Gilvear et al., 2002). As reported by Meador and Goldstein (2003), decreased riparian condition
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across large geographic areas was associated with water quality constituents indicative of non-

point pollution sources.

The widespread and now commonplace response to riparian degradation has been to exclude
stock from the riparian zone through the use of stock-proof fencing, allowing vegetation to
regenerate (Hendry et al., 2003). Many projects have been undertaken showing impressive
results such as, reduced width.depth ratios, the redevelopment of riffle-pool sequences,
increased cover and invertebrate inputs. Localised improvements to salmonid populations have
also been observed. For example, four years after 2km of stock exclusion fencing was
established along the banks of the Todrig Burn, a tributary of the Ale Water within the Tweed
catchment, a 1,232% and 292% increase in saimon and trout parr density respectively was
recorded (Glen, 2002).

2.7.2.2 Riparian tree management

Tree management within the riparian zone is also considered by fisheries managers to be a
significant issue (O’Grady, 2002). In Northem Europe during the 20" century riparian zones were
frequently cleared of woodland. In such areas the original mixed assemblage of trees and shrubs
has often been replaced by a monoculture of Alders (Alnus glutinosa) resulting in heavy shading
and a ‘tunnelling’ effect. This has been associated with a reduction in in-stream productivity and
hence food for salmonids, with effects becoming more significant as the length of tunnelled
channel increases (O'Grady, 1993). In such areas coppicing has been promoted as a restoration
strategy with removal of 50% canopy. However, as discussed previously, some overhead cover
from riparian trees can also be beneficial. It therefore appears that there is currently little
guidance as to the exact level of cover that is beneficial for salmonids of different species in
different catchments (Armstrong et al., 2003).

2.7.3 Catchment land use and management

The impact of catchment land use and land management on aquatic ecosystems is increasingly
being raised as an important issue (e.g. Johnson and Gage, 1997; Allan and Johnson, 1997,
Hendry et al., 2003). Within the Eden catchment the predominant land use is agriculture (Mackay
Consuitants, 2003). Therefore, it is pressures associated with agricultural intensification that are

discussed in more detail below.
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2.7.3.1 Intensive grazing

Across much of the UK, stocking densities of both cattle and sheep have risen since the 1970s,
largely associated with EU agricultural policies that have subsidised farmers on a per capita basis
(Lane, 2003). Sansom (1999) reports that the total number of sheep increased by 40% between
1980 and 1993 in the UK, an increase that has also been accompanied by changes in stock
management. Much of the UK uplands are now stocked all year round, reducing opportunities for
re-vegetation. A decline in shepherding has aiso meant that sheep tend to congregate in localised
areas causing grazing to become disproportionate. Intensive grazing by both sheep and cattle
has been associated with changes to vegetation and the physical properties of soil such as,
reduced biomass both above and below ground, soil compaction, increased bulk density and
reduced pore space, resulting in changes to catchment hydrology such as reduced
evapotranspiration, reduced infiltration rates, increased surface flow generation and higher peak
flows (e.g. Langlands and Bennett, 1973; Gifford and Hawkins, 1978; Owens et al., 1997; APEM,
1998; Greenwood et al., 1998). Similar changes in peak flow have been observed downstream of
urbanised areas and forestry where they have been associated with alterations to in-stream
morphology such as channel deepening and widening (Gilvear et al., 2002). Such changes may
also occur downstream of intensively grazed areas resulting in a loss of salmonid habitat.

Intensive grazing has also been associated with increased soil erosion and fine sediment delivery
as a result of soil exposure through loss of vegetation and increased surface runoff rates with
greater stream power (Hendry et al., 2003). For example, Owens et al. (1997) reported a
reduction in soil loss from 2,259 to 9kg ha! following removal of cattle from grasslands. In the
Lake District, sediment cores taken from Blelham Tam showed an exponential increase in
sedimentation rates correlated with increases in sheep densities (Van der Post et al., 1997). The
impacts of high stocking densities have been noted as particularly severe during winter when
vegetation is dormant and opportunities for recovery are reduced. For example, Owens et al.
(1997) reported that 60% of total soil loss from cattle grazed land occurred during the winter.
Sediment delivery from stocked land may also be associated with the delivery of organic waste to
the channel (Greig ef al., 2005). As discussed in section 2.5.1 increased fine sediment delivery
and organic waste can have severe consequences for salmonid embryo survival within the redd,
as well as reduced foraging ability and damage to gills for older life-stages.
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2.7.3.2 Land drainage

Agricultural production is only possible in many areas as a result of land drainage using surface
ditches or underground pipes to lower the water table and allow extended use of land previously
waterlogged for much of the year. Drainage schemes were actively implemented across much of
the UK during the 20t Century and have taken place both in lowland areas to allow cultivation of
fertile riparian floodplains (Burt ef al., 2002) and in the uplands to improve grazing quality and for
grouse shooting (Lane, 2003). The impact of land drainage is to modify the catchment's
hydrological regime. By altering water table dynamics, changes to the spatial pattemn of soil
saturation may occur, altering water storage potential, infiltration dynamics, hydrological routing,
and the timing of runoff responses to rainfall, ultimately modifying the downstream hydrograph
with impacts for both flood flows and the maintenance of low flows. However, as noted in a
number of papers, studies into the exact effects of land drainage have reported contradictory
results (e.g. Lane, 2003; Hendry et al., 2003). For example, Robinson (1986, cited in Lane, 2003)
observed that the 90% flow exceedance doubled post drainage in an area of upland peat, whilst
Newson and Robinson (1983, cited in Lane, 2003) found that drainage reduced peak flows and
lengthened hydrograph duration in an area of peaty gley and podzol soils in Wales.

Land drainage may also impact water quality through effects on hydrological routing. Drains may
increase hillslope to channel coupling bypassing the buffer zone functions of the riparian zone.
Drained soils may encourage infiltration and reduce overland flow, leading to reduced soil
erosion, the deposition of sediment and its associated contaminants. Whilst unsaturated, aerated
conditions within floodplain soils may prevent anaerobic processes such as denitrification from
operating (Burt ef al., 2002). Again the exact effects are noted to be complex and often
contradictory.

2.7.3.3 Cropping regimes

In recent years a switch in the timing of arable production has been observed across the UK
including in the Eden catchment, from spring to autumn sown cereals (Greig et al., 2005),
together with an expansion in maize production. This has in part been encouraged by subsidies
such as the Arable Area Payments Scheme (Hendry et al., 2003), but also by changes in climate,
and modem farming techniques such as the use of chemicals and crop forcing under plastic
which extend the growing season. These changes have been associated with an increase in fine

sediment delivery as soils are now exposed and most vulnerable to erosion during autumn and
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winter coinciding with the typical period of highest rainfall in the UK. This switching in the timing
of increased in sediment delivery also coincides with the period of salmonid spawning and egg
incubation exacerbating the problem of fine infiltration and redd siltation (Greig ef al., 2005).

2.7.3.4 Chemical applications

Agricultural intensification has only been made possible in many circumstances through the
development and application of chemicals. The use of fertilisers, herbicides, pesticides and
insecticides is now widespread in the UK resulting in both point and diffuse poliution pressures.
Of particular concem to fisheries managers, has been the use of synthetic pyrethroid (SP) sheep
dip which, if inadequately disposed of, is significantly more toxic to aquatic organisms than the
organophosphates (OP) products previously used (Hendry et al., 2003). Within the Eden
catchment there have been several incidents of SP pollution reported in one sub-catchment alone
over recent years. In terms of diffuse pollution, many of the above substances can enter
watercourses either through the process of leaching, or by becoming attached to soil particles
which are subsequently eroded and transported via surface runoff. The impacts of enhanced
nutrient concentrations and eutrophication as a result of fertiiser applications are widely
documented (e.g. Heaney et al, 2001). Laboratory experiments have shown many of the
chemicals widely applied in agriculture to be toxic to fish, resulting in direct mortality at extreme
levels but recent studies have also suggested many sub-lethal effects on fish physiology that may
have severe consequences in the long-term. For example, low levels of cypermethrin (an SP
insecticide) (>0.001 pg ) have been demonstrated to affect the olfactory system in salmon,
reducing the ability of male fish to detect and respond to the female priming pheromone at
spawning resulting in a reduction in sperm production (Moore and Waring, 2001). Low levels of
atrazine (herbicide) (0.04-14.0 pg ) have shown similar effects, plus exposure of smolts to
atrazine whilst in freshwater has been demonstrated to restrict their osmoregulatory capabilities

resulting in 14-28% mortality on entering saltwater (Waring and Moore, 2004).

Whilst the above changes to land use and land management have been hypothesised to impact
upon catchment hydrology and hence upon in-stream physical and chemical conditions, there is,
to date, little scientific agreement upon the exact effects of these changes or that catchment land
use is important in structuring ecological communities. Models for predicting fisheries carrying
capacity such as HABSCORE (Milner et al., 1993) tend only to include coarse variables such as
the percentage of land under particular uses (e.g. agricultural and urban) within their parameter

suite. As discussed in Chapter One, Section 1.4.2, the spatial distribution of hydrological
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processes such as infiltration, soil saturation, flow pathway and ultimately hydrological
connectivity, as determined by the complex interaction of catchment variables such as geology,
topography and soil type, may be just as important, if not more important, than the spatial
distribution of land cover type in determining sensitivity of in-stream habitat to land management
(Burt, 2001). It is these hydrological processes that ultimately determine the availability,
mobilisation and transfer of water and contaminants from the catchment to the channel network.
However, studies of these hydrological processes and the impact of land management upon them
have rarely been undertaken at a catchment scale (Meador and Goldstein, 2003). For example,
Lane (2003) notes that studies of upland gripping (drainage) have too often focused upon
empirical studies of individual grips or small isolated networks, whereas at the catchment-scale it
is the complex interaction of effects that ultimately determines downstream response. Similarly,
studies of the effects of intensive grazing on fine sediment delivery or of nutrient leaching and
buffer zone operation have often only been undertaken at the field scale. There is therefore a
need to combine knowledge of the spatial distribution of land use and land management practices
with knowledge of the spatial distribution of hydrological processes at the catchment-scale. As
discussed in Chapter One, section 1.4.2, a progressive engagement between remotely sensed
data and mathematical models is enabling science to make these links and to make statements
about which locations in the landscape are likely to be causing habitat degradation (Lane et al.,
2006). Researchers have recently raised the possibility of extending the theory of hydrological
connectivity to the catchment-scale as a tool for determining the impact of certain land
management strategies upon the delivery of water, sediment and pollutants to the channel (e.g.
Burt, 2001 and Lane et al., 2003a), and a new environmental risk model, the SCIMAP model
(Lane et al., 2006) aimed at delivering this approach is currently under development and is to be
used within this thesis.

Restoration strategies proposed for dealing with the impacts of catchment land management in
general and agricultural intensification in particular, include riparian buffer zones and floodplain
wetlands, drain blocking, nutrient budgeting, soil conservation measures and a change to more
extensive management regimes in sensitive areas. However, without understanding as to
whether land management influences fisheries at the caichment-scale and if so where, such
strategies are likely to achieve at best minimal benefits. In the meantime, fisheries managers
have focused on treating the symptoms of problems, for example, by gravel cleaning but such

strategies are not likely to be sustainable or effective in the long-term.
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28  DPSIR Synthesis

The aim of this chapter was to review and synthesise current understanding of the in-stream,
riparian and catchment scale controls upon salmonid habitat. This has been achieved within a
DPSIR framework (Figure 2.5). To begin with, a review of current ecological understanding
regarding salmonid population dynamics was undertaken to examine the mechanisms by which
-salmonid populations are regulated or limited. This highlighted the importance of the environment
in determining ‘carrying capacity’ and influencing population dynamics whether actively by
stimulating competition and predation or passively, for example, through starvation or
asphyxiation. Habitat availability and heterogeneity was shown to control carrying capacity and
also the environment's resilience or sensitivity to both anthropogenic and natural pressures.
However, it was also noted that salmonid mobility according to life-stage may be important in
determining the scale of habitat heterogeneity required or alternatively, the scale over which
pressures must apply to have an impact. It was then critical to identify which components of the
environment ‘State’ are ecologically relevant to salmonids so that these in tum can be used to
identify which hydrological and geomorphological processes are most likely to result in
ecologically relevant impacts. It has been recognised that different components are relevant at
different stages in the life-cycle and for different species. As such, the ‘State’ section of the
DPSIR framework has been separated into spawning, fry and parr habitat requirements.
Following this it was hypothesised that different pressures may be important in different locations
specific to the species, life-stage and scale of habitat in question. This confirmed the approach
outlined in Chapter One which stated the need for a catchment-wide analysis of salmonids and
their habitat that is spatially explicit. The review then focused on current hydrological and
geomorphological understanding to identify both natural and anthropogenic ‘Drivers and
Pressures' (controls) which influence the identified, ecologically relevant, components of the
freshwater environment. Here, the role of scale was recognised as critical, both in terms of the
scale of the pressure in determining the scale of its impact, but also the scale of investigation in
identifying which scale of pressure has the greatest control over saimonid abundance and
distribution. This emphasised the need to evaluate the relationships between habitat and

salmonid populations within a hierarchical framework as presented in Chapter One (Figure 1.4).
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During the review a number of hypotheses have been identified for further investigation within the
thesis.

Hypothesis (1): Relationships between habitat and salmonid abundance and distribution are
structured by life-stage according to the level of mobility and potential for dispersal at each life-

stage.

Hypothesis (2): Relationships between habitat and salmonid abundance are species and

location specific relating to the scale of habitat occupied by different species.

Hypothesis (3): The scale of analysis (e.g. catchment, sub-catchment, reach) will influence the
relationships identified between habitat controls and salmonid abundance and distribution. In
other words, the scale of the control will be related to the scale at which its impact is observed.

These will be assessed in Chapter Six of the thesis by relating spatially distributed data on
salmonid abundance to spatially distributed data on habitat controls and habitat indicators. This
will be a catchment-wide assessment undertaken in a hierarchical framework. Not all the
pressures identified in Figure 2.5 are to be assessed. Instead only those considered most
relevant to the Eden catchment, a predominantly rural agricultural landscape have been chosen.
Pressures have been selected from all three scales (in-stream, riparian and catchment) and
include both natural controls (e.g. channel slope, flow type, substrate, and catchment-channel
connectivity risk), and anthropogenic pressures (e.g. obstructions to migration, gravel siltation,
stock access and catchment land use). A detailed list of habitat variables is presented in Chapter
Three (Table 3.1)
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31 Introduction

Chapter Two synthesised current understanding of in-stream, riparian and catchment-scale
controls on salmonid habitat using a DPSIR framework (Figure 2.5), and three hypotheses
regarding the relationship between these controls and salmonid populations were proposed.
Successful investigation of these hypotheses is dependent on the acquisition of high-resolution
spatial data, both on habitat controls and salmonid populations at the relevant scales. Acquiring
such data has been a major obstacle to this type of research in the past. Traditional data
collection methods typically consist of site-based sampling at small spatial scales (e.g. reach
scale), focused on in-stream and riparian controls (Folt ef al., 1998; Thompson and Lee, 2000;
Pess ef al., 2002). These techniques have been employed to develop and validate a number of
well established site-based models for relating salmonid populations to habitat conditions. These
include: (1) HABSCORE (Milner et al., 1993) which predicts salmonid abundance from habitat
features such as mean depth, mean width, substrate embeddedness, substrate diversity, flow
type and discharge range at scales of 10-250m; and (2) PHABSIM which combines hydraulic
simulations of habitat (depth and velocity) with indices of habitat suitability (for depth, velocity and
substrate) to quantify the availability of habitat as a function of discharge (Gibbins et al., 2002).
Scaling up to analyse relationships between salmonid populations and habitat at the catchment-
scale incorporating catchment-scale controls has until now proved impractical and prohibitively
costly. However, technological advancements in computing power, global positioning systems
(GPS), Geographical Information Systems (GIS), remote sensing and image processing now
enable quantitative assessment of many environmental components at a catchment scale
(Johnson and Gage, 1997).

Central to allowing larger scales of analysis is the growing range of regional and national datasets
now widely available, providing information on catchment-scale variables such as land cover,
climate, soil type, geology and topography, many downloadable from the intemet. This is in part
being driven by pressure on governmental bodies and agencies to make data more accessible to
the public. For example, in the UK, a number of governmental agencies have collaborated to
develop the MAGIC web-site (www.magic.gov.uk) including data on administrative boundaries,

environmental schemes and designations, which are freely downloadable to the public. Within the
academic arena, an even greater number of datasets including digital terrain models (DTMs),
satellite imagery, digital map data, and climatic information are freely available for bona fida
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research through a range of data providers such as Edina (http:/fedina.ac.uk); the Natural

Environment Research Council (NERC) Earth Observation Data Centre (www.neodc.rl.ac.uk/)

and UK Climate Impacts Programme (UKCIP) (www.ukcip.org.uk). Whilst valuable data sources

in their own right, the true power of these datasets becomes most apparent when they are
combined with environmental models, or subjected to advanced GIS and image processing
techniques, to create powerful tools that can: (1) derive secondary variables of interest such as
channel slope, and soil erosion risk; (2) quantify spatial patterns, position and spatial relationships
(e.g. shape, diversity, proximity, connectivity and juxtaposition); and (3) analyse and predict the
impacts of catchment-scale processes on environmental and ecological phenomenon. GIS
technology further enables integration of catchment-scale data with that collected at smaller
spatial scales to test hierarchical theories and investigate interactions between scales assessing
their relative importance at different locations within catchments (Johnson and Gage, 1997).

As noted above, this thesis is heavily reliant on the ability to acquire high-resolution spatial data
on habitat controls at a range of scales. Many of these data are derived from widely available
digital GIS datasets and/or remotely sensed data specifically collected for the project purposes. In
addition, high-resolution spatial data on saimonid abundance are also required at the catchment-
scale. The aim of this chapter is to identify the primary datasets required and to review the
catchment-wide data sources that are available for the Eden to fulfil these needs. The methods
by which data have been collected will be discussed, together with an evaluation of their accuracy
and the uncertainty involved in their use. The data identified and discussed within this chapter will
then be used in Chapters Four and Five to derive specific habitat variables to achieve the
requirements of Objective 2 of this thesis: To employ recent advances in remote sensing, GIS
and environmental modelling, to identify, to develop and to validate tools for quantifying salmon
and trout habitat at the catchment-scale, appropriate to each habitat control and scale of control.

3.2 Features of Interest

The first stage of any ecological assessment is to identify the features, or in this case habitat
controls, of interest that are to be investigated. Following Chapter Two, a number of the key
controls identified within the DPSIR framework, both natural and anthropogenic, have been
selected from each scale as potentially relevant to the Eden catchment (Table 3.1), which is
predominantly rural and agricultural. The next stage is to determine how information regarding
these features may be acquired. To this end, Table 3.1 highlights potential methodologies for

96




Chapter Three

acquiring data based on the technological developments mentioned above together with their

primary data requirements.

In summary, a number of primary data requirements have been identified as follows:

e Catchment-wide survey of salmonid abundance

« Digital aerial photography of the channel and riparian zone
o Digital terrain model

e Land cover data

e Rainfall data

o Impassable barrier locations

Before potential data sources for each of the specific requirements can be evaluated, there are a

number of general conditions that should be considered, which will apply to all data as follows:

1.

Catchment-wide coverage: As previously acknowledged, successful fisheries management
can only be achieved with a catchment-wide approach, particularly when considering highly
mobile species such as Atlantic salmon and brown trout which make extensive use of the
river system throughout their life-cycle. Achieving management at this scale relies on data
that are also spatially distributed to generate catchment-wide coverage, as different controls
may be operating in different locations to different extents.

Spatial resolution: Careful consideration should be given to the spatial resolution of data
which, within the confines of available data, should be fine enough to capture spatial
heterogeneity in habitat controls. Where the necessary data are not available sub-resolution

treatments may be required.

Spatially referenced: The ability to integrate data from different sources and facilitate
multivariate analysis is essential to the aims of this research. This relies on data being
accurately and precisely geo-referenced to ensure that data from one source can be readily

associated with data from another source at the correct location.

Digital data: In conjunction with (3), data are to be integrated and analysed using GIS.
Therefore, the data must already exist in, or be readily convertible to, a digital format
compatible with the software package used. The primary GIS system used in this research is
ArcGIS v.9.
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Chapter Three

5. Continuous data: As far as possible, continuous habitat data should be collected. Sampled
data may characterise tributaries, sub-catchments and the whole catchment adequately
enabling relationships between habitat and salmonid populations to be studied, but such data
will not facilitate precise location of management issues for targeting purposes.

6. Up to date data: Rivers and catchments are highly dynamic systems that are constantly
changing. Successful habitat restoration therefore requires management decisions to be
based upon current and reliable data sources about the controls that are currently operating
at each location.

7. Rapid and cost-effective collection: Managers typically have to make decisions within time
pressured deadlines and have limited funds for undertaking restoration projects. The more
rapidly and cost effectively they can collect data, the more time and money they have
available for actually carrying out projects. However, wherever possible, data quality in terms
of the above requirements should not be sacrificed in order to meet this need.

Each of the specific data requirements is now dealt with in tum.
33 Salmonid population data

Catchment-wide information regarding the spatial variability in salmonid abundance and
distribution is a fundamental requirement of this research. Saimonid populations typically exhibit a
high degree of spatial variability reflecting the underlying spatial variability in habitat availability
and quality (Williams and Hendry, 2003). The ability to capture this variability depends on the
spatial resolution of data available. Various techniques exist for assessing fish populations, and
the technique chosen must be applicable to the species, life-stage, habitat, spatial resolution and
scale of interest. Table 3.2 reviews the main techniques available in terms of their suitability for
assessing salmonid populations at the catchment-scale as required by this research.

100



‘spoyiow aajejpuenb uey; asivaid ssan
‘Aypgow soieaib nayy 0 anp ued Buikeans Joj ajgeuns JoN

‘suoneindod
ysy u Aupgeuen |eneds oyl uo Elep apinosd o3 pasn AedidA)
‘says Aamns gidwes e je Buiysy aajejjuenb uo paseq suonenbs

uoneiqiieo Buisn Aysusap JO SJBLUIISS UB OJul PSUSAUCD 8Q UBD Sajnuiw (enneyuenb
(¥661) Apsuuay ‘pajoejjod 8q | G Ul JyBNED Ysy JO Jaquinu dy1 "palinbal aie sjau-dojs ON ‘jenqey ayu -|wiag)
pue 1912010 | 0} elep [eneds uonnjosal-ybly Bumoje saisusdxaul pue pidey | Uluim (sejnuiw g A|jesidAy) awi) Jo pouad piepuels e Joj ysi saAnelado (+0) fu4 | Buysyospsl3
sajuaan|
Aypqeuen eneds anided jou saoq ‘9IS & Je Aysuap ysy Arexdfy
J0 sejewiss apiaosd o} pesn AjjesidA) pasn aq ued spoyjaw ainjded-al ‘pajebie}
(pe61) Apauayy ‘Sa)Is Maj € Je Sejew}sa | pue sew Jo uoya|dep ssed sjdiny "paysyoNnoale pue peneu-dols ae jEuqey ayy | (sanejuenpd)
pue 191zoJn | uiod aspaid o} pepujsel aiosey) pue Buiwnsuco sunl | sienqey jood pue ayu yjoq Buipnpur ‘Yhus| Ut wog AleadAy ‘sayoeay uo Juspuadag | Suiysyoipal3
(zooz) "SS30ONS “Kusuap buiumeds ajewnsa pue
18 3 suiqqo | Buumeds uo uoneuuoyul 2apiaoid jou S90Q SBUSWOLY | UOHDBIES YIS Bulumeds ssasse o} pasn AjjedidA| ‘uoseas Buiumeds ay)
(1002) ‘T8 19 oM | maj e o) pajun Ajeneds pue asiuadxa 10famns uo uedy | Buunp says pajoajes jo Huuoyuow Ajilep ayeuspun slofanns pjay padx3y Bujumedg SuNoY) ppay
"pajeINoied
‘gjep piooal s1ajbue [enpIapul Yoiym Yum Aoeinooe | aq 0} Woyd Jun Jjad yojeo sejqeua siyl Buiysy ads awn Ajuepoduw
oy} uo Juapuadaq "Ayjenb pajwi jo pue gsieds uayo Sie ejeg | Jsow pue ybram ‘yibus JyBnes ysy Jo Jequinu 3y} pJooal sudibuy SINpyY | swniay yoyed
‘slgap
Apoom pue sejydoioew onenbe ‘Aupiquni Jsjem ‘Aysuaiul
By mo| *Aupiqung Aq pasiedwi ag ued AJIGISIA "99U0 Uey] aiow
(€002) | paunoo Jo passiw ag Aew ysi4 sieygey (A1) aww ul burkenns
‘waqnH pue 8oA0f | 10} S|QEINS JON ISAIP [ENPIAIPUI BY) JO BSIadX3 By} UO SalsYy ‘Rysuap uone|ndod jo
s3)BWNSS apincid 10 ‘yYsi Ag UOND3IDS JBIGRY-CIOI SAISSqO O} pasn 3Q
(0002) ‘pepo|ioo oq | uen ‘(yoless wopt ‘6-9) yoeas ajdwes e UM PEAISSAC YSY JO JaquInu s)npy skaning
a9 pue uosdwioy) | 03 ejep |eneds uolnjosas ybiy Buimore aasuadxaul pue pidey | 3yj Junod pue sapli6 pue sjood uiyim weansdn wims siokaans padxgy leq janous
sbey jo azis ay} 0} @np ysy Japjo pue Led 1o} ajqeuns Aluo ‘suoneunsap bulumeds pue syied Ki0je.biw 0} SjuaWasow s)npy
[EUINIP PUB UONIDS|AS JBHGEY-0IDIW WIOK SJUSWSAOW YSYy Jojuow syows
(9002) e 1o Aaiy USi} JO JAqUINU [[BWS B 0} PajWi] pue ansuadxg | o) pasn AjjeddAy -Buibbey-oipes pue ‘sbey 11d papnioul spoyiaw Buibbe | led Buibbe ysi4
Rupqeuea jepeds aimdeo jou se0Q
‘sjuaWyoIes-qns
(5661) Apauua)y ‘uonesado Ajiep aiinbas Aliesausb | o SjuUSWYOIED |ENPIAIPUI IO} JUBLINIOB) JNPE JO YOS SSISSE O} Pasn synpy
pue 191Z0J0) | sdes] ‘says jo Jeqwinu |[Bws B 0] paywy pue dAisuadx3 | si Guiddesy ‘suny Aiojesbiw Buunp SO0} JoyuoL O} udjeuapun Ajlensn syows | Buiddes) ysi4
"sunl
‘RuliqeueA [eneds ainydeo jou saoq | AiojesBiw uo siaau bupixa 10 Buualua s3001s ysy JOJUOW O} pasn e
(5002) Koy ‘(sassed sy ‘6-a) sBumoLe [BUUBYD Ul 3SN 0} PaYNS Auendiied synpy
18 8 Aspoylp ‘S3YIS JO JAqUINU [|BWS B 0} pajiw pue ansuadxy | 'ssed Asy) se ysy ydesBojoyd 10 JuUNOO 0} Pasn SIOSUaS OIUCLPL| I Sjows | S4suNoD ysi4
S90UdI3J9Y yosseasal siy) 0) a_:nu_—_:w :O_un_._umwﬁ :J_MM_._:M__.O& m:U_ze_ow._.

senbiuyoa) Buuopuow ysy Jo Aiewwins v 1 9lqe)




Chapter Three

Of the techniques included in Table 3.2, only semi-quantitative electrofishing and snorkel surveys
enable spatial variability in populations to be captured cost-effectively at a high resolution. For
example, 6-8 semi-quantitative electrofishing surveys may undertaken in a day, enabling between
250-350 sites to be surveyed in a summer field season, with a spatial resolution of approximately
one site per kilometre of river (pers comm.J.Brown). All the other techniques are constrained,
primarily by expense, to small spatial scales, and may be misleading as a catchment-scale
indicator due to the non-uniform distribution of salmonids. Semi-quantitative electrofishing has
been selected here as it is considered a more objective survey technique than snorkel surveys
which are heavily reliant on the expertise of the individual surveyor. In addition, fish may be
missed, counted more than once, or incorrectly classified as salmon or trout during snorkel
surveys, particularly where visibility is impaired due to turbidity, light intensity, turbulent water,
aquatic macrophytes or woody debris. Additionally, they are not suitable for surveying riffle
habitat. As such snorkel surveys are most suited to large clear streams with little cover (Zubik and
Fraley, 1988). These environmental limitations severely restrict the ability of snorkel surveys to
assess salmonid abundance in relation to a variety of habitat conditions, many of which were
noted in Chapter Two to be critical components controlling the quality of salmonid habitat. Semi-
quantitative electrofishing is therefore the only technique currently available that can provide
objective, high-resolution spatial data on salmonid populations at the catchment-scale. The
technique was developed by Crozier and Kennedy (1994) and has been successfully applied by a
number of studies (e.g. Tiffan et al., 2002; Wyatt, 2002).

3.3.1 Semi-quantitative electrofishing

Semi-quantitative electrofishing involves two operatives fishing in a downstream direction for a
fixed period of time, typically 5 minutes. Single anode backpack electrofishing gear is used and
no stop nets are required (Figure 3.1). The technique is only suitable to surveying fry. Parr and
adult salmonids may be caught but their higher mobility makes catching efficiency lower in the
absence of stop nets and may not be representative of actual densities (Crozier and Kennedy,
1994). However, fry are considered an ideal life-stage to use here as this research is attempting
to evaluate the impact that in-stream, riparian and catchment-scale controls have on habitat and
therefore salmonids at discrete spatial locations within the channel network. As the least mobile
life-stage, it is valid to make the assumption that fry populations are strongly influenced by local
conditions. Research by Miiner et 4., (1995) hids also stiggested the temporal variance‘displayed -
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Table 3.3: Fry classification scheme used by Eden Rivers Trust, based on distribution percentiles for (0+) salmon
obtained from quantitative electrofishing in Ireland (Crozier and Kennedy, 1994).

Density Semi-

Classification quantitative
(n5min-1)

A (excellent) >23

B (good) 11-23

C (fair) 5-10

D (poor) 14

E (absent) 0

In the Eden catchment semi-quantitative electrofishing has been carried out annually by the Eden
Rivers Trust (ERT) since 2002, surveying between 250 and 350 sites per year (e.g. Maltby, 2002;
Townsend-Cartwright, 2003; Dickson, 2004; Brown, 2006a&b) (Figure 3.3 and Appendix 1). The
Environment Agency (EA) also carries out routine electrofishing surveys within the Eden
catchment, comprising 25 quantitative annual monitoring sites, together with up to 50 rotational
sites. This programme was designed to provide data for national reporting requirements on the
status of salmonid stocks and, as identified by ERT, does not provide data of sufficient spatial
resolution to target fisheries management at the catchment-scale (Williams and Hendry, 2003).
Calibration between sites surveyed by ERT and the EA allows pooling of data to enhance spatial
resolution (Townsend-Cartwright, 2003). All surveys are carried out to standards developed by
the European Standards Committee (CEN, 2001), the Environment Agency and APEM Ltd by an
experienced fisheries scientist assisted by the help of trained volunteers. Data collected in 2002
were subject to detailed statistical assessment to design and check the random stratified
sampling protocol used in later years (Williams and Hendry, 2003). The aim was to determine the
sample size necessary to characterise trout and salmon fry populations at a catchment-scale,
with emphasis given to capturing the spatial variance within a given year. This was calculated
using Bohlin's catch per unit effort methodology (Bohlin ef al., 1990) and a Class 3 level of
determination (sufficient to detect a 50% change in populations) applied at the catchment, area
(Figure 1.6a) and tributary level. Analysis indicated that 66 and 347 samples were required to
characterise salmon and trout fry populations respectively at the catchment-scale. Trout fry
exhibit much greater spatial clustering within the Eden catchment than salmon fry which are more
evenly distributed. Samples were then apportioned in a stratified manner between areas and
tributaries according to the level of spatial variance associated.with each. Within each tributary,
. sites. are sampled. randomly. with .no repetition between.-years.. However,-additional trout sites
required in excess of those used to monitor salmon fry should be located within areas only likely
to be inhabited by trout (Williams and Hendry, 2003).
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3.3.2 Rapid quantitative cluster electrofishing

As discussed, semi-quantitative electrofishing is only applicable to salmonid fry. However, as
identified in Chapter Two, investigating Hypothesis (1), “Relationships between habitat and
salmonid abundance and distribution are structured by life-stage according to the level of mobility
and potential for dispersal at each life-stage,” relies on the ability to obtain data at more than one
life-stage. For this reason, a programme of quantitative electrofishing surveys was undertaken by
ERT during 2005 aimed at capturing data on parr populations within an area of the upper
catchment. Quantitative electrofishing surveys were undertaken in reaches (including both riffle
and pool habitat) of approximately 30-50m in length that had been stop-netted. Sites were fished
using a multiple-pass, triple shock technique. Operatives fished in an upstream direction using
single anode, bankside generator-driven gear, and covered the entire stop-netted area (Figure
3.4). As the population is trapped, provided effort is constant and the population not too large,
each run should result in a decrease in the number of fish caught. This allows depletion statistics
(e.g. De Lury, 1947; Carle and Strubb, 1978) to be applied, the rate of depletion determining the
population estimate for the reach (Williams and Hendry, 2003). A 30-minute break is allowed
between each pass. Fish are retained and processed separately after each pass, and are only
returned to the river upon completion of the site. As for fry, species and fork length were
recorded, together with the approximate wetted area of the site, and GPS location. Population
(N100m-2) estimates at these sites were calculated by ERT using a Carle and Strubb (1978)
regression. As highlighted in Table 3.2, quantitative electrofishing is restricted to precise point
estimates at a few sites due to the increased time required for surveys. More cumbersome gear
needs four as opposed to two operatives. To enable wider spatial coverage to be achieved a
rapid quantitative cluster technique has been developed by APEM Ltd (pers. comm. K. Hendry).
This enables fully quantitative sites to be related to a number of (typically 2-4) cluster sites.
Cluster sites are stop-netted but only fished with a single pass. They must be representative in
terms of habitat to the quantitative site, for example, all upland step-pool environments generally
located within a few kilometres of each other. The depletion rate calculated from the fully
quantitative site is then applied to the cluster sites to again estimate the total number of fish
present in 100m2. Using this technique ERT was able to survey 54 sites for parr (16 fully
quantitative and 38 cluster sites) (Brown and Dugdale 2006).
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(>1000 km2) scale. For example, APEM Ltd estimate that using their walkover survey technique,
only 4km per day can be surveyed by a single surveyor, plus an additional laboratory-based day
is required to covert hand drawn maps into GIS format (pers. comm. K. Hendry). The
Environment Agency’s River Habitat Survey (RHS) is estimated to take 1 hour per 500m site at a
cost of £40-120 per site, plus an additional £20 for data entry and quality checking (pers.comm.
M. Diamond). Recent technological advances have improved the efficiency of these techniques.
For example, portable GPS equipment now enables accurate and rapid recording of feature
locations and physical measurements within the field, facilitating GIS integration and quantitative
assessment on retum to the laboratory. This has led to the development of survey methodologies
such as GeoRHS (Newson and Hill, 2004), whilst developments such as handheld GIS mapping
equipment (e.g. Gismo) can also reduce the time spent inputting hand drawn maps into electronic
format. Survey methodologies can be modified to reduce time and costs (Hendry and Cragg-
Hine, 1997), but this typically represents a trade-off between speed, and accuracy and coverage.
There are a number of possible modifications. First, it may be possible to reduce the length of
river surveyed by employing a suitable sampling strategy. For example, RHS surveys sample a
number of 500m reaches, and within each reach 10 equidistant spot-check sites are surveyed in
detail. Care must be taken to ensure the spatial resolution of sampling captures the heterogeneity
of habitat present. However, such an approach is not considered suitable for this research which
requires continuous data. Second, it may be possible to reduce the amount of data collected.
Surveys may be carefully designed for a specific purpose and only relevant data collected. This is
the aim of user-specific surveys such as APEM's rapid salmonid habitat survey, which only
collects data relevant to salmonids. However, should further data be required at a later date, a
new survey will be required increasing costs. The amount of data collected may also be reduced
by visually estimating the extent and occurrence of features such as substrate size or percentage
riffle rather than accurately measuring them. However, this may introduce subjective error and
relies on the expertise of the individual surveyor. Third, it may be possible to prioritise areas for
evaluation. With existing knowledge of general habitat condition (e.g. riparian land use) and
fisheries performance, areas may be prioritised according to their likely need for habitat
improvement. However, such an approach may introduce subjective bias according to the factor

i

which requires objective, catchment-wide cm;érage.
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Alternatively, the use of high-resolution remote sensing is increasingly advocated to capture river
related features as demonstrated by Table 1.5. The advantages of using remote sensing are as

follows:

(1) it facilitates rapid coverage of an extensive area thereby enabling catchment-wide and
continuous data to be acquired in a cost effective manner;

(2) it enables data collection in areas otherwise inaccessible due to access constraints or difficult

terrain, thereby providing a continuous data source;

(3) it provides a permanent visual record of the riparian corridor that can be revisited to extract
additional information or gather further expert opinion at a later date;

(4) as a permanent record, it can be used to monitor environmental change over time;

(5) imagery provides a powerful tool for explaining environmental issues to the public, helping to

encourage co-operation from local communities, landowners, and funders;

(6) it can be collected directly into a digital format removing the need for data entry upon -
returning from the field; and

(7) automatic classification procedures and GIS analysis allow accurate assessment and
quantification of features reducing subjectivity when compared with traditional walkover

surveys.

A vast number of remote sensing platforms and sensors exist from satellite to airbone collecting
data across a range of spectral, spatial, and temporal resolutions. Increasing resolution ii;creases
the ability to identify and classify smaller scale features. However, increased resolution comes at
increased cost both in terms of data capture and in terms of computational processing and data
storage requirements. Therefore, a balance must be achieved between the resolution required
and cost. In selecting imagery for use in this research, it is the spatial and spectral resolutions
that are important to consider. The spatial resolution required is largely determined by the
physical dimensions of the river and size of habitat features being classified. A higher stream
width to pixel resolution ratio will result in-greater accuracy due to the reduced impact of pixel
mixing (Legleiter et al., 2002). This is especially important when distinguishing between-various-
water features such as riffles and glides where pixel unmixir_)gafcis;ﬂot viable due to similarities in
reflectance (Marcus et al., 2003). Similarly, it is important-for identifying bank features such as
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erosion which may occur within a very narrow zone of 1-2m between the channel and wider
riparian zone. A resolution of approximately 20cm has been selected and is considered
acceptable to classify habitats in streams down to 2m (10 pixels) wide. This should enable feature
variation across the channel to remain detectable and facilitates considerable coverage of
important spawning and juvenile tributaries in the Eden catchment to be obtained. The spatial
resolution achieved is determined by the focal length of the sensor used and its height above the
ground surface. Thus, high spatial resolution data are most typically delivered by airbome
platforms (e.g. helicopters and planes). The spatial resolution achieved by space-bome sensors
is increasing (e.g. IKONOS — 1m panchromatic or 4m multi-spectral; QuickBird — 5m) but these
\are not yet comparable with that achieved by airborne sensors.

In terms of spectral resolution, a number of papers have demonstrated the use of muiti-spectral
(Puestow et al, 2001) and hyper-spectral (Marcus, 2002) imagery for mapping in-stream
salmonid habitat. However, due to cost at the current time, such imagery typically remains in the
research domain, or where used by government agencies it is limited in its spatial distribution.
Instead, true colour photography has been selected for this research, which due to recent
advances in digital camera technology (increased pixel resolution) can now be provided rapidly

and relatively cheaply using plane mounted cameras.
3.4.1 Aerial image capture

A true colour digital aerial photography survey covering approximately 660km of the River Eden
~and its tributaries was commissioned by the Eden Rivers Trust and undertaken by Compass
Informatics during 2004. The survey was solely focused on the river channel and riparian zone.
This is the first time such a survey has been undertaken at this scale in the UK. The image
capture system developed by Compass Informatics comprised a 12 Mega pixel digital camera
mounted on a simple metal platform attached to the floor of a Cessna 172 aircraft. The camera
was able to slide along this mount into the cavity space of a modified rear luggage door allowing
a near vertical ground view (Figure 3.8). The camera was triggered at fixed intervals by electronic
signals sent from a laptop computer, which was also connected to a GPS enabling the nominal
centre point for each triggered image to be recorded (pers comm. G O'Riain). Images were
instantaneously downloaded to the laptop and istored in TIFF format. By flying approximately 900
‘metres -above the_ground.surface near-vertical.imagery. with a ground_resolution of 20cm was
collected. Each image covered approximately 200m either side of the channel and 600m in a
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3.4.2 Image rectification

In order to meet point (3) of the data requirements (Section 3.2), it was essential that the aerial
imagery be accurately rectified (geo-refrenced). This involves alignment of an image to a map so
that the image is planimetric, (Schowengerdt, 1997 p329). This not only involves correctly
orientating the image in space but also correcting for geometric distortions present in the raw
imagery as a result of variations in flying height, velocity, topography and panoramic distortion
(Lillesand and Kiefer, 1994). This process was completed by Compass Informatics.

A number of common 2-D rectification procedures exist typically based upon polynomial distortion
functions or transformations. These techniques are valid in regions of relatively constant terrain.
However, as discussed in Section 1.3, the topography of the Eden catchment is highly variable
and complex in many areas, with elevations ranging from 0 — 950m above sea level. If not
accounted for in the rectification procedure, such complex topography can lead to severe
distortion in the final rectified image due to variations in the Z-field. To deal with this issue 3-D
procedures for ortho-rectifying imagery have been developed. These project the image over a
digital elevation model (DEM) so that every pixel appears to be viewing the earth from directly
above.

The traditional approach to rectification is to manually locate ground control points (GCPs) on the
imagery and associate these with known X, Y, co-ordinates taken from maps such as digital OS
data or collected in the field using visible makers and GPS. GCPs should be evenly distributed
across the image, of high contrast in all images of interest, of small feature size and unchanging
over time (Schowengerdt, 1997 p335). As such, readily identifiable and stationary points such as
crossroads and building edges are typically selected. In relation to this research there are two
major drawbacks to this approach. Firstly, manual ground control point location is very time
consuming and therefore costly, especially for situations such as this where there are a high
volume of images (1000+) to process. Secondly, whilst identifying ground control points in a built
environment is relatively easy, in rural and remote environments such as the Eden catchment,
this is much more problematic. In such environments, field boundaries and rivers are often the

only identifiable features, but both of these features are typically dynamic over time.

Instead the approach adopted by this research, as identified by Compass Informatics, was to use
a piece of new software, EnsoMOSAIC developed by StoraEnso, which facilitates automatic
pattern recognition between adjacent images to identify hundreds of tie points (equivalent to
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ground control points). This ability enables a large number of images to be processed rapidly, the
developers claim that one standard PC can process 200-1000 images in 24 hours (StoraEnso,
2006), and it does not rely on built features. To operate, the software requires that the camera
position (recorded by Compass Informatics using GPS within the aircraft) for each image is
known, together with camera parameters such as focal length and principal point. Additionally,
the greater the percentage overlap between images, the greater the ability for the software to
identify tie points. Compass Informatics typically achieved 30-60% overlap between images in
both the lateral and longitudinal plane. Images to be included in the rectification procedure were
selected and ordered into a suite of longitudinal sequences (typically 1-10 images) by an operator

at Compass Informatics.
As described by StoraEnso, (2006) the image mosaic procedure comprises four stages.

1. Image orientation: The initial orientation of the images is calculated either automatically by
utilizing the camera attitude parameters or manually by defining links between the images.

2. Tie point location: Tie points between images are located automatically using image
correlation. These can be manually edited after selection and additional ground points added

if required to improve the accuracy of image rectification.

3. Image rectification: Bundie Block Adjustment (BBA) was applied for automatic image
rectification using the GPS recorded camera positions collected during image capture.
Images were rectified to OS National Grid of Great Britain. At the same time using stereo-
imagery capability, a Digital Elevation Model (DEM) was created. Altitude values are typically
calculated for 20-50 points per image, but up to 1000 points can be used if required.
Obviously the greater the number of points selected the longer the processing time, but more
accurate the DEM. The DEM is then used to generate ortho-rectified imagery.

4. Mosaic creation: The rectified images were then joined together to create a final mosaic.
Output was in TIFF file format with a pixel resolution of 20cm. The software does offer a
number of colour adjustment options such as histogram equalisation, to standardise for
variations in illumination, reflectance properties of surface materials, cloud and topographic
shadow between sequential images. This improves visualisation by creating a seamless
mosaic. However, for the purposes of this research, specifically the application of aerial

imagery to water depth assessment, it was decided not to apply any adjustment factors as
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the raw reflectance values were required. For further discussion of this issue see Chapter
Four (Section 4.3.3).

Breaks between mosaics occurred or were manually inserted where there was a gap in the
imagery captured; where the overtap between two adjacent images was not sufficient to facilitate
pattern matching; or where the output file size would be too large to handle efficiently within a
standard PC. Following provision of the imagery by Compass Informatics each mosaic was
screened to assess its quality and any which failed the quality assessment were returned for
additional processing. Two main reasons for image rejection were identified:

(1) Poor spatial rectification: If the geographic location of a mosaic or specific features
(particularly) the river within a mosaic deviated significantly (>50m) from OS LandLine data or
between sequential images the mosaic was rejected. This was corrected by manually
increasing the number of GCP's particularly around the river.

(2) Topographic distortion: This primarily occurred in areas of complex topography and was
corrected by increasing the number of altitude points used to create the DEM and its output

resolution.

Increased numbers of GCPs and altitude points could have been used in the initial rectifications
to avoid the above issues but this would have increased computational time and expense for
many mosaics where the added detail was not necessary. Approximately 15% of the mosaics
were returned for additional processing. Final mosaics were stored in TIFF format on an external
hard drive, categorised by sub-catchment, and tagged with the date of acquisition and mosaic
number (e.g. 20040614_03_01).

3.5  Digital Terrain Model (DTM)

As identified in Table 3.1, a high-resolution DTM is required to calculate channel gradient, infer in-
stream flow type and derive topographic attributes required for environmental modelling {Chapter
Five) such as, valley slope, the topographic index, flow routing and ultimately to evaluate
catchment-channel hydrological connectivity. Digital terrain models are 3-D representations of the
Earth’s bare surface. Features such as vegetation, buildings and cultural objects are removed to
leave just the underlying surface. This is slightly different to a digital elevation model (DEM) which
includes buildings and treés. This is an important distinction to make when the model is being
specifically applied to the assessment of natural terrain and not manmade features. A number of

119




Chapter Three

DTMs are available commercially within the UK (Table 3.6), and it is important to consider their
resolution, accuracy, availability and cost in determining which one to use in this thesis.

Table 3.6: Resolution of Digital Terrain Models available for the Eden catchment

DTM Horizontal Vertical data Catchment-wide
resolution (m) quality (m) coverage
OS Panorama® 50 15 Yes
NEXTMap Great Britain™ 5 +1 Yes
LiDAR ~1-2 ~+0.25 No

3.5.1 Effects of DTM resolution

DTMs are widely used within geomorphological and hydrological modelling studies to derive a
variety of topographic attributes. However, the numerical value of parameters derived from DTMs
has been observed to vary considerably with DTM resolution (grid cell size) due to differences in
the representation of the landscape at different scales (Schoorl ef al., 2000). These effects are
well documented within the scientific literature and variables shown to be sensitive to DTM
resolution include, valley slope, upslope contributing area, topographic index, and flow path
location (Zhang and Montgomery, 1994; Brasington and Richards, 1998; McMaster, 2002). This
in turn impacts upon the spatial distribution of runoff processes and associated sediment
transport affecting model hydrological and geomorphological predictions. A coarsening of
resolution typically results in reduced predictive capability. For example, Zhang and Montgomery
(1994) analysed the cumulative frequency distributions of slope, upslope contributing area and
topographic index derived from 5 DTMs ranging from 2-90m resolution. Both the mean and local
values of all three variables were sensitive to DTM resolution, particularly in areas of steep
topography. At coarser resolutions, slope was observed to decline, whilst the upslope contributing
area and topographic index increased. Schoorl et al. (2002) evaluated the impact of 5 DTM
resolutions between 1 and 81m on erosion and sedimentation rates predicted by a simple
sediment transport model, concluding that coarser DTMs overestimated erosion and
underestimated resedimentation. At coarser resolutions, many topographic features such as
hollows and low-order channels may not be resolved. But the question still remains as to where
the critical resolution lies? A number of people have commented that the resolution must be finer
than the average hillslope length identifiable in the field, enabling capture of variability in hillslope
morphology Resolutions of the order 10 to 150m have been proposed depending on the
catchment of study (Zhang and Montgomery, 1994; Brasmgton and Richards, 1998; McMaster,
2002). However, more recent evidence suggests that the processes controlling the spatial
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distribution of runoff and material transport may be conditioned by local, often sub-field scale,
hydrology occurring at spatial scales in the order of <10m (Westem ef al., 1999; Lane et al.,
2004; Heathwaite et al., 2005), often related to quite subtle topographic attributes (Lane et al.,
2006). Such resolutions must be captured in the original data as decreasing grid size beyond the
resolution of the original survey data does not increase the accuracy of the land surface
representation. Conversely, it potentially introduces interpolation errors (Zhang and Montgomery,
1994). Additionally, it is not only horizontal resolution that is important to consider, vertical
precision has also been shown to influence the derivation of topographic parameters and
hydrological predictions (Kenward et al., 2000), particularly in low-relief landscapes, where small
scale terrain features such as roads, ditches and irrigation channels can significantly affect runoff
flow paths (Duke et al., 2006). Based on the above, it is considered that the OS Panorama 50m
DEM is not adequate for use within this research. Studies using this DEM to calculate channel
gradient have reached the same conclusion (Coley, 2003). Of the remaining models, LiDAR
(Light Detection And Ranging) offers the finest spatial resolution and highest vertical precision.
However, it is currently unavailable for the entire Eden catchment, having only been captured
within urban and coastal areas for flood defence purposes by the Environment Agency. As
discussed below LIiDAR is also relatively costly with added detail resulting in increased
computational demands. This leaves the NEXTMap Great Britain ™ DTM which is available for
the entire Eden catchment at relatively low cost and with a relatively high spatial resolution. As
such it is the DTM selected for use within this thesis.

3.5.2 NEXTMap Great Britain ™

The NEXTMap Great Britain ™ DTM has been developed by Intermap Technologies Inc from
survey data collected during 2002 and 2003. It was commissioned by Norwich Union to support
their FLOODMAP product and is now commercially available for the whole of England, Scotland
and Wales. NEXTMap was produced using interferometric synthetic aperture radar (IFSAR)
technology and has a horizontal resolution of 5m, with a vertical precision of +1 m, as reported by
Intermap (2003). Independent studies have estimated the data to be more precise than this (to
+0.9m vertical precision) in similar upland catchments (Reid et al. in review). It is projected to the
OSGB36 Grid.

IFSAR. is-a- relatively. new. digital. mapping. technology. developed. for US military applications
(Sanders et al., 2005). Images are created by combining signals received from two side-looking
radar antennae mounted on an aircraft and displaced by a known distance (1m for NEXTMap). X-
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band radar with a radar pulse wavelength of 3cm is used. One antenna acts as both transmitter
and receiver, the second as a receiver only. Due to the separation of the antennae, radiation
reflected from a point on the ground will strike each antenna at a slightly different moment in time.
This is known as the phase difference, and coupled with precise aircraft positional data, provides
the information required to measure the elevation points (Intermap, 2003; Sanders et al., 2005).
Terrain information is then generated from the raw elevation data by digitally removing
vegetation, buildings and other cultural features. This is achieved using TerrainFit® software
which derives the terrain surface by interpolating measurements taken from bare ground. IFSAR
is currently considered the most economic airborne technology for collecting high-resolution
topographic data. LIDAR does collect data with a higher resolution and vertical precision but this
is achieved at increased cost. IFSAR may be collected from relatively high flying heights, 8,500
metres compared with a typically flying height of 1,500 metres for LiDAR (Smith et al., 2006).
Computational processing requirements are also lower, facilitating use within catchment-scale
environmental models. Radar technology is also independent of sunlight for viewing and can
therefore be collected during day or night. It is also reasonably weather independent permitting
data capture during rainy and cloudy conditions (Sanders et al., 2005). However, a number of
errors have been reported. For example, NEXTMap has been reported to be unreliable in wooded
areas as it is unable to penetrate vegetation canopies (Smith et al., 2006). This is acknowledged
by the developers who state that in wooded or built areas greater then 100m? TerrainFit® may
falsely sample local minima within the canopy that are not necessarily on the ground. This
creates 'edge effects’ near the boundaries of such areas where interpolation between true ground
and falsely elevated points creates intermediate elevations. The transition zone is typically less
than 25m horizontal (Intermap, 2003). Care should therefore be taken when evaluating results in
such areas. Other potential sources of error noted by Intermap (2003) are: (1) in areas of steep
slopes, 20-300 the vertical error may double; (2) rapidly changing terrain features such as
embankments may not be preserved due to inadequate sampling density; and (3) due to the side-
looking technology of the IFSAR sensor, layover may occur in front of tall structures with shadow
behind (Figure 3.11). Layover is an effect of object height, where the top of the object is
illuminated before the base thereby obscuring part of the ‘ground range’. It is particularly
prevalent in mountainous regions. Shadow occurs in regions which cannot be reached by the
radar pulse. The former may be mitigated by post-processing whilst the later produces a region of
no data. This may.be in-filled with data from an adjacent pass during image merging.
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3.6 Land cover data

Information regarding catchment-wide land use is required to investigate the relationship between
salmonid populations and the spatial distribution of land use, classifying the landscape according
to its risk of pollution production based upon the premise that certain land uses and land
management activities are associated with a greater risk of poliution and fine sediment
production. It is generally considered that the more intensive the land use, the higher the
associated risk (e.g. Robinson, 1999; Caruso, 2001). As with the previous data sources, it is
again important to consider the spatial resolution required. Land use and land management
decisions are typically made at the individual farm or even field scale, and this is therefore the
scale at which data are required. Such data are collected through the Agricultural Census
undertaken by the UK government Department for Environment, Food and Rural Affairs
(DEFRA). This is publicly available at the ward level (e.g. through Edina). However, data at the
farm scale remains confidential. At the ward level land uses are averaged across a large area (in
the order of 10-100km2). This spatial resolution is too coarse for this research as it fails to capture
the detailed spatial distribution and mosaic which actually occurs within the landscape. As
discussed in Section 3.5.1, the spatial distribution of hydrological runoff and material transport
processes may be occurring at a sub-field (<10m) scale (Lane et al., 2006). Unless these
processes can be associated with land use and land management at a similar scale, accurate
conclusions cannot be drawn about the impact of land management upon the in-stream
environment and ultimately upon salmonids. Alternatively, remote sensing can be used to gather
high-resolution spatial information on land cover, at a catchment-scale. Whilst this does not
provide detailed information as to the specific management strategies applied at a particular point
in the landscape, or variation in land use over time, it can be used as a proxy, as certain practices
are more likely to be associated with or result in particular land covers. For example, by its very
nature improved pasture is more likely to have received fertiliser, slurry or manure applications
than unimproved pasture and therefore to be a source of nutrients such as nitrate and phosphate.
Similarly, improved pasture is more likely to be intensively stocked and heavily grazed than
unimproved pasture due to the increased nutritional value of grass. Consequently these areas are
likely to be at greater risk of erosion due to reduced vegetation cover and increased soil
compaction than unimproved, more extensively stocked areas (Owens et al., 1997). However,
some degree of caution should be used as land cover cannot always infer land use (Fuller et al.,
2005). For éxample',}impAroved pastﬁrAe“may not be actlvely g'r;zéd, inSféé& ’being used to bi’bvide
cut silage. Despite such uncertainties, classification of land cover from remotely sensed imagery
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offers the best indication of land use at the current time. Within the UK a national database of
land cover at a spatial resolution of 30m (sub-field scale) has been developed by the Centre for
Ecology and Hydrology (CEH) and this is the data used in this thesis.

3.61 UK Land Cover Map 2000 (LCM2000)

Land Cover Map 2000 (LCM2000) is a comprehensive survey of UK broad habitats giving vector
digital maps from segment based classification of remotely sensed satellite data (Fuller et al.,
2005). It was developed using satellite imagery from Landsat Thematic Mapper (TM) which has a
spatial resolution of 30m, collected during 1998 and 1999. A combination of winter and summer
imagery from the red, near infrared and middle infrared spectral bands was used, enabling
discrimination between bare and developed land, annual cropping and deciduous and evergreen
vegetation. Automated image processing techniques using supervised classification and vector
segmentation, were applied to the imagery to identify 16 Target classes mapped as vector
polygons. These are further subdivided into 26 Subclasses (Level 2 vector dataset) and 72
Variants (Level 3 vector dataset), wherever image quality made this possible (Fuller et al., 2002).
Appendix 2 details the classification system used which is based upon the ‘broad habitat
classification developed for reporting under the UK Biodiversity Action Plan. A comprehensive
description of the image processing methodology is provided by Fuller et al. (2002). The
developers comment that a direct evaluation of LCM2000 precision is not yet possible, but map
accuracy is estimated to be in the order of 80-85% for broad habitat classes increasing to
approximately 90% for the 16 Target classes (Fuller et al., 2005). These accuracy estimates refer
to the year of data capture, now 8 years ago, and it is probable that the dataset may misrepresent
" the actual nature of land management. However, as farm level data from the Agricultural Census
remains confidential, this was judged the best alternative. The LCM2000 Level 3 vector data for
the Eden catchment were freely sub-licensed to Eden Rivers Trust by the Environment Agency
and provided as ESRI ArcView polygon shapefiles. This has been converted into a raster (ESRI
ArcView GRID) dataset with a pixel resolution of 20m based on the Level 2 subclasses, to
facilitate environmental modelling. The Level 2 data were selected representing a compromise
between reliability (overall accuracy of 80-85% at the time of capture) and detail (Figure 1.6(d)).

3.7  Rainfall data
The final data requirement for ehvironmental modelling of Eétchméht—scéle controls is a

catchment-wide layer of time integrated rainfall. This is required to calculate the dilution potential
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of runoff on concentrations of material transported from the catchment to the channel. The
concept is simple: the higher the ratio of water to material, the lower the concentration of
pollutants and therefore the lower the risk to aquatic ecology. Dilution potential relates to the
volume of water draining to a point in the channel network and is a function of the upslope
contributing area and the amount of rainfall received. The spatial distribution of rainfall is highly
variable at a short temporal scale related to individual storm tracks. However, over longer
timescales a more stable pattern in the spatial distribution is observed, related to geographic and
topographic factors such as location, terrain height and shape, and urban and coastal effects
(Perry and Hollis, 2005). This research is concemed with investigating spatial distributions and
therefore requires a long-term, time integrated, dataset of spatial rainfall distribution. The specific
data used are the 1961-2000 baseline, 5km resolution, gridded dataset of mean annual
precipitation sourced from the UK Meteorological Office and the UK Climate Impacts Programme
2000 (UKCIP2000). A two-stage process was used to create this national dataset. Firstly, multiple
regression analysis of precipitation with a range of geographic and topographic factors such as
easting and northing, terrain elevation, and percentage open water was undertaken, followed by
inverse distance-weighted interpolation of the model residuals. The regression surface and the
interpolated residual surface were then added together to get the final gridded datasets. (Perry
and Hollis, 2005 - provides a comprehensive description of the dataset development). Data were
provided as an ESRI ArcView GRID (Figure 1.6(c)).

3.8 Impassable barrier survey

As identified in Chapter Two (Section 2.5.1), impassable barriers to salmonid migration can have
a significant impact upon the spatial distribution of salmonid spawning densities and the utilisation
of spawning habitat. The level of their impact is determined by their location within the catchment
and the amount of habitat they render inaccessible and therefore unusable. To provide
information on this, the precise location of barriers (both natural and manmade) is required.
These data have been provided by the Environment Agency as detailed in the River Eden
Catchment Salmon Action Plan (2000). A walkover survey of the catchment was undertaken to
locate and assess potential barriers. GPS coordinates of barrier location were recorded, together
with basic height and width parameters. The classification of a barrier as potentially impassable
was initially based upon expert judgement and comparison with electrofishing data collected
above the obstruction. The absence of salmon was taken as an indication that the barrier was
impassable. The artificial barriers classified as potentially impassable have more recently been
subjected to a professional and detailed survey by a fish pass consultant (Beach, 2008). The
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Table 3.7: Datasets for the Eden catchment,

Data requirement Dataset Developer Supplier

Digital Map data OS Land-Line Ordnance Survey Environment Agency sub-
0§ 1:50,000 raster licence

River centre-line River centre-line digitised from CHASM, Newcastle CHASM, Newcastle
OS data University University

Aerial Photographs

20cm true colour digital
photographs

Compass Informatics

Compass Informatics

Digital Terrain Model

NEXTMap Great Britain DTM

Intermap Technologies
Inc

Getmapping plc

Salmonid distribution | Semi-quantitative electrofishing Eden Rivers Trust Eden Rivers Trust
and abundance data
Land Cover Data Land Cover Map 2000 Centre for Ecology & Environment Agency sub-
Hydrology licence
Rainfall data 5km resolution precipitation data | UK Climate Impacts UK Met Office
1961-2000 Programme
Impassable barriers Barrier XY co-ordinates Environment Agency Environment Agency

As Table 3.7 indicates this research relies heavily on data sourced from external organisations.

As such, evaluation of data accuracy and the uncertainty introduced by selecting these sources

must be undertaken. Many of the data sources selected have been subjected to intense

validation and accuracy assessment procedures by the data developers or other users as

discussed throughout the chapter. Within this thesis it is proposed that the performance of these

datasets will be further validated through: (1) their ability to derive secondary habitat variables

accurately; and (2) their ability to explain variance in the salmonid populations monitored through

the electrofishing programme. To this end, Figure 3.14 illustrates how the various data sources

will be integrated, processed, analysed and validated throughout this thesis. Discussion of these

processes forms the main focus of Chapters Four (aerial imagery analysis) and Five (catchment-

scale environmental modelling).
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Chapter Four - Riparian and in-stream habitat assessment using remotely
sensed data and GIS

4.1 Introduction

Chapter Three introduced the broad-scale datasets selected for use within this research. As
discussed, the real power of these datasets becomes apparent when they are combined with
environmental models, or subjected to advanced GIS and image processing techniques. It is this
secondary processing which forms the basis of Objective 2 of this thesis: To employ recent
advances in remote sensing, GIS and environmental modelling, to identify, to develop and to
validate tools for quantifying salmonid habitat at the catchment-scale, appropriate to each habitat
control and scale of control. With regard to delivering Objective 2, the aim of this chapter is to
identify and develop tools for the derivation of salmonid relevant habitat data at the- stream and
riparian-scale based on the data sources described in Chapter Three, specifically 20cm digital
aerial photography and the NEXTMap Great Britain ™ 5m digital terrain model (DTM).

In terms of developing tools for environmental analysis using aerial photography and digital
terrain models, three main approaches identified within the scientific literature are applied here:
(1) visual assessment of imagery, and mapping of attributes using vector GIS capabilities; (2)
raster-based image processing to analyse and map features based on their reflectance
properties; and (3) raster-based GIS processing of digital elevation data. Methodologies,
validation, and evaluation of each of the three tools will be presented in turn. Validation and
evaluation of each tool's capability and applicability to this research will be achieved by first,
assessing habitat classification accuracy through the use of ground validation and established
accuracy assessment procedures based on the error matrix (Congalton and Green, 1999) and
second, and equally importantly, by assessing their practicality and cost compared with traditional
walkover survey techniques. It is important to recognise that the objective throughout this thesis is
not to evaluate whether tools can provide absolute truth about habitat condition, but rather to
assess their ability to assess relative pressures on saimonid habitat from one location to the next.
It is this ability to quantify relative risk which is most important to fisheries managers in enabling
them to prioritise one location over another in respect of habitat restoration. A tendency in the
past has been to assume that science will be able to predict exactly, all environmental variation.
However, this.may.not be possible,-practical-or affordable. Instead;-acknowledging uncertainty-as
an inherent feature of natural systems and incorporating it into management decisions is required
(Milner et al., 2003). In this respect considering habitat pressures in terms of their relative and

probabilistic risk through space is the objective of this thesis.
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4.2  Virtual walkover survey

The visual assessment of aerial imagery has been widely applied in the fields of cartography to
produce digital maps, such as the Ordnance Survey’s LandLine® and MasterMap® data sets
(e.g. Cassettari, 2004); and in archaeology to survey and map historic remains (e.g. Bewley,
2003). This technique enables the precise location and quantification of feature presence and
extent to be analysed, and is particularly suited to the mapping of linear features such as riparian
habitat. For example, by mapping the extent of bank erosion, it will be possible to identify those
tributaries within the Eden catchment that are under most pressure from intensive grazing. Within
this chapter, aerial photography and GIS have been used to test the possibility for virtual
geomorphological reconnaissance surveying, involving the mapping of riparian condition and
channel features from visual interpretation of aerial imagery. The aim was to replicate the more
traditional walkover methodology. The aerial mosaics described in Chapter Three have been
analysed within ESRI ArcGIS V.9 using visual assessment undertaken by a single interpreter
(myself) and mapped using vector-based GIS digitisation.

421 Methodology

The first stage of the assessment was to determine which variables should be surveyed. A review
of existing walkover methodologies was first undertaken to establish the type of variables typically
recorded and the various techniques and variable classification systems used to do so. This
included evaluation of the Environment Agency’s River Habitat Survey (RHS) (Environment
Agency, 2003), the Scottish Fisheries Co-ordination Centre survey protocol (Puhr, 2001) and
APEM's walkover survey of salmonid habitat (Hendry and Cragg-Hine (1997) in the context of the
features and processes identified as ecologically relevant to salmonids within Chapter Two. In
particular, variables were considered according to their potential for providing information on
three key issues of concem to fisheries managers and habitat restoration practitioners such as
the Eden Rivers Trust: (1) accelerated bank erosion due to agricultural stock access; (2) second
the level of cover/shade provided by overhead riparian trees; and (3) the availability and
distribution of suitable bed material for juvenile salmonids. Table 4.1 provides details of the
variables selected and classification systems employed.
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Table 4.1: Features recorded during visual interpretation of aerial photography

Feature Code Description
Record the presence or absence of erosion separately for each bank. Assume erosion present
if there is evidence of freshly exposed bank sediments without vegetation, failure or collapse,

Bank signs of livestock poaching or active un-vegetated point bars.

erosion Y There is evidence of erosion, either one large area or several smaller areas

presence N There is no or only very slight evidence of erosion within the whole context of the

management unit, e.g. slight erosion associated with a single tree could be ignored.
UK The banks cannot be seen due to the:presence of tree cover.
Record the primary cause of erosion separately for each bank. If there is no erosion, leave
blank. Due to the difficulties of viewing the bank profile from imagery a direct assessment of

Erosion erosion causes st_\oulq be _made as des_cribed iq the text .

Type ST Eros!on is pr!mar!ly due intensive grazing a(\d agricultural stock access o
FL Erosion is primarily the result of natural fluvial processes such as meander migration.
TP Erosion is primarily due to topographic failure.

TR Erosion is primarily due to scour around tree roots.

.E;(;'gn If there is a secondary contributory cause of erosion record it using the same codes as above.
Assess the level of certainty that the classification of erosion made is correct. A subjective
measure newly introduced for the virtual walkover.

Certainty 100  Very Certain
50 50% Certain
0 Very uncertain (For example, uncertainty may by greater for units with tree cover)
Record the percentage of channel that has cover provided by riparian trees and vegetation
(e.g. canopy and over hanging boughs) Based on RHS see text for further description

Shading 0 0-25% of channel cover 75 75-90% of channel cover
25 25-50% of channel cover 80 90-100% of channel cover
50 50-75% of channel cover
Record the presence and density of tree cover separately for each bank. Based on a
compressed version of the RHS classification

Tree Density CO Continuous or semi-continuous tree coverage
CL Trees occur in clumps
SC Trees are scattered along the bank or regularly but sparsely
Record stock access. Assume access is present if the adjacent land cover is pasture and there

Stock is no visible evidence of a fence or riparian buffer to prevent access.

Y Record yes if access from one or both banks.
N Record no if no access from either bank
Record the dominant land cover type within 50m of the bank. Based on RHS definitions

Dominant P Improved pasture u Urban/sub-urban (includes park/garden)

land cover RP Rough pasture MO Moorland
SC Tall Herb and Scrub B Broadleaved woodland
A Avrable (Tilled land) c Conifer plantation

Ef:ﬁiz Record land use within the riparian zone (~5m from channel) using the same codes as above
Record channel bed substrate type if any evidence can be seen, e.g. from bar depositions,
bedrock outcrops, or protruding boulders. Based on RHS definitions. See text for further details

Substrate BR Bedrock CGP  Cobbles, gravels and pebbles
BB Bedrock and boulders Sa Sand
BO Boulders *(Si) Any of the above followed by (Si)

indicates siltation
Record any evidence of channel modification
. S Straightened

Modified G Groynes or Gabians
R Bank reinforcement
Record any evidence of depositional bars Based on RHS definitions but for simplification no
distinction is made between bar types (e.g. point bar, mid-channel bar)

Deposition uv Unvegetated bars

VB Vegetated bars
UK Unknown (e.g. channel is obscured by riparian trees)
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4.2.1.1 Bank erosion assessment

Chapter Two identified the impacts of bank erosion upon salmonid populations as both positive
and negative. The natural fluvial process of channel migration accompanied by bank erosion and
deposition was considered to have mainly positive impacts for salmonids, although very rapid
natural bank erosion could also have negative impacts. Accelerated bank erosion due to intensive
grazing and stock access was considered to have negative impacts. Therefore, in addition to
simply recording the presence of bank erosion, its presence on one or both banks within
individual reaches was made as an indication of channel widening and accelerated erosion (both
fluvial and stock related), reaches considered to exhibit particularly severe or excessive bank
erosion were highlighted and an assessment of the causal process was made. Many walkover
surveys record the type of bank erosion according to the type of failure (e.g. planar, slab,
rotational) or bank profile (e.g. undercut, vertical earth cliff, composite) present. These features
are then associated with particular erosive processes (Sear et al., 2003). For example, composite
banks are often interpreted as indicative of stock poaching. However, identification of such
features was not considered feasible from the aerial imagery. Aerial photographs provide a
vertical view of the channel, yielding information on features which occur in the horizontal plane
such as planform geometry. Unfortunately, this makes it difficult to view features which occur in
the vertical plane such as bank profile (Downs and Thome, 1996). Instead a direct assessment of
the dominant erosive process (e.g. stock, fluvial, topographic or scour around trees) has been
made. This was aided by consideration of erosion location with respect to channel planform, the
presence of depositional features, channel width, evidence of paleochannels and historic
migratory activity within the floodplain, the adjacent land use within 50m and 5m, and stock
access. All assessments were made in the context of both local geomorphic forms and in the
wider context of the entire tributary in question, by using the multi-viewer capability offered within
ArcGIS (Figure 4.1). Some examples of the type of information used to make assessments of
erosion type are presented in Figures 4.2 and 4.3. It is possible that more than one erosive
process may be operating within a reach. To accommodate this, up to two different processes
could be recorded. However, there was still uncertainty attached to the assessment of erosion.
Therefore, to improve classification knowledge, a subjective measure of certainty that erosion
presence had been correctly identified was also recorded for each site, where O=very uncertain,
50=_uncer1ain and 100= certain.
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Channel substrate has been classified in more detail within large river channels using automated
image processing procedures and very high resolution (1-3cm) aerial imagery (Carbonneau et al.,
2004). However, the 20cm resolution data used within this research, and the fact that many of the
streams within the Eden catchment are relatively narrow (< 10m wide) and shaded, meant that
applying similar techniques was not considered feasible here. Hydraulic conditions and flow type
are also frequently recorded during walkover surveys, and coupled with substrate to identify
areas of potential salmonid habitat. However, following assessment of the raw imagery, it was
concluded that these features could not be readily mapped visually. The ability to identify flow
type using automated classification processes and DTM processing is evaluated later within this

chapter.
4.2.1.4 Feature mapping

Following variable selection, the next stage of the assessment was to determine how best to
record the variables within GIS. Walkover surveys record features by a number of methods
including: (1) physical mapping of the precise location and extent of each feature on to paper
maps in the field and transferring the information to GIS using a combination of vector polygons,
polylines and points (e.g. Hendry et al., 1997); (2) by sampling information at individual sites of
known geographic location recorded using GPS equipment (e.g. Parsons et al., 2001) and
representing information in a GIS using vector points; or (3) by recording information for individual
but continuous lengths of river with known start and end locations and representing information in
GIS using segmented vector lines. Rivers are linear, continuous features, and knowledge of the
precise extent and location of environmental pressures is important for managers; therefore,

either approaches (1) or (3) are considered most applicable.

It was decided to use option (3) as this method represents a balance between continuous
recording of features and speed. Details of the selected variables (‘attributes’ in GIS terminology)
have therefore been attached to individual sections (‘arcs’) of a segmented river line using the
codes presented in Table 4.1. A number of different river lines were available in digital format,
including OS Land-Line® data and the CHASM river centreline digitised from OS 1:50,000 raster
data. However, on examination of these datasets, river centrelines were found to be displaced in
a number of locations from the position of the channel as shown in the aerial imagery (Figure
4.6). This-may-be-because: (1).the river channel-has. migrated. since the OS data were mapped;
(2) the digitisation of the CHASM centre-line at a scale of 1:50,000 is too coarse; or (3) there is
error in the geo-referencing of the aerial imagery. In addition, OS Land-Line® data records a
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specifically selected by the Eden Rivers Trust's Fisheries Officer. Site selection was made using
the analysed GIS data to select sites the represented a variety of habitat types across the full
range of variables surveyed. The remaining 50 sites were randomly selected using the random
number function available in Microsoft Excel and the unique ID code applied to each
management unit during GIS analysis. The entire length of each selected validation unit was
walked before the assessment made and exactly the same features were recorded, in the same
manner, as during image analysis. The validation units surveyed corresponded exactly in length
to the management units analysed using GIS. Variables for were recorded onto a survey sheet
making a note of the corresponding management unit ID code. This enabled site matching and
accuracy assessments to be made. All ground truth sites surveyed were included in the accuracy
assessment. Geomorphological reconnaissance surveys are typically subject to the subjective
decision making of individual surveyors (Downs and Thome, 1996), and this survey is no
exception. To try to reduce subjective error, all virtual assessments have been made by a single
interpreter (me) who is familiar with the use of aerial photography and who has previous fluvial
geomorphological knowledge. However, ground truth data were collected both by the interpreter
(me) who analysed the imagery and another surveyor who | had trained. Using a different
surveyor to collect a considerable amount of the validation data reduced the introduction of bias
due to the interpreter having previously examined aerial imagery of the site. It also allows
assessment of the technique's robustness to observer subjectivity, although this may have
caused operator differences within the validation data. All validation data were collected during
summer 2005 following assessment of the aerial imagery. As the variables recorded are
considered representative of the range of features typically recorded by walkover surveys it has
been possible to make direct comparisons between the two techniques. In particular,
comparisons have been made between the results of this survey and the River Eden, River
Habitat Survey undertaken for part of the upper catchment by the Environment Agency (Parsons
et al., 2001).

423 Accuracy assessment

Validation of the virtual walkover methodology and the other two methodologies presented within
this chapter has been undertaken using well established, formal accuracy assessment
procedures (after Congalton & Green, 1999), based upon the error matrix (Figure 4.7). These
techniques assess .the. accuracy -of. classifications made using remotely sensed data by
comparing them to either ground truth data or, in the case of automatically classified imagery, to

visual assessment of the imagery, at the same geographic location.
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J=columns (validation data)
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Figure 4.7: The error matrix (After Congaiton and Green, 1999)

Three principal accuracy statistics have been computed. First, the overall accuracy [4.1] was
calculated as:

n.

k
ii
=1

Overall accuracy = =— : [4.1]
n

by dividing the number of correct classifications made (Zn;) by the total number of classifications
made (n) for each category. This is the most commonly presented accuracy statistic. However,
this assessment may over-estimate the level of agreement achieved as it does not take into
account the expected levels of chance agreement given the sub sample sizes in use. To account
for this a second measure of accuracy the Kappa (or Kappa-Hat) statistic was also computed
[4.2] which is often cited as a more reliable measure of accuracy or agreement than overall

accuracy (Cohen 1960):

k k

A nz n; — Z n.n,

K=-H 4 [4.2]
n2 - Zni+n+i

i=l1
k k
where n,=>n, and n,=>n, [4.3 and 4.4]

J=1 i=1

[4.2] is essentially expressing the ratio of the observed excess over chance agreement to the
‘maximum possible excess over chance; with-Kappa ="1.0 at perfect'agreement and:Kappa = 0.0
when observed agreement equals chance agreement (Everitt, 1998). To aid interpretation of the
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Kappa statistic Table 4.2 presents a subjective classification of Kappa values as recommended

by Altman, (1981).
Table 4.2: Values of Kappa and their strength of agreement (After Aftman, 1981)

Value of Kappa Strength of agreement
<0.20 Poor

0.21-0.40 Fair

0.41-0.60 Moderate

0.61-0.80 Good

0.81-1.00 Very good

Both the overall accuracy and Kappa statistic report on the integrated accuracy across all classes
within an error matrix. However, the ability to classify one particular category may be more
important than another. For example, using the virtual walkover survey methodology, the ability to
identify erosion due to intensive grazing and stock access was considered more important than
the ability to identify erosion due to topographic failure processes. In order to assess the accuracy
of individual classes, a third measure of accuracy, the Conditional Kappa statistic, was used [4.5]:

nn‘ ( i+ +i)
K —_ n - nnii ni+n+i [45]

P = =
n - ni+ n+i nni+ - ni+n+i
i+ n

This computes the maximum likelihood estimate of the Kappa coefficient for the conditional

agreement for the ith category. As for the Kappa statistic the Conditional Kappa also corrects for
chance agreement and can also be interpreted using Altman'’s classification system.

4.24 Accuracy assessment for the virtual walkover assessment

Table 4.3 presents the results of the formal accuracy assessment and shows that results were
extremely promising, particularly for the two categories most likely to be of interest to fisheries
managers, bank erosion and tree cover, with all their associated categories reporting moderate or
good agreement strengths. Unsurprisingly, the severe erosion category reports the best
agreement as by its very nature it creates the most observable mark upon the imagery. However,
it should be noted that as the feature category scale decreased, the ability to observe and to
classify it remotely became more difficult and a decrease in the Kappa value was observed. The
ability to classify features within these smaller scale categories was typically diminished by one or
more of the following three factors. First, the images were near-vertical and observations of
features in the vertical plane such as the bank face and bank protection measures were more
problematic. Second, the presence of tree cover had its greatest impact upon small in-stream
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features, for example, it could totally obscure the presence of depositional bars. Third, in-stream
features such as substrate also became obscured as water depth and water turbidity increased.
However, the Kappa value (0.448) for substrate (without siltation), probably the next feature (after
erosion and tree cover) of most interest to fisheries managers did still achieve a moderate
agreement, although decreasing feature scale within this category to include siltation did result in

a decrease in accuracy to a Kappa value of 0.385.

Table 4.3: Accuracy assessment statistics for the virtual walkover methodology

Overall

Strength of
Feature Accz;:')acy Kappa agreement
Erosion presence 784 0.569  Moderate
Primary erosion type 70.7 0.571  Moderate
Severe erosion 894 0641  Goed
Stock access 76.9 0481 - Moderate
% of channel cover 66.3 0.481  Moderate
Tree density 63.9 0487  Moderate
Land cover (50m) Not enough validation sites for analysis
Riparian land use (5m) 63.9 0.282  Fair
Channel modification 84.6 0217  Fair
Substrate (with silt) 60.3 0385  Fair
Substrate (without silt) 69.8 0448  Moderate
Depositional features 55.8 0.200  Poor

Concemns over the use of aerial photography for providing morphological information about river
channels have been raised within the scientific literature, particularly, with reference to the
presence of woody riparian vegetation which may obscure channel banks, especially in small
channels (Downs and Thome, 1996). As noted in Chapter Three, the majority of the imagery
used was collected prior to development of full leaf foliage. However, there were still a number of
land management units (approximately 20%) where bank erosion presence on one or both banks
was classified as ‘unknown’ due to a restricted view caused by the presence of trees. For the
purposes of the accuracy assessment above, it was assumed that there was no bank erosion in
the aerial photography measurements of these units. Results suggest that the level of error in the
analysis was not degraded by this assumption. Therefore, the presence of riparian trees was not
considered to limit the use of aerial photography in assessing bank erosion presence within the
Eden catchment, although identification of smaller scale features, such as point bars, may be
affected. A second concern was that the imagery would no longer be applicable following a large
flood event. Such an event occurred in the Eden catchment during January 2005 between the
dates of image capture.and validation. The results showed that classifications remained robust to

extreme flow events.

142



Chapter Four

Classifying bank erosion was one of the main priorities of this methodology and a measure of
certainty that erosion presence had been correctly identified was also recorded to improve
classification knowledge, where O=very uncertain, 50=uncertain and 100=certain. Table 4.4
shows that including this parameter improved classification accuracy from the total dataset to the
certain category from moderate to good. It should also be noted, as indicated by the Conditional
Kappa statistics, that it was the erosion present category which was most sensitive to (i.e. most
improved by) this stratification. As this was the feature of greatest interest, inclusion of the
certainty parameter in future classifications is highly recommended. Including a measure of
certainty such as this enables managers to stratify erosion classification maps into areas where
they are certain there is erosion and areas where a ground survey may be necessary to first
confim the presence and extent of erosion before management action can be targeted. This
allows managers to allocate resources such as a walkover survey team more efficiently and cost
effectively.

Table 4.4: Accuracy assessment for erosion presence stratified by classification certainty

Overall Conditional Kappa
Strength of
Feature Acc;ct'zr)acy Kappa agreement Absent Present
Total dataset 784 0.569  Moderate 0.695 0.481
Certain 81.6 0.630  Good 0.697 0.575
Uncertain 70.5 0432  Moderate 0.695 0.313

The ability to identify the cause of erosion was also considered important, as this has been
acknowledged to determine the impact of bank erosion (positive or negative) upon salmonid
populations. In particular, identifying reaches where bank erosion had been accelerated by
intensive grazing and agricultural stock access was important due to its widely perceived negative
impact upon in-stream ecology in general and salmonids in particular. Table 4.5 presents the

accuracy statistics calculated for the individual erosion types under the following 4 scenarios:
(1) predicted primary erosion type is observed as the primary erosion type;
(2) predicted primary erosion type is observed as either the primary or secondary erosion type;

(3) predicted primary erosion type is observed as primary erosion type but only analysing those
categories where erosion presence was correctly identified; and

(4) predicted primary erasion type is observed as ither the primary or secondary erosion type but

only analysing those categories where erosion presence was correctly identified.
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Table 4.5: Accuracy assessment for erosion type

Overali Conditional Kappa
Strength of
Feature Accz;or)acy Kappa agreement Fluvial Stock Topographic  Tree scour
1 70.7 0.571 Moderate 0.433 0.484 0.588 0.223
2 75.7 0.638  Good 0.507 0.660 0.592 0.243
3 78.4 0643  Good 0.675 0.615 0.564 1.000
4 91.9 0.859  Verygood 0.842 0.944 0.577 1.000

Fluvial, stock and topographic erosion types were all classified relatively well under all 4
scenarios with Conditional Kappa values ranging from 0.433 to 0.944. Only the identification of
tree scour was poorly classified. This is unsurprising due to the restricted view created by trees in
these reaches. If identification of tree scour is important for managers, they could alternatively
use the aerial imagery to target tributaries with a high proportion of tree-lined banks for walkover
surveys. As would be expected, accuracy generally increased from scenario 1 to 4; so that where
erosion presence was correctly classified, the type of erosion was also correctly identified with a
high level of accuracy. For management purposes it is probably not necessary for the primary
erosion type to be classified exactly as the primary erosion type (scenarios 1 & 3). Instead,
recognition of contributing factors in any order will probably suffice (scenarios 2 & 4). In terms of
recognising agricultural stock access and riparian grazing as a contributing factor to bank erosion,
Conditional Kappa statistics were very promising ranging from 0.660 (good agreement) for all
reaches to 0.944 (very good agreement) for those reaches where erosion presence was correctly
identified.

The ability to classify the degree of overhead cover/shade provided by riparian trees and in
particular, the extreme high and low categories, was also considered a major priority of this
research. Table 4.6 shows that the, <25%, 75-90% and >90% shade categories are predicted
well with Conditional Kappas of 0.801, 0.649 and 0.606 respectively. However, a lower level of
accuracy was reported for the 25-50% and 50-75% categories. This is unsurprising as
classification error can occur in two directions compared with only one direction for the most’
extreme categories. Additionally, incorrect classifications were typically only in error by an order
of one class. If these classes are merged the Kappa statistic (0.975) records a near perfect
agreement between the classified and observed data, indicating that aerial photography can be
used very reliably to identify the amount of overhead cover provided by trees.
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Table 4.6: Accuracy assessment for channel cover/shade

Overall Strength of Conditional Kappa
Feature accuracy Kappa agreement 0-25 25-50 50-75 75-90 90-100
1 66.3 0.481  Moderate 0.801 0.367 0.278 0.649 0.606
2 98.1 0.975  Very good 1.000 0.879 1.000 1.000 1.000
1 Accuracy to the exact class
2. Accuracy to the nearest two classes

4.25 Comparison of virtual and traditional walkover methodologies

A principal driver for developing the virtual walkover methodology was that the traditional tools
available e.g. the ground reconnaissance survey, were considered prohibitively time consuming
and costly for assessing river habitat at the catchment-scale. It was therefore important to
evaluate the virtual technique from a practical perspective in relation to more traditional ground
surveys and a number of major advantages are considered to apply. First, the virtual walkover
methodology facilitates rapid coverage of an extensive area. Analysis of 658km of river and
riparian habitat took one single interpreter 50 days to complete. A walkover survey would take
considerably longer and most organisations would insist on this being done by two people for
health and safety reasons (Table 4.7).

Table 4.7: Comparison of costs for different reconnaissance surveys

Virtual River Habitat River Habitat 'APEM'’s rapid
Cost reconnaissance Surveyt Survey fisheries
survey {1 surveyor used) (2 surveyors used) surveyt
. 188-263 days plus ~ 376-556 days plus 165 days plus
Time (man days) 50 days data entry time data entry time data entry time
~£50k for
Monetary cost photography plus £80-180k Unknown
analyst time

t Based on information from the Environment Agency, the one 500m site can be surveyed in 1 hour and costs £40-
£120 plus £20 for data entry; my own assumption is that five to seven sites could therefore be surveyed in a day.
Based on information from APEM Ltd that 4km can be surveyed per day by one surveyor.

Second, reach attributes were recorded directly into the GIS enabling immediate spatial analysis
rather than the need for data entry when surveyors retumed from the field. Third, it enabled data
collection in areas otherwise inaccessible due to access restraints or difficult terrain, thereby
providing a continuous data source. Fourth, individual management units can be evaluated in
“terms of the geomorphological-context-of an-entire reach or tributary by zooming-in-and:out of the
imagery or by using multi-viewer capability at a range of scales. Walkover surveys are subject to
bias by what is within the surveyor's field of vision at the time they complete the survey form.
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Fifth, reaches sometimes many kilometres apart can be compared next to each other on the
screen thereby reducing errors due to subjectivity. Sixth, imagery provides a powerful tool for
explaining environmental issues to the public, helping to encourage co-operation from local
communities, landowners and funders in restoration projects; and seventh, it provides a
permanent visual record of the riparian corridor that can be revisited to extract additional
information, gather further expert opinion, and train/improve surveyor’s capability.

The results of the virtual walkover survey have been compared with those of the Environment
Agency's River Habitat Survey (RHS) undertaken for 5 tributaries (River Belah, River Eamont,
Hilton Beck, River Lowther and Scandal Beck) of the River Eden (Parsons et al., 2001). Whilst it
is difficult to make exact comparisons due to the different nature of the surveys, some of the
general conclusions have been compared. First, RHS reported that overall, erosion due to stock
poaching was present at 33% of sites surveyed. A comparatively similar result was found with the
virtual walkover, which reported 29% of the channel surveyed to have banks eroding due to stock
access. Second, in terms of cover levels, RHS reported that channel shading was present at
approximately half of the surveyed sites. Results from the virtual survey were similar with 60% of
the area having some shade, 28% having >50% shade and 5% having greater than 90% shade.
Similar results were also found in terms of substrate dominance (Table 4.8).

Table 4.8: Comparison of dominant substrate classifications generated from EA RHS (Parsons et al., 2001) and the
virtual walkover technique.

River RHS Virtual walkover
Belah Cobble Cobble, gravel, pebble
Eamont  Cobble Cobble, gravel, pebble
Hilton Boulder Cobble, gravel, pebble
Lowther  Boulder and cobble  Boulder, cobble
Scandal  Cobble Cobble, gravel, pebble

Whilst many of the general characterisations on a tributary basis are similar, the advantage of the
virtual walkover survey in comparison with RHS is that features are recorded continuously, rather
than being sampled every 500m. The RHS sampling protocol may capture the general character
of a particular tributary but the results of the virtual walkover technique are considered more
useful to fisheries managers as they allow the precise extent and location of pressures to be
identified and the costs of restoration required to be calculated.

However, virtual surveys cannot provide-all the detail-of a ground-reconnaissance survey. As
results showed, accuracy was lower for fine-scale features such as depositional bars and bank

protection. For surveys where this information is essential, the walkover technique may still be
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preferable. Additionally, whilst the cause of erosion and therefore management action was readily
identifiable in the case of agricultural grazing and stock damage, where the source of the problem
was located adjacent to the effect, identifying the cause and therefore any necessary remedial
action, is often more problematic in terms of fluvial erosion. This is because the source such as
increased flows or a change in sediment regime upstream may often be distributed in extent and
located many kilometres from the resulting effect. In these cases, sustainable solutions will only
be identified through the use of walkover surveys undertaken by trained geomorphologists.
However, what the remote sensing survey can do is highlight reaches where there is
considerable fluvial erosion that may be problematic, for example where both banks are eroding,
indicating a river that is widening, enabling managers to target walkover team resources more

cost effectively.

43  Automated classification of relative water depths

Another variable frequently included in walkover surveys, particularly those designed for
ecological purposes, is in-stream habitat type. As described in Chapter Two, in-stream habitat
typically comprises velocity, depth and substrate. These raw variables may be recorded during
detailed, small scale, ground surveys, but due to the time and equipment costs associated with
measuring these variables, field survey techniques are not applicable at the catchment-scale.
Altematively, most field reconnaissance surveys employ surrogate variables, which can be
mapped visually to categorise in-stream habitat. In user-specific surveys variables based on the
species of interest e.g. salmonid spawning habitat, juvenile (fry/parr) habitat (Hendry and Cragg-
Hine, 1997) may be used. Generic surveys typically record variables such as flow type e.g.
broken standing wave (Environment Agency, 2003) or for more ecological meaning physical

biotope e.g. riffle/pool (Padmore, 1998).

The potential for collecting both raw and surrogate habitat variables using remotely sense data
and automated image classification procedures has been demonstrated by a number of
researchers. Puestow ef al. (2001) used 1.5m CASI multi-spectral imagery to distinguish between
areas of rifflefrapid and areas of run/steady/flat in the Come by Chance River, Newfoundland,
Canada, reporting an overall accuracy of 64.4%. Higher resolution, 1m hyper-spectral (128 band)
imagery was employed by Marcus et al. (2003) to map in-stream habitat (glides, riffles, pools and
eddy drop zones) with an overall accuracy ranging:from 69% for. third order streams to 86% for
fifth order streams in the Lamar River, USA. With regard to the estimation of raw habitat
variables, one of the most widely applied algorithms for relating reflectance values to water depth
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was developed by Lyzenga (1981), using 8m muilti-spectral data to estimate depths in the shallow
coastal waters of the Great Bahama Bank. Within a river environment, Gilvear et al. (1995) used
1m scanned panchromatic photos to classify relative depth. The calculation of actual depths
within habitat types has been demonstrated by Marcus et al. (2003) using 1m hyper-spectral
imagery, who reported R? values ranging 28% for runs in third order streams to 99% for high
gradient riffles in fifth order streams. Carbonneau et al. (2004) also mapped water depth and
substrate for an 80km stretch of the Sainte-Marguerite River in Quebec, Canada, but used high
spatial (1-3cm) colour photography as opposed to high spectral imagery reporting R? values of
40-60% on an individual image basis.

The previous research described has generally been undertaken for relatively short reaches (10-
100km) in relatively wide, high order rivers, using either very high spatial or spectral imagery. As
yet, the large scale application of such techniques has not been possible due to cost and
practicality. However, McGinnity et al. (2002) have promoted the use of relatively cost effective
50cm resolution aerial photography for the mapping of in-stream habitat, and demonstrated the
technique for a 3km reach of the Burrishoole River, Ireland. They used unsupervised
classification, and labelled the resulting classes as various in-stream habitat types based on
expert consultation and visual observation of both the classified and original imagery. The aim
here is to evaluate this technique further to assess whether 20cm aerial photography and
automated image processing techniques can be used to extract information regarding in-stream
habitat, in particular relative water depth for small, low order streams within the Eden catchment.

4.3.1 Image classification methodology

The theoretical basis for extracting depth and in-stream habitat information from aerial imagery is
that different habitat types exhibit different reflectance properties based on their water depth and
turbulence, which result in different spectral signatures within the imagery. In terms of water
depth, light is absorbed as it passes through the water column. The deeper the water the greater
the level of absorption and hence the lower the amount of light reflected from the channel bed. In
areas of shallow water, less light is absorbed and hence more light is reflected. This is
represented in the imagery as differences in the brightness level or digital number (DN) of each
pixel for each wavelength band (Red, Green and Blue). Shallow water therefore results in a
higher DN and. brighter colour than- deep.water. The relationship between water depth and
reflectance can be expressed as:
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lout = lin € [46]

where: lip is the intensity of incoming light (or brightness level of the channel bed)

lout is the intensity of outgoing light (or observed brightness level in the image)

X is the water depth

c is the rate of light absorption

(Carbonneau et al., 2004)

The determination of water depth therefore relies on the ability to calibrate accurately, the rate of
absorption and the initial brightness level, which will vary according to properties such as water
turbidity and geology. Unfortunately, calibration of this relationship relies on the simultaneous
collection of aerial imagery and a considerable quantity of ground validation data on water depth
at known locations. Different calibrations are required for reaches of different substrates and
turbidity. The collection of such data across a catchment as large and diverse as the Eden was
simply not feasible. This is widely recognised as a major limitation in applying remote sensing
technology to the estimation of water depth across large areas (Legleiter et al., 2004). Instead,
the ability to classify relative depth variations according to variation in spectral signature has been
applied here. Initial investigations were undertaken using individual raw, composite RGB images
or segments of images. A sample of four images from across the catchment, representing
different stream types, sizes, location and time of image capture were selected and the following
classification procedure, after McGinnity et al. (2002) was applied:

(1): Images were first clipped in ArcGIS so that only the river channel remained (Figure 4.8a).
This is a commonly adopted procedure which enables the classification process to focus solely
on the features of interest and avoid complications by excluding the surrounding landscape (e.g.
Puestow et al., 2001; Leglieter et al., 2002; McGinnity ef al., 2002).

(2): Images were then imported to Erdas Imagine 8.1 for image classification. An unsupervised
classification was applied on a per pixel basis, using the software’s ISODATA algorithm. This
defines distinct image classes based upon the stream’s inherent spectral variability, rather than
depending on the accuracy of field or visually determined training datasets as required by
supervised classification (Leglieter et al., 2002). It is also much faster and therefore more
applicable at a catchment-scale than supervised classification. Several different classifications
were run, each with- a-different-number of classes. Based on.visual assessment of the resulting
thematic images, the classification scheme that represented the best compromise between
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simplification and required separation of features was selected for each image. This typically had
between 5 to 7 classes (Figure 4.8b).

(3): The classified image was then exported back into ArcGIS and simplified into the following
four classes, deep, moderate, or shallow water, and where applicable exposed substrate, using
visual assessment and the ‘Reclass’ function in Spatial Analyst. Classification was kept relatively
simplistic rather than attempting a more detailed interpretation that would likely lead to misleading
accuracy and precision in results (Figure 4.8c).

4.3.2 Validation of relative water depth analysis

Validation of the water depth classifications was undertaken using standard error matrix
procedures as above (Table 4.9). A number of researchers have also suggested that field data
may be less accurate than the classified data, as field surveyors lump spatially variable habitat
types into large homogenous polygons that miss the fine scale heterogeneity captured by
individual pixel classifications (Legleiter et al., 2002), Instead, validation data were primarily

generated by classifying 100 randomly selected pixels in every image by eye.

Table 4.9: Summary of classification accuracies for relative water depths

Overall Conditional Kappa
River Ac?%acy Kappa Deep Medium Shallow Substrate
River Caldew 69 0.58 0.68 0.44 0.43 1
Helm Beck 79 0.72 0.80 0.50 0.78 1
Trout Beck 63 0.37 0.17 0.30 0.82 0.38
~ River Eamont 78 0.65 0.84 0.49 073 N/A

Overall accuracies, Kappa, and Conditional Kappa statistics for each of the four images were
extremely promising, indicating the potential for using 20cm aerial photography and automated
image processing procedures for the classification of relative water depth in low order streams.
Overall accuracies of 63-79% and Kappa values of 0.37 (Fair agreement strength) to 0.72 (Good
agreement strength) were recorded. These accuracies compare favourably with those reported
previously using hyper and multi spectral data on large rivers (e.g. Puestow et al., 2001; Legleiter
et al., 2002; Marcus et al., 2003). The highest accuracies were recorded for images of Helm Beck
and the River Eamont, both of which were captured during June when water depths were at their
lowest and the sun angle was.highest. Lower accuracies were reported for imagery collected in
February (River Caldew) and April (Trout Beck). Visual inspection of classification disparities
suggested that the major sources of classification error occurred in areas of shadow which were

151



Chapter Four

misclassified as deep water; in areas of exposed but vegetated substrate, which were
misclassified as shallow; at channel margins where it was difficult to distinguish between water
and overhanging woody vegetation (prior to foliage emergence); and in areas of turbulent deep
water, where white water resulted in a high level of reflectance and therefore classification as
shallow water. A further source of error may be with the validation data themselves. As
discussed, several researchers have suggested that classified, remotely sensed data may be
more accurate than its comparative field data. A similar impact may also exist when using visual
interpretation of images for validation. In this case it may be that subtle depths changes are
simply undetectable by eye. This was felt to be particularly true for the validation of the Trout
Beck image where it was considerably difficult to detect depth variations by eye. The ability to
detect depth changes may depend on such factors as the underlying geology, substrate size, and
image clarity. However, despite these errors, classification accuracies were considered to be
acceptable. In addition to the main accuracy assessment, a small amount of field data measuring
water depth was collected in relation to the River Caldew image. Here, approximately 50 depth
measurements were taken (5 across each of 10 transects) during April 2004. Each measurement
site was mapped directly on to a reproduced copy of the raw aerial photograph. This technique
has previously been recommended by Marcus et al. (2003) as it reduces errors due to
mismatches in georeferencing between photography and map data. Table 4.10 demonstrates that
the various classes do exhibit varying depth characteristics, which was confirmed to be
statistically significant by a Kruskal-Wallis analysis of variance. Due to the fact that field validation
and photography were not undertaken on the same day, it is difficult to infer absolute depth by
calibrating image interpretation against field measurement. However, measurements can be used
to validate relative depth classifications of shallow/moderate/deep.

Table 4.10: Relationship between unsupervised classification categories and field-based depth measurements.

Water Range in depth
depth class measured {cm)
Shallow 9-25
Moderate 19-60
Deep 54->80

4.3.3 Classification of mosaicked images

The above classifications .were based.on: individual-images- or segments of images at a-small
number of discrete locations. However, to be applicable at the catchment-scale, it was important

to assess whether entire mosaics could be analysed in one go. The unsupervised classification
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remote sensing to in-stream habitat mapping will become very promising and exciting as high
levels of classification accuracy were reported for individual images. As discussed, in much of the
literature surrounding this topic, habitat maps produced using remote sensing techniques may
represent a considerable improvement in the ability to capture and quantify spatial heterogeneity
in stream habitat when compared with the traditional polygon mapping techniques employed in

ground reconnaissance surveys.

In terms of classifying salmonid habitat from remotely sensed data, Figures 4.12 and 4.13
compare the unsupervised classification of relative water depth with the field mapping of salmonid
habitat undertaken by APEM Ltd for a 200m reach of the River Eamont in 2004. The results are
encouraging, showing that there is a clear correspondence between areas classified as deep and
shallow and those habitat types that would be expected to have deep or shallow water. For
example, fry habitat was located in areas constituting a high degree of shallow water whilst parr
habitat was located in areas predominately classified as moderate depth. The simple
classification into shallow/moderate/deep water is not sufficient to distinguish between riffle and
fry habitat. This may be improved by using a larger number of classes. Alternatively, an expert
fisheries biologist viewing the imagery may be able to identify areas of likely fry habitat based on
their geomorphological context. As shown, fry habitat is located at the upstream end of the
shallow/riffle area, as would be expected based on knowledge of habitat utilisation. At the
transition from pool to riffle, water velocities are increasing and the difference in hydraulic head
between the upstream pool and downstream riffle causes water to be drawn down into the
streambed (the hyporheic zone) and interstices between gravels where fry are found (Summers
et al., 1996). Using this knowledge it may be possible to estimate those areas of shallow riffle that
are likely to represent optimal fry habitat. The addition of data regarding substrate size would also
greatly improve classification into salmonid habitat type. Again, as remote sensing technology
advances it may become possible to classify substrate for large areas automatically (e.g.
Carbonneau et al., 2005).
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44  Channel slope and biotope analysis

Due to the difficulties encountered in classifying water depth and in-stream flow type using
automated image processing, a second methodology has been devised to try and extract this
information from alternative remotely sensed data. At low to moderate flows hydraulic variables
such as velocity and depth are intrinsically related to channel slope (Sear et al., 2003). It has
therefore been assumed that this also applies to flow type and biotope. If this is the case, it may
be possible to gain an estimate of in-stream habitat diversity from information regarding channel
slope. Research by Padmore (1998) has promoted the use of physical biotopes (e.g. waterfall,
spill, cascade, rapid, riffle, run, boil, glide and pool) as the fundamental component of in-stream
habitat. These, Padmore states (p.25), “can be identified by dominant flow type [e.g. Table 4.11],
as a particular combination of substrate and hydraulic parameters will have a characteristic
surface flow type”. Biotopes are considered to provide an ecologically relevant classification of in-
stream habitat, and as discussed in Chapter Two, juvenile salmonids are particularly associated

with the riffle biotope.

Table 4.11: Descriptions of flow types used to identify biotopes in the field (reproduced from Padmore, 1998).

Flow type Description Associated biotope(s)
Water falls vertically and without obstruction from a distinct feature,
Free fall generally more than 1m high and often across the full channel width Waterfall
Fast, smooth boundary turbulent flow over boulders or bedrock. Flow is in Spill - cfhute ﬂov: %v%r "
Chute contact with the substrate, and exhibits upstream convergence and %r:::ag:ngftz ﬂosi L(:/(;r
downstream divergence. A
individual boulders
Cascade - at the
Broken . . ) - —_— downstream side of the
; White-water ‘tumbling’ waves with crest facing in an upstream direction. -
standing . oS bouider flow diverges or
wave Associated with ‘surging’ flow. ‘breaks’
Rapid
Unbro!(en Undular standing waves in which the crest faces upstream without .
standing ‘breaking’. Riffle
wave
Ri Surface turbulence does not produce waves, but symmetrical ripples which
ippled . e Run
move in a general downstream direction.
Upwelling Secondary flow cells visible at the water surface by vertical ‘boils’ or Boil
circular horizontal eddies.
Smooth Flow in which relative roughness is sufficiently low that very little surface
boundary turbu!ence occurs. Very smalt turbulent flow cells are visible, reflections Glide
wibulent &€ distorted and surface foam moves in a downstream direction. A stick
placed vertically into the flow creates an upstream facing ‘V'.
Pool - occupy the full
porcepte  SUT20e foa appears o b satonary and rfotons renotdored. A yZeBEEL
flow stick placed on the water surface will remain still. does not occu
py the full

channel width.
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The aim here is fo evaluate whether channel slope and therefore biotope can be extracted
remotely using the NEXTMap Great Britain ™ 5m DTM and GIS processing. Previous studies
have attempted to extract channel slope from digital topographic data but have commented that
the resolution of data available (OS Panorama 50m DEM) was too coarse (Coley, 2003). The
ratio between DTM horizontal and vertical resolution can have a significant effect on slope which
is calculated as the difference in elevation between adjacent cells divided by the difference
between them. Previous studies have also utilised DTMs in integer format restricting calculations
to a limited number of discrete values (Coley, 2003) The NEXTMap DTM represents a significant
advance in both horizontal and vertical resolution, and is provided in floating point format
increasing the number of possible elevation values. The aim here is to assess whether these
improvements are significant enough to allow the accurate calculation of channel slope.

441 Methodology for the calculation of channel slope

The following steps were taken to derive a raster layer of channel slope (herein called ‘DTM
slope’) for the Eden catchment using ArcGIS:

(1) First the DTM (DTMoriginal) was pre-processed to remove or fill any sinks present in the
data. A sink is a cell or group of cells which have a lower elevation than all the surrounding
cells and cannot therefore be assigned an outward slope or flow direction. Sinks are
considered to most commonly occur due to errors in the raw data and the procedure of filling
sinks has become a standard pre-processing step commonly undertaken within GIS
hydrological analyses (Coley, 2003). However, it should be noted that sinks may be naturally
occurring features within the landscape, particularly, in glacial or limestone environments,
and there are some suggestions within the literature that sinks should not be filled. The
identification and removal of sinks was undertaken in this case, as the hydrological analysis
tools used to derive the channel network required a depressionless DTM. This was achieved
using the “Fill Sinks” tool available within the ArcGIS Hydrological Analysis add in,

downloaded from the ESRI website (www.esricom). The output file was named
HydroDTM.

(2) A drainage network for the catchment was then derived from HydroDTM using the ArcGIS
Hydrological Analysis add.in. This. calculated flow. pathways throughout.the catchment using
a single flow routing, D8 algorithm. First, a flow direction grid was created, where water was

assumed to flow from one cell to the next following the line of steepest descent. This was
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)

then used to produce a flow accumulation grid by counting the number of cells upstream of
each point in the network. Finally, the flow accumulation grid was thresholded to define the
stream network. In this case a threshold of 40,000 cells, equivalent to an upslope contributing
area of 1km?, was selected. The stream network was output as an ESRI GRID file
(streamNet) with 5m spatial resolution; cells above the threshold value were given a value
of 1 whilst those below were set to ‘No Data’. It is now generally agreed that the use of
multiple flow routing algorithms (e.g. D) provide a more realistic model of flow pathway.
Unfortunately, at a DTM resolution of 5m, the computational demands of calculating a flow
accumulation grid for the Eden catchment using D~ were too high compared with the
computing power available. Maintaining a 5m resolution was considered critical and the D8
algorithm was instead selected to reduce computational demands. Visual comparison was
made between the channel position determined from; (1) the 5m DTM and D8 algorithm; (2) a
re-sampled 20m DTM and Do algorithm; and (3) OS LandLine® data. This showed that, in
general, there was very little difference between the two flow routing algorithms and in terms
of channel position the single routing algorithm frequently produced a more accurate
representation of the channel as a result of the greater DTM resolution.

Elevation values from the original raw DTM (prior to the filling of sinks) were then extracted
for the drainage network cells using the Raster Calculator and the following Map Algebra
equation:

StreamNet*DTMoriginal [4.7]

All surrounding cells were set to “No Data". This forces the calculation to determine the
channel slope as opposed to that of the valley sides (Coley, 2003).

The percentage slope was then calculated using the Slope algorithm available within the
ArcGIS Spatial Analyst extension. This uses a moving 3x3 mask to calculate slope for the
centre cell from each of its 8 neighbours (Figure 4.14). The equation used to calculate the
percentage slope is (Dunn and Hickey, 1998):

S= (V(S%.w *+ S2%s))*100 [4.8]
East-West slope is given by:
Sew =(23+ 224+ 75) — (21 + 223 +27) [4.9F
4*2*d
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North-South slope is given by:
Sns=(21+ 22y + 73) — (27 + 225 * 75) [4.10]
4*2*d

Where: S = slope ratio in percent
2110 zg = elevations of cells 1 to 9
d = cell resolution

Figure 4.14: Moving 3x3 grid used to calculate slope within ArcGIS.

Based on a cell resolution of 5m the resulting slope values can be said to be calculated over a
channel reach of approximately 15m, although this will vary slightly where the flow path follows a

diagonal route. The slope values are non-directional.
4.4.2 Validation of channel slope

For validation purposes, channel slope as a percentage was measured in the field under low flow
conditions using a level and staff at 111 sites across the catchment. As in the GIS, slope was
measured over a scale of 15m. Readings were taken at 3m intervals throughout the selected
reach and integrated in Microsoft Excel to give the slope over 15m (Figure 4.15). This §
measurement procedure was adopted to minimise error due to bed roughness. For example,
placing the staff on a large cobble could introduce error in the order of 0.05-0.25m in level
readings. Water surface slope was also calculated by measuring the depth at each record point
through the reach and subtracting this from the actual level reading. The 111 validation sites were
distributed across a range of channel slopes and biotopes, selected using random stratified
sampling, to enable evaluation of the relationship between channel slope and biotope. Each 15m
reach was selected so that it fell completely within one dominant biotope. The biotopes used in
this study were cascade, step pool, rapid, riffle, run and glide/pool. This classification does
" deviate slightly from that presented by Padmore(1998) as waterfalls and boils' are excluded; and
the spill/lcascade category merged. An additional category of step pool was also included to
represent the commonly occurring channel reaches of cascade (step) and pool sequences where
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hypothesis was accepted (p>0.1). An increase in the t-statistic, on removal of the outliers, also

confirmed that this did increase the strength of agreement observed between the two lines.

Table 4.14: T-tests between the derived channel slope regression lines and the line of equality

With outliers Without outliers
Bed slope Water siope Bed slope Water slope
t-statistic -0.9881 -0.6641 -0.7757 -0.4518
p-value >0.1 >0.25 >0.25 >0.25

In both cases (with and without outliers) water surface slope is nearer to approximating a 1:1
relationship than channel bed slope. An explanation for this may be that in shallow water biotopes
water surface slope is likely to approximate the channel bed slope, but, in pools channel bed and
water surface slope are likely to deviate from each other, as illustrated in Figure 4.17.

Water surface slope
‘/

-—
Channel bed slope

Figure 4.15: Variation between water surface slope and channel bed siope within pools

Whilst water surface slope is likely to be relatively low when measured at any scale within a pool,
channel bed slope may vary considerably, and be relatively high, particularly, if it is only
measured across the entrance (+ve slope) or exit (-ve slope) of the pool. Measured over the
entire length of a pool, water surface slope and channel bed slope should correspond with each
other but this would only have been achieved at sites with a pool length of 15m. Attempts were
made to centre slope measurements across the deepest part of pools, but, as pools are rarely
symmetrical, deviations between water surface and channel bed slope still occurred. Additionally,
whilst radar may penetrate water to shallow depths, in deep-water pool reaches it is more likely to
capture the elevation of the water surface than the channel bed. The remaining outliers may be
the result of either error in the DTM calculation of channel slope or error in the measurement of
channel slope in the field. Uncertainty in the estimation of slope from elevation data is a function
of the relative magnitude of uncertainty in elevation as compared to the spacing between
eleyqtipns over which slope is being calculated as expressed by equation .[4.11] (Lane-et al.,
2003b);
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Ordinal regression procedures have been followed due to the ordinal classification of biotope
from high slope (cascade) to low slope (pool). Three separate regression models, complementary
log-log, cauchit (inverse Cauchy) and logit were developed from the water surface slope
measurements and biotope observations made in the field. The form of the regression equation

[4.12] for each of the three models is shown below:

Link (v ) = 6 — [Bx] [4.12]

where: Link () is the link function

Yi is the cumulative probability of the 1 category for the it" case

0; is the threshold for the jt* category

B is the regression co-efficient

Xi is the predictor value for the it case
Link functions: Logit log(y/1- y)

Log-log log(-log(1- v))

Cauchit tan(m(y-0.5))

Ordinal regression predicts the probability that a particular value of channel slope will belong to a
particular biotope. These probabilities were then used to predict biotope from channel slopes
measured in the field and calculated by the DTM and validation of the results is discussed in the

next section.
4.4.4 Validation of biotope analysis

Formal accuracy assessment procedures were again followed to evaluate each model's ability to
predict biotope and to assess the degree to which using remotely sensed data instead of field
data affected biotope classification accuracy (Table 4.15). In addition to the statistics used
previously, the Z-statistic [4.13] was also calculated as a measure of the statistical significance of
the Kappa values reported for each model. The denominator is the approximate large sample
variance of Kappa. At the 95% confidence level, the Z-statistic is significant if it is greater than

1.96, indicating that the classification is better than chance:

7k o [4.13]
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The Kappa statistic can also be used to compare two different error matrices, through a measure
of the Z-statistic that describes whether the two error matrices are significantly different from each

other [4.14]. Let K, denote Kappa obtained from error matrix 1 and K , denote Kappa obtained

from error matrix 2. The Z test statistic is calculated from:

121—122

Z =

[4.14]
\/var(K,) + var(K2)

If the Z-statistic is greater than 1.96 the error matrices are significantly different; if it is less than
1.96 there is no significant difference at the 95% confidence level.

Table 4.15: Accuracy assessment results for the estimation of biotope from observed and DTM water surface slope.

Model Observed water surface slope DTM slope Z statistict
Overall Kappa Z Overall Kappa Z (Pairwise
accuracy statistic = accuracy statistic comparison of
(%) (%) observed and DTM
error matrices)
Log-log 61.4 0.462 8.22 52.2 0.327 5.76 1.691
Cauchit 614 0.488 8.36 55.0 0.411 6.97 0.931
Logit 60.5 0.467 8.22 55.0 0.396 6.81 0.873

T At the 95% confidence level the Z statistic is significant if it is greater than 1.96.

Analysis indicated that for both observed water surface slope and DTM slope, the cauchit ordinal
regression model resulted in the highest level of agreement between predicted class and
observed biotope, with a Kappa value of 0.488 (observed slope) and 0.411 (DTM slope). The
individual Z-statistic for all three models was highly significant indicating that the classifications
were all better than chance. When applied to DTM slope values, the level of agreement between
predicted and observed biotope was only degraded slightly, and analysis of the pairwise Z-
statistic confirmed that for each model there was no significant difference between the error
matrices developed for observed slope and those developed for DTM slope. This suggests that
the use of remotely sensed data instead of field-based methods does not significantly limit the
assessment of biotope biodiversity based on channel slope. However, not all biotopes were
predicted by the regressnon models In pamcular the pooI blotope falled to be identified by any.
" model, whilst the run category was not predccted by the log-log and logit models and the rapid
category was not predicted by the log-log model. Independent-Sample t-tests were applied to
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assess the null hypothesis that the mean Ln{slopet+1) of each individual biotope was not
significantly different to every other individual biotope (Table 4.16). The null hypothesis was
rejected in all cases except between the step-poolirapid, riffle/run and glide/pool categories,
confirming that it may not be possible to distinguish between these categories using water

surface slope alone.

Table 4.16 Comparison of the mean Ln{water surface slope + 1) of each biotope using independent-sample t-tests.

Figures shown in bold are not significant at the 95% confidence level.

Cascade Step-pool Rapid Riffle Run Glide Pool
Cascade 0.001 0.000 0.000 0.000 0.000 0.000
Step-pool 0.001 0.085 0.000 0.000 0.000 0.000
Rapid 0.000 0.085 0.001 0.000 0.000 0.000
Riffle 0.000 0.000 0.001 0.076 0.000 0.000
Run 0.000 0.000 0.000 0.076 0.000 0.000
Glide 0.000 0.000 0.000 0.000 0.000 0.663
Pool 0.000 0.000 0.000 0.000 0.000 0.663

As a result these categories were merged and the regression models re-applied. As Table 4.17
illustrates this resulted in a significant increase in the level of agreement between predicted and
observed biotope, with all models (excepting the log-log model applied to DTM slope) achieving a
good agreement (Altman, 1981). The cauchit model again achieved the highest level of accuracy
when applied to DTM slope and the Z-statistic confirmed that there was no significant difference

between the observed and DTM slope error matrices.

Table 4.17: Accuracy assessment results for the estimation of biotope from observed and DTM water surface slope

following the merger of several classes.

Model Slope Overall Kappa Z statistic Conditional Kappa
Accuracy (Pairwise _
(%) comparison of 3 8o S 3 =
observed and S Te 3 38
4 @ = = (G
DTM error o &= &
matrices)

. Observed 79.8 0.689 1.000  0.655 0602 0757
Cauchit - 5y 76.1 0.631 0.66 0650 0834 0547 0625
Log-og Observed 816 0.709 181 1.000 0.793 0.561 0.828

DTM 715 0.546 : 0.650  0.862 0403  0.634
Observed 78.8 0.675 0.65 0.790  0.635 0602 0757

Logt 75.2 0618 : 0650 0834 0539 0595
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surveyor to (subjectively) identify and classify channel reaches as a particular biotope dependent
upon the flow conditions at that point in time. Research by Maddock et al. (2006) analysed
observer variability in identifying habitat units for four different field based mapping techniques,
finding variability between observers to be considerable especially when the spatial distribution of
units was considered and not just the total composition of a reach. A second difficulty in mapping
biotopes in the field, is that they do not exhibit distinct boundaries between types, yet surveyors
are required to map them as discrete units. Instead, using a surrogate, continuous variable such
as slope has the advantage that it can detect and record this gentle transition from one biotope to
the next. This is particularly true if the aforementioned fuzzy classification of biotopes is applied.
Similarly, use of a continuous variable enables variation within the same class to be identified, for
example, high-gradient riffles compared to low-gradient ones, something which is far more
difficult to classify by eye. Third, the DTM slope analysis produced a slope value and hence
biotope classification every 5m downstream thereby recording in-stream diversity at a finer scale
than most walkover surveys that will typically record a dominant flow type through an entire reach
or the number of flow types present with no record as to their proportions or distribution. For
example, one 100m pool followed by one 100m riffle is likely to have different ecological

implications to five 20m pools interspersed with five 20m riffles.

However, there is a high level of uncertainty (+9.43%) associated with the determination of
channel slope and hence biotope from remotely sensed DTM data. Therefore, as a technique it
may be more suited to the broad catchment-wide assessment of habitat availability and diversity,
than the detailed analysis of in-stream habitat pattern within a particular reach, as would be
required when identifying specific reaches for individual restoration projects. The range of
channel widths over which the technique is applicable may also be restricted by DTM resolution.
Assuming an approximate pool spacing of 5-7 times the channel width (Sear et al., 2003) and a
5m resolution DTM, the optimal channel width for applying this technique probably lies in the
range of 3-10m wide, although further research would be required to clarify this. Errors were also
identified within wooded reaches and caution should therefore be taken if applying the technique
in heavily forested catchments. A further source of error was observed in reaches which had
undergone morphological change during the January 2005 floods and the date of data capture
should therefore be considered when analysing results. However, despite the uncertainty and
sources of error, results showed that channel slope within the Eden catchment could be
calculated with a good degree of accuracy from the NEXTMap Britain ™ DTM and that there was
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little loss in accuracy by inferring biotope using DTM Slope compared with water surface slope

measured in the field.
4.5 Chapter summary

The aim of this chapter was to identify and develop tools for the derivation of salmonid relevant
habitat data at the in-stream and riparian scale using 20cm digital aerial photography and the
NEXTMap Great Britain ™ 5m digital terrain model (DTM). Three different methodologies were
evaluated, both in terms of their ability to accurately classify habitat, and in terms of their
practicality compared with traditional ground reconnaissance survey techniques. Based on the
results of this analysis Table 4.18 presents a summary of those variables which can and cannot
be quantified at the catchment-scale using the remotely sensed data and three methodologies
applied here.

Table 4.18: The potential for catchment-scale assessment of in-stream and riparian habitat controls using remotely
sensed data.

X — the variable can be quantified effectively at the catchment-scale;

O - the variable can be quantified but not cost or time effectively at the catchment-scale

Visual Automated Gis
assessment of classification  processing
aerial of aerial of digital
Habitat control Walkover photography  photography  topographic
(20 cm (20 cm data (5m
resolution) resolution resolution)
In-stream scale
Water depth 0 0
Physical biotope X X
Substrate (in detail e.g. distinguish X
gravel from pebble)
Substrate (broad classes e.g. X

bedrock, coarse, fine)
Channel slope

o
x

Riparian-scale

Bank erosion presence
Bank erosion cause

Stock access

Percentage overhead cover
Tree density

X X X X X X

Land cover

Baﬁk mbdiﬂcation

M X X X X X X X

Depositional features
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Each of the methodologies is summarised in tum. First, visual assessment of aerial photography
was used to map riparian condition and in-stream features detectable by eye. Results were
extremely promising, particularly, for the mapping of bank erosion and channel cover, both of
which are considered to strongly impact the quality of salmonid habitat. The technique was
relatively cheap and rapid to apply at the catchment-scale and is considered an excellent
alternative to ground surveying in large catchments. Second, automated image processing
techniques were used to extract relative depth information from aerial photography.
Unfortunately, whilst the accuracy of classifications for individual images was extremely high, at
the current time, this technique was not considered applicable at the catchment-scale, primarily
as a result of the illumination variations between images. Third, DTM-based channel slope
analysis was used to estimate in-stream biotope type. Results suggested that the use of remotely
determined channel slope compared with that measured in the field had little effect on the
accuracy of biotope classifications generated, and that this is a potential technique for the general
characterisation of in-stream flow conditions and salmonid habitat suitability. The catchment-wide
habitat data collated by these techniques is related to salmonid population data in Chapter Six of
this thesis to investigate the hypotheses identified in Chapter Two regarding habitat controls on

salmonids.
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Chapter Five - The impact of hydrological connectivity on salmonid

populations at the catchment-scale

5.1 Introduction

Chapter Four focused on the identification and validation of tools for the assessment and
quantification of riparian and in-stream salmonid habitat controls. However, as discussed in
Chapter Two (Section 2.7.3), it is increasingly recognised that controls upon salmonid habitat
may also extend to landscape factors and processes, such as geology, soil type, altitude, climate,
relief and most notably catchment land use and land management (e.g. Johnson and Gage,
1997; Allan and Johnson, 1997; Hendry et al., 2003). These factors are assumed to influence the
delivery of water, sediment, solutes and organic matter to the channel network and hence impact
local in-stream habitat and ecology. A different suite of tools are required to quantify these
distributed landscape variables compared with those utilised in Chapter Four for the more
localised assessment of riparian and in-stream controls. To this end, technological advances in
computing power, GPS, GIS and remote sensing have enabled such tools to be developed. As
discussed in Chapter Three (Section 3.1), there is a rapidly growing range of regional and
national databases providing information on landscape variables, many in digital format (Johnson
and Gage, 1997). In line with this proliferation of data sources has been a rise in ecological
models including landscape variables within their parameter suite, but to date there has been little
agreement as to the ecological significance of such variables (e.g. Wang et al., 2003 compared
with Stauffer et al., 2000).' In-stream and riparian habitat controls are intrinsically linked to
salmonid habitat through their direct proximity with the channel. Landscape variable impacts differ
as they are filtered by the degree of connection between them and the channel, and the ease with
which material can be mobilised, transported and delivered through the catchment. This process
is primarily achieved by running water and it is therefore the level of hydrological connection
between the catchment and channel network that is important, potentially more so than the
spatial distribution of land cover type (Burt, 2001). The nature (i.e. surface lateral flow, near
surface lateral flow, groundwater) of hydrological connection has also been shown tfo influence
the delivery of water, sediment, solutes and organic matter to the channel (Croke and Hairsine,
2006). It is also important to consider the way in which each connected land parcel contributes to
the catchment-scale as a whole in the context of dilution effects. Studies of these processes have
tarely been included in assessments of the impact of land cover and land management on

ecology at a catchment-scale (Meador and Goldstein, 2003).
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There is therefore a need to combine knowledge of the spatial distribution of landscape variables
such as land use with knowledge of the spatial distribution of hydrological processes and relate
this to spatial patterns of ecological performance (in this case salmonid abundance) at a
catchment-scale, if the impact of landscape variables is to be truly examined. This may be
achieved through the use of mathematical hydrological models linked to remotely sensed
landscape variables, validated using catchment sources of ecological data (Lane et al., 2006).
With regard to selecting an appropriate model, Chapter One (Section 1.4.2) identified that such a
model should be spatially distributed and explicitly incorporate treatment of hydrological
connectivity (Burt, 2001; Lane et al., 2006), but that it should also be parsimonious in terms of
computational requirements if it is to be applicable at a catchment-scale. Lane et al. (2006) have
developed such a model, The Sensitive Catchment Integrated Modelling Platform (SCIMAP)
(www.scimap.org.uk) based upon the premise that surface and sub-surface lateral hydrological

connectivity is primarily controlled by surface topography.

SCIMAP is an environmental model which assesses the relative risk of diffuse pollution in
catchments within a probabilistic framework. It is based upon the conception of catchments as
organising entities, within which a set of flow paths accumulate distributed sources of
contaminants from across the landscape into receiving waters, where they may become a
pollution problem (Lane et al., 2006). In this way, it explicitly connects land units and sources of
pollution through relevant hydrological delivery mechanisms integrated through to the channel.
Analysis within SCIMAP follows a three-step procedure, according to the main controls over
diffuse pollution generation within watercourses. First, the risk that contaminants may be
generated and exported within the landscape is evaluated (e.g. Heathwaite et al., 2000, 2003).
However, as Lane et al. (2006, p243) state, “rather than casting the expected export as a volume
of material produced (as in traditional modelling approaches) it is specified as a risk of material
being produced, in relative terms compared with other units within the landscape’. Second, the
risk of contaminant delivery is determined based on catchment topography and the location of
land units which will influence the dominant hydrological pathway and the risk of coupling
(hydroiogical connection) along flow lines (e.g. Heathwaite et al., 2000; Burt, 2001; Lane et al.,
2003a, 2004); and third, connected pollutant sources are accumulated along flow paths and
integrated through to the drainage network, taking account of dilution potentials. Whilst absolute
details_of contaminant delivery are not predicted, these may not actually be necessary for
management; rather it is the spatial distribution of risk, with oﬁé Ibbatidﬁ c.:;)mpar;adurelativelvy to
another, which is nécessary for targeting resources. SCIMAP is currently under development, and
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as yet is only developed to evaluate hydrological connectivity in terms of saturation-excess
overland and shallow sub-surface flow. Therefore, at the time of this research, it is only suitable
as a tool for assessing the risk of pollution from contaminants that are largely transported by
surface pathways, such as fine sediment, phosphorus bound to fine sediment, and microbial
risks. The availability of catchment-wide electrofishing data (Chapter 3, Section 3.3.) for the Eden
catchment, coupled with the SCIMAP model presents a rare 'and exciting opportunity to examine
the relationship between landscape hydrological connectivity and ecology, in this case salmonid

abundance.

In accordance with Objective (2) of the thesis, the aim of this chapter is to evaluate and to
validate the potential of the SCIMAP model as a tool for assessing and quantifying the impact of
catchment-scale controls on salmonid habitat. In particular, the aim is to assess the role of
hydrological connectivity in structuring the relationship between salmonid abundance and land
cover at the catchment-scale. This will be achieved by relating the risk of (1) hydrological
connectivity and (2) hydrological connectivity weighted by land cover, as determined through the
SCIMAP model to catchment-wide data on salmon and trout fry abundance collected through
semi-quantitative electrofishing. It has been hypothesised that surface hydrological connectivity
weighted by land cover will influence salmonid abundance through its control over the delivery of
fine sediment and nutrients to the channel. To evaluate this hypothesis and to examine further the
functional significance of hydrological connectivity, analysis will then focus on the relationship
between hydrological connectivity and the spatial pattern of gravel siltation and nutrient
concentrations within the Eden catchment.

5.2 Methodology

A prototype of the SCIMAP model was provided by researchers from Durham and Lancaster
Universities (Lane et al., 2006). It has been developed to operate within SAGA GIS software and
a schematic representation of the modelling framework is presented in Figure 5.1. The SCIMAP
model has been applied to the whole Eden catchment producing two different risk layers:

1. The risk of surface hydrological connectivity between the channel network and
catchment; and

2. The risk of surface hydrological connectivity weighted by land cover.
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5.2.1 Application of the SCIMAP framework to the Eden catchment

The first stage in applying the SCIMAP model to the Eden catchment involved identifying the risk
of pollution generation and export potential within the landscape. Within SCIMAP each land
parcel at location (i) is assigned a risk of generation for the contaminant in question,
parameterised by expert judgement based on landscape parameters (Lane et al., 2006), in this
case land cover. Land cover information was obtained from the Centre for Ecology and
Hydrology’s Land Cover Map 2000, Level 2 vector dataset, and has been used here as a proxy
for agricultural activity (land use and land management) within the catchment. As discussed in
Chapter Three (Section 3.6), whilst land cover may not always provide an exact indication of land
use it is the best data available at the current time due to the confidentiality of the agricultural
census. Land cover was specifically parameterised for its risk of soil erosion based on the expert
judgement of the SCIMAP developers, scaled between O (low risk of erosion) and 1 (high risk of
erosion) (Table 5.1). It was decided to concentrate on the risk of soil erosion and fine sediment
generation due to the perceived negative impact on saimonid abundance as a result of fine
sediment inputs into spawning redds (Soulsby et al., 2001). Research has shown fine sediment
delivery from catchment sources to primarily occur by overland flow or shallow sub-surface drain
flow (Walling et al., 2002) making it particularly suitable to assessment by the SCIMAP model
which is currently developed to assess the risk of surface and shallow sub-surface hydrological
connectivity. The dataset was interpolated in ArcGIS to a resolution of 20m and reclassified in line
with Table 5.1 using the ‘Reclass’ function available within Spatial Analyst to produce a layer of
relative erosion risk, which was then exported to SAGA GIS for analysis. Reaney, et al. (in
preparation) have been exploring alternative parameterisations of these weightings using inverse

modelling and sensitivity analysis methods.

Table 5.1: Classification of land cover risk (Lane et al., 2006)

Land Cover Risk
Arable 1.00
Intensively managed grassland 0.30
Extensively managed grassland  0.15

Peat and bog 0.10
Heath and bracken 0.05
Woodland 0.05

The second stage involved determining. the ability. for risk.within.the landscape-to-connect to-the
channel network. This is termed the delivery index, and in the case of surface hydrological
connectivity, the delivery pathway focused on is saturation-excess overland flow. To calculate the
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pollutant delivery than those with a high network index, assuming uniform land cover. SCIMAP
then assesses the relative risk of connection at point (i) compared with the rest of the catchment
by rescaling values of the network index using a probability density function based on the
catchment-wide distribution of network index values. Values are scaled from O (low connection
probability) to 1 (high connection probability). In reality, connectivity is a dynamic process. As
saturated areas expand and contract throughout rainfall events, the degree of connectivity
between areas of the landscape and the channel network will vary (Lane et al., 2004). Whilst the
SCIMAP analysis as applied here, is time integrated and does not explicitly model variations in
connectivity through time, it does inherently account for them. The network index represents the
average relative risk of connection of a particular location through time. Those areas with a high
network index are more likely to connect more frequently and therefore represent a diffuse
pollution risk for a greater proportion of time than those with a low network index. The 5m
NEXTMap Britain ™ DTM (see Section 3.5.2) was used to derive the slope, topographic index,
network index, upslope contributing area, flow routing and channel network for the Eden
catchment. Whilst this provides topographic data at a 5m resolution, it is currently unfeasible to
apply data at this level of detail within SCIMAP for a catchment as large as the Eden, due to
problems with file size and computer memory. Alternatively, the data were re-sampled to produce
a 20m resolution DTM for the catchment. Whilst this is not ideal, it still represents topographic
data at the sub-field scale and is a significant improvement in detail when compared with
previously available datasets such as the 50m OS Panorama DEM.

The risk layer of surface hydrological connectivity (network index) was then convolved in SCIMAP
with the former layer of erosion risk to produce a map of locational risk across the catchment that
was accumulated and routed (using the D algorithm, Tarboton, 1997) through to the channel
network to estimate the delivery ‘loading’ at each point in the channel network. The output
channel network, to which risk was integrated, was defined by setting a threshold for the upslope
contributing area above which cells were classed as part of the channel network. Following
several trial runs a threshold of 1km2 was chosen for the upslope contributing area representing a
balance between the level of detail required for comparison with fisheries data and the visual
clarity of output risk maps at the catchment-scale. The delivery index (a probabilistic surrogate for
pollutant concentration) was then calculated by SCIMAP by dividing the loading by the rainfall-
weighted upslope contributing area. This accounts for the dilution potential of receiving waters
(Figure 5.3). For example. a small stream with low discharge will require a lower delivery loading
to present a pollution problem than a large river with a high discharge. Within this research, a
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catchment-scale layer of rainfall distribution was produced using data from the UK Meteorological

Office and UK Climate Impacts Programme 2002 (UKCIP02) (see Section 3.7).
[z i B ‘ »gi

Figure 5.3: Source integration and the dilution potential of receiving waters. Risk from across the catchment is
accumulated, routed and integrated through to the channel network.

The output risk layers were exported from SAGA GIS into ArcGIS GRIDs for further analysis due
to the advanced visualisation and analysis capabilities available. It is important to note that
classic model calibration was not required as SCIMAP does not attempt to predict absolute
pollutant delivery, nor does it attempt to account for temporal variations. Rather it aims to
highlight areas where overall topographic and land cover conditions indicate a potential high risk
of pollutant delivery. These risks may not always translate into pollution occurrence in reality, e.g.
due to the presence of hedgerows or other barriers acting as sediment traps. As such, the
monitoring of suspended sediment, phosphates etc, at a limited number of sites, through time,
may not be the most appropriate approach to model validation. Instead, the model's performance
has been principally assessed according to its ability to explain spatial variance in the distribution
of salmonid populations. In other words, is the SCIMAP output ecologically significant in terms of
salmonids? Some subsequent validation at selected sites has been undertaken using water
quality analysis and gravel siltation mapping to aid in confirmation of cause and effect
relationships inferred between salmonid populations and landscape controls. \

53 Results

Figure 5.4 presents the risk maps produced for the Eden catchment, clearly indicating a number
of sub-catchments which have a risk of diffuse pollution delivery. Visual comparison of Figure 5.4
(a) (risk of hydrological connectivity) and Figure 5.4 (b) (risk of hydrological connectivity weighted
by land cover) suggests that there is a strong correlation between those sub-catchments and
rethes of the channel that are highly connected to the landscape and which also have a high
pr&portion of “risky” land cover within their upsiope contributing area.
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Statistical analysis using Spearman Rank correlation confirms that the two factors are correlated
(Table 5.2). A non-parametric test was used as the data were found to be non-normally
distributed.

Table 5.2: Relationship between the delivery index for surface hydrological connectivity alone and the delivery index
for surface hydrological connectivity weighted by land cover as assessed using Spearman ranked correlation. Tests

were two-tailed.

Correlation

Year No. of cases co-efficient p-value
2002 351 0.919 0.000
2003 275 0.878 0.000
2004 279 0.920 0.000
2005 29 0.927 0.000
2006 246 0.936 0.000

Although this correlation may partly be because both indices are weighted by the same dilution
potential there is also likely to be a relationship between hydrological connectivity and land cover
related to the topographic structure of the landscape. Areas predicted as having high surface
connectivity are typically found within wide, gently sloping landscapes with relatively long
hillslopes where a gentle slope and large upslope contributing area result in water accumulation,
saturation and the generation of overland flow. These are also the landscapes most commonly
associated with intensive agricultural practices due to easier machine operation and deeper more
fertile soils. It could be argued that these areas of the landscape are likely to have been drained
reducing the amount of surface flow. However, they are still likely to represent areas of high
hydrological connectivity as a result of rapid water flow through drains to the channel network.
Research has suggested that tile drains creating shallow sub-surface flow can be a major source
and delivery route of contaminants such as fine sediment, and phosphorus attached to sediment
(Walling et al., 2002). Areas of steep terrain are less likely to become saturated or be drained as
water infiltrating into the soil is more likely to flow away laterally under gravity reducing the
likelihood of saturation and overland flow generation. These areas are also more likely to be
farmed less intensively. However, a number of subtie differences in the datasets are apparent
upon closer inspection. For example, Figure 5.5 demonstrates how risk may change when
weighted by land cover. In tributary (a) (red circle) relative risk is reduced compared with tributary
(b) (green circle) as despite a relatively high risk of connection the land use is relatively low risk
extensive pasture. High levels of connectivity are predicted not to translate into high levels of
delivery. as. a result of lower. fine. sediment generation- within-the landscape:-In comparison;in
tributary (b), relative risk is increased as the presence of relatively high risk intensive pasture
means that moderate to low levels of connectivity can still translate into high delivery risk.
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Initial analysis was undertaken to see whether the delivery index weighted by land cover could
discriminate between sites where salmonid fry were present and those where salmonid fry were
absent (Table 5.3). Results are reported for scenario two (risk of hydrological connectivity
weighted by land cover). The mean delivery index was recorded for sites with and without fry
present, and Mann Whitney tests were used to examine whether there was a statistically
significant difference in the central tendency of the delivery index. Two-Sample Kolmogorov-
Smirnov tests were also used to test whether there was a difference in the distribution (location
and shape) of the delivery index between sites with and without salmonid fry. Non-parametric
tests were selected due to the non-normal distribution of the data which could not be corrected for

using standard transformation procedures.

Table 5.3: Comparison of the delivery index statistics for sites with fry present and sites with fry absent stratified by

species.
. Mean delivery index weighted by land cover p value
Year  Species Fry present Fry absent Wh:\?trr‘wgy Koéw‘?g‘%r‘:)v-
2002 Trout 0.0450 £ 0.0024, n =167  0.0587 + 0.0025, n = 184 <0.0001 0.0003
Salmon  0.0506 £ 0.0021, n=204  0.0543 £ 0.0031, n=147 0.937 0.050
2003 Trout 0.0521 £ 0.0022, n=192  0.0762+ 0.0046, n=83 <0.0001 <0.0001
Salmon  0.0575+0.0024, n=154  0.0619 £ 0.0040, n=121 0.773 0.018
2004 Trout 0.0501 £ 0.0024, n=161  0.0627 + 0.0033, n= 118 0.003 0.014
Salmon  0.0552 £ 0.0022, n=139  0.0557 + 0.0033, n= 140 0.233 0.002
2006 Trout 0.0521+0.0027, n=140  0.0599 + 0.0030, n=151 0.089 0.105
Salmon  0.0561 +0.0026, n=168  0.0562 + 0.0034, n=123 0.763 0.793
2006  Trout 0.0564 + 0.0033, n=141  0.1086 + 0.0060, n = 105 <0.0001 <0.0001

Table 5.3 shows that the delivery index weighted by land cover discriminates extremely
effectively between the presence and absence of trout fry most notably in 2002, 2003, 2004 and
2006. The mean delivery index is consistently lower for sites where trout fry are present
compared with those where trout fry are absent. Mann Whitney and Kolmogorov-Smirmnov tests
reveal that these differences are statistically significant (p<0.05) for all years except 2005. On first
inspection the delivery index does not seem so effective at discriminating between sites where
salmon fry are present and absent. Differences in the mean delivery index are slight and
inconsistent across years, whilst Mann Whitney tests are not significant (p>0.05) in any year.

However, on closer examination the Kolmogorov-Smirnov tests for sites with and without salmon
fry do report a statistically significant difference in the distribution (shape and location) of the
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delivery index for all years excepting 2005. This suggests that there may still be a relationship
between the delivery index and salmon fry but that it is non-linear.

To investigate the ecological significance of the delivery index further, salmonid abundance data
were also examined. Following Lane ef al. (in draft), the delivery index weighted by land cover
was classified into five equal membership delivery classes ranging from 1 (locations with the least
likelihood of delivery per upslope contributing area) and 5 (locations with the most likelihood of
delivery per upsiope contributing area). Graphs of the cumulative frequency distribution of fry
abundance for the classified delivery index were then produced for each year (Figures 5.6 and
5.7). The results proved very promising, and highlighted that there was indeed a striking
relationship between the delivery index weighted by land cover and fry abundance. However, one
of the most interesting and unexpected findings was that this relationship differed according to
species. Trout fry demonstrated a negative linear relationship with the delivery index. In general,
sample points in the lowest delivery index class (1) had a higher level of trout fry abundance than
those in the higher delivery index classes (2-5). This distinction was clearest in 2002, 2005 and
2006. In 2003 and 2004, the lowest two delivery index classes (1 and 2) were less distinct from
one another but still had higher trout fry abundance than the higher delivery index classes (3-5).
The highest delivery index class (5) consistently had lower trout abundance than the lowest
delivery index class (1) across all years. In contrast, salmon fry, demonstrated a non-linear
relationship, in that both low and high levels of the delivery index corresponded with low
abundance of salmon fry, with an optimum level for performance in the central range. In general,
sample points in the lowest and highest delivery index classes (1 and 5) had lower salmon fry
abundance than those in delivery index classes (2-4). This distinction was clearest in 2002, 2003
and 2004. In 2005 sites within the highest delivery index class (5) had higher abundance similar
to that in classes 2-4, whilst sites in the lowest delivery index class (1) had the lowest salmon fry

abundance of all.
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What appears clear from these results is that the degree of hydrological connectivity between

‘risky” land covers within the catchment and the channel network, as controlled by surface

topography, is important in structuring salmonid populations at a catchment-scale. As the

salmonid data are based upon seml-quantltatlve ‘sampling they are Ilkely to contam a

--considerable—degree of “spatial Tfoise and iis particularly surprlsmg that such clear

presence/absence and abundance signals were observed. Two potential mechanisms that may

be inferred to explain why this landscape variable is so important relate to the impact of upslope
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land cover as a proxy for agricultural activity upon: (1) soil erosion and fine sediment delivery to
the channel; and (2) nutrient production and delivery to the channel. With regard to (1), soil
erosion and fine sediment delivery have been associated with the poor survival to emergence of
salmonids due to an increased infiltration of fines into redds located in areas of high fine sediment
loading (e.g. Crisp, 1996; Summers et al., 1996; Soulsby et al., 2001; Greig et al., 2005, see
Chapter 2 Section 2.5.1). As fry typically remain within a few hundred metres of their spawning
site it is likely that lower abundance of salmonid fry will be observed in areas of high fine
sediment delivery compared with areas of low delivery. Research has shown that catchment
sources (diffuse pollution) can contribute a significant proportion to in-stream fine sediment
loadings and that the dominant transport pathways to the channel are surface and shallow sub-
surface flows (Walling et al., 2002). Within the SCIMAP model, land cover is ranked according to
its perceived risk of soil erosion, whilst the explicit treatment of surface hydrological connectivity
considers the likelihood of delivery and filters the relationship between the land surface and
channel network. As such, it is hypothesised that reaches with a high delivery index weighted by
land cover and low salmonid abundance will also demonstrate a high loading of fine sediment.
Whilst this mechanism may help to explain low numbers of salmon and trout fry at sites with a
high delivery index, it does not explain the different response observed between salmon and trout
fry at low values of the delivery index.

The second mechanism inferred here is that the delivery index is a proxy for the delivery of
nutrients to the channel. Similar to fine sediment, research has shown that catchment sources
can contribute a significant proportion to in-stream nutrient concentrations where point sources
have been addressed, and that in the case of certain nutrients, most notably phosphorus, that
surface and shallow sub-surface flow pathways can be an important delivery route (Heathwaite et
al., 2005). It is likely that the SCIMAP classification of land cover according to soil erosion risk
may also be representative of the risk of excessive nutrient loading to the land. Arable and
intensively managed grassland received the highest risk weighting. These land covers are also
likely to receive the highest nutrient loadings as a result of fertiliser, manure and slurry application
when compared with extensively managed pasture, heath and moortand which were ranked at
low risk. Reaches with a high delivery index will have a higher concentration of nutrients than
those with a low delivery index. Salmonids require water with a high dissolved oxygen content at

all stages in their Iife-cyclé and excessive nutrient concentrations, leading to eutrophication and

increased biological oxygen demand have been suggested as a significant hypothesis for
declining populations (Heaney et al., 2001). Again, this mechanism may help to explain low
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numbers of salmon and trout fry at sites with a high delivery index, but note the difference in
species response in the lowest delivery index class. It is suggested that this may be explained by
a variation in feeding habits between the two species (Section 2.5.2.3) in relation to nutrient
delivery. Salmon are particularly dependent on invertebrates supported by autochthonous
production (O'Grady, 1993). Low nutrient input will result in reduced autochthonous production,
which at the lowest delivery index levels may constrain salmon fry abundance. On the other hand,
trout are more opportunistic and will also feed on terrestrial invertebrates supported by
allochthonous production where in-stream production is limited. As such, their abundance may be
less restricted in reaches of low delivery index. Within the Eden catchment the lowest delivery
index values are predicted predominantly within the Ullswater and Lowther Valley area, where
resistant volcanic geology further accentuates oligotrophic conditions resulting in a particularly
marginal environment for salmon.

The Ullswater and Lowther Valley area has been historically renowned for supporting populations
of multi-sea-winter (MSW) spring-run salmon as confirmed by radio-tracking, but it is generally
perceived that these are in decline (Gowans, 2004). This decline is not unique to the River Eden
but has also been observed elsewhere (e.g. Consuega et al., 2005; Quinn et al., 2006). Factors
such as climatic variations at sea (Martin and Mitchell, 1995; Boyle and Adams, 2006) and the
selective exploitation of spring-run fish (Consuegra et al., 2005; Quinn et al., 2006) have been
suggested as explanations for the changes observed in the length of time spent at sea and
migratory run times (Section 2.3). Three other possible reasons for the decline in multi-sea-winter
spring-run fish retuming to the Ullswater/Lowther Valley area, associated with the freshwater
environment are suggested here. First, the valley floor in this area has a long history of being
heavily controlled (Orr and Newson, 2003) with localised canalisation and flood protection. This
may have resulted in a loss of in-stream habitat diversity for both juveniles and retuming adults.
Early arriving salmon spend longer in the freshwater environment and may therefore experience
greater stress as a result of habitat degradation, particularly if this is associated with the upland
environments in which they typically spawn (Quinn et al., 2006). Second, canalisation may have
exacerbated the impact of low nutrient delivery on juvenile salmon abundance by disconnecting
the channel from its floodplain reducing nutrient exchange. However, chemical monitoring in
Ullswater has found nutrient concentrations to be rising in the lake not falling which would
suggest that this is not be case (nger—Glze et al, 1999). Third, and alternatively, it has been

suggested that juvemle growth rates may be linked to the tendency for female salmon to return to
the river as grilse or multi-sea-winter fish, with lower growth rates corresponding to a longer
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It is suggested that, if nutrient and hence food availability in such areas increases due to
pressures from agricultural intensification and/or rural expansion, that juvenile growth rates may
also increase. If juvenile growth rates are linked to the time spent at sea then an increase in
nutrients could potentially result in an increased propensity for salmon to retum to the river as
grilse. Grilse are likely to produce fewer and smaller eggs than MSW fish (Quninn et al., 2006)
and due to their later entry into the river system (summer/autumn as opposed to spring) they may
also be less likely to migrate the considerable distance required to return to this area of the Eden
catchment (Gowans, 2004). If this is the case, a gradual decline in egg deposition in the Ullswater
area may be resulting in a decline in the population. These characteristics are primarily
considered to be genetically determined, but if environmental influences in food availability are
also important, then changing nutrient and food availability may have considerable consequences
for fisheries managers particularly in sensitive marginal environments (Armstrong ef al., 1998). As
noted in Chapter Two (Section 2.5.2.3), there is currently a lack of knowledge as to whether
changes to food availability result in changing growth rates, changing abundance or both, and
whether changing growth rates influence migratory behaviour. These are only potential
explanations for the declining numbers of salmon observed in the Ullswater area and additional
research would be required to evaluate the situation further. However, in an area that is naturally
marginal in terms of supporting salmon populations any one of these changes (habitat, climatic or

exploitation) may be significant enough to cause a decline in populations.

Both trout and salmon fry failed to show a strong relationship with the delivery index in 2005, and
it is suggested that this may be the resuit of the extreme January 2005 floods which took place
within the Eden catchment. Floods which occur after salmonids have spawned can destroy
developing eggs and reduce recruitment (Jowett and Richardson, 1989) through wash out of
redds. If redd damage occurred in the Eden catchment during the January 2005 fioods, it could
have obscured the relationship between the delivery index and fry abundance. Research by
Brown (2006a) found numbers of trout fry to be significantly reduced in 2005 compared with the
previous three years, whilst salmon numbers remained unchanged, suggesting that egg
(specifically trout egg) damage may have occurred. The degree to which egg damage occurs is
related to the depth at which eggs are laid. Brown trout have an egg burial range of 8-25 ¢cm and
are therefore more susceptible to redd washout than salmon whlch have a bunal range of 13—
30cm (Cnsp 1989) An altematlve explanatlon WhICh ‘may account for the mcrease .in salmon

abundance wnthln the highest delivery index class in 2005, is that the flood may have “cleaned”
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the gravel substrate, removing accumulated silt and reducing the negative impact upon
salmonids.

The results presented here support the theory that catchment-scale processes including land
cover, as filtered by the topographical structuring of hydrological response, are important in terms
of explaining the spatial pattern of salmonid abundance. They also suggest that the SCIMAP
model is an effective and ecologically relevant tool for the assessment of landscape risk within
catchments. To evaluate model performance further, gravel siltation mapping and water
chemistry analysis were undertaken at selected sites to assess whether supporting evidence
could be found for the two mechanisms inferred to explain the importance of land cover and
hydrological connectivity. Again focus is on the delivery index weighted by land cover.

5.5 Gravel siltation mapping

One of the primary mechanisms inferred to explain the relationship observed between the
delivery index and salmonid performance is the effect of upstream agricultural activity on soil
erosion and fine sediment delivery to the channel. To test this hypothesis gravel siltation mapping
within spawning and juvenile salmonid habitat has been related to the delivery index at a
catchment scale. Data on gravel siltation were obtained from the Eden Rivers Trust which
recorded the data during electrofishing surveys undertaken in 2004, 2005 and 2006. The
presence of siltation within surveyed riffles was assessed both visually by inspection of substrate
appearance, and mechanically by the surveyor digging their heal into the substrate to test its
cohesion. In areas impacted by the excessive infiltration of fines, the channel bed is likely to
become concreted preventing coarse substrate from being easily dislodged during this
mechanical action. The technique was highly subjective but it did enable data on gravel siltation
to be collected rapidly and cheaply across a large number of sites (166-279 sites being assessed
in each year). All assessments were made by the same person helping to reduce subjective error.
The data were plotted within ArcGIS as a point shape file and snapped to the SCIMAP risk layers.
The delivery index for scenario two (risk of hydrological connectivity weighted by land cover) at
each sampling point was then extracted to the point shapefile using the “extract to point tool”
included in the ArcGIS toolbox. The resulting attribute table was then exported to SPSS v.12 for
analysis.
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Table 5.5: Mean and standard eror of delivery index values and salmonid abundance for sites with and without

gravel siltation, together with the results of Mann Whitney statistical testing.

Year Parameter Siltation Absent Siltation Present p value
Delivery index* 0.049 £ 0.0019 0.0843 + 0.0054 <0.0001
2004  Salmonid abundance? 13.19+1.044 8.16 + 1.691 0.017
Sample size 230 49
Delivery index 0.047 £ 0.0026 0.073 £ 0.0067 <0.0001
2005  Salmonid abundance 15.64 £ 1.77 11.87+294 0.694
Sample size 148 18
Delivery index 0.054 + 0.0036 0.104 + 0.0053 <0.0001
2006  Salmonid abundance 17.85+ 2.06 6.18+1.11 <0.0001
Sample size 123 122

t Delivery index for scenario two, risk of surface hydrological connectivity weighted by land cover.
TNumber of salmonid fry caught in 5 minutes of semi-quantitative electrofishing

These results suggest that the level of gravel siltation is important in determining salmonid
performance within the Eden catchment. Further, they suggest that the level of gravel siltation
within individual reaches may be related back to landscape parameters such as the type of
upstream agricultural activity (which was classified according to its perceived risk of soil erosion)
and the degree to which reaches are hydrologically connected to these activities. If this is the
case then management activities which aim to reduce the risk of erosion (e.g. soil conservation
strategies) or to reduce the amount of fine sediment delivered (e.g. riparian buffer zones) within
hydrologically connected areas of the catchment may have a beneficial impact on in-stream
habitat and salmonid performance. This emphasises the importance of considering the role of
landscape-scale processes when evaluating local in-stream habitat conditions and ecological
performance. These results also add support to the use of the SCIMAP model as an appropriate
and ecologically relevant tool for determining the impact of landscape scale controls upon in-
stream habitat and ecological productivity, and for the prioritisation of land management activities
at a catchment-scale.

56  Water chemistry

The second mechanism inferred to -explain-the relationship-between the delivery index and
- - —salmonid -performance ‘was-the-influénce “of lipstream agricultural “activity and surface/shallow
sub-surface hydrological connectivity upon the level of nutrients delivered to the channel network.
To assess this, an intensive spatial sample of water quality was collected for part of the upper
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Eden catchment. 210 water samples were collected by 15 samplers on 7 September 2005
between 9:00 and 13:00. The samples were collected during low flow conditions following a
period of sustained dry weather. Figure 5.10 illustrates the distribution of sampling points which
were spread across the range of delivery index values determined. Unfortunately, fewer samples
than intended were collected from reaches with the highest delivery index as these were
frequently found to be dry. The majority of samples were focused around confluences (e.g. one ~
50m upstream, one ~50m downstream and one in the inflowing tributary) to allow analysis of
changing risk and water quality as inputs of differing risk join the channel network. Samples were
collected in 50ml vials and Appendix Three records the standard sampling protocol adopted by all
samplers. Samples were transported with freezer packs to Durham University on the day of
collection and refrigerated within 8 hours of sampling. Prior to analysis the samples were filtered
using a 0.2 micron syringe filter. They were subsequently analysed on a Dionex DX500 ion
chromatography system using suppressed condﬁctivity as the detection system. Data were
recorded for a range of cations and anions including phosphate, potassium, nitrate and

ammonium.

Delivery of material by surface and shallow sub-surface lateral flow is typically associated witﬁ
rainfall and high discharge events. However, changes in water quality during such periods can be
rapid and it was felt that the spatial integrity of the samples would be more realistically captured
through low flow sampling, as it is relative risk not absolute risk that is being examined. Whilst
peaks in contaminant concentration may not be captured the assumption was made that low flow
samples could still reflect spatial variation in the delivery of nutrients as certain contaminants will
persist within the environment over time. Water quality results were plotted as a point shapefile in
ArcGIS with all points snapped to the SCIMAP output layer. The delivery index at each sampling
point was then extracted to the point shapefile using the “extract to point tool” included in the
ArcGIS toolbox. The resulting attribute table was then exported to SPSS v.12 for analysis.
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Table 5.6: Spearman Rank correlation results between the SCIMAP delivery index weighted by land cover and
concentrations of potassium, phosphate, and nitrate. Tests were two-tailed.

Delivery Index Potassium  Phosphate  Nitrate
Correlation coefficient 0.757 0.453 0.301
p value <0.0001 <0.0001 <0.0001

The correlation coefficient in all cases was positive confirming the assumption that increased
surface hydrological connection to “risky” land covers increases the probability of higher nutrient
delivery and concentrations in receiving waters. Of the three ions measured, potassium
concentrations showed the strongest cormrelation with the delivery index. Potassium is commonly
found to excess within agricultural soils as a result of over-application, especially upon arable or
intensively managed grassland units where combined NPK fertilisers are used. Application rates
are commonly calculated to meet nitrogen and phosphorus demands resulting in surplus loadings
of potassium. Supply is therefore uniikely to limit delivery as potassium is generally available and
easily mobilised wherever there is shallow sub-surface runoff from such units. It is also a
relatively stable ion which is likely to persist within the environment over time being detectable in
low flow water samples. For these reasons potassium concentrations were used to examine
trends in the delivery index weighted by land cover and nutrient concentrations downstream. As
illustrated by Figure 5.12 downstream variations in potassium concentration generally reflect
downstream variations in the delivery index for both the main stem River Eden and Trout Beck.
Inputs from tributaries that are predicted to increase the delivery index in the main channels
generally correspond with an increase in potassium concentration. To a lesser degree, inputs that
decrease the predicted delivery index also cormrespond with decreases in potassium
concentration. Also evident is an increase in the variability of potassium concentrations at higher
values of the delivery index. This may reflect an increase in sensitivity to land management
(independent of land cover) at high values of the delivery index. At low levels of the delivery
index, topographic structuring of hydrological pathways may be the main factor limiting delivery to
the channel. However, as the hydrological connectivity increases and no longer limits delivery,
land management (independent of land cover) may become more important in controlling actual
delivery. For example, two different fields of intensively managed pasture with the same degree
of hydrological connectivity may result in different levels of delivery due to differences in
management such as stocking levels; manure, slurry and fertiliser spreading practises; the

presence of buffer zones; gate position; and tramline orientation (Caruso, 2001). Further research
would be required to ascertain that this is the case but it does raise the potential importance of

land management as different to land cover or land use as a control on in-stream conditions.
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another causal variable, mostly likely land cover. Both nitrates and phosphates have been
associated with eutrophication of freshwaters, which can result in algal blooms, an increase in
biological oxygen demand and consequently a reduction in the levels of oxygen available to
support salmonids. Ammonia concentrations were also measured, but few samples reported
detectable levels (>0.01 mgl') and no relationship was observed with the delivery index. A p
value of 0.349 was reported for the Spearman Rank correlation of ammonia against the delivery
index weighted by land cover. Upon entering watercourses ammonia is rapidly broken down to
nitrite and nitrate and is unlikely to persist in the environment as ammonia at times of low flow.
However, research by Eden Rivers Trust using continuous water quality samplers on the River
Lyvennet, predicted to have a relatively high delivery index (risk category 3-4) throughout, has
reported peaks in ammonia concentrations corresponding with rainfall events (Brown, 2006c).
Although the chemical data are limited, to a small spatial scale this could represent a link with
runoff from land where slurry and manures have been recently applied prior to rainfall, both of
which are typically high in ammonia. Should rainfall occur before the slurry or manure is
incorporated within the soil matrix then it and contaminants contained within it may be transported
overland by surface pathways. Consideration of organic nutrient applications may therefore be
just as important as inorganic applications when evaluating the risk of diffuse pollution from
agriculture. Further investigation would be required to confirm that there is definitely a relationship
between the delivery index and the delivery of ammonia.

It appears apparent from these results that the topographical structuring of hydrological response
is important in determining the delivery of a range of solutes from the land surface to the channel
network. This adds support to the hypothesis that the mechanism linking salmonid performance
to the delivery index may be nutrient delivery. However, it should be recognised that the SCIMAP
approach is unable to discriminate between the risk of fine sediment delivery, the risk of nutrient
delivery and the risk of other parameters not considered here. Again results support the use of
the SCIMAP model as an appropriate and ecologically relevant tool for prioritising the risk from
landscape scale controls to in-stream habitat and ecological productivity, and highlight the
benefits of considering hydrological connectivity between land parcels and the river system.

5.7 Discussion

The results presented here. highlight_the_importance of .considering-landscape-controls over
salmonid habitat. Both the spatial pattern of salmonid presence/absence and abundance within
the Eden catchment appear to be structured by catchment land cover as filtered by surface and
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shallow sub-surface hydrological connectivity. The clarity of the relationships observed was
particularly striking considering the spatial noise that is likely to be present within the salmonid
data. All the results presented above are based upon the risk of hydrological connectivity
weighted by land cover. However, all the statistical tests reported here were also undertaken for
the risk of hydrological connectivity alone assuming uniform land cover. Similar relationships were
observed stressing the significance of topographically structured hydrological connectivity (e.g.
Tables 5.7 and 5.8) in filtering the relationship between land cover and in-stream ecology.
However, adding land cover to the equation generally increased the significance of relationships
observed, as sensitivity to hydrological connectivity will vary depending upon what the channel is
connecting to, just as the sensitivity to land cover will vary upon the level of hydrological
connectivity. This raises the point that it is neither land cover nor hydrological connectivity alone
that determines in-stream conditions rather it is the interaction between the two factors that is

important.

Table 5.7: Comparison of the SCIMAP delivery index central tendency (un-weighted and weighted by land cover) for

sites with trout fry present and sites with trout fry absent. Two-tailed Mann-Whitney tests were used.

Year Mann Whitney p value
Risk of hydrological Risk of hydrological connectivity
connectivity weighted by land cover

2002 0.0004 <0.0001

2003 0.003 <0.0001

2004 0.002 0.003

2005 0.476 0.089

2006 <0.0001 <0.0001

Table 5.8: Comparison of Spearman Rank correlation resuits between the SCIMAP delivery index (un-weighted and
weighted by land cover) and concentrations of potassium, phosphate, and nitrate. Tests were two-tailed.

Risk of hydrological connectivity

Risk of hydrological connectivity weighted by land cover

Delivery Index Potassium  Phosphate  Nitrate Potassium Phosphate  Nitrate
Correlation coefficient 0.696 0.443 0.411 0.757 0.453 0.301
p value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Based on these results it is important to recognise that hydrological connectivity is neither
inherently good nor inherently bad. Instead, its impact depends upon the context in which
connectivity is applied, and which landscape parameter is being considered-to connect with which
hydrological connectivity between areas of the landscape with high erosion risk and channel
reaches where salmonid redds are found may be considered ‘bad”. However, in the case of
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nutrient delivery, high hydrological connectivity between areas of the landscape with low nutrient
status and reaches where juvenile salmonids are feeding may be considered “good”.
Acknowledgement of this concept requires a shift in thinking about the term “connectivity” which
particularly in ecology and fisheries science has become considered an inherently “good”
characteristic (e.g. Moilanen and Hanski, 2001; Calles and Greenberg, 2005).

This research emphasises the importance of considering hydrological connectivity when
evaluating the relationship between in-stream ecology and landscape parameters. As an
explanation of the delivery mechanism for transporting sediment and nutrients to the channel
network, the inclusion of hydrological connectivity within the SCIMAP framework and integration
of this effect through to the river network adds functional significance to the relationship observed
between land cover and salmonid abundance. Evidence supporting these mechanisms was
provided by the relationships observed between the delivery index, gravel siltation and water
chemistry. Adding this functional explanation is important for fisheries managers as it suggests
why land cover may be important in structuring salmonid abundance (Poff, 1997). It also provides
a mechanism for manipulating land cover impacts through the use of strategies such as buffer
strips, wetlands, hedge planting, and beetle banks which can reduce the level of hydrological
connectivity (dependent upon contaminant) in areas where excessive delivery is a problem (Burt,
2001). Altematively, in areas where reduced delivery and transfer between the catchment and
channel is a problem increasing hydrological connectivity, for example, through the removal of
non-essential flood defences may be beneficial. Consideration of hydrological connectivity and
the delivery of material to the channel may also explain differing views over the role of land use
and land management in influencing ecology (Meador and Goldstein, 2003). It may also explain
why changes in land management do not always achieve the desired results. Instead promoting
consideration of landscape sensitivity and the degree to which the landscape is responsive or
resistant to change (e.g. Brunsden and Thornes, 1979; Burt, 2001; Burt and Pinay, 2005) For
example, targeting the application of nutrient budgeting and soil conservation techniques in
sensitive areas of high connectivity is likely to have a greater impact on water quality than
applying it in areas of low connectivity and low sensitivity.

One of the most interesting findings was the different response of salmon and trout fry at low
values of the delivery index. This supports Hypothesis (2) formulated within Chapter Two of this
thesis which stated that relationships-between habitat and salmonid abundance are species and
location specific. In this case it was suggested that their different response reflected their different
feeding habits, with salmon fry more dependent on autochthonous production than trout fry. This

201



Chapter Five

finding has important implications for fisheries managers as different management approaches
may be required at different locations within the catchment, dependent upon species. The
SCIMAP delivery index and level of hydrological connectivity may also be a useful tool for
explaining or predicting salmonid abundance and distribution in pristine environments. For
example, reaches with a very low delivery index and hence low autochthonous food availability
may simply not be suitable for supporting salmon populations naturally. In such areas
implementing strategies such as habitat creation is likely to be ineffective at increasing salmon
abundance as the limiting factor may not be habitat but food supplies. The delivery index may
also provide a possible framework for explaining and predicting spatial pattems in growth rates
and considering the migratory behaviour of salmonids. However, further research would be
required to evaluate the potential for these applications.

58 Chapter summary

The aim of this chapter was to evaluate and to validate the potential of the SCIMAP model as a
tool for assessing and quantifying the impact of catchment-scale controls on salmonid habitat. In
particular, it aimed to assess the role of hydrological connectivity in structuring the relationship
between salmonid abundance and land cover at the catchment-scale. This was achieved by
relating the risk of surface hydrological connectivity weighted by land cover to data on salmonid
abundance. Results have been presented indicating that salmon and trout populations within the
Eden catchment are significantly structured by land cover as filtered by topographically-controlled
hydrological connectivity. However, the impact of hydrological connectivity was found to be
species-specific supporting Hypothesis (2) of this thesis. Mechanisms relating to the delivery of
fine sediment, nutrients and feeding habits have been invoked to explain these results and are
supported by the relationships observed between the risk of hydrological connectivity, gravel
siltation and water chemistry. Overall, these findings support the use of SCIMAP as an
ecologically relevant and appropriate tool for quantifying the impact of catchment-scale controls in
this case land cover on salmonid habitat. The importance of these catchment-scale controls as
compared with the riparian and in-stream controls discussed in Chapter Four will be assessed in
Chapter Six of this thesis using multivariate statistical analysis to investigate the hypotheses
identified in Chapter Two.
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Chapter Six - Integration and assessment of relationships between habitat

and salmonids: A hierarchical approach

6.1 Introduction

The aim of this thesis is to couple remote sensing, Geographical Information Systems (GIS),
environmental modelling and ecological surveying techniques with current ecological
understanding of habitat controls on salmonid populations, in order to develop a more effective
approach to prioritising habitat restoration. To this end, Chapter Two reviewed and synthesised
current understanding of in-stream, riparian and catchment-scale controls on salmonid habitat
using a DPSIR framework. Based on this review, a number of controls relevant to salmonid
habitat in the Eden catchment, a predominantly rural agricultural landscape, were selected for
analysis as presented in Table 3.1. Three hypotheses regarding the relationship between these

controls and salmonid populations were proposed as follows:

Hypothesis (1): Relationships between habitat and salmonid abundance are structured by life-
stage according to the level of mobility and potential for dispersal at each life-stage.

Hypothesis (2): Relationships between habitat and salmonid abundance are species and
location specific relating to the scale of habitat occupied by different species.

Hypothesis (3): The scale of analysis (e.g. catchment, sub-catchment, tributary) will influence
the relationships identified between habitat controls and salmonid abundance, or alternatively the
scale of the control will be related to the scale of its impact.

Chapters Three, Four and Five then focused on identifying, developing and validating tools for
quantifying and assessing salmonid habitat, appropriate to each habitat control and scale of
control. These three chapters applied a range of tools including aerial photography, DTM
processing, satellite remote sensing, and the SCIMAP diffuse pollution model to quantify the
habitat controls selected in Table 3.1, which, with the exception of hydraulic conditions, were
highly successful. The aim of this chapter and Chapter Seven is to deliver Objective (3) of the
thesis by using the habitat and salmonid population data acquired to test the above hypotheses
and to discuss the results in the context of approaches to prioritising habitat restoration. This
chapter will focus on data analysis and. presentation of -results. Chapter Seven discusses the

__results in_terms.of.the-hypotheses proposed:-above-and inthe-context of approaches to prioritising
habitat restoration using the Eden catchment as a case study. This chapter is structured into two
main sections, (1) database development and (2) data analysis.
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6.2  Database development

A spatially-structured hierarchical database is developed to integrate the spatially distributed
habitat data from a range of hierarchical scales (in-stream, riparian and catchment) with data on
salmonid abundance. To enable testing of the three hypotheses, the representation and
preservation of scale within the database is critical. Advances in GIS technology have made the
creation of such databases feasible. Specifically designed to manipulate, store and analyse large
quantities of spatial data, GIS has become a fundamental tool for natural resource managers and
ecologists concerned with the analysis of spatially referenced data (Johnson, 1990). When
combined with multivariate statistics, complex relationships can be investigated and interpreted
within their spatial context. In terms of developing effective approaches to habitat restoration, GIS
technology offers an additional advantage through its visualisation and spatial mapping
capabilities. These enable visual material on landscape characteristics and spatial patterns to be
produced, providing policy makers with a better visual perspective on the areas for which they are
developing policies (Johnson and Gage, 1997). This provides an explanatory mechanism for
easing the transfer of knowledge from scientific research to fisheries managers, landowners,
project funders and local communities in a form that is easily interpreted and accessible.
Throughout this thesis ArcGIS v9 has been used for quantifying data on habitat controls due to:
(1) its ability to efficiently manipulate and handle both raster and vector data; (2) its powerful
visualisation capabilities; and (3) its compatibility with Microsoft Excel. It will also be used in this
chapter to develop the spatial database.

Prior to development of the GIS database there are a number of specific requirements which
should be considered if the proposed hypotheses are to be successfully tested. First, habitat data
must be related to salmonid population data in a manner that is appropriate to the life-stage in
question, to enable testing of Hypothesis (1). For example, the presence of gravels is thought to
be particularly important in determining habitat suitability for fry, whereas the presence of coarser
substrate such as cobbles and boulders and the presence of pools may be more important in
determining habitat suitability for parr. Due to their restricted dispersal capabilities, the proximity
of spawning habitat is thought to be crucial to fry survival and the presence of gravels may be
used as an indication of spawning habitat within the immediate vicinity of electrofishing sites. Parr
production, on the other hand, may be limited-by the extent of fry-production. within their spatial
range.- If few. fry- are- produced;-then-it is-unlikely-there -will-be-many-parr. -Second, salmonid
abundance data must be recorded by species (i.e. Atlantic salmon or brown trout) to enable
testing of Hypothesis (2). Again, habitat data must be related to salmonid population data in a
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manner that is appropriate to the species in question. For example, salmon will only be found
below impassable barriers and consequently only sites below barriers will be included in analysis
of salmon data, but sites both above and below barriers will be included in analysis of trout data.
Third, data must be associated with the various hierarchical scales of structure that exist within
the catchment (e.g. catchment, area, reach) to enable testing of Hypothesis (3). This will be done
by recording which area (Section 1.3.1) and tributary each survey site falls within.

6.2.2 Salmonid population data

As discussed in Chapter Three (Section 3.3), salmonid population data have been provided by
the Eden Rivers Trust and Environment Agency which both undertake annual electrofishing
surveys. Salmonid abundance data must be recorded within GIS and analysed independently for
each year of collection (Pess et al., 2002). Temporal variation in the number of adult spawners
between years (Figure 3.6) may impact upon the number of juveniles observed in any one year,
independent of habitat. As this thesis is concemed with analysing spatial distribution and
variation, spatial integrity in the data must be preserved and all analyses will be conducted in
terms of individual years. The assumption has been made that, whilst absolute abundance may
vary temporally, relative spatial patterns of salmonid abundance and distribution will remain fairly
constant over time. This is supported by research by the Eden Rivers Trust (e.g. Dickson, 2004).
In this regard, data from 2004 and 2005 have been selected for analysis as the majority of habitat
variables were collected during these two years. Prior to 2004, the additional habitat variables
such as gravel siltation and gravel presence recorded at the time of electrofishing were not
collected. In 2006 the electrofishing survey focused on trout and only surveyed the smallest
tributaries within the catchment. Unfortunately, aerial photography was not available for many of
these sites. Two ArcGIS point shapefiles Fish2004 and Fish2005 were created recording
species-specific fry abundance (number caught in 5 minutes), classified fry abundance according
to Table 3.5 and fry presence/absence data for each site. Par data provided by quantitative
cluster electrofishing (Section 3.3.2) in both riffle and pool habitat were only collected for 54 sites
in 2005 (16 fully quantitative and 38 cluster sites). These data were recorded in the point
shapefile Parr2005 as species-specific abundance (number of parr in 100m2) and
presence/absence data. In addition to considering population controls at individual life stages it is
also important to- remember the connections between them and principles of stock recruitment
(Section*2:4.2)- Parr aburidance at a Site will in part be determined by fry productivity and the
level of recruitment from fry to parr within the parr’s spatial range. To take account of this within
the multivariate analysis, a raster surface estimating relative fry productivity has been produced

205



Chapter Six

using the 2004 fry electrofishing data and GIS processing. Specifically, an inverse distance-
weighted interpolation technique available within ArcGIS Spatial Analyst was applied to create the
surface from the 2004 n5min-! fry data. A single year's data were selected because, as noted
above, temporal variation between years may confound the spatial signal in fry productivity. A
search radius for interpolation of 2000 metres was selected to represent the spatial range of parr,
which is suggested to be in the order of 1-10,000m (Armstrong et al., 1998). 2000m was selected
as an arbitrary distance representing a compromise between the spatial resolution of fry data and
the spatial range of parr. One limitation of this method is that the search radius represents
straight-line distance taking no account of channel sinuosity; as such the actual channel distance
included may vary from site to site relative to channel planform. Further, the search radius was
applied equally upstream and downstream despite research suggesting that parr will be more
influenced by fry productivity upstream due to a predominantly downstream dispersion (Elliot,
1994). A power value of 2 was applied giving more weight to nearby fry sites than those further
away based on the assumption that dispersing parr will occupy the first suitable and vacant
territory they find thereby conserving energy and reducing vulnerability to predation (Einum and
Nislow, 2005). Interpolation was undertaken separately for each species and for each of the
seven sub-catchments for which parr data were available. Prior to interpolation a spatial buffer
was created around each sub-catchment to prevent data from another nearby catchment being
incorporated. Finally, the species-specific fry productivity surfaces for each sub-catchment were
merged to create a single raster file (Figure 6.1). Whilst there may be limitations associated with
this technique, it is only intended to be a rapid mechanism for approximating fry productivity at

one site relative to another and not for calculating accurate stock and recruitment numbers.
6.2.3 Habitat data

In Chapter Three a number of perceived key controls over salmonid habitat were selected as
potentially relevant to the Eden catchment (Table 3.1), a predominantly rural landscape with 90%
under agricultural production (Mackay Consultants, 2003). Chapters Three, Four and Five then
focused on identifying tools capable of quantifying these controls resulting in a suite of 24 habitat
controls (anthropogenic and natural) representing the Eden catchment landscape (Table 6.1).
These have been combined with fish controls characterising dependence on productivity at the
preceding life-stage (e:g. fry production) to produce the final variablé suite. Variables that are
‘understood tobé life-stage or species-specific will only be inciuded in the relevant analyses as
presented in Table 6.1.
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Chapter Six

It should be remembered that there is uncertainty of varying degrees associated with the
accuracy of all these habitat variables dependent on the method of collection. For example, the
interpretation of erosion presence from aerial photography was estimated to have an overall
accuracy of 78% when compared with ground truth data (Table 4.3), whilst variables produced
using the SCIMAP model represent only the risk that a particular habitat condition is present at a
point in the channel network. Even those variables that were collected by ground survey will be
open to some degree of uncertainty due to the subjectivity involved in a surveyor's interpretation.
In a number of cases, data on the same habitat control were available from both the aerial survey
and ground observation at the time of electrofishing. To reduce uncertainty in the dataset the
most accurate data sources were selected. For example, data on channel substrate and gravel
presence were only obtained from ground observations as there was a high degree of uncertainty
and many reaches of unknown substrate type associated with the data surveyed using aerial
photography. In other cases, data from both sources has been included as they were quantified
differently. For example, during the electrofishing survey, tree cover was only categorised as
tunnelied or not tunnelled. During the virtual walkover survey, tree cover was classified into five
categories, less than 25%, 25-50%, 50-75%. 75-90% and greater than 90% cover.

6.2.4 Integration and co-registration of data

As discussed in the previous three chapters, all the habitat variables have been derived within or
converted to ArcGIS file formats. However, whilst all the variables are held within the same
software package, they are not all directly comparable as they represent a mixture of point, line
and raster data which, as Figure 6.2 illustrates, are not always spatially co-registered. Lack of co-
registration could be due to a number of reasons including the accuracy of hydrological flow
routing used to derive the channel network in raster datasets, accuracy in the rectification of
aerial photographs and accuracy associated with the GPS recording of electrofishing site
locations. To overcome this problem, and to facilitate multivariate analysis, the data have been
co-registered and extracted to a single data format. ArcGIS processing was used to achieve this,
and all variables were extracted to the point shapefiles Fish2004, Fish2005 and
Parr2005 based on the location of the 2004 and 2005 electrofishing sites. These files already
contained the salmonid population data and habitat data collected during the electrofishing
surveys.
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Electrofishing data are held
in vector point format. =
Geographic location was
determined through GPS
readings taken in the field.

Channel slope data are heid in
raster format with a spatial
resolution of 5m. Channel
position was determined using
D8 flow routing.

Output from the SCIMAP
model was produced in raster
format with a spatial resolution
of 20m. Channe! position was
determined using D« flow
routing.

Data from the virtual walkover
survey are held in vector line
format. Channel position was
digitised in relation to aerial
photo location and rectification.

Figure 6.2: GIS dala type and issues of co-registration. Note that the different data saurces to do not always averlie
each other

Extraction of data held in raster format

The risk of catchment-channel surface hydrological connection and risk of catchment-channel
surface hydrological connection weighted by land cover, channel slope and physical biotope were
all held in raster format. The position of the channel network in all cases was derived using GIS
and topographically-based hydrological flow routing. The NEXTMap Britain™ 5m DTM and D8
flow routing algorithm were applied in the case of channel slope and physical biotope. A re-
sampled 20m DTM and the D+ algorithm were used in the case of the connectivity variables. In
both cases, electrofishing sites frequently failed to overlie the derived channel network. To correct

for this, and to enable data extraction, the following procedure was followed:

(1) Using the “Reclassify’ function available in Spatial Analyst all cells in the raster layer relating
to the channel network were classified as 1, with all other cells set to No Data.

(2) Using the “Convert raster to feature” function the raster cells with a value of 1 were converted
to a polyline shapefile.

(3) The electrofishing sites held in point shapefiles were then snapped to the new channel
polyline layer using a snapping tolerance of 200m, the aim being to move all points so that
they overlay the raster dataset. Care was taken to check all points by referring to the
electrofishing site name and site description in reference to digital map data to ensure

~ whierever possible that the points had not snaf);;éd to the wrong stream or to a dia;gonaI,
between two cells (Figure 6.3). Where this had happened or where points lay outside the
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as channel width can be used to assess differences in the scale of habitat occupied by

salmon and trout.

Extraction of data held in vector point format

Data on impassable barrier locations were held in vector format as a point shapefile (Barrier).
By visualising both Barrier and Fish**** in map format it was possible to manually code
sites as above (coded 1) or below (coded 0) a barrier. A new field for the barrier variable was
created within the attribute table of Fi sh****_ Sites were then selected and labelled using tools
available within the Editor Toolbar. A similar procedure was used to label sites according to the
area and tributary in which they were found.

Again it is important to remember the issue of uncertainty associated with the accuracy of the
habitat variables. The process of co-registration may have not always resulted in salmonid data
being linked with the correct habitat variables. Attempts to control this source of uncertainty were
made. For example, a relatively smalil snapping tolerance distance of 200m was used together
with careful screening of snapped data. However, as the GIS processor was not the same person
who undertook the electrofishing surveys, correct co-registration could not be guaranteed in all
cases. Once the GIS dataset had been created a number of variables required summarising and
recoding to reach the final format shown in Table 6.1. This was done in Microsoft Excel by

exporting the attribute tables for Fish2004, Fish2005, and Parr2005.
6.3  Data analysis

An approach capable of interrogating large, muitivariate datasets is identified and applied to
relate habitat data to salmonid population data. As discussed in Chapter One (Section 1.4.3), a
range of statistical methods have been applied within the scientific literature to undertake similar
studies. For example, Stauffer et al. (2000) used a 2x2 factorial analysis of variance (ANOVA) to
compare the influence of riparian cover (wooded, open) and watershed soil characteristics (high
runoff potential, low runoff potential) on fish community composition in the Minnesota River Basin,
USA. Canonical correspondence analysis was used by Wang ef al. (2003) to relate a matrix of
environmental predictor variables (e.g. watershed, reach and riparian variables) to a matrix of fish
response variables (e.g. abundance, diversity, top camivore %) to assess which scale of predictor

variables explained the most variation in fish response. One technique that has been
comparatively widely applied to compare suites of habitat variables to fish abundance is multiple
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regression analysis (e.g. Pess et al., 2002; Walters ef al., 2003; Coley, 2003). For example, Pess
et al. (2002) used multiple regression analysis to evaluate the relationship between landscape
characteristics, land use and coho salmon (Oncorhynchus kisutch) adult spawner abundance at
both a watershed and reach scale. As discussed in Chapter One (Section 1.4.3), the advantages
of multiple regression analysis are that it can establish whether a set of independent variables
explains a significant proportion of the variance in a dependent variable, and more importantly,
establish the relative predictive importance of the independent variables (Garson, 2006). This is
important as it allows identification of those controls that are mostly likely to be limiting salmonid
populations, from which restoration strategies can be formed. For this reason multiple regression
analysis is applied here. Also noted in Chapter One (Section 1.4.3), was the issue of spatial
autocorrelation and collinearity within habitat data (Armstrong et al., 2003). If correlated variables
are independently included within the statistical analysis, their effects may be double-counted,
resulting in selection of an end-model parameter suite that contains redundant parameters whilst
not necessarily including those variables that exert most influence over population dynamics. This
issue has been addressed in a number of ways within the scientific literature. Individual
regression coefficients have be interpreted with caution only making inferences about the suite of
habitat controls associated with fish abundance (Pess et al., 2002). Alternatively, procedures
such as Principal Components Analysis (PCA) have been used to screen variables, replacing
them with transformed variables (factors) that are independent of each other but which still
account for a significant proportion of the variance in the underlying habitat data (Walters et al.,
2003). PCA has the additional benefit of enabling relationships between habitat controls to be
investigated and has therefore been selected here. By applying it at different scales (e.g.
catchment and area), it will be possible to examine whether habitat controls relate to each other
differently at different spatial scales and in different locations.

Data analysis is conducted in three stages. First, habitat controls are related to each other and
salmonid fry data at a catchment-scale. This will help determine whether habitat explains a
significant proportion of the spatial variation in salmonid abundance at the catchment-scale and, if
s0, which habitat variables explain the most variation. It will also enable relationships between in-
stream habitat conditions and controls at riparian and catchment-scales to be examined as well

as differences between Atlantic salmon and brown trout response to habitat. Second, habitat

controls are related to each other and salmonid fry data at an area-scale. This will test whether

Telationships between habitat variables and between salmonid abundance and habitat remain
constant or vary with changing spatial scale. Third, habitat controls are related to salmonid parr
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data for an area of the Upper Eden catchment. This will test the extent to which relationships
between habitat and salmonid performance vary throughout the salmonid life-cycle. Results are
presented and discussed in brief with more detailed discussion in terms of the three hypotheses,
and approaches to restoration provided in Chapter Seven. All statistical analysis has been
undertaken in SPSS v.12.

6.3.1 Catchment-scale analysis of habitat controls and salmonid fry

Sample sites were selected for inclusion in the data analysis according to the availability of all
habitat variables at the site. 212 and 177 sites were therefore available for analysis in 2004 and

2005 respectively.
6.3.1.1 Correlation analysis of habitat controls

Initial investigation of the dataset focused on relationships between habitat controls using
Spearman Rank correlation analysis applied to the combined habitat data for all 389 sites. As
Table 6.2 indicates, there is a high level of collinearity within the dataset, with many variables
correlating to each other both within and across scales. In particular, it is interesting to note the
relationships observed between the catchment-scale variables and habitat controls operating at
smaller spatial scales (Figures 6.4(a-d)). Considering these relationships provides an insight into
the overall structure of the landscape, indicating that certain combinations of habitat controls are
found to have a high probability of clustering together in certain locations of the landscape. For
example, linear catchment-channel hydrological connectivity risk shows positive correlations with
gravel siltation and riparian land cover at the 99% confidence level and with gravel presence and
erosion presence at the 95% confidence level. Additionally, it exhibits negative correlations with
channel slope, physical biotope and overhead cover at the 99% confidence level, and stock
access at the 95% confidence level. This suggests that reaches experiencing high catchment-
channel connectivity risk also have a high probability of experiencing gravel siltation, are typically
found in areas of lower gradient where riparian land cover is typically more intensive and that
there is a greater probability of overhead cover from riparian trees. Interestingly, the addition of
the fand cover weighting to linear hydrological connectivity risk increases the number of
significant correlations found. For this variable, positive correlations are also observed with
erosion severiy and erosion due to stock and negaive corelations are observed with erosion

due to fluvial processes and the presence of impassable barriers.
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Chapter Six

An additional point of interest is that far fewer correlations are observed between the non-linear
connectivity risk variables (weighted and unweighted) and habitat controls at other scales (Figure
6.4c8&d). This suggests that whilst salmon may respond to certain habitat controls in a non-linear
fashion (Chapter Five, Section 5.4), relationships between hydrological connectivity weighted by

land cover and other habitat controls are generally more linear in nature.
6.3.1.2 Principal Components Analysis

As discussed earlier, the presence of collinearity within datasets is a major issue to consider
when undertaking multivariate analysis. This issue is to be addressed here by applying Principal
Components Analysis (PCA) to create a suite of new factors that are independent of each other.
In addition to producing independent factors, PCA also offers the opportunity to assess
relationships between habitat controls in more detail. Unlike the salmonid data, the habitat data
are considered to be relatively constant between years and data from sites in 2004 and 2005
were therefore combined to increase the sample size. PCA was applied with a varimax rotation to
aid interpretation (Davies, 1984) and 7 factors with an eigenvalue greater than 1 were extracted
accounting for 71.4% of the variability in the original dataset (Figure 6.6 and Table 6.3). All habitat
variables selected for fry analysis (Table 6.1) were included with the exception of the barrier
variable. This was excluded as it is only applicable to trout data, salmon sites only being found
below barriers. Table 6.4 presents a summary of the habitat variables significantly represented by
each of the factors and their relationship with those factors.
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“Figure 6.6: Cumulative percentage of total variance in the '6;ginél habitat dataset explained b}; the factors extract

using Principal Components Analysis. The first seven factors have been selected for further analysis cumulatively
accounting for 71.4% of the variance.
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Table 6.3: Rotated component matrix of habitat factors extracted with an eigenvalue >1. The factor to which each

habitat control is most strongly related is highlighted in bold.

Habitat control

Factor Number
1 2 3 4 5 6 7

In-stream habitat controls

Dominant substrate -034 056 007 .017 157 .008 .808
Gravel presence A37 032 066 .003 -001 -015 .802
Gravel siltation 362 144 239 -044 123 147 200
Channel width 010 -228 -338 349 396 028 -086
Channel slope -199 -071 .087 -082 -691 -137 -174
Physical biotope -100 -036 -145 066 -841 092 -040
Riparian-scale habitat controls

Erosion presence 438 629 -026 136 .015 003 138
Stock access -120 597 -017 244 -068 194 114
Erosion on both banks -044 890 -005 .059 .026 -323 -.037
Erosion severity 086 916 -051 -002 .079 -083 -042
Stock erosion 060 632 029 -115 .081 621 -087
Fluvial erosion -077 405 -078 170 057 -838 .002
% overhead channel cover -075 193 146 744 117 -178 016
Tunnelled vegetation 051 -137 -027 -B44 053 -023 -014
Riparian land cover 165 316 -193 134 3156 43 076
Catchment-scale habitat controls

Catchment-channel hydrological connectivity risk

Linear 957 004 -129 -044 082 011 .01

Classified linear 925 023 -024 -073 040 -033 -043
Non-linear -012 -08 901 096 .054 -009 -.005
Catchment-channel hydrological connectivity risk weighted by land cover

Linear 939 007 .085 -012 .094 069 .109
Classified linear 920 031 -062 -010 .121 079 .035
Non-linear -053 -055 910 060 -052 .011 .067

Table 6.4: Summary of habitat variables represented by faclors extracted using Principal Components Analysis

Positive

Factor Name Correlation  Habitat variables represented

1 Linear Positive Linear catchment-channel surface hydrological connectivity risk (weighted
connectivity and unweighted by land cover) and gravel siltation

9 Bank erosion Positive Bank erosion, severe erosion, erosion on both banks, stock access and

severity sock erosion

3 Non-linear Positive Non-linear catchment-channel hydrological connectivity risk (e.g. greater
connectivity probability that risk falls outside the optimal range, Chapter 5, Section 5.4)

4 Overhead Negative  Tunnelled vegetation

cover Positive Decreasing percentage of overhead free cover
5 - ~Slope & biotope Negative Channel-slope and physical biotope

Channel width

6

Fluvial erosion Negative

Fluvial erosion

Gravel " . I
7 substrate Positive Dominant substrate suitability & gravel presence
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It is also interesting to note that within the Eden catchment, Factor 2 (bank erosion severity),
reports a higher rotated component score for erosion caused by stock grazing and bank trampling
(0.632) than for erosion caused by fluvial processes (0.405). It is also positively correlated with
increasing intensity of riparian land use (e.g. intensively managed pasture as opposed to
extensively managed pasture). This suggests that stock access and increasing stocking levels
may be a more significant cause of severe bank erosion at the catchment-scale than fluvial
processes. Habitat controls also appear to be structured according to the scale of in-stream
habitat as measured by channel width suggesting that the influence exerted by some controls
may depend upon the scale of habitat considered. Although not scoring highly against any single
factor, channel width does show moderate negative rotated component scores for Factor 2 (-
0.228) and Factor 3 (-0.338) and moderate positive scores for Factor 4 (0.349) and Factor 5
(0.396). This suggests that narrow streams tend to have steeper channel slopes, and be more
prone to severe bank erosion, channel widening (erosion on both banks), and extremes of
catchment-channel hydrological connectivity risk, but that they have a higher percentage of cover
from riparian vegetation and trees. Wider streams tend to have lower channel slopes and be less
impacted by bank erosion and extremes of catchment-channel connectivity risk, but have a lower

percentage of cover from riparian vegetation and trees.
6.3.1.3 Correlation analysis between habitat controls and salmonid populations

Initial investigation of the relationships between habitat controls and salmonid populations was
undertaken using correlation analysis between individual habitat controls and trout and salmon fry
abundance and presence/absence data for 2004. Prior to analysis the salmonid data were
screened for the assumption of normality using the Kolmogorov-Smirnov test. However, even
after application of square root and natural log plus 1 transformations the data were found to be
non-normal, due to the high occurrence of zero and one fry sites (Figures 6.8 and 6.9). For this
reason the non-parametric Spearman Rank correlation was applied (Table 6.5).
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Table 6.5: Correlation analysis between individual habitat controls and salmonid fry abundance and
presence/absence at the calchment-scale. Spearman rank correlation was applied and all tests were two-tailed.
Significant correlations at the 95% confidence level (p <0.05) are shown in bold.

Trout fry Trout fry Salmon fry Salmon fry
abundance presence or abundance presence or

nSmin! absence nSmin-! absence
In-stream habitat controls
Dominant substrate 0.069 0.034 -0.004 -0.039
Gravel presence 0.013 -0.019 0.124 0.136(")
Siltation of gravels -0.044 -0.047 -0.156(*) -0.119
Channel width -0.416(**) -0.382(*) 0.374(*) 0.399(*)
Barrier -0.133 -0.036 0.477(*") -0.524(**)
Channel slope 0.228(**) 0.251(*) -0.261(*) -0.231(")
Physical Biotope 0.224(*) 0.224(**) -0.136(*) -0.118
Riparian-scale habitat controls
Erosion presence 0.137(*) 0.122 -0.030 -0.052
Stock access -0.076 -0.044 -0.016 -0.050
Erosion on both banks 0.020 -0.008 -0.018 -0.047
Erosion severity -0.033 -0.054 0.001 -0.037
Stock erosion -0.022 -0.037 0.043 0.049
Fluvial erosion -0.020 -0.032 0.002 -0.064
Tunnelled vegetation 0.140(*) 0.132 -0.053 -0.034
Overhead tree cover -0.176(**) -0.140(*) 0.028 0.020
Riparian land cover 0.107 -0.109 0.305(**) 0.265(*)

Catchment-scale habitat controls
Catchment-channel hydrological connectivity risk

Linear -0.246(*) -0.245(*) 0.007 0.021
Classified linear -0.187(*) -0.202(**) 0.003 0.007
Non-linear 0.056 0.007 -0.228(**) -0.153(")
Catchment-channel hydrological connectivity risk weighted by land cover

Linear -0.233(*) -0.229(*) 0.105 0.105
Classified linear -0.196(**) 0.207(**) 0.155(*) 0.165(*)
Non-linear 0.125 0.093 -0.316(**) 0.276(**)

The results show that both salmon and trout fry exhibit a greater proportion of significant
correlations with in-stream and catchment-scale controls-than with-riparian-scale controls. At the
_in-stream scale;-significant correlations for-trout fry included-a negative:correlation with-increasing ™
channel width and a positive correlation with increasing channel slope and associated physical
biotopes. Conversely, salmon fry were positively correlated with increasing channel width but
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negatively correlated with increasing channel slope and physical biotope. In other words, trout fry
indicate a preference for narrow streams with steep gradients whereas salmon fry indicate a
preference for wider, low-gradient streams. This supports research suggesting that salmon and
trout fry occupy different scales of habitat in different locations of the catchment (Armstrong et al.,
2003). In agreement, a negative Spearman Rank correlation between trout fry and salmon fry
presence/absence (p< 0.05) was also observed. Salmon fry abundance was negatively correlated
with the siltation of gravels and, unsurprisingly, with the presence of impassable barriers, whilst
salmon presence was positively correlated with the presence of gravels. These three variables
are considered to represent the quality, accessibility and availability of spawning habitat within the
immediate vicinity of the surveyed fry habitat. The relationships observed between them and
salmon fry suggest that salmon fry abundance and distribution at the catchment-scale may in part
be controlled by spawning productivity and the level of survival to emergence. At the riparian
scale only land cover was significantly positively related to salmon fry abundance and distribution
suggesting salmon fry are found in locations of more intensive land cover (e.g. arable and
improved pasture). This may correspond with their preference for wide low-gradient channels that
are most likely to occur within lowland floodplains where the most intensive agriculture is also
located. Trout fry abundance and distribution demonstrated slightly more significant relationships
with riparian habitat controls being positively correlated with the presence of tunnelled vegetatioﬁ
and bank erosion and negatively correlated with a reduction in overhead tree cover. It is thought
that these three variables represent the level of bankside cover available in the form of exposed
tree roots, shade and undercut banks. At the catchment-scale, trout fry abundance and
distribution were negatively correlated with increasing linear catchment-channel hydrological
connectivity risk (and that weighted by land cover) indicating iower numbers of trout fry and even
absence in areas of high connectivity risk. In contrast, salmon fry exhibited significant negative
correlations with the non-linear catchment-channel hydrological connectivity variables in that both
low and high levels of catchment-channel connectivity risk corresponded with low numbers of
salmon fry, with an optimum level in the central range. This is in agreement with results presented
in Chapter Five (Section 5.4) suggesting that salmon and trout exhibit a different response to low
levels of connectivity potentially due to different feeding habits.

6.3.1.4 Regression analysis

" Following “corrélation analysis with individual variables, multivariate analysis was undertaken by

applying multiple regression to the derived PCA factors to examine which combination of habitat
controls explained the most significant variation in salmonid fry populations at a catchment-scale.
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Due to the non-normal distribution of fry, the data failed to meet the assumptions of normality
required by linear regression even after transformation. To overcome this issue, the fry data were
classified into 5 groups from A (Excellent) to E (Absent) and the regression model applied using
ordinal dependents. This approach is considered allowable providing there are at least 5
response categories (Berry, 1993; Achen, 1991 both cited in Garson, 2006) and the responses
are not concentrated in a very small number of those categories (Garson, 2006). The
classification system adopted was that presented in Table 3.5 based on research by Crozier and
Kennedy (1994) and Brown (2006a). Frequency statistics for each class, by species and year,
were computed to check the assumption that data were not concentrated into a small number of
classes. The assumption held for saimon fry but the large number of zero and one fish sites for
trout meant that the assumption was not met. To adjust for this and to enable regression to be
applied to the trout data the number of observations included in class E (absent) were reduced for
both 2004 and 2005 using the process of random selection available in SPSS. It should be noted
that salmon fry were only analysed for sites below impassable barriers due to the overriding
influence of this factor on their distribution. 167 and 149 salmon sites and 148 and 97 trout sites
were selected for analysis in 2004 and 2005 respectively. Figure 6.10 shows their distribution and
the number of sites in each class is presented in Table 6.6.

Table 6.6: Class frequencies used in regression analysis

Trout Salmon
Class
2004 2005 2004 2005
A 21 g 31 33
B 26 13 35 3
C 37 28 27 20
D 27 18 21 26
E 37 29 53 39

The 7 factors identified by PCA were then related to the ordinal classed fry data using forward
stepwise multiple regression. Probability limits for variable entry into the model were set at 0.1,
with variable removal set at 0.2. Previous research has advocated the use of 90% significance
limits as at 95% fewer variables are retained which can lead to less informative results (Wang et
al., 2003). The barrier variable was also included in analysis of trout fry as it had not been
included in the PCA analysis. Analysis was undertaken using data from all selected sites thereby

“evaluating the refationship between habitat and salmonid fry abundance at the catchment-scale.
Multiple regression models were calculated separately for 2004 and 2005 and also for each
species (Table 6.7).
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Table 6.7: Muttiple regression models summarising relationships between habitat variables and salmonid fry at the
catchment-scale.

Adjusted  Sample

Dependent  Regression equation R? size
2004
0,
Saimonfry _ 4 870 0.737(Factor 3 Non-inear connectivity) + 0.362(Factor 5 Slope) 22% 167
Trout fry = 1.878 - 0.508(Factor 4 Overhead cover)- 0.336(Factor 1 Linear 24.8% 148
connectivity) — 0.383(Factor 5 Slope) — 0.799(Barrier)

2005

Salmon fry =2.002 - 0.477(Factor 3 Non-linear connectivity) + 0.438(Factor 5 Slope) 17.8% 143
Trout fry = 2553 + 0.358 (Factor 4 Overhead cover) - 0.353(Factor 5 Slope) —0.804 15.0% 97

(Barrier)

Adjusted R2 values indicate that between 15.0% and 32.2% of the spatial variability present in the
salmonid fry data was explained by the habitat controls at the catchment-scale. Whilst these
adjusted R? values may appear low, in the context of a complex ecological system that has many
small-scale interactions and other controlling factors, they are acceptable and equate to values
observed by other researches (e.g. Pess et al., 2002). They are also substantial considering the
leve! of spatial noise that is likely to be associated with semi-quantitative (single pass, un-netted)
electrofishing data (Wiley et al., 1997). More variation was explained for salmon fry than trout fry
with a greater proportion of the variation explained for both species, in 2004 compared with 2005.
Three hypotheses are put forward to explain the different species response. First, salmon fry are
more abundant in the Eden catchment than trout fry (Dickson, 2004). It has been proposed that
habitat probably has its strongest effects when the standing stock approaches the carrying
capacity of the environment (Armstrong et al., 2003). Second, salmon fry exhibit wider spatial
distribution within the Eden catchment than trout fry (Dickson, 2004), and hence may show a
greater relationship with habitat when analysed at the catchment-scale. In connection with this,
the reduction in zero fish sites for trout in 2005 resulted in a markedly lower sample size. Third,
the spatial variability of trout fry populations may not have been fully captured, as prior to 2008,
the Eden Rivers Trust did not target very small tributaries (<2m wide). in 2006 these small
streams were specifically targeted showing that they can often be highly productive trout fry
streams (Brown, 2006b). Unfortunately, aerial photography was not available for these sites
preventing the application of multivariate analysis. Howreverr, anajys!§ of relationships between the

trout fry data and hydrological connectivity risk (Chapter Five, Section 5.4) found_the most

significant relationships to be observed for the 2006 data. In terms of the reduced explanation of
variability observed in 2005 compared with 2004 this may be a result of the January 2005 floods
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that occurred in the Eden catchment (See Chapter Five, Section 5.4). The independent variables
applied in these models have been measured using a variety of different units and as a result the
coefficients reported in Table 6.7 are not directly comparable. Alternatively, the t-statistic (Table
6.8) can help establish the relative importance of each variable in the model, and as a guide, the
greater the t-statistic is above +2 or below -2, the greater the importance of a variable. This is

also reflected in the p values reported.

Table 6.8: t-statistics and p values for catchment-scale regression models

t

Model statistic P value
Salmon 2004

Factor 3 -7.886 0.000
Factor 5 3.784 0.000
Salmon 2005

Factor 3 -4.190 0.000
Factor 5 3.947 0.000
Trout 2004

Factor 4 -5.014 0.000
Factor 1 -3.352 0.001
Factor 5 -3.622 0.000
Barrier -3.080 0.002
Trout 2005

Factor 4 -2.910 0.005
Factor 5 -2.71 0.008
Barrier -2.487 0.015

In both years, salmon fry were found to exhibit the strongest relationship (t-statistic > 4) with
Factor 3, non-linear catchment-channel connectivity risk (and that weighted by land cover), in that
both low and high levels of catchment-channel hydrological connectivity risk corresponded with
low levels of salmon fry, with an optimum level in the central range. Trout fry abundance was also
found to correspond with catchment—channel hydrological connectivity variables. However, it was
Factor 1 that was found to be significant in this case. This represents a linear relationship with
catchment-channel hydrological connectivity risk (and that weighted by land cover); where the
lowest levels of risk are associated with the highest numbers of trout fry. These findings again
correspond with analysis undertaken in Chapter Five (Section 5.4) which suggested that juvenile
salmon and trout may respond differently to low levels of hydrological connectivity due to
differences_in- their feeding_habits. Whilst connectivity was: found-to be the most significant factor
in explaining salmon fry abundance at the catchment-scale, for trout a negative relationship with
Factor 4 (t-statistic = -5.014 in 2004) was found to be more significant (increasing Factor 4
represents decreasing overhead cover). As discussed in Chapter Two (Section 2.5.2.2) it is
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commonly thought that juvenile trout are strongly influenced by the availability of cover due to
their high levels of territorial behaviour (e.g. Heggenes et al., 1999; Armstrong et al., 2003; Elfiott,
1994). Trout fry were also negatively related to Factor 5, indicating that they are more frequently
located in narrow channels with steeper gradients and more rapid flow types (e.g. cascades/step
pools). Conversely, salmon fry were positively correlated with Factor 5, which represents a
preference for gentler gradients and their associated flow types (e.g. riffles/runs/pools) that are
typically found further downstream where channels are wider. In the context of the correlation
results (Section 6.3.1.1), this would suggest that salmon and trout fry may be subject to different
combinations of habitat pressures due to their location within the catchment landscape and scale
of habitat utilised. Additionally, for trout fry, impassable barriers were found to be a significant
factor affecting their abundance at the catchment-scale. Whilst local in scale, barriers can have a
widespread effect depending on their location within the catchment. They may act to fragment
habitats so that reaches above and/or below may no longer contain the range of habitat types
required to support the entire life-cycle. In such cases the populations in these reaches will
gradually decline until they are no longer sustainable. Barriers can also prevent re-colonisation of
species following pollution or disease events upstream of the barrier.

These relationships were not only restricted to fry abundance, but also observed for the
presence/absence of fry. Binary logistic regression (BLR) was chosen to assess the relationship
between habitat controls and the presence/absence of salmonid fry. This is a technique
specifically designed to predict the outcome of a dichotomous dependent variabie (i.e. presence
or absence) based on a set of predictor variables. The principal benefit of using logistic
regression is that it does not rely on the dependent salmonid fry data being normally distributed
and avoids the problems encountered above. It also enables any differences between salmonid
distribution and abundance to be identified. BLR was undertaken using a forward likelihood ratio
selection of variables to be entered into the model. The same suite of predictor habitat factors
was used as in the multiple linear regression analysis and again the probability limits of a variable
being entered or removed to/from the model were set at 0.1 and 0.2 respectively. Without the
need to reduce the number of zero trout sites for BLR, 167 and 149 salmon sites and 212 and
177 trout sites were available for analysis in 2004 and 2005 respectively. Binary logistic
regression models were again calculated separately for 2004 and 2005 and also for each species
(Table 6.9).
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Table 6.9: Binary logistic regression models summarising relationships between habitat controls and salmonid fry
presence/absence at the catchment-scale.

Nagelkerke  Sample

Dependent Regression equation
P * 9 pseudo R? size

2004

Salmon fry  =1.159 - 1.280(Factor 3 Non-linear connectivity) + 0.714(Factor 5 Slope) 0.380 167

Trout fry =1.407- 0.786(Factor 1 Linear connectivity) - 0.997(Factor 4 Overhead 0.317 212
cover) - 0.674{Factor 5 Slope)

2005

Salmon fry = 1.360 - 0.785(Factor 3 Non-linear connectivity) + 0.730(Factor 5 Slope) 0,232 148
-0.360(Factor 2 Bank erosion severity) '

Trout fry =0.169 - 0.447(Factor 5 Slope) — 0.356 (Factor 4 Overhead cover) 0.089 177

As the true R? cannot be computed for BLR, the Nagelkerke pseudo RZ was used to provide a
measure of goodness of fit. Similar to the multiple linear regressions, more variation was
explained for salmon fry than trout fry, with a greater proportion of the variation explained for both
species in 2004 compared with 2005. Very similar relationships were observed between habitat
and salmonid presence/absence as described for salmonid abundance. However, in 2005,
salmon fry presence was also negatively related to severe bank erosion, whilst for trout fry
presence no significant relationship was observed with the presence of impassable barriers or

hydrological connectivity.
6.3.1.5 Summary of catchment-scale analysis

Correlation analysis revealed a high degree of collinearity between habitat controls demonstrating
the multi-faceted influence that land use can have on the freshwater environment. Specific
locations of the landscape were also found to be associated with specific combinations of habitat
pressures. PCA then evaluated relationships between habitat controls further. Relationships
between in-stream habitat conditions, in particular, gravel siltation and habitat controls at a
catchment and riparian-scale were observed. Relationships between the scale of in-stream
habitat, as measured by channel width, and other habitat controls were also observed,
particularly with respect to overhead channel cover, bank erosion severity, channel widening
(erosion on- both banks) and extremes of catchment-channel hydrological connectivity risk.
‘Regression analysis then demonstrated that habitat controls do explain a significant proportion of
the spatial variability observed in salmonid fry abundance and presence/absence data. However,
there were indications that the January 2005 floods may have dampened relationships between
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fry and habitat in 2005. Following Chapter Five’s results, catchment land cover as filtered by
surface and shallow sub-surface hydrological connectivity was reported as particularly important
in structuring the spatial pattern of salmonid presence/absence and abundance within the Eden
catchment. However, as in Chapter Five, species-specific differences in response to low levels of
connectivity risk were observed. Spatial variation in salmon fry performance was most
significantly explained by a non-linear relationship with catchment-channel hydrological
connectivity. Spatial patterns of trout fry abundance were most significantly structured by the level
of overhead cover provided by riparian vegetation. Differences in the location and scale of habitat
(as measured by Factor 5 channel slope, biotope and width) occupied by salmon and trout fry
were also found. In the context of the correlation analysis results this suggests that salmon and
trout may be subject to different suites of habitat pressures due to the location they utilise within
the catchment. It also supports the theory of niche separation between the two species (e.g.
Riley et al., 2006; Heggenes et al., 1999) which suggests that juvenile trout may perform well in
narrow streams where bankside shelter is abundant relative to the area of the stream bed, whilst
salmon, which are less dependent upon overhead cover, may thrive in wider streams where the
bankside has less influence and where they are free from competition with trout (Armstrong et al.,
2003).The relationship between species differences, location and scale of habitat occupied and
habitat quality will be discussed in more detail in Chapter Seven.

6.3.2 Area scale analysis of salmonid fry

To test whether the relationships identified between habitat and salmonid abundance remained
constant or varied according to the scale and location of investigation, further analysis has been
undertaken at an area, and where, possible tributary-scale. As described in Chapter One (Section
1.3.1), the catchment has been divided into six distinctive areas based on geology, topography
and land cover: (1) the Tyne Gap; (2) the Pennnine Becks; (3) the Orton and Howgill Fells; (4)
Ullswater and the River Lowther Valley; (5) the Caldew and Petteril Rivers; and (6) the Upper
River Eden. Tributary scale analysis has focused on four tributaries within Orton and Howgill Fells
area (Helm Beck, Hoff Beck, River Lyvennet and Scandal Beck). To examine variation in the
spatial distribution of habitat controls at different scales scatterplots of four PCA factors were
produced stratified by area and tributary (Figures 6.1 and 6.12). Visual inspection of the
scatterplots” suggests that different locations within the catchiment do ‘exhibit different habitat

characteristics to different extents, particularly in relation to PCA Factor 1 which represents land
cover and the level of catchment-channel hydrological connectivity risk (linear). At an area scale
the strong clustering of sites within the Ullswater and River Lowther area at very low values of
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~Figure 6.147 Relationship between linear and non-linear h ydegfb;Té;r)néétivif} risk at the area-scale.

These results would suggest that, as the scale of investigation contracts, the level of spatial
variation (habitat heterogeneity) exhibited by catchment-scale controls is reduced, whilst spatial
heterogeneity in riparian and in-stream habitat controls remains relatively high. An alternative
perspective is that catchment-scale land cover and connectivity exert their influence over a

greater spatial extent relative to riparian and in-stream controls that are more localised in extent.
6.3.2.1 Principal components analysis

In addition to assessing the impact of investigation scale on individual habitat controls,
consideration was given to the impact upon relationships between habitat controls. This was
achieved by repeating PCA analysis specific to each area. Unfortunately, restrictions with the
number of sample sites in area (6), the Upper River Eden, and in all four tributaries meant that it
was not possible to apply PCA. PCA was applied with a varimax rotation and 6 factors with an
eigenvalue greater than 1 were extracted within each area accounting for 70.8-77.9% of the
variability in the original dataset. The rotated component matrices are presented in Appendix Four
for information. Whilst a similar array of factors was produced for each area as at the catchment-
scale, there were a number of interesting differences. First, relationships between the linear and
non-linear risk of catchment-channel hydrological connectivity appear different at the area-scale
compared with the catchment-scale. Instead of two different factors representing each variable
they are all represented by one main factor in all areas. This suggests that whilst unrelated at a
catchment-scale these two variables become related at the area-scale. Figure 6.14 shows that a
positive relationship between linear and non-linear connectivity is observed for all areas except
the Ullswater and Lowther Valley where a negative relationship is observed.
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High values of the non-linear variable represent extremes in connectivity risk (both low and high),
whilst high values of the linear variable represent only high levels of connectivity. A negative
relationship between the two variables in the Ullswater area indicates that only extreme low levels
to moderate levels of connectivity are found, whist a positive relationship in all other areas
indicates that only moderate to extreme high levels of connectivity are found. These results again
indicate a reduction in the spatial variability of catchment-channel connectivity risk experienced
within areas as the scale of investigation contracts.

Second, the presence of gravel siltation is related to different factors in different areas. At a
catchment-scale, siltation showed the greatest positive relationship with catchment-channel
connectivity and land cover risk (as measured by rotated component scores). At an area-scale
this is only true for the Caldew/Petteril Rivers area, which was also the area to exhibit greatest
spatial variation in catchment-channel connectivity at the area-scale (Figure 6.13a). In the
Uliswater/Lowther Valley area, siltation showed the greatest positive relationship with the
presence of bank erosion caused by stock. This is the only area not to exhibit high levels of
catchment-channel connectivity. In the Tyne Gap, Pennine Becks and Orton/Howgill Fell areas,
siltation showed the greatest positive relationship with decreasing channel slope and associated
low-turbulence physical biotopes. These results suggest that at different investigation scales,
different controls may be relevant to explaining spatial variation in gravel siitation. This has
important implications for practitioners who are looking to identify and manage the causes of
habitat degradation. For the case of gravel siltation a hierarchical approach for assessing risk
within the Eden catchment is proposed as follows:

(1) Spatial variation in siltation is firstly related to variation in the delivery of fine sediment from
catchment sources as controlled by surface hydrological connectivity.

(2) In areas of low connectivity where delivery of fine sediment from catchment sources is low,
spatial variation in siltation is related to variation in the location of bank erosion sources, as
this becomes the dominant source.

(3) Within areas or reaches of relatively uniform fine sediment delivery risk (e.g. low spatial
variability in catchment-channel connectivity risk or erosion risk, dependent on the dominant
source), the presence of gravel siltation is related to channel slope and bictope. Channel

slope and biotope can be considered surrogate variables for in-stream hydraulic properties
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severe bank erosion and its impact upon in-stream conditions and salmonid habitat may become
more identifiable. However, whilst spatial variability in the cause of erosion may decline, spatial
variability in the presence/absence of severe erosion remains high at the area-scale (Figure
6.13(b)).

6.3.2.2 Regression analysis

To examine whether differences in the spatial variability of habitat controls at different scales of
investigation result in different relationships between habitat and salmonid fry abundance,
regression analysis was repeated at an area-scale using the 2004 salmonid fry data (Tables 6.11
and 6.12). Regression analysis was performed using the new set of transformed PCA factors
created for each area, with the addition of the barrier variable in analysis of trout fry. Again
salmon sites were only analysed below barriers and in all models probability limits for variable
entry were set at 0.1, with variable removal set at 0.2. Due to restricted sample sizes at the area-
scale, and variation in the level of salmonid fry abundance and distribution a combination of
multiple forward stepwise regression and binary logistic regression (using forward likelihood ratio
selection) was applied. Dependent variables also varied between areas dependent upon data
normality as tested using Kolmogorov-Smimnov tests and class frequency distributions.
Dependent variables included total salmon/trout (nSmin-1), Square root of total salmon/trout
(SQRT), log of total salmon/trout plus 1 (Ln + 1), salmon/trout class and saimoni/trout
presence/absence. To aid in interpretation of the tables, PCA factor numbers have been followed
by a description of the most significant variables represented by that factor.

In comparison with the catchment-scale analysis the results of the area-scale analysis indicate
that different habitat controls are significant in explaining salmon and trout fry
abundance/presence at different scales of investigation and in different locations of the
catchment. Particularly notable was the increase in the number of in-stream and riparian-scale
habitat controls that were found to be significant. Stock access, tunnelled vegetation, overhead
tree cover, severe bank erosion, stock trampling, fluvial erosion and gravel presence were all
found to varying extents to explain spatial variation in both salmon and trout fry populations at the
area-scale. However, different controls were important in different areas.
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Catchment-scale habitat controls were still found to be important and catchment-scale land cover
and hydrological connectivity were still the most significant control over spatial pattems of
salmonid fry abundance and distribution in a number of areas, but not in all. Analysis at the
catchment-scale suggested that salmon and trout fry exhibit a species-specific response to
catchment land cover as filtered by hydrological connectivity. Saimon fry were related to non-
linear catchment-channel connectivity risk whilst trout fry were related to linear risk. In contrast, at
the area-scale, both species showed a similar linear, negative relationship with increasing
catchment-channel hydrological connectivity risk. The only exception to this was salmon fry
abundance in the Ullswater and Lowther Valley area where a linear, positive relationship was
observed. This suggests that in the majority of areas it is high levels of land cover risk as filtered
by catchment-channel connectivity that are limiting to salmonid populations (both salmon and
trout) but that in the Uliswater and Lowther Valley area very low levels of connectivity may be
limiting to salmon fry. This agrees with earlier discussion suggesting that it is only within this area
that extreme low levels of connectivity are observed. It has been hypothesised that levels of
catchment-channel connectivity are so low in this area that nutrient delivery and autochthonous
production are reduced to such an extent that abundant juvenile saimon populations cannot be
supported. Resistant volcanic geology in this area further promotes nutrient-poor soils and
oligotrophic conditions. In this regard it is interesting to note that within the Ullswater and Lowther
Valley area salmon fry abundance was positively related to increasing cover from riparian
vegetation and trees. This may be related to increased food availability in such areas as a result
of organic inputs from allochthonous production. In contrast, salmon fry abundance was
negatively related to tunnelled riparian tree cover in the Pennine Beck area (Figure 6.16). These
different responses may reflect area-scale structuring of salmon fry abundance in connection with
the availability and abundance of various food sources, as influenced by the interaction of both
catchment-scale and riparian-scale habitat controls. For example, in areas of optimal catchment-
channel connectivity (e.g. Pennine Becks) invertebrate abundance is likely to be higher in open
reaches associated with autochthonous production as opposed to shaded and particularly
tunnelled reaches. Research has shown invertebrate and salmonid fry abundance to be reduced
in extensive reaches (>400m in length) of tunnelled vegetation when compared with open or
partly shaded reaches (O'Grady, 1993). However, in oligotrophic reaches where autochthonous
production-is restricted invertebrate abundance may actuallybe-higher in shaded reaches where
-there-are-greater-inputs-of terrestrial-invertebrates: This-highlights-the-importance-of considering
interactions between habitat controls at different scales.
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6.3.2.3 Summary of area-scale analysis

Spatial variation in habitat controls was found to vary with the scale of investigation, particularly
with regard to catchment-scale land cover as filtered by surface hydrological connectivity, for
which variance decreased as the scale of investigation contracted. The results of PCA analysis
showed that different relationships were observed between individual habitat controls at the area-
scale compared with the catchment-scale, most notably for catchment-scale land cover and
connectivity, gravel siltation and bank erosion. Differences were also reported in the relationships
identified between salmonid abundance/distribution and habitat controls both between different
scales of investigation and between different locations at the area-scale. This suggests that the
scale and location of investigation is important in determining the relationships that will be
identified between salmonid populations and habitat controls. An increase in the number of in-
stream and riparian-scale controls explaining spatial patterns of abundance was observed at the
area-scale compared with the catchment-scale. However, the significance and type of response
of salmonid populations to these variables varied between areas and appeared in a number of
cases (e.g. tunnelled vegetation) to still be determined by variations in catchment-scale controls
between areas (e.g. land cover and hydrological connectivity). These results will be discussed in
Chapter Seven in terms of Hypothesis (3) and the importance of considering investigation scale

when undertaking research into and management of salmonid fisheries.
6.3.3 Relationships between habitat controls and salmonid parr

To enable testing of Hypothesis (1) and examine the extent to which relationships between
habitat and salmonid abundance vary with life-stage, multivariate analysis was also applied to
salmonid parr. As for fry data, sample sites were selected for inclusion in the data analysis
according to the availability of all habitat variables at the site. 44 trout and 35 salmon parr sites
surveyed in 2005 were therefore available for the analysis. Sites were distributed within seven
tributaries of the Upper Eden catchment and had been selected for electrofishing to cover the

range of habitat variables considered.

6.3.3.1 Principal components analysis

As presented in Table 6.1, aslightly different suite of habitat and fisheries variables were used in
~the analysis of parr data. To take account of this and the restricted aréa of application, PCA was

repeated using the habitat data for the 44 selected sites. PCA was applied with a varimax rotation

and 5 factors with an eigenvalue greater than 1 were extracted accounting for 73.1% of the
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variability in the original dataset (Table 6.13). All habitat variables selected for parr analysis
(Table 6.1) were included with the exception of the barrier variable. Table 6.14 presents a
summary of the habitat variables significantly represented by each of the factors and their
relationship with those factors.

Table 6.13: Rotated component matrix of habitat factors extracted for parr analysis with an eigenvalue >1. The factor

to which each habitat control is most strongly related is highlighted in bold.

Habitat control Factor

1 2 3 4 5
In-stream habitat controls
Dominant substrate -333 275 -270 -352 364
% pool habitat 330 202 518 447 -104
Channel width -070 059 825 .180 -.183
Channel slope -108 080 -062 -591 -225
Riparian-scale habitat controls
Erosion presence -161 601 -362 -106 .330
Stock access -202 666 -211 023 315
Erosion on both banks 014 892 -010 272 -015
Erosion severity 401 800 136 093  -017
Stock erosion 136 800 232 -307 -.040
Fluvial erosion -234 120 -035 824 -.061
% overhead tree cover 375 293 36 236 .573
Tunnelled vegetation A31 -049 -029 -080 -.824
Riparian iand use 396 593 -026 -047 074

Catchment-scale habitat controls
Catchment-channel hydrological connectivity risk (unweighted)

Linear 958 041 120 -026 -.024
Classified linear 889 107 116 -163 -147
Non-linear 465 -011 651 -139 148
Catchment-channel hydrological connectivity risk weighted by land cover

Linear 948 057 051 106 .032
Classified linear 830 -016 061 071 -040
Non-linear 397 061 701 -043 289
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Table 6.14: Summary of parr habitat variables represented by factors extracted using Principal Components Analysis

Factor Name Correlation  Habitat variables represented
1 Linear Positive Linear catchment-channel hydrological connectivity (weighted and
connectivity unweighted by land cover)
9 Bank erosion Positive Bank erosion, severe erosion, erosion on both banks, stock access, stock
severity erosion and riparian land use
Channel width & Non-linear catchment-channel hydrological connectivity
Positive (e.g. greater probability that risk falls outside the optimal range, Chapter 5,
3 Channel width Section 5.4)
Negative  Percentage pool habitat
. . Positive Fluvial erosion
4 Fiuvial erosion Negative _ Channel siope
5 Overhead Negative  Tunnelied vegetation

cover Positive ~ Decreasing overhead tree cover & dominant substrate suitability

6.3.3.2 Correlation analysis

As for fry, comelation analysis was used to evaluate relationships between individual habitat
controls and the abundance and presence/absence of salmonid parr. Kolmogorov-Smirnov tests
again revealed the salmonid data to be non-normal even after transformation and a non-
parametric Spearman Rank correlation was therefore applied (Table 6.15). In comparison with
the salmonid fry data, few significant correlations with habitat controls were observed. Trout parr
abundance and presence/absence were significantly and negatively correlated with decreasing
overhead tree cover, linear and non-linear catchment-channel hydrological connectivity risk and
linear and classified linear catchment-channel hydrological connectivity risk weighted by land
cover. In addition, trout parr abundance was also negatively correlated with channel width. This
suggests trout parr have a preference for narrow channels with a plentiful supply of overhead
cover in areas of low to moderate catchment-channel hydrological connectivity risk. Unlike trout
fry, no significant correlation with channel slope and erosion presence was observed. Salmon
parr exhibited even fewer significant relationships with the habitat controls. Only a negative
relationship between the presence of impassable bariers, and a positive relationship with the
presence of tunnelled vegetation were observed for salmon parr abundance and
presence/absence. In addition salmon parr abundance was also negatively correlated with the
decreasing overhead tree cover. This unsurprisingly confirms that salmon parr are not found
above impassable barriers and more unexpectedly indicates that salmon parr, like trout, have a
preference for areas with a plentlful supply of overhead cover. This may suggest a change in

“behaviour for salmon from fry to parr, as aIthough not S|gn|f icant salmon fry showed a negative

relationship with increasing overhead cover.
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Table 6.15: Cormelation analysis between individual habitat controls and salmonid parr abundance and
presence/absence. Spearman rank correlation was applied and all tests were two-tailed. Significant correlations are
shown in bold (*) p <0.05 and {**) p<0.001.

Salmon Salmon
) Troutparr  Trout parr
Habitat control parr parr
abundance presence

abundance presence
(N100m2)  or absence

(N100m2)  or absence

In-stream habitat controls

Dominant substrate 0.136 0.129 0.044 -.078
% pool habitat -0.086 -0.057 -0.261 -227
Channel! width -0.326(*) -0.222 0.152 222
impassable barrier -0.043 -0.166 -0.486(*) -531(™)
Channel slope 0.074 0.037 0.084 -.066
Riparian-scale habitat controls

Erosion presence 0.232 0.162 -0.025 -.086
Stock access -0.060 0.020 -0.028 -.089
Erosion on both banks -0.042 0.027 -0.092 -101
Erosion severity 0.079 0.125 0.012 029
Stock erosion -0.135 -0.139 0.025 .006
Fluvial erosion 0.101 0.205 0.031 033
% overhead tree cover -0.355(*) «0.354(*) -0.325(") -.231
Tunnelled vegetation 0.119 0.257 0.298(*) .380(*)
Riparian land use -0.175 0.014 0.028 100

Catchment-scale habitat controls

Catchment-channel hydrological connectivily risk

Linear 0.451(*)  -0.324(") -0.228 .007
Classified linear -0.283 0.173 -0.134 .055
Non-linear -0.365(*)  -0.447(*) -0.102 049
Catchment-channel hydrological connectivity risk weighted by fand cover

Linear -0.454(*)  -0.300(*) -0.240 -014
Classified linear 0.458(")  -0.324(" -0.186 .060
Non-finear -0.256 -0.275 -0.037 .058

One explanation for this apparent change in behaviour may be that, as juvenile salmon grow,

substrate and turbulent - flows -may- no—longer -provide -adequate cover from predation and

~° ~ ““competition, with"parrinstead relying on overhead and banksidé cover. Suchforms of Cover are

also considered an important component of over-wintering habitat, which is increasingly being

raised within the scientific literature as a critical limiting factor to the survival of salmonid parr
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(Valdimarsson and Metcalfe, 1998; Armstrong and Griffiths, 2001; Armstrong et al., 2003; Riley et
al., 2006). Unlike salmon fry, no relationships with channel width, channel slope or catchment-
channel hydrological connectivity were observed. Fewer differences between salmon and trout
were observed for parr than for fry, indicating that during the parr life-stage both salmon and trout
may occupy and compete for similar habitats. This was supported by positive Spearman Rank
correlations between trout parr and salmon parr abundance (p < 0.01) and between trout parr and
salmon parr presence/absence (p < 0.05).

6.3.3.3 Regression analysis

Multiple regression analysis using the parr PCA factors was undertaken to establish whether
habitat controls explain a significant proportion of the variation in salmonid parr populations and, if
so, which variables are most significant. Due to the non-normal distribution of salmonid parr
regression analysis was performed using ordinal dependents. Unlike fry, no standard
classification system was available. Instead parr were grouped into five classes of zero fish plus

four further classes of equal membership (Table 6.16).

Table 6.16: Classification system applied to salmonid parr based on equal membership

N 100m?

Class

Trout parr  Salmon parr
A (Excellent) >39 >6.8
B (Good) 2939 4.0-6.8
C (Fair) 14-2.8 1.7-39
D (Poor) 0.1-1.3 0.1-1.6
E (Absent) 0 0

The 5 factors identified by PCA were then related to the ordinal classed fry data using forward
stepwise multiple regression (Table 6.17). Probability limits for variable entry into the model were
set at 0.1, with variable removal set at 0.2. The barrier variable was again added to the trout
analysis as an independent variable aé it had not been inciuded in the PCA analysis. Additionally,
the species-specific fry abundance within 2000m variables were included to account for any
spatial variation in parr populations as a result of recruitment. T-statistics and p values are again
presented for each significant variable to aid interpretation (Table 6.18).
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Table 6.17: Multiple regression models summarising relationships between habitat variables and salmonid parr for
an area of the Upper Eden catchment.

Dependent  Regression equation Adjusted  Sample

R? size
Salmon parr = 1.728 + 0.064(Salmon fry abundance) ~ 0.736 (Factor 1) 758 35

Trout parr =2.471 + 0.058(Trout fry abundance) ~ 0.397 (Factor 1) 18.4 44

Table 6.18: T-statistics and p values for parr multiple regression models

Model t statistic  p value
Salmon parr

Salmon fry abundance 7.649 0.000
Factor 1 -5.040 0.000
Trout parr

Trout fry abundance 2.101 0.042
Factor 1 _ -1.807 0.078

Adjusted R? values indicate that the fisheries and habitat variables do explain a significant
proportion of the spatial variation in salmon and trout parr. Particularly striking is the very high
adjusted R? value of 75.8% reported for salmon parr. Of this 58% was attributed to the level of
salmon fry abundance within 2,000 metres of the parr electrofishing site. A high t-statistic (7.649)
and highly significant p-value (<0.00001) suggest that the level of salmon fry productivity is
extremely important in determining salmon parr abundance within the area of the catchment
studied. Greater numbers of salmon parr were found within 2,000 metres of high fry abundance.
Trout parr abundance was aiso observed to be positively related to fry productivity although to a
considerably lesser degree than salmon. An R2 value of only 18.4% was reported, of which 14%
related to fry abundance, the t-statistic was not as strong (2.101) and the p-value was less
significant (<0.05). The three hypotheses for the lower explanation of spatial variance in trout
compared with salmon proposed in Section 6.3.1.4 may also be relevant here. These results
suggest that it may be fry production rather than parr habitat which determines parr abundance in
this area of the catchment. This finding has important implications for targeting fisheries
restoration and will be discussed further in Chapter Seven. However, a significant proportion of
spatial variation in both salmon (17.8%) and trout (4.4%) parr abundance was also explained by a
negative relationship with Factor 1 _representing. lower abundance at increased levels of - —
catchment-channel connectivity risk. This further emphasises the critical role of catchment-scale
land cover as filtered by surface and shallow sub-surface hydrological connectivity in structuring

salmonid populations, in this case at the parr life-stage. It is interesting to note that for both
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species it is the linear connectivity variables that are significant in explaining spatial variation
indicating that it is high levels of connectivity which are limiting to parr of both species, at least in
this area of the catchment. This contrasts with the findings for salmonid fry which suggested that
salmon fry were related to the non-linear connectivity variable, also limited by low levels of
connectivity. Detailed examination of the dataset suggests that this may be an artefact of the data
applied. The area of the catchment studied here does not experience the very low levels of
connectivity risk found to be limiting to salmon fry production in other areas of the catchment (e.g.
Uliswater and Lowther Valley). Further analysis in these areas would be required to ascertain if
low levels of catchment-channel connectivity risk are limiting to parr. Land cover and connectivity
impacts on water quality are considered density-independent habitat controls (e.g. Milner et al.,
2003) and it should be noted that unlike fry, particularly trout fry, no density-dependent factors
(e.g. overhead cover, bank erosion, substrate) were found to significantly explain spatial variation
in parr abundance. It has been suggested that this may be related to the greater dispersal
capabilities of parr, which can escape density-dependent controls, a hypothesis that is discussed
further in Chapter Seven. In contrast to the fry analysis, both salmon and trout parr abundance
appear controlled by very similar variables with no significant distinction in the scale or location of
habitat occupied. This is supported by the results of correlation analysis which found the
presence of tout parr to correspond positively with the presence of salmon parr indicating that
both species are utilising similar habitats. BLR was also applied to the parr data to assess
whether there were any differences between salmonid distribution and habitat compared with
abundance (Table 6.19).

Table 6.19: Binary logistic regression models summarising relationships between habitat controls and salmonid pamr
presence/absence for an area of the Upper Eden catchment. A forward likelihood ratio selection of variables was
applied. Probability limits for vanable entry info the model were set at 0.1, with variable removal set at 0.2.

Dependent  Regression equation Nagelkerke  Sample

R? size
Salmon fry  =-22.175 + 2.3(Salmon fry abundance) + 4.946(Factor 5 Overhead cover) 0.955 35
Trout fry =1.784 ~ 1.084(Factor 1 Linear connectivity) — 1.983 (Barrier) - 0.990 0.408 44

(Factor 3 Channel width) — 0.796 (Factor 5 Overhead cover)

Similar to abundance data, the presence of salmon parr was positively related to salmon fry

abundance with again an exceptionally high goodness of fit statistic reported (Nagelkerke R? =

R S

0.955). A positive relationship with Factor 5 (decreasing overhead coverj was obseNéd

contrasting with results of the correlation analysis where a negative relationship was observed.
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Factor 5 entered the model with a probability score of 0.093 and only increased performance
slightly with an increase in the Nagelkerke R? from 0.912 to 0.955. As such the reliability of this is
result is uncertain, particularly in light of the contrasting correlation results. The BLR model for
trout presence/absence exhibited a lower goodness of fit (Nagelkerke R2 = 0.408) with trout
presence negatively related to Factors 1, 3, 5 and the barrier variable. This suggests that there is
a higher probability of trout parr presence in streams of low catchment-channel hydrological
connectivity risk which are narrow, are below impassable barriers and have a greater proportion
of pool habitat and large amounts of overhead cover. In contrast to the abundance data, no
relationship with trout fry was observed. This is an interesting result as it suggests that, whilst
habitat controls the distribution of trout parr, it is recruitment that influences abundance. In terms
of management this raises the possibility that restoring parr habitat may simply result in a
redistribution of fish rather than an increase in overall abundance unless recruitment from fry also
increases. It was not possible to undertake analysis at the area-scale due to the limited

availability of data for parr.
6.3.3.4 Summary of salmonid parr analysis

Spatial pattems in the abundance of salmonid parr were found to be strongly influenced by the
abundance and productivity of salmonid fry within 2,000m of the parr’s territory, more so than by
any of the habitat variables. Catchment-scale land cover and hydrological connectivity risk factors
were the only habitat controls found to explain significant spatial variation in salmon and trout parr
abundance. In terms of distribution, salmon parr were again significantly related to fry abundance.
However, trout parr distribution was explained by a combination of habitat factors, suggesting that
different controls may be responsible for determining trout parr distribution compared with
abundance. Finally, a positive correlation between the presence and abundance of trout parr and
the presence and abundance of salmon parr suggested that they may be in competition for the
same habitats at this life-stage. These results are to be discussed in Chapter Seven in relation to
Hypothesis (1) and the level of mobility and potential for dispersal of salmonid parr compared with
salmonid fry. |

6.4 Chapter Summary

This aim of this chapter was to analyse relationships between habitat controls and saimonid

abundance/distribution presenting the results required to achieve Objective (3) of this thesis: the
testing of hypotheses proposed in Chapter Two, and discussion of results in the context of
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approaches to prioritising habitat restoration. This was achieved in two stages. First, a spatially-
structured hierarchical GIS was developed integrating the habitat and salmonid population data
acquired in Chapters Three, Four and Five. This involved the spatial co-registration of data and
coding of variables for analysis. Second, an approach capable of interrogating large multivariate
data sets was identified and applied. Correlation and PCA analysis were used to examine
relationships between habitat controls and to assess and to address the issue of variable
collinearity. The results suggested that in specific locations of the landscape and at specific
scales of habitat, specific combinations of habitat pressures are likely to occur. The results aiso
highlighted the significant influence that land cover can have resulting in multiple pressures on
the freshwater environment at multiple scales. This was then followed by regression analysis to
examine relationships between salmonid abundance (forward step-wise multiple regression) and
salmonid presence/absence (binary logistic regression). Analysis was undertaken in three
stages. First, habitat controls were related to salmon and trout fry data at the catchment-scale.
Results were presented showing that habitat controls do explain an acceptable proportion of the
spatial variation observed in salmonid abundance/distribution. However, substantial species-
specific differences were observed in the relationships identified which will be discussed in
Chapter Seven in relation to Hypothesis (2) and the scale of habitat occupied by each species.
Second, analysis considered the impact of investigation scale upon habitat controls and their
relationship with each other and salmonid populations. Unfortunately, restrictions in the number of
parr population sample sites meant that analysis could only be applied at an area-scale and not
at a tributary-scale as had been hoped. Different relationships between habitat controls and
between habitat and salmonid abundance/distribution were observed at different scales of
investigation and between different locations at the area-scale. This highlighted the importance of
considering scale in research such as this and will be discussed in Chapter Seven with regards to
Hypothesis (3) and implications for research into and the management of fisheries, particularly
salmonid fisheries. Finally, analysis was undertaken relating habitat controls to salmonid parr
abundance for an area of the Upper Eden catchment. Results were presented suggesting that
parr abundance may be more related to fry productivity and recruitment than to habitat with the
exception of catchment-scale hydrological connectivity. These findings will be discussed in
Chapter Seven in relation to Hypothesis (1) and differences in the level of mobility and dispersion
at the fry and parr life-stage. Chapter Seven will now discuss in more detail the results presented
-in_this chapter.in relation-to the-three-hypotheses-proposed-in-Chapter Two--This-will- be-followed-
by a discussion of the implications of these findings for the development of effective approaches
to fisheries management and habitat restoration using the Eden catchment as a case study.
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Chapter Seven - Relationships between habitat and salmonids: the
importance of scale and effective approaches to fisheries management.

74 Introduction

Chapter Six presented the results of multivariate analysis which evaluated the relationship
between habitat controls and salmonid populations within the Eden catchment. Analysis was
undertaken at a range of spatial scales stratified by both life-stage and species. The aim of this
chapter is to integrate these results in relation to: (1) the three hypotheses proposed in Chapter
Two; and (2) approaches to fisheries management. Throughout this research, and in particular,
throughout this discussion, it is vital to recognise that although multivariate analysis indicates
significant relationships between variables, this cannot guarantee that causal explanation of
spatial variance is identified correctly. Instead, the relationships identified represent association
not causation (Wiley et al., 1997). The identification of no association may be indicative of no
causation. The identification of association needs other supporting arguments for linkages to be
causal. Thus, this discussion supports the associations identified empirically with a broader and

deeper investigation in relation to other supporting evidence.

1.2 Hypothesis (1): Relationships between habitat and salmonid abundance/distribution are
structured by life-stage according to the level of mobility and potential for dispersal at
each life-stage.

The impact of habitat at various stages of the salmonid life-cycle has been assumed to be
determined by a fish's mobility and capability for dispersal at a given life-stage (Milner et al.,
2003). In particular, it has been suggested that the less mobile a fish, the more likely it is to be
sensitive to localised habitat pressures and regulated by density-dependent mechanisms. As
mobility increases, it is argued that fish stocks can disperse, distributing their population over a
wider area to take advantage of spatially dispersed habitat suitable to their life-stage (Armstrong,
2005). As such, mobile fish may be more capable of avoiding localised pressures and reducing
susceptibility to density-dependent regulation mechanisms. Instead, it is hypothesised that more
mobile fish will be regulated by density-independent pressures (Milner et al., 2003). In terms of
salmonids, research has shown fry to be the least mobile life-stage with little increase in overall

~ dispersal-rangeas -density_increases. (e.g._Armstrong, 2005; Einum and Nislow, 2005). It is

therefore assumed that habitat bottlenecks (Section 2.4.2) and density-dependent mortality occur
most frequently at this life-stage (Nislow ef al., 2004).
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However, habitat bottlenecks have been observed at older life-stages (Elliot and Hurley, 1998).
This may occur if habitat pressures are extensively distributed throughout the spatial range of
mobility at that life-stage. For example, a lack of over-wintering habitat (Armstrong and Griffiths,
2001) or pool habitat (Rincon and Lobon-Cervia, 2002) may cause density-dependent mortality of
older fish. Alternatively, in environments where spawning and fry habitat is abundant and spatially
distributed, recruitment is likely to be high and the carrying capacity of the environment for older
life-stages may become saturated, stimulating density-dependent regulation and self-thinning as
larger fish require more food and larger territories (Armstrong, 2005). In terms of management, it
is important to determine the life-stage at which habitat bottlenecks are occurring as it is by
improving habitat relevant to this life-stage that the greatest improvements in stocks are likely to
be achieved. The example was given in Chapter One (Section 1.2.2) of ineffective restoration
where fry habitat was improved in an area where parr are limited by a lack of over-wintering
habitat (Armstrong et al., 2003). In such an area, the most effective restoration approach would
be to improve parr habitat. Different life-stages also have different habitat requirements and the
type of habitat restoration required may therefore vary, dependent upon the life-stage that is
limited.

7.21 Discussion of Eden catchment results in the context of Hypothesis (1)

To examine whether relationships between habitat and salmonid abundance are structured by
life-stage within the Eden catchment and determine which life-stages, if any, are limited by
habitat, both fry (n5min-') and parr (n100m-2) abundance were related to habitat controls using
multivariate statistics. It should be remembered that the robustness of the findings presented are
limited by the availability of fisheries data. Parr data were only available for 2005 and for a limited
number of sites in comparison with the catchment-wide data available for fry. They have been
compared to the results of the 2004 fry analysis. Hypothesis (1) has been broken down into two
parts for discussion. First, were different relationships found between habitat and salmonid
abundance for fry compared with parr? Second, if any differences were observed, is there any
evidence suggesting that this is related to differences in the level of mobility and potential for
dispersal at each life-stage? In respect of the first question differences were found in relationships

between habitat and salmonid abundance at each life-stage as assessed through regression

analysis (Table 7:1).
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Table 7.1: Relationships between habitat controls and salmonid abundance stratified by life-stage. Variables
presented are those selected as significant by forward stepwise regression analysis.

Cumulative Cumutative
Life-stage Salmon adjusted  Trout adjusted
R? R?
Parr Fry abundance 57.9% Fry abundance 14.0%
Land cover and catchment- 75.8% Land cover and catchment- 18.4%
channel connectivity ) channel connectivity '
Land cover and catchment- o Percentage overhead cover o
Fry channel connectivity 26.8% & tunnelled vegetation 8.9%
. 0 Land cover and catchment- 0
Channel slope & biotope 32.2% channel connectivity 15.4%
Channel slope & biotope 20.1%
Impassable barriers 24.6%

In particular, habitat controls were found to explain less of the spatial variation in abundance for
parr than fry. Similar findings were reported for correlation analysis between individual habitat
controls and salmonid abundance, with fewer significant correlations observed for parr than for fry
(Section 6.3.1.3). It has been proposed that habitat has its strongest effects when the standing
stock approaches the carrying capacity of the environment (Armstrong et al., 2003). Therefore,
diminished relationships between habitat and parr abundance may suggest that parr are not
approaching the existing carrying capacity of the environment. In addition, a highly significant
relationship between parr abundance and fry abundance within a 2000m radius suggests that
parr abundance may be more dependent upon fry productivity and recruitment than upon habitat.
Similar observations have been reported for other systems. For example, fry density in Shelligan
Bum, explained 66% of the spatial variance in parr (Gardiner, unpublished, cited in Milner et al.,
2003). These findings support research promoting the concept of a critical period for survival
following emergence when strong density-dependent mortality may regulate overall population,
reducing competition and the potential for density-dependent mortality at older life-stages (Nislow
et al,, 2004). If habitat was limiting parr abundance, such a strong relationship with fry abundance
would be less likely as high fry numbers would be constrained at the parr life-stage by habitat
controls, resulting in the same number of parr as in areas of low fry abundance (Figure 7.1).
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pool habitat, channel width and impassable barriers. Correlation analysis also revealed that both
salmon and trout pamr abundances were positively comelated with increasing amounts of cover
available from riparian vegetation and trees. This agrees with personal observations made in the
field during electrofishing surveys where parr were commonly found in shaded areas amongst
exposed tree roots, woody debris and below undercut banks with overhanging vegetation. In the
absence of all natural forms of cover, one trout parr was even observed sheltering below a sheet
of corrugated metal lodged in the channel bed. This also corresponds with research using PIT
tags to monitor salmonid micro-habitat selection which highlighted the importance of cover for
salmonid par, both salmon and trout (Riley et al., 2006). Thus, if fry productivity is increased and
water quality improved, parr abundance would eventually become limited by the amount of
available cover within the Eden catchment. Additionally, it was noted in Chapter Six (Section
6.3.3.2), that the positive correlation between cover and salmon parr appeared to represent a
change in behaviour from the fry life-stage, that may be associated with a need for over-wintering
habitat and more extensive cover at the parr life-stage (Armstrong and Griffiths, 2001). This
potential change in behaviour highlights the importance of considering life-stage specific habitat
requirements when developing restoration strategies as discussed in Chapter One (Section
1.2.2). For example, it may only be beneficial to undertake coppicing around salmon fry habitat
(e.g. riffles). The same strategy may actually be detrimental if applied to salmon parr habitat (e.g.
deeper, faster flowing reaches). Consideration of such factors allows for much more effective and
economic restoration. A limited budget for coppicing could be targeted at a restricted habitat type
where it will maximise benefits (e.g. salmon fry habitat) covering a much wider area of the
catchment than if it was applied ineffectively to coppicing around all habitats in a smaller area of
the catchment. Understanding life-stage specific habitat requirements should help develop
precision restoration where certain strategies are restricted to specific habitat types.

In respect of the second question associated with Hypothesis (1), there does appear to be
evidence supporting the hypothesis that relationships with habitat are structured by life-stage in
relation fo the potential for dispersal at each life stage. Salmonid fry abundance and presence
were associated with channel width and channel slope, variables which exhibit distinct spatial
structuring within catchments. Salmon fry were associated with wider channels of lower gradient,
whilst trout fry were associated with narrow channels of steeper gradient. Trout fry presence was
also negat!vely correfated to salmon fry presenoe suggestlng that fry are restncted to dlstlnct

“locations W|th|n the catchment dependent upon specnes—speaﬁc spawmng requirements, showung
little evidence of dispersal. This agrees with research suggesting that salmon and trout spawn in
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distinct areas and that the size of channel utilised for spawning is proportional to the size of the
fish, salmon typically being larger than trout (Summers et al., 1996). It is currently understood that
species-specific selection of spawning habitat is related to variations in depth and velocity
between channels of different scale. Wider channels are typically associated with deeper, faster
flowing water than narrow channels. Hence, in wider channels, larger fish are more able to hold
station whilst redd building (Crisp, 1996), but in narrow channels, shallow water depths restrict
access and cover for larger fish enabling smaller fish to dominate (Armstrong et al., 2003). These
results correspond with the theory that fry emerge from redds and remain within discrete locations
of the catchment where suitable spawning conditions are found. As such, a relatively small
proportion of all stream habitat may provide suitable teritories for fry, associated with distance
from spawning habitat (Nislow ef al., 2004). It has been suggested that, aithough a river may be
at maximum capacity for producing salmonids, in that all spawning sites are fully exploited, much
of the habitat for juveniles may be under-utilised as they cannot disperse to occupy it (Armstrong,
2005) leading to the clustering of fry in specific locations. Interestingly, a positive correlation
between salmon presence and the presence of gravels was also observed, again suggesting the
dependence of salmon fry abundance upon proximity to spawning habitat (Hendry and Cragg-
Hine 1997). Conversely, salmon parr exhibited no significant relationships with channel width or
slope, whilst only trout parr presence showed a negative relationship with channel width. In
addition, trout parr presence was positively related to salmon parr presence. These findings
indicate that parr have a wider spatial distribution than fry, suggesting that they have dispersed to
occupy a greater spatial extent and wider range of habitats throughout the catchment with the two
species now co-habiting. This agrees with cumrent scientific understanding presented in Chapters
One (Section 1.2.2) and Two (Section 2.5.2), which suggests that parr are both able to disperse
across greater spatial extents than fry, and are more capable of utilising a greater range of
velocities and habitats than fry due to their improved swimming capabilities and dominance over
smaller fish (Crisp, 1996).

An additional observation for trout parr in support of the hypothesis of habitat relationships
structured by dispersal is that, whilst distribution (presence/absence) was explained by a number
of density-dependent habitat variables (e.g. overhead cover and pool habitat), the same
relationships were not apparent for trout parr abundance. In other words, at the parr life-stage

difirent relaionships ith habilat are observed for presence compared with abundance data. i

suggested that the strong relationship between habitat and pamr presence (distribution)Areﬂects
the ability of parr to structure their population so that they avoid localised reaches of poor habitat.
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However, if overall abundance does not reach the carrying capacity of the environment, there
may be no relationship between habitat and abundance as some areas of good habitat will be
under-utilised leading to high variability in the dataset (Figure 7.2). Further, areas of excellent
habitat may only be utilised by a few fish whilst areas of sub-optimal habitat contain more fish due
to their relative position in relation to areas of fry productivity. As mentioned in Chapter Six, this
raises the possibility that restoring parr habitat may simply result in a redistribution of fish rather
than an increase in overall abundance, unless recruitment from fry also increases. At the trout fry
life-stage, presence and abundance do not exhibit different relationships with habitat. Fry are less
mobile and therefore less able to structure their population to avoid localised habitat pressures,
instead dying in situ. As such, if fish are present (1000s of eggs laid nearby) their abundance is
more likely to track habitat quality.
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Figure 7.2: Diagrammatic representation of differences in trout parr habitat relationships between (a) parr distribution
and (b) parr abundance.

Greater mobility provides parr with two advantages over fry. First, parr are more capable of
dispersing until they find optimal habitat free from competition. As such, larger fish can use areas
of stream habitat that could not be reached by fry during the critical period of density-dependent
regulation due to distance from spawning habitat (Nislow et al., 2004). Second, even if parr do not
find optimal habitat within their range, they are more capable of adapting to the habitat available
than fry which have more specific requirements. For example, Riley et al. (2006) observed trout
and salmon parr to utilise a wide range of habitats from silty to coarse substrates, slow flowing
pools to fast flowing reaches, areas of exposed tree roots to reaches with aquatic weeds.
Subsequently, the amount of available resources may potentially increase as fish grow preventing

self-thinning from occurring (Nislow et al., 2004). Together, these two factors mean-thatparr-are

“less likely to be limited by Iocalised habitat présstires and dénsity-dependent regulation than fry,

justifying a focus on fry in habitat restoration. This ability may in part account for the dampened
relationship between habitat constraints and abundance observed at the parr life-stage.
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The only habitat variable to which parr abundance is significantly related is catchment-scale land
cover, as filtered by hydrological connectivity. As discussed, water quality is commonly
considered to impact salmonids through density-independent mechanisms. However, it may also
exert density-dependent regulation through reductions in the availability of food and oxygen as a
result of variations in nutrient delivery and biological oxygen demand. Results of the area-scale
analysis (Section 6.3.2) suggested that this variable exerts its influence over a wider spatial
extent (lower spatial variance) than other habitat variables such as bank erosion, cover and
substrate that are more localised in extent (higher spatial variance) within the Eden catchment. It
may therefore be the case that, where diffuse pollution occurs, poor water quality is distributed
across a greater spatial extent than the spatial range of salmonid parr. For example, whole sub-
catchments were predicted to exhibit land cover and connectivity risks within the highest risk
category (based on equal class membership) (Figure 5.4). Consequently, parr may be unable to
disperse over a great enough extent to avoid regulation. As such, catchment land cover and
hydrological connectivity may trigger density-dependent mechanisms and constrain carying
capacity at much lower parr abundance than other more localised habitat pressures such as lack
of cover. Based on the data available, it is not possible to discriminate between density-
dependent and density-independent mechanisms in relation to the relationship observed between
hydrological connectivity and parr abundance but, it is important to recognise that a single habitat
factor may exert control over abundance in different ways. For example, if hydrological
connectivity is thought to exert only density-independent regulation, stocking of parr may be
proposed to improve stocks. If density-dependent mechanisms are also operating stocking may
be of little benefit, as fish numbers may already be at the camying capacity of the environment.
Increasing populations beyond this is only likely to result in higher mortality or emigration
(Aprahamian et al., 2003).

7.22 Summary of Hypothesis (1) discussion

In summary, relationships between habitat and salmonid abundance within the Eden catchment
were observed to be structured by life-stage reflecting the level of mobility and potential for
dispersal at each life-stage. Salmonid parr were found to be dispersed across a wider spatial
extent than fry utilising a wider range of habitats. At the same time, less of their spatial variation in
abundance was explained by habitat variables. This suggests that due to their greater mobility

“and adaptability, parr are more ablé to avoid localised habitat pressures. As a result, par
abundance at a specific site is less regulated by localised pressures and carmying capacity,
instead being determined by productivity at earlier life-stages. The exception to this is the impact
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of land cover upon water quality as filtered by hydrological connectivity. It is thought that this
variable may act to limit parr abundance both through density-independent mechanisms such as
toxicity in areas of both low and high recruitment and by density-dependent mechanisms such as
competition for food and oxygen availability in areas of high recruitment due to its particularly

extensive distribution and more endemic nature within the environment.

Based on these findings, it is proposed that the availability of parr habitat is not limiting
abundance in the area of the Upper Eden catchment surveyed (Figure 6.1), and efforts to restore
parr habitat here may be ineffective in improving stocks. Instead, it appears that the physical
habitat bottleneck is occurring at the previous fry or spawning life-stage and it is suggested that
restoring habitat at these life-stages will be more beneficial to improving stocks. To be effective,
this restoration should be solely targeted at fry or spawning habitat, as life-stage specific habitat
requirements may make intended restoration detrimental to other life-stages if applied to the
wrong habitat. The type of restoration recommended, specific to each species considered, will be
discussed in the following section in relation to Hypothesis (2). However, efforts to increase the
environment’s resilience to the delivery of diffuse pollution are likely to be beneficial in maximising
survival of those fish which do survive to the parr life-stage. This may include strategies that may
reduce the risk of catchment-channel hydrological connectivity (e.g. buffer strips) or changes to
land management that minimise poliution generation in sensitive areas of the landscape (e.g.
reduced fertiliser and slurry applications in highly connected fields). Further, should restoration be
successful in improving fry survival, relationships between pamr and habitat should-be re-
evaluated to assess whether subsequent habitat constraints develop at this life-stage.

7.3 Hypothesis (2): Relationships between habitat and salmonid abundance/distribution are
species and location specific relating to the scale of habitat occupied by different species.

Research has proposed that, whilst juvenile Atlantic salmon and brown trout habitat requirements
do overlap (Ammstrong et al., 2003), there are also a number of subtle differences between
species, leading to the theory of niche separation as an important mechanism allowing the two
species to co-exist (Riley et al, 2006). Competition between the two species is widely
acknowledged (Heggenes et al., 1999), with juvenile trout considered to be more temitorial and
aggressive than salmon of the same age (Elliot, 1994). In_particular, it is considered that juvenile
trout.will out-compete-salmon.in.narmow streams.where bankside.cover.is.abundant relative to the
area of the stream bed. The importance of overhead cover to young trout is well documented
(Riley et al., 2006) and they have been observed to defend such teritories aggressively (Elliot,
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1994). In wider streams, trout performance is thought to be reduced due to a reduction in the
abundance of overhead cover relative to the stream bed. Here, salmon which are better adapted
to hold station at high velocities (Crisp, 1996), are considered to dominate free from competition
with trout (Armstrong et al., 2003). Acknowledgement of species-specific requirements is
important as individual restoration strategies may benefit different species to differing degrees.
Further, whilst an individual strategy may be beneficial to one species, it may actually be
detrimental to another. For example, increasing overhead cover in a reach currently dominated by
juvenile salmon may increase trout densities leading to increased inter-species competition and
ultimately a decline in juvenile salmon numbers (Ammstrong et al., 2003). Understanding these
differences and interactions is important if effective restoration is to be delivered preserving
habitat heterogeneity for all species. Testing the hypothesis that saimon and trout utilise different
scales of habitat to different degrees is also important as different scales of habitat are found in
different locations of the catchment and are subject to different habitat pressures as a result of
both their varying location and scale. Consequently, the effectiveness of different restoration
strategies may depend upon the scale and location of habitat it is applied to, relative to the
dominant species found there.

7.3.1 Discussion of Eden catchment results in the context of Hypothesis (2)

To examine whether relationships between habitat controls and salmonids within the Eden
catchment are species-specific and stratified by habitat scale, data for each species (Atlantic
salmon and brown trout) were related to habitat controls individually throughout all analyses.
Again, the hypothesis is broken down into separate parts for discussion. First, were different
scales of habitat utilised to different degrees by salmon compared with trout? Second, were
species-specific relationships between habitat and fish abundance/distribution observed and, if
so, can these be related to the scale of habitat utilised? With respect to the first question,
salmonid fry do demonstrate a clear species-specific response to the scale of habitat occupied.
Figure 7.3 illustrates that trout fry abundance in 2004 was greatest in namow streams (mean
channel width ~ 6m) whilst salmon fry abundance was greatest in wider streams (mean channel
width ~10m). As discussed in the previous section, this segregation is likely to reflect species-
specific differences in spawning locations, associated with fish size, water depth and velocity.
This corresponds with research presented in Chapter Two (Section 2.5.1) suggesting that trout

are able to utilise much smaller streams than salmon for spawning (e.g. Elliot, 1994).
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Figure 7.3: Species-specific variations in the scale of habitat (measured by mean channel width) utilised by salmonid
fry in 2004. Abundance classes refer to the classification system presented in Chapter 3, Table 3.5.

With respect to the second question, species-specific relationships with habitat were observed at
the fry life-stage. As presented in Tables 6.7 and 6.9, spatial variability in salmon fry
abundance/distribution was most significantly explained by a non-linear relationship with
hydrological connectivity risk weighted by land cover, and a preference for streams of lower
gradient. Spatial variability in trout fry abundance/distribution was most significantly explained by
the amount of overhead cover available, a linear relationship with hydrological connectivity risk
weighted by land cover, the presence of impassable barriers and a preference for channels of
steeper gradient. By considering the results of this research in the wider context of scientific
literature, there is evidence to suggest that these species-specific relationships may be related to
the scale of habitat occupied. First, habitats of different scales are typically found in different
locations of the catchment. Wider streams are typically associated with lowland valley floodplains
where channel gradients are lower, an assumption confirmed by Principal Components Analysis
(PCA) (Table 6.3). This comesponds with the negative relationship reported by regression
analysis between salmon fry and increasing channel gradient. This is also supported by research
that suggests salmon spawn in channels with a slope less than 3% (Hendry and Cragg-Hine,
1997). Conversely, it is assumed and confirmed by PCA that, smaller streams dominate in upland
environments where channel gradients are typically steeper. This Cdrresponds with the positive
relationship reported by regression analysis between trout fry and increasing channel gradient.
These results emphasise the fact that different scales of habitat and different species are found in
different locations of the catchment. Therefore, different- species-specific restoration strategies
-may-be-required-in: different-locations-of the-catchment:--However, ‘it should-be<remembered-that
narrow tributaries can also be found in lowland environments. In terms of salmonid parr, no

relationships with channel gradient were observed for either species. As discussed in the
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previous section, this suggests that as fish grow and disperse they are able to utilise habitat in a
wider range of locations throughout the catchment. (Riley et al., 2006). Consequently, species-

specific responses to habitat may become dampened.

Second, differences between salmon and trout fry response to land cover, as filtered by surface
hydrological connectivity, were observed. Salmon fry exhibited a non-linear relationship with
hydrological connectivity risk in that both low and high levels of risk resulted in reduced
abundance. Trout fry exhibited a linear relationship in that only high levels of risk resulted in
reduced abundance. This difference was discussed in Chapter Five (Section 5.4) and Chapter Six
(Section 6.3.1) in the context of feeding habits. Juvenile salmon are considered particularly
dependent upon autochthonous production (Summers, 2002), whilst terrestrial invertebrates from
riparian vegetation and tree cover have been found to contribute significantly, up to 91%, to trout
prey (Johansen et al., 2005). it has been proposed that the different response to low levels of
connectivity reflects the greater dependence of saimon fry upon autochthonous production which
requires nutrient inputs to be delivered to the channel through higher connectivity with the wider
landscape. Correlation analysis (Figures 6.4 & 6.5) suggested that lower levels of hydrological
connectivity are associated with steeper channel slopes. PCA analysis also suggested that
narrow streams are more prone to extremes of hydrological connectivity risk (Table 6.3). As such,
narrow streams in upland environments utilised by trout fry, are more likely to represent marginal,
low biomass environments, in terms of the availability of autochthonous food resources. This may
explain the greater dependence of trout upon terrestrial sources of invertebrates associated with
increased riparian cover compared with salmon. In contrast, high levels of catchment-channel
hydrological connectivity and land cover risk were hypothesised to be detrimental to. both species.
This finding raises the issue that not all habitat controls may be related to the scaleror-location of
habitat occupied. In the case of water quality, degradation of the chemical environment is likely to
result in reduced salmonid abundance regardless of species, habitat scale or location: Thus, the
pervasive nature of this control within the environment, independent of scale and location, may
partly explain why it appears to exert such a significant influence over both salmon and trout, at
both the fry and parr life-stage. However, it is suggested that not all impacts of hydrological
connectivity and land cover are independent of location. Salmon fry abundance was negatively
correlated to the presence of gravel siltation, but no such relationship was observed for trout fry
(Table 65) It could be that this is related to dlfferences in the scale and Iocatlon of habltat

occupled Chapter Six (Sectlon 6.32. 1) consudered relauonshlps between gravel siltation and
habitat controls within a hierarchical approach. It was suggested that, whilst siltation is
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predominantly explained by variations in surface hydrological connectivity risk at a catchment-
scale, within areas or reaches of relatively uniform fine sediment delivery, siltation risk is related
to channel slope, physical biotope and the propensity for deposition. This research has suggested
that salmon typically utilise wider streams of lower gradient for spawning. This also appears to be
the same environment where fine sediments are more likely to be deposited and accumulated

(Soulsby et al., 2001). Hence, salmon redds may be more susceptible to siltation than trout redds

Third, trout fry abundance showed a significant positive relationship to overhead cover which was
not evident for salmon fry. It is widely acknowledged that overhead cover is an important
component of juvenile trout habitat (Elliot, 1994; Heggenes et al., 1999; Armstrong et al., 2003), a
finding that has been related to their territorial and aggressive behaviour which is considered
stronger than that of juvenile salmon of the same age (Summer et al., 1996; Armstrong ef al.,
2003). Overhead cover is thought to increase visual isolation and therefore reduce aggression
between fish (Valdimarsson and Metcalfe, 1998). Hence, species-specific relationships to cover
appear to be related to behavioural differences in the level of teritoriality expressed. However,
controlled laboratory experiments have demonstrated that territorial behaviour and defence of
territories with more cover may also be observed for juvenile salmon in relation to light intensity
(Valdimarsson and Metcalfe, 1998) and following an increase in the perceived threat from
predation (Johnsson et al., 2004). It is therefore interesting that salmon fry did not show any
significant relationship with the amount of overhead cover. Within the literature, it is hypothesised
that this may be due to species-specific differences in feeding habits (Armstrong ef al., 2003) with
the suggestion that increased overhead cover may reduce salmon abundance by reducing light
penetration and autochthonous production (O’'Grady, 1993). An altemative perspective is that
these behavioural and dietary differences in relation to overhead cover may also be related in
part to species-specific distinctions in the scale and location of habitat occupied and three
potential explanations are suggested.

First, PCA indicated that narrow streams are typically associated with greater amounts of
overhead cover than wider streams (Table 6.3). This is unsurprising as the smaller the distance
between the channel banks the greater the likelihood of canopy closure above the channel. It
may therefore be the case that in narrow streams, utilised by trout-fry, riparian-trees-represent a
~ plentiful and possibly the dominant soufce of cover, relativé to the area of the stream bed. Hence,
trout fry may have adapted to utilise overhead cover to maximise protection from predation and

competition. In wider streams, riparian trees may only provide cover over a relatively small
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proportion of the total stream bed. Hence, salmon fry may have adapted to utilise other forms of
cover that are more abundant within this scale of habitat. For example, research has found
juvenile salmon abundance to be related to the amount of cover available from aquatic
macrophytes (e.g. Riley et al., 2006), that are typically associated with open reaches where

increased light penetration supports in-stream production.

Second, and paradoxically, correlation analysis indicated a negative relationship between
decreasing overhead cover and channel slope (Figure 6.5), suggesting that overhead cover is
more abundant in lowland reaches. This makes sense considering the historic deforestation of
the U.K. uplands together with the less amenable climate and topography for trees (Skinner and
Brown, 1999). Hence, in upland locations, predominantly utilised by trout fry, a lower supply of
overhead cover may cause it to become a more significant limiting factor. Relating these two
points together, there may be a narrow transitional zone within the landscape, situated in the
‘piedmont’ zone, between the uplands and lowlands where streams are small enough to generate

optimal conditions for trout in terms of channel width and overhead cover.

Third, it has been suggested within the literature that the risk of predation may depend on food
availability and time spent foraging (Metcalf et al., 1999 cited in Armstrong, 2005). As discussed
above, juvenile trout may typically occupy more marginal environments, with a lower abundance

of food. Trout may therefore require the greater protection provided by overhead cover as they

are required to spend more time foraging. Tree cover may also provide additional food by

increasing inputs of terrestrial invertebrates (Summers, 2000) and increasing nutrient availability
through the provision of leaf litter (Prochazka et al., 1991, cited in Armstrong et al., 2003). Salmon
fry that occupy channels with higher levels of connectivity and more abundant in-stream
production may have to spend less time foraging. Their ability to hold station at higher water
velocities than trout of the same size, due to larger pectoral fins (Crisp, 1996) may also increase
food intake and reduce foraging time. Therefore, salmon may be less reliant upon overhead cover
for food and protection. Instead, they may be more able to utilise substrate interstices to provide
cover from predation due to a greater proportion of time spent sheltering. Results from the area-
scale analysis suggested that in the Ullswater and Lowther Valley catchment where catchment-
channel connectivity risk is very low, even in wider channels, salmon fry show a positive

relationship with increasing overhead cover. It is proposed that this could be related to increased

--food-and/or-increased -protection-from-predation -and-competition-in-an area-where greater-time

must be spent foraging. In other words, salmon may be responding to their environment to

behave more like frout. Within the literature it has been proposed that an increase in food
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availability is likely to make faster flowing areas of stream more available to trout because they
can gain more energy to compensate for costs of holding position (Armstrong et al., 2003). In
such cases trout are responding to their environment to behave more like salmon. This
emphasises the need to consider the impact of habitat scale, location, environmental conditions
and food availability upon the behaviour of juvenile salmonids and their response to habitat.
Different restoration strategies may even be required for the same species dependent upon the

scale and type of habitat occupied.

Finally, correlation analysis indicated positive relationships between salmon fry and the presence
of gravels and gravel siltation suggesting that salmon fry abundance/distribution is dependent
upon the presence of suitable spawning substrate within the immediate vicinity. This requirement
has been widely mentioned within the scientific literature and associated with the limited dispersal
capabilities of fry (Armstrong ef al., 2003; Nislow et al., 2004, Armstrong, 2005). It is interesting
that at the catchment-scale salmon fry abundance appears predominantly related to variables
that can be associated with the location, proximity and quality of spawning habitat (e.g. gravel
siltation, channel slope, hydrological connectivity risk and gravel presence). This suggests that a
major habitat bottleneck for salmon within the Eden catchment is the availability and quality of
spawning habitat. This differs from the spatial pattem of trout fry abundance for which the most
significant explanatory variable was overhead cover, suggesting that the major habitat bottleneck
for trout may be occurring at the fry life-stage associated with the availability of cover. One
explanation for the greater dependence of salmon fry on proximity to spawning habitat may be
related to the scale and location of habitat utilised. it has already been suggested that the location
of salmon spawning habitat within areas of lower channel slope puts salmon redds at a higher
risk of siltation than trout redds. Additionally, within wider streams, spawning habitat is more likely
to be spatially segregated and clustered with greater dispersal distances from one spawning site
to the next. As discussed in Chapter Two (Sections 2.5.1 and 2.5.2), spawning and fry habitat are
typically associated with riffiles (Crisp, 1996; Summers et al., 1996; Hendry et al., 1997). Riffle-
pool spacing is positively correlated with channel width (Leopold and Wolman, 1960), and a
commonly used guide to approximate rifflefpool spacing is 5-7 times the stream width (Sear et al.,
2003). In wider channels, dispersal distances between riffles are likely to be greater and require
swimming through deeper more extensive pool environments. This will involve greater energy

~ expenditure and a higher risk of predation from larger fish (Einum and Nislow, 2005). Therefore,

in wider channels, unless spawning habitat is available within the same riffle as juvénile habitat, it

is less likely that fry will be able to migrate in to utilise the available habitat. In narrow streams,
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shorter dispersal distances and a reduced threat of predation could mean that trout fry are less
dependent upon immediate spawning habitat proximity than salmon. Similar observations have
been made for pool dwelling trout, with emigration three times higher from pools separated by
short riffles (<10m in length) compared with pools separated by long riffies (>50m in length)
(Lonzarich et al., 2000).

7.3.2 Summary of Hypothesis (2) discussion

Untangling the complex cause and effect relationships between the types of habitat utilised and
the genetic or phenotypic behavioural, anatomical and physiological responses of salmonids is
outside the scope of this project. However, the findings do support the theory of niche separation
(e.g. Heggenes et al,, 1999; Riley et al., 2006) with different species evolving and developing
different adaptations suited to the predominant habitat scale and type of environment in which
they find themselves. Trout and salmon fry clearly occupy different scales of habitat in different
locations of the Eden catchment. They also exhibit specific responses to habitat, which appear to
be linked to the scale and location of habitat utilised. Salmon appear to be significantly regulated
by the availability and quality of spawning habitat, together with both low and high levels of
hydrological connectivity. Trout appear to be regulated at the fry life-stage by overhead cover
availability and high levels of hydrological connectivity. In terms of these habitat controls, it is
proposed that restoration strategies aimed at individual species will be most effective if targeted
at the type and scale of habitat which they primarily utilise. For example, tree planting to increase
overhead cover is likely to be most effective at improving juvenile trout populations if targeted
towards narrow streams. Soil conservation to reduce siltation of redds may be more effective at
improving saimon populations in wider lowland streams. In connection with this proposal, it is
noted within the scientific literature that, whilst managing habitat within locations that are clearly
within the habitat niche of either one species may be relatively easy, managing habitat in
locations where both species are present will be more uncertain due to complex interactions
between species and differences in their response to habitat (Armstrong et al.,, 2003). For
example, increasing cover may result in an increase in juvenile trout abundance leading to a
reduction in salmon abundance as a result of inter-specific competition. This competitive zone is
most likely to occur in the transitional landscape zone between the uplands and lowlands where
habitat diversity is assumed to be highest and the balance of habitat-pressures and- habitat

benefits optimal for both species. Other habitat controls, most fiotably high-levels of 1and cover
and hydrological connectivity risk, appear to influence salmonid abundance independent of
species, habitat scale and life-stage. As such, their impact may be much more extensive
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throughout catchments requiring a wider catchment-scale approach to restoration across a larger
number of habitat types and scales compared with strategies aimed at addressing species and
life-stage specific habitat pressures. However, these strategies may stilt be targeted effectively by
considering which areas of the landscape represent the greatest relative risk to water quality
degradation in terms of their land cover and degree of hydrological connectivity to the channel
(Lane et al., 2006). It is also important to consider the type of environment within which habitat is
situated in terms of the availability and dominant source of food as this is likely to influence fish
behaviour and specific responses to habitat. This issue will be discussed further in the context of
Hypothesis (3).

7.4  Hypothesis (3): The scale of analysis will influence the relationships identified between
habitat controls and salmonid abundance, or alternatively, the scale of the control will be

related to the scale of its impact.

The importance of considering the scale of investigation is widely documented within the scientific
fiterature in relation to determining which habitat controls, at which scale, are most significant in
explaining fisheries response (e.g. Allen and Johnson, 1997; Wiley et al., 1997; Folt et al., 1998,
Armstrong et al., 1998; Stauffer et al., 2000; Walters et al., 2003; Wang et al., 2003). It has been
argued that viewing the same ecological system from both a local and landscape perspective can
result in conflicting conclusions (Wiley et al., 1997) due to variations in the spatial heterogeneity
of habitat variables and the scale at which fish respond to that heterogeneity (Fahrig, 1992 cited
in Folt et al., 1998). This has led to calls for studies to adopt a hierarchical approach, investigating
phenomena at a range of spatial scales (e.g. Allan and Johnson, 1997; Armstrong et al., 1998).
Theories promoting the hierarchical structuring of catchments are emerging within the scientific
literature (e.g. Thorp et al., 2006). Yet, to date, few studies have been undertaken at more than
one spatial scale (Folt et al., 1998). Investigation scale is a critical issue for fisheries managers
because, if fish respond to habitat differently at different scales, research undertaken at different
scales will arrive at different answers in terms of the most effective approach to management.
Despite this concern, reviews of the scientific literature have revealed that information gathered at
one scale is frequently applied within fisheries management without considering the scale of the
original sampling design (Folt ef al., 1998). This may explain contradictory results regarding the

effectiveness of various restoration strategies.
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7.41 Discussion of Eden catchment results in the context of Hypothesis (3)

To examine whether the scale of investigation impacts relationships between habitat and
salmonid fry abundance within the Eden catchment, analysis was undertaken at both a catchment
and area-scale. Unfortunately, analysis could not be undertaken at the tributary-scale as intended
due to constraints in the number of electrofishing sites within individual tributaries. It should also
be remembered that the sample sizes applied in the area-scale analysis are significantly smaller
than at the catchment-scale which will result in greater uncertainty in the results. However,
evaluation of differences in the general trends observed at each scale of investigation is still
considered acceptable with the sample sizes available. The results of this comparative analysis
are to be discussed here in relation to Hypothesis (3). First, were different relationships between
habitat controls and salmonid performance observed at different scales of analysis? Second, was
the scale of the habitat control related to the scale of its impact? The answers to these questions

will then be discussed with regard to implications for effective fisheries management.

In respect of the first question, different relationships between habitat controls and salmonid
abundance were identified at different scales of analysis as evident by comparing Table 6.7
(catchment-scale analysis) with Tables 6.11 and 6.12 (area-scale analysis). In particular, an
increase in the significance of riparian-scale controls was observed at the area-scale compared
with the catchment-scale. However, different controls were important to different extents in
different areas of the catchment. Such findings have been termed ‘scale inconsistencies’ within
the scientific literature, and their identification has been promotéd as a useful tool for determining
the scale over which processes controlling fisheries distribution and abundance operate (Folt et
al., 1998). In the Eden catchment, variations in salmonid response to habitat at different scales of
investigation appeared to track differences in the spatial variability of habitat controls. Most
notably, a reduction in the spatial variance of land cover and surface hydrological connectivity risk
was observed as the scale of investigation contracted (Table 6.10). It is proposed that this
represents a homogenisation of land cover influence, as filtered by hydrological connectivity, as
the scale of investigation contracts. This causes the impacts of land cover upon in-stream
conditions to become less identifiable within the spatial pattern of salmonid abundance. At the
same time, the relative spatial variance in riparian and in-stream habitat controls remains high,
enabling the influence of these variables to become more identifiable within the salmonid data.
" This effect can be hypothetically illustrated by Figure 7:4. At-a‘large spatial-scale-of investigation
(a) catchment-scale variables exert the greatest relative influence on saimonid abundance but at

a small spatial scale of investigation (b) local scale controls exert the greatest relative influence.
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In this respect, the ability to detect relationships between saimonid abundance and habitat
controls is dependent upon the ability to detect spatial variability in the control (Lambert and
Allen, 1999). At a small-scale, studies may obscure the overriding influence of large-scale
processes on salmonid abundance simply because they do not capture enough spatial
heterogeneity in the large-scale processes (Folt et al., 1998). In connection with the second
question proposed, these results (scale inconsistencies) indicate that catchment-scale land cover
and hydrological connectivity processes operate over a greater spatial extent refative to riparian
and in-stream controls, which are more localised in extent. Salmonid response was also observed

to track these scales of operation.

—— Local-scale control

...... Catchment-scale control

Spatial variability captured in habitat
controls and salmonid response

Space

Figure 7.4: Schematic representation of the impact of investigation scale upon the level of spatial variance captured
for different scales of habitat control in relation to the response of salmonid abundance. (a) Large-scale investigation;
(b) small-scale investigation.

Similar conclusions were drawn by Lambert and Allen (1999), who studied the impact of habitat
on ecological status in the River Raisin, Michigan, USA. They conducted their study in a small
sub-catchment of relatively uniform land use finding in-stream habitat and local land use to be the
most significant factors explaining fish response. However, they also referred to an earlier study
in the same catchment which ascribed greater predictive power to catchment land use (Roth et
al., 1996). This study was carried out over a larger area, providing greater contrast in land use.
Similar effects were also observed for relationships between habitat controls and the presence of

in-stream gravel siltation. At the catchment-scale, spatial variation in siitation was most

—significantly-explained-by-variation-in-the-risk-of fine-sediment-delivery-as-controlled-by-surface -- -

hydrological connectivity and land cover risk. However, as the scale of investigation contracted

and fine sediment delivery risk became more homogenous within areas, it was channel slope and
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the propensity for deposition which became more significant. These results support Hypothesis
(3) which proposed that the scale of the habitat control will be related to the scale at which its
impact is observed both in terms of salmonid response and in-stream conditions. However, as
recognised in Chapter One (Section 1.2.4) in-stream and riparian-scale controls can exert a
significant influence over salmonid populations at larger scales of investigation if they are
extensively distributed or exert their influence over a wider spatial extent. This is demonstrated in
the results of this research which found both the percentage of overhead cover and impassable
barriers to explain a significant proportion of the spatial variance in trout fry abundance at the

catchment-scale.

Interestingly, a reduction in the spatial variance of catchment-scale controls within areas also
corresponded with a change in the response of salmon abundance to hydrological connectivity
and land cover between areas (Table 6.11). In the Ullswater and Lowther Valley area where only
extreme low values of catchment-channel hydrological connectivity risk were experienced,
salmon fry abundance showed a positive relationship with increasing risk. In all other areas,
where only moderate to extreme high values of catchment-channel hydrological connectivity risk
were experienced, salmon fry abundance showed a negative relationship to increasing risk. The
precise range of hydrological connectivity risk experienced, therefore, appears to control the
precise relationships that are identified and potentially the management strategies that are
recommended. This is a crucial finding in relation to previous research considering the impact of
landscape scale controls on fisheries performance and may help explain contradictory results
over the role of land cover in structuring in-stream ecological response. It is likely that similar
effects would be demonstrated for all habitat controls to which salmonids exhibit a non-linear
response (Figure 7.5). Habitat variables to which salmonids exhibit a linear response will not

experience this effect of changing investigation scale.

A | Area A I

Salmonid abundance

o »
P

e __ Increasing level of habitat control

Figure 7.5: The impact of investigation scale upon the identification of non-linear relationships between salmonid

abundance and habitat controls. Area (A) would identify a positive relationship, whilst Area (B) would identify a
negative relationship. The true picture would only be identified with investigation across both areas.
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Further, within areas of contrasting land cover and hydrological connectivity risk, different
responses of both in-stream conditions and saimonid abundance were observed in relation to the
same riparian habitat control. In the Ullwsater and Lowther Valley area (low connectivity risk)
gravel siltation was related to delivery of fine sediment from bank erosion sources, and salmon fry
abundance was positively related to increasing overhead cover. In the Pennine Beck area
(moderate connectivity risk) gravel siltation was not related to bank erosion sources but to
channel slope and salmon fry abundance was negatively related to increasing overhead cover.
Analysis within these two areas appears to promote different restoration strategies, which if
applied to the other area may result in either no response in the case of gravel siltation, or even a
detrimental response in terms of overhead tree cover. This may help explain why contradictory
responses are often observed in relation to certain habitat restoration strategies and emphasises
the importance of avoiding the generalisation of management policies between river systems or
even between areas within an individual river system (Armstrong ef al., 1998). These findings
correspond with both geomorphological and ecological research presented in Chapter Two
(Section 2.6). At the catchment-scale, continuum theories have been developed using landscape
variables such as topography, geology, hydrological regime and climate to explain downstream
trends in habitat and ecology (e.g. Schumm, 1977; Vannote ef al., 1980). However, research has
found in-stream habitat and ecology to show little relationship to these theories at a reach scale,
instead emphasising the importance of local controls leading to the development of patch
dynamic theory and concepts such as physical biotopes (e.g. Padmore, 1998; Piegay et al., 2000;
Newson and Newson, 2000). Yet, at the small scale, difficulties have still arisen in determining
the precise form of relationships between local habitat controls and salmonid abundance due to a
lack of understanding of the overriding large-scale controlling processes. Within the scientific
literature it is increasingly being raised, as demonstrated by this research, that the local and
catchment scales are intrinsically linked and that catchments can be organised into a hierarchy of
physical units where large scale processes create the template within which the small scale
operates (Allan and Johnson, 1997; Armstrong et al., 1998). Based on this research, it is
proposed that the catchment land cover, as filtered by surface hydrological connectivity, should
be included in habitat models along with variables such as geology, climate, and hydrological
regime as an indicator of the broad environment in which small-scale habitat variables are

operating.
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7.42 Implications of investigation scale for fisheries management and research

The results of this research have shown that the scale of investigation does influence the
relationships identified between habitat controls and salmonid abundance and therefore does
affect the management recommendations that may be made. Small-scale studies may fail to
capture enough spatial heterogenéity in particular habitat controls and the response of saimonids
to those controls to identify significant relationships. As a result, reduced variance in either or
both habitat and salmonid abundance may lead to a reduction in the explanation of variance as
the scale of investigation contracts (Wiley et al., 1997). This may help explain why, at an area-
scale, no relationships were identified between habitat and salmon fry in the Orton/Howgill Fell
area or between habitat and trout fry in the Tyne Gap area. In terms of management, this may
lead to a situation where the overriding limiting factor fails to be identified, resulting in ineffective
management strategies being developed (Folt et al., 1998). For example, in an area of high land
cover and hydrological connectivity risk such as the Caldew/Petteril area or Orton/Howgill Fell
area, restoration of bankside habitat may only achieve very limited results if salmonid abundance
remains constrained by poor water quality. However, without a catchment-scale approach to an
investigation, this constraint may go undetected. Conversely, large-scale studies may fail to
recognise the importance of small-scale, local interactions, between habitat and salmonid
populations resulting in researchers missing evidence of important ecological processes. A
similar effect has been observed with regard to modelling hydrological systems at a catchment-
scale, where a tendency to attribute variability in calibration data to “noise” caused by sampling
and analytical errors may lead to misleading results (Harris and Heathwaite, 2005). Within this
research, catchment-scale PCA failed to explicitly capture variability in localised relationships
between the cause of bank erosion and its severity. At the area-scale, a reduction in the spatial
variability of dominant erosive processes resulted in the cause of severe bank erosion and its
impact upon the environment becoming more identifiable as the level of spatial noise was
reduced. At the same time, salmonid abundance exhibited a clearer response to the presence of
severe erosion with a number of areas reporting a significant negative relationship between the
occurrence of stock trampling, stock access and fry abundance. In terms of management, this
emphasises the concept that the scale at which fish respond to habitat is intrinsically linked to the
scale at which spatial heterogeneity in habitat controls and processes is expressed. To capture
and understand the influence of habitat controls ‘upon salmomd kabundance |t is lmportant to
integrate investigation across spatial scales. In terms of management and research this mvolves

major logistical issues as increasing the spatial scale of investigation whilst retaining a fine spatial
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resolution capable of detecting variability at the small-scale requires a dramatic increase in the
number of sample sites (Folt ef al., 1998; Wiliams and Hendry, 2003). This partly explains why
multi-scale studies are so rare within the scientific literature. To address this issue, this research
has promoted and demonstrated the use of rapid semi-quantitative and probabilistic techniques
based on new technologies for quantifying spatial variation in both salmonid populations and
habitat. These techniques enable a greater number of sample sites across a wider area to be
investigated. Whilst they do not provide absolute information regarding salmonid stocks and
habitat quality, they are able to generate a relative picture of spatial patterns that can be
interrogated to identify relationships between habitat and salmonid abundance at a range of
scales. Despite the application of these new technologies, sample sizes at the area-scale were
not ideal and it was still not feasible to collect the amount of data required to undertake analysis
at the tributary-scale. However, as technologies develop it is hoped that these logistical issues
may be addressed. As noted in Chapter One, fisheries managers may not necessarily require
absolute details upon which to base decisions. Instead, it is broad-scale information indicating
which factor is limiting where and at what scale that is required to prioritise and target restoration

effectively.

A second issue is that studies undertaken in different locations may result in contradictory resuits.
Stauffer et al. (2000) studied the effects of habitat within a catchment degraded by agriculture
finding that riparian-scale variables were more significant than catchment-scale variables in
determining fish assemblages. Based on these findings they concluded “that in areas of intensive
agriculture, riparian protection and restoration may greatly benefit fish communities”. Wang et al.
(2003) studied the effects of habitat controls within an undegraded catchment finding reach scale
variables to be more significant than catchment and riparian-scale variables in determining fish
assemblages. They concluded that “local-scale habitat improvement will be most effective in
watersheds that are largely undegraded and will be less effective in degraded watersheds’.
These two studies generate contradictory advice for fisheries managers as to the most effective
approach to management. Based on a hierarchal approach and the results of this research it is
likely that local-scale habitat improvement would achieve relative benefits within both areas, but
that improvements would be most dramatic within the undegraded region relative to the degraded
region where stocks are likely to remain constrained by agricultural degradation. Conflicting
results as to the exact response of salmomds toa partlcular habltat control may therefore occur
dependmg upon the larger scale W|th|n which small-scale processes are mvestlgated ThIS

highlights the problem of applying generalised management strategies from one location to
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another without consideration of the larger scale context in which they are being applied
(Armstrong et al., 1998).

Following a multi-scale approach to investigation, depending on which factors appear to be
limiting production, it may be more appropriate to focus management actions at one particular
scale, in one particular location (Armstrong et al., 1998). For example, in the Eden catchment, it is
proposed that improving basin-wide salmon stocks will be most effectively achieved by focusing
on catchment-scale land management and hydrological connectivity to reduce gravel siltation and
improve water quality. This would focus work within areas of high land cover and hydrological
connectivity risk such as the Caldew/Petteril or Orton/Howgill Fell areas where management
should be targeted towards those parts of the landscape which pose the greatest risk to in-stream
conditions. On the other hand, riparian and in-stream habitat restoration will be most effective if
targeted in those areas of the catchment that are not limited by land cover and hydrological
connectivity. For example, within the Pennine Becks area, coppicing tunnelled vegetation in
reaches supporting salmon fry may be beneficial. It has been suggested that advocating
management of large-scale processes may be challenged in some instances because of
ecosystem complexities and conflicts with other user groups (Armstrong et al., 1998; McDonald et
al., 2004). In connection with this issue, management processes, capabilities and responsibilities
may also vary across scales. For example, maintaining a crucial area of spawning habitat may be
within the powers of the local landowner. Controlling diffuse poliution across catchments may be
the responsibility of a government agency which has a much more restricted capacity to insist on
the adoption of particular land management strategies (Armstrong et al., 1998). The institutional
management framework within the Eden catchment was presented in Chapter One (Section
1.3.2), illustrating the disparate nature of responsibilities and geographical remits of different
organisations in relation to managing the freshwater environment. The scale of restoration
possible may therefore be related to an institution’s individual or collaborative remit. For example,
an angling club may only have facilities to implement riparian and in-stream habitat restoration in
areas where they own the fishing rights. In such cases, understanding the small-scale processes
which control salmonid abundance may be mare important than large-scale processes over which
they have no control. It is therefore essential to understand the scale of management possible
and restoration aims sought before deciding on the scale of research required to inform that

management.
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7.4.3 Summary of Hypothesis (3) discussion

In agreement with Hypothesis (3), the scale and location of investigation did influence the
relationships identified between habitat and salmonid abundance within the Eden catchment. The
scale at which fish responded to particular habitat controls was observed to track the scale at
which spatial variation in the control was most clearly expressed. Additionally, the response of in-
stream conditions and salmonid abundance to habitat was observed to depend upon: (1) the
state of large-scale processes within which small-scale processes were operating; and (2) the
range of habitat variability over which processes were studied in the case of non-linear
responses. These findings were then discussed in terms of implications for fisheries management
and research emphasising the need to adopt a hierarchical approach to investigation which

considers the scale of restoration that is desired and achievable within individual catchments.
7.5  Effective approaches to habitat restoration: The Eden catchment case study

A major advantage of the approach taken throughout this research is that spatially distributed
habitat data were collected for the majority of habitat variables. This enables the findings
identified through multivariate analysis and discussion of the three hypotheses to be extrapolated
and effectively converted to management strategies targeted at those locations where they are
likely to be most beneficial. An additional advantage is that the habitat data can be readily
visualised in map and photographic form using GIS, creating a powerful tool for justifying
restoration strategies to the public and engaging local communities, landowners and funders in
restoration efforts. To demonstrate the potential for achieving this, the example of developing a
targeted catchment-scale restoration strategy for trout within the Eden catchment is presented.

Catchment-scale land cover

The impact of increasing land cover risk, as filtered by hydrological connectivity, was identified as
a significant factor limiting both trout fry and trout parr at the catchment-scale. The pervasive
nature of this control within the environment appears to limit salmonid populations regardless of
life-stage, species, habitat scale or location. Addressing this issue should therefore be a major
priority of any fisheries management plan within the Eden catchment, across all habitat types. it
has been raised that addressing large-scale processes may be problematic-due to the amount of
- change required-and conflict with other user groups (McDonald et al., 2004). One of the benefits
of considering land cover impacts in the context of hydrological connectivity, as modelled using

the SCIMAP approach, is that large-scale changes to land management may not be required
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spatial variation in trout fry abundance. It has been discussed that these differences are related to
the spatial scale at which heterogeneity in the habitat control is most clearly expressed. Based on
these results, it is proposed that restoration strategies aimed at reducing stock access be
considered at a more local-scale, in areas where catchment-scale land cover and overhead tree
cover are not limiting trout fry populations. One such area within the Eden catchment where these
strategies may be effectively applied is the Pennine Becks area. Here area-scale analysis
suggested that the presence of erosion due to stock may be the most significant control over trout
fry populations. Again, reconnaissance surveys should be used to identify the location and extent
of trout fry habitat.

A final point to remember when developing effective restoration strategies is that organisms
require an access corridor through which to recolonise restored habitat. This reflects the
ecological perspective of connectivity which controls the ease with which organisms can move
between habitat patches (Moilanen and Hanski, 2001). It may be futile, unless artificially stocked
(e.g. Aprahamian et al., 2003), to restore habitat within a reach that remains surrounded by
degraded habitat with no accessibility for current salmonid populations. The most effective
strategy may therefore be to restore degraded habitat where small populations are in existence or
in corridors extending from locations of good habitat and high abundance to areas of poor habitat

and low abundance.
7.6 Chapter summary

A key output of this research is a spatially-structured hierarchical GIS that allows hypotheses
regarding habitat controls and salmonid performance to be tested using multivariate statistics.
The aim of this chapter was to discuss the results of this analysis, first in relation to the three
hypotheses formulated in Chapter Two and second, in relation to developing effective
approaches to habitat restoration using the Eden catchment as a case study. Results have been
presented showing that management decisions can only be undertaken with a full account of
spatial scale in relation to life-stage and species-specific habitat requirements, as different habitat
controls are relevant in different locations and over different scales. Whilst no single scale of
habitat control is solely responsible for explaining saimonid abundance and distribution within the
Eden catchment, the degree to which species are related to a particular scale of process may be
in-part related to-the: scale of their.distribution and. mobility, the scale of habitat which they occupy

and that scale of analysis.
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Specifically, testing of Hypothesis (1) suggested that relationships between habitat and salmonid
abundance are structured according to the potential for dispersal at different life-stages. At the fry
life-stage, limited dispersal capabilities appear to result in population regulation by habitat
induced effects. Conversely, spatial variability in the abundance of more mobile salmonid parr
appears more significantly explained by recruitment from fry than by habitat controls. Based on
this, it is suggested that habitat restoration will be most effective if focused at fry and spawning
habitat (e.g. riffles) within the Eden catchment as this is where the greatest habitat bottleneck is
occurring. With regard to Hypothesis (2), significant species-specific differences in response to
habitat controls were observed, particularly at the fry life-stage. This has been related to distinct
differences in the scale and location of habitat utilised by each species resulting in the proposal
that specific restoration strategies will be most effective if targeted towards specific habitat scales
in specific locations of the catchment. The exception to these two findings is the impact of
increasing linear land cover risk as fitered by hydrological connectivity upon salmonid
abundance. This control was found to be significantly related to the spatial pattern of salmonid
abundance regardless of life-stage, habitat scale and species. As such, a wider catchment-scale
approach to restoration across a wider range of habitat scales and types may be required to
address the issue of catchment-scale land cover in comparison with more life-stage and species-
specific habitat controls. However, the use of hydrological connectivity may be an effective
mechanism for targeting such restoration without the need for large-scale land cover change that
would be impracticable to achieve. Finally, in respect of Hypothesis (3), the scale of investigation
did impact upon the relationships identified between salmonid abundance and habitat. The scale
at which fish responded to particular habitat controls appeared to be related to the scale at which
spatial variation in the habitat control was most clearly expressed. Further, at the area-scale, the
exact response observed to certain habitat controls appeared to be related to the range of land
cover and hydrological connectivity risk experienced. In this respect, large-scale processes were
controlling the environment within which the small scale operated (Armstrong et al., 1998). This
highlighted the dangers of applying aspatial results uniformly within habitat management
strategies across an entire catchment, and emphasised the need for a spatially explicit and
hierarchical approach to research considering the scale of restoration desired. In conclusion, it is
considered that recognition of scaling issues is essential to the development of effective

approaches.to river management.
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Chapter Eight: Conclusions

The aim of this chapter is to revisit the aims and objectives of the thesis and to summarise resuits
in relation to these aims, discussing their implications in terms of the wider context of fisheries

management and highlighting areas for future research.
8.1 Review and critique of thesis aims and objectives

The aim of this research was to couple recent advances in remote sensing, Geographical
Information Systems, environmental modelling and ecological surveying techniques with current
ecological understanding of habitat controls on salmonid populations, to develop a more effective
approach to prioritising habitat restoration.

Chapter One (Section 1.2.1) recognised that, whilst habitat is perceived to exert a significant
influence over salmonid population dynamics, habitat restoration strategies have frequently failed
to achieve the widespread improvements desired. One hypothesis for this is that they fail to
capture fully the influence of scale over relationships between habitat controls and salmonids in
space and time. A need was identified to develop a more effective approach to informing and
prioritising habitat restoration which incorporates the issue of scale. A number of scaling issues
considered to be relevant to the management of salmonid fisheries were identified and discussed
in Chapter One (Section 1.2) including: (1) the changing habitat requirements of salmonids
throughout their life-cycle; (2) the mobility of salmonids and potential for dispersal at different
stages of their life-cycle; (3) the range of spatial scales at which habitat controls may operate
(e.g. catchment, riparian and in-stream); and (4) the importance of investigation scale (e.g.
catchment, area, tributary) in controlling the relationships that are identified. Whilst these scaling
issues are widely recognised within the scientific literature (e.g. Wiley et al., 1997, Stauffer et al.,
2000; Wang et al., 2003), and hierarchical theories and models have been proposed to
conceptualise them (e.g. Allan and Johnson, 1997; Armstrong et al., 1998; Thorp et al., 2006),
there have been few actual studies that investigate the impact of scale within the context of real
environmental systems (e.g. Folt et al., 1998). The prime constraint has been the ability to gather
the data required at a resolution relevant to each scale of control and analysis. The challenge for
this thesis was to develop an approach capable of investigating the importance of scale whilst
remaining practical enough for.fisheries.managers to apply. - Thus, the research was divided into
three distinct sections based on three main research objectives:
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Objective 1: To review and to synthesise current understanding of in-stream, riparian and
catchment-scale controls on freshwater habitat throughout the salmon and trout life cycle.

Objective 2: To employ recent advances in remote sensing, GIS, and environmental modelling,
to identity, to develop and to validate tools for quantifying salmon and trout habitat at the

catchment-scale, appropriate to each habitat control and scale of control.

Objective 3: To use the data acquired under Objective (2), to investigate hypotheses identified
through Objective (1) regarding relationships between habitat controls and salmonid populations,
and to discuss the results in the context of effective approaches to habitat restoration.

The research aimed to be generic but was developed and applied to the River Eden catchment,

Cumbria, UK, with particular focus on, Atlantic salmon and brown trout.

8.1.1 Objective 1: To review and fo synthesise current understanding of in-stream, riparian
and catchment-scale controls on freshwater habitat throughout the salmon and trout life cycle.

Critical to the success of this research was the ability to capture the ranges of scales at which
controls on salmonid habitat can occur (i.e. in-stream, riparian and catchment scale) and to
identify from the outset a set of habitat controls from across each of these scales that are
perceived to be ecologically relevant in terms of salmonid performance. However, it was
recognised that current understanding regarding relationships between habitat controls, in-stream
conditions and salmonid populations across these scales is divided amongst a number of distinct,
but all too often disparate, scientific disciplines. Ecological research has focused on population
dynamics and the relationship between the environment and population regulation. Fisheries
science has concentrated on understanding the in-stream habitat requirements of salmonids at
different stages of their life-cycle. Hydrological and geomorphological research has studied the
factors and processes operating within the riparian zone and wider catchment that influence in-
stream physical, chemical and biological conditions. There was therefore a need to synthesise
current understanding from across these three disciplines into a single hierarchical framework
which could be used to guide further evaluation, and to aid the formulation of integrated
hypotheses regarding the impact of scale upon relationships between habitat controls and
salmonid populations. This was the basis of Objective (2) which was addressed in Chapter Two
of the thesis.
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The DPSIR (Driver — Pressure — State — Impact — Response) framework was identified as a
potential mechanism for integrating and synthesising a large volume of information and research
from across disciplines. Typically used for integrating science with socio-economic policies, the
approach was adapted here to conceptualise relationships between controls at the large-scale
(Drivers), within which controls at a smaller-scale exert their influence (Pressures) upon in-stream
conditions and salmonid habitat at different stages of the lifecycle (State), ultimately affecting
salmonid abundance through a variety of mechanisms (Impacts). Restoration strategies
(Responses) can then be linked back to earlier stages in the framework to consider their
sustainability and potential impact upon salmonid populations. The DPSIR framework proved to
be highly successful at integrating research from across disciplines by identifying commonalities.
For example, under the ‘State’ category, biological habitat requirements understood by ecologists
were readily linked to abiotic components of the environment, the controls of which hydrologists
and geomorphologists understand. The main advantage of this approach was its hierarchical
structure which allowed the role of habitat controls and processes operating at different scales to
be explicitly captured within a single, simple, but holistic framework. This review and synthesis
enabled three hypotheses to be formulated regarding the impact of scale upon relationships
between habitat and salmonid abundance/distribution at different levels within the DPSIR
framework:

Hypothesis (1): Relationships between habitat and salmonid abundance/distribution are
structured by life-stage according to the level (scale) of mobility and potential for dispersal at each
life-stage.

Hypothesis (2): Relationships between habitat and salmonid abundance are species and
location specific relating to the scale of habitat occupied by different species.

Hypothesis (3): The scale of analysis (e.g. catchment, sub-catchment, reach) will influence the
relationships identified between habitat controls and salmonid abundance/distribution, or
alternatively the scale of the control will be related to the scale of its impact.

In addition, the review and synthesis of current understanding helped identify a selection of
ecologically relevant habitat controls for further investigation at the catchment (Driver), riparian

(Pressure) and in-stream (State) scales.
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8.1.2 Objective 2: To employ recent advances in remote sensing, GIS, and environmental
modelling, to identity, to develop and to validate tools for quantifying salmon and trout

habitat at the catchment-scale, appropriate to each habitat control and scale of control.

To address the hypotheses formulated under Objective (1), a hierarchical approach to analysis
was required which extended from in-stream processes at the individual tributary scale to
landscape processes at the catchment scale, across both trout and salmon and both fry and parr
habitat. As discussed throughout the thesis, one of the main obstacles to this type of research is
data availability. Traditional surveying techniques for both habitat and salmonid population data
have focused on gathering detailed information at small spatial scales, proving prohibitively costly
and time consuming at the larger spatial scales required here (Wiley et al., 1997). In addition,
conducting multi-scale studies involves major logistical issues as increasing the spatial scale of
investigation whilst concurrently retaining a fine enough spatial resolution to detect variability at
the small-scale requires a dramatic increase in the number of sample sites (Folt et al., 1998;
Williams and Hendry, 2003). The purpose of this objective was to evaluate the contribution that
emerging technologies and approaches can make to the collection of this data and to assess
whether assessment of salmonid habitat across entire catchments is feasible. Thus, Chapter
Three presented the broad-scale data requirements and datasets available. Chapter Four
considered the use of high resolution digital aerial photography and topographic data for
providing information on in-stream and riparian-scale habitat controls. Chapter Five focused on
the potential of hydrological connectivity, specifically the SCIMAP model, as a framework for
investigating the impact of catchment land cover on salmonid abundance, in-stream habitat and
water quality. The aim was not to evaluate whether these tools could provide completely accurate
descriptions of habitat condition but rather to consider their ability to identify relative pressures on
salmonid habitat from one location to the next through space. It is this ability to quantify relative
risk which is most important to fisheries managers in enabling them to prioritise one location over
another in respect of habitat restoration.

In terms of the success and limitations of the three methodologies applied in Chapter Four, Table
4.18 provided a summary of which habitat variable, traditionally collected by a walkover survey,
can or cannot be measured using high-resolution digital aerial photography and topographic data.
Visual assessment of 20cm resolution-aerial photography proved extremely successful, especially
for mapping riparian habitat controls such as overhead cover-and ‘bank érosion due to stock
access (Tables 4.3 - 4.6). Both these factors were found to contribute significantly to the
explanation of spatial variation in salmonid abundance at both the catchment and/or area-scale.
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As such, the technique and data collected should be highly beneficial to managers looking to
quantify riparian habitat restoration needs within the Eden and other agricultural catchments.
However, factors such as channel substrate and channel modification were less identifiable, due
to their smaller scale (substrate) or requirement for an oblique not vertical view (modification). In
a more urbanised catchment, where these factors are more likely to be limiting to salmonids as a
result of greater channel modification, the technique may be of less benefit. A further limitation
was that no photography was captured for streams smaller than 2m wide due to resolution
limitations. Throughout this thesis, and in combination with other research by the Eden Rivers
Trust, it has become apparent that streams of this size may be particularly important for
supporting juvenile trout. Whilst electrofishing surveys targeted streams of this size in 2006
(Brown, 2006b) there were no accompanying images for multivariate analysis. Thus, the analysis
of relationships between habitat and trout fry may have therefore been slightly restricted. The
technique was also compared to a traditional walkover survey in terms of practicality and cost
(Section 4.2.5). In this respect it was considered an excellent alternative to ground surveying in
large catchments. The advantage of providing a continuous and permanent picture allows
managers to revisit the images following multivariate analysis to determine the precise extent and
location of pressures identified as significant. Where restrictions were encountered in reaches of
dense vegetation or very small streams a ground survey may still be the preferred option.
However, aerial surveying provides baseline information that enables walkover team resources to

be prioritised more effectively.

Automated image processing techniques were also applied to the aerial photography (Section
4.3) to extract relative depth information to aid the classification of in-stream habitat type (e.g. fry,
parr habitat). Results for individual photographs were extremely promising. However, illumination
variations between images severely restricted the technique's applicability to the classification of
image mosaics at the catchment-scale. As such, it was not considered a viable alternative at the
current time to the traditional walkover survey for mapping in-stream habitat at the catchment-
scale. This outcome did not adversely impact the progression of this thesis as all fry electrofishing
surveys were undertaken within suitable riffle habitat and for all parr surveys the percentage of
riffie and pool was recorded. It is more of an issue for managers looking to target remotely
particular restoration strategies at particular life-stage specific habitat types following the outcome
of mulivarate analyss. However, as technologies advance and higher esoluton data become
more readily available, it s likely that curent limitations associated with both this and the virtual

walkover methodology will be overcome resulting in an exciting prospect for the future of
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salmonid habitat assessment. Even during the life of this project, huge advances have taken
place with 3-5cm resolution true colour digital aerial photography becoming commercially
available. Future research should continue to evaluate the contribution such data can make to the

application of salmonid habitat assessment.

Channel slope was identified within the literature as a useful ‘surrogate’ variable for characterising
in-stream conditions (e.g. Sear et al., 2003; Walters et al., 2003), major advantages being its
objective measurability, its continuous nature, and its relative stationarity through changing flow
conditions (Section 4.4.5). To assess the potential for gathering catchment-scale information on
channel slope remotely, a methodoiogy was tested for extracting channel slope and further,
physical biotope, from the 5m NEXTMap Great Britain ™ DTM (Section 4.4). Results indicated
that a good representation of channel slope could be generated (Table 4.12 & 4.13) and that the
classification of biotope was only marginally impaired by using remotely sensed channel slope
compared with that measured in the field (Tables 4.15 & 4.17). However, uncertainty was high
and overall the technique was considered to be more suited to broad-scale, catchment-wide
assessment of habitat availability than the detailed analysis of habitat pattern within specific
reaches. Multivariate analysis revealed that both channel slope and physical biotope were
significantly, but oppositely, related to the abundance and distribution of salmon and trout fry.
Therefore, the ability to determine these variables remotely, even if only broadly, should be a
useful tool for fisheries managers looking to target species-specific restoration strategies towards
appropriate locations of the catchment. Again, as technology advances, further assessment of
this tool's potential should be undertaken.

One of the most successful aspects of this research has been the application of the SCIMAP
model and the concept of hydrological connectivity as a framework for evaluating the influence of
catchment land cover on salmonid populations. Despite a high level of spatial noise within the
salmonid data, a striking structuring of salmonid populations was observed in relation to the level
of land cover risk as filtered by topographically controlled hydrological connectivity. This
relationship was found to be significant at both the fry and parr life-stage and for both salmon and
trout, although different specific responses were exhibited at extreme low levels of risk. The
migratory behaviour of Atlantic salmon also appeared related to this risk. Results suggested that
land cover can exert an extensive impact on the aquatic environment that is independent of
habitat scale, type and location, emphasising the importance of considering landscapé-scale
controls in studies of salmonid populations. The degree of land cover and hydrological
connectivity risk was also observed to influence relationships between salmonids and habitat
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controls, such as the impact of overhead cover at smaller spatial scales. Lack of consideration of
such factors may be one of the reasons why habitat models such as HABSCORE, which assume
pristine water quality, have to date, not realised wide ranging success. One of the main
advantages of the SCIMAP approach is that by considering connectivity it adds functional
significance to the relationships between land cover, in-stream habitat and ecology, explaining
why observations of land cover significance may vary between locations (Meador and Goldstein,
2003). Connectivity risk can either have a positive or negative impact upon salmonids dependent
upon what the channel is connecting to. As such, it is neither land cover nor hydrological
connectivity alone which determines impact but their combination. In accordance with
filter/resistance theory (Brunsden, 1993, cited in Burt, 2001), this approach allows managers to
identify which parcels of land are most sensitive or resilient to transmitting land cover impacts to
the channel as a result of their hydrological connectivity. This enables managers to prioritise
restoration activities towards discrete, highly sensitive, areas of the landscape avoiding the need
for large-scale land management change (Lane et al., 2006). Further, by focusing on delivery
pathways it may be possible to use strategies such as buffer zones to reduce hydrological
connectivity and increase filter resistance in areas where it is low (Burt, 2001). The main
drawback to this approach is that it does not specifically identify the mechanism by which land
cover influences salmonid abundance. Within the thesis, several potential mechanisms were
inferred including the delivery of fine sediment to redds and the impact of nutrients on water
quality and food availability, but, it was impossible to discriminate between mechanisms.
However, it is recommended that the SCIMAP model could be used as a tool to identify study
sites for further research into the impact of fine sediment, nutrient and agricultural chemical
delivery on salmonids. To date, the majority of such studies have been undertaken in the
laboratory and have failed to replicate results in the field (e.g. Lower and Moore, 2003; Waring
and Moore, 2004). Hydrological connectivity may provide a framework by which to expand this
research in the field case.

Overall, the assessment of salmonid habitat controls across entire catchments is considered to
be becoming more feasible through the application of technological advances as described

above.

8.1.3 Obijective 3: To use the data acquired under Objective (2), to investigate hypotheses
identified -through Objective (1) regarding “relationships between habitat controls and
salmonid populations, discussing the results in the context of approaches to habitat

restoration.
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To achieve Objective (3) an approach was required that was capable of collating and
interrogating a large quantity of data, whilst at the same time preserving the explicit
representation of spatial scale. This was the focus of Chapter Six. In the first instance, GIS
processing proved exceptionally successful in enabling data to be co-registered and organised
within a single hierarchical database. The creation of this database was a particularly powerful
toal, allowing relationships between habitat and salmonid populations to be analysed at a variety
of scales. Multiple regression and binary logistic regression were successfully applied to identify
those habitat controls that explained a significant proportion of the spatial variation observed in
salmonid abundance and distribution at different scales. An initial obstacle to this analysis was
the spatial autocorrelation between many of the individual habitat controls. To overcome this
issue, Principal Components Analysis (PCA) was applied to reduce the dataset to a suite of
independent habitat factors. The use of PCA, together with correlation analysis, also facilitated
investigation of relationships between habitat variables at different spatial scales. This proved
especially fruitful, yielding valuable information regarding changing relationships between habitat
variables as the level of spatial variability expressed and captured changed at different spatial
scales of investigation. Relationships between habitat and salmonid abundance were
subsequently observed also to track these changes. Understanding the influence of spatial scale
on the ability to capture spatial variability in the habitat controls significantly aided the
interpretation of salmonid response to habitat at different scales. Therefore, it is recommended
that future studies also consider the hierarchical structuring of relationships between habitat and
salmonid performance in the context of hierarchical structuring between the habitat variables
themselves. The two-species approach, analysing both salmon and trout data, was also
particularly useful. Identifying differences between the two species helped to identify and evaluate
relationships observed for each species. For example, considering different species responses to
hydrological connectivity in the context of differences in feeding habits helped to evaluate why

salmon may show a non-linear response to hydrological connectivity.

The main limitation associated with this objective was that the spatial resolution of salmonid data
available was insufficient to facilitate analysis at a tributary-scale and may have also impinged on
the certainty of relationships identified at the area-scale. To address this issue, this research
promoted and demonstrated the use of rapid semi-quantitative and probabilistic techniques based
on new technologles for quantn‘ymg spatlal vanatlon in both salmomd populatlons and habltat

Whilst these enabled a consuderable number of sample S|tes across a wide area to be

investigated, the resolution was not fine enough to capture variability at the smallest scale, again
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highlighting the logistical difficulties of undertaking multi-scale projects. However, as discussed in
Chapter Seven, the scale of research should be selected according to the scale of management it
is primarily aiming to inform. This research was designed to inform management decisions and
restoration of salmonid habitat at the catchment-scale, as required by Eden Rivers Trust, and
data collection was designed as such. Following the results of the multivariate analysis, a number
of sub-catchments have been prioritised for restoration projects by the Trust. In summer 2007,
electrofishing is to be targeted within these tributaries. This will offer the opportunity to investigate
relationships between habitat and salmonids within these discrete sub-catchments to inform
management decisions further. In this way, catchment-wide studies can be used as a baseline by
which to target detailed investigation effectively at smaller spatial scales. It is also important to
remember, as highlighted in Chapter Seven, that whilst empirical analysis may identify significant
relationships between variables, this only represents association not causation. However, it is a
useful approach for identifying relationships and forming hypotheses that can be tested through
subsequent research.

8.1.4 Summary of thesis objective review

Through the synthesis of current understanding regarding habitat controls on salmonids and the
application of the DPSIR framework, Objective (1) provided a conceptual framework and
hypotheses for the thesis. Objective (2) then applied technological advances in remote sensing,
GIS, environmental modelling and ecological surveying to provide the data required to analyse
relationships between habitat controls and salmonids within this framework. Finally, Objective (3)
identified and demonstrated an effective approach to collating and analysing data whilst
recognising the issue of scale. The ability of these three objectives to deliver the thesis aim is
now reviewed by summarising the research findings in terms of their ability to inform and to
develop effective approaches to prioritising habitat restoration.

8.2  Delivery of thesis aim — the development of an effective approach to prioritising

salmonid habitat restoration.

The results of the thesis were discussed in Chapter Seven. This led to the conclusion that
effective prioritisation of habitat restoration can only be achieved by taking a full account of spatial
scale in relation to life-stage and species habiﬁat requirements, as different habitat controls are
relevant in digerént Ioééﬁohs and 6\)er différéht scales‘. For réstoration td be effective, it must be
targeted at those habitats and locations where it will achieve maximum benefits. In addition, by
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reducing the number of specific habitats to which certain strategies are applied, limited resources
can be maximised to deliver restoration across a wider area. In terms of targeting restoration
towards specific habitats, testing of Hypothesis (1) showed that relationships between habitat and
salmonid abundance are in many cases life-stage specific, structured according to the potential
for dispersal at each life-stage. In terms of the DPSIR framework, the ‘impact’ of habitat on
salmonids may be mediated by their ability to disperse away from localised pressures and avoid
regulation by mechanisms such as competition. However, not all ‘impacts’ can be mediated by
dispersal. For example, regulation as a result of toxicity and impacts of water quality on fish
health may occur regardless of dispersal capabilities. This was supported by the observation that
land cover and hydrological connectivity risk were significantly related to salmonid abundance at
both the parr and fry life-stage. Within the Eden catchment, habitat was found to exert a greater
influence at the less mobile fry life-stage with par more dependent upon recruitment. It was
therefore recommended that the most effective approach to habitat restoration is to target fry (e.g.
riffle) habitat. Further, different responses to the same control (‘pressure’) were observed at
different life-stages (e.g. the relationship between salmon and overhead cover). This reinforced
the danger of applying aspatial results across a whole catchment, as certain strategies (e.g.
coppicing) may not only be ineffective but they may actually be detrimental if targeted at the
wrong habitat type. Similarly, testing of Hypothesis (2) indicated that relationships between
habitat and salmonid abundance may be species specific, particularly at the fry life-stage when
trout and salmon occupy distinctly different scales of habitat within different locations of the
catchment. The particular ‘pressures’ experienced by fish may, in many instances, be related to
the scale and location of habitat utilised and their particular behavioural and physiological
adaptations to that habitat scale. Consequently, certain restoration strategies may be most
effective if targeted at particular species in particular locations of the catchment. Again this
highlights the dangers of applying aspatial results catchment-wide without considering the scale
of habitat and species to which they are applied. Alternatively, the impact of land cover and
hydrological connectivity was again observed to impact salmonid abundance irrespective of
species and the scale of habitat occupied. This potentially explains why it has such an overriding
influence on populations and raising the issue that a broader-scale restoration approach may be
required to deliver effective restoration in respect of this pressure. Finally, the testing of
Hypothesis (3) showed that the scale of research impacts its ability to identify limiting factors
dependent upon the scale at which spatial variability is observed for each control and the scale at
which fish can respond to that variability. The ‘pressure’ exerted by certain habitat controls and

environmental requirements of salmonids ‘state’ were observed to change in response to
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changes in catchment-scale land cover (‘Drivers’). it was therefore suggested that identifying
limiting habitat controls and understanding their spatial influence can only be achieved effectively
through a hierarchical multi-scale approach which considers the scale of restoration desired.

In conclusion, salmonids and scales are intrinsically linked and effective prioritisation of habitat
restoration can only be achieved with consideration of scale. This research has identified: (1) the
DPSIR model as an effective framework within which to synthesise research from across
disciplines and consider relationships between habitat and salmonids at different scales; (2) a
range of effective tools for gathering information on salmonids and habitat at a range of spatial
scales, illustrating that it is feasible to assess salmonid habitat across entire catchments; and (3)
an effective approach to analysing that data and identifying relationships from which restoration

strategies may be effectively prioritised.
8.3 Wider context and recommendations for future research

This research has specifically focused on the impact of in-stream, riparian and catchment-scale
controls upon salmonid habitat and salmonid abundance/distribution. However, as discussed in
Chapter Two (Section 2.3), habitat is not the only hypothesis for saimonid population decline. It is
therefore important to recognise the role of habitat in the context of these different hypotheses
which are ultimately all intertwined to form the saimonid ecosystem. However, as noted in Section
2.3.7, habitat is likely to play an important role in determining the influence of other controlling
factors on salmonids and should be taken into account when determining their impact. In other
words, just as catchment land cover and hydrological connectivity were observed to be a large-
scale process within which small-scale habitat processes operate, habitat may form the template
within which other controlling factors such as predation, exploitation, disease and climate are
expressed. This research has been concemed with the impact of spatial scale on relationships
between habitat and salmonids. It is also important to recognise the role of temporal scale and
variations through time as a result of natural fluctuations in populations, the impact of extreme
events and more long-term change in response to changing habitat and climatic conditions. In
addition, this research focused solely on the River Eden catchment. Just as different scales of
analysis within the Eden catchment identified different relationships between habitat and
salmonid abundance, it is important to remember that different relationships may also be
observed in different catchments. It is therefore recommended that restoration strategies be
drawn up on a catchment-specific basis and that care is taken when applying management

recommendations based on research undertaken at different scales or in different locations.
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In terms of the future, a number of potential avenues for further research have been identified and

are outlined below:

e The impact of restoration strategies on salmonid populations (‘response’) should be
monitored within a hierarchical framework to evaluate their success and to inform effective
management strategies further. it is important to remember that the natural recovery of
ecological systems will take time and appropriate monitoring should be continued over the
medium and long-term. In particular, systems should be monitored at regular intervals to
assess whether habitat restoration has resulted in new habitat bottlenecks occurring at

different life-stages.

o |t would be interesting to evaluate the role of hydrological connectivity further in explaining
the spatial variation of salmonids. In this regard, applying the SCIMAP framework within a
pristine environment in association with assessment of food resource availability, growth
rates and the behavioural responses of salmonids throughout their life-cycle could be
valuable. There may be natural spatial variability in salmonid populations due to hydrological

connectivity but this research cannot separate this from land use effects.

o The SCIMAP model and hydrological connectivity may also provide a framework by which to
extend laboratory-based research into the impact of various chemicals on saimonids to a
larger-scale within natural environments, by helping identify potential study sites where the
delivery of chemicals is likely to occur. This research would also help to identify and clarify
the exact mechanisms by which land cover exerts an influence over salmonid populations.

e Also with regard to hydrological connectivity, it is suggested that catchment land cover as
filtered by surface hydrological connectivity be included in habitat models along with variables
such as geology, climate, and hydrological regime as a predictor of the environment in which

small scale habitat variables are operating.

o Methods of collecting habitat and salmonid data should continue to be evaluated in the light
of technological advances particularly with regard to exploring the potential benefits of
generating in-stream habitat information from remotely sensed data. In this regard it is
important that research not only evaluates the accuracy of such techniques but also their

practicality, if they are to become beneficial tools for fisheries managers.
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Appendices

Appendix 1: Fisheries Data

The data which follows has been collected by and remains the property of Eden Rivers Trust
(Registered Charity No. 1059534). The data may not be used, copied, disclosed, published, sold,
assigned, leased, sub-licensed, marketed or transferred without the prior permission and
acknowledgment of Eden Rivers Trust. Whilst Eden Rivers Trust has made every effort to ensure the
accuracy of the data at the time of survey Eden Rivers Trust is not responsible for any changes that
may have taken place since the date of the survey.

Year of survey Survey Type Fisheries Officer

2002 Semi-quantitative electrofishing Alistair Maltby

2003 Semi-quantitative electrofishing Sara Townsend-Cartwright
2004 Semi-quantitative electrofishing Judith Brown

2005 Fry Semi-quantitative electrofishing Judith Brown

2005 Parr Quantitative cluster electrofishing Judith Brown

Site names beginning with Q represent
triple shock catch depletion sites. Those
beginning with C represent single pass
stop netted sites.
2006 Trout fry Semi-quantitative electrofishing Judith Brown
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2002 Survey: Semi-quantitative electrofishing (Eden Rivers Trust)

No, of fish caught in 5 minutes of fishing
No of 0+
Total 0+ 1+ and | 1+ and |salmon and|
Date of 0+ salmon | older older trout
survey  |Sub-catchment |Grid Reference |0+ trout| saimon| & trout | trout | salmon | missed
12.8.02 Aira Beck NY3710020800 0 0 0 2 0 1
12.8.02 Aira Beck NY3993821185 0 0 0 0 0 0
13.8.02 Aira Beck NY3940221514 0 0 0 1 0 0
12.8.02 |Aira Beck NY4022819879 1 11 12 0 1 3
12.8.02 Aira Beck NY3815921346 1 0 1 2 0 1
12.8.02 ]Aira Beck NY3821021522 2 0 2 0 0 1
14.8.02 Aira Beck NY4000020400 5 0 5 3 0 3
1.10.02 |Argill Beck INY8255812914 0 0 0 4 0 0
2.10.02 Augill Beck NY8157414690 1 0 1 5 0 2
2.10.02  |Augill Beck NY7956314032 1 0 1 6 2 1
1.10.02 Belah NY8350010800 0 0 0 3 0 2
1.10.02 |Belah NY8472809434 0 0 0 5 0 0
18.7.02 Belah NY7839211940 0 26 26 0 0 6
18.7.02 |Belah NY7774512559 0 22 22 1 0 6
18.7.02 Belah NY7952612124 0 15 15 0 0 6
1.10.02 Belah NY8237012243 1 5 6 1 2 7
18.7.02 Belah NY8165512128 2 8 10 0 5 6
14.8.02 |Boredale NY4267419076 34 0 34 0 0 5
14.8.02 Boredale NY4157616323 49 0 49 2 1 6
14.8.02 Boredale NY4196617127 67 0 67 0 0 6
14.8.02 Boredale NY4239618150 78 0 78 0 0 4
14.8.02 Boredale NY4201117148 90 0 90 0 0 9
24.7.02 Briggle NY5648035133 0 3 3 0 1 2
24.7.02 Briggle NY5767434627 0 0 0 0 0 0
8.8.02 Briggle NY6054532864 2 0 2 0 0 0
8.8.02 Briggle NY5883833650 3 0 3 0 0 0
8.8.02 Briggle NY6153432601 10 3 13 0 0 5
8.8.02 Briggle NY6295832296 14 0 14 0 0 6
8.8.02 Briggle NY6469332512 21 0 21 8 0 4
13.9.02 [Caim Beck NY5226451692 1 0 1 4 0 3
13.8.02 |Caimn Beck NY5148253229 1 0 1 3 0 2
13.9.02 |Caim Beck NY5036854406 2 0 2 6 0 3
13.9.02 Caim Beck NY5589349124 15 0 15 2 0 8
4.9.02 Caldbeck NY3406639780 0 28 28 1 1 6
4.9.02 Caldbeck NY3313039851 2 37 39 0 1 4
3.9.02 Caldew NY3495135035 0 2 2 1 3 2
3.9.02 Caldew NY3347632559 0 12 12 2 9 3
3.9.02 Caldew NY3352134977 0 0 0 5 0 0
3.9.02 Caldew NY 3264632735 0 0 0 12 0 2
30.8.02 [Caldew NY3014030730 0 17 17 0 0 7
4.9.02 Caldew NY3430838893 0 3 3 0 3 3
4.9.02 Caldew NY3431239856 0 33 33 1 6 6
5.9.02 Caldew NY3667744483 0 22 22 0 3 0
16:9.02 Caldew NY3696148895 0 7 7 0 1 10
6.9.02 Caldew NY3952753886 0 6 6 0 1 2
6.9.02 Caldew NY3724345522 0 7 7 0 1 12
6.9.02 Caldew NY3779350941 0 5 5 0 1 8
29.8.02 Caldew NY3246332417 1 8 9 0 0 5
3.9.02 |Caldew __ _  _ [NY3617537726 - |- 1. -|-—20-—] - 21= | —-0-=|=—1"—| -6~
13.9.02 Caldew NY 3654332658 2 20 22 0 3 4
3.9.02 Caldew " INY3506538214 2 9 11 1 2 > 4
3.9.02 Caldew NY3476331916 2 12 14 0 4 0
3.9.02 Caldew NY3634133400 2 27 29 0 5 4
3.9.02 Caldew NY3578131988 2 16 18 0 8 4
3.9.02 Caldew NY3619034911 2 32 34 0 0 3




2002 Survey: Semi-quantitative electrofishing (Eden Rivers Trust)

No, of fish.caught in 5 minutes of fishing

No of 0+
Totat 0+| 1+ and | 1+ and [salmon and
Date of 0+ salmon | older older trout
survey |Sub-catchment |[Grid Reference trout{ salmon | & trout | trout | salmon | missed
4.9.02 Caldew NY3586442251 2 6 8 0 0 4
6.9.02 Caldew NY3783346672 2 2 4 1 2 5
4.9.02 Caldew NY3162331532 3 14 17 0 1 4
3.9.02 Caldew NY 3559435390 4 48 52 1 6 6
30.8.02 [Caldew NY3139031406 6 0 6 0 0 6
249.02 [Cambeck NY5260087700 0 0 0 1 0 0
24902 |Cambeck NY5120064300 1 0 1 5 0 0
24902 |{Cambeck NY5345168929 1 0 1 0 0 0
24.9.02 |Cambeck NY5090063000 1 3 4 1 0 2
24902 |Cambeck NY5110063500 8 4 12 0 0 4
1.10.02 |Coldkeld Beck NY8250010200 3 0 3 12 0 12
3.10.02 [Croglin NY5753047023 0 0 0 7 0 0
3.10.02 |[Croglin NY5512845134 1 0 1 3 0 1
12.07.02 |[Crowdundale NY6394629078 0 30 30 0 1 4
12.7.02 |Crowdundale NY6115528161 0 33 33 0 0 6
15.7.02 |Crowdundate NY6378730105 0 40 40 1 3 3
16.7.02 |Crowdundale NY6448830499 0 6 6 0 4 4
15.7.02 |Crowdundale NY6569531371 0 13 13 3 8 4
12.7.02 |Crowdundale NY6560228560 1 37 38 2 2 8
12.7.02 |Crowdundale NY6450828894 1 22 23 0 5 4
12.7.02 Crowdundale INY6186428266 2 40 42 0 0 5
12.7.02 |Crowdundale NY6274628712 2 30 32 0 1 0
15.7.02 |Crowdundale NY6303629301 2 19 21 1 1 2
15.7.02 |Crowdundale NY6660631343 2 6 8 1 8 4
16.7.02 |Crowdundale NY6595831632 3 0 3 3 0 2
12.7.02 |Crowdundale NY6641828430 7 0 7 0 2 4
12.7.02 |Crowdundale NY6782829032 10 0 10 6 0 2
22802 [Dacre NY4534326084 0 25 25 0 1 4
22.8.02 |Dacre NY4390426493 0 30 30 1 3 5
228.02 |Dacre NY4757126861 0 12 12 1 2 2
22.8.02 |Dacre NY4329826728 0 42 42 2 6 6
228.02 |Dacre NY4648826249 0 17 17 0 0 5
22.8.02 |Dacre NY4247826290 1 57 58 1 12 8
22.8.02 |Dacre NY4437325630 1 0 1 1 0 0
20.8.02 |Deepdale NY3967214088 0 0 0 0 0 0
20.8.02 ({Deepdaie NY4007314550 3 1 4 1 4 1
20.8.02 [Deepdale NY3916813498 3 0 3 0 0 1
10.8.02 |Deepdale NY3916813572 4 0 4 1 0 1
27.9.02 |Dovedale Beck NY3915011476 8 3 11 2 1 14
1.10.02 |Eamont NY5601829133 0 1 1 0 1 0
1.10.02 |Eamont NY5074428223 0 25 25 0 4 10
20.8.02 {Eamont NY4749925726 0 1 1 0 0 0
20.8.02 |Eamont NY4953027693 0 18 18 0 0 4
20.8.02 |Eamont NY4810926630 0 2 2 0 0 0
24902 |Eamont NY5720030400 0 4 4 0 0 20
24902 |Eamont NY5257628746 0 15 15 0 15 13
17.9.02 |Eden NY7746409382 0 0 0 0 0 0
18.9.02 {Eden NY7726506219 0 0 0 1 0 0
18.9.02 |Eden --{NY7657111460 0 15 15 0 0 5
19.9.02 |Eden NY7686412118 0 8 8 0 0 4
119:9:02 --|Eden- ={|NY7580513634 [~ 0 ~ 17T 11 07 0 T 6
19.9.02 [Eden NY7805604391 0 0 0 0 0 0
19.9.02 |[Eden NY7710010445 0 27 27 0 0 2
19.9.02 |Eden NY7422515139 0 18 18 0 0 6
18.9.02 |Eden SD7761097849 1 0 1 3 0 0




2002 Survey: Semi-quantitative electrofishing (Eden Rivers Trust)

No, of fish caught in 5 minutes of fishing

No of 0+
Total 0+| 1+ and | 1+ and |salmon and|
Date of 0+ saimon | older older trout
survey Sub-catchment |Grid Reference |0+ trout| salmon | &trout | trout | salmon | missed
18.9.02 |Eden SD7760097900 1 0 1 4 0 1
18.9.02 |Eden NY7820002700 1 0 1 0 0 0
18.9.02 |Eden SD7781296616 1 0 1 0 0 1
19.9.02 |Eden NY7699413237 1 19 20 0 0 6
18.9.02 |Eden Hellgill NY7788496545 2 0 2 3 0 0
25.7.02 |Geit NY5753053739 0 0 0 3 1 0
25.7.02 |Gelt NY5618855614 0 0 0 3 1 0
26.7.02 |Gelt NY5794251343 0 0 0 1 1 0
26.7.02 [Gelt NY5858951157 0 4 4 0 2 2
26.7.02 |Geit NY5764452435 0 1 1 1 4 2
26.7.02 |Gelt NY5752353285 0 3 3 2 5 0
19.7.02 |Gelt NY4995059438 1 9 10 0 4 0
25.7.02 |Gelt NY5841253220 1 0 1 7 0 0
25.7.02 |Gelt NY5742053869 1 1 2 1 2 0
25.7.02 |Gelt NY5709754297 2 0 2 0 0 0
26.7.02 |Gelt NY5310057524 2 17 19 1 6 2
26.7.02 |Gelt NY5245558814 5 6 11 1 7 3
9.7.02 Gelt NY5137659366 5 1 6 1 6 1
9.7.02 Gelt NY5365256560 5 16 21 1 7 4
19.7.02 |Gelt NY5481356221 7 0 7 1 2 0
19.7.02 |Gelt NY5057159426 7 11 18 0 5 3
9.7.02 Gelt NY5368556495 26 6 32 2 0 0
20.8.02 |Glencoyne NY3858918733 1 0 1 0 0 1
20.8.02 |Glencoyne NY3792418628 9 0 9 1 0 2
19.8.02 |Glenridding NY3736017169 0 0 0 0 0 0
19.8.02 |Glenridding NY3674417388 0 0 0 0 0 0
19.8.02 |Glenridding NY3872816926 4 0 4 0 0 3
27.9.02 |Glenridding Beck [NY3737117208 2 1 3 4 0 1
19.8.02 [Goldrill NY4028213616 0 3 3 0 0 2
19.8.02 |Goldrill NY3944916415 0 1 1 0 0 0
19.8.02 |Goldrill NY4047414606 2 3 5 0 0 3
Grisedale NY3929516252 0 1 1 0 0 0
Grisedale NY3640014600 0 0 0 0 0 0
Grisedale NY3763315299 0 0 0 1 0 0
Grisedale NY3892215988 0 0 0 0 2 2
Grisedale NY3824115770 1 0 1 2 0 1
24.6.02 |Grisedale NY6824115874 2 0 2 3 1 0
Grisedale NY3702815092 2 0 2 0 0 0
17.9.02 |Hartley Beck NY7811109035 43 0 43 11 0 5
26.9.02 |Hayeswater Beck |NY4200613037 0 0 0 2 0 2
26.9.03 |Hayeswater Beck |NY4156612725 0 0 0 3 9 5
26.9.04 Hayeswater Beck |NY4185212095 0 0 0 4 0 2
27.9.02 |Hayeswater Beck [NY3998111935 1 8 9 0 2 2
26.9.02 |Hayeswater Beck |NY4057713167 4 2 6 0 3 2
26.9.02 |Hayeswater Beck [NY4113212880 5 0 5 0 2 7
22.7.02 |Helm NY7099313795 ] 16 16 0 0 4
22.7.02 |Helm NY7097614810 0 5 5 0 1 0
22.7.02 |Helm NY7029316738 0 14 14 0 1 3
-123.7.02 - |Helm_=_--.: .. ... [NY7130042000: - -0--— |—0—+|-—-~0 --}- -0—-| ---0- —}-—0--:--
24.7.02 |Helm NY7091909996 3 0 3 1 1 2
24.7.02 Helm NY7055409112 3 0 3 0 0 3
24.7.02 Helm NY7045808362 7 0 7 0 0 2
24.7.02 |Helm NY7140811064 9 0 9 0 0 3
27.9.02 [|Heltondale Beck [|NY4928320254 0 0 0 5 2 0
27.9.02 |Heltondale Beck [NY4829319653 0 18 18 4 5 9




2002 Survey: Semi-quantitative electrofishing (Eden Rivers Trust)

T

No, of fish caugM\ 5 minutes of fishing
No of 0+
Total 0+| 1+ and | 1+ and |salmon and
Date of 0+ salmon | older older trout
survey Sub-catchment |Grid Reference {0+ trout| saimon| & trout| trout | saimon missed
27.9.02 [Heltondale Beck |NY5049920732 0 7 7 0 6 4
8.7.02 Hilton Beck NY7089419385 0 5 5 0 0 0
8.7.02 Hilton Beck NY7076018799 0 5 5 0 0 1
8.7.02 Hilton Beck NY7074919990 0 3 3 0 1 2
8.7.02 Hilton Beck NY7356220854 0 8 8 0 2 1
8.7.02 Hiiton Beck NY7255120498 0 7 7 0 3 1
8.7.02 Hilton Beck NY7166320389 0 11 11 0 4 2
8.7.02 Hilton Beck NY7420821055 0 6 6 2 6 3
8.7.02 Hilton Beck NY7621622585 1 0 1 2 0 0
8.7.02 Hilton Beck NY7454821023 1 5 6 0 6 0
8.7.02 Hilton Beck NY7564221930 1 13 14 1 7 2
18.7.02 |Hoff Beck NY6647520984 0 13 13 1 0 0
24.6.02 |Hoff Beck NY6724018449 0 5 5 0 0 0
24.6.02 {Hoff Beck NY6709619147 0 0 0 0 0 0
24.6.02 |Hoff Beck NY6717618921 0 0 0 0 0 0
24.6.02 |Hoff Beck NY6716518587 0 1 1 0 0 0
24.6.02 |Hoff Beck NY6742218017 0 6 6 0 0 0
25.06.02 {Hoff Beck NY6846614921 0 0 0 0 0 1
25.6.02 |Hoff Beck NY6623913962 0 0 0 0 0 0
25.6.02 |Hoff Beck NY6682614313 0 0 0 0 0 0
25.6.02 |Hoff Beck NY6661914175 0 0 0 2 0 0
25.6.02 |Hoff Beck NY6560413751 0 0 0 2 0 0
25.6.02 (Hoff Beck NY6819115539 0 0 0 0 0 0
25.6.02 |Hoff Beck NY6759216917 0 0 0 0 0 0
25.6.02 |Hoff Beck NY6714814368 0 0 0 0 0 0
18.7.02  |Hoff Beck NY6664520451 1 3 4 0 1 0
25.6.02 [Hoff Beck NY6785416252 1 0 1 1 0 1
25.06.02 |Hoff Beck NY6813615372 2 0 2 4 0 0
Hoff Beck NY6689519656 3 0 3 3 0 0
25.6.02 |Hoff Beck NY6763316638 5 0 5 0 0 0
25.6.02 |Hoff Beck NY6821916052 9 0 9 1 1 6
1.10.02  {Howgill Syke NY8259510255 7 0 7 15 0 5
21.8.02 |irthing NY6327566495 0 13 13 0 6 3
21.8.02 |irthing NY6347267788 0 7 7 0 5 2
23.8.02 |Irthing NY5813164222 0 10 10 0 1 2
23.8.02 |irthing NY6229466590 0 4 4 1 3 5
23.8.02 |Irthing NY6043965116 0 5 5 0 0 0
23.8.02 [lrthing NY6219066166 0 25 25 0 1 4
27.8.02 [irthing NY5117662339 0 21 21 0 0 0
27.8.02 {lrthing NY5404663310 0 20 20 0 0 2
27.8.02 [lrthing NY5644363953 * 0 18 18 0 2 4
27.8.02 |irthing NY5356163461 0 6 6 0 0 0
28.8.02 [lrthing NY4925959824 0 9 9 0 1 0
28.8.02 |irthing NY4924660280 0 17 17 0 2 3
28.8.02 [lrthing NY5044261078 0 4 4 0 0 3
29.8.02 [lirthing NY4858658056 0 4 4 0 0 3
3.10.02 {lrthing NY6815274302 0 0 0 3 0 0
3.10.02 |irthing NY6611776596 0 0 0 0 0 0
121.8.02  |irthing NY6343468251 | 1. -8 - 9. 0 4- 0—
23.8.02 [irthing _ [NY6148465956 1 12 13 0 5 2
|27:8:02, _-{irthing=. - ~|NY 557266344 7| — i | wmse@ueeosfmwmng e v QT TP
27.8.02 |irthing NY5512963353 1 23 0 0 6
23.7.02 {lrthing NY6415573585 4 4 0 0 0
30.7.02 ([Kingwater NY5967768544 0 0 2 0 0
30.7.02 [Kingwater NY5270764420 0 6 1 0 3




2002 Survey: Semi-quantitative electrofishing (Eden Rivers Trust)

No, of fish cau

ght in § minutes of fishing

No of 0+
Total 0+| 1+ and | 1+ and [salmon and
Date of 0+ salmon | older older trout
survey Sub-catchment |Grid Reference |0+ trout| salmon| & trout | trout | salmon missed
30.7.02 Kingwater NY5367965486 0 17 17 0 0 5
30.7.02 Kingwater NY5643367249 2 3 5 0 0 1
30.7.02 Kingwater NY5762267456 2 2 4 0 0 3
30.7.02 Kingwater NY5550066769 2 10 12 0 0 0
30.7.02 Kingwater NY5862568078 3 3 6 0 0 0
30.7.02 Kingwater NY5501166474 4 3 7 0 2 3
23.7.02 Kingwater NY6132972484 5 0 5 1 0 0
8.8.02 Kirkland NY6547032858 7 0 7 4 0 4
27.9.02 Kirkstone Beck NY4025110289 0 0 0 9 0 0
27.9.02 |Kirkstone Beck NY4008612469 1 1 2 1 1 4
27.9.02 Kirkstone Beck NY4030109842 1 0 1 7 0 0
27.9.02 Kirkstone Beck NY3997710814 5 2 7 5 0 9
27.9.02 Kirkstone Beck NY3993710862 6 6 12 1 0 15
31.7.01 Leith NY5517821842 0 0 0 0 0 0
31.7.02 Leith NY5872024491 0 2 2 0 2 0
31.7.02 Leith NY5622125022 0 3 3 1 2 1
31.7.02 Leith NY5551724765 0 0 0 0 0 0
31.7.02 Leith NY5768324725 0 22 22 0 0 5
31.7.02 Leith NY5507524010 0 0 0 1 0 0
Leith NY6009024518 0 0 0 0 0 0
Leith NY5881624331 0 0 0 0 0 0
Leith NY5506023875 0 0 0 0 0 2
Leith NY5550724682 0 0 0 0 0 0
Leith NY5515721686 0 0 0 0 0 1
Leith NY5574520408 0 0 0 0 0 1
Leith NY5512822759 0 0 0 0 0 1
Leith NY5615424950 0 0 0 0 1 0
31.7.02 |Leith NY5511322651 1 0 1 0 0 0
31.7.02 Leith NY5950724462 1 6 7 0 0 3
Leith NY5767124761 1 0 1 0 0 0
Leith NY5706625187 1 0 1 0 0 0
Leith NY5587519519 2 0 2 1 0 0
Leith NY5551717837 3 0 3 0 0 0
1.8.02 Lowther NY5174021373 0 16 16 0 0 4
1.8.02 Lowther NY5194423355 0 17 17 0 0 6
1.8.02 Lowther NY5220225450 0 11 11 0 1 4
1.8.02 Lowther NY5276426113 0 3 3 1 0 3
22.8.02 Lowther NY5267328650 0 8 8 0 1 2
25.7.02 Lowther NY5206817990 0 28 28 0 1 0
25.7/02 Lowther NY5269228652 0 2 2 0 1 0
5.8.02 Lowther NY5278117548 0 9 9 0 4 3
6.8.02 Lowther NY5116816110 0 1 1 0 0 3
6.8.02 Lowther NY5344916429 0 3 3 0 0 2
6.8.02 Lowther NY5473215353 0 25 25 0 4 4
6.8.02 Lowther NY5119516052 0 17 17 1 0 3
7.8.02 Lowther NY5482914039 0 1 1 0 1 1
7.8.02 Lowther NY5550212046 0 14 14 0 4 3
1.8.02 Lowther NY5164522115 1 13 14 0 0 4
5.8.02 Lowther NY5152019764 | 1 8 9 0 0 3
5.8.02 Lowther NY5169818379 1 21 22 0 0 4
16:8:02°  [Lowther "[NY5095315170 Ki 0 1 0 0 0
6.8.02 Lowther NY5597812659 1 37 38 0 1 5
6.8.02 Lowther NY5117716055 1 3 4 0 0 0
6.8.02 Lowther NY5505914336 1 44 45 0 1 7
5.8.02 Lowther NY5177021403 2 10 12 0 0 2




2002 Survey: Semi-quantitative electrofishing (Eden Rivers Trust)

No, of fish caught in § minutes of fishing

No of 0+
Total 0+| 1+ and | 1+ and |salmon and
Date of 0+ salmon | older older trout
survey Sub-catchment |Grid Reference |0+ trout| saimon | & trout | trout | salmon missed
5.8.02 Lowther NY5179017872 2 9 11 0 1 4
6.8.02 Lowther NY5045714375 2 0 2 2 0 2
5.8.02 Lowther NY5180218115 3 8 11 0 1 0
7.8.02 Lowther NY5526213479 3 3 6 0 0 2
6.8.02 Lowther NY5200216607 4 12 16 0 2 0
6.8.02 Lowther NY5177717702 8 19 27 1 0 4
11.07.02 |Lyvennet NY6144221935 0 0 0 0 0 0
11.07.02 |[Lyvennet NY6218518140 0 12 12 1 0 6
11.07.02 |Lyvennet NY6178720947 0 2 2 0 0 2
11.07.02 |Lyvennet NY6204519015 0 6 6 0 0 2
11.07.02 |Lyvennet NY6223915215 0 0 0 1 0 1
11.7.02 {Lyvennet NY6197620158 0 0 0 1 0 0
11.7.02  |Lyvennet NY6122823269 0 10 10 0 0 5
11.7.02 |Lyvennet NY6210020200 0 0 0 0 0 0
11.7.02  [Lyvennet NY6064823880 0 1 1 0 0 1
11.7.02 |Lyvennet NY6017524531 0 0 0 0 0 0
11.7.02  |Lyvennet NY6062024030 0 0 0 1 0 0
12.07.02 [Lyvennet NY6052025097 0 14 14 0 0 3
12.7.02 |Lyvennet NY6109725118 0 6 6 0 0 2
11.7.02 |Lyvennet NY6007422248 1 0 1 1 0 0
3.10.02 |Petteril NY4751340778 0 0 0 5 0 0
3.10.02 |Petteril NY4635342694 0 0 0 3 0 0
3.10.02 |[Petteril NY4905938849 0 0 0 1 0 0
Petteril NY4734441747 0 0 0 0 0 0
Petteril NY4836539661 0 0 0 0 0 0
Petteril NY4750440711 0 0 0 0 0 0
Petteril NY4630242697 0 0 0 0 0 0
16.8.02 |Rampsgill NY4385916362 10 0 10 1 3 6
16.8.02 Rampsgill NY4398414441 12 0 12 6 0 4
16.8.02 |Rampsgill NY4403215436 25 0 25 4 0 7
18.9.02 [Sandwath Sike NY7690310431 1 7 8 0 0 7
14.8.02 [Sandwick NY4235919715 2 2 4 1 5 0
15.8.02 |Sandwick NY4316719116 8 17 25 0 0 6
16.8.02 {Sandwick NYA4374217574 8 9 17 0 3 6
16.8.02 |Sandwick NY4355816807 12 5 17 0 2 7
16.8.02 |Sandwick NY4336218274 12 15 27 1 0 8
16.8.02  |Sandwick NY4361817514 17 8 25 0 2 6
16.8.02 |Sandwick NY4297315963 32 0 32 0 1 3
16.8.02 [Sandwick NY4273215285 37 1 38 0 0 7
16.7.02  |Scandal Beck NY7436709968 0 13 13 0 1 5
16.7.02  |Scandal Beck NY7234306103 0 3 3 2 0 2
16.7.02 {Scandal Beck NY7197504672 0 0 0 2 3 0
16.7.02 {Scandal Beck NY7193905254 0 2 2 0 0 0
16.7.02 |Scandal Beck NY7271307023 0 13 13 2 4 7
16.7.02  |Scandal Beck NY7315508129 1 7 8 0 3 9
16.7.02 |Scandal Beck NY7410109415 3 9 12 0 0 4
16.7.02 |Scandal Beck NY7244203977 4 0 4 2 0 3
16.7.02 |Scandal Beck NY7481310840 4 36 40 0 1 4
7.8.02-.—-{Swindale - - - |N¥5275015028_---___.0._ -)---23--4—23 - |— 0~ J—)= —3--—
7.8.02 Swindale NY5352515963 0 9 9 0 5 3
7.8.02 Swindale NY5205013515 1 3 4 0 3 2
7.8.02 Swindale NY5157813266 4 0 4 0 2 2
7.8.02 Swindale NY5042311926 4 1 5 0 4 3
7.8.02 Swindale NY5104512737 6 24 30 0 1 3
1.10.02 |Swindale Beck NY7774413721 0 12 12 1 6 12




2002 Survey: Semi-quantitative electrofishing (Eden Rivers Trust)

No, of fish caught in 5§ minutes of fishing

No of 0+
Total 0+| 1+ and | 1+ and |salmon and

Date of 0+ salmon | older older trout
survey Sub-catchment |[Grid Reference |0+ trout| salmon| & trout | trout | salmon missed
1.10.02 |Swindale Beck NY7957714642 0 0 0 12 1 0
19.9.02 {Swindale Beck NY7699413237 0 12 12 0 0 4
1.10.02 {Swindale Beck NY8180318157 1 0 1 5 0 1
10.7.02 [Trout Beck NY6396025444 0 4 4 0 0 0
10.7.02 [Trout Beck NY6464724480 0 17 17 0 0 4
10.7.02 [Trout Beck NY6588524056 0 5 5 0 0 0
10.7.02 |Trout Beck NY6749024182 0 15 15 0 0 4
10.7.02 |Trout Beck NY6902228251 0 0 0 1 0 2
10.7.02  |Trout Beck NY6692524442 0 8 8 0 1 0
10.7.02 |Trout Beck NY6848725119 0 0 0 8 1 0
8.7.02 Trout Beck NY6980023200 0 1 1 1 6 0
10.7.02  |[Trout Beck NY6765324209 1 40 41 1 2 0
10.7.02 |Trout Beck NY6856125486 1 2 3 2 4 0
11.07.02 {Trout Beck NY6200414734 1 0 1 0 0 0
8.7.02 Trout Beck NY7027522962 1 6 0 10 2
12.7.02  |Trout Beck NY6837826530 4 26 30 1 2 4
10.7.02  |Trout Beck NY6781823861 6 3 9 0 0 2
12.7.02 |Trout Beck NY6849127134 7 18 25 6 15 3
12.7.02 [Trout Beck NY6837924977 8 1 9 4 2 0
10.7.02  |Trout Beck NY6890023307 14 13 27 0 1 4
1.10.02 [Well Head Syke |NY8080016000 0 0 0 9 0 2




2003 Survey: Semi-quantitative electrofishing (Eden Rivers Trust)

No. of fish caught in § minutes of fishing

No. of 0+

Total 0+ salmon &
Date of 0+ o+ salmon & 1+ 1+ trout
survey [Sub-catchment Easting | Northing | trout | salmon trout trout | salmon | missed
6.8.03 |Aira 337275 | 520725 1 0 0 3 0
6.8.03 |Aira 336312 520925 0 0 0 1 0
6.8.03 |Aira 338278 521467 1 0 0 1 0
6.8.03 |Aira 340179 | 519810 0 2 2 2 4
6.8.03 |Aira 340088 | 520301 17 15 1 1 1 15+
6.8.03 |Aira 339793 | 521447 0 0 0 1 1
26.8.03 |Argill 3688752 | 513800 3 0 0 4 2
26.8.03 |Argill 381620 | 514682 11 0 0 13
11.8.03 |Asby Beck 380447 | 514344 4 0 0 2 4
24.7.03 |Augill 382448 | 512703 1 19 0 3 25+
24.7.03 |Augill 385178 | 513568 12 8 0 25+
24.8.03 {Belah 382316 | 512006 26 69 7 1 7
24.8.03 |Belah 383212 511207 17 0 0 4 5
24.8.03 |Belah 383738 | 519879 18 0 0 9 5
24.8.03 [Belah 384824 | 509443 26 0 0 1
26.8.03 {Belah 381581 512121 7 50 6 1 6
27.8.03_|Briggle Beck 361702 532633 19 0 0 7 6+
5.9.03 [Briggle Beck 358790 | 533480 10 2 1 5 1
5.9.03 iBriggle Beck 357677 534629 5 10 2 3 2 10
12.9.03 |Caim Beck 350452 554342 7 0 0 0
12.9.03 {Caim Beck 351000 | 551832 3 0 0 1 1
12.9.03 |Cairn Beck 353966 | 550473 2 0 0 1
15.9.03 [Caim Beck 347710 | 556522 0 47 4 1 4 10
15.9.03 |Cairn Beck 348547 555244 8 0 0 7 _ 5
15.9.03 [Cairn Beck 349778 | 554788 10 0 0 1 0
15.9.03 |Caim Beck 351506 | 553245 6 0 0 1 2
15.9.03 |Caim Beck 344136 | 556372 0 1 0 0
5.9.03 |Caldbeck 333049 | 538878 9 55 [ 2 6 10
26.9.03 |Caldbeck 329540 | 538147 10 0 0 3 5
26.9.03 |Caldbeck 330049 | 535956 32 0 4 4 6
26.9.03 |Caldbeck 329950 | 535155 33 0 0 7 4
26.9.03 [Caldbeck 330018 538816 21 0 0 4 5
26.9.03 |Caldbeck 329849 | 537289 10 0 0 4 7
26.9.03 |Caldbeck 328734 | 537048 3 0 0 1 4
1.9.03 |Caldew 330140 | 530774 4 5 2 2 2 4
1.9.03 |[Caldew 330422 530523 1 13 4 4 5
1.9.03 |Caldew 331130 | 531182 1 2 4 4 4
3.9.03 |Caldew 336358 535449 1 20 6 1 6 12
3.9.03 |Caldew 335788 | 538134 0 17 5 5 10
3.9.03 |Caldew 330113 | 539899 25 0 0 10 5
3.9.03 |Caldew 336561 532746 0 6 0 1 3
3.9.03 |Caldew 336508 | 532963 1 68 3 3 10
3.9.03 ([Caldew 336048 | 534098 4 73 5 1 5 10
3.9.03 j(Caldew 333429 | 532502 0 5 4 1 4
3.9.03 |[Caldew ~332691 532691 2 0 0 3 R .
3.9.03 |Caldew 335705 | 532011 0 34 3 3
18.9.03 [Cambeck 353498 | 568842 | 2 0 0 1 1
8.9.03 |Cambeck 352630 | 567491 5 0 0 3 4
9.9.03 |[Cambeck 350966 | 562543 3 15 1 1 3
9.9.03 jCambeck 352743 566633 0 0 0 2 0




2003 Survey: Semi-quantitative electrofishing (Eden Rivers Trust)

No. of fish caught in 5 minutes of fishing

No. of 0+
Total 0+ saimon &
Date of 0+ 0+ salmon & | 1+ 1+ trout
survey [Sub-catchment Easting | Northing | trout } salmon trout trout | salmon | missed
9.9.03 |Cambeck 351853 | 565354 2 0 0 0
9.9.03 [Castle Beck 356850 | 563400 55 22 0 2 10
9.9.03 |Castle Beck 356282 562658 29 0 0 16 10
7.8.03 |Colby Beck 366500 | 521000 0 40 2 1 2 6
7.8.03 {Caolby Beck 366772 | 520234 Q 13 1 1 7
5.9.03 |Croglin 355146 | 545171 19 0 0 2 5
5.9.03 |[Croglin 354492 | 543795 11 0 0 1
5.9.03 [Croglin 356282 546527 17 0 0 2 10
5.9.03 |Croglin 358088 | 547264 17 0 0 8 10
5.9.03 |Croglin 355871 545909 24 0 0 7 10
21.8.03 |Crowdundle 365873 528633 87 6 0 2 50+
21.8.03 |Crowdundie 365447 | 528550 22 63 1 2 1 50+
21.8.03 [Crowdundle 364500 528862 12 140 0
22.8.03 jCrowdundle 365189 | 531019 16 52 11 11 20+
22.8.03 |Crowdundle 364807 | 530789 3 42 2 3 2 10+
22.8.03 {Crowdundle 364498 | 630527 39 47 6 6 25+
22.8.03 |Crowdundie 363123 | 529079 11 124 4 4 50+
22.8.03 |Crowdundle 363003 529115 7 33 4 4 8
22.8.03 |Crowdundie 362553 | 528724 1 101 5 5 40-50
11.9.03 |Crowdundle 369374 | 529982 42 0 42 4 8
11.9.03 |Crowdundie 360845 | 530002 | 6 0 6 13 0 3
10.9.03 |Dacre 346298 | 526295 1 10 5 1 5 5
10.9.03 {Dacre 345272 | 526094 1 14 4 4 5
10.9.03 {Dacre 343999 526488 2 52 10 1 10 6
17.9.03 [Dacre 343700 526446 1 45 1 1 10
22.8.03 |Daleraven 355410 | 539546 0 43 0 8+
12.9.03 |Deepdale 339921 514386 21 5 26 0 3 5
17.7.03 |Eden 336936 | 558682 0 4 0 3
17.7.03 |Eden 343692 558549 0 3 0 5
17.7.03 |Eden 346736 | 557927 0 42 2 2
17.7.03 [Eden 346941 556721 0 24 0 20+
17.7.03 |Eden 346798 555461 0 21 0 15+
22.7.03 {Eden 356405 539494 0 19 1 1 12
22.7.03 |Eden 355947 537729 0 14 0 14
22.7.03 |Eden 361215 | 525889 0 33 0 22
23.7.03 |Eden 347515 553819 1 7 0 6
23.7.03 jEden 351700 | 548500 0 23 0 lots
23.7.03 |Eden 351362 546903 0 1 0 7
23.7.03 {Eden 348324 | 552270 0 2 0 3
23.7.03 |Eden 355913 537390 0 23 o |1 1 15+
23.7.03 |Eden 351213 546480 1 6 0 5+
24.7.03 |Eden 355408 534551 0 15 0 25+
24.7.03 |Eden 356163 | 533693 0 11 0 10
14.8.03 |Eden 383290 | 525050 0 17 0 3
18.9.03 [Eden 377342 504307 O 0 0 0
18.9.03 [Eden 378128 | 503060 1 0 0 1 0
119:9.03 "|Eden 378265 | 499881 | o | o 0 ) 0
11.9.03 {Eden 377894 | 508178 0 60 60 0 4 4
11.9.03 |Eden 377129 | 506624 3 0 3 0 2
11.9.03 [Eden 377140 | 507318 2 0 2 0 0 0




2003 Survey: Semi-quantitative electrofishing (Eden Rivers Trust)

No. of fish caught in 5 minutes of fishing

No. of 0+

Totat 0+ saimon &
Date of 0+ 0+ salmon & | 1+ 1+ trout
survey |Sub-catchment Easting | Northing | trout | salmon trout trout | salmon | missed
11.9.03 |Eden 377651 509084 1 76 77 0 3 4
14.7.03 [Gelt 357539 | 553326 1 8 3 1 3 6
14.7.03 |Gelt 357708 | 552063 0 15 7 7 5
14.7.03 |Gelt 358385 | 551132 6 5 3 3 4
14.7.03 |Gelt 360425 | 551274 13 0 0 1 2
14.7.03 |Gelt 360411 551081 7 0 0 3 0
14,7.03 |Gelt 360486 | 551090 2 0 0 0
14.7.03 |Geit 361338 | 551109 5 0 0 2 3
14.7.03 |Gelt 358462 | 553274 2 0 0 4 10
14.7.03 |Gelt 359103 | 553306 9 0 0 4 4
22.8.03 |Glassonby Beck 358886 539726 24 3 0 1 6+
22.8.03 |Glassonby Beck 359386 | 539677 29 4 0 3
27.9.03 |Glassonby Beck 360965 | 538800 3 0 0 5
16.9.03 }Glencoyne Beck 336712 | 518799 9 0 0 1 3
16.9.03 |Glencoyne Beck 344941 522579 14 0 1 0 1 0
08.8.03 |Glenridding 336140 | 517131 2 0 0 1 4
08.8.03 |Glenridding 338768 | 516808 12 1 1 6 1 4
08.8.04 |Glenridding 338461 516828 6 0 0 2 4
08.8.05 [Glenridding 337638 | 517079 15 0 1 5 1 3
08.8.06 |Glenridding 336874 | 517304 0 0 0 2
08.8.03 |Goldrill 339927 | 515713 6 0 1 1 6
12.0.03 |[Goldrill 340271 514006 6 3 37 5
12.9.04 |Goidrill 341616 | 512885 1 0 1 1 4
12.9.03 |[Goldrill Beck 341593 | 512662 24 0 10 1 10 10
12.9.03 [Goldrill Beck 340588 | 513162 4 16 0 5
15.7.03 |Grisedale Beck 338327 | 515763 14 0 1 4 1 6
16.7.03 |Grisedale Beck 337358 | 515156 7 0 1 1 1 4
16.7.03 }Grisedale Beck 336423 | 514652 11 0 1 1 6
16.7.03 |Grisedale Beck 335912 | 513856 1 0 0 2 0
11.9.03 [Hartley 377625 | 509011 18 12 30 4 1
11.9.03 |Hartley 378297 | 508762 9 0 9 2 5
18.9.03 |Haweswater Beck 351810 | 518072 4 31 1 1 0
12.8.03 |Helm 370870 | 517015 0 23 0 1 5
12.8.03 {Helm 370274 | 510703 0 14 0 2
12.8.03 jHelm 370668 | 515720 0 1 o 0
12.8.03 |Helm 370703 | 514333 0 1 0 0
12.8.03 [Heim 371194 | 513654 2 2 0 7 0
12.8.03 [Helm 371321 512237 1 1 0 11 0
12.8.03 {Helm 371139 | 510566 25 0 0 1 4
13.8.03 |Helm 371315 | 510862 27 0 0 4
24.9.03 |Helm 370956 | 514916 0 0 0
17.9.03 |Heltondale 348596 | 519737 1 13 2 2 4
13.8.03 |Hilton 371048 | 518978 0 17 2 2 8
13.8.03 |Hilton 372004 | 519143 1 0 0 0
13.8.03 |Hilton . 371261 | -520086- 7 100 9 9 - 20
14.8.03 [Hilton 373249 | 520895 18 56 12 1 12 0
- |44:8:03=| Hiltor - - 373475520883 "5 | 44" 20 | 20 8
24.8.03 {Hilton Beck 376212 | 522567 4 0 1 4 1 8
24.8.03 [Hilton Beck 375314 | 521493 13 28 6 1 6 30
7.8.03 |Hoff Beck 367179 | 518944 0 26 1 1 8




2003 Survey: Semi-quantitative electrofishing (Eden Rivers Trust)

No. of fish caught in 5 minutes of fishing

No. of 0+
Total 0+ salmon &
Date of 0+ 0+ salmon & 1+ 1+ trout
survey |Sub-catchment Easting | Northing | trout | salmon trout trout | saimon| missed
7.8.03 |Hoff Beck 367504 | 517680 0 27 6 6 8
7.8.03 |Hoff Beck 367530 | 516914 0 17 1 1 5
7.8.03 |Hoff Beck 368239 | 515874 1 8 2 2 3
24.9.03 [Howe 350374 | 517657 24 0 0 4 5
24.9.03 |Howe 351617 | 518169 27 12 4 5 4 20+
28.9.03 {Howe 347647 | 517732 18 0 0 1 2
28.9.03 |Howe 348672 | 517916 | 22 0 0 3
28.9.03 |Howe 349680 | 517760 19 0 0 9
10.9.03 |{Howgrain Beck 343216 | 519082 32 35 8 1 8 15
8.9.03 |irthing 363730 | 567796 0 8 7 1 7 4
8.9.03 |irthing 367596 | 574581 2 0 0 9 0
8.9.03 |lrthing 368091 | 574325 0 0 0 5 o
8.9.03 |irthing 366361 | 570977 2 0 0 2 0
9.9.03 ({irthing 355184 | 563334 0 46 4 3 4 10
29.03 |Kingwater 352887 | 564407 1 15 1 1 4
2.9.03 |Kingwater 353178 | 564893 1 12 3 1 3 2
2.9.03 |Kingwater 354903 | 566469 2 10 1 1 1 3
2.9.03 |Kingwater 355408 | 566799 4 14 4 4 4
2.9.03 _|Kingwater 356802 | 567329 18 0 1 1 3
2.9.03 |Kingwater 357637 | 567464 14 0 0 3
2903 |Kingwater 350837 | 568594 3 0 0 1 1
2.9.03 |Kingwater 360259 | 569166 2 0 6 3 6 3
2.9.03 |Kingwater 361812 | 570023 0 0 1 7 1 0
10.9.03 |Kirkstone Beck 339926 | 511039 | 25 9 7 3 7 10
12.9.03 |Kirkstone Beck 340016 | 511985 1 1 2 2 5
16.9.03 |Kirkstone Beck 339984 | 511930 8 0 4 4 3
11.9.03 |Ladthwaite 377970 | 508185 2 5 7 5 3 1
27.7.03 |Leith 355184 | 524076 5 26 0 10
27.7.03 |Leith 355137 | 522976 4 13 0 5 10
29.7.03 {Leith 355194 | 521701 9 3 1 1 4
5.8.03 |lLeith 359012 | 524484 0 7 0 2 4
5.8.03 |Leith 359970 | 524295 1 11 0 0
5.8.03 lLeith 355539 | 518065 5 0 0 6
5.8.03 |[Leith 355744 | 525079 3 1 0 4
5803 |Leith 357009 | 525140 1 12 0 6
17.9.03 |Lowther 356536 | 512113 1 11 1 1 5
18.0.03 |Lowther 353282 | 516692 0 16 3 3 3
18.9.03 [Lowther 352566 | 517561 0 29 4 1 4 3
19.9.03 |Lowther 356992 | 513744 4 63 3 3 25
19.9.03 [Lowther 355163 | 514296 0 69 0 20
19.9.03 |Lowther 355992 | 512607 0 22 2 2 30
15.7.03 |Lyvennet 362123 | 512694 0 9 0 12
15.7.03 [Lyvennet 362171 | 512801 22 3 0 12
15.7.03 |Lyvennet 362261 | 513862 | 20 [ 0 1 21
15.7.03 [Lyvennet  362246_ 514953 18 | 0 0 8
15.7.03 [Lyvennet 362642 | 516034 18 2 0 1 ]
21.7.03.+|Lyvennet - 362216 |"518106" | 2 3 0 2
21.7.03 |Lyvennet 362096 | 518904 0 3 0 5
21.7.03 |Lyvennet 361936 | 570081 0 6 0 1
21.7.03 |Lyvennet 361857 | 521066 6 3 1 3 1 2




2003 Survey: Semi-quantitative electrofishing (Eden Rivers Trust)

E}

No. of fish caught in 5 minutes of fishing
No. of 0+
Total 0+ salmon &
Date of 0+ 0+ salmon & | 1+ 1+ trout
survey {Sub-catchment Easting | Northing | trout | salmon trout trout | saimon| missed
21.7.03 |Lyvennet 361460 521923 1 0 0
21.7.03 |Lyvennet 361261 523290 2 12 0
21.7.03 |Lyvennet 360035 524644 0 2 0
22.7.03 |Lyvennet 366967 524830 0 35 1 1 8
22.7.03 jLyvennet 360856 | 525897 0 44 1 1 12
24.9.03 [Lyvennet 361869 521132 0 1 1 4 1 2
9.9.03 [Milton Beck 354786 561139 14 0 0 10
9.9.03 |Milton Beck 355315 560611 17 0 0 11 3
24.9.03 [Morland Beck 360607 523782 0 4 7 7
24.9.03 |Morland Beck 359977 | 521284 4 0 0
24.9.03 |Morland Beck 359965 522425 3 0 0 3
24.9.03 |Morland Beck 359875 523472 0 0 0
24.9.03 |Newby Beck 359221 520648 7 0 0 2
10.9.03 |Petteril 345363 532732 9 0 0 8 6
10.9.03 {Petteril 346569 532881 10 0 0 4 4
10.9.03 {Petteril 348081 531961 3 0 0 10 6
10.9.03 {Petteril 349602 533361 0 0 0 5 6+
10.9.03 [Petteril 345004 532037 7 0 0 6 8
28.8.03 |Petterill 348833 538971 0 0 0 0
28.8.03 |Petterill 348020 539981 0 0 0 2 0
28.8.03 |Petterill 347521 540941 0 0 0 3 0
28.8.03 |Petterili 347250 541932 0 0 0 4 0
29.8.03 [Petterill 347521 540941 0 0 0 3 0
29.8.03 |Petterill 347250 541932 0 0 0 4 0
29.8.03 |Petterill 346299 542700 0 0 0 7 0
29.8.03 |Petterill 346731 542605 0 0 0 8 0
29.8.03 (Petterill 345047 545230 0 0 0 1 0
29.8.03 {Petterill 345009 | 546390 0 0 0 3 0
29.8.03 [Petterill 345201 547479 0 0 0 0
29.8.03 {Petterill 344203 549216 0 0 0 3 0
29.8.03 [Petterill 349636 535119 0 0 0 4 0
9.9.03 [Quarry Beck 355315 | 563310 6 12 3 3 3 2
9.9.03 |Quarry Beck 354607 562201 0 0 0 0
27.7.03 |Raven Beck 355720 541079 0 53 1 1 2
27.7.03 }Raven Beck 360594 543269 35 0 0 1 0
27.7.03 |Raven Beck 357743 541751 9 0 0 8 0
27.7.03 jRaven Beck 356721 541635 15 0 0 1 0
27.7.03 |Raven Beck 361390 543605 1 0 0 3 1
27.7.03 |Raven Beck 361578 543822 5 0 0 13 3
27.7.03 |Raven Beck 361477 543449 6 0 0 11 4
27.8.03 [Robbery Water 359845 537329 20 1 0 10
27.8.03 jRobbery Water 359855 837329 35 10 0 2 10
27.8.03 |Robbery Water 356823 535944 1 45 1 1 8+
27.8.03 jRobbery Water 359363 | 538188 16 28 0 3 8+
10.9.03 |[Sandwick Beck 342618 | 519170 | 44 1 3 2 3. | —5.
17.9.03 |Sandwick Beck 342433 | 518217 21 0 0 5
17-:9:03+]Sandwick:Beck - -~|~-343335+5[*+6518400> "+ 31 |~ & 0 R T
26.8.03 [Scale Beck 367238 | 514530 2 0 0 6 2
24.7.07 |Scandal 373575 | 508580 1 30 0 1 20
29.7.03 |Scandal 372568 503873 0 21 2 2 2 3
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2003 Survey: Semi-quantitative electrofishing (Eden Rivers Trust)

No. of fish caught in 5 minutes of fishing

No. of 0+
Total 0+ salmon &
Date of 0+ 0+ salmon &| 1+ 1+ trout
survey [Sub-catchment Easting | Northing | trout | salmon trout trout | saimon| missed
29.7.03 |Scandal 372071 505705 2 3 0 3
11.8.03 [Scandal 372680 | 506852 3 22 5 1 5 12
11.8.03 |Scandal 374877 510959 1 75 0 15
11.8.03 |Scandal 376513 | 511236 0 20 20 20 6
4.9.03 |Swindale 378997 | 514823 7 0 0 12 10
4.9.03 |Swindale 380594 | 515934 17 0 0 21 10
5.9.03 |Swindale 377368 | 513447 4 51 0 40
5.8.03 |Swindale 378784 | 514175 1 19 0 10
18.9.03 [Swindale 350686 | 512325 4 33 0 1 8
18.9.03 |Swindale 351742 513336 0 3 5 5 0
18.9.03 |Swindale 352740 | 515040 0 22 10 10
18.9.03 |Swindale 353554 | 515957 0 8 7 1 7 0
14.8.03 |Troutbeck 363345 | 525142 1 20 3 1 3 6
14.8.03 |Troutbeck 366624 | 5242680 3 63 0 1 0
14.8.03 |[Troutbeck 367667 | 524011 0 28 1 1 4
14.8.03 [Troutbeck 367630 | 524185 0 37 3 3 0
14.8.03 |Troutbeck 364310 524969 0 28 0 3
14.8.03 |Troutbeck 365415 | 524247 0 16 3 3 8
15.8.03 |{Troutbeck 368546 | 525289 16 42 0 40
15.8.03 |Troutbeck 368417 | 526957 20 42 0 25
20.8.03 |Troutbeck 368129 | 523411 2 30 0 20
20.8.03 |Troutbeck 370224 | 522941 7 30 0 25
20.8.03 |Troutbeck 369563 | 523222 11 21 0 16
20.8.03 |Troutbeck 372313 | 523589 26 9 0 20
20:8.03 |Troutbeck 368838 | 527600 7 4 0 50
20.8.03 |Troutbeck 367381 528188 13 33 0 35
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Appendices

Appendix 3: Water sampling protocol used by all samplers

1.

Rinse bottle & cap thoroughly 3 times with stream water at site before sampie collection.
Empty downstream.

When filling the bottle always make sure you are stood downstream so as not to disturb
bottom sediments.

Always hold the bottle facing upstream when collecting the sample making sure your hands
are downstream of the opening. This is to prevent salts washing off your hands into the
sample.

Remove bottle from stream before fastening cap again to prevent salts washing off your
hands.

Always fill the bottle to the rim to ensure as little air as possible is trapped within the bottle.
Top up using cap if necessary in shallow streams.

Always collect samples from flowing water, preferably from a riffle within the main flow of the
stream. If water is not flowing and is stagnant please make a note on the record sheet.

Try to avoid collecting large amounts of particulate matter such as sediment and pieces of
vegetation.

During transport try to keep samples as cool as possible and out of direct sunlight .g. in boot
of car.

If you collect any additional samples please label with stickers provided, mark location on
map and record in sample table.

10. If any sites are inaccessible or dry do not sample just make a note in the table.
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