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Abstract

Occupying a disjointed and vulnerable habitat, specialist Coleoptera associated with Exposed
Riverine Sediments (ERS) are shown to exhibit high levels of adaptation. An assessment of
the English and Welsh habitat resource confirms the presence of strong geographical and
physical restraints on its distribution which partially explain the rarity of some of the
associated Coleoptera. Assemblage studies reveal the presence of multiple adaptive
strategies that enable specialists to utilise the resource in spite of perceived environmental
pressures, and the strength of these morphological and behavioural adaptations can be used
to predict abundance and distribution at alpha, beta and gamma levels. Furthermore,
adaptations enforce varying nutrient acquisition strategies which spatially define
communities. This study demonstrates the need specialist invertebrates have for a complex
and highly connected ERS habitat with English and Welsh rivers, that exhibits structural
variation along a longitudinal gradient. Reliant on riverine processes and subsidies the
habitat and its associated invertebrates are symptomatic of a healthy and naturally structured

lotic system operating laterally and across reach scales.



Acknowledgements

The support, advice and guidance of the following people have been invaluable in the
completion of this research: my supervisors Jon Sadler, David Hannah and Mike
Williams; Ian Boomer, for his extensive work in processing the stable isotope
samples. Adam Bates, James Hale, Sarah Henshall and Megan Klaar for their advice
and support in the field, laboratory and in data analysis; Richard Johnson and Mel
Bickerton for their laboratory and technical support, and Kevin Burkhill for his
assistance with the production of figures. I would also like to thank the many land
owners who granted me permission to access sites, particularly Montgomeryshire

Wildlife Trust for allowing the use of Llandinam Gravels.

The financial support of the Environment Agency made the entire project possible.



Table of contents

1 Exposed Riverine Sediments, the role and value
of the resource in English and Welsh rivers

1.1 Introduction
1.2 Study aims & objectives
1.3 Thesis structure
1.4  References
2 Exposed Riverine Sediments in England and Wales:

investigating controls on the abundance
and complexity of the habitat

2.1 Introduction

2.2 Methodology

2.3 Results
2.3.1 English and Welsh ERS resource
2.3.2 Flow regime classifications of river subset
2.3.3 Multiple Linear Regression

2.4  Discussion
2.4.1 Conclusions

2.5  References

3 The role of habitat connectivity in maintaining complex

riparian communities of specialist invertebrates

3.1

3.2

3.3

Introduction
Study aims, objectives and hypotheses
Methodology

3.3.1 Study sites and sampling methods

14

15

19

23

23

24

29

31

34

36

43

44

49

50

50



3.3.2 Statistical analysis
3.4  Results
3.4.1 Morphological grouping
3.4.2 Generalised Linear Modelling
3.5  Discussion
3.5.1 Conclusions

3.6 References

The long-term value of high flow events in maintaining
abundant and diverse riparian invertebrate communities

4.1 Introduction
4.1.1 Flooding responses of specialist invertebrates
4.2 Aim, objectives and hypotheses
4.3  Methodology
4.4  Results
4.5  Discussion
4.5.1 Conclusions

4.6 References

The impact of inundation on
aquatic nutrient utilisation by riparian beetles

5.1 Introduction
5.2 Study aim, research questions and hypotheses
5.3 Methodology

5.3.1 Assessing dietary proportions through stable
isotope analysis

5.3.2 Data collection

53

55

55

57

60

64

66

72

73

74

76

77

81

85

89

91

96

97

104

105

105

106

ii



54

5.5

5.6

5.3.3 Stable isotope analysis sample preparation

5.3.4 Trophic and nutrient proportion analysis

Results

5.4.1 Habitat morphology and inundation susceptibility
5.4.2 TIsotope data

5.4.3 Variations in dietary composition

5.4.4 Impact of inundation

5.4.5 Effect of lateral positioning

Discussion

5.5.1 Conclusions

References

6 Longitudinal variations in the utilisation
of aquatic resources by ground beetles along
a 150km length of the River Severn

6.1

6.2

6.3

6.4

6.5

6.6

Introduction

6.1.1 Stable isotopes, nutrient sources and
dietary composition

Aims, objectives and hypothesis
Methodology

6.3.1 Study sites and sample collection
6.3.2 Sample processing

6.3.3 Data analysis

Results

Discussion

6.5.1 Conclusions

References

107

108

110

111

116

120

123

123

128

133

134

141

142

145

147

148

148

149

149

151

156

163

164

iii



7

Conclusion

7.1 ERS and their associated invertebrates:
landscape integrity and community cohesion

7.2 Limitations observed within the research
7.3 Future research suggestions

7.4 References

Appendices

Appendix A: Models lying within the 95% confidence interval
from multiple linear regressions shown in Chapter 2

Appendix B: Models lying within the 95% confidence interval
from generalised linear modelling in Chapter 2

Appendix C: Models lying within the 95% confidence interval
from generalised linear modelling in Chapter 4

Appendix D: CD containing English and Welsh ERS database and
Coleopteran morphological correlation co-efficients.

171

172

177

179

182

183

184

187

190

192

v



List of figures

No.

1.1

1.2

2.1

2.2

2.3

24

2.5

2.6

2.7

3.1

3.2

4.1

4.2

4.3

4.4

4.5

Description

Savage Creek, Denali National Park, Alaska, US; an example of ERS
within a braided river.

Llandinam Gravels, Powys, Wales. ERS deposits formed along a single
channel reach of the Upper Severn.

Channel morphology classifications.

Distribution of gauging station subset in England and Wales.
Distribution of the ERS resource within England and Wales.

Boxplots of indices used to derive river magnitude groupings.

Regime shapes of four derived classes using z-scores of discharge data.

English and Welsh distributions of river magnitude and regime
shape classes.

Scatterplots of environmental factors having positive association
with ERS area and density.

Distribution of rivers and sampling points used to test connectivity
variables.

Box plots of variation in morphological characteristics between
Coleopteran functional groups.

Gravel bars at Llandinam Gravels with long-term Coleopteran dataset.

Inter-annual variations in abundances of specialist rove
and ground beetles collected from Llandinam Gravels.

Abundance trends of rove and ground beetles over time visualised
using GAMs.

Average monthly flows between 2001-2009 recorded at Dolwen
gauging station on the upper River Severn.

Daily flows for 2001-2009 recorded at Dolwen gauging station
on the upper River Severn.

Page

16
21
23
25
27

28

30

51

56

78

81

81

82

84



5.1

5.2

5.3

54

5.5

5.6

5.7

5.8

5.9

5.10

5.11

5.12

6.1

6.2

6.3

6.4

6.5

6.6

Nutrient exchanges between aquatic and riparian ecosystems.

Areas sampled for stable isotope analysis on the upper River Severn.
DEM of sampled gravel bars (sites 1-11) at Llandinam.

DEM of samples gravel bars (sites 12-20) at Caersws.

Example illustration of reduction in ERS habitat from a single patch
of ERS with sequential 20cm increases in stream depth.

Daily variations in river depth recorded at Llandinam Gravels,
April — October 2009.

Summary biplots of "°C and §"°N values for consumers and
potential prey.

Isotopic positions of Coleopteran consumer groups visualised
using standard ellipses.

Probability Density Functions of seasonal variations in consumer diet.

Probability Density Functions of variations in species’ dietary
composition according to inundation pressures.

Probability Density Functions of lateral variations in
headwater ground beetle dietary proportions.

Conceptual model of functional adaptations predicting distribution
and abundance of specialist Coleoptera.
Sample sites and group positions along the River Severn.

Variation in 8"°C and 8"°N Coleopteran values according longitudinal
sampling position.

Variation in 8"°C and 8"°N potential prey values according to
longitudinal sampling position.

Variation in 8"°C and 8"°N potential prey values according to season
of sampling.

Isotopic positioning of Coleopteran functional groups shown
via standard ellipses.

Probability density functions of longitudinal variations in headwater
ground beetle dietary composition.

98

106

112

113

114

116

117

119

121-22

124-25

126

132

148

152

153

154

155

157

vi



6.7

6.8

7.1

Probability density functions of longitudinal variations in floodplain
ground beetle dietary composition.

Probability density functions of longitudinal variations in low affinity

ground beetle dietary composition.

Conceptual model of processes structuring specialist beetle
assemblages and prey selection.

158

159

176

vii



List of Tables

Table Title Page
2.1 Summary statistics of river magnitude classes (mm month™). 24
2.2 Combined magnitude and regime shape classes by river. 26
2.3 Summary of best fitting multiple linear regression models 29

predicting ERS area and density.

3.1 Coleopteran functional groups. 57

3.2 Summary of functional group morphology, positioning 57
and connectivity requirements.

3.3 Summary of best fitting GLM outputs of variables 59
predicting reliance on habitat connectivity.

4.1 Best fitting GLM outputs of inundation response models. 83

5.1 Functional group summary based on morphology 110
and habitat affinity.

5.2 Inundation susceptibility of individual habitat patches. 115

5.3 Median values of seasonal dietary proportions by 126

by functional group.

5.4 Median values of variations in dietary proportions 127
according to inundation pressures.

5.5 Median values of variations in dietary proportions 127

according to lateral sampling position.

6.1 Post hoc Tukey test results of Coleopteran 8'°N variation. 152

viii



1

Exposed Riverine Sediments, the role and value of
the resource in English and Welsh rivers



1.1 Introduction

The occurrence of exposed riverine sediments (ERS) as an integral morphological unit
of natural rivers has, in recent decades, become an historical observation for many
lotic environments as anthropogenic demands have reduced and removed the habitat
(Brewer et al., 2000, Gilvear, 1993, Petts and Gurnell, 2005). This loss has been
observed within the UK and across Europe (e.g. Hohensinner et al., 2004), but our
understanding of the impacts of this on associated invertebrate ecosystems has until
recently largely been overlooked as the requirements of flood planning, charismatic
higher fauna, and power and water needs took priority. More recently this knowledge
gap has attracted more attention (e.g. Lambeets et al., 2008, Paetzold et al., 2008).
The realisation that river systems must be viewed as complex multi-dimensional
structures has included habitats such as ERS into recent conservation and restoration
thinking (Jahnig et al., 2009). This inclusion has highlighted a need to understand
better the ecology, function and vulnerabilities of the invertebrates whose lifecycles

are inherently tied to the resource (Anderson and Hanssen, 2005).

The characterisation of a constrained invertebrate ERS fauna (particularly Coleoptera)
was first undertaken in Fennoscandia (Andersen, 1968, Andersen, 1969) with
knowledge of European and UK assemblages following much later (Bonn and
Kleinwachter, 1999, Desender, 1989, Eyre and Luff, 2002, Eyre et al., 2002, Hering
and Plachter, 1997, Sadler and Bell, 2002). This more recent research was broadened
by the inclusion of research on other invertebrates including spiders (Framenau et al.,
1996, Greenwood and Mclntosh, 2008, Lambeets et al., 2006), grasshoppers (Bastow

et al.,, 2002, Stelter et al., 1997) and flies (Drake et al., 2007). Alongside this



knowledge sits an ever growing understanding of the controls of sediment transport
and deposition, including the formation and dynamics of ERS (Petts et al., 2000,

Kondolf et al., 2002, Caruso, 2006, Ward et al., 1999a).

The ERS resource within England and Wales has been acknowledged as a habitat of
specific conservation concern (Environment Agency, 2002), as has its rarest
Coleopteran fauna (including the endemic species Thinobius newberyi (Scheerpeltz)
and Meotica anglica (Benick)), which have been targeted with a Biodiversity Action
Plan (Anon, 1999). Many of the species found within the resource exhibit a high level
of fidelity to the habitat (Bates and Sadler, 2005) and these species frequently possess
some level of conservation status within the UK (Eyre et al., 2001b, Sadler et al.,
2004a) and Europe (Anderson and Hanssen, 2005, Plachter and Reich, 1998, Van
Looy et al., 2005). Contractions in populations have been observed (based on
historical data) but only recently has it been demonstrated that anthropogenic
pressures are responsible via loss of habitat (Graf, 2006), changes in flow regime
(Paetzold et al., 2008) and habitat degradation (Bates et al., 2007). Although
distributions of English and Welsh species are reasonably well understood (Bates and
Sadler, 2004, Eyre et al., 2001a, Eyre et al., 2001b, Sadler and Bell, 2002), there has
been a lack of knowledge on the landscape controls that can predict the distribution
and structure of assemblages and which are valuable in protecting against future
population contractions, or for informing habitat restoration requirements. As such
this study presents an opportunity to explore the sensitivities of specialist assemblages
and understand how they utilise their environment. By increasing the understanding

of community ecology, the relative strength of potential threats can be assessed.



The ERS resource should be viewed within the larger context of the riverine
landscape, where the river itself acts as a dynamic force that controls much of the
geomorphic and biotic structure of the adjacent flood plains (Ward et al., 1999b). The
extent and diversity of the ERS are dictated by the scale and influence of the river,
which may produce the complex high volume forms associated with braided rivers
(van der Nat et al., 2003) (Figure 1.1) or more laterally constrained distributions
found in single channel rivers (Church, 1992), more typical of English and Welsh

rivers (Figure 1.2).

Figure 1.1: Savage Creek, Denali National Park, Alaska, exhibiting multiple channels of

differing depths and widths, across a wide floodplain.



Figure 1.2: Single channel ERS deposits in the headwaters of the River Severn, Llandinam,

Wales. Extensive deposits are confined to one side of the channel with small island deposits
immediately downstream of within-channel coarse woody debris. The bank immediately

opposite is comprised of seasonally inundated Willow Carr.

Common to both morphological forms is the occurrence of flows that restructure the
habitat to such an extent that primary succession is suppressed (Sadler and Bates,
2008), thereby removing within-habitat nutrient production and exacerbating biotic
extremes (Henshall et al., in press, Desender, 1989). The conditions imposed on
organisms utilising the resource enforce high levels of adaptation which allow them to
survive abiotic pressures such as inundation or wide thermal thermal variability
(Andersen, 1968) and maximise resource acquisition (Hering and Plachter, 1997,

Paetzold and Tockner, 2005). Under less disturbed conditions these adaptations



disadvantage species (Sadler et al., 2004b) and exclude them from potential refugia if

the ERS habitat is permanently removed.

1.2  Study aims and objectives

The aim of this research is to understand landscape factors that control current ERS
specialist distributions, and the effects that these have on community structure at local
and regional scales, thereby allowing an assessment on the vulnerability of
assemblages to threats posed by hypothetical future environmental changes. This aim
is met through five objectives which evaluate landscape processes at several scales.

They are:

e Evaluate the extent and distribution of the current English and Welsh ERS
resource, and categorise the landscape forms (hydrological and geographical)

with which it is associated.

¢ Model the distribution of ERS specialists according to habitat characteristics at
a regional scale and across rivers, assessing which elements can be used to

predict species’ presence and assemblage structure at a local scale.

e Use long-term data sets to assess the role variations in inundation pressures

have in structuring local assemblages.

e Investigate how different specialists utilise available prey resources at a local

scale according to inundation pressures.



e Assess whether a change in nutrient pathways occurs along a longitudinal
gradient by examining dietary proportions of distinct sample groups from

headwaters to low altitude floodplains.

1.3 Thesis structure

This thesis is written in the form of extended papers, and as such may feature some

repeated elements, particularly in analytical or statistical methodologies.

Chapter 2 begins the thesis by assessing the current extent of the ERS resource in
England and Wales by presenting a database of extensive habitat patches identified
via aerial photographs and maps. Using a subset of these data, commonalities in the
river profiles (magnitude, flow profiles, geology and morphology) are characterised

and used as tools to model the complexity and extent of the resource within a river.

Chapter 3 uses field collected data on ERS Coleopteran assemblages from 22 sites on
five rivers to create models predicting the landscape controls on the distribution of
species and functional groups. The importance of anthropogenic impacts, habitat
complexity and connectivity and longitudinal positioning are assessed to determine

which factors most constrain local populations.

Chapter 4 assesses the impact on local assemblages of long-term flow regime patterns
by combining river discharge data for the Upper River Severn with seven years of
Coleoptera assemblage data. Generalised Additive Models are used to examine long-

term trends in abundance. Generalised Linear Models are used to assess the



importance of key elements of flow regime such the timing and duration of high and
low flows in driving familial abundance across six habitat patches on the River Severn

at Llandinam, mid-Wales.

Chapters 5 and 6 concentrate on resource acquisition by ERS Coleoptera at a local
and regional scale using stable isotope analysis to quantify aquatic and terrestrial prey
ratios. Chapter 5 examines how different functional groups’ prey selection is driven
by morphological and behavioural characteristics; which also dictate their responses
to inundation pressures. Chapter 6 looks at the same functional groups, but across a
150km longitudinal gradient to examine how resource acquisition changes within and

between groups according to sampling position.

Chapter 7 summarises the research conclusions, using them to suggest strategies to
maintain and enhance current assemblage distributions in England and Wales, and
suggests future avenues of research that will benefit management and conservation of

the ERS habitat and its associated fauna.
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Exposed Riverine Sediments in England and
Wales: investigating controls on the abundance
and complexity of the habitat

Exposed riverine sediments (ERS) are an ecologically valuable, but poorly understood habitat
associated with the riparian zone of natural and semi-natural rivers. Found globally, they
are formed by erosive and depositional processes occurring under fluctuating flow regimes
and, as such, are susceptible to changes in the availability of sediments and alterations in
flow patterns. Although identified in England and Wales as a habitat of conservation value,
little is known regarding their current extent and distribution, the river systems with which
they are associated, or the strongest natural and anthropogenic controls on abundance or
complexity. This study addresses this knowledge gap by developing and analysing an
extensive database of extant ERS habitat (as of 2009) and uses a subset of these data to
characterise the rivers with which is it associated. The magnitude (size) and shape (form) of
river flow regime are coupled with physical, geological and anthropogenic variables to
produce multiple linear regression models predicting habitat area (m’/km™) and density
(number of bars/km™). The frequency of excess Qo flow events is shown to influence area
positively, whilst abstraction has a negative impact. The slope of the river (descent in
metres/km) positively influences ERS density, but impoundment has a negative impact.
Natural variables are the strongest influence on habitat provision on the rivers studied, but

anthropogenic impacts reduce the complexity and cohesion of the ERS mosaic.
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2.1 Introduction

At its broadest, ERS have been defined as “exposed, within channel, fluvially
deposited sediments (gravels, sands and silts) that lack continuous vegetation cover,
whose vertical distribution lies between the levels of bankfull and the typical base
flow of the river” (Bates and Sadler, 2005, p.5). This definition incorporates a
longitudinal gradient of habitat forms from headwaters to estuary and broadly mirrors
the convention of riverine sediments exhibiting a reduction in size with downstream
transportation (Brookes, 1994, Surian, 2002), notwithstanding variations resulting
from tributary inputs (Benda et al., 2004, Knighton, 1980) or local geological changes
(e.g. Rice, 1957). ERS represent a transient terrestrial habitat, formed, modified and
destroyed by natural riverine processes (Ward and Stanford, 1995, Church, 2002),
their formation being a product of the interaction between discharge, slope and
sediment supply, identified by geomorphologists as the principle components in the
structuring of river morphology (e.g. Vandenberg, 1995). Within channel sediments
are eroded, transported and deposited according to sediment calibre and supply, and
variations in the river’s energy, which is derived from a combination of river flow
(characterised by discharge or water depth) and the power with which it is flowing
(largely related to channel gradient) (Carling, 1992, Bettess, 1994). This river energy
will vary spatially (geomorphologically) and temporally (with flow variability), and
these variations dictate the form of the river and the occurrence of ERS (Gurnell et al.,
2009). These interactions have been visualised (Figure 2.1) to provide a predictor of

river channel form (Church, 2002, Gurnell et al., 2009).
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Figure 2.1: Classification of channel morphological types, showing ERS likelihood according

to form, sediment supply and size and stream power (reproduced from Gurnell et al., 2009).

Even in highly unstable channels, sediment mobilisation occurs infrequently, under
only the highest flows, when large-scale movements occur followed by rapid
redeposition as stream power reduces to normal levels. The duration of the high flow
events and the size of the sediments dictate the distances transported, although for
larger sediments this is seldom more than tens of metres (Bridge, 2003). These
processes also serve to mobilise sediments from the adjacent floodplain, particularly
where the channel is laterally mobile, which can account for the majority of local,
within-channel sediments (Surian and Cisotto, 2007). Within the context of the wider
floodplain, channel instability produces a complex, but coherent, landscape with the
turnover rates of channel, riparian habitats (such as ERS) and the wider floodplain
tending towards equilibrium, described as a ‘shifting mosaic steady state’ (van der Nat

et al., 2003). Turnover rates themselves vary according to position and local
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morphology, constrained headwaters showing reduced turnover in comparison to
braided headwaters (Ward et al., 2002a) and high altitude areas exhibiting greater
turnover rates than lowland reaches nearing the estuary (Arscott et al., 2002). ERS
are dependent on high turnover rates and reduced stability, a main characteristic being
the lack of permanent vegetative cover. Where inundation and habitat restructuring
are infrequent, successional processes stabilise recently exposed sediments and return

them to a terrestrial, vegetated form (Asaeda et al., 2010, Gurnell et al., 2001).

This complex interaction of flow, power, sediment and turnover explains the
vulnerability of ERS to anthropogenic impacts. Impoundment, sediment mining,
water abstraction and channel alterations disrupt the natural processes which maintain
the fluctuating mosaic of habitat forms. Impoundments have several effects;
capturing upstream sediments and preventing replenishment by downstream erosion
(Petts and Gurnell, 2005), whilst controlled releases of captured sediments can bury
existing habitat and alter its structure (Sakamoto et al., 2010). Impoundment also
alters the flow regime, reducing the variation between minimum and maximum flows
both daily and annually (Arrigoni et al., 2010) and, as such, the magnitude of
restructuring processes (Brandt, 2000), resulting in reduced channel complexity and
increased stability (Petts et al., 1993). Substrate extraction (as resource exploitation
or for flood amelioration) has marked impacts on channel structure, typically reducing
complexity and degrading habitat diversity, the transportation and supply equilibrium
being broken (Gaillot and Piegay, 1999, Kondolf et al., 2002). Land-use change (via
afforestation) has also reduced sediment inputs in areas where agriculture has reduced

(Bravard et al., 1997, Liebault and Piegay, 2002), having the same impact as substrate
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removal. These two impacts (impoundment and sediment removal) have been
suggested as the principle causes in the change of many of Europe’s large rivers from
braided to single channel regimes (Bravard, 2010, Hohensinner et al., 2004). Water
abstraction and channel modification have similar impacts, reducing the frequency
and magnitude of high flow events and allowing vegetative stabilisation of the
riparian zone (Brunke, 2002), whilst channel modifications increase local stream
power and enhance sediment mobilisation (Brookes, 1985), removing substrates faster
than replenishment, particularly where bank erosion is prevented (Florsheim et al.,
2008). These increases are often concurrent with a natural reduction in habitat
turnover rates (Arscott et al., 2002), occurring largely in developed or urbanised, often
lowland areas (Paul and Meyer, 2001, Surian and Rinaldi, 2003, Fotherby, 2009).
With turnover also adversely affected by system modification (Ward et al., 2002b),

urban pressures exaggerate the reduction in habitat rejuvenation in low altitude rivers.

ERS are seen as important as they are indicative of a natural river system in landscape
equilibrium, and play a part in the ecosystem services provided by such systems
(Paetzold et al., 2005, Petts et al., 2000). Their role as a habitat resource for specialist
and often rare invertebrates is also now established (Anderson and Hanssen, 2005,
Drake et al., 2007, Sadler and Bates, 2008). The English and Welsh resource was
targeted in a specific habitat action plan (Environment Agency, 2002), yet
understanding of the distribution of the resource remains limited. This study will
address this knowledge gap and aims (1) to create a new database of ERS areas in

England and Wales and (2) to analyse emergent ERS patterns in relation to the nature
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of the flow regimes, environmental factors and anthropogenic influences that are

hypothesised to affect the extant resource.

2.2 Methodology

Initial identification of ERS sites was made by cross-referencing aerial photography
with detailed Ordnance Survey Maps (accessed via Digimap). The English and Welsh
database includes coordinates of areas of extensive ERS (either single patches or
complex areas) visible in photographs or marked as shingle, gravel or sand on maps.
Coordinates were then imported to a Microsoft Access database allowing for
archiving, future enhancement and categorisation. A subset of 20 rivers with
abundant ERS was chosen to represent the three main geographic distributions of the
resource in the south west and north of England and Wales (Figure 2.3) and (again
using aerial photography and map information) their ERS resource was measured at
higher resolution to assess area (m*km™), density of habitat units (number of

patches/km™) and slope (m/km™) for each river.

Classification of flow regimes of the rivers in the subset was calculated using data
supplied from the National River Flow Archive (NRFA) by the Centre for Ecology
and Hydrology. Data were obtained from stations with a complete (or minimum
90%) record of data from 1988-2008 (Figure 2.2). These long-term datasets allowed
hydrologically similar rivers to be identified using regime classifications (Hannah et
al., 2000, Harris et al., 2000). This technique groups rivers based on magnitude and

shape attributes, which in turn can be combined to provide descriptive classes. Data
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were converted from discharge records (rn3 s’l) into runoff (mm month'l), to
standardise for differences in catchment area and thereby allowing between-catchment
comparison.  Additional information on catchment geology and anthropogenic
modifications were derived from the NRFA. Rivers were grouped by magnitude
based on four indices: mean, maximum, minimum and standard deviation of monthly
values, regardless of their timing (Harris et al., 2000, Monk et al., 2006).
Standardisation of data using z-scores (mean = 0, standard deviation = 1) allowed
comparison of regime ‘shapes’, identifying variations in seasonal patterns of high and
low flows, (Hannah et al., 2000). Both magnitude and shape groups were defined
using hierarchical cluster analysis (Ward’s method) with dendrograms and
agglomeration schedules (scree plots) used to identify robustly the number of clusters

to retain and gauging stations that showed similarity (Griffith and Amrhein, 1997).
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Figure 2.2: Distribution of gauging stations across the south west and north of England, and
Wales, used to source run-off data for classification of regime shape and magnitude

characteristics, labelled by river.

Prior to analysis the data were explored to identify outliers in explanatory variables,
co- linearity between the explanatory variables and variables requiring transformation
(Zuur et al., 2010). These variables were initially analysed using Spearman
correlation to identify those with strong relationships (> 0.4) to habitat metrics, as

data were non-parametrically distributed.
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Multiple Linear Regression models were run for habitat abundance and complexity,
and flow characteristics, river slope, anthropogenic modifications 