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ABSTRACT

Characterisation of the complex geomorphological anological structure of river

channels into workable units of instream habitataiskey step in enabling the

assessment of habitat ‘quality’ for river managemenrposes. The research
presented in this thesis uses a range of methodalogpproaches at a variety of
spatial scales in order to improve the conceptasaisof habitat characterisation at the
reach and sub-reach scale. An appraisal of pudalistiorks is used in conjunction

with an extensive analysis of habitat featuressites across the UK, and intensive
field studies on the River Tern, Shropshire, to iover the conceptual basis and
ecological validity of the ‘physical biotope’ asethbasic unit of instream habitat.

Physical biotopes demonstrate correlations witlolically functional habitat units at

relatively broad scales, suggesting thasemblagesf habitat units may provide the

most appropriate level of simplification of aquatigbitat structure. A simplified, but

more transferable classification using biotope m$dages is suggested, with potential
application to a range of instream assessment i@ed design needs. Reach-scale
field surveys reveal complex and dynamic relatiopstbetween channel hydraulics
and morphology and highlight the influence of samgpldesign and hydrological

context on the outcomes of rapid field surveys. mi&roscale research component
addresses within-biotope variation at small schiefocusing on high frequency flow

behaviour and sediment transport mechanisms whicsle, @ date, been largely

overlooked in biotope studies. This provides ba¢tailed descriptions of hydraulic

behaviour, and an indication of differences in iin& spatial and temporal

heterogeneity between biotopes, with implicatiamsristream biota.

KEYWORDS: physical biotope; functional habitat; dogdraulics, River Habitat

Survey, river restoration, habitat quality.
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CHAPTER 1 INTRODUCTION

1.1RESEARCH AIMS AND OBJECTIVES

This research forms an extension of a NERC (Natanaironment Research Council)
LOCAR (Lowland Catchment Research) project carreed at the University of

Nottingham. The LOCAR thematic programme was dgwsli to promote

interdisciplinary hydro-environmental research ithie input-storage-discharge cycle
and instream, riparian and wetland habitats witgmoundwater dominated river
systems (LOCAR, 2004). Three instrumented ‘flagskatchments were identified
for field study; the Frome/Piddle (Dorset), the RHabgmbourn (Berkshire) and the
Tern (Shropshire). The former two are chalk streawmhile the Tern catchment is

underlain by Permo-Triassic Sandstone.

Research presented in this thesis is affiliatedh vite NERC-LOCAR project
‘Vegetation influences on fine sediment and propagyhamics in groundwater-fed
rivers: Implications for river management, restocet and riparian biodiversity’

(NER/T/S/2001/00930) focusing on the River Fromd &iver Tern. The two sites
chosen for the field component of the research emtesl in this thesis are
approximately 120 m in length and are located wittiie upper Tern catchment in
North Shropshire, Northeast of Market Drayton alu$e to the village of Norton-in-
Hales. The first study reach, ‘Oakley Hall' (NGRJ S04 377), is part of an
instrumented LOCAR site. The second, ‘Napely Lodegrm’ which is located

approximately 0.5 km upstream (NGR SJ 707 384), been used previously for
geomorphological investigation (Emery, 2003). Rkart details on field site

characteristics are presented in Section 2.5.
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The overall aim of the research is:

to enhance the scientific basis of ecohydrauliahiwithe wider context of
river habitat assessment and rehabilitation throdgl characterisation of
aguatic habitat at the reach scale and the evabratbof mesoscale habitat

concepts.

This aim is addressed through five principal reseasbjectives using a variety of
exploratory and analytical techniques incorporatogh desk- and field-based study.
These principal objectives, the associated methedd, and the chapters in which the
findings are reported and discussed are outlinetiaisle 1.1. A research context is
provided in the following sections by considerinige t changing field of river
management over recent decades, more specifidadlychanging paradigm from
engineering to conservation and restoration petsscwhich has taken place, in
conjunction with the associated legislative driveasd experiences from river

restoration and ecohydraulics.

1.2THE RESEARCH CONTEXT

Four broad research strands and one specific spamgramme form the context for
the research aims and objectives presented in tbeiops section and these are

outlined below.



Research Objective Methods Chapter(s)

1. Examine the correlations between physi

I : : .
biotopes and functional habitats. Pxtensive analysis of a national database of sed/egaches. Chapter 3

2. Evaluate output data derived from rapid fieldritical evaluation of analysis outcomes and conspar of different Chapter 3
survey techniques. survey resolutions. Chapter 4

Intensive approach focused at the mesoscale incdrpg visual
identification of habitat units and quantitativeasarement of hydraulicChapter 4
parameters.

3. Investigate the existence and integrity of ptgisi
biotopes at the reach scale.

Chapter 4

4. Assess the robustness of physical biotopes vgth
Chapter 5

) urveys repeated at relative ‘low’ and ‘intermeelifiow stages
varying flow stage.

5. Explore higher resolution ‘within-biotopelntensive approach focused at the microscale wisiglected physical

hydraulic characteristics. biotopes to identify variations in turbulence aedisent transport. Chapter 5

Table 1.1Research objectives and methods.



1.2.1 Directions in river research and management

Historically, stream ecologists and geomorpholagistve followed separate research paths,
both theoretically and empirically. Theoretical eggrhes from ecology tend to be
extensive, involving the investigation of represgine patterns and features of large
‘populations’, while geomorphological research isigmlly intensive in nature, exploring
and attempting to explain the processes operatirigdividual, or small numbers of cases
(Sayer, 1992; Richards, 1996). Empirically, ecatgghave often considered the physical
structure of the channel inferior to chemical prtipe in its affect on biota, while
geomorphologists have focused much effort into attarising the physical structure of
river channels (Rosgen, 1994), but often withditiéggard to how this translates into habitat
for aquatic biota. However, a need for true indtign of the two disciplines has become

increasingly important in the context of river mgament and conservation.

Recent decades have withessed a decisive shiitan management, from an exploitative
focus on abstraction, waste disposal and floodmbefeto a more ecologically sensitive
approach to flood mitigation and energy producti@eClerc, 2002). Within fluvial

geomorphology, this has been characterised bynaitian from an engineering framework,
viewing morphological adjustments as signs of iniityg which must be controlled, to the
realisation that dynamism is a natural featurdwfiél systems (Pettst al, 1995; Newson,

2002). This has been accompanied by a growingeaggiron of the influence of organic
channel and bank components on instream hydrai@icsgory, 1992; Brooks and Brierley,

2002; Wallerstein and Thorne, 2004).

Concurrently, ecologists have acknowledged the napoe of stream hydraulics in habitat

provision for invertebrates (Statzner and Higlei@@)9and fish (Aadland, 1993; Rabeni and



Jacobson, 1993). Coupled with the realisation thast of our watercourses have been
severely degraded by anthropogenic activity (Brepk&995a), the focus of river
management has developed further to involve thdegption and enhancement of the
physical and ecological ‘quality’ of river systerffdamset al, 2004), and hence requiring
engineering efforts to reconcile management gaath ss bank stability and flood defence
with the maintenance of aquatic habitats (Gilvd®99). This new paradigm necessitates
interdisciplinary approaches to research problgragjcularly involving close collaboration
between fluvial geomorphologists and aquatic edstegwithin the emerging field of
‘ecohydraulics’. The principal objective of ecolnadlics is the restoration and protection of
aguatic ecosystems through the physical enhanceofiemiter courses by focusing on the

abiotic factors contributing to habitats (LeCle2002).

Within Europe, these developments are underpinnedwlo key pieces of international
environmental legislation: the EU ‘Habitats Direeti (Council Directive 92/43/EEC, 1992)
which came into force in May 1992; and the EU Wdateamework Directive (WFD)
(Directive 2000/60/EC, 2000) which was incorporatad UK law in December 2000. The
former focuses on the maintenance or restoraticieroéstrial and aquatic habitats of wild
flora and fauna, while the latter recognises thednfer protection and enhancement of the

ecological quality of surface waters:

‘Water is not a commercial product like any otheut,brather, a
heritage which must be protected, defended andddeas such.’

Directive 2000/60/EC (2000: 1).



The focus of the WFD is significant since it remms the first acknowledgement within
environmental legislation of the role of biota ietermining water quality (Logan and Furse,
2002), and furthermore it recognises that wegtentityis secondary tquality in contrast to
the previous focus of management on maintainingimim acceptable flows’ (Pet&t al,
1995). The WFD requires member states to protgmd’ ecological status water bodies,
and to enhance to ‘good’ status those which haea ldbegraded by anthropogenic activity.
These actions demand a sound understanding ointteedetween habitat and biota (Logan
and Furse, 2002) and the development of a robwssesyfor surveying and assessing the
quality of inland waters in order to identify primet definitions of ‘good ecological status’
and inventorise resources (Chave, 2002). Howewéile the WFD applies to entire
drainage basins, the scale of practical applidsimii measures is necessarily much smaller,
requiring a sound understanding not only of thedibktween ecology and geomorphology,

but between different components of the streanesayst

1.2.2 Habitat hierarchies and the mesoscale

River catchments are complex ecological, hydrolagand geomorphological systems. The
ecological organisation of streams is strongly teglato physical variables such as
temperature and channel hydraulics and a longitudiraalient in physical conditions; and
in sources, forms and processing of organic masieassociated with changes in the
structure and function of ecological communitiesu(oteet al, 1980). A combination of
local spatial heterogeneity in physical variabkesd temporal heterogeneity in the form of
disturbance regimes is superimposed onto the lodigial continuum, however, creating a
‘patchy’ habitat structure (Southwood, 1977; Towrtkel989). Furthermore, different
components of the stream system are linked thraugirerarchy of scales. Physical and

biological processes operating at ‘microscalesedferal metres and over timescales of days



or less have the most direct effect on the survdfahdividual biota. However, the wider
‘mesoscale’ reach morphology and associated hyidsaulariable over timescales of
months and years, determines the community composnd is, in turn, controlled by the
broader, ‘macroscale’ geological and climatic cahtd the catchment (Frissedt al, 1986;

Biggset al, 2005) (Figure 1.1).

Within this catchment hierarchy, the ‘mesoscalehiaki focuses on variation across the
active channel width and along channel lengthsdhatsmall multiples of channel width, is
advocated as the most appropriate focus for halitgessment and improvement
programmes (Newson and Newson, 2000). The masonrefor this is that research at the
mesoscale allows both scaling-up to the catchmadt staling-down to the microscale
(Kershner and Snider, 1992), providing a ‘fulcruetvieeen scientific detail and universality’
(Newson and Newson, 2000: 199). ‘Habitat’ or ‘pbhgkhabitat’ at the mesoscale refers to
the physical surroundings of instream biota asrdeteed by the structure of the channel
and the hydrological regime (Maddock, 1999), andhka patchy mosaic whereby different
units of habitat perform different ‘functions’ fanstream biota (Harpegt al, 1995). For
instance, gravely riffles can provide spawning guor fish (Garcia de Jalon, 1995),
emergent macrophytes provide oviposition sites padsage to the water surface for
emerging insects (Harpeat al, 1995) and low shear stress marginal channel araas

provide important refugia during spates (Lancaatel Hildrew, 1993).

Initial mesoscale approaches to habitat assessiaeat improvement focused on the
(re)creation of favourable hydraulic conditions fgrecific target species using ‘biological

response models’ (Mosely, 1982). A key examptbés'Physical Habitat Simulation’
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model (PHABSIM), developed by the US Fish and WWiédBervice as part of the Instream
Flow Incremental Methodology (IFIM) decision-makifrgmework for addressing instream
flow issues (Boveeet al, 1998). PHABSIM has been applied within the UKstapport

water resources decision-making (Spence and Hicld@§0), but the technique identifies
only the weighted usable area (WUA) of habitatdpecific life stages of target species, and
may therefore be undermined by community-level radBons such as competition and

predation.

More recently, researchers have favoured a morstitohabitat-level approach focused at
the community rather than individual target specielowever, geomorphologists and
ecologists have attempted to make sense of théakpaganisation of habitat within the
channel in different ways (Figure 1.2). Geomorplhaial approaches are classed as ‘top-
down’, identifying units of channel morphology assed with different flow velocities,
water depths and bed material sizes (Jowett, M8@@&teson, 1994; Padmore, 1997a). These
features are commonly termed ‘physical biotopesl agfer variations on the riffle-pool
structure associated with intermediate sized stse@@murch, 1992), e.qg. riffle, pool, run,
glide, rapid, cascade. In contrast, ecologists awied from the ‘bottom-up’, identifying
‘functional’ or ‘meso-' habitats which incorporasebstrate and vegetation types associated
with distinct assemblages of invertebrates (Hagiaal, 1992; Tickneret al, 2000). Both
approaches require further empirical field-testibgt offer a potentially efficient means of
assessing habitat quality and thus a practicaltisoluto requirements for large-scale
resource cataloguing and appraisal arising fromslative change. The reconciliation of
these two approaches, as well as the study of-§ficgle interactions between channel
hydraulics and aquatic biota, represent two sigaift research challenges for the field of

ecohydraulics.
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1.2.3 Habitat inventory and assessment

As a result of the recognition of the importancenasoscale habitat quality within the
context of international legislation and the ina@@ environmental sensitivity of river
management, a demand has arisen for cost-effectigthods of assessing river
‘health’ and identifying benchmark conditions anhational scale (Maddock, 1999).
Within England and Wales, the authority responsitde the implementation of
environmental legislation is the Environment Ager{&A), which has developed a
system for cataloguing and subsequently appraiding, physical and ecological
condition of lotic ecosystems in the form of thev&i Habitat Survey (RHS). RHS
represents an expansion and development of the Rieeidor Survey methodology
(National Rivers Authority, 1992), and was designedrovide: (i) a rapid, robust,
and reproducible field method requiring little ‘exp training; (ii)) a network of
reference sites across the UK; and (iii) a workatagsification, or ‘typology’ of UK
rivers based on information derived from the dasabaf reference sites (Ravehal,
1997; Foxet al, 1998). RHS provides a standardised methodologyefcording the
physical structure of a 500m long river reach, mpooating mesoscale habitat

concepts such as physical biotopes and functicadaitdts.

An extensive reference database of surveyed reashesss the UK has been
developed using a stratified random sampling proad This information can be
applied to a range of research problems ranging ftbe assessment of habitat
provision for individual target species (Hastet al, 2003) to environmental
assessments at the reach and catchment scale (Raaler2000; Walkeret al, 2002).
Furthermore, at the national level, the refereretevark of RHS sites reveals that only

28.2% of lowland sites in England and Wales mayclassified as having a ‘semi-
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natural’ physical structure (Raven al, 1998a). The remaining 71.8% are associated
with some form of modification to the channel orreunding corridor, highlighting a

serious requirement for the improvement of degradadhes.

1.2.4 Enhancement, rehabilitation and restoration

The types of anthropogenic impacts responsiblegHerdegradation of river habitats
are varied, ranging from direct ‘planned’ modificais such as dam construction and
channelisation, to ‘unplanned’ effects such as lasd change and diffuse-source
pollution (Hynes, 1970; Clifford, 2001a). The plogd effects of most modifications
generally involve an overall loss of physical dsigr which in turn leads to a
reduction in biological diversity (Smitket al, 1995). Irrespective of the cause of
degradation, the management response can takeakdwems depending on the
severity of the modifications and the physical acedlogical objectives (Boon, 1992)
(Figure 1.3). While lower levels of habitat modétion require either limitation of
catchment development or mitigation of the effeftsnodifications on habitats, more
heavily degraded sites will require some kind dfisted recovery (Boon, 1992). A
distinction can be made between tehancemenbf a degraded system, and the
rehabilitation or restoration of a system, which imply some return to the pre-
disturbance state (Brookes, 1995a). Since the @impéstoration of a ‘natural’ state
is generally considered impossible due to the diffies of establishing the pre-
disturbance condition and the continued human catoup of river basins (Downs and
Thorne, 2000), a partial structural and functioreglrn (rehabilitation) is generally

adopted as the management goal.
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Mesoscale habitat concepts provide an approprike ©f rehabilitation for smaller
streams, and the installation or rehabilitationrifffe and pool features frequently
forms one of the principal management techniquéff¢@l and French, 1998; Harper
et al, 1998b; Downs and Thorne, 2000; Sear and Newda®¥)2 Unfortunately, to
date many rehabilitation projects have been aswamtiwith only limited success,
owing partly to excessive emphasis on the ‘elimomabf threats’ such as flooding
and erosion, rather than on ecological improvemgfatewski, 1999) and the failure

of projects to consider processes within the wadchment hierarchy (Sear, 1994).

Post-project monitoring and appraisal is vital tmproving the success of
rehabilitation projects through the developmensaéntific understanding and to aid
the planning stages of future projects (Habersawk achtnebel, 1995; Downs and
Kondolf, 2002), but despite this it is rarely buthkgk for in rehabilitation projects

(Brookes, 1995a). Rapid surveys utilising mesasdalbitat concepts may offer a
solution by providing a robust, efficient and lowst interdisciplinary approach to the
assessment of habitat quality throughout the lamgdcales associated with project

monitoring (Harpeet al, 1998b).

1.2.5 The LOCAR research programme
The aims and objectives of the thesis are nestédnathe broader aims of the NERC
LOCAR programme introduced in Section 1.1. Thesaesh focuses specifically on

the first scientific aim of the programme:
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‘To develop an improved understanding of hydrolabic
hydrogeological, geomorphological and ecologicdénactions within
permeable catchment systems, and their associajadtia habitats,
at different spatial and temporal scales and fdfedent land uses’.
LOCAR (2004)

In particular, the research addresses the objectiVthe programme to study:

. Physical, chemical and biological processes withia valley floor
corridor.

. In-stream, riparian and wetland habitats and théépendence on
flow regimes.

1.3THESIS STRUCTURE

The following five Chapters address the researoisantroduced in Table 1.1. The
research objectives are met through a combinatiorprobf of concept studies
involving theoretical evaluation and ecologicaligation of the biotope concept, more
specific methodological evaluations of field methoalsd data outputs, and by

objective field applications focusing on the Ri&rn, Shropshire (Figure 1.4).

Chapter 2 introduces the research design, methudislata sets for both desk-based
and field study components of the research andiggewuantitative descriptions of
the field sites used. Methodologies and analytieahniques are then discussed in

further detail as appropriate in the subsequendtseshapters.
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Figure 1.4 Overview of the principal research topics, theirpmse and chapters in
which they are addresses.
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Chapter 3 details an attempt to improve the coneggiasis of mesoscale physical
habitat characterisation. This is approachedailiytioy evaluating the theoretical and
methodological issues associated with the definitimil identification of physical
biotopes and appraising previous approaches toshaly. The review acknowledges
a fundamental requirement for the ecological ‘vaiioin’ of physical biotopes, which
is then attempted in the subsequent sections asimagional data set derived from the
RHS database. Relationships between habitat tsaturd broad-scale environmental
variables are explored, and a preliminary ecolddidassification’ of flow biotopes
derived from frequency distributions is validated two multivariate statistical

techniques.

Chapter 4 provides an intensive exploration of reeale habitat concepts assessed at
two physically contrasting field sites on the Rive&rn, Shropshire. Various methods
for classifying instream habitat are explored tiglogpatial analysis and geostatistics,
and the implications of survey resolution for atiapl outcomes are evaluated. The
reach-scale organisation of hydraulic habitat is ntjtetively explored both
subjectively, by identifying hydraulic ranges ofswally identified phenomena, and

objectively, by classifying channel hydraulics thgumultivariate analysis.

Chapter 5 is focused at a smaller spatial scabedar to examine the higher-frequency
flow properties and sediment transport mechanisseea@ated with different physical
biotopes. A range of statistical techniques ardieggo high frequency velocity
records in order to examine the detailed flow cti@rastics of biotopes spatially, with

relative depth, and with discharge. An experimlemaestigation of the transfer of
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fine sediment through different biotopes providems insight into the distributional

pathways taken by suspended sediments, organiennatdtrients and pollutants.

Chapter 6 summarises the principal conclusionhefresearch in the context of the
research objectives outlined in Table 1.1, togettién recommendations for further

research.
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CHAPTER 2 RESEARCH DESIGN AND FIELD SITES

2.1CHAPTER SYNOPSIS

This chapter presents the research design and emiew of methodologies for the
desk-based and field study components of the relsedfield methods, data sets and
analytical techniques are dealt with in detail pgrapriate in the subsequent chapters.
The methodological framework of the research iscdleed with respect to both
scientific approach and the scale of investigatieithin the wider hierarchical
structure of stream habitat. The morphologicatlirmentological, hydrological and
vegetative characteristics of the two field studyaahes are also quantitatively

described and set within the context of nationfrence sites and the Tern catchment.

2.2METHODOLOGICAL FRAMEWORK

2.2.1 Scientific approach

The research design comprises both ‘positivist’ daneialist methodological
approaches (Table 2.1). The desk-based RHS réseancponent takes a positivist,
‘extensive’ or ‘large-N’ approach by searching foaitterns within a large sample
population in order to identify representative eueristics and make generalisations
(Sayer, 1992). Positivist approaches are commadhirwbiological and ecological
investigations and, in the case of this study,approach permits an analysis of the
broad trends within a large comprehensive data seHowever, positivist
methodologies are often associated with limited axalion and exploration of causal
relationships. Richards (1996) observes that l&fgesearch is often undertaken at

the beginning of investigations, and is then folboMby intensive (‘small-N’) research
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when it becomes necessary to consider the mechamesponsible for the observed

relationships.

Intensive, ‘realist’ approaches are common in ge@mology, where form-process
interactions are considered within a particularecasr a small number of cases.
Realist approaches search for connections andomsaips and attempt to produce a
causal explanation which is not necessarily reprtesiee (Sayer, 1992). In this
thesis, the intensive component takes the form feéld study focused at two spatial
scales. The first field element uses an objectsystematic sampling regime to
measure parameters along equally-spaced trangseabtsder to capture mesoscale
variation in physical habitat structure along thére river reach. The second element
uses a purposive sampling design whereby moreleldtaieasurements are made

within subjectively selected sampling units.

The empirical research presented in this chapter designed and conducted within
the framework of a nested hierarchy of stream habiSuch a system acknowledges
the physical and ecological linkages between dfierspatial and temporal scales
nested within a ‘catchment hierarchy’ (Townsend®@)9 Three theoretical scales are
often employed both in geomorphological studiesy(H®87; Laneet al, 1998) and

ecological research (Bayley and Li, 1996) which rbayassociated with broad spatial
and temporal dimensions (Figure 2.1). At the ‘m$wale’, organisms are influenced
by flow hydraulics and sediment transport processes timescales of seconds or

minutes and over spatial scales of millimetresaiaticnetres (Carling, 1995), relating
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Paositivism Realism
Empirical Theoretical
Epistemolo Concrete Abstract
P 9 Extensive research Intensive research
Large-N Small-N
Subject Form and product Process and mechanism
Relations Formal relations of similarity Substantilhtions of connection

Type of account Descriptive representative

Causal explanation of the production
of certain objects or events.

produced generalisations
Limited explanatory power.
Limitations May not be generalisable to other

populations at different times and places:

Patterns and relations are unlikely to
be representative.

Table 2.1Scientific methodological approaches employedhéresearch.

Source: Sayer (1992) and Richards (1996)
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Figure 2.1 Hierarchical structure of stream habitat, modifiesin Bayley and Li

(1996: Figure 6.1a p. 94).
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to habitat units such as individual boulders oruatglations of organic matter. The
‘mesoscale’ refers to the larger-scale and morepteally stable morphological
structures such as glides, pools and riffles (Bistaal, 1981) where variables such as
velocity, depth, position in channel and turbulerame of greatest significance in
habitat provision (Kershner and Snider, 1992). hBmieso- and microscale habitats
are nested within the morphological context of ache or stream segment
(‘macroscale’), which is determined by broader-sdaktors such as channel gradient
and sinuosity. The environmental context of straagments is in turn determined by
the drainage basin or ‘ecoregion’ characteristicsmeega-scales’ of thousands of

metres and over timescales of centuries and Iqfitgy, 1987; Bayley and Li, 1996).

This research is focused at the meso- and micesadlinvestigation within a single
river segment, although the desk-based componeatporates a macroscale aspect
by considering relationships between macroscalestzaqpk variables and mesoscale

habitat features within a national data set.

2.2.2 Methods and data sets

Table 2.2 briefly outlines the methods, data setsd analytical approaches taken.
Further detail is provided in the respective anedytchapters. The desk-based study
incorporates a review and re-evaluation of pubtisiverks together with an analysis
of a comprehensive national data set derived flerRHS database V. 3.34 (the most
up-to-date version of the database available attithe of study). The database
comprises 15, 948 UK river reaches (surveyed up t& end of 2002), cataloguing
both map-derived ‘macroscale’ data and ‘mesoscale/eyed field data (Ravest al,

1997). Relationships between mesoscale habitatrBsaare assessed in the context of

22



[S =
£ 8 )
g8 3 Methods Data sets Analytical techniques
N
[}
g
-0 3 * Flow type and functional habitat data for UK Exploration of frequenc
2 z 3 < Analysis of River Habitat Survey data reference sites derived from RHS V 3.34 di plorat q y
= c £ istributions
n O
o X o . ' - ' i i . i
o3 = Review and re-appraisal of published literature From_Jde ranges for_flow types and functional Multivariate statistical analysis
g habitats from published field data.

e Topographic surveys of each study reach

O]

§ * Reach-scale hydraulic surveys incorporating visual

2 assessment of biotopes and quantification of stream

% hydraulics (velocity, depth, substrate), fine segtiin
accumulations and vegetation cover within a
rectangular grid.

Realist
(Intensive)

Reach-scale topographic surfaces
Hydrological (stage and discharge) data

Habitat features and channel hydraulics for low’
(summer) and ‘intermediate’ (spring) discharges.

GIS visualisations
Data exploration
Geostatistics

Multivariate analysis

«  Collection of high frequency velocity time seri¢saa
finer spatial resolution within selected physical
biotopes

Realist
(Intensive)
Microscale

e Turbidity monitoring of simulated suspended
sediment pulses within selected physical biotopes

Velocity time series at varying relative depths for
‘low’ and ‘intermediate’ discharges for each
physical biotope.

Turbidity time series for different depths througﬁ
each physical biotope for each simulated
sediment pulse.

Exploratory statistics
‘Event’ analysis
Time series analysis

Hydrograph-style pulse
characterisation

Table 2.2Methods, data sets and techniques.
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the broader environmental characteristics of si®Bg exploratory data analysis and
multivariate statistical techniques. Detailed diggions of the data sets and analytical

techniques used are provided in Chapter 3 (Sec8ghand 3.6 respectively)

The field component of the research is subdividetb idetailed mesoscale and
microscale investigations of habitat organisatiorire sub-reach scale within two
physically contrasting reaches of the River Temrofshire. Details of the field sites
are provided in Section 2.3. Mesoscale habitatesis were conducted under relative
‘low flow’ (July 2005) and ‘intermediate flow’ (Mah 2005) conditions (see Section
2.3.5 for discharges and exceedances). Detailpdgtaphic surveys conducted

during January 2005 provide a morphological confexxeach field site.

Hydraulic parameters were measured within a stradtuectangular grid throughout a
120 m study reach at each field site and compargdwsual assessments of substrate
types, vegetation cover, surface flow charactesséind physical biotopes. Geodata
for each velocity/ depth sample point were avadalsi the form of Easting and
Northing values which were calculated post-surveng co-ordinates of cross section
markers and measurements taken during each suiMay. allowed a combination of
geostatistical and multivariate analytical techeisjuo be applied to the data sets in
order to explore the organisation of mesoscale ipaysabitat. Full details on
sampling design, field survey methods and equipmedata sets and analytical

techniques are provided in Chapter 4.

For the microscale field component, high frequesttgamwise and vertical velocity

components were sampled within selected physicatopes under low and
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intermediate flow conditions in order to explore thetailed flow characteristics of
biotopes, which are often overlooked in favour ohmger mean parameters. A
combination of turbulent event analysis and timgeseanalyses were employed in
order to quantitatively examine the turbulent prtips of different physical biotopes.
Full descriptions of velocity data collection ameyided in Chapter 5, Section 5.3 and
analytical techniques are discussed as appropnethin Section 5.4. An
experimental microscale component involved the maoimg of turbidity levels within
different physical biotopes for the duration ofifarial sediment ‘pulses’ created
upstream. The characteristics of detected pulsge @xplored in an attempt to gain
greater insight into the localised transport paysvaf sediments, nutrients and
pollutants within different physical biotopes. Fudetails of this novel field
methodology and the analytical techniques empldgedterpret the observed patterns

are provided in Chapter 5, Section 5.5.

2.3FIELD SITE CHARACTERISTICS

2.3.1 Geological context

The two study reaches used for the field compooétite research are each 120 m in
length and are located approximately 0.5 km ap#hinvthe upper Tern catchment,
north Shropshire. The Tern, a tributary of thedRi$evern, flows south across the
north Shropshire Plain to its confluence with thev&n at Shrewsbury. The upper
Tern catchment is underlain by geologically ‘youKig'ss than 300 million years old)
Permian and Triassic continental sandstone systeftes, collectively known as ‘The
New Red Sandstones’ (Toghill, 1990). These sandstovere laid down during the
Permo-Triassic period under desert conditions wieeat Britain was part of the

Pangea continent (Owen, 1976) and the resultahtm®imeable characteristics of the
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sandstone geology have shaped both catchment aggogiand reach-scale channel

structure.

Of the 15, 948 sites within the RHS database V 31245 are characterised by New
Red Sandstone geology, and these are generallsictedtto the Midlands and
northern England, and to a lesser extent south lmgland and Wales (Figure 2.2a).
Of these, 25% are classed as either pristine oii-sataral according to the EA’s
Human Modification Score (see Chapter 3, Sectighl3.and a further 20% are
predominantly unmodified. This leaves 55% of NeedRSandstone Rivers showing
obvious signs of human modification to the riverahel and surrounding corridor
(Figure 2.2b). Of the modified sites, a relativalyall percentage are classed as
‘severely modified’ but 30% of the total New Rednh8stone reaches are classified as

‘significantly modified’, suggesting a strong nded rehabilitation.

These relatively high levels of modification refi¢glae location of sites: the majority of
New Red Sandstone reaches are associated witratioilocations according to EA’s
statistical classification of landscape charadiess(Figure 2.2c, see Chapter 3,
Section 3.4.1 for further details). The landscaparacteristics of the ten reaches of
the River Tern included in the database appeativela representative of the wider
New Red Sandstone data set, falling within the reénportion of the New Red
Sandstone cluster (Figure 2.2c). All surveyed lieacon the Tern are classified as
‘lowland’ by the EA’s statistical classificationubmost of these are associated with
relatively high energy conditions reflecting thes® proximity of sites to the river

source.
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Figure 2.2 (a) Geographical distribution of New Red SandsteRS sites, (b) Proportions of New Red Sandstams sissociated with varying
levels of human modification and (c) landscape exindf all sites within the RHS database compandddw Red Sandstone sites and sites on
the River Tern. Source: RHS database V. 3.34C$apter 3, Section 3.4.1 for further details of B#és PCA-based river typology).
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2.3.2 Catchment topography and land use

Land use data were available from the Centre faidgy and Hydrology (CEH) in
the form of the Land Cover Map (LCM) 2000, a themalassification of spectral
data recorded by satellite images. This providelssification of 25 m land parcels
into one of 25 subclasses following the ITE (howH)Eandsat-derived cover type
descriptions. The final subclasses represent areggtion of many subclasses which
have been short-listed according to a selection‘tafget’ classes considered
ecologically meaningful. A digital terrain mod&TM) with a 50 m grid interval and
0.1 m vertical resolution developed for hydrologiparposes (Morris and Flavin,
1990) was also obtained from CEH for the Tern cawmht, providing a wider

topographic context for the study reaches.

The land-use of the catchment is predominantlycagitiral and mixed grassland, and
urban areas are sparse (Figure 2.3a). Despitéatkeof urban development, the
catchment has suffered degradation and reducedvbisdy of river corridors as a
result of agricultural ‘improvements’ (LOCAR/ JIR000). The study reaches are
characterised by a combination of improved grasklamable cereals and horticulture
but a thin strip of broad-leaved woodland is obsért@ follow the main channel
intermittently downstream, suggesting some buftem the channel to surrounding
agricultural impacts. A DTM for the Tern catchmdfRigure 2.3b) illustrates the
subdued nature of the topography resulting fromstifeunderlying geology. The two
study sites within the upper Tern catchment aratkxt within the headwater reaches
and are surrounded by some of the highest elevatibti®e catchment, but these are

still relatively low (500 to 1500 m), producing@lling hills’ topography.
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(a) Landuse for the Tern Catchment and study sites (inset). (b) DTM for the Tern catchment and study sites (inset)
Source: LCM2000 25 m raster (CEH, 2001) Source: IH DTM (Morris and Flavin. 1990)

—— River channel Land use Improved grassland Bracken I tutand water .
— T tchment bound: pm— River channel Elevation (m)
etn catchment boundary oad-leaved roodls s r— . -
Y [ Broad-leaved’ mixed woodland | Setaside gra Dense dwarf shrub heath Inland bare ground R —— High. S04
I coniferous woodiand [ | Newtralgass [0 Open dwart shrub heath ] Subutban/ rural development -
[ Arable cereals 00 cacaeous grass [N Fen. massh, swamp [0 Confinuous usban —
Atable horticulture B scidgostand [ e I s estuary .

Figure 2.3 (a) Land use characteristics for the Tern catchrdenived from the Land Cover Map (LCM) 2000 ob&nfrom the Centre for
Ecology and Hydrology (CEH) and (b) Digital Terrdiodel (DTM) for the Tern catchment (created by lingtitute of Hydrology)
Insets (black rectangles) highlight the locatiorhaf study sites.
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2.3.3 Reach morphology

Topographic surveys were undertaken at each figdddsiring January 2005 using a
Leica Geosystems TCR 307 electronic total statiSarveys were designed to capture
channel bed topography and bank foot, mid bank, baxk top elevations and
floodplain topography. Channel survey points wamanged according to a paced
grid of approximately 2 m longitudinally by 1 m e sectionally in order to
complement mesoscale hydraulic surveys. Resolutizere reduced to between 2 m

and 5 m spacing on the flood plain.

Visualisation of the resulting topographic datangsiriangulated Irregular Networks
(TINs) created in ArcGIS 8.3 demonstrates the vamain both planform and
morphology between sites (Figure 2.4). Reach mvafths in Plate 2.1 provide
further detail. The Oakley Hall reach is relatiwedtraight and is characterised
predominantly by a pool-glide morphological sequenc Approximately 50 m
downstream from the end of the study reach, failearian trees have created a large
debris dam which ponds-back the flow, reducing watocities and resulting in
deposition of fine sediments upstream. Depositibfines was particularly apparent
within a riffle feature at the downstream end o 8tudy reach, closest to the dam,
where topographic and sedimentological charactesist the riffle are subdued to the
extent that the feature is more representative gifde (see Chapter 4, Section 2 for
field definitions of morphological features). Mudh the reach is characterised by
glide and run features punctuated by two small sq@mols associated with lateral
scour around riparian tree roots. Smaller locdlised scour was noted between the
two main pools in association with flow deflectianound a smaller root protrusion

and beneath a fallen tree.
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(a) Oakley Hall (b) Napely Lodge Farm
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Figure 2.4DTMs for (a) Oakley Hall and (b) Napely Lodge Fastudy reaches created using Triangulated Irredugdworks (TINS) in ArcGIS
8.3. Channel and floodplain elevations were oleiny topographic survey using a Leica GeosysteGR 307 electronic total station. Circled
letters denote the location of reach photograpiidate 2.1.
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Plate 2.1Study reach photographs for Oakley Hall (a tong) Blapely Lodge Farm (d to f) taken on 03/05/05aurdischarge conditions of
0.27 nis™ at Oakley Hall and 0.26 18" at Napely Lodge Farm.
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The reach at Napely Lodge Farm is more sinuousisrcharacterised by a more
pronounced riffle-pool morphology. The channel pialogy comprises one obvious
riffle feature characterised by coarse bed matena significant disturbance to the
water surface, plus several more subtle gravelufes. Two large scour pools are
associated with prominent backwater zones, andggbdeupy some transitional areas
between pools and riffles. A steeper gradienttesea coarser substrate across much
of the channel compared to Oakley Hall, resultingsome gravel armouring of the

sandy substrate and thus a more stable bed aspratadusly by Emery (2003).

The small particle size of sand permits sedimesmsport wherever flow velocities
equal or exceed 0.3 msand thus sediment transport is virtually constargand-bed
reaches (Simons and Simons, 1987). Consequetttipugh higher flow conditions
are responsible for channel-moulding sediment paris events, near-constant
saltation and low intensity suspension result imticwal modification of sand
bedforms (LaPoint, 1996). Sand bedforms are moyejment at Oakley Hall where
the longer glide sections are characterised by Issaald ridges extending laterally
across the channel, creating an additional rougheésment intermediate between
grain roughness and larger-scale form roughnessiassd with riffle-pool bedforms.

Further detail on particle size characteristigsravided in the following section.

2.3.4 Sedimentology

Gravel, sand and marginal silts were sampled dt sée. \Where visual observations
revealed spatial variations in size distributiofiggavel categories, several samples
were taken. For instance, both pebble-gravels gradular gravels were sampled

within the riffle, and an additional gravel samplas taken from glides. Samples (2-3
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kg) were collected in bags held downstream of e area in order to ensure that
the finest fraction was not lost downstream. Sgbeat laboratory analysis of particle
size distributions for gravel, sand and silt sampisrolved filtering off excess water,
oven-drying, and dry-sieving down to a sieve sizd@ (0.06 mm). Sub-samples of
the < 1 mm fraction were treated with hydrogen piel® to remove organic matter
and analysed in a Beckman LS Particle Size AnalyZédre coarser cobble fraction
was sampled according to a grid sampling desigedas Wolman’s (1954) method.
A sample grid of approximately 0.5 m x 0.5 m sqaamas paced across the channel,
producing a sample spacing of several grain diameit®e order to avoid serial
correlation of the sample as a result of the tengdnc similarly sized clasts to
imbricate against one another (Chuethal, 1987). The longest (a), intermediate (b)

and shortest (c) axes were measured and parteti@sed to the riverbed.

Particle size distributions may be described bycgetiles derived from cumulative
mass curves (Bridge, 2003). These were generatédebParticle Size Analyzer for
silt samples, and derived from cumulative massesifer the coarser samples (Figure
2.5). Table 2.3 presents theoland D for each substrate category, denoting the
grain diameter associated with thé"5and 98' percentiles respectively. All gravel
samples show bi-modal distributions, suggesting ¢hdramework’ of gravel-sized
clasts (>2 mm) is supported by a finer ‘matrix’saind particles 0.125 mm to 2 mm in
diameter (Churclet al, 1987). The relative size of particles in eadbsstate category
varies between sites. For instance, silts and lesbére generally finer at Napely
Lodge Farm, while the sand fraction and riffle-glagecoarser. This suggests some
variation in ‘absolute’ particle size charactedstof the same biotopes even within the

same river segment, although the variation mayas#ypattributed to variations in the
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spatial organisation of substrate types at eaeh dilost significantly, cobbles were
associated with the riffle at Napely Lodge Farm ting run biotope at Oakley Hall.

While cobble ‘shape’ is generally disc-like for bosamples (Figure 2.6a and b),
frequency distributions for particle sphericity d@magise the different hydraulic
environments associated with cobbles at each €iakley Hall reveals a negatively
skewed distribution compared to the positive skéwNapely Lodge Farm which

suggests higher levels of sphericity. Particleesiaity is strongly related to the mode
of sediment transport (Richards, 1982), suggesSoge variations in transport
mechanisms between the higher energy riffle at Napedge farm compared to the
run at Oakley Hall. However, this may also reflebe overall higher energy

conditions at the former created by a steeper chanadient.

2.3.5 Hydrology

Hydrological data from a gauging station at Telnhdcated approximately 13 km
downstream of the study sites, and the records fsoessure transducers installed on
the Oakley Hall reach provide both longer- and shraerm hydrological contexts for
the field surveys. Figure 2.7a presents the mady flow record at Ternhill for a 33-
year period (1972 to 2005), which suggests sewarales of variation. The mean
daily discharge at Ternhill does not fall below &%* for the period and reaches a
maximum of over 14 fis® during one of the flood events. The annual flatian
around the median is associated with higher flawthe winter and spring and lower
flows in the summer and autumn periods. Withinhigher-flow period for each year,
several short-duration high magnitude events oaeghich often reach discharges

greater than three times the median for the epereod. Extremely high magnitude
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Figure 2.5Grain size distributions for sieved sediment sasplom Oakley Hall
(OH) and Napely Lodge Farm (NLF).

Site Sample Ro (mm) Dgo (mm)
Silt 0.18 0.29
_ Sand 0.22 0.34
g Gravel (glide) 7.00 16.00
% Gravel (riffle) 2.00 9.10
Pebble-gravel 13.00 16.00
Cobble 54.00 80.00
% Silt 0.06 0.18
'?g Sand 0.31 0.70
S
e Gravel (glide) 6.00 12.50
E; Gravel (riffle) 6.20 14.50
< Cobble 49.00 80.00
Table 2.3Particle size characteristics for Oakley Hall &apely Lodge Farm.
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(a) Oakley Hall (b) Napely Lodge Farm
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Figure 2.6 (a and b) Particle shape for cobble samples asleatd from particle axis
ratios according to the Zingg classification (Ridsa 1982) and (c and d) particle
sphericity for cobble samples according to the Kpam index of sphericity
(Richards, 1982).
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events associated with discharges over ten timesribdian value are observed to
occur seven times within the record, generally mtyirthe winter period, with an
average interval of approximately 5 years. Theemoequent disturbances suggest
modifications (through scour and redistributionsefdiment) to the physical habitat
structure of the channel several times per yearchvtare likely to result in a

reorganisation of the biotic community (Milner, 198ggset al, 2005).

Three Druck PDCR 1830 pressure transducers (PTi® wwstalled at Oakley Hall in
2003 as part of the NERC-LOCAR project NER/T/S/200930 and were maintained
for the duration of the field study period in ordermprovide a hydrological context for
field surveys. The pressure transducers proviaeasure of river stage by measuring
the pressure of water above a sensor positionddnaét stilling well in the channel.
Pressure transducers were connected to CampbedhtBicc CR10X dataloggers
programmed to sample at an interval of 30 s ane td.5-minute average. Pressure
transducers were located at the upstream end afttloky reach, and approximately 60
m and 150 m downstream, the final pressure tramsdoeing located approximately

30 m beyond the downstream end of the study reach.

Output data from the pressure transducers is infdh@ of millivolts which was
converted to a measure of water elevation (abovarhitrary datum) using a linear
regression of millivolts readings against measwstade heights (Figure 2.7b). Mean
daily discharge was then calculated using a limegression of measured discharges
obtained at PT2 (using a SonTek Handheld FlowTnade® Chapter 4, Section 4.2.2)

against pressure transducer stage readings fo(lRJ@re 2.7c). Stage, discharge and
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Figure 2.7 (a) Mean daily flow at Ternhill for the period 182005 compared to multiples of the median disohatg and c) estimation of
discharge from pressure transducer stage readahgs/é an arbitrary datum), (d) mean daily flow akl@y Hall for the period July 2003-

December 2005 compared to multiples of the medischdrge and (e) flow exceedance curves for tha @&emernhill compared to Oakley Hall
for the period 2003-2005.

39



Site  Survey Date Discharge (s Stage (m) Exceedance (2003-2005 period)
River Habitat Survey 28May 2004 0.17
‘Topographic survey M 25" January 2005
“RiverSurveyor velocity survey 9728 April 2005 027/028 98.21/9820 3%
Mesoscalehabnat survey """"""" 19% 20" Juy200s ~~ o.a7/017 98.07/98.07 9%/ 96%
_ 7" 8" March 2005 0.21/0.22 98.30/ 98.14 63%/ 60%
£ 28" August 2004
) _ _ _ 28" January 2005
X~  Fine sediment pin survey hon
8 20" April 2005

____________________________________________ AUy 2005

Microscale velocity surveys 20" July 2005 0.17 98.07 90%
____________________________________________ 8"March2005 028 %814 %%

Sediment transfer experiments 2% June 2005 0-19 98.11 08%

25" July 2005 0.23 98.13 54%

"""""" River Habitat Survey ~ 28July2004 047
‘Topographic survey ¥ 27" January 2005
"RiverSurveyor velocity survey ~ 9526" April 2005 023024 98.25/98.25 55%/47%

E Mesoscale habltat Survey """"""" 21%229uly2005 ~ 0.16/015 98.19/9820 90%/91%
I 9" 10" March 2005 0.25/ 0.22 98.25/ 98.25 43%/ 59%
s 28" August 2004
3 Fine sediment pin survey 28" January 2005
= 21 April 2005
S AN uy2005
Microscale velocity surveys 22" July 2005 0-15 98.20 91%
____________________________________________ 10"March2005 02 982 5%
Sediment transfer experiments *June 2005 0.18 78%
26" July 2005 0.24 98.21 56%

Table 2.4Flow stage (above an arbitrary datum), dischangkeexceedance statistics for each field survey.
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exceedance statistics derived from these recomdd® the hydrological context for

each field survey (Table 2.4).

Figure 2.7d presents the mean daily flow recordH®R. Discharges do not exceed
1.0 nts® for the duration of the instrumentation period @Q2€005), but exhibit a

similar annual cycle associated with higher flowshe winter and spring periods as
observed for the Ternhill record. The highest flodor the period, however, do not
exceed five times the median value. Flow exceeslancves for Ternhill and Oakley
Hall (Figure 2.7e) for the same period suggest ahsteeper curve for the Oakley
Hall site compared to the Ternhill station furthdownstream. This suggests a
‘flashier’ regime for the study sites (Bridge, 2008eflecting higher connectivity

between hillslopes, floodplain and channel in thpar catchment compared to further
down the valley where the effects of anthropogewitvity result in detachment of the
stream from its surrounding floodplain. The stusijfes are located within the

headwaters of the Tern catchment, where extensindrained valley-bottom wetlands
are likely to increase the responsiveness of tlammdl to flood events, compared to
further downstream where the river is channelisatithe floodplain more extensively
drained. This creates a different hydrologicatudizance regime for the study sites
compared to lower reaches, which may have a sogmifiinfluence on biodiversity

since the level and intensity of disturbance is irgd in controlling the ecological

balance between colonisation and competition (Tewdst al, 1997).

Hydrological data for the principal study seasoan(ihry to December 2005) are
presented in Figure 2.8. The period includes ativaly dry winter, but a pronounced

summer low flow period is apparent between May @uatbber (Figure 2.8a). Winter,
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Figure 2.8 (a) Flow stage (above an arbitrary datum) at Gakall for the principal

study period (January-December 2005), (b) stagderdiice between pressure

transducers, and (c and d) stage-discharge cuwvé®th sites for the same period.
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spring and autumn periods are characterised byHigtier average flows and greater
incidence of flood events, creating a seasonalatian in the frequency of
hydrological disturbance. During the low flow petj the difference in stage between
PT1 and PT3 and PT2 and PT3 (Figure 2.8b) increbgespproximately 0.05 m
suggesting a homogenisation of water surface shiymng periods of increased
discharge when the effects of bedform controls saghiffles and pools are drowned
out (Emeryet al, 2003). Additionally, the convergence and divexge of water
surface elevations throughout the reach may reftszisonal variations in flow

resistance associated with the growth of instreagetation (Gurnelet al, 2006).

Relationships between stage and discharge refedifferences in channel width and
vegetation cover between the two study sites (EiguB ¢ and d). More data are
available for Oakley Hall due to the longer moniitgrperiod associated with LOCAR

installations. However, the data suggest a stesjagye-discharge curve for Oakley
Hall, reflecting the narrower channel which creaggsater increases in stage with
discharge compared to the wider channel at Napelgge Farm. This may be

amplified by the ponding of flow at the downstreand of the reach and the greater
vegetation cover observed at Oakley Hall which tegancreases in stage by

increasing channel resistance and reducing flowcitsés (Gaudet, 1974).

2.3.6 Habitat features

In order to provide an overview of the principalbhat features present, a rapid
reconnaissance of the physical structure of eaehveas carried out in the form of
River Habitat Surveys (RHS). The RHS field methodglrecords channel substrate,

habitat features, vegetation types, bank features raodifications at ten equally
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spaced ‘spot-checks’ throughout a 500 m surveyhreachis information is then

supplemented by a ‘sweep-up’ checklist in ordesdoount for infrequent features not
occurring at spot-checks, and cross-section mea&nts of channel dimensions at
one representative location (Raveh al, 1997; Foxet al, 1998). Surveys were

carried out under low flow conditions at Oakley Hadd Napely Lodge Farm in May
and July 2004 respectively. RHS survey reaches vdetermined by access: at
Oakley Hall the RHS site incorporated the studyheand extended an additional 380
m downstream, while at Napely Lodge Farm the surkegch extended 360 m

upstream and 20 m downstream of the principal ssadyion.

A summary of the principal habitat features at eaitld is provided in Table 2.5.

Observations of land-use within the river corridme consistent with the coarser
resolution data derived from satellite images (gsset in Figure 2.3a): both sites are
predominantly characterised by a mixture of imprbwand unimproved grassland,
woodland and wetland. A higher proportion of pooctenpared to riffles is noted at
the ponded Oakley Hall reach, while Napely Lodgar&s characterised by a similar
number of pools and riffles suggesting a more asgah pseudo-cyclic bed

topography (Richards, 1976). Both sites are chearged by several habitat features
of special interest (e.g. wet woodland, reed barik®)ever, and the high connectivity
between the channel and surrounding riparian corrodeates a range of habitats

associated with riparian tree growth (woody deltre roots, overhanging boughs).

RHS data may also be used to provide an indicaifdooth habitat ‘quality’ and the
level of human modification. Habitat Quality Asseent (HQA) scores are based on

features considered to be of importance to wildiiie allow comparison between
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Feature Oakley Hall Napely Lodge Farm
No. riffles 1 6
No. pools 5 5
2 No. unvegetated point bars 0 0
% No. vegetated point bars 0 3
= No. weirs 0
=
9 No. bridges 1 1
g Bankfull width (m) 56 45
§ Water width (m) 4.05 4.2
_qé Water depth (m) 0.28 0.12
Features of special interest Debris dam, leafy debris, fringing reed bank, gongkiank,  Debris dam, leafy debris, fringing reed bank, webdland,
marsh, flush marsh
Nuisance species Giant hogweed, Himalayan balsam t Bigweed, Himalayan balsam
Major impacts Litter, sewage Litter, sewage
S Land-use (Ie i« bank) " Improved/ semi-improved grassland/ pasture (extehsi  Improved/ semi-improved grassland/ pasture (extehsi
o broadleaf/ mixed woodland, wetland broadleaf/ mixed woodland, wetland
= Land-use (right bank) Rough/ unimproved grassland (extensive), Broadlaaféd Tall herb/ rank vegetation (extensive)
& 9 woodland, wetland Broadleaf/ mixed woodland, wetland
()
(% Extent of trees Occasional clumps Semi-continuous/ occasional clumps
. Shading of channel, overhanging boughs, exposeksitln ~ Shading of channel, overhanging boughs, exposekisizhn
Associated features . .
. roots, underwater tree roots, fallen trees, largedy debris __roots, underwater tree roots, fallen trees, largedy debris
HMS 4 1
HMS class ‘Predominantly unmodified’ ‘Semi-natural’
HQA 60 65

Table 2.5RHS data for Oakley Hall and Napely Lodge Farnamtad by field surveys conducted in May and Jul§40
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rivers of similar type, while Human Modification &es (HMS) are based on the
extent of structural alterations to the channehsas reinforcement and resectioning,
providing a measure of artificial modification (Rewet al, 1998b). Napely Lodge
Farm is associated with lower levels of modificatiand a higher HQA score,
suggesting that the site may be considered ‘semralg while Oakley Hall is
associated with a lower HQA score and a ‘predontlpammodified’ status which
reflects a higher incidence of modifications inchglbank reinforcements and a small

weir.

Both sites are associated with a relatively higbpprtion of fine sediments (sand and
silt) resulting from the underlying soft geology¥he high inputs of sand and silt and
lower slopes associated with sandstone geologestecienhanced levels of silting in
sandstone streams, which often extends furtheregrstcompared with rivers cut into
more resistant rocks (Haslam, 1978). However, Bd&-check data suggests that
Oakley Hall is associated with a comparatively kigproportion of fine sediments
and slower flow conditions than Napely Lodge FaFigyre 2.9a and b) which again

emphasises the ponded nature of the reach.

Due to the high mobility of fine substrates, vetjetatypes with general preferences
for stable substrates (e.g. mosses) and low tuybitkvels (e.g. submerged
macrophytes) are uncommon in sandy reaches. thsteaarginal emergent
herbaceous vegetation such Mgosotis scorpiodeand Veronica beccabunganay

thrive in silted margins and extend across thewkedre low current velocities allow
the encroachment of silts toward central channebsr(Haslam, 1978). While

emergent (e.gSparganium erectumamphibious (e.gAgrostis stoloniferpand
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submerged (e.gMyriophyllum alterniflorum) vegetation types (Plate 2.2) occur
frequently at Napely Lodge Farm, they rarely act¢oiam over 33% of an RHS

transect (Figure 2.9c and d). Extensive vegetatiover is generally restricted to
emergent and amphibious species at Oakley Halpadth there is some extensive
cover of submerged fine-leaved macrophytes at Napetige Farm outside of the
main study section. However, while vegetative tahinits are relatively sparse at
both sites, other types of organic habitat weratifled in abundance, particularly
those associated with riparian tree growth sucknaall woody debris, leaf litter and

protruding tree roots (Plate 2.2). The distribnsioof these habitats are explored

further in Chapter 4.
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CHAPTER 3 BIOTOPES AND HABITATS: TOWARDS AN
IMPROVED CONCEPTUAL BASE

3.1CHAPTER SYNOPSIS

This chapter details an attempt to improve the epha@l basis of mesoscale physical
habitat characterisation as summarised in Cliffercl(2006) and Harvewt al. (in
Press). The first part of the chapter comprise=/eew and evaluation of the physical
biotope concept based on the published literaamd,demonstrates a requirement for
‘ecological validation’ of hydraulically or morphmgically-defined biotopes. The
second part of the chapter attempts to address rdgsirement by exploring
correlations between surface flow types (used tbcate the presence of physical
biotopes) and biologically distinct minerogenic awegetative functional habitats,
within a comprehensive national data set. An egiold ‘classification’ of flow types
is derived from frequency distributions and statedty validated by two multivariate
techniques, suggesting a hierarchical organisatigghysical and functional habitat at

the reach scale.

3.2 PHYSICAL BIOTOPES: IDENTIFICATION AND CHARACTERISA TION

3.2.1 The biotope approach

Chapter 1 introduced some mesoscale habitat canaeqmt identified a transition

within empirical ecohydraulics from species-levelbliat assessments, to a more
holistic approach focusing on the physical requesta of instream communities

known as the ‘biotope’ approach. Such an approadhttractive to practical river

applications for several reasons. First, the cptscare conducive to rapid visual

surveys, providing a cost-effective solution toiségfive requirements for habitat
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assessment and improvement, and have already hempaorated into the EA’s River
Habitat Survey (RHS) methodology (Ravenal, 1997). Second, the approach offers
a means of simplifying the complex interactionsamstn flow, substrate and channel
morphology at scales appropriate to management eextoration. Third,
reconciliation of ‘physical biotopes’ with the eogical concepts of ‘functional’ or
‘meso’- habitats offers a route to substantive rofigeiplinarity within the field of
ecohydraulics which has so far been underminedlbaglaof standardised terminology
and true integration of geomorphological and edckmgconcepts (Janauer, 2000).
However, some methodological and theoretical issegsire clarification for the full
potential of the biotope concept to be realisedhe Tollowing sections explore these
issues in the context of previous studies in aengbt to improve the conceptual base

of the physical biotope.

3.2.2 Theoretical and methodological issues

The terms ‘biotope’ and ‘physical biotope’ have mesmployed in ecohydraulics
literature as a convenient means of describing commmorphological habitat

structures (e.g. riffle, run, pool, glide) at thebseach scale. From an ecological
perspective, however, biotope definitions conceatan biological organisation, for

example:

‘The species has a habitat but it does not haveotope. The
biotope harbours instead, a biotic community... Thecept of the
biotope belongs to the realm of synecology. & t®nvenient term

for the habitat of a biotic communitfUdvardy, 1959: 726-727).
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Thus, in ecological terms the habitat and biotope distinguished according to
ecological structure rather than physical propsrti€onsequently, in order to have
ecological value, a biotope must be biologicallgtidict (Udvardy, 1959; Newsoet

al., 1998a). However, the term ‘habitat’ or ‘physitalbitat’ is frequently adopted in
the literature in place of the ecological ‘biotogaice it is readily understood by river
managers (Harpest al, 1998a). Geomorphological definitions promote liaope

as the ‘basic unit’ of instream physical habitadmore, 1997c) representing differing
combinations of hydraulic variables (generally wi#jy depth and substrate) which
constitute the abiotic environment of communities afanisms (Wadeson and
Rowntree, 1994). How such broad definitions trateslinto practicable units of

instream habitat is, however, unclear.

Field protocols for the identification of physidaibtopes are based on the character of
the water surface across channel cross sectionbeseT assume ‘characteristic’
associations between physical biotopes and low fitage ‘surface flow types’ (Table
3.1). From a geomorphological perspective, howebere are several concerns with
these connections. First, although recent resesinclivs a more complex picture
involving flow intensification around obstacles ifird et al, 2002b), increasing
discharge is generally accompanied by an overalldgamisation of flow conditions
across bedform controls, with larger areas of thenoel characterised by similar, and
higher, water depths and velocities (Cliffoetlal, 2006). Variation in surface flow
conditions is diminished, resulting in potential sidentification of the more
temporally stable underlying morphological featurédgpending on the hydrological

context of the survey. At high discharges, fotanse, both deadwater zones and
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Surface flow type Description Code Associated physical biotope

No perceptible flow No net downstream flow — a flogtobject placed in the water remains stationary NP Pool,
Deadwater
Smooth boundary turbulent  Perceptible downstreamement is smooth (no eddies). SM Glide

Heaving water as upwellings break the surface ersdary flow evident as vertical

Upwelling and horizontal eddies. uP Boil
Rippled flow No waves, but general flow directiordimwnstream with a disturbed rippled surface. RP Run
Unbroken standing waves Upstream facing waveletstwaie not broken. uw Riffle
Broken standing waves White-water tumbling must tesent BW Rapid,
’ Cascade
Chaotic flow A mixture of at least three rough floypes. CF Any of the below physical biotopes
Chute flow Low curving fall in contact with substeat CH Cascade (step)
Free fall Clearly separates from the back wall afival features FF Waterfall

Table 3.1Surface flow types and their low flow stage asati@ns with physical biotopes.
Source: Environment Agency (2003) Newsidral. (1998a)
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riffles may exhibit the same surface flow behaviagra ‘deep run’ (Newsoet al,
1998a). It is thus possible to distinguish betwsarface flow types and physical
biotopes on the basis of stage-dependency, sioeetfipes are stage-dependent and
hence spatio-temporally unstable, whereas morpleabéeatures can be considered

relatively stable at time scales up to around JryéSchumm and Lichty, 1965).

Second, surface flow conditions and underlying molpiies may show high cross
sectional variation. Consequently, the transealesurveys often employed in
biotope assessments can overlook ‘secondary’ biet@el marginal features of
ecological importance (Padmore, 1998). Third, atertsurface flow types are
‘characteristic’ of more than one morphologicaltiea. No perceptible flow, for

example, may be associated with both pools andwbtads; broken standing waves
with both rapids and cascades; and chaotic flovh witrange of physical biotopes
(Table 3.1). This was hydraulically quantified Byadmore (1997a) who identified
‘shallow’ and ‘deep’ areas of both rippled flow and perceptible flow, suggesting

that very different habitats may be representethbysame surface flow conditions.

Relationships between flow types and physical Ipeso are therefore complex,
reflecting the multiple and dynamic interactionstween channel hydraulics and
morphology, and hence casting some doubt on theouflew types as a proxy for
physical biotopes in visual surveys. Therefore garposes of clarity, the data sets
used in this Chapter refer to surface flow types;flow biotopes’ for brevity, and
inferences on the channel morphologies and ‘phlybicdopes’ associated with these

flow features are made retrospectively following dmalysis.
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3.2.3 Biotope characterisation: a review of previosiapproaches

Initial attempts at objectively identifying physicabiotopes focused on the
classification of riffle and pool units according tindulations in bed topography
(Richards, 1976; O'Neill and Abrahams, 1984). Tiés since been expanded to
include variations on the basic riffle-pool struetife.g. rapids, cascades, runs, glides).
Characterisation has also incorporated the hydraalriables of velocity, depth and
substrate since they are relatively easy to quantife simpler to predict than
biological factors, and have direct relevance srgam biota through the provision of
habitat (Garcia de Jalon, 1995). For instance lewtmvertebrate distributions are
influenced by a variety of biotic and abiotic fact@perating over a range of spatial
scales, the combined effect of flow velocity, wadlepth and substrate size may be
considered particularly significant at the meso- anitroscales of river systems

(Quinn and Hickey, 1994; Swann and Palmer, 200§uei 3.1).

Early studies identified broad combinations of vélgaepth and substrate for a range
of sites, and often related these to basic unitshahnel morphology such as riffles
and pools. Thus, Bissoet al. (1981) identified characteristic hydraulic randes
riffles, rapids, cascades, glides and various typegools which were shown to
provide different types of habitat for differensti species. Davis and Barmuta (1989)
provide a classification of flow types based on thteraction between flow and
substrate which create different types of habatiota and may be related to certain
channel features (Table 3.2). Since the 1990s,ekiewy biotope characterisation

attempts have generally taken one of two broad odetlogical approaches.
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Flow type

Description Biological implications Channel feature

‘Hydraulically smooth’ flow

‘Wake interference’ flow

‘Quasi-smooth’ or ‘skimming’
flow

Occurs over fine sediments or flat bedrock surfacesHomogeneous flow environment — biological
where the roughness height is less than the thiskneforces will be the primary influence on species Glides
of the laminar sublayer distributions.

Roughness elements are spaced far apart so that Patchy habitat structure - different surfaces ef th
vortices created in the wake behind each element asame rock provide different habitats due to the Individual rocks
dissipated in the space between elements. creation of horseshoe vortices.

Distance between substrate elements is

approximately equal to the length of the wake High turbulent stresses at the stream bed, less
generated by each element. Considerable patchy and more homogeneous than isolated Riffles
interference occurs between wake vortices creatingroughness flow.

high local velocities.

Roughness_elements are spaced closely toge_ther Sfwo habitats are created: high velocities across
that flow skims across the crests of particlesfélsd he top of substrate elements and low velocities

the spaces between elements with much slower waEeE . .
- : within the crevices.
containing stable eddies.

Pebble- and cobble-
bottomed runs

Table 3.2Flow types resulting from the interactions betw#ew and substrate, their biological implicaticarsd associated channel features.
Source: Davis and Barmuta (1989)
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The first approach involves the quantitative measwent of hydraulic parameters
within physical biotopes, which are visually idéietil according to surface flow
characteristics. Most studies incorporate somesareanent of velocity and depth, but
fewer include substrate size as a hydraulic vagiallespite the influence of
substratum on habitat provision for aquatic plarfBoeger, 1992), benthic
invertebrates (Quinn and Hickey, 1994; Swan andnBgl2000) and fish (Garcia de

Jalon, 1995). Measured hydraulic parameters amiVede ratios such as Froude
number (a dimensionless ratio of streamwise veldtiX) and depth,Fr =U /,/gd )

are then examined for their power in discriminati@gween biotopes.

Froude number is used to determine whether the #osubcritical and tranquil (Fr
<1) or supercritical and rapid (Fr >1) and has kdentified by several authors as the
hydraulic variable most ‘successful’ at discrimingtbetween biotopes (Jowett, 1993;
Wadeson, 1994; Padmore, 1997a). However, the Ercarthes occupied by different
physical biotopes are associated with some ovénlaalues (Newsoret al, 1998a),
which increases when data are compared betweanatiffsites (Clifforcet al, 2006),
suggesting limited transferability. A re-evaluatioihdata published in Newsaat al
(1998a) data reveals substantial overlap in Froadges between certain flow types
(Figure 3.2a; Clifforcet al,, 2006). Some flow types even form a ‘subset’tbieos for
instance, the Froude range for smooth boundarykemb flow plots entirely ‘within’

that of rippled flow.

While this overlap reflects the fact that biotofesn a ‘continuum’ from tranquil to
more rapid environments (Jowett, 1993), it may adstect some of the inadequacies

of Froude in describing hydraulic conditions. Biase plots of velocity and depth by
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Froude number class for the River Cole, Birmingh@&igure 3.2b and cClifford et
al., 2006) demonstrate that Froude classes are aligregbnally within the plot,
encompassing a range of velocity-depth combinatwinsh expands with discharge.
Thus, very different combinations of velocity andptie may be associated with a
similar Froude number, potentially masking variatimtween flow types and physical
biotopes. Further analysis of these data demdasttaat these classes traverse
morphological boundaries (riffle and pool; Cliffoed al, 2006) thus questioning the

appropriateness of the ratio as a means of biatbaeacterisation.

More recently, an alternative and complementary tg¢istical approach has been
employed, focusing on the spatial characterisabionelocity fields withouta priori
assumptions concerning the existence of physicdloar biotopes (Cliffordet al,
2002a; Cliffordet al, 2002b; Emeryet al, 2003). These studies have highlighted the
complexities of the hydraulic response of a reacimt¢reasing discharge. The overall
effect is a weakening of relationships between fexwd morphology as stage rises,
with obvious implications for both the identificati and hydraulic characterisation of
physical biotopes. At low flow, for instance, flopatterns appear ‘topographically-
constrained’, i.e. velocity variation is closelyjated to bedform spacing (and hence
physical biotopes). At higher discharges, howevgdraulic distinctions between
riffles and pools are reduced and microscale flotensification such as jetting and
vortex shedding appears to become more signifig@ifford et al, 2002a; Cliffordet
al., 2002b). Further empirical work identified six sidach scale hydraulic habitat
‘clusters’ characterised by different responsemtoeasing discharge (Emeet al,
2003). Different clusters were identified for kffcrest and riffle margins, channel

margins, backwater and pool zones suggesting gigntf ‘within-biotope’ variations
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in hydraulics, which are similar to prefered fislabitats (Aadland, 1993), and
emphasise the importance of channel margins assanai hydraulic ‘patch’.
Furthermore, the amplitude of bedforms was showextt a significant influence on
the hydraulic response of a channel to increasiaghdirge, stressing the complexity

of morpho-hydraulic relationships.

Both of the approaches outlined above have in commhe assumption that the
hydraulic biotopes identified are of some ecologis@gnificance. While known
relationships between physical parameters andcbiiributions suggest that this is
likely, biological distinction must be demonstratexplicitly in order for biotopes to
be considered of ecological value to river managgnjdewsonet al, 1998a). A
practical and cost-effective means of exploring ¢lelogical validity of the biotope
concept is offered by a complementary ecological@gugh to habitat characterisation

known as the ‘functional habitat’ concept, whicleiplored in the following section.

3.3BIOLOGICALLY FUNCTIONAL HABITAT

3.3.1 Aquatic invertebrates and habitat functionaliy

Aquatic invertebrates are generally considered @oragriate biological focus for

habitat studies. They provide a link between mmmganisms and larger vertebrates
such as fish, which are commonly the target of rganeent strategies (Kellerhals and
Miles, 1996), and are greatly influenced by streaydraulics throughout the river

continuum (Statzner and Higler, 1986), thus prowdia link between ecosystem
structure and channel hydraulics. Additionallyyartebrates have the practical
advantages of a well established taxonomy andyiiles conducive to seasonal

sampling regimes (Cummins, 1996), and their reddyisedentary nature means they
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are heavily influenced by local physical conditiofidetcalfe-Smith, 1996). An

established literature acknowledges the role oh lgitysical substrate and aquatic
macrophytes in providing habitat for biota (Butch&#®33; Hynes, 1970; Gregg and
Rose, 1982; Newall, 1995; Biggs, 1996; Jowett, 200Bhis has formed the basis of
ecological approaches to the characterisation afeias habitat through the concept

of ‘functional habitats’.

The functional habitats concept was developed hypétat al. (1992) who identified
a suite of sixteen organic and inorganic habitattsumssociated with distinct
invertebrate assemblages from a more comprehensiveof ‘potential habitats’
readily identifiable from the riverbanks of thremmand streams in England. The
habitats identified are associated with either sabs particle size, the morphology of
aguatic plants, or the growth of riparian vegetatidable 3.3), and appear relatively
portable across catchments, despite variations sturthiance regimes and water
quality. The habitats are associated with varibigogical ‘functions’, (e.g. by
providing oviposition sites, food sources, and t@ndirom flow or predation) which
traverse species boundaries and hence move the faeay from target species
towards a more community-level approach. The agtBaggest that these functional
habitats forge a link between organisms and thesiphl processes operating within
the river channel (Harper and Everard, 1998). Alffoa need remains for rigorous
field testing, the approach has shown promise lagttan indicator of the type and
extent of habitat change within degraded reachespg@tet al, 1998a), and as a post-

project appraisal tool in rehabilitation projedtkafperet al, 1998b).
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8

type Habitat Biological function(s)
—s
2 8 Roeks * . ‘Hygropetric zone’ - thin film of water on the sade of bare rock provides habitat for small masreitebrates.
o E . : ST " . . . . L .
9 8 Cobbles/ Gravel Hyporhelt_: zone within |r?terst_|t|al spaces. Oftanludes finer sediment/ organic matter encourabiodiversity.
Qg 9 » Also provide fish spawning sites.
A e e i e e L L L L e e
& g @ sand » Usually species-poor, but can support large numtiespecialised smaller invertebrates.
'-g = » Accumulations around obstructions such as woodyislean become more stable and biologically richer.
T O i T e A e o e Attt e L bl e o b p b

» Passage to the surface for emerging insects

Emergent macrophytes » Attachment surface for filter-feeders
______________________________________________ s Oviposition Sites
Floating-leaved macrophytes » Passage to the surface for emerging insects

Protection from predation and turbulence
Provide surface for periphyton growth and attachinoémvertebrates.

» Oviposition in faster flowing waters
Moss » Protection from predation and flow
» Accumulate fine sediment and organic matter, piagighhysical substrate and food

* Food source for grazers
» Case material for some chironomids

Macroalgae X
g » Refuge from predation
* Oviposition sites

2 Roots » May provide important habitat for specialised aaderspecies, but under-sampled.
) C o O mmmmmmmmm oo T s ooooo--oo-- e e
Ss3 .§ » Direct food source for shredders
a8 g g Leaf litter » Site for product and capture of fine particulatgamic matter
% S @ ... ___________________* _Canactasan extension of the physical substrpteticularly important in finer sediments__
T o= > . .
£ Woody debris Direct use by borers

* Increases channel stability.
Table 3.3Minerogenic, vegetative and detrital habitats #r&ir principal biological functions, from Harpet al. (1995).
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3.3.2 Linking biotopes and functional habitats

Strong relationships between flow, substrate arstream vegetation suggest a
potential for linking functional habitats with phgal biotopes, providing a hydraulic
context for the former and adding ecological valize the latter. However,
minerogenic habitats (i.e. channel substrate ty@ag) vegetative habitats respond to
flow conditions in different ways. While channelbstrate may be considered most
strongly dependent upon current velocity through émtrainment and transport of
particles, aquatic macrophytes are influenced mhoee complex array of flow related
factors, including, for instance, the effects optheand turbidity on light availability
which is particularly important for submerged spsc{Hynes, 1970). Despite this,
stream velocity (and related factors such as terimd) is generally considered of
great significance to macrophytes both directlyotigh the effects aeration and
nutrient replacement on plant metabolism and mechhdamage to leaves and stems
(Westlake, 1967; Fox, 1996), and indirectly throwgimtrols on the channel substrate

(Carling, 1992).

Various authors have explored the relationshipsvéen ecology and channel
hydraulics by linking plant species or morphologrth channel substrate and flow
properties. Earlier attempts are generally desedp identifying broad ‘slow’,
‘moderate’ and ‘fast’ velocity zones associated hwgubstrate types and plant
morphologies (Table 3.4 and Table 3.5). For examplaslam (1978) linked
individual species distributions with visually iddémd ‘flow types’ which
approximate the surface flow type categories usethé EA in RHS, Butcher (1933)
included substrate as a predictor of plant morphetognd French and Chambers

(1996)
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Hydraulic class Macrophytes

(a) ‘Very fast’ current, rocky substrate Mosses, roalgae
(b) Fast current, stony substrate Plants withsystems and small leaves, or woody or tough hizom
(c/Moderate’ current, gravel substrate  Similart, but potentially more diverse and abundant.
(d) 'Slow current, sandy substrate | Plants withdiss roots o matted rhizomes which exhibit a rgpath.
(€) 'Very slow current, silty substrate ~ Similar () but more abundant, and dominated by plants swithll and very abundant roots.
() ‘Negligible current, mud substrate ~ Vegetatiamiar to pond or lake shore: erect reeds and plaimilar (¢).

Table 3.4Descriptive hydraulic classes and associated rpagtes identified by Butcher (1933)

Hydraulic class Macrophytes

‘(':Zglg?]zsﬂgm fen dykes) Free-floating and tall emergent species.

CSiowiow T
(Plants hardly move)

‘Moderate flow’
(Trailing plants clearly move and water surfacslightly disturbed)

‘Fast flow’
(Trailing plants move vigorously and the water aoef is markedly disturbed)

Table 3.5Descriptive hydraulic classes and associated rphgtes identified by Haslam (1978)

Submerged, fine-leaved macrophytes, mosses.
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quantified slow, moderate and faster velocity ranger different macrophytic

communities.

More recently, the focus has shifted to the hydcapieferences of functional habitats
rather than individual species, and has expligitborporated physical biotopes either by
visual assessment or using hydraulic proxy indicatdfor instance, Kemegt al. (1999)
examine the velocity-depth distributions associatéith the suite of functional habitats
identified by Harpeet al. (1995) and although a significant amount of ‘ospilbetween
habitats is observed, some broad relationshipsdamifiable. Submerged fine-leaved
macrophytes, mosses, cobbles and gravel were fturabrrelate with shallow, fast-
flowing riffle zones and submerged broad-leaved nogitytes and sand correlated with
slower and deeper marginal riffle and run zonedt a8d emergent macrophytes were
generally found within slow-flowing shallow pooladfloating-leaved macrophytes with
deeper pools while marginal plants were associatitd the shallowest and slowest-
flowing marginal locations. A further analysis doyed Froude number as a quantitative
descriptor of different physical biotopes which eerompared with the distribution of
functional habitats (Kemgt al, 2000). However, the Froude number appears able t
discriminate only between broad ‘low’ Froude hatsitésilt, roots, trailing vegetation,
marginal plants, leaf litter, emergent macrophyflesting-leaved and submerged broad-
leaved macrophytes) and ‘high’ Froude habitatskpcobbles, gravel, sand, submerged
fine-leaved macrophytes, moss and macroalgaejuathhabitats within the second class

form a gradient of increasing Froude number.
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Thus, in a similar way to physical biotopes (Sett®2), functional habitat categories
appear to be associated with a large overlap imdwid parameters such as Froude
number (Cliffordet al, 2006). While part of this overlap may again ketauted to the

inadequacies of Froude as a hydraulic descrigta also likely to reflect species-specific
variations in hydraulic ‘preferences’ within funmtial habitat categories. For instance,
Ranunculus fluitas andMyriophyllum alterniflorumare both classified as ‘submerged,
fine-leaved macrophytes’, but while the former shoelatively clear preferences for fast
flowing rivers and stable substrates, the latteioierant of a broad range of conditions
from standing waters to slowly or rapidly flowinggesams and rivers (Preston and Croft,
2001). As a result, the cumulative range of hydcaphrameters associated with the

amalgamated ‘submerged fine-leaved macrophytesgoay will be broad.

While neither physical biotope nor functional habitategories appear easily delimited by
specific ranges of hydraulic parameters, the twenpmena may still reveal correlations
at a broader scale. ‘Mapped’ flow types and plajdiotopes themselves may provide a
more appropriate scale of investigation, identifyinglative changes in physical
conditions within a river reach at scales of insér® river inventory, rehabilitation and
appraisal. Preliminary attempts at this type dlgsis have been made by Newsral.
(1998a) using data on selected functional habiatsved from a subset of the RHS
database, and by Harpet al. (2000) using finer-resolution data from four sywe
reaches. Some differences in the flow type frequelistributions associated with each
habitat are observed, allowing some tentative @rfees to be made concerning the broad
flow type ‘preferences’ of certain habitats. Thigower’ flow types (no perceptible

flow) are linked with silt, tree roots, trailing getation and marginal and emergent plants;
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‘intermediate’ flow types (smooth boundary turbulent rippled flow) with sand, gravel
and submerged macrophytes; and ‘faster’ flow tyfiesroken standing waves) with

cobbles and mosses.

The remaining part of this chapter expands on th@séiminary studies by seeking
correlations between flow types and functional tebiwithin the extensive national data
set provided by the RHS database. The analysispatsszides an opportunity to evaluate
the data derived from rapid RHS field surveys ie ttontext of habitat inventory,

assessment, design and appraisal requirements.

3.4A NATIONAL DATA SET

3.4.1 Data extraction

The RHS database V 3.34 provides a comprehensii@ahdata set of habitat features
which can be used to assess relationships betwasmel hydraulics (in the form of
surface flow types) and functional habitats. Floye and functional habitat data is
recorded within the ‘spot-check’ component of thdSRfield survey, which comprises

visual observations at ten equally spaced crogseset transects (‘spot-checks’).

Derivation of flow type and functional habitat ddta each spot-check location within
RHS V 3.34 required a significant amount of datalrasnipulation due to the structure of
the database. An initial process of data ‘cleanmgplved the removal of all spot-checks
with missing or invalid data, those characterisgdakbificial substrates and those where

turbid flow conditions or visual obstructions preted inspection of instream habitat
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features. This reduced the available data set faotheoretical 159, 480 observations
from 15, 984 different 500 m reaches, or ‘siteg’,108, 979 spot-checks from 12, 715

sites.

In order to focus the investigation on ‘naturalat®nships between habitat components,
the EA’s Human Modification Score (HMS) system vedso used to eliminate data from
sites which have experienced significant anthropmgdisturbance. The HMS system
was developed by the EA as an analysis tool forresging the levels of human
modification to the channel and banks in order &oilitate inter-site comparisons
(Environment Agency, 2000; Table 3.6). A data a&fetsemi-natural’ spot-checks was
obtained by extracting sites with HMI scores < 8¢ & data set of ‘heavily modified’

spot-checks was obtained by extracting sites wit btores > 20 (Table 3.7).

Surveyed RHS sites have been used to create agypof UK rivers based upon certain
map-derived variables (altitude, slope, distancenfisource and altitude of the source)
which were found to correlate strongly with mosbitet features (Jeffers, 1998a). A
multivariate Principal Components Analysis (PCAgnsformed these original variables
into two axes which may be used to describe theaosaale characteristics of a particular
site. The PCA ‘scores’ are presented in Figuref@ 3he entire data set of all reference
sites, the semi-natural data set and the heavilyifraddlata set. The scatterplots reveal
that while semi-natural sites are associated wahmalar range of typologies as the entire
database, there is a slight skew towards uplandrerdane locations and higher energy
conditions. In contrast, heavily modified sitesveal a skew towards lowland

environments. This reflects the susceptibility lofvland reaches to both long-term
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HMS Score Descriptive category of channel

0 Pristine

1-2 Semi-natural

3-8 Predominantly unmodified
9-20 Obviously modified

21-44 Significantly modified

45 or more Severely modified

Table 3.6 Habitat Modification Score (HMS) system categories
RHS data as developed by the Environment Agenc®Q(20

Data set name Criteria Number of Number of
records sites
‘Raw’ spot-checks ~ None 158440 15844
All sites Vallpl entries f_or flow type and functional 108979 12715
habitat categories
Semi-natural HMI<3 40832 4682
Heavily modified HMI>20 22000 2635

Table 3.7Criteria and characteristics of data sets derfvatl the RHS database.
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Figure 3.3 Data set characteristics for (a) all sites, (Imiseatural sites and (c) heavily modified sitesheTEnvironment Agency’s
typology is based on a Principal Components AnalyBICA) using the variables of site altitude, slogistance from source and
altitude of source. PCA 1 represents a transitiom low altitude, low slope (‘coastal’) sites, hayh altitude, high slope (‘montane’)
sites. PCA 2 represents a transition from low gynéo high energy environments based on distarara 8ource and altitude of the
source.
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indirect anthropogenic impacts associated with lasel change and direct modifications

to the channel itself for flood defence and wagsource management.

3.4.2 Variable extraction

Derivation of flow type data from the database welatively straightforward since RHS
explicitly records the ‘dominant’ surface flow tyghat occupying 50% or more of the
channel width) across 1 m wide cross sectionah&eats’ at each spot-check location
(Figure 3.4). Only one entry is permitted per sgoéck and where two flow types each
occupy 50% of the channel, only the faster flow tigoeecorded. Minerogenic habitats
and vegetative functional habitats are not recoedgddicitly on field survey forms, but it
was possible to adapt the data for the purposedaride 12 of the 16 functional habitats
identified by Harpeeet al. (1995) from observations of channel substrate \agktation

types (Table 3.8).

In a similar way to surface flow types, the ‘domntiachannel substrate is assessed across
a 1 m wide cross sectional transect at each smmtk¢husing the substrate particle size
categories identified by Wentworth (1922). Orgafunctional habitat categories based
on riparian vegetation (woody debris, tree roots k@ad litter) are recorded only within
the ‘sweep-up’ section of the survey, and cannotibectly linked to surface flow type
observations made at individual spot-checks. Tihedétats are therefore excluded from
the analysis. However, it was possible to derig@dor macrophytic functional habitats
from spot-check assessments of channel vegetayioest RHS allows a variety of
aquatic plant morphologies to be recorded as eifmasent’ (between 1% and 33%

cover) or ‘extensive’ (>33% cover) across a widesss sectional transect, extending 4.5
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Functional habitat

RHS categories

Rocks BR
Cobbles co
Gravel c
sand SA
s sl
Roots R
Tralling vegetation v
Marginal plants MP
Leaflter o
‘Woodydebris wo

Emergent macrophytes ME

Submerged, fine leaved

_macrophytes MSE
al;lgr;%rﬁ;:,sbroad-leaved MSB
Mosses

Macroalgae MA

Boulder, bedrock

Emergent broad-leaved herbs, emergent
reeds, rushes & sedges

Submerged broad-leaved,
linear-leaved

Bryophytes and lichens (includes
liverworts, mosses and lichens)

Filamentous algae

Table 3.8Derivation of functional habitat categories from

RHS data.
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m either side of that used for flow type and swistassessments (Figure 3.4). Due to
the differences in spatial scales of assessmeatysas was restricted to vegetation
types occurring ‘extensively’ at spotchecks. Dedroma of functional habitat data
required some amalgamation of RHS categories (TaBJeand it should be noted that
the RHS definition for ‘emergent macrophytes’ alencompasses the ‘marginal

plants’ habitat identified by Harpet al. (1995).

3.5FLOW TYPES AND FUNCTIONAL HABITATS IN THE UK

3.5.1 National frequency distributions
Figure 3.5 presents the national frequency didtiobs of flow types and functional

habitats for semi-natural sites. Several poingssaorthy of note.

Certain flow types and functional habitats occur feore frequently in the national
data set than others. In terms of flow typesjristance, over 65% of spot-checks are
characterised by smooth boundary turbulent or egdlow types while the ‘faster’
flow types (broken standing waves, chute flow, &eé fall) cumulatively account for
just 10% of the distribution. The prominence ofositth boundary turbulent flow and
rippled flow suggest a high incidence of ‘transiéi morphological units such as
glides and runs which is significant because suahsitional units are frequently
overlooked in habitat studies in favour of more sibglly prominent features such as
riffles and pools. The low sample numbers of unbrolstanding waves and no
perceptible flow suggest that riffles and poolswoelatively infrequently compared
to the intervening transitional run and glide uniksowever, particularly for pools, this
may reflect the localised nature of features, whitdly not necessarily account for

over half the channel width and will thus be ovekied at spot-checks.
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This methodological issue also applies to upwelliwg to the relatively localised
nature of associated ‘boil’ features. In contrése¢ low frequency of ‘chaotic flow’
(which represents a combination of at least thretheffaster’ flow types) suggests

that rougher flow environments are often domindtga single flow type.

For functional habitats, minerogenic categoriesrageessarily associated with much
higher sample numbers compared to vegetative caésgadue to the ubiquity of
substrate and the more spatially restricted natirequatic vegetation which is
dependent upon climatic, chemical and biologicatdes in addition to flow (Fox,
1996). Minerogenic and vegetative categoriestageetore plotted on separate axes in
order to improve comparability. Of the minerogemabitats, coarser substrates
(gravel, cobbles, and rocks) dominate the natiahsiribution, and sand and silt
account for significantly fewer observations, refieg the higher proportion of higher
energy upland sites within the semi-natural dataasel the dominance of gravel
substrates in intermediate reaches. Of the vegetaabitats, macroalgae and mosses
occur most frequently in the data set, reflectihg thigh proportion of coarse
substrates available for attachment (Giller and nwplist, 1998). Emergent
macrophytes also occur relatively frequently, whsldomerged and floating-leaved

species are associated with significantly feweeolions.

The extremely low frequency of trailing vegetat(@3 spot-checks) is likely to reflect

analysis protocols which selected only ‘extensiveturrences of vegetation types at
spot-checks. The marginal nature of trailing vagen, which is rooted in the bank or
margins but trails the water surface, will meart thes category occupies over 33% of

a spotcheck only in narrow channels with high tigraiconnectivity. This low sample
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number creates problems for analysis. Howeves kabitat is likely to be less
appropriate for comparisons with flow types compate other habitat categories,
since distributions are likely to be more highlyrretated with the structure of the
riparian zone rather than flow velocities and walepths within the channel. Trailing
vegetation is retained in the analysis at this @ghbry stage but interpretation is

limited.

Figure 3.5 c and d plot the proportion of spot-&isefor each flow type and functional
habitat which are classified as ‘lowland’ (inclugicoastal) and ‘upland’ (including
montane) by the EA’'s PCA-based river typology. Foe surface flow types, a
distinct increase in the proportion of upland lomas is associated with the transition
from ‘slower’ to ‘faster’ flow types. Functional baats reveal a more complex
pattern, but suggest that coarser substrates, Bjosseroalgae and trailing vegetation
show stronger correlations with upland environmentkile finer substrates and
vascular plants are predominantly associated withand reaches. These findings are
consistent with the fining of channel substrate fraver source to mouth associated
with a combination of particle abrasion, channehdiggnt and sediment sorting
(Richards, 1982), and the known preferences ofefit aquatic vegetation types
(Hynes, 1970; Haslam, 1978). In the following B®tt these relationships are

explored further in the context of macroscale laage controls on habitat features.

3.5.2 Macroscale controls on mesoscale habitat fea¢s
Hierarchical classifications of instream habitagss the importance of linkages
between different scales within river systems, sagthe influence of catchment-scale

controls on reach-scale habitat structure (Frigtedl, 1986; Naimaret al, 1992).
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Map-derived variables included in RHS V 3.34 alleewne exploration of the

macroscale controls on mesoscale habitat features.

Figure 3.6 presents boxplots for altitude, slope distance of the site from the river
source for flow type categories. The ranges ofi@mlobserved for different flow
types suggest that most flow types can persistiange of environmental contexts.
However, the median values reveal a trend of irstngaaltitude and slope with the
transition from ‘slower’ to ‘faster’ flow types, osistent with lowland and upland
preferences identified in the previous sectionrtiarmore, increasing median values
are accompanied by larger interquartile rangesyestgng that faster flow types may
persist in a wider range of environmental contexitdle slower flow types are more
clearly restricted to lower energy environmentshe Tdistance from source plots
confirms that faster flow types are associated silrce-proximal locations while
slower flow types are found within a wider range lotations along the river
continuum. Figure 3.7 summarises this informatising scatterplots based on PCA
data from the EA’s typology, revealing a ‘tightegirof preference ranges for upland
locations and a tendency for higher energy reaulisthe transition from slower to

faster flow types.

Relationships can be assessed for functional habitaFigure 3.8 and 3.9. For
minerogenic habitats, a trend of decreasing medsmes and interquartile ranges is
observed with decreasing particle size. This c&léhe restriction of finer sediments
to lower energy conditions farther from the riveusce, while coarser substrates show

a tendency towards higher energy locations andresticted to source-proximal
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locations. Vegetative habitats demonstrate vapiederences for energy conditions
(e.g. associated with altitude and slope) and icertacations along the river
continuum (associated with distance from the raaurce). Mosses, for example, are
generally restricted to upland locations and showreference for higher energy
conditions, while the majority of observations aiergent macrophytes are associated
with lowland reaches but reveal an approximatelyaédistribution between high and
low energy conditions. Macroalgae appear relagivelrestricted in location but show
a tendency for higher energy environments, and sufed broad-leaved macrophytes
suggest a preference for lowland high energy reach&ubmerged fine-leaved
macrophytes show a relatively strong preferencehigin energy conditions, but these
may be associated with both lowland and uplandtimces while the low sample

numbers for trailing vegetation and floating-leaveacrophytes limit interpretations.

3.5.3 Habitat response to physical degradation

Figure 3.10 compares flow type and functional tebftequency distributions for
semi-natural sites with heavily modified sites mattempt to explore the response of
mesoscale habitat features to physical degradatiocreases in the proportion of no
perceptible flow and smooth boundary turbulent flaecompanied by reductions in
faster flow types for degraded sites suggest a lgemeation and overall ‘slowing’ of
flow conditions consistent with the effects of direchannel modifications such as
abstraction and impoundment, and the reduced tmbal associated with artificial

substrates and channelisation (Hynes, 1970).
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Figure 3.9 Distributions of site PCA scores for each funcaibimabitat category (see Figure 3.7 for explanataiPCA axes).
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See Table 3.1 (p. 53) and 3.8 for flow type anctfiomal habitat category
codes.
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This slowing of flow within the heavily modifiedtss is predictably accompanied by
a fining of substrate calibre within the minerogehabitats (Figure 3.10b), reflecting
the reduced competence of flows in degraded reachkyegetative habitats (except
for mosses) show a proportional increase within alggnl reaches. The reduction in
frequency of moss cover reflects the strong prefsge of moss species for high
current velocities and very stable, coarse sulestréerench and Chambers, 1996),
conditions which are likely to be lost as a resd@ilphysical degradation. Furthermore,
reduced turbulence in many modified channels itilieration of the water with
atmospheric carbon, an important environmental requent for mosses which are

unable to utilise bicarbonate carbon sources (EB96).

The most significant increases in vegetative halbieaquency for degraded sites are
associated with emergent macrophytes and macrqdtgmeved by submerged broad-
leaved and floating-leaved macrophytes. Prolifiowgh of various types of
macrophytes and macroalgae has been associatedegitcted canalised reaches and
siltation (Butcher, 1933), impoundments (Ridley &tdel, 1975) and overwidened or
ponded reaches (Kengi al, 1999), as well as chemical degradation throughemit
enrichment (Hynes, 1970; Whitton, 1975). Theseeased frequencies of extensive
vegetation cover may therefore reflect a higheideaece of ‘choking’ of channels and
an alteration of the competitive balance betwesdfergint species (Demars and
Harper, 1998; Marks and Power, 2001), and are elyliko reflect increased
biodiversity since the frequency distribution beesndominated by a smaller number
of habitats. This suggests an overall dominanceedfin habitats, namely emergent
macrophytes and macroalgae, the former of which e associated with fewer

microhabitats for meiofauna compared to other phantphologies (Newall, 1995).
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However, more detailed interpretations are comggdtdy the differences in response

of similar plants to various types of channel mdiions (Janssoet al, 2000).

3.6 TOWARDS AN ECOLOGICAL CLASSIFICATION

The following sections explicitly explore the ‘caeurrence’ of flow types and
functional habitats in order to assess relatiorsbhigtween the two phenomena at the
national level across a range of sites within thenii-natural’ data set of reference

sites.

3.6.1 Co-occurrence of flow types and functional Hatats

Figure 3.11 presents the flow type frequency diatrons for each functional habitat
category, which may be used to assess the flow ‘yeferences’ demonstrated by
each habitat within the national data set. All tiomal habitats are found in

association with at least five different flow typssiggesting that singular connections
between habitats and flow biotopes do not existrtifermore, the modal flow type

category reveals little variation across functiohabitat categories. Rippled flow

represents the modal flow type for rocks, cobblgsgvel, mosses and trailing

vegetation, and smooth boundary turbulent flowesents the modal flow type for the
remaining habitats (sand, silt, macroalgae, and rgem¢ floating-leaved and

submerged macrophytes).

The relatively broad ‘scatter’ across flow types ¢ partly attributed to the survey
resolution which may overlook more localised asst@ns between flow types and
functional habitats. However, distributions magoateflect the influence of non-flow

related factors on the distributions of functiohabitats. For instance, tolerance of
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Figure 3.11Flow type frequency distributions for each funnabhabitat category for semi-natural sites. Sagld 3.1 (p. 53) for
flow type category codes.
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abiotic factors is just one of three principal det@mants which govern the

colonisation of macrophytic vegetation at a particusite: biotic interactions and
dispersal characteristics also play important rofesletermining the geographical
distribution of a species (Fox, 1996). Furthermow@n-hydraulic abiotic factors such
as light and water chemistry are also importantofac for aquatic macrophytes
(Westlake, 1975; Giller and Malmqvist, 1998). Rielaships between macrophytes
and flow biotopes may be further complicated byomplex system of feedbacks
between aquatic plants and channel hydraulics. ifstance the growth of instream
vegetation influences the surrounding physical mmwnent by increasing roughness
and reducing velocities (Gaudet, 1974; Watson, 198Hpwever, while velocities

within vegetation stands may decrease, channebtinfjow in adjacent areas can
create high velocity ‘threads’, thus significantijtering the flow field (Gregg and

Rose, 1982; Cottoat al, 2006; Gurnelkt al, 2006).

While local flow conditions exert a significant iménce on minerogenic habitat
distributions through the control on sediment tpms (Carling, 1992), both

macroscale landscape controls such as catchmeloiggeand microscale factors such
as the growth of aquatic macrophytes, also beagrafisant influence on substrate

composition within a particular reach (Fox and Rev#96; Sand-Jensen, 1998).

However, some trends within frequency distributi@ne apparent at a broader level,
which may be considered particularly significant tine light of complexities
introduced by the extraneous factors described aboVeithin the minerogenic
habitats, for instance, decreasing particle sizasisociated with a ‘tightening’ of

frequency distributions towards slower flow biotepereflecting the tighter
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environmental ranges identified for finer subssaite the previous section. Of the
vegetative habitats, a distinction is noted betwe®sses and macroalgae which are
frequently associated with a range of flow types] the vascular plants which reveal
stronger preferences for two or three ‘predominéiotv types. Proportions of flow
types indicate certain flow type ‘preferences’, faonstance floating-leaved
macrophytes are associated with a higher propomiono perceptible flow while
submerged fine-leaved vegetation is associated aitligher proportion of rippled
flow. Frequency distributions show similaritiestviobservations by Harpeat al.
(2000) on four river reaches, but lower proportioh®oth slower (e.g. no perceptible
flow) and ‘faster’ (e.g. unbroken standing wavdsj\fbiotopes are noted for the RHS
data, perhaps reflecting the coarser transect-Ri#3 survey resolution compared to

the 1 nf cells in Harpeet al.(2000).

Overall, slower to intermediate flow types correlatost strongly with the majority of
habitats, while faster flow types are associateth Wow frequencies for all habitat
categories except for moss and rocks. ‘Reverding analysis and examining the
frequencies of functional habitats associated wedlch flow type category (Figure
3.12) demonstrates this clearly: the transition frelower to faster flow types is
associated with a decrease in the number of aseddianctional habitats. These data
also provide information on the functional habitassociated with the faster flow
types, which account for only very low sample nursha Figure 3.11. For instance,
while free fall and chute flow account for a relaty low number of the total
observations of rocks, moss and macroalgae, thisbrwation of functional habitats
constitutes the majority of habitat provision at tsgloecks characterised by free fall

and chute flow.
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Figure 3.12Functional habitat frequency distributions forledlow type category. See Table 3.8 (p. 63) farchional habitat category codes.
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Since the functional habitat concept was develapetbwland UK reaches (Harpet

al., 1992), it is unsurprising that functional habdadtributions correlate most strongly

with slower to intermediate flow types charactérisif lower-energy features such as
riffles, runs, pools and glides rather than roudtew types associated with waterfalls

and rapids. Rocks and mosses, and to a lessert extigbles and macroalgae, are the
exception since these habitats may also occurmitlyher-energy flow environments

where they may constitute the principal functidmatbitats.

However, while most habitats demonstrate some épegices’ for certain flow types,
correlations appear to lie at a relatively broageleas identified by Cliffordet al.
(2006), relating to ‘assemblages’ of flow typesheatthan individual categories and

thus suggesting that some form of data reducticanmalgamation is appropriate.

3.6.2 A preliminary classification

The previous section identified that most habita&se generally associated with a
combination of two or three flow types. Flow tyfpequency data for each functional
habitat was therefore examined in order to iderttisy number of flow types required
to explain over 50% of the observations for eachitht (Figure 3.13). The 50%
threshold is exceeded by one flow type for saritiaed floating-leaved macrophytes,
but a second must be introduced for gravel, cobltaging vegetation, macroalgae,
moss and emergent and submerged macrophytes. ré flow type must be
introduced to explain over 50% of the distribution rocks, and additionally the use

of three flow types explains over 60% of the vac@for all habitats.
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Focusing on the three ‘predominant’ flow types éach functional habitat provides
and indication of the assemblages of flow typescWtdorrelate most strongly with
each habitat. For all habitats, these assemblagegporate some combination of a
total of five flow types (no perceptible flow, smbdioundary turbulent flow, rippled
flow, unbroken standing waves and chute flow) whaek typically associated with
pools, glides, runs, riffles and cascades respagtiv Using these relationships, a
preliminary ‘ecological classification’ of flow typassemblages was produced, based

on the preferences of different functional habit&igure 3.14).

Three ‘classes’ of flow types are derived whichidgate the reach-scale morphological
preferences of functional habitats. Class one cm@pithe ‘roughest’ combination of
flow types, chute flow, unbroken standing waves aipgpled flow, and can be
considered to represent higher-energy step-poobhatogies. Class two includes
smooth boundary turbulent flow, rippled flow andbuken standing waves and is
interpreted to represent riffle-pool morphologie€lass three is associated with a
‘slower’ assemblage of flow biotopes comprising perceptible flow, smooth
boundary turbulent flow and rippled flow which igdie glide-pool morphologies.
Thus, although the methodological and theoretisgues outlined in section 3.2
prohibit reliable singular connections between flyywes and physical biotopesjites
of functional habitats appear to correlate watssemblagesf flow biotopes which
broadly correspond to certain reach-scale morphedo¢aking into account slight

variations from the ‘typical’ low flow states).

Within these broader assemblages, suites of furadtidrabitats show different

‘preferences’ for certain flow biotopes according the order of dominance of
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Figure 3.13The percentage of observations of each functioabitét which is
accounted for by one, two and three flow typese Bable 3.8 (p. 63) for functional
habitat category codes.
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Figure 3.14 Venn diagram to illustrate relationships betweeseathlages of flow
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of five common flow types may be linked with suitdSunctional habitats.
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individual flow types within frequency distributisn(Table 3.9). These preferences
may reflect the influence of hydraulics at smalleales within and between
morphological units. Within class one, mosses racge frequently found in close
proximity to unbroken standing waves, while rocke aore frequently associated
with chute flow. However, proportions of chuteviland unbroken standing waves
are very similar for both habitats (see Figure 3.%liggesting that amalgamation of
these two subclasses may be appropriate, and olcks rand mosses may occur
ubiquitously within step-pool cascades. Class dfierentiates between ‘faster’ riffle
zones associated with the highest frequency ofakeor standing waves which are
characterised by cobbles (class 2A), and margiffé 1or run areas dominated by
rippled flow and associated with gravel and trailimggetation (2B). Higher
proportions of smooth boundary turbulent flow iasd 2C may represent transitional
zones (e.g. glides or runs) which are charactebgeugher proportions of submerged
fine-leaved macrophytes and macroalgae. Glide-peathes (class three) may be
subdivided into glide or run zones associated withigher frequency of rippled flow
and sand, emergent and submerged broad-leaved phates (3A), and pool habitats
associated with a higher proportion of no percéptifiow, silty substrates and

floating-leaved macrophytes (3B).

Sub-classes within the preliminary classificati@mbine vegetative and minerogenic
functional habitat categories, highlighting the @@&x interactions between
vegetation, substrate calibre and flow. Substigte is an important environmental
factor influencing macrophyte distributions, anagings identified support known
macrophytic preferences: mosses depend upon tls¢ratgstability provided by large

boulders, the dense horizontal roots of submergeetiéaved macrophytes require
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Flow biotope Flow types Functional Habitats
class (order of dominance)

Rippled flow
Chute flow Rocks
Unbroken standing
waves

1A

Step-pool

Rippled flow
Unbroken standing
Mosses
waves
Chute flow

1B

Rippled flow
Unbroken standing
2A waves Cobbles
Smooth boundary
turbulent

Rippled flow
Smooth boundary Gravel
2B turbulent Trailing vegetation
Unbroken standing
waves

Smooth boundary

turbulent .
. Submerged, fine-leaved macrophytes
2C Rippled flow 9 Macroalgae phyt
Unbroken standing

waves

Riffle-pool

Smooth boundary Sand

3A turbulent Submerged, broad-leaved macrophytes

Rippled flow
No perceptible flow Emergent macrophytes

Glide-pool

Smooth boundary
3B turbulent Silt
No perceptible flow Floating-leaved macrophytes

Rippled flow

Table 3.9Classification of flow types according to functadinabitat ‘preferences’ for
three principal flow types. Habitats are groupstb isub-classes according to the
order of dominance of flow types within frequengstdbutions.
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gravels for anchoring, and emergent and floatimyde plants with long deep roots

require finer grained sands and silts (Haslam, 1978)

However, the preliminary classification shown irgtiie 3.14 is based upon simple
observations of frequency distributions and requstatistical validation. While the
categorical nature of the data set imposes somttions on analysis, it is possible to

apply two contrasting statistical techniques to ties integrity of the classification.

3.6.3 Statistical validation

Statistical validation of the classification invely two stages. An analysis of the
variation between functional habitats in terms lofvf types was performed using a
Principal Components Analysis (PCA), and subsedyehtbitats were objectively

grouped according to the similarity of their flowpe frequency distributions using
agglomerative Hierarchical Cluster Analysis (HCA)he two techniques complement
each other, since PCA provides a depiction of thexal phenetic structure of the data
set, and cluster analysis provides a good fitgifiticlusters actually occur in the data

set (Rohlf, 1970).

i) Principal Components Analysis

PCA is a linear ordination method which reduces direensionality of a data set
containing a large number of variables. It dods thy linearly transforming the
original, (potentially correlated) variableg) (nto a new set of uncorrelated variables
(‘principal components’) which maximise the originariance (Dunteman, 1989).
PCA may be based on a covariance matrix or a @iwal matrix (standardised
covariance matrix) of the original data. The matrmay then be expressed

geometrically, as a series of vectors, with each ob the matrix providing the co-
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ordinates of the end point of a vector (Davis, 9J00These vectors are known as
‘eigenvectors’ in matrix algebra, and represent‘gimancipal components’ in a PCA.
Most of the variance can often be accounted forabgmall number of principal
components, and commonly only the first two arelysmsal. PCA was performed in
Canoco 4.0 using a frequency matrix of the co-aere of functional habitats and

flow types.

To test the appropriateness of PCA for the data(lssgps and Smilauer, 2003), a
Detrended Correspondence Analysis (DCA) was pesdron the frequency matrix in
order to ensure that the maximum gradient lengtthefdata (in standard deviation
units of species turnover, SD), was below 3. Aci®e demonstrated a maximum
gradient length of 2.099 SD and therefore PCA was@riate. Analysis focuses on
the first two principal components of the PCA sirtbese account for 98% of the

variance in functional habitats.

The PCA bi-plot for axes one and two is presenteBigure 3.15a and illustrates the
variance in functional habitats (represented byorsy according to the distribution of
flow biotopes (represented by points). Vectorstio@ bi-plot represent increasing
frequencies of functional habitats towards the ahead, and flow biotopes situated
towards the end of these vectors are highly cdeélavith those habitats. Flow
biotopes situated at distal locations in the bi-phaty be projected onto habitat vectors
at right angles to assess the strength of comelati Thus, for instance, free fall,
chaotic flow and upwelling are rarely observed witthe data set and therefore plot as
negative scores suggesting weak correlations witiza functional habitats. The

angle between arrows is a measure of correlatiomdas functional habitats, so that
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closely spaced habitat vectors are associated siitilar flow biotope frequency
distributions, while perpendicular arrows show zeoorelation between habitats, and

angles at 180would represent negative correlations.

The diagram is strongly dominated by principal comgnt one, which captures 86.4%
of the variation in functional habitats, while axigo contributes just 11.6%. This
may, however be a reflection of the data set clhamatics, since flow biotopes are
part of a continuum, rather than representing riistenvironmental variables, and
therefore variance may reasonably be expected t@obeentrated along an axis
reaching from ‘faster’ to ‘slower’ flow biotopesVariable loadings, or flow type
‘sample scores’ presented in Figure 3.15b and awaflrther interpretation of the
‘meaning’ of axes one and two. Axis one appeanepoesent a transition from rare
flow types (upwelling, chaotic flow, broken stangliwaves, chute flow and free fall)
associated with negative loadings, to the most contynoccurring flow types
(smooth boundary turbulent, rippled flow and unl@wkstanding waves) associated
with positive loadings, reflecting the overall fremeies of flow types. Axis two
suggests a transition, within the more commonlyuodeg flow biotopes, from
‘intermediate’ flow types (unbroken standing waeesl rippled flow) associated with
stronger negative loadings to ‘slower’ flow types perceptible and smooth boundary

turbulent flow) associated with positive loadings.

Thus, intermediate flow types such as unbrokendstgnwaves and rippled flow exert
a strong influence upon functional habitat vectlmsated within the bottom right
quarter of the diagram, while habitats falling e tupper right quadrant of the bi-plot

show stronger positive correlations with slower sthoboundary turbulent and no
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perceptible flow types. Furthermore, while no katisi show significant correlation
with the rarer (negatively scored) flow types, tligynonstrate a parabolic distribution
within the bi-plot suggesting that ‘intermediatédVi types are more common than

both slower and faster flow types.

The sequencing and spacing of habitat vectors gporels with the preliminary
classification proposed in section 3.6.2. Fun&idmabitat vectors are grouped into
‘clusters’ which broadly correlate with the suitgshabitats outlined in Figure 3.14
and Table 3.9. Since the PCA uses frequency datallfflow biotopes, these results
suggest that the classification system based othtke most predominant flow types
associated with each functional habitat providesaacurate representation of the
overall characteristics of the data set. The @xgeption is the sequencing of moss
and rocks which is reversed in the PCA plot, witbssr showing slightly stronger
correlations with faster flow types. However, theerall characteristics of flow type
frequency distributions for these two habitats alreost identical: both habitats are
characterised by very similar proportions of ‘setany’ flow biotopes (chute flow and
unbroken standing waves), reinforcing the suggestio Section 3.6.2 that

amalgamation of these two habitats may be appitepnahe classification scheme.

i) Agglomerative Hierarchical Cluster Analysis

As a means of objectively verifying the ‘similafiyf the functional habitat ‘clusters’
identified by the PCA, HCA was performed on thegtrency matrix. HCA provides
an objective means of identifying groups of simdajects without the requirement for
an arbitrarily pre-defined number of clusters. €kof clustering methods, however,
is a relatively subjective practice and there areundversally accepted rules for

selection of methods. However, average (or ‘we&dhttechniques focusing on pairs
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of objects with high similarity are often considgrguperior to simpler single-linkage

methods (Everitt and Dunn, 2001).

The hierarchical clustering process begins withheabject’ (in this case functional
habitats) as a separate ‘cluster’. Clustering {h@teeds through a number of steps,
merging pairs of functional habitats with the highsimilarities until the similarity
matrix is reduced to dimensions of 2 x 2 (Davis)20 Outputs take the form of an
agglomeration schedule, detailing the steps ta#tuming the clustering process, and a
dendrogram (branched diagram) whose ‘distortion’y mae assessed through
computation of a cophenetic correlation coefficienThe correlation coefficient
compares correlations derived from the dendrogratin actual correlations between
habitats identified from a similarity matrix to pide a measure of the distortion of
original relationships in the data introduced byasing a hierarchical structure on the
data set (Everitt and Dunn, 2001). Coefficientsatgr than 0.95 may be considered to
represent acceptable levels of distortion, wheceafficients around 0.6 and 0.7 may
suggest that the data set is not characterised system of nested clusters (Rohlf,
1970). HCA was performed on the frequency mammi8PSS 14.0 using the average
linkage (weighted) within-group clustering methadhich uses the Pearson correlation

coefficient as a measure of the similarity betwpains of objects.

The agglomeration schedule is provided in Tabl® Zaadd reveals that the pairs of
habitats associated with the most similar flow dyat frequency distributions were
gravel and macroalgae, followed by sand and subsdebgoad-leaved macrophytes.
Pairs with the next highest levels of similarity revehen linked, connecting gravel

with submerged fine-leaved macrophytes and trailiagetation. Step Six connects
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moss and rocks together, and seven links sand esitbrgent macrophytes. At this
stage, correlation coefficients are still greatemt 0.95 and therefore linkages may be

considered acceptable representations of the gteuof the data set (Rohlf, 1970).

These linkages create an initial level of clustgrim the dendrogram associated with
the highest levels of similarity (Figure 3.16).vé&iclusters of functional habitats are
identified which show broad correspondence withdlass subdivisions identified in
Section 3.6.2. Moss and rocks, cobbles, and silt #foating-leaved macrophyte
clusters correlate strongly with relationships idfeed in Figure 3.14 and Figure 3.15.
However, gravel and trailing vegetation, and magaa and submerged leaved
macrophytes are combined to form a single clustexrsking the variations in flow
biotopes observed in section 3.6.1. Fusion ofeluadegories in the dendrogram may
reflect the near-equal proportions of rippled flamd smooth boundary turbulent flow
associated with these habitats, suggesting a pata@amalgamation of classes 2A and
2B from Table 3.9. Further field investigation wduhid understanding of these

relationships.

Sand and submerged broad-leaved macrophytes foriffexent cluster to that
occupied solely by emergent macrophytes, exposimiffarent relationship to the
PCA which suggests emergent and submerged broaddeaacrophytes are more
similar to each other than to sand in terms of fligywe frequencies. This reflects
some subtle variations in the frequency distrilmgioof these habitats: sand and
submerged broad-leaved macrophytes show similavlydroportions of ‘secondary’
flow biotopes, whereas the secondary flow typesmfperceptible flow and rippled

flow account for relatively high proportions of ergent macrophyte observations,
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Cluster Combined

Stage costisient
Cluster 1 Cluster 2

1 G MA 0.989

2 SA MSB 0.989

3 Sl MF 0.985

4 G MSF 0.984

5 G TV 0.980

6 BR M 0.975

7 SA ME 0.956
s co c 0938

9 SA Sl 0.926
1o = BR cO 0.839

11 BR SA 0.699

Table 3.10Agglomeration schedule for Hierarchical Cluster Kmees on
flow type and functional habitat frequency matrix.

Rescal ed Di stance d uster Conbine
0 5 10 15 20 25
Fomm o S Fomm o Fom o Fom o +
CASE i |
G ! !
MA | 1
VBF ; !
v N
co Z !
BR i i
v o—
v | 1
SA 1 i
y—
v —]
Clustering level: 1 2 3

Figure 3.16Dendrogram presenting the results of the hieraatiuluster
analysis on functional habitat and flow type freguyedata. Dotted lines
are superimposed onto the dendrogram to highlightwo principal levels
of clustering which correspond to the classes abdlasses identified in
Table 3.9.
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despite overall dominance of smooth boundary temitutonditions (see Figure 3.11).

The dendrogram represents a nested hierarchy stecdy however, and a second level
of clustering may be identified which correspondsuaately with classes one, two
and three presented in Figure 3.14. This levaludtering is achieved through steps
eight and nine in the agglomeration schedule, ancescorrelation coefficients are
still above 0.9 at this stage, the integrity oftelnships may be considered relatively
strong. The third level of the hierarchy is asatexl with steps ten and eleven in the
agglomeration schedule, both of which show sigaifity higher levels of distortion
suggesting that these clusters may be disregardee elationships between habitats

are not consistent with the hierarchical structomeosed on the data.

3.7DISCUSSION AND CONCLUSIONS

The review and appraisal of mesoscale habitat @iageesented in the first sections
of this chapter highlight the theoretical and metilodical issues associated with the
application of the ‘physical biotope’ concept toetltharacterisation of instream
habitat. It is suggested that the complex relaligsssbetween channel hydraulics and
morphology cast some doubt upon the integrity afigisurface flow types to identify
physical biotopes. This, in conjunction with thenitations of certain hydraulic
parameters, may partially explain the relativelynited success of biotope
characterisation attempts to date. Furthermoryipus approaches fail to explicitly
address the ecological function of physical biogpecusing instead on hydraulic

characterisation.
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Although a need remains for rigorous field-testrighe concept, ‘functional habitats’
potentially offer a practical means of adding bgial value to physical biotopes.
While preliminary investigations have identified tHanctional habitats demonstrate
certain ‘preferences’ for velocity-depth combinatoand surface flow types, only
tentative connections have been made directly hetwkinctional habitats and
physical or flow biotopes. The second part of tthapter provides a comprehensive
investigation of the relationships between funaiohabitats and surface flow types
using an extensive national data set derived fleerEA’s RHS database in an attempt

to explore the ecological validity of physical mpes.

Examination of the national distribution of habifeatures emphasises that certain
flow types and functional habitats occur more comimahan others, reflecting the
natural organisation of habitat along the rivertowrum (Vannoteet al, 1980), where
certain habitats are restricted to headwater logatwhile others occur throughout the
catchment. This is supported by the macroscale@mwviental ‘preferences’ of flow
types and functional habitats which show some riitbbns between lower energy
lowland reaches and higher energy upland envirotsnatthough the majority persist
in a range of environmental contexts. ‘Slower’ floypes are generally associated
with tighter ranges of altitude and slope conditiavisile ‘faster’ flow types show
larger ranges associated with a variety of enviremia contexts. This may reflect the
differences between biotopes associated with b&d(tals, steps, pools) where
channel morphology is determined principally by Igge controls, and those
associated with alluvial channels (riffles, pootsns, glides) where morphology

depends upon sediment supply and transport cap&cageson, 1994).
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While the principal data set deals only with semitmal reaches, a limited assessment
of mesoscale habitat response to physical degoadaan be made by comparison
with heavily modified reaches. Overall, channeldifioations appear to induce a
slowing of flow conditions and fining of channelbstrates, consistent with known
physical effects of modifications such as impoundise abstraction and
channelisation. Vegetative habitats, however,akaemnore complex response. Most
categories show some increases in cover, but shismlikely to reflect increases in
biodiversity since the distributions are generaltyminated by large frequencies of
specific habitats which are able to tolerate harshironmental conditions but provide

fewer microhabitats for biota and may raise instrégomass to nuisance levels.

The frequency of co-occurrence of functional habitnd flow types was assessed to
identify whether direct links can be made betwdentivo phenomena. Distributions
reveal a relatively complex picture at first glanaich is attributed to a combination
of methodological limitations, such as survey resoh and data types (McEwest
al., 1997; Padmore, 1997a), and theoretical considestsuch as the influence of
extraneous factors on habitat distributions. Havesome broad trends are apparent
which may be considered relatively strong in theterinof these issues. Exploration
of frequency data and the application of two caiing multivariate statistical
techniques reveal that three principal flow typesialatively account for the majority
of variation for each flow type. Functional habifareferences’ for certain flow types
are organised intassemblagesf flow types indicative of step-pool, riffle-poaind
glide-pool reach-scale morphologies, providing s¢ewel of ecological validity to the

biotope concept. Within these, however, habithtswscertain preferences for rougher
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or more tranquil zones suggesting some sub-reaak sariation. The classification
shows broad correlation with functional habitatferences for different velocity and
depth combinations (Kemet al, 1999), with a similar flow type data set obtained
from a subset of RHS (Newsan al, 1998a), and with the results of field surveys at

finer spatial resolutions (Harpet al, 2000).

Figure 3.17 presents a conceptualised nested tiécal system of mesoscale habitat
encompassing morphological, hydraulic and bioldggcafunctional habitat
components within the context of wider macroscalrenmental preferences of flow
types and habitats derived from the database. MRezale morphological units and
their respective flow type assemblages are orgdraseng an energy gradient from
high to low altitude and slope conditions in conjimt with distance from the river
source. Within these assemblages, suites of fumaitihabitats show preferences for
hydraulically ‘rougher’ and more tranquil zoneghaligh the low amplitude of steps
and alternating pools in step-pool cascades (Bistoal, 1981) suggests that moss

and rocks will be relatively ubiquitous within suaaches.

The classification emphasises the strong interogighips between flow, substrate and
vegetation, raising the issue that minerogenic \aegktative functional habitats are
influenced by different extraneous factors and associated with significantly
different spatial distributions, perhaps suggestimgt they should be recorded and
analysed as separate habitat features. The dtasisih requires further field
validation, particularly at smaller spatial scatesaccount for the shortcomings of

RHS survey resolutions and in order to explore asicale habitat structure. These
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Step-pool Riffle-pool Glide-Pool
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biotopes
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MSB

Figure 3.17Hierarchical linkages between channel morpholsgyface flow types and functional habitats in the
context of wider macroscale environmental variables
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issues are addressed in the following chaptershmmclertake an intensive analysis of

mesoscale and microscale physical habitat at seldieid sites.

While the analysis highlights some limitations off® output data, these must be
viewed in the context of the low-cost and high gapgical coverage such surveys
afford, and their ability to explicitly record ramnd unique factors and levels of
human modification allowing evaluation of the qutalistatus of national water
resources. Alternative methods based on moreleet#eld surveys form the focus of

Chapter 4.
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CHAPTER 4 AFIELD APPLICATION OF MESOSCALE HABITAT
CONCEPTS: THE RIVER TERN

4.1CHAPTER SYNOPSIS

This chapter explores the mesoscale organisatigphg$ical and biological habitat
within two contrasting reaches of the River Terhydpshire. A range of habitat
parameters reveal characteristic ‘patch’ and ‘ribstructures at each site. These are
associated with variations in heterogeneity ofghgsical structure of the channel, and
emphasise the significance of bedform controlsaitht organisation. The hydraulic
characteristics of different physical biotopes andace flow types form a continuum
from more ‘tranquil’ to ‘rougher environments buidil to demonstrate distinct
hydraulic ranges. However, an objective multivgrianalysis of velocity, depth and
substrate identifies physical habitat clusters Whace associated with variations in
velocity and depth distributions and are consisteith the location of visually
identified physical biotopes. Analysis of the outdata from rapid field assessments
highlights the influence of both survey resolutitiydrological context and seasonal

timing of surveys on results in terms of both ‘pg$ and ‘functional’ habitat units.

4.2EXPLORING PHYSICAL HABITAT AT THE MESOSCALE

4.2.1 Research challenges

Results presented in Chapter 3 suggest that netdtips between physical biotopes,
surface flow types and functional habitats existeddtively broad scales. However,
several research challenges must be addressede bb®rphysical biotope can be

considered a physically robust and ecologically fismal unit of stream habitat.
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The objective identification of biotopes still regents a significant challenge for field
surveys, partly resulting from confusion over teralogy (Wadeson, 1994). Chapter
3 also outlined some concerns regarding the useirddce flow types as a means of
physical biotope identification, but these issusguire further examination in order to
identify the effects of complex morpho-hydraulidateonships on survey outcomes.
Furthermore, while it has been acknowledged thatsay survey resolutions neglect
more marginal habitats, the effect of survey soal@arious other biotopes remains to

be explored.

Further examination of the hydraulic character ofgital biotopes will improve
understanding of their ecological purpose in teohghe type of habitat they create.
However, most studies to date have identified ldeyels of overlap in hydraulic
ranges between different biotopes, and furthermibre,discriminatory ‘success’ of
different hydraulic parameters varies accordinghes combinations of biotopes tested
(e.g. Jowett, 1993). These issues can be explosety the two complementary
methodological approaches outlined in Chapter 3ct{@e 3.2.3): (i) hydraulic
characterisation of visually-identified units arfily objective statistical identification

of biotopes from high resolution hydraulic surveys.

Most contemporary physical biotope studies focuyanmations in velocity and depth
between biotopes but few incorporate channel satestrs a hydraulic variable despite
its strong influence on the distributions of agoatiacrophytes, invertebrates and fish
(Hynes, 1970; Gorman and Karr, 1978; Fox, 1996s@&eit al, 2000). Furthermore,

the interrelationships between flow, substrate aedetation types identified in
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Chapter 3 require field testing at smaller spatalles in order to explore the extent to

which functional habitats may be ‘mapped’ onto pbgisbiotopes.

This chapter comprises a series of field ‘teststwa contrasting reaches of the River
Tern, Shropshire (see Chapter 2, Section 2.3 ferdstails) in an attempt to address
some of these outstanding challenges and impraedhceptual basis of the physical

biotope.

4.2.2 The field studies

Rapid field surveys of hydraulic parameters, sabstand channel vegetation types
were carried out at relative ‘low’ and ‘intermediatflow stages (see Chapter 2,
Section 2.3.5 for discharges and exceedences).pl®@nesolution and study reach
length were designed in an attempt to allow maximimta capture under steady
discharge conditions. In practice, each survek tdittle over one day to complete,
but stage variations over the duration of eachesting period may be considered

negligible.

The field surveys addressed the following key qoast

1. Do physical biotopes correspond to the sub-reaehesorganisation of
bed topography and surface flow characteristics?

2. How does the spatial resolution of habitat assesssnafluence survey
outcomes?

3. Can functional habitats be ‘mapped’ onto physidakdpes at the sub-
reach scale?

4. Can physical biotopes be adequately describedraoplsi hydraulic

parameters such as velocity, depth and substrate?
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i) The field survey methods

Surveys were carried out according to a grid systanorder to avoid the subjective
placement of sample transects according to visudtytifiable hydraulic variation
(Padmore, 1997a). A rectangular grid was deviséld dimensions of 2 m in the
streamwise direction by 1 m cross-stream, in otdl@nsure significant cross sectional

detail and capture several morphological transit{gmgure 4.1).

i) Measured parameters

Each cross sectional transect was subdivided imtdf Icells’ (Figure 4.1). At the
centre of each cell, point measurements were madvatér depth and three-
dimensional current velocity at 0.6 of the watepttiefrom the surface. Surveying
began at the downstream extent of the study reawh @ntinued upstream
systematically in order to minimise bed disturbafeight et al, 1981). Across each
transect, measurements were taken 0.5 m from thersvadge at the left bank and
then at 1 m intervals across the channel, enstingitgan additional measurement was

taken 0.5 m from the right bank if not capturecbanstically.

Velocity was recorded using a SonTek/YSI Flowtrackandheld Acoustic Doppler
Velocimeter (ADV®) with a 3D side-looking probe spling at 1 s intervals and
calculating a 30 s average for streamwise (U), srstseam (V) and vertical (W)
velocity components. The ADV probe is designedptovide two-dimensional
functionality (U and V) to water depths as low a820m, but in practice, irregular bed
material and microtopography generally restrict@d-tlimensional measurements to
water depths greater than 0.07 m and three-dimealsimeasurements to depths

greater than 0.11 m.
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Figure 4.1 (a) Distribution of velocity sample points throwgit the reach, demonstrated for Napely Lodge Fasmch are sub-divided into

cross sectional transects in order to assess @thysatopes and surface flow types at the tranks@t. Each transect is further sub-divided
into 1nf cells in order to sample velocity and depth amdre surface flow types, dominant substrate an@taipn cover.
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Acoustic Doppler velocimetry uses the Doppler spiftcipal to measure the change
in frequency between an acoustic signal whichaedmitted from the probe, reflected
by particulate matter within the sampling volumed aubsequently detected by each
of the three receivers (SonTek/ YSI Inc, 2002). e T¢alculated speed at which
particulate matter travels through the samplingurd is considered a safe
representation of the water velocity, althoughsigmal-to-noise ratio (SNR) provides
an indication of measurement reliability. Acousboppler velocimetry has the
advantage, over conventional electromagnetic cumegters (EMCMSs), of velocity
measurement in three dimensions. Since the sampbhgne is remote from the
sensor head, it is also associated with reduced ftderference, although ADV
representation of turbulent flow structures hastgdie investigated fully (Lanet al,
1998). Handheld velocimeters do, however, preshatlenges for flow gauging at
high unwadable discharges which are often of istete river scientists (Brookes,
1995b). Velocity was therefore measured in a seoeay using a remote ADV
velocity profiler for comparison with the two maitowTracker velocity surveys. The
SonTek/YSI ‘RiverCat’ integrated catamaran systeRiate 4.1) provides high-
resolution velocity and depth ‘profiles’ and maytbeed across the channel, offering
a potential solution to velocity measurement ahtdgcharges. The RiverCat uses a
‘bottom-track’ system to measure the speed andctime of the vessel and
subsequently correct the straight line distancessca channel cross section (SonTek/
YSI Inc., 2005). Three-dimensional velocity is ma@d within ‘cells’ throughout the
water column and used to calculate a dischargesvfalueach vertical ‘profile’ and for
the entire cross section (Figure 4.2). A 3.0 MHzeRSurveyor System was hired
during April 2005 in order to field-test the sanmglicapability and data output. The

system was tethered to a line and towed acrosshéwenel, recording velocities at a
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Figure 4.2RiverCat sampling structure for a channel crost@e
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cell resolution of 0.15 m. A ‘blanking distanc&f 0.2 m below the sensor head is
excluded from the profile, and therefore a minimdepth of 0.35 m was required to

produce a profile with one ‘valid’ cell.

iii) Biotope and habitat classification

Each transect was assigned to a physical biotogay (riffle, pool, run or glide)
based on a visual assessment of flow and substnaracter following the RHS field
guidance (Environment Agency, 2003) and the Bissbral. (1981) classification
(Table 4.1). The ‘dominant’ surface flow type &ach transect, often used as a proxy
for physical biotopes, was identified separatelgoading to the definitions provided
in Chapter 3 (Table 3.1) in order to evaluate thleustness of connections between

morphology and flow types.

However, since transect-level classification ofnfloypes and physical biotopes can
overlook important marginal or secondary biotopesicv may be of ecological
importance (see Chapter 3, Section 3.2.2), each? Iceth within a transect was
assigned to a flow type category individually to glement the transect-level
classification (Figure 4.1). Minerogenic and vedgee habitats were recorded
separately for each 1°neell according to categories in Table 4.2 andid.8rder to
capture the character of the substrate within cglere vegetation cover exceeded

100%.
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Physical biotope Description

Shallow water depths
Moderate to swift flowing

Riffle Moderate to pronounced turbulence
Gravel, pebble or cobble substrate
Distinctly disturbed water surface

Intermediate water depths
Run Generally fast-moving water with rippled surface ba other major features of turbulence
Often associated with a high velocity feature (gffle or rapid) upstream or a narrowing of theaohel.

Intermediate water depths
Glide Water moves effortlessly as smooth flow; only caké@fispection reveals the turbulence.
Associated with fine substrates and bedrock.

Deep water depths
Pool Generally slow velocities, and back currents mapiesent
Should occupy most of the wetted width

Table 4.1Descriptions used to classify physical biotopeseoled on the River Tern from Environment Agen®0@ and Bissoet al.
(1981)

118



Substrate Code Notes Functional habitat Code Notes

Rocks BR Includes boulders and bedrock Roots R
> 256 mm
Trailing vegetation TV
Cobbles CO >64mm
Marginal plants MP
Gravel G >2mm
Leaf litter LL
Sand SA >0.125mm Woody debris WD
Silt SI <0.125 mm Emergent macrophytes ME
Table 4.2Substrate categories used for field surveys, from Floating-leaved macrophytes MF

Kempet al.(2000)
MSll_ncIudes fine and dissected

Submerged fine-leaved macrophytes leaves

Submerged broad-leaved macrophytes MSB Includes-kkeafeaves
Mosses M

Macroalgae MA

Table 4.3Functional habitat categories (organic) useditidf
surveys, from Kempt al. (2000)
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4. 3IDENTIFICATION OF PHYSICAL BIOTOPES

This section addresses the first research queptisad in section 4.2.2 by exploring
different methods of biotope identification usingsessments of morphology and
surface flow types. Quantitative methods, basedstatistical variation in bed
topography and fine sediment distributions, are eyeadl in addition to more
subjective assessments of surface flow types. @&hesvs some evaluation of the
complexities of the relationships between surfalosv fcharacter and underlying

morphology.

4.3.1 Morphological assessments

i) Topographic identification of biotopes

Topographic data for each reach were examineddardo identify whether physical
biotopes at the study sites can be defined by atidns in bed topography (see
Section 3.2.3). However, even along short reacties]ongitudinal gradient of the
channel can exert a strong influence on bed el@wstioften amplifying topographic
lows in downstream sections and topographic higkikinvupstream sections of a
reach. In order to improve the detection of sudehe scale fluctuations in bed
topography, the longitudinal gradient was extradbgdfitting linear trends to the
topographic data. While second or third order poiyial trends may be required for
longer stream segments to account for the logartthmature of river long profiles,

linear trends are generally considered suitablslfort reaches (Richards, 1976).

Linear trends were fitted to the extracted chameeltreline and thalweg of each site

for comparison (Figure 4.3). While Napely Lodgerfa@onforms with the expected
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Figure 4.3Raw channel centreline and thalweg elevationsifitteéh linear regressions for (a) Oakley Hall abyl lapely Lodge Farm. (c) and
(d) plot the detrended residual elevations in whiftles may be interpreted as positive values podls as negative values after Richards
(1976). For Oakley Hall bed elevations show admecrease downstream, contrary to the expectendtof reductions in elevation
downstream, reflecting siltation as a consequehpemding of flow by debris at the downstream ekt&rthe reach.
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pattern of longitudinal decreases in bed elevatioitis distance from the river source,
Oakley Hall shows the reverse relationship, withogarall increase in bed elevations
downstream. This may simply reflect a topograpmdulation superimposed on the
logarithmic long profile of the river, but in thisase it may alternatively expose the
effects of ponding by debris dams further downsireeesulting in siltation at the

downstream end of the study reach. Figure 4.3ccaptbt the elevation residuals
from the reach-scale trends for thalweg and cen&gbrofiles. Negative residuals
from the reach-scale trend suggest topographic Ipesls) while positive residuals

suggest topographic highs (riffles; Richards, 197B¥eudo-cyclic oscillations in bed
topography along the reach are more pronouncedppely Lodge Farm where similar
proportions of riffles and pools were observed Seetion 2.3.6) and the amplitude of
variations in bed topography is more marked. Atkl®a Hall, two pools are

identifiable at Eastings of approximately 5000 &@$0, but topographic highs are
less obvious, reflecting the dominance of glidether than riffles in intra-pool

distances.

Residuals from the centreline trend were used water Triangulated Irregular
Networks (TINs) in ArcGIS 8.3, allowing visualisati of reach-scale topography.
TINs create topographic surfaces by connecting &arppints using a mesh of
triangles. Linear interpolation is then perfornmadng the edges of triangles, but the
original data collected at sample locations araimet in the mesh (Petrie, 1990).
While original triangulation procedures were asatad with excessive execution
times and were susceptible to error, these issa®e Bince been overcome and
Delauney triangulations using ‘Thiessen’ polygons aow a popular choice of

algorithm for geomorphological applications (Moeteal, 1993; Lanest al, 1994).
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The topographic visualisations are presented irureigh.4 (a and b) and can be
compared to the distribution of physical biotopgsntified visually in the field using
the definitions in Table 4.1 (highlighted by reajfes). At Oakley Hall, the two scour
pools are clearly identifiable from TIN visualisats, and two smaller areas of
localised scour within the main glide zone are assed with protruding tree roots
and a fallen tree. Glide, riffle and run areas @raracterised by different levels of
cross sectional variation in elevations. Withire thun there are clear differences
between higher elevations at the channel margins lan@ér values along the
centreline; within the glide, bed elevations are enpatchy; and within the riffle,
scour is greater towards the right bank. At Napelgge Farm, residual elevations
clearly identify distinctive pool and riffle feats, and cross sectional variation in

elevations appears less significant.

Figure 4.4c and d classifies residual elevations patsitive (riffle) and negative (pool)
groups in order to investigate whether such sintplgographic classifications of
physical biotopes correspond with visually ideetififeatures (rectangles). At Oakley
Hall the ‘pool’ class (residual elevation < 0 m)tends longitudinally through all
physical biotopes while the ‘riffle’ class (residualevation > 0 m) is generally
associated with channel margins, reflecting theatgrecross-sectional, rather than
longitudinal, variation in physical structure. Aapely Lodge Farm, elevations
demonstrate a more ‘patchy’ distribution, suggestihat longitudinal variation
exceeds cross sectional variation. Pool and fiffie areas are clearly distinguished
by topography, but some localised scour withinegifind glide units is classified as

‘pool’.
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Figure 4.4 TIN visualisations of residual channel elevatidos (a) Oakley Hall and
(b) Napely Lodge Farm. In (c) and (d) elevatiosidaals are classified into positive
and negative values, and in (e) and (f) a ‘tramsél’ class (-0.1-0.1 m) is incorporated
to account for transitional glide and run biotopeRectangles mark the physical
biotopes identified visually in the field at lowofl stage.
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Since transitional ‘run’ and ‘glide’ biotopes havmeen associated with certain
hydraulic characteristics (Jowett, 1993) and areaefoee considered to provide a
specific type of habitat for aquatic biota (Bisseh al, 1981), the topographic
classification was adjusted to include an additiGmansitional’ biotope class. Figure
4.4e and f plot visualisations for the adjustedssifecation whereby ‘pools’ are
described by residuals lower than -0.1 m, ‘traaséi’ run or glide units by residuals
between -0.1 and 0.1 m and ‘riffles’ by residuaisager than 0.1 m. For Oakley Hall,
this results in much of the channel being classifees ‘transitional’, a relatively
accurate representation of the observed morphabsgiaicture which is dominated by
glides. In contrast, at Napely Lodge Farm pooks @dearly identifiable, the highest
elevations are principally associated with rifflaad most glide zones are classified as

‘transitional’.

Residual elevations from the TIN surfaces were tivexarly interpolated to a regular
2 nt grid in order to calculate the approximate projpog of ‘riffle’, ‘transitional’
and ‘pool’ topographic classes at each study sitkese data are presented in Figure
4.5 for comparison with the proportions of the gyed channel area associated with
different physical biotopes as identified visuaditylow flow. Visual observations of
‘run’ and ‘glide’ biotopes are amalgamated intdrarisitional’ class for comparability
with grid data. The proportions of the channelupsed by the different topographic
classes for the grid data are very similar to Visleservations of physical biotopes at
low flow stage. However, Figure 4.5e demonstr#tas discrepancies between visual
observations and interpolated grid classificatiame more significant in terms of
percentage change within riffle and pool biotopesich occupy a smaller proportion

of the channel area compared to the transitiomaiscl
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Figure 4.5 (a) and (b) present the proportion of channel aaapied by ‘biotopes’
derived from interpolated topographic residualsath site, which can be compared to
those visually identified at low flow stage (c add (e) plots the difference (%
change) between visual surveys and gridded residigafation data derived from

TINSs.
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The proportion of the channel area occupied by &&mtiope class also varies between
the two study sites. The ‘transitional’ topograpleiass accounts for 70% of the
channel area at Oakley Hall compared to 50% at ydpsdge Farm, although both
sites are characterised by a significantly higheapprtion of transitional biotopes
compared to the 11% observed by Bisstral. (1981) for North American streams.
Both interpolated grids and visual survey data ssgthat a higher proportion of the
channel area is occupied by pools at Oakley Haltl by riffles at Napely Lodge
Farm, reflecting the ponding of flow at the formaard a more typical pseudo-cyclic
riffle-pool structure at the latter. Thus, notydb different physical biotopes occupy
different proportions of the channel area, but ¢hpsoportions vary between sites of
different habitat ‘quality’ (see Section 2.3.6).hig has implications for rapid habitat
quality assessments such as RHS, which does natrdremiotope proportions,
(Environment Agency, 2003) and for the resolutidnsach surveys, particularly
regarding the spacing of sample transects, sireg@tbbability of capturing different

biotopes using a stratified sampling strategy vally between sites.

i) Spatial organisation of bed topography

The spatial organisation of bed topography withneach can be explored statistically
by calculating the semivariance. Bed topograplpyagents a spatially continuous or
‘regionalised’ variable whereby the elevations amples closer together are more
similar than for those located further apart (Dawi802). The semivariance can be
used to describe the nature of this spatial depeedBy comparing the characteristics

of pairs of samples located at various distancesd:apa

= Zin_h (% = Xi+h)2 /2n Equation 4.1
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WhereX; represents a measurement of the regionalised var{@leld elevation)X,

taken at locatiom, X+, is another measurement tadkentervals awayn is the number

of samples and-his the number of comparisons between pairs of point

The experimental semivariogram is used to exprhssawverage semivariance for
successive lag intervals of distance between san@ed is associated with a
characteristic form (Figure 4.6). Samples locgiemhressively further apart become
less similar (associated with increasing semivaeamuntil at some point the variance
stabilises (at the ‘sill'). The ‘range’ refers tiwe distance at which the sill is reached
and reflects the spatial range over which the wégiaexhibits statistical variation

(Clifford et al, 2002b). Failure of the semivariogram to passugh the origin is

termed the ‘nugget effect’ and suggests that siamt variation in the variable occurs
over distances shorter than the sampling inter@amivariograms were computed for
bed elevations using a lag width of 2 m (approxingathe sampling interval) in

Surfer 8 (Golden Software Inc.). Semivariogramsendotted for 20 lags (a distance
of 40 m) following Clifford et al (2002a) in order to incorporate several
morphological transitions and avoid introducingoerassociated with low sample

numbers at higher lags.

Figure 4.7 presents the semivariograms for bedg@phy at each site. A ‘nugget
effect’ is identified at both sites, suggestingtthignificant variation occurs at scales
smaller than the average sampling interval (< 2 rmjlecting the influence of

microtopography. Oakley Hall is associated witbheir overall semivariance, which
may be associated with the higher cross section@tian in bed elevations observed

in Figure 4.4a. In contrast, Napely Lodge Farm desirates a stronger spatial
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Figure 4.7 Semivariograms of channel bed elevation for OaKall and Napely
Lodge Farm calculated for a total of 20 lags usirigg interval of 2 m.
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dependence of topography and a reduction in seraia@ at a lag distances between
20 m and 30 m. This distance approximates theirspad riffles and pools at Napely
Lodge Farm (see Figure 4.5), suggesting a moren@ga bed topography which is

strongly related to the occurrence of physicaldpes.

iii) The distribution of fine sediment

Accumulations of fine sediment can create more lised variations in bed
topography superimposed onto the reach-scale unuhga in bed elevations
associated with the positioning of bedforms. Gkesl channels commonly contain
fine sediments within the voids of framework grayddut where the supply of fines
exceeds the storage capacity of the voids, finerssds can occur in surficial patches
(Lisle and Hilton, 1992). While this has been woparticularly for pools (Lisle and
Hilton, 1999), the high volumes of fine sedimentided from the sandstone geology
underlying the upper Tern catchment create largehpa of fine sediment which
constitute a significant component of the bed stmecthroughout the study reaches.
Fine sediment distributions influence the ecololg@andition of the hyporheic zone
with implications for fish spawning and provisioh refugia for invertebrates (Dole-
Olivier et al, 1997; Matthaeet al, 1999), but have so far been largely overlooked in

biotope studies.

In order to quantify the spatio-temporal distrilbbatiof fine sediment distributions at
the two study sites, four ‘pin-surveys’ of fine sadnt depth were undertaken over a
12 month period following the methodology of Listad Hilton (1992). Three

locations across each transect within the sampjiitgwere sampled for fine sediment
depth, incorporating points 0.5 m from each barils ghannel centreline locations.

At each sample point, a 3 mm diameter copper pis pushed into the riverbed with
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consistent force until abrupt changes in resistameee encountered as the pin came
into contact with the underlying coarse substratsl¢ and Hilton, 1992). The depth
of fine sediment was recorded as the distance lesiiee surface of the channel bed

and the first contact with coarse substrate.

Figure 4.8 plots the frequency distributions offisediment depth for each survey at
each field site. The deepest fine sediment accatiounk are observed at Oakley Hall,
where over 40% of samples for all four surveys associated with sediment depths
greater than 0.3 m and the deepest recorded acatiomulvas over 1.0 m. At Napely
Lodge Farm, the steeper gradient imposes a gresggiction on the accumulation of
fine sediments. Less than 10% of samples are iassdavith values greater than 0.3
m and sediment depths do not exceed 0.6 m. Isasveorthy of note that most of the
deepest fine sediments were not associated witls pgosome studies suggest (Keller,
1971; Lisle and Hilton, 1992), but instead were ayally associated with

accumulations of silt and sand at channel margidssthin glides.

The fine sediment frequency distribution for Oakldgll is bi-modal for the two
summer surveys (August 2004 and July 2005), sumggest higher proportion of
deeper sediment accumulations in the summer moniiss may reflect the lower
base flows and reduced frequency of flood eventsmigilsummer months (see Section
2.3.5) resulting in lower levels of bed disturbarexed scour of fine sediments.
However, the seasonal growth of aquatic macrophigealso likely to increase
sediment deposition through a combination of dipdgtsical trapping of particles and

by increasing in frictional resistance, leadingeductions in flow velocity and a
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Figure 4.8 Frequency distributions for fine sediment deptleath site for each of the
four pin surveys.
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higher fall-out rate of particles from suspensi@aqdet, 1974; Sand-Jensen, 1998).
Since bimodal summer distributions are observeg ahlOakley Hall, where aquatic
vegetation was more abundant (see Section 4.4, futor seems significant in
increasing summer sediment depths. This interadbetveen vegetation and the
composition of the bed material introduces an elgnw seasonality to physical
habitat organisation, creating temporal variabilday timescales greater than the
discharge-dependency of morphohydraulic behaviowt,eanphasising the complexity
of relationships between the biotic and abiotic ponents of the instream

environment.

In order to explore the spatial patterns of acoretind degradation of fine sediments
at the study sites, TIN visualisations of the cleang fine sediment depth between
sequential surveys were produced in ArcGIS 8.3 Uuf€ig4.9). Positive values

represent accretion of fine sediment (‘fill') andgative values degradation (‘scour’).
Patterns of scour and fill are relatively patchybath sites, revealing a complex
‘mosaic’ structure similar to observations by Maghet al. (1999) for New Zealand

rivers. However, closer inspection reveals songgsstion of a reversal in scour and
fill between surveys: areas dominated by accrdtorone survey are often associated

with degradation during the subsequent period acel wersa.

Figure 4.10 plots the cumulative scour and fill flee entire study reach (a and b) and
for each physical biotope as identified visuallylav flow (c and d) in order to
guantify this feature for the sampled channel ar&ach survey is associated with

near-equal proportions of scour and fill for théirenstudy reach at both sites,
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suggesting that sediment supply is approximately eguilibrium with losses
downstream. However, individual physical biotopk®w some variations between
surveys and the nature of these variations difegwben sites. At Oakley Hall, both
riffle and pool fill during the autumn/winter pedqAugust 2004 — January 2005), and
scour during the spring/summer period (April- JBG05) while very little change is
noted for winter/spring (January - April 2005). eTlargest changes in fine sediment
depth are associated with the glide which is charsed by cumulative scour in
autumn/winter and spring/summer compared to cumvelafill in winter/spring.
Interestingly, this pattern associates cumulaticeus with the season of highest
macrophyte cover which may be expected to indutehfiough sediment trapping.
However, significant sediment accumulations mayhigghly localised within and
around vegetation stands (Sand-Jensen, 1998), whickflected in the biomodal
summer distributions in Figure 4.8. Some deep, lboalised accumulations may
therefore persist around vegetation despite scwar arge portions of the channel
associated with the influence of flood events wittiie inter-survey period (of which

there are two between April and July 2005 - se¢i@e.3.5).

At Napely Lodge Farm there is greater evidenceystesnatic seasonal reversals in
scour and fill patterns between riffle and pooh the autumn/winter period the pool
fills while the riffle scours; winter/spring is cleterised by the reverse relationship;
and spring/summer shows a return to the origirgtest Interpretation of the causal
processes associated with these patterns is lirsitex® shorter-term change within
these broader periods (for instance in respongedteidual flood events) is unknown.

However, the results do suggest a seasonal variatithe sorting of fine sediments
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between riffle and pool units similar to patterdsntified for individual flood events

(Keller, 1971) which may relate to the hydrologioagime.

The dynamics of fine sediments within the studyches highlight the complex array
of factors influencing sediment transport at thesoseale. In particular, the
combination of seasonal growth of instream vegataéind both seasonal and event-
specific hydrological variation introduces a tengdovariability in physical habitat
intermediate between the stage-dependency of ta@otgmiraulics and longer-term

variations in channel morphology and planform.

4.3.2 Surface flow type assessments

Surface flow characteristics are often used aaypior physical biotopes (Padmore,
1997a), but deviations from the ‘typical’ relatibmss identified between the

phenomena can introduce significant error to fislddies (see Chapter 3, Section
3.2.2). In an attempt to examine the nature ao$eaheariations, Figure 4.11 explores
the occurrence of different flow types, assesselothh the ‘transect-level’ and the

‘cell-level’ (see Section 4.2.2) for different plged biotopes.

Several points are worthy of note. First, for eesfich and flow stage, each physical
biotope category is associated with at least ti@mdint flow types when assessed at
both scales, and most biotopes are associatedawdlger range of flow types when
assessed at the cell level, suggesting significenalss sectional variations in
hydraulics. However, while no single linkages begw flow types and physical
biotopes are identifiable, a transition from predunce of ‘slower’ (no perceptible

flow, upwelling and smooth boundary turbulent flow)faster’ (rippled flow and
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Figure 4.110Occurrence of surface flow types within each ptaisbiotope for each site and flow stage assedsb@ &ransect-level (a to d) and
the cell-level (e to h). For flow type categoryes, see Table 3.1 (p. 53).

138



unbroken standing waves) flow types is observethfpmol, to glide, to run, to riffle
biotopes. This is more pronounced at Napely Ldégen compared to Oakley Hall,
suggesting that the amplitude of bedform structysese Section 4.3.1) bears an

influence on the hydraulic characteristics of bj&s.

Second, different biotopes show different levelsadfformity with the ‘characteristic’
relationships identified between physical biotopad surface flow types at low flow
stages. For pools, the ‘characteristic’ flow type,perceptible flow, accounts for less
than 40% of observations when assessed at eithks. s&he remaining observations
are associated with a combination of smooth boyntlabulent flow, upwelling and
rippled flow suggesting significant within-biotofydraulic variation. Furthermore,
the percentage area of pools occupied by no pébtefiow is reduced at the higher
flow stage as velocities increase through the pantsfaster flow types become more
prominent. In contrast, riffle areas reveal great®rrespondence with the
‘characteristic’ unbroken standing waves flow typkhough this is only the case for
Napely Lodge Farm since siltation of the riffle i@ at Oakley Hall means it is more
glide-like in nature. Glide biotopes show the sgest overall correspondence with
the ‘characteristic’ smooth boundary turbulent flgarticularly at Oakley Hall where

glides are more prominent features (Section 4.3.1).

Third, different physical biotopes demonstrate etéht responses to increasing
discharge in terms of surface flow types, and Hraesbiotopes demonstrate different
responses between sites. For instance, pools ldéyOHall appear to become more
homogeneous in terms of surface flow types witlraasing stage, while pools at

Napely Lodge Farm are characterised by a wideraahdlow types. This is likely to
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reflect the more subdued pool morphologies at Qakall which mean that with
increasing stage, pools quickly become more gikie-l At Napely Lodge Farm,
however, pools are more prominent features assakiaith larger channel bends, and
flow obstructions such as root wads resulting inma@nsification of flow conditions at
the higher stage as backwater zones are enlargkthalweg velocities increase. At
Oakley Hall, the riffle feature is associated watthigher proportion of rippled flow
and a lower proportion of smooth boundary turbuliémiv at the higher discharge,
suggesting an increase in velocities. This islyike result from a combination of
faster flows under the higher discharge and lessstemce from vegetation cover
which was much more sparse in March than July withe riffle (See section 4.4).
Riffle areas at Napely Lodge Farm become associaidd a lower proportion of
characteristic unbroken standing waves at the hidlosv stage as rippled flow
becomes more prominent, reflecting the lower lewdlselative roughness associated

with increased water depths.

These observations suggest that not only do pHykiotopes within the two study
reaches frequently fail to conform with ‘charactéd’ flow type relationships, but the
response of surface flow type organisation to iasirey stage varies both between
different biotopes, and between the same biotopd#farent sites. The adequacy of
surface flow types as proxy for physical biotopetherefore likely to be dependent on
a range of site- and survey-specific factors inicigdhe amplitude of bedforms and

the resolution and hydrological context of the syrv
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4.4THE EFFECTS OF SURVEY RESOLUTION

This section addresses the second research qugsteed in Section 4.2.2 by
exploring the effects of survey resolution on otitpata in terms of both rapid visual

assessments and measured hydraulic parameters.

4.4.1 Surface flow types

Deviations from the typical relationships betweenysatal biotopes and surface flow
types identified in the previous section may pam@sult from cross sectional

variations in hydraulics which are not accounted Iy transect-level sampling

schemes (Padmore, 1998). Figure 4.12 (a to d} piet proportion of the surveyed
channel occupied by each surface flow type wheressesl at the transect-level
compared to the cell-level. Significantly, surwegolution has contrasting effects on

different flow types.

Some flow types account for a higher proportiorthef channel area when assessed at
the cell-level compared to the transect-level, ggfjgg that these flow types are more
localised in nature and therefore are frequentlgriooked by transect-level surveys.
No perceptible flow, for example, was frequentlyatbat channel margins, while dry
areas were associated with exposed sand ridgeshaudic flow with accumulations

of boulders and woody debris. In contrast, theenfoequently occurring flow types
(smooth boundary turbulent flow, rippled flow, amsbroken standing waves), occupy
a smaller proportion of the channel area when assdest the cell level. This reflects
over-estimation by transect-survey since flow typesy occupy only 50% of the

channel width but are recorded as spanning theeetrioss section.
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Figure 4.12Percentage of surveyed channel area occupiedytflpes when assessed at the cell-level compardtettransect-level for each
site and flow stage (a to d) and level of misclassion of cell flow types by the flow type assaghto the entire transect for each site and flow
stage (e to h).
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These observations suggest a ‘misclassificationcadls by transect-level flow type
assessments, the nature of which varies between types (Figure 4.12). For
example, smooth boundary turbulent flow is assediavith the lowest levels of
misclassification suggesting that it often occuphes majority of a cross section. No
perceptible flow, upwelling and chaotic flow aresasiated with the highest levels of
misclassification by transect-level survey, sinoeytfrequently occur as ‘marginal’ or
secondary flow types. For some flow types, suchupwelling, the level of

misclassification varies with flow stage, suggestthat certain flow types become
more localised at different discharges, and theeetbat survey outcomes will be

influenced by the interaction of survey resolutaom hydrological context.

Figure 4.13 explores the combinations of cell-lefl@lv types recorded ‘within’ the
different transect-level flow types in order to eoq@l these variations in greater detail.
At each site, each transect-level flow type is esded with at least two, and generally
three different flow types assessed at the ced#t|exeflecting the cross sectional
diversity of flow types. Cross sectional complgxélso appears to increase with
stage, where a larger proportion of cells are aasmtwith flow types other than that
assigned to the transect as a whole. Part ofcthmsplexity is associated with the
frictional effects of the banks which create snpiches of no perceptible flow at
channel margins, providing important flow refugea &quatic organisms. Cells of no
perceptible flow are more common at the higher fitage suggesting that rather than
being lost to faster flowing zones as dischargeemses, some marginal zones may
increase due to the incorporation of bank irregudsr within the wetted width.
However, this increase in habitat heterogeneity rhayexpected to decrease with

further rises in stage as marginal habitats atetdofsster flow velocities.
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Figure 4.13Proportions of different cell types associatechvaaich transect-level
flow type for each site and flow stage. See T&hle(p. 53) for flow type category codes.
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Figure 4.14 allows visual examination of the spairganisation of surface flow types
using plots produced in ArcGIS 8.3. The patterbseoved are similar to those
identified for bed topography. Longitudinal ‘ribl& of smooth boundary turbulent
and rippled flow follow the centreline at Oakley IH&ndicating low levels of

streamwise variation compared to higher cross@aaitivariability associated with the
frictional effects of channel margins. Napely Ledgarm is again associated with a
‘patchy’ spatial organisation suggesting greatemitudinal variation in flow types

which corresponds broadly with the organisationbefl topography and physical

biotopes.

Visualisations also provide an indication of theamhing ‘shape’ of flow types with
increasing stage. When assessed at the cell-leogderceptible flow is observed to
extend along the channel margins at the higher fitage, a trend which is overlooked
by transect-level assessments. At Napely LodgenFareas of smooth boundary
turbulent flow contract with increasing stage, anpinction with the longitudinal and
cross sectional expansion of rippled flow withindgl pool and riffle biotopes and
upwelling within the downstream pool. Additionallynbroken standing waves appear
to contract cross sectionally as marginal riffleaa are increasingly associated with

rippled flow.

These observations suggest that variations in idtiotope’ heterogeneity and
response to increasing discharge mean that theradecwepresentation of field
conditions by rapid survey may vary between différbiotopes according to a

combination of survey resolution and water levehattime of survey.
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Figure 4.14Visualisations of surface flow types assessetatransect level (a to d) and cell-level (e tiof)each site at each flow stage.



4.4.2 Cross-sectional hydraulics

The previous section identified some significardssr sectional variations in surface
flow types, with implications for coarser resolutifield surveys. However, visual
assessments of surface flow types only allow bio&stences to be made regarding
underlying hydraulic conditions. Measured hydragarameters were therefore used
in order to investigate the cross sectional valitggbin hydraulic behaviour within

different physical biotopes in more detail.

Figure 4.15 plots cross section-averaged streamvekxeity and water depth against
values measured within each individual cell fofetént physical biotopes at each site.
Overall, the deviation of cell-level hydraulics ifinothe cross section average is
greatest at Oakley Hall for both velocity and watipth, reflecting the more
significant cross sectional variations in bed tappgy and flow character identified
in previous sections. An increase in scatter Wittv stage is noted for Napely Lodge
Farm, particularly for the velocity component catesint with the flow intensifications
noted in Section 4.3.2. An intensification of w@ty is observed for both positive
values (downstream flow), reflecting an increasegetocities throughout much of the
channel with flow stage, and for negative valueps{team flow) suggesting an

intensification of rotational circulations withiropl backwaters.

In addition to these more general variations betwstes, some variations in the cross
sectional hydraulic organisation of different plogdibiotopes are observed. Glide
samples, for instance, are associated with theesgitistributions suggesting greater
cross sectional hydraulic homogeneity. Riffles associated with relatively tight

distributions in terms of water depth, but greataiation in velocities, reflecting the
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frictional influence of channel margins. In costrgpools are associated with a tighter
range of velocities but large cross sectional vara in water depth which
incorporate shallow silted margins and deep mid-ppones. Both of these
characteristics are more pronounced for Napely eodgrm where variations in bed

topography between physical biotopes are more rdgi&ection 4.3.1).

Cross sectional symmetry in velocity and depth ati@ristics may be examined for
selected cross sectional profiles for different 9@l biotopes in Figure 4.16. The
simpler channel morphology at Oakley Hall is mastifen greater cross sectional
symmetry, particularly in terms of water depthofifes at Napely Lodge Farm appear
less symmetrical with the exception of the riffldiah is associated with relatively
high levels of cross sectional symmetry in bottoeiy and depth. Surveys using half
channel width transects for purposes of time- adur-efficiency (e.g. Kemet al,

1999) may therefore overlook significant habitatehegeneity where cross sectional

asymmetry is pronounced.

‘Internal’ hydraulic complexity therefore appeaosviary both in magnitude and nature
between biotopes, supporting the suggestion inpiteious sub-section that the
effects of sampling resolution on the representatd field conditions will differ

between biotopes.

4.4.3 Velocity profiles
The RiverCat profiler was deployed during April B0@Qinder similar discharge
conditions to the ‘intermediate flow’ surveys coothd in March using the handheld

FlowTracker. However, even at an ‘intermediateiMlistage, many cross sections at
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the River Tern study sites were too shallow foreR@vat profiling. Where sampling
was possible, depths rarely permitted sampling eatgr than the minimum of two
vertical cells required for data quality purposeSor(Tek/ YSI Inc., 2005).
Additionally, where bank profiles were particularghallow, data capture was
restricted to central channel areas due to recstio water depths towards bank
locations. This results in a skewing of the Rivar@ata set towards higher water
depths and a consequent loss of the lower velsaityples representative of marginal
areas. This is demonstrated in Figure 4.17 whetlecity and depth frequency
distributions for each reach derived from River@atfiles are compared with data

collected using the handheld FlowTracker survey.

While the RiverCat appears unsuitable for samglingarrow or shallow channels, the
equipment does allow very high resolution samplimg deeper channels and
incorporates a vertical dimension by sampling célisugh the water column as well
as in the streamwise and cross stream directidiastical and cross sectional velocity
variation can then be simultaneously examined &oheprofiled cross section. Figure
4.18 demonstrates the type of visualisation possising RiverSurveyor 4.30
(SonTek Software). The small number of verticdlsceaptured limits interpretation,
but some qualitative information can be derived ddferent biotopes. Pools, for
example, are associated with a higher velocity écaand some cross sectional
asymmetry in the depths and velocities of margiagdas. This is particularly
significant for the Napely Lodge Farm pool whichmamstrates a large, relatively
deep backwater zone towards the right bank (RB)aastallower profile at the left
bank (LB). Slower margins are also detectable iwithe two glide transects, but this

is less obvious for the riffles where faster veliesi extend further towards the banks.
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These variations are explored more quantitativehtlie pool at Napely Lodge Farm
in Table 4.4 and Figure 4.19. Velocities deriveahf the individual cells visualised in
Figure 4.18 reveal a wide range of values and & bagfficient of variation (0.53)
emphasising the high levels of heterogeneity (Tab#. Figure 5.19a compares
individual cell velocities to the mean for the eatcross section. Over 60% of cells
fall beyond +/- 20% of the mean value, suggesthrg section-averaged values will
not provide a representative description of hydeaulithin the pool. Furthermore,
vertical variation between cells within the samefie appears more significant
within the central part of the pool, compared tontargins reflecting the influence of

complex secondary circulations.

Figure 4.19b plots the cross sectional variationdlocity (as residuals from the cross
section mean) for cells closest to the water serfaéven at the same relative depth
within the water column, variation in cell veloesi with respect to the cross section
mean is significant. Velocities fall below the @asectional mean at channel margins
reflecting the frictional effects of banks, but@ldemonstrate some variability within
central channel areas associated with the thalwed @ool backwaters. Thus,
assessment of ‘suitable’ habitat for a particulagaoism based on a single
measurement within a transect, or on spatially ayed values may therefore be

particularly problematic for the more ‘complex’ [#gal biotopes.

This type of velocity profiling represents a sigeaint technological development of
direct relevance to biotope studies since it allexgloration of channel hydraulics in
three dimensions: streamwise, cross stream andcalert Most biotope studies

concentrate only on streamwise and cross streaiatiozs in physical structure, but
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Statistics Velocity (ms?)

Average 0.24
Minimum 0.07
Maximum 0.63
Range 0.56
Standard deviation 0.13
Coefficient of variation 0.53
Proportion of samples within 20% of mean 37%

Table 4.4 Velocity statistics for a single RiverCat crosstgmn through the pool at
Napely Lodge Farm.
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high resolution velocity profiling may provide arffieient means of capturing
variation in the vertical dimension (through thetevacolumn) with the potential for

investigating the three-dimensional structure éfedent biotopes.

4.5PHYSICAL BIOTOPES AND FUNCTIONAL HABITATS

Chapter 3 identified some broad correlations betwaactional habitats and physical
biotopes, providing some ecological validity to thietope concept. In the following
section, relationships between functional hab#at$ physical biotopes are explored at
finer scales in an attempt to identify whether tim@al habitats may be ‘mapped’ onto

physical biotopes.

4.5.1 Functional habitat distributions

The functional habitats identified by Harpet al. (1995) may be subdivided into
inorganic (substrate types) and organic (aquaentpl and habitats associated with
riparian vegetation) categories. Due to the uboys nature of substrate and the more
localised spatial distribution of vegetation typeke two types of habitat were

assessed and analysed separately.

In order to explore the spatial distribution of emogenic habitats in relation to
physical biotopes, visualisations of channel salbstrwere produced in ArcGIS
(Figure 4.20). Substrate composition varies lit#ween surveys for each field site,
highlighting the more temporally stable nature ah@nogenic habitats compared to
the seasonal changes in vegetation cover. At @akddl, substrate types demonstrate
the same longitudinally homogeneous ribboning simec identified for bed

topography and surface flow types in previous sestiand do not reveal any
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consistent associations with physical biotopes. arftkel margins are generally
characterised by silt, and glide and riffle zones@edominantly associated with sand
punctuated by patchy shoals of gravel. The paoascharacterised by silt and sand in
marginal areas, but accumulations of cobbles werend within some mid-pool

locations in contrast to observations of finer seghts in pools by Keller (1971) and
Lisle and Hilton (1999). These coarser particles likely to be transported only

during the higher magnitude flood events and mayeHaecome trapped in pools as

flow competence is reduced on the declining limkhefflood.

At Napely Lodge Farm, substrate composition is Ipatconsistent with the spatial
organisation of topography and flow types, and sabs types show greater variation
between biotopes compared to Oakley Hall. The mi#ie is characterised by gravel,
while glides are associated predominantly with sand some gravely shoals. Some
mid-pool zones are associated with cobble substi@deobserved at Oakley Hall, but
the more pronounced planform and cross sectionahmgtry of pools at Napely
Lodge Farm produce a higher proportion of finersstdies within the large backwater

zones consistent with observations by Milne (1982).

Similar visualisations were produced for the orgamggetation types (Figure 4.21 and
4.22). In general, the non-macrophytic, detritadjamic habitats associated with
riparian vegetation (roots, leaf litter, woody deprreveal little variation between
surveys. However, the distribution of macrophytwegetation types varies
significantly between the start of the growing sea@Vlarch survey) and the peak of
the growing season (July survey). Overall, macytiptvegetation cover increases at

both sites between the surveys, although significenhannel vegetation cover is
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restricted to Oakley Hall. Two general observatiare of particular importance.

First, the magnitude of seasonal change in coveevdetween different vegetation
types. Most notably, emergent macrophytes show anhoderate increase in cover
compared to large increases in marginal plants aobmerged fine-leaved

macrophytes between surveys, particularly at Oaklay. Second, different organic

habitat categories demonstrate different spatstidutions which can be described as
either ‘patchy’, ‘linear’ or spatially ‘unrestriaié Roots, leaf litter and submerged
fine-leaved macrophytes are associated with aivelgtpatchy spatial distribution.

For submerged fine-leaved macrophytes, this reflemt general preference for
shallower areas with coarser substrates for rodfioy, 1996), restricting the habitat
to riffle locations and gravely shoals within glgdat the study sites. Roots are
associated with the intrusion of riparian tree itite channel at scour pool locations
while leaf litter is predominantly trapped arounolstacles such as woody debris. In
contrast, trailing vegetation, emergent macrophytsl marginal plants are

concentrated along channel margins and are therefesociated with a more linear
spatial distribution. Although these vegetatiopeay are found within all biotopes,

they appear most abundant within glide units. $mvabdy debris was observed in
abundance at both sites due to the high connecbeitween the channel and wooded

riparian corridor (< 1 m), and appears relativalyastricted spatially.

Thus, organic functional habitats may be considex#ttiin the context of a two-
dimensional matrix of occurrence traits based oaseeal variation and spatial
distribution (Table 4.5) which have implications feeld surveys and correlations with

physical biotopes. The matrix suggests that sdnigeomore ‘patchy’ organic
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SPATIAL DISTRIBUTION

LINEAR PATCHY UNRESTRICTED
SMALL Trailing vegetation Roots Small woody debris
MODERATE Emergent macrophytes Leaf litter

Submerged, fine-leaved

LARGE Marginal plants macrophytes

SEASONAL CHANGE IN COVER

Table 4.5Spatio-temporal distributional characteristicoafanic habitats identified on the River Tern.

161



habitats may map more readily onto physical bicsophile others may be restricted
to channel margins but can occur within severaffetkht biotopes. These
characteristics also suggest that seasonal tinsngiey resolution and river size
(particularly for marginal habitats) will influengesults of rapid visual assessments of
habitat features, possibly accounting for some lé Dbserved scatter in the

relationships identified in Chapter 3.

4.5.2 Functional habitats, flow types and physicdliotopes

In order to explore the correlations between plajsand functional habitat at the two
study sites, Principal Components Analysis (PCA)s weerformed on frequency
matrices of functional habitats and flow types aygical biotopes in Canoco 4.0 in
the same manner as the PCA used in Chapter 3. \@gitation recordings classified
as ‘extensive’ (>30% cover of a 1°roell) were used in the analysis and data for both
sites were combined due to the low sample numhkieMapely Lodge Farm. Three
PCA runs were performed on the low flow data set @m the intermediate flow data
set in order to assess the relationships betwewstifmal habitats and: (i) surface flow
types assessed at the transect-level; (ii) suflage types assessed at the cell level;

and (iii) physical biotopes (assessed at the tdreeel).

Detrended Correspondence Analysis (DCA) for each dlat identified axis 1 gradient
lengths below three, meaning that PCA is an ap@tgpstatistical technique for the
data (Leps and Smilauer, 2003). For each PCA amas 1 and 2 account for over
98% of the variance in functional habitat distribans and therefore analysis focuses
on these. Variable loadings for axes 1 and 2 &whedata set are provided in Figure

4.23, allowing interpretation of the meaning behimel two axes. For all plots, axis 1
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may be considered to represent a transition froegquiently occurring flow types
(smooth boundary turbulent and rippled flow) or gibgl biotopes (glide), to rarer
flow types (upwelling, unbroken standing wavespimtopes (run, pool). For the flow
type plots, the second axis appears to reflectrtimsition from slower (no perceptible
flow) to faster (rippled flow) flow types similaotthe results in Chapter 3. For
physical biotopes, the second axis suggests aitiangrom more tranquil pool

biotopes, to transitional glide and run units, tgddaulically ‘rougher’ riffle

environments.

PCA bi-plots are presented in Figure 4.24. Circkgmresent flow types or physical
biotopes, and vectors represent functional habita®i-plots show very similar

arrangements for both transect- and cell-level sassents of surface flow
characteristics (Figure 4.24 a, b, d and e): péots strongly dominated by smooth
boundary turbulent flow at low flow, with all hahit vectors showing strong
correlations with that flow type. At the intermat# discharge, the faster rippled flow
type exerts a stronger influence on functional takdistributions, but there is still

little differentiation between habitats on the grds of flow types.

Overall, differentiation between habitats is ledsac than that observed for the
national data set analysed in Chapter 3. Thiskedyl to reflect a combination of
factors including the smaller spatial scale of assent (1 rhcells) and the size of the
sample (which encompasses just two study reachésvdhinevitably include less

variety than the large national data set examime@€hapter 3). Furthermore, the
sequencing of habitat vectors varies both betweawegs and between survey

resolutions, suggesting that correlations are dégreirupon both the type of

164



e o o ‘
¥ ¥ ¥ ORiffle
= NP
@ RP{:; % o 'g_ MSE
w 7) ©
o
G
~ G
WD
uw_ v
) uP.
) O 6 ORum
a o a
UPM o
uw
/
;\\\ \\\\ e sl
* G E] N
R s R
H NP - _RP 2
5 o |7} @ ¥ )
7 g = co OPool
o < =3
i - <
-1.0 Rare PCAL Frequen+1.0 -1.0 Rare PCA1 Frequent+1.0 -1.0 Rare PCAl1 Frequen+1.0
(a) Transect flow types (low) (b) Cell flow types (low) (c) Physical biotopes (low)
o o o
S RP o RP - Pool
X X * o
[%2] w0 =
i i g
[
=
co
“\
uw
uw, o s,
o - N N — |
5 S S — SA
[6) D
o . o o Run WD Giige
> |
UP, Sl UPQ \ ~ME
O O\
NP ] AN q ~~
M NP WD SM “
ME v
b=}
s é g Riffl ‘
0 o iffleq
o ° S MSF
< < <
-1.0 Rare PCA1 Frequen+1.0 -1.0 Rare PCA1 Frequen+1.0 -1.0 Rare PCA1 Frequen+1.0
(d) Transect flow types (int) (e) Cell flow types (int) (f) Physical biotopes (int)

Figure 4.24PCA bi-plots illustrating the relationships betwdanctional habitats and transect- and cell-levelae flow types and physical
biotopes. Flow types or physical biotopes areesgmted by circles and functional habitats by wect&ee Table 3.1 (p. 53) and 3.8 (p. 63) for
flow type and functional habitat category codes.
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measurement and the hydrological context of theesur Physical biotopes provide
greater differentiation between functional habitatsnpared to surface flow types
(Figure 4.23 c and f), although the glide exerssrang influence on the diagrams in a
similar way to smooth boundary turbulent flow. &bations between habitats and
biotopes also show less variation between flowesapmpared to the flow type plots,
reflecting the stage-dependency of flow types d&wedniore temporally stable nature of

physical biotopes (Wadeson, 1994).

4.6 HYDRAULIC CHARACTERISATION OF PHYSICAL BIOTOPES

While the previous sections have identified thaggptal biotopes demonstrate some
broad associations with morphology and flow cowdi, clear hydraulic distinctions
between surface flow types and/ or physical biatoenain to be demonstrated. The
following sections address the fourth research tqueposed in Section 4.2.2 first by
exploring the reach-scale hydraulic organisatiothefstudy reaches and subsequently
through two complementary methodological approadiebiotope characterisation
outlined in Chapter 3 (Section 3.2.3). The firsamines the hydraulic character of
subjectively identified physical biotopes and soefaflow types following the
approach taken by Padmore (1997a), Jowett (1998)Véadeson (1994), while the
second approach focuses on an objective multieachtaracterisation of sub-reach
scale physical habitat in line with more recentkvoy Clifford et al. (2002a), Clifford

et al.(2002b), and Emergt al. (2003).

4.6.1 Reach-scale hydraulics
Frequency distributions of three-dimensional floslocity and water depth at low and

intermediate discharges provide an overview of hesmale hydraulics at each field
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site (Figure 4.25). Frequency distributions fot #Hiree velocity components
(streamwise, cross stream and vertical) are m@t@Kkeartic for the Oakley Hall site,
suggesting a more spatially homogeneous veloadyl.fi Cross-stream and vertical
velocities are also very low, reflecting the smodibundary turbulent conditions
which were observed to dominate the reach. Nalpetlige Farm is associated with a
more obvious shift to higher streamwise velocitiethe intermediate discharge which
is accompanied by an intensification of cross streand vertical velocities. In
contrast to the more complex response of flow vaks; water depths show a

systematic increase with discharge at both sites.

The spatial organisation of velocity and depth ahtaristics may be assessed
statistically using semivariograms in a similar waybed topography (see Section
4.3). Figure 4.26 presents semivariograms forttiree velocity components and
water depth using a lag interval of 2 m. Sevem@his are worthy of note. All

semivariograms are associated with a ‘nugget éféegigesting that flow variation at

microscales associated with individual clasts andratopography is not accounted
for by the sampling interval. Overall semivariangdower for velocity compared to

water depths, and cross stream and vertical vedecire associated with particularly
low levels of semivariance and a horizontal appno@acthe sill, suggesting a lack of
spatial organisation and a homogeneous velocitigttre as identified from frequency

distributions.

Semivariograms for the streamwise component areceged with higher overall
levels of semivariance and some variations betvgtes and across flow stages. At

Napely Lodge Farm, streamwise velocities demorestahore characteristic
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variogram shape at the lower flow stage. Howesemivariance appears to decrease
with increasing discharge, suggesting the developntg a more homogeneous
velocity structure as the effects of bedform costiae drowned-out (Clifforet al,
2002a; Emernyet al, 2003). A similar situation is noted for OaklewlH but overall
semivariance levels are lower suggesting that #tecity field is comparatively more

homogeneous.

Semivariograms for water depth are associated wiéh highest overall levels of
semivariance and most pronounced variogram forrhis 1B perhaps to be expected,
since water depths are more strongly controlledobg topography and discharge,
while velocity variation is also associated witlowl obstructions and roughness
elements of varying size (see Chapter 5). Greatiglence of spatial organisation in
water depths is noted for Napely Lodge Farm whdre $emivariograms are
characterised by an increase in semivariance tggtmtervals of approximately 18 m
and a subsequent decline into the next riffle-pmalplet, suggesting a ‘containment’
effect of bedforms (Cliffordet al, 2002a). At both sites, overall semivariance is
greater for the higher flow stage, in contrast he homogenisation observed in
velocities, possibly reflecting the incorporationmérginal areas with more irregular
bank and bed structures into the wetted perimetestage rises. At Oakley Hall, a
more typical range and sill form is noted for vgrams. However, at the higher flow
stage semivariance continues to increase througheuwtO m lag distance, implying a
reduction in spatial organisation perhaps relateithé ponding of flow downstream by

large woody debris.
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Figure 4.26 Semivariograms for three-dimensional flow velo@td water depth calculated for a total of 20 lagjag a lag interval of 2 m for
Oakley Hall (a to d) and Napely Lodge Farm (e tdéon)each flow stage.
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Spatial variation in streamwise velocity and watepth may be explored visually in
Figure 4.27 using TINs produced in ArcGIS 8.3. Tématial homogeneity of
velocities at Oakley Hall identified in Figures 4.2Bd 4.26 is again manifest in the
longitudinal ‘ribboning’ structure which results itttle obvious differentiation
between visually identified physical biotopes. Mapely Lodge Farm, the velocity
structure exhibits a similar patchy distribution tttat noted in previous sections,
consistent with the higher levels of semivarianceddor Figure 4.26, although there
is still some ‘overlap’ in velocities between phoai biotopes. Patchiness is reduced
to some extent at the higher flow stage as veexcidilong the thalweg become faster
and more similar between biotopes, consistent witheased homogeneity resulting
from the drowning-out of morphological controlsa dddition to the intensification of
flow along the thalweg, however, backwater zoneo@ated with upstream flow in
pools become larger and the magnitude of upstréami$ strengthened as discharge
increases. The combined effect of these flow siferations leads to an increase in
cross sectional hydraulic variation, particularlighin pools. These characteristics are
particularly pronounced at Napely Lodge Farm whmvel planform and topography
was more marked, creating significant backwaterasrassociated with rotational

circulations.

In contrast to velocity structure, water depthsasgociated with a relatively ‘patchy’
spatial organisation at both sites and show greatesistency with the organisation of
physical biotopes within the channel, consistenthwihe variogram structures

identified in Figure 4.26.
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4.6.2 The hydraulics of physical biotopes and surte flow types
In order to explore the hydraulics of biotopes dlnav types more explicitly, the
ranges of simple hydraulic parameters (velocityptdeand Froude number) were

examined for each physical biotope and flow typegary.

As introduced in Chapter 3, Froude numbé&ir €U /,/gd) is frequently used in

biotope studies as a convenient means of simultehgaonsidering velocity and
depth characteristics. Figure 4.28 plots the ramggerquartile range and median
Froude values for each physical biotope and surflaeetype (for both transect-level
and cell-level assessments) using box plots. Aifstgnt amount of overlap in Froude
ranges and interquartile ranges is noted betwetergaaes. However, several general
features are observed. Plots reveal a broad ti@msif increasing median values and
ranges from more ‘tranquil’ biotopes (pool, glide) hydraulically rougher run and
riffle units consistent with the ‘continuum’ dedmed by Jowett (1993). A similar
pattern is noted for flow types with a transitioarh slower flow types (no perceptible
flow, upwelling), through intermediate flow typesnfooth boundary turbulent and
rippled flow), to faster flow types (unbroken stamgliwaves). Furthermore, slower
biotopes and flow types are associated with ‘tightanges of Froude number
compared to faster categories, consistent withlaimatterns observed for larger scale
‘landscape’ variables such as slope and altitudehapter 3 (Section 3.5.2). Therefore
both broad-scale and localised environmental ‘pesfees’ of flow types are more
specific for the slower biotopes than for fastesttypes which appear to persist in a

wider range of environmental and hydraulic contexts
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Froude ranges for flow types assessed at the thlese| are greater than those for
flow types assessed at the cell level, reflectihg influence of cross sectional
variations in hydraulics outlined in Section 4.Additionally, some flow types show
more pronounced variations in Froude range and amedalues with increasing
discharge. Slower flow types such as no percepfiblv and upwelling, for instance,
show more pronounced increases in the range ofderealues compared to smooth
boundary turbulent and rippled flow which are assted with a similar range of
values across discharges. This may reflect ladlistensification of flow conditions
in certain parts of the channel, consistent witsembations in previous sections, and
suggests that relationships between surface floaradteristics and underlying
hydraulics may be complex and dynamic. This femaiarless obvious for physical
biotopes, however, which show less variation inubi® values with stage, possibly
suggesting that aggregate biotope hydraulics masetagéned despite more localised

flow variation at microscales ‘within’ physical hapes.

However, as introduced in Chapter 3 (Section 3,2®) use of Froude number as a
descriptor of hydraulic behaviour is associatechveibme limitations. In particular,
since the Froude number is a dimensionless ratigy, a@#ferent velocity and depth
combinations of velocity and depth can produce lainftroude numbers, potentially
obscuring hydraulic variation between biotopes. logiy-depth distributions for
physical biotopes and flow types are thereforetgtbtas bivariate scatterplots in

Figure 4.29 for comparison.

Figure 4.29 (a) and (e) plot the velocity-depthges for binned Froude number

classes for each site in order to demonstrate rovlas Froude ranges are associated
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codes.

176



with varied combinations of velocity and depth. diwnally, these ranges are
observed to traverse the velocity-depth distrimgioof flow types and physical
biotopes. Furthermore, significant scatter in g#loand depth values is observed
across both physical biotope and flow type categonvhich appears to increase with
flow stage. This reduction in hydraulic ‘cohereno€ biotopes at the higher flow
stage may be expected for physical biotopes asudt ref the combined effect of flow
intensification and drowning out of hydraulic canis. However, for flow types, this
further emphasises the complex and potentially stiegpendent relationships between
surface flow characteristics and underlying hydcsuidentified previously from the

Froude box plots.

However, distributions in Figure 4.29 do reveal saiscrimination between physical
biotopes and flow types on the basis of either aigjoor water depth. In general,
hydraulically ‘rougher’ physical biotopes (run,fi#) and flow types (rippled flow,

unbroken standing waves) are associated with aerahgelocities but are restricted to
predominantly shallow zones. In contrast, ‘slowsrysical biotopes (pool) and flow
types (no perceptible flow, upwelling) are assadatvith a wider range of water
depths but are restricted to a relatively narromgeaof low velocities (Figure 4.29).
This creates some variations in the two-dimensiosiadpe’ of physical and flow

biotopes in bivariate space. Distributions of éasbiotopes and flow types are
elongated along the velocity axis while distribugmf slower biotopes and flow types
are elongated along the depth axis. ‘Intermediaitetopes and flow types (glide and
associated smooth boundary turbulent flow type)associated with a more spherical
distribution reflecting similar levels of variatiom velocity and depth. These

characteristics may have significance for specie$ifestages which have stronger
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preferences for either velocity (e.g. in relatienswwimming speeds) or water depth

(e.g. in relation to cover associated with visti)li

These details are overlooked by the use of Frowdeber which identifies only a
broad increase in values towards supercritical itiomd with the transition from
slower to faster flow types and physical biotop€his emphasises the inadequacies of
Froude as a hydraulic descriptor as introducedhap@er 3 (Section 3.2.3), since very
different velocity and depth combinations may besoagted with a similar Froude
values. Furthermore, the use Froude overlooksacheristic variations in the range of

eithervelocity or depth for different physical biotopes.

The significant amount of overlap in velocity aneépth characteristics between
biotopes, however, suggests that additional hydrgodrameters are required for
characterisation, assuming that biotopes are int fagdraulically distinct.

Relationships between flow, substrate and vegetdiypes identified in Chapter 3
suggest that substrate may be used as an addianable for characterising physical
biotopes and consequently predicting the distrdsubf vegetative functional habitats.
To test this hypothesis, the following section eoypl multivariate statistical analysis
to simultaneously consider velocity, depth and sabes in an attempt to objectively

characterise physical habitat within the channel.

4.6.3 A multivariate approach
K-means cluster analysis was performed (using SRE® initially on four separate
data sets, one for each site at each flow stagene&ns clustering is an ‘arbitrary

origin” method of clustering which requires the afieation of a number of initial
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cluster centres, to which observations are matcembrding to similarity. The
attributes of each cluster centre are then recatiedlas observations are added (Davis,
2002). An element of subjectivity is introducedoirthe analysis by the requirement
for user-specification of the number of clusterg, this must be weighed against the
shorter computation times for larger data sets coetp&o hierarchical clustering
methods (see Section 3.6.3). Here, the selectitimeonumber of cluster centres was
based on work by Emery (2003) which identified thit clusters best described the
hydraulic variation within two reaches, one of whimcluded part of the Napely
Lodge Farm study site itself. Furthermore six @s corresponds to the maximum
variation in surface flow character visually obshat the study sites (six flow types
were identified in total at the cell-level), sugtyeg that this level of data reduction is

appropriate.

Clustering was performed first using streamwiseosy (U), water depth and
substrate category, and second by adding crossanstrand vertical velocity
components to the first set of variables in ordeidentify whether three dimensional
velocity characteristics improve clustering outcemeData for each site and flow
stage were clustered separately in order to altoveite-specific variations in physical
habitat structure. The physical characteristis®eaated with each final cluster centre
are provided in Appendix A. Table 4.6 summari¢es information using descriptive
terms for each cluster which refer to relative atoins in velocity, depth and substrate

characteristics described below.

Two clusters were consistently identified by alllgsas: a ‘marginal’ cluster, relating

to slow flowing areas of varying water depth chéegsed by a silty substrate, and a
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Clustering

variables Site Flow Stage Clusters
Low flow Margins Mid-pool Pool margins Glide Riffle Run
Oakley Hall s oolooooooooooooooooooooo
U Intermediate flow Margins Mid-pool Pool margins Glide fiii Run
R L= [T 0] 1
Substrate Low flow Margins Pool Glide Riffle margins  Riffle centre Run
Napely Lodge Farm  -------mmmmmmmmmmmmmm oo oo oooooooooooooooooooooooooooooooooo
Intermediate flow Margins Mid-pool Pool margins Glide ffRi gravel Riffle pebble
Low flow Margins Pool Glide Gravel shoal Riffle Run
U Oakley Hall - s ooooooooooooooooooooooo
vV Intermediate flow Margins Mid-pool Pool margins Glide il Run
W _______________________________________________________________________________________________________________________________________________________________________
Water depth Low flow Margins Mid-pool Pool margins Glide Riffle gral  Riffle pebble
Substrate
N T A oo o[ L i
Intermediate flow Margins Pool Glide Riffle margins Reffcentre Run

Table 4.6Habitat clusters identified for each data setgisiifferent clustering variables.
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‘glide’ cluster associated with intermediate velpcand depth values and a sandy
substrate. Pool biotopes were generally subdivittdd a ‘mid-pool’ cluster
associated with the greatest water depths and lalecslibstrate (underlain by sand),
and ‘pool margins’ characterised by comparativetallower depths and a sandy
substrate. At Oakley Hall, riffle and run biotope®re consistently identified by
discrete clusters, while at Napely Lodge Farm, ldek of a significant run feature
resulted in subdivision of riffle biotopes by thkistering algorithm with respect to
either substrate or flow velocities for differentalaets depending on flow stage and

variables used.

Visualisation of the spatial distribution of clustein Figure 4.30 allows some
comparison with the distribution of visually idded physical biotopes (represented
by labelled rectangles). At Oakley Hall, clust&tentified from each analysis show
broad consistency with observed channel morpholbgt reveal high cross sectional
variation in cluster membership reflecting the lijmgdinal ‘ribboning’ of habitat

variables. At Napely Lodge Farm cross sectionahtian is reduced, and ‘riffle’ and

‘glide’ clusters generally conform with observedypital biotope distributions. Pool
biotopes, however, are associated with a varietyifteédrent multivariate clusters and

are not clearly distinguished by the clusteringpathm at the low flow stage.

These observations suggest that clustering outcaanessensitive to site-specific
‘microscale’ variations in hydraulics and are there unlikely to be transferable
between different reaches. In order to test whetlansferable clusters are

identifiable between the two sites, clustering wadormed on a ‘low flow’ data set
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Figure 4.30Spatial distribution of clusters performed on dsdts for each site and flow stage individuallyngdd, depth and substrate (plots a
to d) and using U, V, W, depth and substrate (pdts h).
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combining data from both field sites and using ithigal three variables of velocity,

depth and substrate.

Cluster centre characteristics (Table 4.7) identifyarginal’, ‘mid-pool’, ‘pool
margin’, ‘glide’, ‘run’ and ‘riffle’ clusters. Theaanges of velocity and depth values
derived from the data set for each cluster areemtesl in Figure 4.31. These ranges
were used in conjunction with the appropriate sabstcategory to apply the low flow
cluster characteristics to a combined intermediate data set and assess changes in
cluster membership with increasing stage. Thiscgse identified some outlier
samples which were not automatically allocated tdow flow cluster. Visual
inspection of bivariate plots of the velocity-deptharacteristics of these outliers
revealed that some of these fell very close totetuboundaries and these were
consequently incorporated into the appropriatetetus Those lying further beyond
cluster boundaries were attributed to one of twditamhal clusters relating to ‘deep
run’ and ‘deep glide’ zones associated with fagtdocities and deeper water depths

than the respective ‘run’ and ‘glide’ clusters itéed at low flow.

Overall, consistency of clusters with observed rmolpgy is improved for combined-
site clustering (Figure 4.32). This suggests thatuse of relatively ‘broad’ clusters,
transferable between the two sites, representpropriate level of simplification of
physical habitat structure. While the specific tdus identified are unlikely to
transferable among a range of different sites etlodservations do support the idea of
broad ‘assemblages’ of habitat variables which amgociated with some overlap in

hydraulic ranges.
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Cluster centre characteristics

Cluster U (ms? Depth (m) Substrate
Margins 0.03 0.29 Silt
Mid-pool 0.12 0.61 Pebble
Pool margins 0.18 0.48 Sand
Glide 0.19 0.21 Sand
Run 0.19 0.22 Pebble
Riffle 0.27 0.21 Gravel

Table 4.7 Cluster centre characteristics for clusters derivem the combined low
flow data set using velocity, depth and substraréables.

(a) U ranges (b) Water depth ranges
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Figure 4.31Velocity and depth ranges for clusters derivednftbe combined low
flow data set using velocity, depth and substrateables.
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Figure 4.32Spatial distribution of clusters based on velqaitgpth and substrate variables which were cakedilasing a low flow data
combining both study reaches. Cluster boundaresg then applied to the combined intermediate flata set.
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Some variation in the relative proportions of theamnel area occupied by each
physical habitat cluster is noted both betweentwestudy sites, and with increasing
flow stage (Figure 4.33). For instance while glate riffle clusters occupy similar

proportions of the channel at Napely Lodge Farnaegl account for more than twice
the channel area occupied by riffles at the lowerlity’ Oakley Hall site (see Section

2.3.6). For Oakley Hall these characteristics @mesistent with visual observations
(Section 4.2.1), but for Napely Lodge Farm the tdiisg scheme classifies a much
larger proportion of the channel as ‘riffle’ comedrto visual observation of biotopes,
suggesting some inconsistencies between the viappkarance and underlying

hydraulics of biotopes.

Channel margins are also more prominent at Oaklay &hd show little variation
with stage, compared to Napely Lodge Farm whererth@rity of marginal areas are
lost at the higher discharge. At Oakley Hall laageas of the ‘glide’ biotopes behave
more like ‘pool margins’ at the higher flow staget bhis is less obvious for Napely
Lodge Farm where biotopes remain relatively welbnt@ined’ by the stronger
bedform controls identified in Section 4.3.1 (Qiffl et al, 2002b). However,
visualisations suggest increased complexity inféine of cross sectional variations in
cluster membership (i.e. ‘patchiness’ at smallales), perhaps reflecting the flow

intensification around obstacles and bedforms ifledtin previous sections.

The velocity, depth and substrate characteristiceach cluster maybe visualised
using three-dimensional scatterplots (Figure 4.34)hile substrate is necessarily
restricted to a single plane for each cluster,ehgisome evidence of variations in the

‘shape’ of velocity-depth distributions for eaclustier similar to those identified for
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Figure 4.33The proportion of the sampled channel area akatai each
cluster for each flow stage at (a) Oakley Hall @mdNapely Lodge Farm.
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Figure 4.34Velocity, depth and substrate characteristics@atad with each statistically derived clusterltaw flow (a) and applied to
intermediate flow data (b).
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physical biotopes and flow types in Section 4.6IBe ‘marginal’ cluster, for instance,
is associated with a wide range of depths but eonarange of slow velocities, while
‘riffle’ and ‘pool margins’ clusters show similaamges in velocity and depth. ‘Run’
and ‘glide’ clusters are associated with a rangeetidcities but are generally restricted
to an intermediate range of water depths. Furtbezmsome clusters reveal a change
in two-dimensional ‘shape’ with increasing stage fesguency distributions are
skewed towards a different range of velocity ang@tldevalues. For example, the
marginal cluster loses many of the deeper samplggdigher flow stage, suggesting
that only shallower areas are retained as low wgloefugia. In contrast, the riffle
cluster becomes associated with a narrower rangeatdr depths and the mid-pool
cluster is associated with a much faster rangeelufcities reflecting the jetting effects

of flow through the pools as discharge increasdéiff@¢€l and Richards, 1992).

4.6.4 Physical habitat clusters, flow types and fugtional habitats

In order to explore the relationships between stiatilly-derived habitat clusters,
surface flow types (assessed at the cell-level) fandtional habitats (occupying >
30% cover of a 1 fcell), Principal Components Analysis (PCA) wasfpened on

low and intermediate flow data sets (combined futhlsites).

In each case, PCA axes 1 and 2 cumulatively acdountver 89% of the variance and
represent a transition from ‘rare’ to ‘frequentdaitranquil’ to ‘rapid’ physical habitat
clusters respectively (Figure 4.35). PCA bi-plats presented in Figure 4.36 for each
PCA run. Significantly, the flow type PCA revea®sme contrasts with widely
accepted relationships between flow types and nubogly. No perceptible flow, for

example, correlates strongly with channel margatisar than pool clusters, which are
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instead associated with a combination of upwellsmgooth boundary turbulent and
rippled flow (4.36a and b). In contrast, the glideister demonstrates a strong
relationship with smooth boundary turbulent comutis and the riffle cluster with
unbroken standing waves. Most of these relatigsslare maintained across flow
stages, although a tendency for stronger correlatioith faster flow types at the
higher flow stage is noted for pool clusters, reffleg the intensification of flow

conditions along the thalweg as noted in previacsiens.

PCA performed on organic functional habitats angspial habitat clusters reveals
that strong correlations between clusters and fomak habitats are observed only for
‘glide’ and ‘marginal’ clusters: riffle, run and plobabitat clusters appear to support
only minerogenic habitats at the two study sitesestigated. Additionally,
relationships are somewhat stage-dependent reftetite spatial variations in cluster
membership with increasing discharge. For instamo®dy debris, roots and trailing
vegetation correlate with the ‘marginal’ cluster latv flow but show stronger
correlations with the ‘glide’ cluster at intermeidlow as some ‘marginal’ areas are

lost to increased depths and faster flow velocities

4.7DISCUSSION AND CONCLUSIONS

This Chapter employs a range of methodological @gugires in order to address four
principal research questions as a means of fieltite the robustness and integrity of

the biotope concept at the sub-reach scale.

Physical variables such as bed topography, velamity water depth reveal some

evidence of spatial organisation associated wighdistribution of physical biotopes
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such as riffles and pools. However, differenceshim amplitude of bed topography
between the two study sites reflect a ‘bedform amment’ effect (Cliffordet al,
2002a; Emeryet al, 2003) which creates fundamental variations in $patial
organisation of a range of physical habitat vagablAt Oakley Hall, the subdued bed
topography and lack of a pronounced pseudo-cyifie-pool morphology results in a
homogeneous ‘ribbon-like’ physical structure wheress-sectional variation exceeds
longitudinal variation. At Napely Lodge Farm, bedh amplitude is more
pronounced and riffle and pool features are reaidigntifiable from undulations in
bed topography. This creates a ‘patchy’ spatiglanisation of physical habitats

which is easier to reconcile with the concept ofgital biotopes.

The complex relationships between bed topograpluy samface flow characteristics
present challenges for the identification of phgbisiotopes in the field. Field data
presented in this Chapter reveal significant demiat from the ‘characteristic’
relationships identified between physical biotopesd surface flow types.
Importantly, channel margins, rather than poolstenassociated with no perceptible
flow and upwelling was associated with secondargutations within pools rather
than ‘boils’ (see Chapter 5, Section 5.4.1). THése types were also more localised
in nature than others, frequently occurring as maitgor ‘secondary’ biotopes at a
particular cross section. The results of the elusinalysis further emphasise the
importance of channel margins as a distinct hydrauhbitat unit. This is of great
significance for transect-level survey resolutiomBich overlook marginal zones,
despite their association with ecologically impattanicrohabitats and refugia for

aquatic biota.
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Furthermore, relationships between certain flonesypnd physical biotopes are more
spatially and temporally ‘robust’ than others. Egample, glide biotopes appear to be
relatively homogeneous features and show stroragioekhips with ‘characteristic’
smooth boundary turbulent flow conditions. In cast, pools are associated with
high levels of ‘internal’ heterogeneity, exhibitisggnificant hydraulic variation across
the channel width and with varying discharge. Eheariations in the spatial and
temporal ‘complexity’ of physical biotopes are ex@d in further detail in Chapter 5.
The accurate identification of physical biotopesnirsimple physical parameters is
therefore likely to be reliant on a combination site-specific factors such as the
amplitude of bedforms, the hydrological contexisafveys, and the spatial resolution

of the sampling design.

Physical biotope categories are associated withifgignt overlap in simple hydraulic
parameters such as velocity, depth and Froude nuimkieform a continuum from
tranquil to rougher environments (Jowett, 1993)ow@r biotopes and flow types are
associated with a ‘tighter’ range of hydraulic ciiaths compared to faster categories,
similar to patterns identified for broader-scaleiafales such as the altitude and slope
of the reach (Chapter 3, Section 3.5.2). Biotapmssed from the cluster analysis do,
however, show some broad associations with ranfyeslacities and depths. Certain
‘slower’ biotopes (channel margins) are associatgl tighter ranges of velocity but
may be associated with a wider range of water depthile ‘intermediate’ biotopes
(glide, run, mid-pool) are associated with a liditdepth range but a variety of
velocity values and others (riffle, pool marginsy aharacterised by a similar range of
velocity and depth values. Figure 4.37 illustrabesv these characteristics form

different two-dimensional shapes in bivariate spabech may change shape or move
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with increasing flow stage according to variationsthe frequency distributions
associated with physical biotopes. This emphagisesuggestion in Chapter 3 that
the most appropriate levels of simplification ofuatic habitat may relate to broad
assemblagesf features or habitat parameters, which reveadesoverlap but provide

a general description the local physical environtmen

Sedimentological variables appear significant inrabierising physical habitat at the
sub-reach scale and are known to play a significgatin determining distributions of
aguatic plants and invertebrates (Boeger, 1992ni®Qand Hickey, 1994). Substrate
types show relatively strong conformity with theganisation of physical biotopes,
particularly at Napely Lodge Farm, providing a thidimension to the physical
characterisation of biotopes which has previousiguged on velocity and depth.
Furthermore, the distribution of fine sedimentshwit the channel constitutes an
additional sedimentological variable which has so been neglected in biotope
studies. Accumulation and scour of fine sedimestsf particular significance to
benthic biota through the condition of the hypochmane, and appears dependent on a
combination of hydrological factors and seasongktation growth. This complicates
the relationship between the biotic and abiotic ponents of the instream
environment and introduces an element of seasoaaation to the structure of

physical habitat.

Organic functional habitats (both aquatic macropiyand detrital organic habitats)
demonstrate very different spatial distributionsd asignificant variations in the
magnitude of seasonal change in cover. This pteséallenges for attempts to ‘map’

functional habitats onto physical biotopes for saveeasons. First, some habitats,
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Figure 4.37Conceptualised dynamic hydraulic character of lay$abitat patches for the River Tern accordmthe velocity and
depth frequency distributions of statistically ded clusters.
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particularly those associated with ‘patchy’ distiions, may map more readily onto
physical biotopes than other, more linearly distiéloluor ubiquitous habitats. Second,
coarser survey schemes are likely to favour therd#eg of the ubiquitous or patchy
habitats and under-represent the linear marginbitata. Third, certain functional

habitats are associated with significant seasom@tions in cover, while others vary
little throughout the growing season, suggestingrdillience of seasonal timing on
survey outcomes. As a result, correlations betwiaantional habitats and physical
biotopes show significantly less distinct pattetimsn those identified for the national
RHS data set in Chapter 3, suggesting that théstores may be most appropriate for
the most prominent, or ‘typical’ features identifieat relatively broad scales of

assessment.
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CHAPTER 5 BIOTOPE CHARACTERISATION AT THE
MICROSCALE: TURBULENCE AND SEDIMENT TRANSPORT

5.1CHAPTER SYNOPSIS

This chapter presents the results of a field ingasbn of the microscale hydraulics of
selected physical biotopes from each of the tweRiNern field sites. A combination

of ‘first order (turbulent stresses and intensjie‘second-order’ (turbulent event
structure) and ‘third-order’ (autoregressive modaisl spectral signatures) hydraulic
discriminators are employed in order to examindigpand temporal variations within

each physical biotope. While the discriminatoryccss of hydraulic parameters
generally depends upon the combination of biotgbedied, some of the higher order
turbulent properties appear more effective in otterésing biotopes than simpler
mean parameters. In addition to the absolute saofjeydraulic parameters identified
for each biotope, the type and level of ‘within-lojpé’ heterogeneity constitutes an

additional physical ‘characteristic’ which providdi$ferentiation between biotopes.

5.2ECOHYDRAULICS AT THE MICROSCALE

Flow variability is known to influence the struotuof river ecosystems at a variety of
spatial scales (Biggst al, 2005). Flood events occurring over time framiegears or
months create large-scale disturbances that ifeil@@mmunity composition, while
lower magnitude variation over timescales of dag8uence biotic interactions,
population densities and the physiological conditimf biota. At microscales of
minutes to milliseconds, however, processes agsocwith high frequency turbulent
flow variation determine the supply of oxygen, rerts and food which influence the

growth and survival of individual organisms (Bigefsal, 2005).
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Characterisation of physical biotopes has generdtbmpted to discriminate between
different physical biotopes using surveys of me&owfproperties over various
discharge ranges that provide a broad temporalhd aften spatially-averaged
representation of flow conditions. However, gitkat aquatic organisms are directly
affected by localised channel hydraulics (botheimts of the physical force of flow on
organisms and the distribution of sediments, notsieand pollutants within the
channel) the dearth of physical biotope researchded at the microscale reflects an

obvious research priority.

5.2.1 The importance of the microscale

For benthic organisms, hydraulic parameters sucheéscity and shear stress have
direct physical impacts such as dislodgement, band abrasion (Carling, 1995), as
well as indirectly influencing food availability droxygen concentrations (Quinn and
Hickey, 1994). In the fully turbulent outer flowore, flow intensities and the

organisation of turbulent structures are importantdispersal lifestages of benthic

organisms (McNairet al, 1997). The energy expenditure of filter feeding
invertebrates and fish must match that of the hyldrastress in order to maintain

station within the flow (Giller and Malmqvist, 1998and turbulence has been
identified as a key factor influencing the energgts associated with swimming for
juvenile salmon (Enderst al, 2003; Ender®t al, 2005). The suitability of habitat

for different species will therefore be determirmgdboth the abiotic environment and
the swimming performance of the individual aninvahich will vary between species

(Katopodis, 1996).
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At the reach-scale, as shown in Chapter 4, phybicabpes describe broad hydraulic
environments. Thus, riffles are generally assediavith higher hydraulic stresses
approaching super-critical flow conditions, and Isowith lower stresses and more
tranquil conditions over much of the discharge engHowever, investigations at
smaller-scales have highlighted the effects of lleogrotopography and individual
flow obstructions such as organic matter, rocks eswt wads on the local flow
environment. Sand ribbons and secondary curreatilations have been shown to
influence fish distributions (Tsujimoto, 1996) diadge rocks can provide stability and
shelter across flow stages, in addition to reahabitat for certain species (Garcia de
Jalon, 1995). Crowder and Diplas (2000) suggestitidividual boulders can have a
highly complex impact on the local flow environmdyt increasing local velocities,
modifying velocity gradients and creating sheltarsl transverse flows. Often, the
heterogeneity created by such structures is coresideeneficial to biota, by providing
habitats suitable for various life stages of orgars, and refugia from predation and
disturbance. By contrast, some evidence has steghésat the reduced visual field
associated with obstructions can have negative étepan fish species (Kemgt al,

2005), emphasising the complexity of relationships.

Specific types of microhabitat are also associatithl the channel margins. Marginal
features such as bank irregularities and overhgngegetation can increase cover and
provide some of the most important habitats fan {iBissonet al, 1981; Kellerhals
and Miles, 1996) and native crayfish (Sméhal, 1996). Marginal patches of low
hydraulic stress which are retained across flogestanay create important refugia for
invertebrates, enhancing the resilience of bentbimmunities to spates (Lancaster

and Hildrew, 1993).
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5.2.2 Turbulent boundary layers

A large volume of literature has developed on theses and character of turbulence
within the vicinity of a ‘wall’ or ‘boundary’ in laoratory flumes and under idealised
conditions. Progress within the field of fluid dymics since the mid-30Century has
given rise to theories of ‘turbulent bursting’ as explanation for the existence of
coherent flow structures within turbulent bound&ayers (see Allen (1985) or Yalin
(1992) for overview). Bursting theories suggestt tthe generation of turbulence is
related to the break-up of streamwise ‘streakslosi momentum fluid within the
viscous sub-layer (Klinet al, 1967). As the streaks lift away from the bouydaey
are rapidly ejected into the outer flow (‘burstsihich is followed by a compensatory
inrush (‘sweep’) of outer flow fluid towards thedehich may then initiate the next
burst (Figure 5.1a). Such interactions are intdemi in nature (Gordon, 1974;
Lapointe, 1996) but have been shown to accountthHer majority of turbulence
generation near the boundary (Lu and Wilmarth, 1J9A®hile the effects of sweeps
are generally confined to the region close to thenbary, the influence of bursts may
extend throughout the boundary layer (Grass, 19¥rhaps even reaching the water

surface as ‘boils’ (Rogt al, 2004).

In geomorphological applications, research into éxéstence of similar turbulent
structures has continued from the work of McQuiyEy73a; 1973b), through Clifford
et al, (1993a) and Ashwortlet al, (1996) at a variety of scales and for various
potential applications. Generally this work sugpanitial findings but identified
other sources of turbulent generation and a greatege of coherent flow structures.

For instance, in many natural channels, the grai@ of bed material is larger than
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computed estimates of viscous sublayer thicknd$ss suggests that streaks may be
unable to form and turbulence generation may insbearelated to the quasi-cyclical
shedding of eddy structures from the lee of obeta(Cliffordet al, 1992a; Cliffordet

al., 1992b) (Figure 5.1b). Such obstacles may rangezie from individual clasts to
clusters of particles and larger scale bedformss tlreating vortices of various sizes
which may then interact and coalesce within theofibw zone (Best, 1993). These
developments are of particular importance in arhgdraulics context in the light of
recent bioenergetics work which has stressed tHaeimce of turbulence on fish

behaviour (Enderst al, 2003).

Time series of field velocities monitored at higeduencies (c. 1 — 20 Hz) may be
statistically analysed in terms of various turbtilproperties. Such applications have
identified variations in the character of flow stiwres between riffle and pool units
(Clifford, 1996a), but these techniques have ydigdully applied within the context
of physical biotope characterisation. This chapows an assessment of the
variations in turbulent properties and flow struetiwithin and betweenselected
physical biotopes in order to identify whether stitigher-order’ parameters provide
better (or additional) discrimination compared @ tmore conventional mean flow

values frequently employed in biotope studies.

5.2.3 Flow and suspended material

While the direct physical and biological impactstafbulence are fundamental to the
instream environment, the interactions betweenuterice and the distribution of fine
particulate matter suspended in the water colureratso of great significance to the

aquatic biota. Benthic invertebrates are exposetiréct impacts from suspended
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Figure 5.1 Turbulence generation in open channels: (a) thegss of turbulent bursting, adapted from Aller8&:%igure 6.15 p. 113) and (b)
vortex shedding from roughness elements, adapbead Best (1993: Figure 3.11a p. 77).
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material in the form of abrasion and burial, andtlhg reduction in suitable habitat
caused by the smothering of interstices (Carlir@Q51 Jowett, 2003). Short-term
pulses of sediment can have a variety of effectbanthic invertebrates and riverine
fishes. For instance, invertebrate drift in reg@ono pulses can alter community
structure, creating variations in food resources ltobger vertebrates (Shaw and
Richardson, 2001). In addition to direct impaaistsas lower prey capture success
rates due to vision impairment, and physiologitadss, this will have implications for
the growth and survival of fish (Shaw and Richands2001). Accumulation of fine
sediments within spawning gravels has a signifigafftence on interstitial flows and
consequently on the oxygen supply rate to incubas@monids (Seaet al, 2004).
Furthermore, where contaminants are adsorbed tesuhface of particulate matter,
biota may be directly exposed to the toxic effemtchemicals from anthropogenic

sources (Greenbesgg al, 2002; Hoseet al, 2002).

While excess sediment is generally considered rdetrial to many organisms, the
distribution of nutrients, either in particulaterio or adsorbed to minerogenic
particles, is fundamental to survival. In unpdrad systems, the supply of food and
nutrients represents the ultimate influence on ri@oeate distributions (Cummins,
1975). Within all aquatic ecosystems, nutrienestaken up from the water column by
biota, biologically processed and subsequentlyassld, forming a continuous passage
of nutrients through the food web known as ‘cyclifidewbold, 1992; Figure 5.2a).
In lotic ecosystems, a spatial element to the ngclrocess is introduced by the
unidirectional nature of the flow which means thtis nutrient outputs from a cycle
upstream form the inputs for cycling downstreamléGand Malmqvist, 1998). This

downstream ‘interdependence’ of cycling and transpd nutrients is known as
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nutrient ‘spiralling’ (Newboldet al, 1983). The intensity of nutrient utilisation is
indicated by the spiralling length (Figure 5.2b)igthincludes the distance travelled
by a nutrient atom both in the water column (‘ugtd&ngth’) and within the biota

(‘turnover length’) within a complete cycle (Newldpl1992).

Spiralling lengths within a river reach are detered by a combination of abiotic
factors, including local hydraulics and the frequenf spates, and biotic factors such
as the mobility and uptake capabilities of diffarerganisms, and have been shown to
vary between scales of A@n (Wotton, 1996) and fom (Newboldet al, 1983).
Faster current velocities may generally be assettiaith higher levels of downstream
displacement, whereas slower velocities created'demes’ in pools and at channel
margins where nutrients may reside for signifiqgagriods of time. In nutrient-limited
reaches, transportation of nutrients in particufaen has a particularly important
influence on the spiralling length (Newbodd al, 1982). Transport pathways taken
by fine particulate matter may therefore be indigabf the routes taken by food and
nutrients. The final section of this chapter pnesehe results of a set of experiments
designed to investigate whether different phydatopes are associated with certain
sediment (and hence nutrient and pollutant) transignatures and whether these

exhibit evidence of stage-dependency.

5.3VELOCITY TIME SERIES

5.3.1 Sampling design
High frequency velocity time series were recordathiw selected physical biotopes
under both ‘low’ and ‘intermediate’ flow stages €Sgection 2.3.5). Glide and pool

biotopes were studied at Oakley Hall, and rifflel mool at Napely Lodge Farm (Plate
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Figure 5.2 Nutrient cycling (a) and spiralling (b), modifiédm Newbold (1992)
In (b) nutrient spirally occurs within two compasents of the ecosystem: water (W) and biota (B).

S represents the spiralling length, the sum olutitake length (%) and the turnover length £ and can be calculated from the nutrient fluxes
(FW and FB) and the exchange fluxes of nutrient&/éen the biota and the water compartment (U and R)
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5.1). Measurements were taken at both 0.2 an@fOtBe water depth (from the water
surface) at 1 m intervals along a 5 m ‘longitudinadnsect following the channel
centreline, and along a cross sectional transetheatentral point of the sample area

(Figure 5.3).

A spherical-headed two-dimensional Valeport 802 cttanagnetic Current Meter
(EMCM) modified for 16 Hz analogue output, was ugedirect communications mode
with a Campbell Scientific CR10X datalogger to walldigh frequency logging of
streamwise (U) and vertical (W) velocity. The EMQMes two pairs of equi-spaced
electrodes to simultaneously measure orthogonatitglcomponents (in this case U and
W) by detecting the voltages induced by water pasdhrough a magnetic field
generated by the sensor (Laeeal, 1993; Valeport Limited, 1998). Streamwise and
vertical velocities were sampled simultaneouslyl@tHz for 30 s in order to assess
turbulent fluctuations occurring during the comn®fhs averaging period used for bulk
flow properties. Clifford and French (1993b) id&ad turbulent structures with periods
of around 5 s and smaller substructures with periofl approximately 1 s, while
Kirkbride (1993) noted a 1 s to 10 s interval betweurbulent bursting structures,
suggesting that a 30 s interval should capture rakvepetitions of high frequency

structures.

EMCMs are relatively robust and demonstrate a dgoegluency response and toleration
of contamination (Clifford and French, 1993a). Whspherical sensor heads have been

associated with higher levels of instrument-reldled disturbance, the equal spacing of
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Plate 5.1The physical biotopes selected for microscalel fresearch at Oakley Hall
and Napely Lodge Farm (Q = 0.22s1)

%1m
Flow O

Sample location

Figure 5.3 Sampling design for the microscale velocity sus/egircles
represent velocity sample locations where highuesgy measurements were
taken at 0.2 and 0.8 of the water depth from tinface.
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electrodes avoids bias in the minimum detectableeleagth for the two velocity

components (Lanet al, 1993).

5.3.2 Data cleaning and detrending

It is common practice for any analysis of high freqcy (temporal) data to proceed
initially by visual inspection of time series ofs#yvations against time (Chatfield, 2004),
both as a means of quality control and in ordezxamine the scales of variation within
the data set (Frencét al, 1993). Time series for streamwise (U) and valtidV)
velocity components (a total of 286 series) werapced using Origin Pro 7.5. These
were inspected for: (i) abnormalities in the signdicative of sensor corruption; and (ii)
the existence of global or local non-stationaritythe mean and/or variance. Visual
inspection highlighted apparent sensor-relatedrerfor the W component at Napely
Lodge Farm under low flow conditions. Values for fdf these samples consistently
demonstrate low levels of fluctuation within thexga —0.35 to —0.4 risinstead of the
expected fluctuation either side of an approxinyateéro mean. Such values may
indicate a strong localised downwelling, such athanlee of an obstacle, but since this
feature was observed for all series, it was atteidtio an internal connection problem,

and these series were excluded from analysis.

Time series also revealed the presence of extratey in 33 U series where a small
number of observations were associated with highnmitade values inconsistent with the
overall character of the series. There are sepesdible explanations for the presence of

such values and different methods of correctingrerare available, depending on the
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likely cause of the anomaly. It is possible thmsome instances, anomalies may in fact
represent the existence of intermittent high amg@ét‘events’ which may occur just once
or twice in the sampled series but contribute $icgmtly to the Reynolds stress (Gordon,
1974). However, sensor output is sensitive tougiron in the form of intermittent noise
resulting from factors such as the passage of arghabris through the sampling volume,
external magnetic fields, sensor cable movemeninstability of sensor mountings
(Clifford and French, 1993a; Lapointe, 1996) whiohy create anomalous values. For
measurements in shallower parts of the channelulatidns in the water surface can
create spikes in the time series where part osémsor's sampling volume is temporarily
out of the water (Rowt al, 2004). Many of the extreme values identified thtus data
set occurred at the start of series (generallyiwithe first second) and were interpreted
to reflect sensor set-up instabilities associatéd, ior instance, temperature adjustments
and water bubbles. Removal of spikes consideredflect sensor disruption later in the
series is less straightforward, and in this instatite method of ‘downweighting’ outlier
values (Chatfield, 2004) to the next highest, owdst, value was undertaken for

observations in four series.

A more complex problem is encountered where theesaxhibits non-stationarity in
variance, manifest in short-term variations in dneplitude of fluctuations. This affected
three of the 286 series. In some instances thisrefeect sensor movement into and out
of the influence of different upstream roughnessmants or different parts of the
velocity profile, although every effort was made nanimise mounting instability.

Alternatively such characteristics may indicate thituence of isolated events such as
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movement of upstream bed material, or the inteemitteffects of larger-scale flow
circulations and therefore may reflect natural stationarity in channel velocities. In
order to judge whether the non-stationarity exkibiby the three series were associated
with measurement error or natural phenomena, UVdngeries were compared and the
series examined in the context of surrounding saspl The characteristics were
considered unlikely to represent sampling error thedefore the three series were left in
their unmodified state with the acknowledgement theébsequent analysis may create

anomalous results for these series.

Where a velocity series is steady, U and W velaoiimponents may be decomposed into
mean (u or w) and fluctuating (u' and w') parts @by subtracting the series mean

(Clifford and French, 1993b):

(@ U=u+U () W=w+W Equation5.1

In series where turbulent fluctuations are supeosegd onto a global trend, such as tidal
variation, detrending is required and generallyegathe form of a low order polynomial
(Frenchet al, 1993). Although the steady flow conditions asstec with this data set
negate the need for global detrending, time-pletgeal the existence of local non-
stationarity in most series, which takes the forlmadow frequency fluctuating trend
component. In fact, the majority of series exhiitiation at three different frequencies:

higher frequency fluctuations with a period of ~lisfermediate’ fluctuations with a
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period of ~3-5s; and a low frequency trend compbmnéth a period of approximately

~10s or more. These are illustrated using an elasguies in Figure 5.4.

The two higher frequency components represent tsties operating at near-turbulent
scales, possibly reflecting complex interaction$meen roughness-shed vortices and
burst-sweep structures (Clifford and French, 1998bjhe mixing and coalescence of
vortices in the outer flow zone (Kirkbride, 1993Assuming G. I. Taylor’s substitution,
that a sequence of events at a fixed point mapnteegreted to represent the movement of
an unchanging pattern of turbulence past that géleynolds, 1974), the low frequency
component may be interpreted to represent flonctiras up to several channel widths
in size, possibly related to secondary circulationsvortex shedding from bedforms or
large obstructions upstream. These features reqmtréscal non-stationarity outside of the
turbulent range, and variance of the trend may datei subsequent analyses of turbulent
properties. For instance, Figure 5.5 illustrates ¢ffect of local polynomial and linear
non-stationarity on turbulent residuals by companesiduals derived from polynomial
and linear regressions with those derived by sirsplatraction of the series mean. For
the series characterised by the polynomial tremgu(é 5.5a), simple subtraction of the
series mean creates turbulent residuals which &mplisubdue peaks and troughs within
different parts of the velocity series (Figure §.5Eor the series characterised by a linear
trend (Figure 5.5b), turbulent residuals derivedsimgply subtracting the series mean are

understated at the beginning of the series andgexated towards the end (Figure 5.5d).
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‘ —U —Trend

U (md)

Figure 5.5 Velocity series detrending using (a) polynomiad gb) linear procedures. Resultant residuals aea tcompared to
residuals derived by simple subtraction of the mealocity (the dotted line) in (c) and (d). In (egsiduals from the mean are
compared to those derived from the polynomial tremdl in (d) residuals from the mean are compaiéd thvose derived from the

linear trend.
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Series were therefore detrended by the fitting inédr or low order polynomial
regressions, separating the high-frequency fluctgdtesidual’ component from the
slowly varying trend in the manner of Gordon (197)d Clifford and French
(1993b). Trend order was selected by visual ass&#sof goodness-of-fit, and
restricted to a maximum of"sorder polynomials to ensure that turbulent prapsrt
were retained. For series with no apparent tranthulent residuals were derived by
subtracting the series mean (u or w). Mean vateesputed for detrended series (u'
and w') fall very close to zero (below1éns") confirming successful removal of the

trend component.

5.4PHYSICAL BIOTOPES AND TURBULENT PROPERTIES

This section presents the results of an investigatf the turbulent properties of
physical biotopes at the two River Tern study sitéghis proceeds by analysis of
simpler mean flow velocities, stresses and turlmdemtensities, and subsequently
employs increasingly more detailed analytical teghes in an attempt to explore
‘higher-order flow properties, such as the existeatcoherent flow structures, which

have so far been largely overlooked in biotope attarisation.

5.4.1 Average flow properties

i) Velocity and stress

Mean flow velocity and stress properties are derieasily from field data and are
often used in model calculations and the charaagon of flow conditions. The
hydrodynamics of riffle-pool sequences have recki@egreat deal of attention in the
literature, particularly in terms of the mechanisgaeverning their stability and

maintenance. Keller (1971) presented a ‘velocigversal’ hypothesis as an
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explanation for observed variations in substrataratter between riffle and pool
units. The theory proposes that at low flow, need-velocities are higher within riffle
units, and sediment transport is characterised lynaowing of fine sediment into
downstream pools where it becomes trapped. Wittreasing stage, near-bed
velocities increase more rapidly within the poall @ventually exceed those within the
riffle, resulting in a ‘reversal’ in velocity andhsar stress. Beyond the reversal
velocity, sediment transport is characterised l®yrttovement of coarser gravels from
the riffle, which are subsequently transported uigiothe pool by high tractive forces
associated with flow convergence, and depositediammnstream lower-competence

riffles.

However, recent field studies have revealed a momeplex cross-sectional response
to increasing stage within riffle-pool couplets iffokd and Richards, 1992),
complicated by the identification of coarser sudists within pools (Milaret al,
2001). Both field measurements and flow simulaityve emphasised the role of
flow routing through pools (Bookest al, 2001) and the migration of velocity and
stress gradients (Caat al, 2003; Wilkinsonet al, 2004) as opposed to the simpler

divergent-convergent flow patterns suggested byeKél1971).

Mean velocity characteristics for the River Tenndst sites derived from velocity time
series are presented in Figure 5.6. Overall, #te cbveal a broadly linear relationship
between the streamwise and vertical velocity corepts) (Figure 5.6 a and b),
indicating that net uplift occurs where streamwiselocities exceed 0.3 s

consistent with observations of the entrainmentireds (Simons and Simons, 1987).

Standard deviations for each of the velocity congods reveal a systematic increase
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Figure 5.6 Mean streamwise and vertical velocity for (a) OgkHall and (b) Napely
Lodge Farm at low and intermediate flow stages(c)rand (d) the mean streamwise
velocity is plotted against the standard deviafimneach site, and in (e) and (f) the
mean vertical velocity is plotted against the statidieviation for each site.
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with their respective means (Figure 5.6 c to f)gasging that stronger mean values
amplify, rather than dampen the intensity of tuemtlfluctuations (Cliffordet al,
1994). However, the mean flow characteristics eleeal some variations between

physical biotopes.

The riffle at Napely Lodge Farm is associated witl highest streamwise velocities
and net uplift. Velocities show a systematic dasee with increasing discharge,
consistent with observations by Boolatral. (2001) of greater frictional contributions
from banks, rather than the slower increase in coemge identified by Clifford and

Richards (1992). Standard deviations within thileri however, demonstrate a
relatively complex relationship with mean parametdror the streamwise component,
standard deviations appear restricted by highenmebocities, whereas deviations in
the vertical component are amplified by higher meatues, perhaps reflecting

intensification of flow around pebble clasts.

In contrast, the glide is associated with a slowed more restricted range of
streamwise velocities that generally do not exc@e® ms', resulting in lower

magnitude uplift compared to the riffle. Standdeliations are also restricted to a
lower range of values than observed for both reihel pool biotopes, suggesting lower
turbulence intensities and a simpler flow structuiiéne pool biotopes are associated
with the widest range of mean values and standardations, suggesting greater
spatial variation. Vertical velocities show a siger linear increase with mean values
compared to riffle and glide biotopes, and a simdduation is noted for standard
deviations, suggesting an intensification of floanditions in faster flowing pool

Zones.
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Variation in mean velocitiesvithin the different physical biotopes is explored in
further detail in Figure 5.7 which simultaneoushynsiders variation spatially (both
longitudinally and cross sectionally), with relatidepth of the sensor, and temporally
(with varying discharge). The four biotopes arsoasated with different levels of
variation in each of these dimensions, even in seohthe simple mean velocity
parameters. The glide is associated with very egils of ‘internal’ homogeneity,
demonstrating very little variation in velocitiepagially, with depth or across
discharges. The riffle is also relatively homogmre spatially, but shows some
evidence of systematic variations in mean velowiity relative depth and increasing
stage. At the intermediate flow stage, streamwiskocities within the riffle are
consistently lower within the near-bed region retileg the frictional effects of grain
roughness elements which is also manifest in seoxgrtical velocities indicative of

flow intensification around pebbles (Buffin-Belangad Roy, 1998).

In contrast, both pools are associated with sigaifi within-biotope hydraulic
complexity in the form of significant velocity vation spatially, temporally and with
depth. This complexity is more pronounced for thel@t Napely Lodge Farm, which
is associated with a more distinct planform and ¢oaphic structure (Plate 5.2),
emphasising the strong control of channel morphplog biotope hydraulics as
identified in Chapter 4. Variations with discharged depth appear relatively
unsystematic for both pools, but spatial variationgertical and streamwise velocities
within the pool at Napely Lodge Farm provide soméormation on secondary
circulations.  Spatial variations in vertical valgc suggest a transition from

downwelling at the pool head and upwelling towafdspool tail which may
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Figure 5.7 Mean streamwise velocity for (a) Oakley Hall ab)i lapely Lodge Farm, and vertical velocity (c a)drelocity by sample location
according to depth of measurement and flow stdgmgitudinal measurements were located 1 m apatregm along the channel centreline
and are denoted by a numeric transect code (whiarleases upstream). Cross sectional measureneéaitda the distance from the left bank.

220



(a) Oakley Hall (facing upstream) (b) Napely Lodge Farm (facing downstream)
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Plate 5.20bserved surface flow patterns within the poolsaat site.
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explain the observations of ‘upwelling’ flow typetiain mid-pool locations in Chapter
4. Vertical velocities also appear to intensifytie vicinity of the thalweg, located
towards the right bank. A transition from negatiee positive streamwise values
across the channel width reflects the rotatiomalftirculations associated with the
larger backwater zone towards the left bank (Ptagb). Spatial variation is less
systematic at Oakley Hall, but some flow intensifion is observed towards the left

bank in association with the intrusion of ripartege roots.

The skewness of the turbulent residuals deriveddiyending procedures outlined in
Section 5.3.2 can provide further information onalotiydraulics and sediment
transport. Bagnold’'s (1966) theory of sedimentpsuasion requires that the residual
upward turbulent stress must be in equilibrium vifite suspended mass of grains, and
thus positively skewed w' distributions can be od@r®d indicative of favourable
conditions for sediment entrainment (Leeder, 19&RXewness values for all u’ and w'
series are presented in Figure 5.8. Most sereeasgociated with minimal skewness,
however some variations are noted both betwees aitd between physical biotopes.
Oakley Hall reveals an overall tendency for negaskew towards lower magnitude
fluctuations, reflecting the smooth boundary tuemilconditions which characterise
the reach. In contrast, Napely Lodge Farm is agtst predominantly with positive
skew, suggesting higher flow intensities and masofirable conditions for sediment
transport. Within the glide at Oakley Hall, thesesome evidence of a reduction in
residual upward stress with increasing dischargepnjunction with increases within

the pool.
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Turbulent stresses can be considered more explibitl calculating the kinematic
shear stress. Turbulent Reynolds stresses intlelge possible combinations of u'
and w' components, but often the series-averageshiatic shear stress (-u'w’) is used
as an overall descriptor (Duncanal, 1970). In addition to the influence on sediment
entrainment and transport, the shearing force demacross the channel bed is of
significance to benthic biota in terms of the eyergquired to resist detachment.
Proportions of benthic invertebrates therefore destrate a spatial correlation with
the distribution of shear stresses within the rigkannel (Merigoux and Doledec,
2004), and animals are known to seek lower-streggia in times of hydrological

disturbance (Winterbottoret al, 1997).

Kinematic shear stresses are plotted in Figurarbt@rms of both the series average
and the average contributions from positive andatieg stresses related to different
turbulent ‘events’ which are explored in furthetalkin Section 5.4.2. The kinematic
shear stress reveals some variation between bmtiopterms of overall values and
scales of variation. The riffle at Napely LodgerrRas consistently associated with
negative shear stresses, reflecting a strong pesitrrelation between the streamwise
and vertical turbulent residuals. This patterrfedd from the tendency for large
positive stresses that is generally expected aresequence of large positive
contributions to the shear stress from burst areegpvstructures (Duncagt al, 1970).
This may suggest that burst-sweep processes aeitgsficant within the riffle and
instead turbulence generation is predominantlytedlto the shedding of vortices from

the lee of clasts and pebble clusters.
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Time-averaged kinematic shear stresses within lide giotope are consistently very
close to zero, reflecting approximately equal (do@ magnitude) positive and
negative contributions, and revealing very litthriation spatially, with depth or with
increasing discharge. Both pools are again adsaciaith higher levels of internal
variation which is more pronounced for the podNapely Lodge Farm. The pools are
characterised by a combination of positive and tieg@verage stresses, but separate
positive and negative contributions suggest a tecyldor higher magnitude stress
associated with the location of the thalweg, anglelomagnitude stresses within the

backwater zone at Napely Lodge Farm.

Both mean velocity and stress characteristics ptedein this section support
observations of complexity of hydraulic responsenoreasing stage (Clifford and
Richards, 1992), particularly regarding the hyd@atganisation of pools, as opposed
to the simpler reversal hypothesis suggested beKE971). The following sections
employ increasingly more ‘complex’ hydraulic parders in order explore this further

and attempt to improve the hydraulic charactesatif physical biotopes.

i) Turbulence intensity

A preliminary indication of the intensity of therbwlent fluctuations may be gained
from the absolute and interquartile ranges of tb&idual streamwise and vertical
series (Figure 5.10 and 5.11). An overall incraagatensities can be identified with
the transition from glide, riffle, to run biotope€Once again, the glide is associated
with the strongest spatio-temporal homogeneity lbfoetopes, while the riffle is
relatively homogeneous spatially, but demonstratespronounced increase in

intensities with discharge. The pools are assediaith the most pronounced spatial
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Figure 5.10Boxplots for u' series showing median, interqlertange and absolute range of values within eadhs Dotted grey gridlines

separate low flow (left hand boxes) and intermedilaw (right hand boxes) for each sample locatiéim Napely Lodge Farm low flow samples
are 0.6d on both plots.
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variation, but the Napely Lodge Farm pool is caesi8y associated with larger
ranges and interquartile ranges suggesting grdatesls of turbulence intensity
compared to the pool at Oakley Hall. The pool ap&ly Lodge Farm also reveals
some evidence of depth variation: samples closhddoed are generally associated
with higher intensities compared to those closinéowater surface, possibly reflecting

flow intensification around microform roughness.

A further measure of intensity can be derived blgudating the root mean square
(rms) values for the turbulent residuals, whichvde an average measure of the
intensity of fluctuations irrespective of sign. gbre 5.12a and b plot the rms values
for streamwise and vertical velocity componentsvel@ll, the relationship between
the two rms components is approximately linear positive, suggesting that vertical
intensities increase linearly with streamwise istees. Some variation in the nature
of the relationship is noted with respect to difer biotopes, however. Streamwise
and vertical intensities are approximately equathiwi the glide, while vertical
intensities are proportionately lower than streasewntensities for the riffle and pool
samples, suggesting that higher magnitude fluaoatin the streamwise dimension

may suppress some vertical motion.

The average of the two rms values can be useddioate the ‘overall intensity’ of

fluctuations (Duncaet al, 1970):

1 3! vwl
‘Overall intensity’ :E(\/ u? +yw? ) Equation 5.2
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The overall intensity values for the different lojpés are presented in Figure 5.12c.
Overall intensity discriminates almost entirely vbeén glide and pool biotopes at
Oakley Hall at both flow stages, while at Napelydge Farm, the riffle and pool are
associated with a large ‘overlap’ in values. Tlideayis characterised by very low
intensities which increase at the higher flow stagel become more spatially
homogeneous. Pools reveal the widest ranges ehsiy values but show little
variation in the absolute range of values with éaging stage (although this may be

explored for the pool at Oakley Hall only).

Figure 5.13 explores the relationship between ferime intensity and mean velocity
which reveals some evidence of systematic behavi@lifford et al, 1994).
Evidence of a linear increase in intensity with metreamwise or vertical velocity is
strongest for both pool biotopes, suggesting thgtdr velocities enhance, rather than
suppress the intensity of turbulence. Howevéry&ues for linear regressions were
generally below 0.5 and these are therefore ndtgulo The most significant linear
relationship (R = 0.72) was noted for the streamwise componerinithe pool at
Napely Lodge Farm, and relationships are generstitgnger for the streamwise
component compared to the vertical and for Napelgige Farm compared to Oakley
Hall. This reflects the greater spatial heteroggnend thus larger range of values
associated with the pool at Napely Lodge Farm. Oakley Hall, little variation is
noted with increasing stage, although the relahgn®etween intensity and mean
streamwise velocity is slightly stronger, while tleationship with the vertical mean

reveals increased scatter (Figure 5.13c and d).
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against turbulence intensity for Oakley Hall biatspcomparing low and intermediate
flow stages (c and d). Linear regressions arequlatnly where Rvalues exceed 0.5.
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The spatial distribution of overall intensity ispdared further in Figure 5.14. Once
again, a continuum of increasing spatial heterogeine noted from glide, to riffle to
pool biotopes, and the pool at Napely Lodge Farnmagsociated with the most
pronounced spatial variation in values. Some Isedlincreases in intensity may be
attributed to the presence of particular flow abstions, emphasising the influence of
‘microscale’ structures on flow organisation (Crawdand Diplas, 2000). For
example, within the riffle (and particularly forregles close to the riverbed) increased
intensities may correspond to the influence of flolstructions such as pebble
clusters. Within the pool at Oakley Hall, sometlod strongest intensities are noted
close to left bank, reflecting the intrusion ofaifan tree roots into the flow. For the
pool at Napely Lodge Farm, spatial variation appeaore strongly related to the
organisation of flow within the pool. The strongegensities are associated with flow
convergence at the pool head and in the proximitshe thalweg, while the large

backwater zone is characterised by much lower sities.

Within the pools, some variation in intensity is@lnoted with respect to relative
depth. Within the pool at Oakley Hall, these Vviiwias are reveal a complex response
to increasing flow stage: for samples close to tiverbed, intensities generally
decrease with stage; but for samples close to therwsurface, intensities increase
with stage. For the pool at Napely Lodge Farmijatians in intensity with relative
depth appear more spatially organised. Near-betles are consistently associated
with higher intensities along the channel centeshnd in proximity to the thalweg. In
the backwater zone, however, intensities are higtiethe water surface, perhaps

reflecting the influence of rotational secondanyguwiations.
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5.4.2 Turbulent event structure

Observations within a u'w' time series may be assigo one of four turbulent ‘event’
types (bursts, sweeps, outward and inward intenag}i depending on the relative
signs of u' and w' (Figure 5.15). A threshold eatd relative magnitude is often used
in order to eliminate the influence of lower magde contributions that do not reflect
discrete ‘events’. Event structure for the Tertadaas computed using a threshold
value of two standard deviations of u' following r@en (1974) and Clifford and
French (1992). The period, duration and contridyutp the total stress of these events
can provide further information on turbulent flowrusture, but has to date been

largely overlooked in biotope characterisation.

Table 5.1 presents data from selected laboratodyfieid studies of turbulent event
structure within a variety of hydraulic environmem order to illustrate the range of
features examined and values identified. The aevarg often intermittent in nature,
but contribute significantly to the total stres§he largest contributions to the stress
are generally associated with bursts (ejectionBuad away from the bed), followed
by sweeps (compensatory inrushes; Lu and Wilmak€r,3). Significantly lower
magnitude contributions are generally associateth wie ‘negative’ quadrants

(outward and inward interactions).

Some variations in event characteristics have l@ssociated with bed microforms
and riffle-pool units. For instance, lower magnéuand vertically restricted bursts
accompanied by infrequent low magnitude sweeps lb@en associated with sand
ripples, in contrast to unrestricted higher magfetubursts and frequent high

magnitude sweeps found within dunes (Bennett arst, B896). Data presented by
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Figure 5.15Turbulent event ‘quadrants’ identified from thenjodistributional
characteristics of u' and w'.
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Author(s) Study

Fractional stress contributions
Burst:

Intermittency of

Sweep ratio Inward Outward stress contributions
Bursts Sweeps . . : )
interactions interactions
Grass (1971) Laboratory - channel ~50-70%
Lu and Wilmarth (1973) Laboratory - wind tunnel 1.7 7% ~55% ~32% ~32%
N 15% stress in 1% time
Gordon (1974) Field - Estuary ~ 68% ~ 60% ~15% ~15% ) ]
60% stress in 10% time
French and Clifford (1992) Field — Saltmarsh channel ) )
43% stress in 10% time
"""""""""""""""""""""" Field - Riffle in gravel-bed
~ 68% ~56% ~12% ~12%
Clifford and French channel
(1993b) “Field— Pool ingravel-bed
~83% ~ 85% ~ 35% ~ 35%
channel
e 6 — 70% stress in
Lapointe (1996) Field — Sand-bedded chann )
0.5 — 4% time
Roy et al. (1996) Field — gravel-bed river ~ 65 —88% ~ 70— 85% ~15-35% ~20--8%

Table 5.1Summary of burst-sweep data for selected pubtinatirom a range of hydraulic environments.
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Clifford and French (1993b) for a small gravel-racer identified higher magnitude
contributions from all four quadrants for pool caangd to riffle samples.
Furthermore, stress contributions from bursts ameeeps were found to be
approximately equal, in contrast to the asymmetrtgady Lu and Wilmarth (1973)

for laboratory data.

The fractional contributions to the kinematic shstaess (-u'w') from each of the four
event quadrants are presented in Figure 5.16. aDyvdéwursts are undetected in a
higher proportion of series than sweeps, but shdarger proportion of very high
magnitude contributions to the stress. Similaokytward interactions are undetected
in a higher proportion of series than inward intécns but are again associated with a
very high proportion of high magnitude stress dbotions. This highlights the
intermittent, but high magnitude nature of thesenés. The ratio of bursts to sweeps
shows a very broad range of values for all biotpfebng both above and below the
value of 1.7 identified by Lu and Wilmarth (1978y flaboratory data. However, this
variation is likely to reflect the intermittency diie higher magnitude events which

may exceed the 30 s sampling period used in thdygGordon, 1974).

Figure 5.17 plots the fractional contribution offelient events against the cumulative
duration of the events for each series. The raoig@alues are similar for all
guadrants, and suggest that 20% of the seriessstsesaccounted for by high
magnitude events over a total duration of 1.5 s (F%he 30 s series). While the
levels of intermittency show some consistency wpitiblished works (Gordon, 1974;

French and Clifford; 1992; Table 5.1), the absougkies of stress contributions for
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bursts and sweeps are lower than reported labgratat field values, perhaps again

reflecting the influence of the sampling period.

As with other measures, however, some indicatidrizebween biotope variations are
present, suggesting a potential for further ingadion perhaps using longer duration
series. In particular, two broad clusters of segan be identified for each plot in
Figure 5.17 corresponding to: (i) low magnitudegrstcumulative duration events;
and (ii) events associated with longer cumulativeation and increased scatter in
magnitude. For bursts and sweeps, the higher-rmafmilonger-duration events are
predominantly associated with pool series. Fowadd and inward interactions the
higher magnitude, longer duration events are ol associated with riffle and
glide samples. This is particularly apparent faphlly Lodge Farm, since higher-
magnitude, longer-duration bursts and sweeps drebserved within the riffle. This
may reflect greater intermittency of burst and gweeents within the riffle (which are
therefore not captured by the sampling interval)t imay also be associated with
greater boundary layer roughness, implying thabulence generation may be more
strongly controlled by vortex shedding from pebtllests and clusters. The existence

of such flow structures is explored in the follogcgon.

5.4.3 Characteristic flow structures

Alternative means of exploring the presence of pefeflow structures within the
boundary layer are concerned with the identificatod ‘characteristic’ or ‘dominant’
eddies from velocity series. This may proceed bglysis in the ‘time domain’

through autoregressive modelling, and in the ‘freqyedomain’ using spectral
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density analysis. The following sections preshatresults of analysis using these two

complementary approaches performed on data frorRithexr Tern.

i) Autoregressive modelling

In the same way that correlation coefficients mayobtained from the standardised
covariance of two independent variables, so thecautelation coefficient may be
derived from the covariance of two observationshef same variable in a time series
separated by a time la§g)( Autocorrelation coefficients for successiveues ofk
may be visually inspected using a correlogram ampgle autocorrelation function’
(ACF.). The ACF may be used to identify whethexr fluctuations in a time series are
random, characterised by short term fluctuatiorglarnate on either side of the mean
(Chatfield, 2004). ACFs plotted for turbulent tireeries in small sand- and gravel-
bedded rivers have revealed oscillations charatierof a damped sine wave which
has been interpreted to represent a second-ordeudpsperiodic’ autoregressive
process (Robest al, 1993). Such characteristics indicate that adroy to periodic
behaviour exists in the series, but that this suldbed by ‘shocks’ from a random
component which create a constantly changing phaseperiod (Box and Jenkins,

1976).

The modelling of stationary physical processes gisintoregressive (AR), moving
average (MA) or mixed (ARMA) time series modelo®als these characteristics to be
expressed statistically. AR models are essentitigar regressions where the
velocity value is regressed against previous valoethe time series rather than a
separate variable. They are generally describest@shastic’, meaning that different
sets of observations generated by such a model theesame time period would

reveal different characteristics but obey the samubabilistic laws (Harvey, 1981).
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MA models linearly regress observations against rdmedom shocks of previous
observations, thus incorporating past deviationmfthe series mean into predictions
of the ‘current’ value. In both AR and MA modellinthe specified model order
represents the number of time periods in the pasd te predict the current value in

the time series.

AR models are appropriate to situations wherentloa assumed that values in a time
series depend linearly on immediate past values lkandom error term (Chatfield,
2004). Second-order autoregressive, or AR(2) nsodek a popular choice in
geophysical applications since they may be direatlyociated with specific pseudo-
cyclic physical phenomena such as riffle-pool segee (Richards, 1976) and
turbulent flow structures (Clifford, 1996a). Prded that model parameters meet
certain inequality requirements, the average frequef the deterministic component
may be interpreted as the characteristic vortexiding frequency (Cliffordet al,
1992b), although the minimum detectable wavelergtimited by the velocity sensor
head diameter (Lanet al, 1993). More complex processes may require mixed
models (ARMA) which require fewer model parameténst have less obvious

physical interpretations.

The autocorrelation function (ACF) and partial aatwelation function (PACF) are
generally used as indicators for the order and ofpeodel appropriate for a particular
time series (Chatfield, 2004). As a general rateautoregressive process of orndés
characterised by an autocorrelation function whiebays exponentially, and a partial
autocorrelation function which cuts off after lpg For an MA@) process, the ACF

cuts off after lagp, and the PACF decays exponentially. Both the A6& PACF of a
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mixed ARMA process are generally characterised bymiture of damped

exponentials and sine waves.

ACFs and PACFs were plotted for each velocity seime SPSS 14.0. ACFs were
generally characterised by a slow decay, with sasallation either side of zero,
whereas the PACFs were characterised by a ‘cutaf#r around the first two to four
lags (Figure 5.18). The cutting off of the PACKygessts an autoregressive process,
although the number of parameters suggested Al varied between series. The
most appropriate choice of model was therefore sdraeunclear from the inspection
of ACFs and PACFs and so three types of model vested for each series in order to

evaluate goodness of fit.

For reasons of parsimony the number of parametess restricted to two (Box and
Jenkins, 1976). Second order AR and MA models, taedmixed model ‘ARIMA
(1,0,1), were therefore fitted to each series asskessed for goodness of fit using the
calculated R value. MA(2) models and ARIMA(1,0,1) models wegenerally
associated with higher’Rralues overall and therefore provide a better Fiowever,
the AR(2) model was chosen for further analysis deveral reasons. Firstly,’R
values associated with series modelled with AR(Bylebs are considered acceptable
in the context of contemporary field studies (Qlitf et al, 1992b; Roberet al,
1993): no series were associated with awvatue below 0.5, and for 77% of all series,
the R value generated by AR(2) models exceeds 0.8.h&urtore the improvements

in model fit generated by fitting an MA or ARIMA rdel were relatively small.
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Figure 5.18 Example autocorrelation functions (ACFs) and pagutocorrelation
functions (PACFs) for each physical biotope. Haonial lines indicate significance
level.
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Secondly, AR(2) models are associated with dirdggsygal interpretations, while
moving average and mixed models present difficsilfier interpretation. Thirdly,
while the cut-off of PACFs at lags greater tharuggests greater ‘complexity’ than is
accounted for by AR(2) models, this complexity ¥plered in greater detail using
spectral density analysis in Section 5.4.4, allgvR(2) models to be used as a first

step in the analysis of coherent flow structures.

The fitting of an AR(2) model to a time series ases that the series is characterised

by a second-order autoregressive process of the for

Vi= D1 Yt Doyt € Equation 5.3

This states that the present value of the sepig¢ds(a function the two preceding

values Y1 andy:,) multiplied by constants (model parameters &d @) plus an

error term &;). The process may be decomposed into a stoclaasii@ deterministic

component (Harvey, 1981) and, provided that thecgse is stationary, the
deterministic component may be used to providermédion on the characteristics of
‘average’ flow structures (Clifford and French, B89, The two model parameters
must satisfy certain conditions for the deterministomponent to represent a

stationary process:

(@ G+@<1
(b) -G+@<1

(c) @, >-1 Equation 5.4
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The parameter values satisfy the conditions fdrostarity for all series. However, an
additional condition must be satisfied for the dmieistic component to be

considered pseudo-periodic (Richards, 1979):

@2+ 42 <0 Equation 5.5

The condition for pseudo-periodicity is satisfie§g B2% of series (Table 5.2).
Interestingly, some variation in the proportion séries associated with pseudo-
periodic behaviour is noted between biotopes. ihstance, pool samples are
associated with a higher proportion of non-pseueldeplic series compared to both
riffle and glide samples for each site respectivebigain, this suggests a more
complex flow structure in pools, reflecting intetians between burst-sweep structures
and vortices shed from irregularly-sized woody dehgrain roughness elements and
larger bedform-related flow structures associatdth wnorphological transitions.
Furthermore, the deeper water and slower velociuhin pools may promote

interaction and coalescence of flow structuresasymg size.

The model parameter values associated with eacheliteddseries are presented in
Figure 5.19. The relationship between the two ipatars is necessarily negative, but
again, some variation between biotopes is evide@enerally, pool samples are
associated with higher @&alues compared to glide and riffle samples. Thaftects
the fact that observations at one lag distancet @xstronger influence on the current
value in the series. This again emphasises th@lesxmmature of the flow environment
within pools by suggesting weaker correlations leetmvobservations located further

apart in time (and space) compared to glide andllpotopes.
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Low flow Intermediate flow

. . Physical
Series Site .
biotope . No. pseudo- No. non pseudo- . No. pseudo- No. non pseudo-
No. series o : S : No. series S - S -
periodic series periodic series periodic series periodic series
Glide 16 11 5 18 13 5
Oakley Hall
Pool 16 15 1 16 14 2
u' ____________________________________________________________________________________________________________________________________________________________________________
Riffle 9 9 0 16 16 0
Napely Lodge
Farm
Pool 22 14 8 22 12 10
Glide 16 16 0 18 18 0
Oakley Hall
Pool 16 13 3 16 14 2
WI ____________________________________________________________________________________________________________________________________________________________________________
Riffle 0 N/A N/A 16 16 0
Napely Lodge
Farm
Pool 0 N/A N/A 22 15 7

Table 5.2Satisfaction of the condition for pseudo-periogidiy site, biotope and flow stage for each velocidynponent.
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Figure 5.19AR(2) model parameter values for each series bippe and flow stage (a to d) and relative depthfemw stage (e to h) for each
site and for each of the two velocity componeritke dotted line represents the threshold for pseadimdicity.
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Significantly, variations in the model parametetuea between biotopes are more

significant than variation associated with the tretadepth of the measurement.

i) Flow structure size and origin

For series satisfying the pseudo-periodicity indityathe average frequency of the
deterministic periodic component derived from thR(2) process may be used to

calculate the average frequency of the dominamt fisucture (Cliffordet al, 1992b):

Cos27f = Ql(z -9, )_1 Equation 5.6

The inverse of the frequency, f, is the peri®),qr time taken for the passage of the
flow structure past the sensor, measured in secoidss assumes G. |. Taylor’s

substitution, that the sequence of events at d fp@nt represents the movement of an
unchanging pattern of turbulence past that poimty(RIds, 1974), and provides only
an ‘average’ indication of eddy size. Furthermatependency of the model on the
previous two observations in a series means tlggehifrequency flow structures are

likely to be modelled better than lower frequensygilbations.

The coefficient of variation for each series mayused as a check that the size of
eddies is relatively constant through time, andefuge the ‘average’ statistics provide
a satisfactory representation. Coefficients ofiatean for u' series are plotted
according to sample location, flow stage and retatiepth in Figure 5.20. Values
generally fall below or close to 0.1 for glide anfile samples suggesting minimal
variation in eddy shape (Clifford, 1997). Howewveajues are higher for both pools,

suggesting that average eddy statistics derived &&(2) models may be subject to
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Figure 5.20The coefficient of variation for u' series. Theetshold value of 0.1, used to indicate consistddyeize and shape, is indicated by
a dotted line. Four large outliers (ranging up @22), all associated with pool samples, are remaverder to improve visual display.
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higher levels of error. These samples are retaméae analysis, but ‘average’ values

may be less representative of the flow structueesnded.

Figure 5.21 presents the dominant period derivechfAR(2) models for each series
according to physical biotope and flow stage. #diries are characterised by a
periodic component with an average period of betwks and 2 s duration, however,
some variation between biotopes is noted. Riffid glide biotopes are associated
with similar ranges of values, which contract tmare restricted range of values with
increasing discharge. The pools, however, reveatrasting patterns. At Oakley
Hall, the pool is characterised by a very restdatenge of values at the lower flow
stage, which plot ‘within’ the range identified fthre glide. At the higher flow stage, a
large amount of overlap with the glide is still @df but the pool reveals a slight
increase in the range of dominant periods detectedcontrast, the pool at Napely
Lodge Farm is characterised by a much larger rafgalues at the low flow which

contracts to a very tight range of values closé toduration at the higher flow stage.
This partly relates to a lower sample number, simme of the intermediate flow

series within the pool failed to meet the conditionpseudo-periodicity.

Assuming that Taylor's substitution applies, therage period derived from AR(2)
models can multiplied by the mean velocity to pdavia spatial measure of eddy

length () (Clifford and French, 1993a):

L=uP Equation 5.7
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Figure 5.21Dominant period®) derived from pseudo-periodic AR(2) models for
each biotope and flow stage for u' and w' series.
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Figure 5.22 plots the eddy length scales derivethfeach series by biotope and flow
stage. At Oakley Hall, glide and pool biotopesvglsimilar ranges of length scales at
both flow stages, suggesting a dominance of strestamaller than 0.4 m in length.
In contrast, riffle and pool biotopes at Napely ged~arm are clearly differentiated by
eddy lengths. The riffle is characterised by gdarange of larger eddy sizes (up to
1.05 m) compared to the pool at both flow stagétboagh the absolute range of
values is reduced at the intermediate flow sta@gditionally, eddy lengths within the

riffle are associated with a narrower range of galoompared to the pool, particularly
at low flow, suggesting greater spatial homogengitylow structure. Once again,

these variations between biotopes appear more fisgmi than any variation

associated with the relative depth of the measuneme

Spatial variations in eddy length within each bi@ae explored in further detail in
Figure 5.23. Once again the glide demonstratemgthomogeneity spatially, with
depth and with increasing flow stage. The rifffealso associated with relatively
strong spatial homogeneity, but shows systemati@tan in flow structure size with
relative depth and discharge. At the intermediate stage, flow structures reveal an
overall reduction in size. Furthermore eddy seesociated with samples close to the
water surface are consistently larger comparedhtwset near the bed, possibly
reflecting the evolution and coalescence of stmastwvith distance from the boundary.
Greater spatial heterogeneity is noted within tieelg but this appears relatively
unsystematic. There is some tendency for largaev 8tructures towards the pool talil,
perhaps reflecting the interaction and coalesceoicestructure of varying size
generated by the morphological transition and wosteedding from smaller roughness

elements.
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By following the methodology of Clifforcet al. (1992b), the eddy length may be
converted into an estimate of the diametrof the body responsible for shedding the
dominant vortices. This requires rearrangemerthefequation for Strouhal number
(S), which represents a dimensionless frequencyoofex shedding, assuming an

approximate value of S = 0.2:

fd
(@) S= e (b) d = 02u Equation 5.8

Calculated values od may then be compared to the calibre of substiate(s
characteristic of each physical biotope as idesdifin Chapter 4. Commonly,
percentiles derived from cumulative mass curveg. (Bso, Dgs, Dgo) are used as
descriptors of grain size distributions (BridgeP2) However, in natural gravel bed
rivers, the grain size is frequently scaled up@34pin order to provide an estimation
of roughness length which reflects small-scale fomasistance such as
microtopographic bedforms (Clifforet al, 1992b). Figure 5.24 plots the valuesdof
by sample location with respect to the grain sikaracteristics (&) and effective
roughness length (3.5k) within each respective physical biotope. For sand
gravel samples, only the 3.BDis plotted, since B values are several orders of
magnitude smaller than the dominant eddy length amedunlikely to represent the

bodies responsible for vortex shedding.

Within the glide at Oakley Hall, average eddy sizeggest shedding structures of
approximately 0.05 to 0.07 m for most sample laseti This suggests close

correspondence with the 3.5or gravely shoals within the glide, possibly eefing
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the influence of microtopography on vortex generati Spanwise sand ridges
observed within sandy areas of glides constituteadditional microtopographic
roughness element which may also be responsibléhéopbbserved structures. Most
values ofd within the glide are much larger than the 35fr sand, perhaps due to
growth and evolution of eddies with distance frdra bed. Within the riffle, estimates
of shedding body size are much larger, suggeshiagptesence of flow obstructions
between 0.1 m and 0.2 m in diameter. Valued afe larger than the 3.5Pfor gravel
and the [, for cobbles, but smaller than the 3gaibr cobbles. This may reflect the
influence of small clusters of pebbles, or the atioh of eddies shed from larger

individual pebble particles with distance from timundary.

Within the pools, the estimated size of sheddingcstires varies between 0.001 m and
0.18 m, reflecting the complexity of bed materiahposition which included sand,
cobbles and woody debris. Furthermore, as sugiigsteviously, evolution and
coalescence of eddies may be more prominent irspsoh result of the deeper water,
which may partially explain the large scatter iues ford. For many of the series,
values ford fall close to the By for cobbles, suggesting shedding from individual
particles. However, shedding is also likely toatetl to the accumulations of
irregularly sized woody debris which may also helgxplain some of the variation in

values.

This analysis illustrates the direct effects of mogcale flow obstructions on the
organisation of flow structures within the water woh. Eddies shed from both
smaller elements associated with individual paticlnd larger microform roughness

elements associated with cluster bedforms and argdebris interact to create a
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complex flow environment in the outer flow zone.hid further emphasises the
importance of substrate composition in determiniigysical habitat characteristics,

not simply within the benthic zone but throughd tvater column.

5.4.4 Spectral signatures

i) Spectral density

When analysed in the ‘frequency domain’, the vargamf a time series may be
represented as a summation of many sinusoidalitunscof varying frequencies. The
contributions of each of these to the total sevieasance may be isolated by Fourier
analysis (Rayner, 1971) and smoothed using weighi@dng averages or ‘windows’
of varying sizes to produce a ‘spectral densityneste’ (Davis, 2002). Spectral
density techniques are commonly applied in a ravfgtuvial research contexts from
macroscale investigations of morphological struetwithin large rivers (Carling and
Orr, 2000) to microscale investigations of turbukenand sediment suspension

(Lapointe, 1996).

The spectral density function represents the Fotnamsform of the ACF, and has the
added advantage of providing information on thege of eddy scales in addition to
the dominant or ‘characteristic’ flow structureéghe detectable range of frequencies is
determined by both the series length and the sampfiterval (Davis, 2002). The
lowest detectable frequency is determined by thebmunof observationsnj in the
series since information cannot be obtained fonalsgy with a period greater than

(n=1)/2. The highest detectable (‘Nyquist’) frequencyrastricted to wavelengths

of twice the sampling interval. Since the speatiisity estimate must account for all
of the variance within the series, the variancetrimmed by frequencies higher than

the Nyquist frequency must be distributed amongldleer bands, a problem known
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as ‘aliasing’ (Davis, 2002). Aliasing was not colesed to represent a significant
problem in this analysis since the sampling intewas small enough to account for
turbulent frequencies identified in previous workKirkbride, 1993; Clifford and

French, 1993b).

Spectral density analysis was performed in SPS& ddthe turbulent residuals u' and
w' in order to eliminate contributions to the vaca from the series mean, and
spectral estimates were smoothed using the TukeytHg filter with a window of 5
lag widths. Series with missing data were excluftedh the spectral analysis for
purposes of comparability, since the number of ot®ns in a given series
determines the detectable range of frequenciedessibed above. This permitted the

computation of spectral density estimates for 11206 a total of 135 series.

i) Flow structure ranges

The morphology of the spectrum can provide an eitho of whether periodic

variations are the dominant feature of the serms,whether a wide range of
frequencies are responsible for the observed vamigiRayner, 1971). Frequency
spectra may be converted to a spatial analogueydivenumber spectra, in order to
aid interpretation of the scale of flow structuteustures associated with varying
contributions to the series variance (Clifford d@rench, 1993a; Clifford and French,

1993b) using the conversions:

(a) E(K) =%S(fn) ) K=27F /U Equation 5.9
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Where S(f) represents the frequency spectrum at frequep@nd the wavenumber

(K) is measured in radians per metre.

Wavenumber spectra for all complete series werepodead and examined visually
(see Appendix B). A simple indication of the ouksgries variance can be identified
from the magnitudes dE(K) which reveals some variation between biotopesideGl
and riffle biotopes are associated with lower vares (generally around Ep
compared to the pools (£ For the glide, variance is reduced at the mestiate
flow stage, while the riffle is associated with 8an magnitudes of variance between

flow stages but shows some cross sectional vamiatidow flow.

The maximum wavenumber identified for each sergesplotted in Figure 5.25,
providing an indication of the scale of thmallestflow structures contributing to the
variance. Again, some differentiation between dpet is observed. Wavenumber
maxima for riffle samples are low, reflecting themdnance of larger flow structures
associated with cluster bedforms identified in ®ect5.4.3. Maxima are
comparatively higher for the glide, correspondimythe smaller flow structures
observed in Section 5.4.3, and reveal significaatiation for the pool biotopes
reflecting the strong spatial heterogeneity of flstnucture size which is once again

more pronounced for the pool at Napely Lodge Farm.

Visual examination of the morphology of wavenumispectra can provide further

detail on flow organisation. Wavenumber spectra df series are provided in

Appendix B, but Figure 5.26 presents example spdotreach physical biotope at
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each site at low flow in order to illustrate the&d characteristics. The morphology
of wavenumber spectra demonstrate strong spatimlobeneity for glide and riffle
samples, consistent with other measures explorgaemious sections and generally
variations between biotopes appear more signifittzart variations with relative depth
of the measurement. This is generally maintainetbss flow stages for both
biotopes, although for some riffle samples speqiealks reveal a shift to the right at
the higher flow stage suggesting a reduction in aherage size of flow structures
consistent with AR(2) models in Section 5.4.3 ahé bbservations of Clifford
(1996a). The morphology of wavenumber spectrarglegively similar for samples
within the pool at Oakley Hall, but at Napely Lodgarm the pool is characterised by
pronounced spatial variation in spectra morpholaighpw flow, which is then reduced

at the higher flow stage.

However, two features of the morphology of wavenamspectra are of particular
interest: (i) truncation of the spectral densitydtion at low or high wavenumbers;
and (ii) the occurrence and character of specwakg. Truncation of spectral plots at
high wavenumbers suggests that the sampling idtesvéoo large to capture the
highest frequency fluctuations. Truncation at avenumbers suggests that larger
flow structures with periods greater than the sang@hgth contribute in some way to
the series variance. Truncation at high wavenumbas absent from the Tern data
set, in contrast to published data for lower fremyesampling at 2 Hz and 10 Hz
(Clifford and French, 1993b), suggesting that ti& Hz sampling interval was
sufficient to capture the smallest flow structur@suncation at low wavenumbers was
observed within all biotopes, but this was mostiobs for the pools, suggesting

significant variance is associated with larger flewictures with periods greater
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Figure 5.26 Sample wavenumber spectra for each of the fouop&s at low flow. (a) to (d) present spectradfaseries and (e) to (f) spectra for
W' series.
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than 30 s which was not completely removed by deirey procedures. Some
contrasts between pools are noted regarding lesfetsuncation across discharges,
however. For the pool at Oakley Hall, truncatioosv wavenumbers becomes more
frequent at the higher flow stage, suggesting anger influence of larger scale
structures, perhaps associated with secondarylaiimos. In contrast, truncation is
reduced at the higher discharge for the pool ateNapodge Farm, suggesting that
larger flow structures are less prominent, posgiefiecting the intensification of flow

identified in Chapter 4.

The occurrence and character of spectral peaksnwilte spectrum can provide an
indication of the complexity of the flow organisaii A peak in the frequency

spectrum is interpreted to suggest that a certaaillation in the sequence accounts
for a large amount of the total series variatidn.the case of turbulent velocity time
series, this is often interpreted to representanprent eddy structure (Venditti and
Bauer, 2005). In contrast, a ‘spiky’ profile indtes contributions from a wider range
of wavenumbers. Singular spectral peaks are lgsarant for riffle spectra compared
to glide and pool samples. Instead, riffles denrats peaks at relatively low

wavenumbers (representing larger flow structures) a subsequent ‘spikey’ decay
towards higher wavenumbers, suggesting that atyade smaller flow structures

contribute significantly to the variance. This miagflect the variety of clast sizes

associated with the pebble-gravel substrate cigpatiange of eddy shapes and sizes.

Spectral peaks are more obvious for the glide spestuggesting a simpler flow
structure characterised by vortices with similaneinsions. This is consistent with the

flume-like nature of the glide which is associatath strong homogeneity of substrate
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composition and a simple bed topography. Sometispdor both pools are also
characterised by a prominent spectral peak. Ferpol at Oakley Hall, this is
generally associated with higher wavenumbers far#ed samples, supporting the
idea of evolution and growth of flow structures pdepth. Near-bed samples also
reveal a higher incidence of secondary peaks ahehigvavenumbers perhaps
suggesting a more complex flow structure associatid vortices of varying size
shed near the boundary which coalesce over deptiticg a simpler flow structure
near the water surface. More complex, ‘spikierdfies are associated with both
faster-flowing pool head and mid-pool locationsd anithin the backwater zone
towards the left bank. Spectral peaks reveal # &hihigher wavenumbers at the
intermediate flow stage suggesting a reductioménaverage size of flow structures as

identified for the riffle.

iii) Average flow structure size

Assuming Taylor's hypothesis applies, an estimdtéhe characteristic length scale
associated with the highest contribution to thdesevariance can be obtained by
multiplying the period (the inverse of the frequgnassociated with the peak spectral
density by the mean streamwise velocity (Best, 1998ford and French, 1993a).

Figure 5.27 plots these derived length scales &hehysical biotope and compares
these to length scales derived from AR(2) modélength scales were plotted for all

series and therefore reveal significant variatiances some series (principally

associated with the riffle) did not demonstrate ranpunced spectral peak. This
creates significant overlap between biotope categan contrast to the observations
in section 5.4.3. Eddy lengths derived from s@@qieaks are generally much larger

than those derived from AR(2) models (often over ih length), and this
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Figure 5.27 Eddy lengths derived from velocity spectra for (aseries and (b) w' series, and the ratio oftleisgales derived from spectra to
those derived from AR(2) models for u' and w' sefeeand d).
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is more pronounced for u' series compared to wWiis 1| a consequence of using the
spectral peak to represent the average eddy sikEhwgnores the influence of

smaller turbulent fluctuations associated with‘gpeky’ decaying limb of spectra.

Overall, however, results presented in this secsigoport the idea of a continuum of
increasing hydraulic complexity from glide, to kfto run biotopes in terms of flow

structure characteristics and levels of spatio-tenalpvariation.

5.5PHYSICAL BIOTOPES AND SEDIMENT TRANSPORT

So far, biotope characterisation studies have gitedn only relatively simple

explorations of sedimentology in the form of donmhaubstrate characteristics. The
following sections present the methodology andItesaf a set of experiments which
attempt to identify variations in sediment trangpoechanisms within and between
physical biotopes, since such characteristics iagtylto have a direct influence on

biota through the distribution of sediments, nuttseand pollutants within the channel.

5.5.1 Sampling design

Within the same physical biotopes sampled for vigfatharacteristics (see Plate 5.1),
suspended sediment experiments were conductedgdarstable low flow period in
June 2005 and on the falling limb of a flood evieniuly 2005 (See Chapter 2 Section
2.3.5 for discharges and exceedences). Two ‘drodytbree Partech IR40C infra red
turbidity probes were deployed to monitor turbiditgvels for the duration of
artificially created sediment ‘pulses’. On eachags probes were positioned at 0.2,
0.6 and 0.8 of the water depth from the surface amdys were spaced 2 m apart

longitudinally along the channel centreline (Figbr28). Sediment pulses comprising
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fine silts collected from channel margins (See @&ap, Section 2.3.4 for grain size
distributions) were released upstream of the &rsay at 0.2, 0.6 and 0.8 of the water
depth. Shallow depths within the riffle biotopeniied the experiment to a single

release and detection depth at 0.6.

The Partech IR40C probes measure the extent tdwligiat passing through the water
is reduced as a result of water turbidity by relgtithe attenuation of an incident
optical beam to the mass of material in transpolifford et al, 1995). Probes were
connected to a Campbell Scientific CR10X datalodogging at a frequency of 11 Hz
for one minute prior to sediment release, thusiping an indication of the ‘ambient’
turbidity levels, and for three minutes followingoh release to ensure that enough
time was allowed for the pulse to pass both probeselocity time series was taken
beside the upstream probe array in order to proaméndication of the mean flow

velocity.

5.5.2 Calibration and data cleaning

Partech IR40C turbidity probes were calibrateddifsets and in order to check for a
linear response to increasing sediment load. iddal probe offsets were determined
by laboratory calibrations in clear water (Figurdda). However, field readings taken
prior to the release of sediment pulses generallybtlow the clear-water calibration
levels, reflecting the sensitivity of probes toiadons in ambient light. In order to
improve visualisation of time plots, and since attediment concentrations are not

relevant to the experiment, the ‘ambient’ turbidiglue was subtracted from turbidity
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Figure 5.28 Sampling design for the microscale sediment trarsgxperiments.
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Figure 5.29 (a) Clear-water offset values for IR40C turbidipyobes used in

microscale sediment experiments. (b) laboratolipr@ion curves for field sediments
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identified for field deployments.
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series in order to simultaneously remove the oftsed account for ambient light

conditions.

Although the absolute sediment concentrations ater@quired, probe response to
increasing sediment load must be linear in ordepravide an accurate indication of
variations in sediment concentrations. A calilmaticurve was obtained by
incrementally adding small samples of well-mixedliseent of known weight to a
known volume of water. Curves reveal a charadterssgmoid trend (Cliffordet al.,
2995; Figure 5.29b). However, the field rangeseobsd for the turbidity monitoring
experiments are relatively narrow and fall withire fower part of the curve, meaning
that the relationship between sediment concentratemd probe output is
approximately linear (Figure 5.29c), and therefprebe output provides an accurate

proportional representation of changing sedimenteatrations.

Partech IR40C probes are frequently associated withigh frequency switching
transient when used in conjunction with data logg@iifford et al, 1995). Since this
represents an electrical effect it was ignored, andlysis focused on the overall
characteristics of detected pulses. Time plotssémtiment release experiments were
produced by comparing probes located at the saraBvee depth on upstream (Al)
and downstream (A2) probe arrays (a total of 53sploUnfortunately a logging error
meant that traces for the June release at 0.8&dlepth within the glide were lost. In
all cases, sediment pulses were advected pastpoobies within 60s of the time of

release, and therefore the remaining parts oféheswere discarded.
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In order to objectively delimit sediment pulseshinteach trace, the ambient turbidity
was used as a threshold above which observatiomsbeaconsidered part of the
introduced sediment pulse. However, this resultatie inclusion of small infrequent
fluctuations in turbidity, possibly related to int@ttent sediment suspension events
(Lapointe, 1996), as discrete pulses. The thresivak therefore increased to one and
a half times the ambient range, to provide a @richeans of pulse delimitation.
Pulses associated with only one or two observatiabgve this threshold were
disregarded, since it is possible that these reffeatural turbidity fluctuations

associated with turbulent mixing.

5.5.3 Sediment pulse characteristics

Fine sediment ‘pulses’ of limited duration are ancoon cause of disturbance in river
systems. Large-scale pulses may originate fronnttaral mobilisation of channel
and floodplain sediments or runoff from agricultueand or construction sites during
storm events (Watanalst al, 2005). Such events may have important implicetio
for instream biota particularly where toxic contaamts are adsorbed to minerogenic
particles (Hoseet al, 2002). Smaller-scale interactions between teuimixing
processes and suspended material under more stahielogical conditions are also
of great significance for aquatic organisms, fatamce regarding the distribution of

food and nutrients within the channel (McNairal, 1997).

A sediment pulse originating from a single sourc# be distributed longitudinally,
vertically and transversely according to a combamtof advective, diffusive and
dispersive mixing processes. Advection refers e process by which velocity

currents move the sediment cloud in a downstreaectibn away from the release
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location. ‘Pure’ advection moves the pulse dowaestr as a coherent body without
change in concentration, but a second process, kr@wturbulent diffusion’ causes
the pulse to spread out vertically within the watelumn and transversely towards the
banks (Rutherford, 1994). Turbulent eddies brgakhe sediment plume, increasing
concentration gradients and accelerating the mtdecdiffusion process which
transfers sediment from areas of high concentratiomreas of low concentration
(Allen, 1985), ultimately altering the size, shaged concentration of the sediment
cloud. Since most river channels are charactebgedidths many times greater than
the water depth, complete diffusion is generallgi@eed more rapidly in the vertical
dimension throughout the water column, than trarsgveiffusion across the channel
(Rutherford, 1994). An additional process, ‘digp@n’ may result in the movement of
the sediment cloud bodily either towards the balfiikansverse dispersion), or

vertically within the water column (vertical disgan).

In order to analyse the transmission of suspenddarent within different biotopes,

the sediment plume detected by each turbidity pneas considered as a discrete
event in the manner of a flood pulse hydrograpgyfe 5.30). Table 5.3 provides the
mean velocity conditions at the first probe arrathim each biotope. For each pulse
detected at each probe for the various sedimeeasek, the advection time, time to
peak, time to recession and total duration of thisgpwas calculated, along with the
peak turbidity value. Figure 5.31 plots theseistias for the various releases within
different physical biotopes. Overall, pulses gafigreach the first array between 5s
and 25s following the release, and the second dvetyyeen 10s and 30s after the

release. The duration of pulses varied betweenthes 1s to over 30s and generally

274



Peak turbidity

Rising limb Falling limb

/

Suspended sediment concentration

T————————- e et e e e L EE L L L DSt S
Advectidn time | |
| I
| I I
Timeito peak_ i Time to recession o
‘—.—>I‘ K >
i i Pulse duration g

v

Time from pulse release

Figure 5.30Flood hydrograph theory applied to sediment pulses]ified from
Bridge (2003: Figure 1.3, p. 8)

Site Date Physical biotope U (m$ W (ms™)
Glide 0.30 -0.14
June
Pool 0.82 -0.16
Oakley Hall ~ --------mmmmmmmmm oo oo oo oo oo oo oo oo
Glide 0.33 -0.30
July
Pool 0.20 -0.34
Riffle 0.80 0.08
June
Pool 0.62 3.14
Napely Lodge Farm:------------mmmmmmo oo oo oo oo oo oo
Riffle 0.46 -0.31
July
Pool 0.07 -0.34

Table 5.3Mean velocity measured at array 1 during sedimeletises for each
physical biotope.
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Figure 5.31Sediment pulse statistics for array 1 (a to f) amdy 2 (g to |) by the relative depth of detegtorobes.
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the rising limb of the sediment concentration waarter than the falling limb as noted

for ‘advection zones’ proximal to the release lamai{Rutherford, 1994).

Sediment pulse statistics also show some varidtetmween physical biotopes. At
Oakley Hall, the glide is generally associated véthvider range of pulse statistics,
suggesting that the characteristics of the detguidsk are dependent on the height of
the release in the water column and the positiorthef detecting probe, possibly
reflecting a structured, logarithmic velocity ptefi Pulses advected within the riffle
are advected downstream rapidly, reflecting thédn Higw velocities (Table 5.3), but
are relatively long in duration, possibly reflegtitongitudinal elongation of the pulse
as a result of velocity shear within the water oot Rutherford, 1994). The data sets
for both pools are relatively fragmentary sinceumber of pulses were not detected

by probes.

Table 5.4 lists the probes associated with the magstl advection, longest duration
and highest maximum turbidity value on each armyefach sediment release. Some
variation in the response of pulses to variationthe depth of release and the position
of probes is observed. For the glide, pulses aremlly advected most rapidly and
are of longer duration within the upper part of thater column, irrespective of the
location of the release. This suggests that \@rtidfusion is achieved close to the
pulse source and therefore traces reflect the ikbgaic structure of the velocity
profile. This is less clear for the July experimenowever, perhaps reflecting a
change in the organisation of the velocity profileh the passage of the flood event.

The turbidity maximum migrates towards the bed wiigtance from the release,
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Longest pulse duration

Most rapid advection

Maximum trbidity

Site Date Biotope Release depth Al A2 Al A2 Al A2
________________ 0.2 0.2 0.2 0.2 0.2 0.8 0.6
Glide 0.6 0.2 0.2 0.2 0.2 0.8 0.5
R 08 o NA NA e NA NA NA A
0.2 Not detected 0.2 Not detected 0.2 Not detected 0B&
= Pool 0.6 0.6 0.8 0.2 0.6 0.6 0.8
i 0.8 0.8 0.8 0.6 0.8 0.8 0.8
= o2 02 o2 o6 o2 02 | 06&08
© Glide 0.6 0.2 0.6 0.2 0.2&0.6 0.2 0.8
0.8 0.6 0.8 0.6 0.2 0.8 0.8
et 02 02 Not detected 02 Not detected 02  Notdetected
Pool 0.6 0.2 Not detected 0.6 Not detected 0.8 Not detected
0.8 0.2 Not detected 0.8 Not detected 0.8 Not detected
CE o2 06 Not detected 06 Not detected | 02  Notdetected
'E June Pool 0.6 0.6 Not detected 0.2&0.8 Not detected 0.8 Not detkc
R 08 08 Notdetected 06 Notdetected 08 Notdetected
; 0.2 Not detected 0.8 Not detected 0.8 Not detected 0.8
%— July Pool 0.6 Not detected 0.8 Not detected 0.8 Not detected 0.6
= 0.8 Not detected Not detected Not detected Not detected Not detected Not detected

Table 5.4Relative depth of probes associated with the Ishgelse duration, most rapid advection and maxirtunmdity value at each array
for each sediment release. Riffle is excludedessi@llow depths permitted only one probe at eaely.a
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reflecting the tendency for pulse migration towamdgions of lower diffusivity

(Rutherford, 1994).

Pulse statistics may also be expressed as a aatay(1: array 2) in order to assess the
change over distance from release for probes paositi at the same relative depth on
arrays 1 and 2. Figure 5.32 plots the ratios fifferent pulses statistics for each
physical biotope for the various sediment releas&salysis is limited principally to
the glide, since pool samples frequently failediédect the pulse on both arrays, and
only two pulses were conducted within the riffle &ach experiment due to low water
depths. However, some broad trends are obse@gdrall, pulses are detected first at
array 1 which was positioned closer to the reldasation, with the exception of one
pool sample which may reflect the influence of tiot@al flow circulations. The glide
reveals a tendency for longer duration pulses r@ya2 during the July experiment,
perhaps reflecting the effects of vertical veloahear. The peak turbidity is generally
higher for array 1 probes, reflecting the diffusiand settling-out of particles over
distance from the release. Some instances of higeak turbidities at the second
array suggest an increase in sediment concentsattose to the bed as particles

migrate vertically towards the boundary.

For the pool at Oakley Hall, probes located witttie upper water column fail to
detect all pulses during the June experiments, esig rapid dispersion of pulses
transversely or vertically within the water colufatiowing release. In contrast, all

probes detect each sediment pulse for the Julyrexeets, again suggesting a re-
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organisation of velocities within the water columamd longitudinally during the flood
event. This is further emphasised by variationth@location of the longest duration
pulses: for the June experiments these occur ¢tosee bed, but in July they occur

close to the water surface.

5.5.4 Identification of mixing processes

Perhaps the most significant information to be\astifrom the experiments, however,
relates to the interpretation of the dominant nuxiprocesses operating within
different biotopes. A systematic process was @elvia an attempt to determine the
mixing process responsible for the observed detedr otherwise of sediment pulses

at various relative depths within the physical bpss.

Within all biotopes (and for both sets of experits@npulses are detected at array 2
suggesting that the complete settling-out of plegicor diffusion to ambient levels
between the release location and second array likelyn Detection of sediment
pulses within pairs of probes located at the saet&tive depth on each array was
therefore considered within the context of surrangdprobes in order to determine
whether the distribution of the sediment pulse imitthe channel was controlled by
longitudinal advection, transverse dispersion ortival dispersion. Figure 5.33
represents the systematic process used to idghgfydominant mixing mechanisms

and indicates which physical biotopes were assediaith each of type of process.

Sketches of the dominant mixing processes attribute various pulse detection
scenarios are provided in Figure 5.34, and Figusé plots the mixing characteristics

of different biotopes quantitatively, accordinge frequency of processes attributed
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’ Is the sediment pulse detected at A1? ‘

Yes | No

v v

Is the sediment pulse detected at A2? ’ Is the pulse detected at A2?

Yes| No Yes| No
\ 4 v \ 4 v

Do all A1 and A2 probes Do surrounding A2 probes Do surrounding Al probes Do surrounding Al probes

detect the pulse? detect the pulse? detect the pulse? detect the pulse?

Yes| No
Do surrounding A2 Do surrounding A2
probes detect the pulse? probes detect the pulse?
Yes| No No| Yes Yes
No
No Yes| No
Yes
A v B v C v D v E v F v G v
Rapid vertical Advection Transverse Vertical Transverse Vertical and Transverse
diffusion & and vertical dispersion dispersion dispersion transverse dispersion | dispersion around
strong advection dispersion around A2 T around Al | Al and A2

«Glide Juné  Pool (OH) Jung& <Pool (OH) Jul§ +Pool (OH) Jung «Pool (OH) Jung *Pool (NF) July
«Glide July *Pool (NF) Jun2 «Pool (OH) July  <Pool (OH) July

*Riffle Juné *Pool (NF) Jul§

«Riffle July*

Figure 5.33 Systematic process used to identify the varioudgngiprocesses responsible for the observed sedlitrarsfer signal.
Superscript values denote the number of probe phasated to each mixing process for each biotypkexperiment date.
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(a) Vertical diffusion and advection (cross seudiloview)
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Figure 5.34 Sketches to illustrate the principal sediment ngxprocesses identified
from suspended sediment experiments: (a) rapidceértiffusion and downstream
advection, (b) vertical dispersion by upwelling downwelling currents and (c)
transverse dispersion laterally towards either bank

[ Vertical diffusion and advection W Vertical dispersion and advection

[ Vertical dispersion

O Transverse dispersion

No. sample

Glide June

Glide July  Pool June
Oakley Hall

Pool July Rifie June fleRiuly  Pool June
Napely Lodge Farm

Pool July

Figure 5.35The number of sediment pulse experiments (at uanielease depths)
attributed to each of the four main mixing procedee each physical biotope and
experiment date.
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to different sediment releases. Sediment pulsesietected by all probes within glide
and riffle biotopes, irrespective of the depth loé tsediment release. This suggests
that the downstream advection of sediment by flasloeity is strong enough to
overcome (at least in part) depositional and diffeigorocesses over short distances
(Figure 5.34a). Vertical diffusion of the pulsepaprs to occur rapidly over the 1 m
distance between the release and array 1 singgadles on array 1 detect the pulse
irrespective of the release depth (although thisaay be assessed for the glide). In
contrast, there are several instances where prédkedo detect sediment pulses
released within the pools. Discounting deposititig suggests the bodily movement
of the pulse by dispersion either vertically withine water column (Figure 5.34b), or
laterally towards either bank (Figure 5.34c). Whtre pulse is detected at different
probe depths on each array, dispersion was coesidgr occur in the vertical
dimension, associated with upwelling or downwellmgrents. Where all probes on
one or both of the arrays failed to detect the ggulsspersion was considered to occur
transversely by deflection of the sediment plumenisander currents or secondary

circulations.

The pool at Oakley Hall is characterised by a coation of vertical and transverse
dispersion, depending on the depth of the sedimeletase and the hydrological
context of the experiment. Transverse dispersiecoimes more prominent for the
July experiment, however, suggesting a re-orgadorsabf flow and possible

intensification of the thalweg on the waning limtloe flood event which deflects the
plume away from the channel centreline. In comtrth® pool at Napely Lodge Farm
is consistently associated with transverse disperfgr both experiments, although the

nature of this varies. For the June experimemtsediment releases were deflected
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around the second probe array, which reflects ¢hiéirg of sediment away from the
mid-pool zone by the thalweg. The July experimétyever, is associated with a
combination of dispersion around the first arrayypmnd dispersion around both
arrays, reflecting the complex flow environment alwing rotational secondary

circulations.

This section supports the idea of a relatively hgem®ous physical structure of the
glide biotope, and to a lesser extent the riffesciated with a structured logarithmic
velocity profile which competently advects an imlnoced sediment pulse downstream
and demonstrates predictable mixing behaviourscohtrast, pools are very complex
hydraulic environments which is of great significanfor the routing of particulate

matter, which appears dependent on the depth ofdbece, and the organisation of

velocities within the channel associated with théewhydrological regime.

5.6 DISCUSSION AND CONCLUSIONS

This chapter employs a range of statistical apgresto analyse a variety of hydraulic
parameters at the microscale within selected phlysimtopes. Overall, hydraulic
parameters suggest that between-biotope variasianare significant than variation
with relative depth within individual biotopes. fla 5.5 and Table 5.6 present the
results of Mann-Whitney tests performed in ordetetst this observation for statistical
significance (homogeneity of variance was too Higha parametric test). Variation
between biotopes does appear more significant ¥aaation within biotopes, since
differences between relative depth groups (0.2 ar®) fail to show statistical
significance for all parameters. However, the mismatory ‘success’ of different

parameters depends upon the combination of physictdpes studied, similar to
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Mann-Whitney significance level (P) for physical bdtope groups

Site Flow stage u w Intensity -u'w' Eddylength
Low 0.026 0.017 <0.001 1.000 0.002
Oakley
Hall
Intermediate 0.022 0.506 <0.001 0.313 0.185
Napely
Lodge Intermediate <0.001 <0.001 0.781 <0.001 <0.001
Farm

Table 5.5Results of the Mann-Whitney tests performed ondpe groups at each site
for different variables. Emboldened values highmligroups which are statistically
different at the 0.05 significance level (P < 0.05)

Mann-Whitney significance level (P) for relative deth groups

Site Flow stage u w Intensity -u'w' Eddylength
Low 0.402 0.780 0.724 0.809 0.551
Oakley
Hall
Intermediate 0.433 0.946 0.786 0.079 0.239
Napely
Lodge Intermediate 0.817 0.583 0.488 0.172 0.701
Farm

Table 5.@Results of the Mann-Whitney tests performed ontiredadepth groups at
each site for different variables.
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observations by Jowett (1993). Turbulence intgnsitor instance, clearly
distinguishes pool and glide biotopes at Oakleyl,kidlile average eddy size provides
better discrimination between pool and riffle bjgés at Napely Lodge Farm (Table

5.6).

Higher-order flow properties generally provide desadifferentiation between
biotopes compared to simpler series-averaged \glacid stress properties. Three
hypotheses for the principal causes of observed $ioucture are identified: (i) burst-
sweep turbulence generation; (ii) vortices shedmfrmdividual clasts and bed
microforms and (iii) larger structures associatathvilow obstructions such as tree
roots and larger scale form roughness. These agtteto produce different
hydrodynamic environments within each of the rifftgide and pool biotopes. The
glide is associated with the ‘simplest’ flow stua, possibly reflecting a dominance
of burst-sweep structures (since it is strongly bgemeous and flume-like), while the
riffle shows comparatively greater complexity refilag the influence of vortex
shedding from microform roughness (since it is aesded with the highest relative
roughness over the largest discharge range). Toas prepresent the most
hydraulically complex environments, characterisgdabcombination of burst-sweep
structures and vortices shed from both smallerngraughness elements and larger
form roughness structures and flow obstructionsctvhinteract and coalesce over

depth.

However, the range of hydraulic measures studidderchapter suggest that physical
biotopes demonstrate different levels of ‘withimdoipe’ hydraulic variation. When

considered in terms of spatial variation (longihadly and cross sectionally), variation
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with depth through the water column, and temporaliations in response to
increasing discharge, glide, riffle and pool bisepare clearly segregated in
conceptualised 3-dimensional space (Figure 5.3Bhe glide provides a relatively
uniform environment, associated with strong spdi@hogeneity and little variation
in hydraulic parameters with discharge. Riffle rudics demonstrate relatively
strong spatial homogeneity, but vary systematicaidityh distance from the boundary
and with increasing discharge. In contrast, botiolg exhibit strong spatial

heterogeneity in various physical parameters coeth#w respective glide and riffle
units, unsystematic variations with relative depiid a highly complex hydraulic
response to increasing stage. Furthermore, thepbwts demonstrate different levels
of internal variation. Generally, the more pronoeth morphological character of the
pool at Napely Lodge Farm gives rise to greaterdwiic heterogeneity, emphasising
the importance of interactions between channel mamggy and hydraulics

highlighted in Chapter 4.

These findings suggest that the internal hydractimplexity of different biotopes
constitutes an additional physical biotope ‘chadstic’ which may provide greater
transferability of concepts between reaches congpiaré¢he mean values or ranges of
hydraulic parameters identified for specific biatsp Furthermore, the research
suggests that certain biotopes, such as poolgidute a more complex mosaic of
physical habitat to the channel than others, silylimes. Since physical habitat
heterogeneity is often considered closely related biotic diversity this has

implications for habitat assessments and rehatlitalesign and appraisal projects.
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Figure 5.36 Conceptual classification of physical biotopes

according to levels of internal variation in hydresi spatially,
with depth and with flow stage.
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These variations in physical habitat complexity @ik manifest in the distribution of
particulate matter within different physical bio&sp Although sediment transport
experiments present here are preliminary and céstriin scope, the results suggest
that the hydraulic homogeneity associated withglite biotope, and to a lesser extent
the riffle, is manifest in a more organised and petant longitudinal transfer of
sediments downstream. In contrast the spatio-temhpgeeterogeneity of hydraulics
within pools creates a complex mixing environmeriteveby the routes taken by
particulate matter are strongly dependent on thation of the source and the wider
hydrological context. Depending on these factsesliments, nutrients and pollutants
may be rapidly advected downstream or reside fog Iperiods in marginal zones.
These observations suggest implications for thpedsal of sediments, nutrients and
pollutants within different physical biotopes. ther field deployments would help to
clarify observed patterns and identify processesratpg within the full range of

physical biotopes associated with UK rivers.

The microscale hydrodynamics of physical biotopescdbed above may have
particular significance for the portability of theotope concept. Physical habitat at
the ‘mesoscale’ is often considered highly depehdpon wider characteristics of the
catchment or sub-catchment (Frissetl al, 1986; Wadeson and Rowntree, 1994;
Cohenet al, 1998). However, hydraulic variation at the msaale, which will be

determined principally by the presence of roughredements and flow obstructions,
may offer greater transferability across differsites and additionally has the most

direct influence on the survival of individual orgams.
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CHAPTER 6 CONCLUSIONS

The research presented in previous chapters adoptstegrated approach to the
exploration of stream habitat organisation at thach scale. The research design
encompasses a range of spatial scales and sademifihods in an attempt to both
disclose broad relationships and allow inferenceth wegard to causal processes.
Ultimately, the research provides an opportunityassess the ‘robustness’ of the
physical biotope concept as a means of classifyisjeam habitat at the mesoscale,
and to evaluate the potential of the approach ibithtinventory, appraisal and
rehabilitation schemes. The following sections suarise the principal conclusions

with respect to each of the main research objextletailed in Chapter 1:

1. Examine the correlations between physical biot@resfunctional habitats
2. Evaluate output data derived from rapid field syrtechniques

3. Investigate the existence and integrity of phyditadopes at the reach scale
4. Assess the robustness of physical biotopes withngflow stage

5. Explore higher resolution ‘within-biotope’ hydraalcharacteristics

Recommendations for further research are madediio®e5.2.

6.1SUMMARY AND CONCLUSIONS

6.1.1 Correlations between physical biotopes andfigtional habitats

The examination of correlations between physicaltdpes and functional habitats
represents the first research objective identifrecChapter 1 (Table 1.1). Physical
biotopes provide a means of simplifying the comphearphological, hydraulic and

ecological structure of river channels at the sedeh scale. However, while these
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features have been associated with some distirsctionhydraulics (Jowett, 1993;
Wadeson, 1994; Padmore, 1997a) and are convenidatiyified in the field by rapid
visual assessments (Environment Agency, 2003)ettrags alone do not demonstrate
ecological significance (Maddock, 1999). The caqucef biologically functional
habitats, developed by stream ecologists, offemseans of exploring the ecological
validity of physical biotopes. However, previouteapts to link the two phenomena

have been associated with limited success for abkeasons.

Biotope identification through visual observatiori surface flow character is

associated with significant error, and a singlegitgl biotope may support a variety
of flow types over a particular discharge rangeor this reason, the use of Froude
number as a descriptor of physical biotopes is sgandy associated with significant
‘overlap’ between biotope categories due to thgeaot flow environments associated
with an individual biotope. Moreover, because Hneude number is a ratio measure,
very different velocity and depth combinations miag associated with the same

Froude number, obscuring hydraulic variation withimd between physical biotopes.

Chapter 3 presents the results of the extensiverragation of a comprehensive
national data set of habitat features that provtmse ecological validation of the
physical biotope concept. Correlations betweerasar flow types and functional
habitats are identified at a relatively broad lewld an ecological ‘classification’ of
flow types is derived. At the national level, ftiooal habitats reveal broad
‘preferences’ fomssemblagesf flow types that are indicative of different obascale
morphologies (step-pool, riffle-pool and glide-ppollhese reach-scale morphologies

and their respective flow type assemblages arengd along an energy gradient
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from high to low altitude and slope conditions wngnction with distance from the
river source, creating a hierarchical habitat $tmec which comprises channel

morphology, flow types, substrate and vegetatigesy

This flow type classification (see Figure 3.14 &7 in Chapter 3) is derived from
data from over 4 000 river reaches across the t¢etsing a range of geological
settings and catchment contexts and providing emelt picture of flow biotope and

functional habitat distributions. Considering, réfere, that the data span a wide
range of fluvial environments across geological foaries and at various altitudes
and slopes, the associations identified betweectifumal habitats and flow types show
impressive strength. Some of the variability obedris likely to result from the

influence of extraneous factors such as light, watkemistry and biological

interactions which may also influence the distridwtof certain functional habitats, as
well as the complex system of feedbacks that exigfsveen aquatic plants and

channel hydraulics.

6.1.2 Rapid reconnaissance methods and the represation of habitat features

The second research objective identified in Chaptefers to the evaluation of output
data derived from rapid field assessments of hall@atures. In the context of
international environmental policy, the UK mustisigt requirements for river habitat
inventory, assessment, rehabilitation and apprasa national scale. The physical
biotope approach offers a practical focus for managnt at each of these stages by
allowing rapid assessments of habitat featuresha field (Ravenet al, 1997).
Furthermore, the approach provides: (i) simultaseassessment of water, sediment

and biotic aspects of habitat quality (Bo