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Abstract 
An appreciation of catchment-level effects (i.e. the impacts from catchment characteristics 

such as morphometry, climate, geology, land cover and the drainage network) on river 

reaches is often seen as the gold standard in river management. Yet quantifying 

catchment-level effects remains a complex research area. With branches in 

geomorphology, hydrology, ecology and applied river management, studies are often 

restricted to individual sites or catchments and only frequently consider a subset of 

possible catchment controls, primarily anthropogenic drivers. This PhD provides a more 

holistic, possibly transferrable methodology and interpretation, considering multiple 

catchment-level effects and focusing on an often-overlooked component of the 

catchment: the topology of the river network. 

To achieve this, a broad-scale approach is adopted utilising a monitoring dataset collected 

for regulatory compliance (the River Habitat Survey) and adapting it for scientific enquiry. 

When paired with GIS-derived catchment controls and data-science techniques, this 

monitoring dataset enables national-level enquiry into catchment-level effects on the type 

and diversity of physical habitats in river reaches in England. Here, catchment-level effects 

are quantified via: (i) the production of a national waterbody typology combining multiple 

catchment-level effects using machine learning techniques; and (ii) the adaptation of flood 

estimation metrics to reflect network topological structure. Statistical analysis of the 

monitoring dataset shows that both the waterbody typology and network topology have 

functional applicability to physical habitats.  

This PhD not only aims to provide new ways of quantifying catchment-level effects but 

also aims to improve our understanding of their impacts. To accomplish this, controls 

from multiple spatial hierarchical levels in the river system – from catchment to reach – 

are combined using a data-science approach to explain the controls on physical habitat 

type and diversity in river reaches in England. The results show that there are broad 

patterns in physical habitats from upland to lowland catchments, and upstream to 

downstream within catchments. These results are consistent with earlier analysis of the 

River Habitat Survey dataset. However, there remains much variation, only some of which 

is explained by the influence of network topology. This national-level assessment of 

catchment-level effects demonstrates the importance of more holistic and strategic 

thinking in river management. The transferable methodologies enable river managers to 

better spatially target areas for management or conservation within catchments and 

compare sites with similar catchment-level effects. 
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C H A P T E R  1  

Introduction and Aims 

Rivers are ‘integrators’ of the characteristics in their catchments (Dovers and Day, 1988) 

so that impacts from upstream flow downstream to river reaches. This thesis investigates 

how catchment characteristics influence habitat features within reaches. The importance 

of catchment controls on river reaches is increasingly highlighted in river science and 

management (Defra, 2013), particularly effects on river habitats which are often the focus 

of river management and restoration plans at specific sites (Newson and Newson, 2000). 

However, catchment controls are rarely captured holistically or compared between 

multiple catchments. Therefore, it is critical to explain how catchment influence varies 

spatially at a national level for better strategic management and understanding of reach 

responses to catchment-level controls.  

Many aspects of the ways in which catchment-level effects are functionally observed are 

explored in this thesis, such as catchment topography, geology, climate, land cover and 

the river network. Emphasis is placed the structure of the river network, or network 

topology, as an integrator of catchment-level effects. Until now network topology has been 

underrepresented in studies of catchment-level effects yet it plays a role in catchment 

functioning by connecting upstream reaches to downstream reaches (Benda et al., 2004b; 

Rice, 2017; Vannote et al., 1980). This thesis will explore in detail the effect of network 

topology on reach-level habitats and combine the relationships identified with other 

aspects of the catchment to gain a more holistic understanding of catchment-level effects. 

Three broad aims of this thesis are described below and in Figure 1.1: 

Aim 1: Integrate a theoretical understanding of the river network with regulatory 

monitoring data to identify catchment-level effects on river habitat.   

Aim 2: To improve understanding of the roles network and catchment structure can play 

in assessing habitat distribution within and between catchments.  

Aim 3: Apply knowledge of catchment-level effects to explain national patterns of river 

habitats and explore management applications. 

The thesis will explore these aims using an extensive approach to research design which  

uses a large number of empirical samples to identify and quantify relationships between 

entities (Sayer, 1992). Therefore, the focus of this thesis is on general pattern and form of 
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relationships rather than mechanisms or individual case studies. The rationale for an 

extensive approach in this thesis is clear; to move beyond the site-specific examples of 

catchment-level effects towards a more holistic understanding of patterns at a national 

level. To this end, this thesis employs the use of broad-scale monitoring datasets collected 

for regulatory compliance and adapts them for use in science. Broad-scale datasets are 

utilised in combination with data-science techniques to explore how the characteristics of 

the catchment and network impact habitats in river reaches across England. The results 

of this thesis help fill scientific gaps in knowledge and may help inform management 

practices to encourage a strategic approach to catchment and river management. 

 

Figure 1.1.  Diagram summarising the connectivity between the thesis aims. How the aims will be 
delivered is described below each arrow. 

The aims of the thesis are connected (Figure 1.1); broad-scale monitoring data are adapted 

for scientific study and are used to explore catchment-level effects on river habitats. The 

relationships identified with different catchment characteristics are then combined in a 

multivariate model to explain habitat patterns across England.   

The aims are delivered through chapter specific objectives that are summarised at the end 

of Chapter 2 after the motivations for the study and gaps in research are described in more 

detail. The objectives are repeated in the introduction of each data chapter. 

1.1 THESIS STRUCTURE 

The thesis is structured as described below and the spatial level investigated by each data 

chapter is presented as a schematic in Figure 1.2. 

Chapter 2 provides a literature review to highlight the key themes and theories that form 

the basis of the thesis. It discusses the hierarchy of spatial levels in the river system (Frissell 

et al., 1986) and how this has influenced river management strategy (Beechie et al., 2010). 

An evidence review of large data-science studies is presented to identify which catchment 

characteristics have been used to explain patterns of river features previously, in addition 

to common practices and research gaps. Finally, the opportunities and limitations of using 
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broad-scale datasets in scientific studies is discussed and a detailed description of the key 

broad-scale dataset used in this thesis - the River Habitat Survey (RHS) - is provided.  

Chapter 3 is the first data analysis chapter and is conducted at the catchment level, 

combining multiple characteristics of sub-catchments into a single typology. Appreciation 

of multiple characteristics in river management typologies is of recognised importance 

(Downs and Gregory, 2004) but frequently characteristics are considered in isolation, 

without considering associations between characteristics. This typology classifies the 

types of sub-catchments (i.e. waterbodies) in England and Wales based on a range of 

catchment characteristics using a machine learning technique. The waterbody typology is 

validated against physical habitat features from the RHS dataset (Figure 1.2). The chapter 

also investigates the range of waterbody types within catchments to explore catchment 

complexity. This chapter is contrary to previous applied classifications which have focused 

on reach-level characteristics rather than the wider catchment. 

 

Figure 1.2. Conceptual model of the thesis structure overlain on a multi-level hierarchical river system 
that includes the river network and confluences. Spatial levels addressed by each chapter are indicated 
with arrows. Further details on hierarchical river systems is provided in Chapter 2.1.1. 

Chapter 4 focuses on the catchment characteristic network topology at the network 

level, a key mechanistic component of the system linking upstream catchment hillslope 

processes to downstream reaches (Tetzlaff et al., 2007). Within this chapter, simple 

metrics that quantify network topology and highlight topological variation within 

catchments are developed that can easily be extracted for any catchment using 

Geographical Information Systems (GIS). The impact of network topology on the spatial 
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arrangement of physical habitat river features (Figure 1.2) is then assessed for four 

catchments in England using correlation. 

Chapter 5 addresses questions posed by the results of Chapter 4. It explores why network 

topology has different effects on physical habitat features in different catchments and 

whether the impact of individual confluences in the river network are influencing this 

difference (Benda et al., 2004b; Rice, 2017). The RHS dataset is used in this chapter to 

identify which confluences change physical habitat features and further analysis identifies 

if confluences at the segment level are concentration points at the network level for 

catchment-level effects on physical habitats (Figure 1.2). 

Chapter 6 combines the waterbody typology (Chapter 3), network metrics (Chapter 4), 

confluence effects (Chapter 5) and reach characteristics in a multivariate model to explain 

physical habitat patterns based on combined catchment-level effects (Figure 1.2). This is 

achieved by using a boosted regression tree technique to explore the hierarchical structure 

and interactions between different catchment-level effects at multiple spatial levels.  

Chapter 7 provides a summary of the findings of the thesis, describes the conclusions 

relating to the overall aims and proposes opportunities for further work. 
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C H A P T E R  2  

Research context, design and datasets 

This chapter provides an overview of how catchment-level effects are currently included 

in applied river science and management (Section 2.1.1) and of the concept of physical 

habitats (Section 2.1.2) – the key control and response variables in this thesis. A brief 

evidence review is presented that outlines the breadth of the current literature base linking 

catchment-level effects to physical habitat responses (Section 2.1.3). The evidence review 

is used to identify gaps in knowledge and place this work within the context of other 

research in the field.  

The data-science methodological approach adopted by the thesis is described along with 

the strengths and limitations associated with broad-scale data (Section 2.2.1). The key 

dataset used in this research – the River Habitat Survey – is described and critiqued 

(Section 2.2.2). Finally, the objectives of this thesis are outlined with reference to the 

contextual literature (Section 2.3). Specific literature pertaining to each objective is 

discussed in the relevant chapter. 

2.1 RESEARCH CONTEXT 

2.1.1 Catchment-level thinking: exploring the catchment-level effect 

The catchment is an area of land bounded by topography where water and sediment are 

transported from the land to the river channel and flow downstream to reaches via the 

river network. In this thesis, the functional connectivity between the catchment and its 

reaches is termed the catchment-level effect and is explored primarily from a 

hydromorphological perspective. However, the fields of geomorphology, hydrology, 

ecology and applied river science are interwoven, exhibited by several terms such as 

ecohydrology and eco-hydromorphology (Vaughan et al., 2009), so this thesis draws on 

research from multiple disciplines. 

Catchment-level effects are of recognised importance. For example, the catchment itself 

is the fundamental unit of geomorphology and hydrology (Chorley, 1969), and the natural 

scale to manage the river system through catchment management plans (Defra, 2013). 

There have been recurrent calls for methods that effectively capture catchment-level 

effects to encourage integrated catchment management (Beechie et al., 2010; Downs and 

Gregory, 2004; England and Gurnell, 2016) but there are few holistic examples. This is 
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because of the elusive nature of catchment-level effects and the complexities of scale, 

connectivity and interaction in the river system. 

There are numerous processes which influence the catchment-level effect on river reaches 

and the key theories are outlined in Section 2.1.1.1. It is critical to understand how 

catchment-level effects impact river reaches, as individual reaches are the focus of 

management interventions (see Section 2.1.1.2 for full description of why catchment-level 

effects are important for river management). 

2.1.1.1 Key patterns and process within catchments 
The catchment-level effect is a nebulous paradigm due to the complexities of interactions 

and processes occurring across space and time. This thesis focuses on the spatio-functional 

dimensions of this cascade due to the broad-scale approach adopted (see Section 2.2 for 

details of the methodology).  

Catchment systems are frequently conceptualised as a cascade of multiple spatial and 

temporal levels but Frissell et al.'s (1986) hydromorphological framework is the most 

comprehensive (Gurnell et al., 2016). In this framework, levels with a smaller spatial extent 

are nested within levels with successively larger extents in a hierarchy up to and including 

the catchment (Figure 2.1).  

  

Figure 2.1. Diagram of the spatial levels in the river system. Hierarchical structure and associated 
habitats shown with an approximate linear spatial scale (Frissell et al., 1986). Regional characteristics 
influence catchment level that feeds through the  hierarchical structure (Schumm and Lichty, 1965). 

Regional controls – such as geology, climate and initial relief – over time determine the 

boundary conditions of catchment structure and function, including the development of 

catchment topography and vegetation (Schumm and Lichty, 1965). Regional catchment 

properties drive water and sediment runoff to alter drainage network and hillslope 

morphology (Schumm and Lichty, 1965). This controls hydrological and sediment regimes 

which shape channel morphology through effective discharges (Wolman and Miller, 1960) 

and thus create physical habitats for instream ecology (Bunn and Arthington, 2002). 
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Frissell et al.’s (1986) framework suggests an interdependency between levels so processes 

occurring at the catchment level successively alter all smaller levels and vice versa (Sear, 

1996) within the regional boundary conditions. The regional level was not included in 

Frissell et al.’s (1986) hierarchy but is incorporated in the schematic in Figure 2.1 because 

of its influence on catchment boundary conditions. It has also recently been included in a 

hierarchical framework designed to aid sustainable river management (England and 

Gurnell, 2016; Gurnell et al., 2016). 

This hydromorphological framework is also adopted by the field of ecology where 

landscape ecology concepts of scale and patch dynamics are applied to river systems such 

as riverscapes (Fausch et al., 2002; Wiens, 2002). It has also been adapted to management, 

highlighting river restoration options that deliver multiple ecosystem services from the 

reach-level, such as re-meandering, to weir removal across the entire river network 

(Gilvear et al., 2013). 

Along with the hierarchical framework, the other key concept that has developed in river 

research is the idea of differences between upstream and downstream reaches (Figure 

2.2), or the longitudinal dimension of the river (Petts and Amoros, 1996). The fluvial 

system is highly directional, with water and sediment flowing downstream so that river 

reaches become ‘receivers’ of influences from upstream (Dudgeon et al., 2006). This 

concept becomes interwoven with the hierarchical framework, as the arrangement of 

smaller spatial units within larger spatial units is partly determined by downstream flows.  

 

Figure 2.2. Summary of longitudinal process domains and gradients identified by Schumm (1977), 
Church (2002) and Vannote et al. (1980). 
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Longitudinal patterns in channel features have been observed in geomorphic studies. 

These geomorphic changes are due to the changing balance between sediment transport 

capacity and sediment supply downstream. Lane (1955) represents this balance as 

𝑄 ∙ 𝑆 ∝ 𝑄𝑠 ∙ 𝐷50 

(Equation 2.1) 

where 𝑄 is discharge, 𝑆 is channel slope, 𝑄𝑠 is sediment supply and 𝐷50 is median diameter 

of sediment supplied. Imbalances between transport capacity (𝑄 ∙ 𝑆) and sediment supply 

(𝑄𝑠 ∙ 𝐷50) lead to erosion (where 𝑄 ∙ 𝑆 > 𝑄𝑠 ∙ 𝐷50) or deposition (where 𝑄 ∙ 𝑆 < 𝑄𝑠 ∙ 𝐷50) 

resulting in changes to channel width, depth and sinuosity (Schumm, 1977). Studies show 

increases in width, depth and velocity (Leopold and Maddock, 1953); and decreases in 

braiding and incision downstream (Piegay et al., 2000). Bedload sediment size is also 

shown to decrease downstream, known as sediment fining (Ferguson et al., 1996; Werritty, 

1992). 

The change in geomorphic processes from upstream to downstream has been 

conceptualised as three process domains (Figure 2.2). Schumm's (1977) classification 

describes: (i) upstream reaches as zones of sediment supply where there is high sediment 

availability, erosion and transport capacity; (ii) mid reaches as zones of sediment transfer 

where sediment is repeatedly deposited and eroded; and (iii) downstream reaches as zones 

of sediment storage where sediment is deposited on the floodplain. This is complemented 

by Church's (2002) classification where upstream reaches are highly coupled to hillslope 

processes because they are close to sediment sources and are responsive to rain events. In 

contrast, downstream reaches have wide floodplains so are decoupled from hillslope 

processes (Figure 2.2).  

These geomorphic classifications are supplemented by ecological theories, for example, 

the Network Position Hypothesis predicts that biotic communities in upstream reaches 

are more regulated by environmental processes than their downstream counterparts 

(Schmera et al., 2018). However, perhaps the most influential theory is the River 

Continuum Concept (RCC; Vannote et al., 1980; Figure 2.2). The RCC describes a 

continuous gradient in physical processes and resulting biotic adjustments in the loading, 

transport, utilization, and storage of organic matter which alter the ecological 

communities along the length of a river. Both the geomorphic and ecological 

classifications (Figure 2.2) highlight mid-reaches as the most heterogeneous but also the 

most sensitive to changes in the catchment (Church, 2002). 
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While longitudinal patterns in morphology and ecology may occur broadly, there are flaws 

in the continuum approaches shown in Figure 2.2. For example, the RCC is only valid for 

low-relief watersheds with constant climate and geology and cannot be generalised 

globally (Montgomery, 1999; Townsend, 1989). A key critique is that trends in instream 

variables are more complex than a simple longitudinal continuum and lateral inputs from 

tributaries and other sources cause perturbations that are not considered by the RCC 

(Petts and Amoros, 1996). They are, however, included in theories that highlight the 

structure of the network. For example, the Link Discontinuity Concept describes how 

downstream sediment fining is disrupted by coarse lateral inputs creating a saw-tooth 

downstream pattern (Rice et al., 2001), and the Network Dynamic Hypothesis predicts how 

the type and distribution of tributaries can have a marked impact on geomorphic 

heterogeneity (Benda et al., 2004b). Others suggest that there is no continuum to be 

perturbed by lateral inputs as rivers are zonal rather than clinal, composed of patches in 

the landscape (Townsend, 1989).  

These concepts highlight the complexities surrounding the catchment-level effect on river 

reaches. Understanding of these processes and their interactions is limited but is critical 

to inform sustainable river management practices at a national level as discussed below.     

2.1.1.2 Catchment-level effects in river management  
There have been numerous and longstanding calls to recognise the catchment as the 

fundamental unit of management, and catchment management plans have been 

developed (Defra, 2013), but in practice holistic management is difficult to achieve. For 

example, Bannister et al.'s  (2005) review of catchment scale river restoration in the UK 

(defined as a project that takes into account the main processes and restraints that operate 

at the catchment-level) identified that no project focused on catchment scale river 

restoration as its primary driver and that no truly integrated catchment scale river 

restoration project existed at the time of the review. Similarly, Gilvear et al.'s (2012) results 

from interviews with key river restoration stakeholders in Scotland found instances of 

catchment level projects, yet the number is limited compared to overall growth in 

restoration projects.  

This is not to say that the motivation for catchment scale management is not present, with 

widespread acceptance by a range of stakeholders (including local authorities, 

consultancies, trusts and community organisations) that the catchment influences river 

reaches and should be considered in river restoration (Gilvear et al., 2012; Gurnell et al., 

2016). However, there are barriers to catchment level restoration. For example, funding is 

frequently only targeted at a single driver, often flood risk, which constrains the location 
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and scale of restoration projects. Stakeholders also stated that government bodies should 

coordinate catchment-level and national restoration strategy (Gilvear et al., 2012) as 

catchment-level restoration involves managing multiple stakeholders that often makes it 

complex and unattainable (Smith, 2015). Integrated catchment management structures are 

in place to deal with stakeholder relationships and coordinate river management within 

catchment boundaries rather than administration boundaries, such as the catchment 

based approach in England (Defra, 2013). However, integrated management may be more 

politically than technically focused (Campbell, 2016) and is often targeted towards flood 

control and water supply for industrial, agricultural and domestic uses, rather than 

maintaining the integrity of the fluvial system (Downs et al., 1991). This highlights that 

integrated catchment management is only consistently being applied to certain river 

management applications and does not consider fundamental catchment processes. 

Therefore, it is not truly integrated. 

The discrepancy between appreciating the need for strategic catchment-level assessment 

and funding limitations is exacerbated by a scarcity of practical tools available to end users 

that can be cheaply and quickly applied at the catchment level (Parker et al., 2015). 

Frameworks and datasets exist that could help support the wider inclusion of catchment-

level controls in river restoration. For example, the REFORM framework that is targeted 

at river managers and encourages catchment-level thinking (England and Gurnell, 2016; 

Gurnell et al., 2016). Databases of previous projects are also available, such as the UK River 

Restoration Centre’s National River Restoration Inventory (NRRI) and EU RiverWiki 

(restorerivers.eu) used by Smith et al. (2014a) for national level assessment of river 

restoration projects. However, tools that identify catchment-level effects are often 

developed for a specific project (Bannister et al., 2005) and there are few tools available to 

easily identify catchment-level effects consistently between catchments to allow for wider 

strategic management planning. 

Therefore, in reality river managers often focus on individual reaches, where monitoring 

and individual interventions are implemented, when making decisions about 

management (Bannister et al., 2005; Beechie et al., 2010), with little consideration of the 

whole river network or catchment-level effects (Harper and Everard, 1998; Kuemmerlen et 

al., 2019). Lack of consideration of wider catchment influences can have implications for 

the success and sustainability of interventions. A frequent cause of restoration project 

failure is attributed to anthropogenic pressures upstream (e.g. urbanisation, agriculture, 

deforestation, flow regulation and water extraction) that propagate to downstream 

reaches, negating positive interventions (Cockburn et al., 2015; Lorenz and Feld, 2013; 

https://restorerivers.eu/
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Palmer et al., 2010). This is because restoration is often conducted opportunistically rather 

than strategically as highlighted by a review of river restoration trends in the UK (Smith 

et al., 2014a). Smith et al. (2014a) shows that river restoration frequently occurs in urban, 

lowland or protected sites but higher energy channels, that have greater recovery potential 

(Downs and Gregory, 2004), are less frequently restored. This is because project sites are 

usually selected based on land availability even if the site is suboptimal (Palmer, 2009) and 

funding is targeted at areas in the public interest (e.g. in urban areas and protected 

systems). Smith et al.'s (2014a) assessment showed no changes in the types of catchments 

where restoration projects were located over a 35 to 45year period indicating that lessons 

are not being learnt from previous projects. Therefore, care must be taken to ensure the 

suitability and sustainability of restoration designs in relation to catchment-level effects 

(Beechie et al., 2010) when effects are not considered during site selection, or when the 

development of best practice is limited. 

In addition, catchment-level effects are also not frequently considered in the science that 

forms the evidence base for widely implemented river management approaches. For 

example, many nationally applied methods are based on results of a few experiments at 

smaller spatial scales (Calder and Aylward, 2006; Newson, 2010). A holistic method for 

targeted river management requires research at the catchment-level for managers (and 

regionally, nationally or globally for policy-makers) to highlight how the results apply to 

wider spatial and temporal scales and under contrasting catchment conditions (Clifford, 

2002; Moran et al., 2008; Tetzlaff et al., 2007; Wiens, 2002). This is important to identify 

whether responses to management interventions differ across all catchments or whether 

there are systematic differences that reflect catchment-level effects.  

Contextualising individual reaches within the wider catchment would be beneficial to: (i) 

assess the controls that will influence the reach to ensure the intervention strategy is 

appropriate; (ii) generalise the outcome of interventions to reaches with similar 

catchment-level effects to learn from similar projects; and (iii) prioritise reaches where 

natural recovery is more likely and interventions are less likely to be destabilised by 

adverse upstream conditions (Clarke et al., 2003). There is the need for practical tools to 

quickly assess catchment-level effects so they may be included in river management 

decisions to allow in-channel projects to work with natural processes and be sustainable 

(Sear, 1994). This is because the boundary conditions of the catchment (Figure 2.1) and 

the position within the network (Figure 2.2) will determine scale and location of 

interventions that will have the most effect. This is especially necessary for projects where 
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funding to consider catchment-level effects is limited so all projects can move towards 

wider catchment integration.  

2.1.2 Physical habitats and biotopes 

Physical habitats have been the focus of monitoring surveys (Raven et al., 1996), 

management (Harper and Everard, 1998) and restoration (Kemp et al., 1999). This is 

because physical habitats, the abiotic conditions needed for aquatic biota to survive (e.g. 

velocity, depth and substrate), are often measured at the sub-reach meso-level (~100m; 

Figure 2.1). The meso spatial level is fine enough to capture sophisticated scientific detail 

but coarse enough to be measured from the bankside so is practical for surveys (Kershner 

and Snider, 1992; Newson and Newson, 2000). This thesis focuses on a bottom-up 

approach to habitat assessment, inferring ecology from hydromorphology, rather than a 

top-down approach, inferring physical habitat conditions from ecology (Harper et al., 

1992; Newson and Newson, 2000).  

 

Figure 2.3. Comparison of biotopes (left) and functional habitats (right) in a hypothetical sub-reach. 
Reprinted Figure 2 from Newson and Newson (2000, p.200). 

Physical habitat units have been categorised by different methods such as ‘functional 

habitats’ (Harper et al., 1995)  and ‘biotopes’ (Jowett, 1993; Padmore, 1997; Rowntree, 1996) 

(Figure 2.3). To briefly summarise, functional habitats represent the physical substrate 

that biota inhabit consisting of biotic (macrophyte type) and abiotic elements (bed 

sediment size) (Harper et al., 1992). Functional habitats have been linked to physical 

habitat parameters such as velocity and depth (Kemp et al., 1999; Pardo and Armitage, 

1997). On the other hand, biotopes measure the flow hydraulics of the water column 

through visual assessment of the surface flow type. Flow types are related to bed 

morphology (Zavadil et al., 2012), depth, velocity, shear stress and Froude number (an 

index of velocity and depth) (Jowett, 1993; Newson et al., 1998b; Padmore, 1998; Rowntree 

and Wadeson, 1998). A biotope is said to reflect the habitat of an entire biological 
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community (Udvardy, 1959) and different macroinvertebrate assemblages have been 

identified in different biotopes (Hill et al., 2008; Large and Heritage, 2007; Newson et al., 

1998b; Reid and Thoms, 2008).  

There are strengths and weakness of the physical habitat units displayed in Figure 2.3. 

Biotopes are best suited to upland streams but are influenced by channel vegetation and 

have overlapping physical conditions (Clifford et al., 2006; Newson et al., 1998b; Wadeson 

and Rowntree, 1998). They can be measured at high flows but vary according to discharge 

(Padmore, 1997). Functional habitats are better suited for lowland, vegetated channels but 

are not suited for high flow conditions as the bed may not be visible (Newson and Newson 

2000). The strengths and weaknesses of both methods of habitat derivation complement 

each other.  

Biotopes and functional habitats are related (Newson et al., 1998b; Reid and Thoms, 2008) 

and although they do not map directly onto one another (Clifford et al., 2006; Harvey and 

Clifford, 2008), functional habitats are associated with assemblages of flow types (Harvey 

et al. 2008a). Rowntree (1996) developed a biotope matrix in collaboration with stream 

ecologists to classify physical habitats based on substrate (a component of functional 

habitats) and flow type (a component of biotopes) (Figure 2.4). 
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Figure 2.4. The biotope matrix describing physical habitats as a function of substrate and flow type 
classes. Reprinted Figure 4.1 from Rowntree (1996, p.47). 

As well as individual habitat types being important for stream ecology, a diverse range of 

physical habitats may be more important in some ecological communities (Gilvear and 

Willby, 2006). For example, habitat diversity provides a range of habitats for different life 

stages of individual species, for mobile species, and a range of smaller organisms confined 

to a single habitat as prey for larger species (Woodward and Hildrew, 2002). Physical 

habitat diversity is also used as an indication of conservation value from a management 
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perspective (Raven et al., 1996), can be used to assess restoration success (Milner and 

Gilvear, 2012) and the impacts of different engineering approaches (Gostner et al., 2013). 

Therefore, this thesis considers components of both functional habitats and biotopes to 

explore the response of physical habitat type and diversity to catchment-level effects. 

2.1.3 Which catchment characteristics impact physical habitats in 
rivers?: An Evidence Review 

This thesis cannot capture every element of the catchment system outlined in Figures 2.1 

and 2.2 in detail, but it can focus on areas that are particularly poorly understood. To 

identify these gaps in understanding, an evidence review is conducted utilising a quick 

scoping methodology with the aim of gaining an objective assessment of which catchment 

characteristics are frequently used to explain patterns of physical habitats. The review 

focuses on large-scale data-science studies investigating multiple reaches. 

2.1.3.1 Quick scoping review methodology 
To explore the literature, a quick scoping review is conducted following the protocol laid 

out by the Joint Water Evidence Group (Collins et al., 2014). A quick scoping review 

provides an assessment of the “size and type of evidence available” (Collins et al., 2014, p. 2) 

and does not offer a critical appraisal of the evidence, appropriate for the task of 

identifying research gaps.  

The quick scoping methodology requires the development of a protocol with a number of 

steps: (i) identification of a key question (and sub-questions) and the scope of the review 

(e.g. language of papers, time period etc.); (ii) focusing the question using PICO elements 

(Population, Intervention, Control and Outcome); (iii) evidence search using keywords 

identified from the PICO elements; (iv) screening the search results to narrow down the 

literature using inclusion and exclusion criteria; and (v) information extraction 

systematically from the selected papers to create an evidence database (Collins et al., 2014). 

(i) Key question 
Following this methodology, the key question is “Which catchment characteristics affect 

physical habitats in rivers?”. The specific sub-questions are: (i) which catchment 

characteristics are frequently being employed to assess the catchment-level effect on 

physical habitats in studies assessing multiple sites? and (ii) how effective are catchment-

level characteristics in explaining physical habitat features in comparison to reach-level 

characteristics? Only papers in English are selected with no regional or time period 

restrictions. 
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Table 2.1. PICO elements and exclusion criteria used for the quick scoping review 

PICO Inclusion Exclusion Other exclusion criteria 

Population • Rivers/streams 

• Catchments 

• Reservoirs 

• Lakes 

• Review papers 

• Papers assessing 
effectiveness of 
management technique 

• Methods papers 

• Decision support 
systems 

Intervention • Catchment level 
characteristics 

• Not catchment level 
characteristics 

• Only single characteristics 

• Future climate scenarios 

Control • Reach level 
characteristics 

• Only reach level 
characteristics 

Outcome Physical habitat features 

• Reach morphology 

• Substrate 

• Macrophytes 

• Large wood 
Or habitat indicators 

• Invertebrates 

• Runoff 

• Flow regimes 

• Pollutants/pesticides 

• Genetics 

• Water quality/temperature 

• Modelled response variables 

• Bank erosion 

 
(ii) PICO elements 
The PICO elements used to define the question and build the search criteria are in Table 

2.1. The question focuses on rivers and their catchments and is specifically interested in 

catchment-level characteristics. Therefore, characteristics not at the catchment-level (e.g. 

discharge at a site or land cover within a buffer strip) are not considered. However, many 

studies also consider reach-level characteristics and therefore studies that include 

additional characteristics at smaller scales are retained as a control measure. The outcome, 

or response variable, of the studies may not be termed ‘physical habitat’ in the papers so 

multiple features are included as well as macroinvertebrates which are often related to 

physical habitat (see Section 2.1.2 for references). Papers concerning fish and other mobile 

biota are excluded as they travel throughout the system so cannot be directly related to 

physical habitats within a specific reach. Review papers and modelling studies are 

excluded so only empirical studies remain. 

(iii) Evidence search  
Boolean operators are used to search for papers (Box 1). Many of the exclusion terms 

(indicated by NOT) were identified through trial and error. The search was conducted 

initially on 5th January 2018 and updated on 6th June 2019 using Web of Science search 

engine producing 480 potential papers. 

 

Box 1: Boolean operators are used to streamline the search results 
"catchment characteristic"* OR "catchment scale" OR "catchment-scale" 
AND river* OR stream* 
AND  habitat* OR ecolog* OR *morph* 
NOT groundwater 
NOT flood* 
NOT landslid* 
NOT reservoir* 
NOT lake* 
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 (iv) Screening  
Papers were screened by assessing the relevance of the paper to the PICO requirements 

(Table 2.1) by reading first the title, then the abstract and finally the full paper. In total 29 

papers were selected, with 47 rejected for focusing solely on land cover rather than 

multiple catchment characteristics. The 29 papers selected are listed in Appendix 2A. 

(v) Information extraction 
Most papers considered physical habitat as a primary response variable, however, five 

papers considered physical habitat in addition to outcomes such as water quality and fish. 

The results discussed below relate only to findings of the papers relating to the outcome 

of interest, physical habitats, macroinvertebrates and other sedentary benthic organisms 

(e.g. diatoms and bivalves). The significance of the effect of an individual characteristic 

was determined if the paper included the characteristic in their final statistical model or 

if they reported significance test results for individual characteristics. Whether catchment 

or reach-level characteristics were deemed more important was based on the conclusions 

drawn by each paper. Not all papers considered catchment and reach characteristics 

individually so no judgement could be made in these cases. 

2.1.3.2 Key patterns in the literature identified from evidence review 
Catchment-level characteristics such as topography (e.g. mean elevation, slope and shape 

of the catchment), network (e.g. drainage density), climate, soil, geology, land cover and 

other characteristics (e.g. the density of lakes or roads) have all been related to physical 

habitat response variables (Figure 2.5). Many papers also include measures of the reach’s 

location within the catchment, such as catchment area upstream of a reach, the spatial 

coordinates of the reach, stream order, distance along the network and elevation of the 

reach (e.g. Mugodo et al., 2006; Parsons and Thoms, 2007; Frappier and Eckert, 2007). The 

position of the reach in relation to the longitudinal gradient of the catchment is deemed 

to be an important control on channel character (see Section 2.1.1.1 for literature and 

Figure 2.2). Most papers also include reach-level characteristics such as local slope (e.g. 

Davies et al., 2000; Thompson et al., 2008; Lindholm et al., 2018), sinuosity (e.g. Townsend 

et al., 2003; McRae et al., 2004; Jähnig et al., 2015) and the presence of large wood (e.g. King 

et al., 2012; de Castro et al., 2017).  

Land cover is the most frequently considered catchment characteristic (Figure 2.5) and 

was solely considered by many papers excluded from this review. This indicates a trend in 

research focusing on anthropogenic impacts on river reaches. This is because urban and 

arable land covers are related to a range of reach-level modifications such as fine 

sedimentation, changes in flow, dredging and channel straightening (Brookes, 1988; Sear 



 
 

17 
 

et al., 2003; Walsh et al., 2005). The management of such anthropogenic pressures has 

therefore become a priority for catchment management practices so is a popular research 

topic. In 74% of papers that considered it, land cover had a significant impact on the 

response variable making it an influential control on physical habitat. For example in 

Manfrin et al.'s (2016) study, the proportion of urban land and woodland in the catchment 

were the most important factors in all ten models explaining the biotic index in 95 

different streams in Italy, compared to the mean elevation and slope of the catchment 

which were only important in three and two of the models respectively. 

 

Figure 2.5. Number of papers that consider each catchment characteristic. Bars are split according 
to which percentage these papers showed significant influence on the response variable for each 
characteristic. 

Other catchment characteristics – such as geology, elevation, soil and climate – are 

included frequently in studies but only significantly influence physical habitats in around 

half of papers. Climate characteristics (most frequently precipitation) are not often 

significant (e.g. Death and Joy, 2004; Mugodo et al., 2006; Benone et al., 2017), despite their 

inclusion in over a third of papers assessed in this review. Similarly, most papers include 

some measure of the location of the reach in the catchment (>85% of papers), most 

frequently area, but location characteristics are frequently not found to be significant for 

physical habitat. This is despite the supposed importance of the position of the reach along 

the longitudinal gradient of the catchment (Figure 2.2). 

Morphometric properties of the catchment and network are less frequently considered by 

papers (Figure 2.5), with only four papers considering measures of catchment shape (such 

as elongation ratio and basin length; Davies et al., 2000; Townsend et al., 2003; Woodcock 

et al., 2006; Parsons and Thoms, 2007) and network structure (such as bifurcation ratio, 
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total stream length and drainage density; Davies et al., 2000; Townsend et al., 2003; Feld, 

2004; Hutchens et al., 2009). However, shape and network characteristics are both found 

to have significant influence on physical habitat in 3 out of 4 papers (Figure 2.5). Perhaps 

this is because these characteristics reflect the hillslope and network morphology of the 

catchment which is related to flow and sediment regimes (Gregory and Walling, 1973; 

Figure 2.1).  

Reach characteristics were also frequently considered by most papers (83%) and 

frequently found to have a significant influence on physical habitat features (Figure 2.5). 

However, most papers showed that catchment-level variables had a greater impact on the 

physical habitat than reach-level variables, with only 10% of papers reporting that reach-

level variables had a greater impact (Figure 2.6). Many papers also reported that both 

catchment and reach-level variables are important for the response variable which is 

understandable due to the nested hierarchical nature of the river system meaning that 

properties at the regional, catchment, segment and reach levels influence meso-level 

physical habitats (Figure 2.1). Interestingly, despite many of the studies acknowledging 

the importance of scale in their manuscripts, few use statistical methods that account for 

the hierarchical nature of the characteristics on the habitat response with most using 

linear regression models or Principal Components Analysis (PCA). 

 

Figure 2.6. Spatial level of characteristics that have most impact on physical habitat response 
variables in classified papers. n/a indicates papers where no judgement on whether the reach or 
catchment-level had more influence on the physical habitats could be determined.  

In summary, catchment characteristics are shown by this review to be more, or as, 

important as reach characteristics in influencing physical habitats (Figure 2.6). Land 

cover is the focus of most studies due to the anthropogenic pressures associated with it 

(Sear et al., 2003; Walsh et al., 2005). However, the main finding of the quick scoping 

review is a disparity between the characteristics that are assumed to be important (e.g. 

downstream location, elevation, climate and geology) and those that are frequently shown 

to have a significant effect (e.g. catchment and network morphometry). The neglect of 
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catchment and network morphometry excludes key hydrological processes from 

catchment studies that connect regional and catchment-level characteristics to sub-

segment level systems (Figure 2.1). It is therefore suggested that studies trying to 

understand catchment-level controls on physical habitats are frequently focusing on 

anthropogenic pressures rather than holistically accounting for catchment-level effects. 

Therefore, this thesis considers a range of catchment characteristics, including both 

frequently used (e.g. land cover) and overlooked (e.g. network structure) characteristics 

to better represent holistic catchment-level effects. 

2.2. DATA-SCIENCE FOR BROAD-SCALE RESEARCH 

Data-science is a blend of statistics and computer science developed to confront the 

increasing amount of ‘big-data’ available and the move towards open source, reproducible 

methods in scientific research (Blei and Smyth, 2017). Therefore, data-science methods 

have been embraced across the sciences; including ecology, hydrology and geomorphology 

to understand complex landscape interactions (Farley et al., 2018; Peters et al., 2018). Data-

science methods can be met with reluctance as the focus of research moves towards 

building increasingly accurate and complex models using ‘black-box’ methods, with less 

focus on scientific theory (Karpatne et al., 2017). However, theory-guided data-science is 

possible when models consider scientific theory and care is taken to explain variable 

interactions rather than ever seeking to optimise model accuracy (Karpatne et al., 2017; 

Mac Nally, 2000).  

A data-science methodology is adopted by this thesis, utilising both traditional statistics 

and machine learning approaches to identify catchment-level effects on river habitats. It 

is used, with an understanding of scientific theory, for broad-scale research following a 

practice of using monitoring datasets for scientific enquiry. This allows for research to be 

conducted over wider spatial and temporal scales rather than focusing on individual case 

studies. The benefits and limitations of a broad-scale approach are discussed below 

followed by a description and critique of the monitoring dataset used in this thesis, the 

River Habitat Survey (RHS). 

2.2.1 Utilising broad-scale monitoring data 

Broad-scale datasets, extensive monitoring datasets collected by regulatory bodies for 

policy compliance, offer the opportunity to conduct research at wider spatial and temporal 

scales that are necessary to understand the variations in river functioning over scales that 

are relevant for effective management. To collect the data necessary to conduct such broad 
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research first-hand would require significant time and resources often unavailable to 

researchers.  

There are vast amounts of empirical monitoring data available that is under explored but 

which could be adapted to answer scientific questions such as linking habitat responses to 

physical controls. Figure 2.7 shows the range of hydrological data and hydromorphology 

assessments across the globe, highlighting the dominance of data availability in Europe 

and the US.  

  

Figure 2.7. Examples of broad-scale datasets at a global level including the number of 
hydromorphological assessment methods available in each country (Belletti et al., 2015) and the 
location of stream gauges (GRDC, 2017) with the length of discharge data available at each gauge. 

With 121 hydromorphology survey methods identified from countries across the world by 

Belletti et al.  (2015) (Figure 2.7), there is the potential for numerous physical habitat 

datasets to be available to researchers. There is also extensive ecological data available 

with many examples of national biomonitoring programmes employed in Europe, USA, 

China, Korea and other countries, measuring a range of ecosystem indicators including 

macroinvertebrates, fish, aquatic plants and benthic diatoms (Park and Hwang, 2016). 

These measurements are often used to derive a judgement on the ecological quality of a 

waterbody as part of a legislative requirement. However, the original monitoring data 

could be used to explore ecohydrological interactions over larger spatial and temporal 

scales. Other datasets such as the NRRI and EU Wiki are available for exploring regional 

patterns of restoration measures using broad-scale analysis (Smith et al., 2014). 

There are challenges in using existing datasets, that introduce biases into the data. The 

purpose of the monitoring is a key bias, determining the variables recorded and site 

selection which may be driven by alternate motives rather than a rigorous statistical 

approach (Wessels et al., 1998). This is important because the content of the dataset 

defines the scope of the study, limiting the questions that can be answered using broad-
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scale analysis. For example, broad-scale data may only be available in certain regions of 

the world, and this combined with data accessibility may limit the ability of broad-scale 

data to be used to explore certain biomes or time periods (Figure 2.7). However, the 

development of data-science methods and GIS expand the questions that can be addressed 

using broad-scale data to achieve interesting and low-cost results. Data-science and GIS 

are used in this thesis to capture catchment-level effects on physical habitats, monitored 

by the national River Habitat Survey.  

 The River Habitat Survey  

The River Habitat Survey (RHS; Raven et al. 1996) dataset is used here to identify physical 

habitat features. The RHS was developed in 1994 and records over 100 habitat features at 

each site with over 24,000 sites sampled across England and Wales to date (Naura et al., 

2016).  

At each site, data are collected within a 500m reach involving ten ‘spot-checks’ along cross-

channel transects at 50m intervals recording channel and bank features. A ‘sweep-up’ is 

also conducted to record features and modifications that occur in over a third of the 500m 

reach. Data are collected by certified practitioners after attending a training course, and 

audit checks suggest there are few non-sampling errors in these data (Fox et al., 1998).  

The RHS has frequently been used to conduct broad-scale research, most commonly to 

identify relationships between individual habitat features and map-derived data, 

particularly location within the catchment (Harvey and Wallerstein, 2009; Jeffers, 1998a; 

Naura et al., 2016; Vaughan et al., 2013), to predict ecological populations from habitat 

features (Naura and Robinson, 1998; Vaughan et al., 2007) or to create river typologies 

(Harvey et al., 2008a; Jeffers, 1998a; Jusik et al., 2015). Broad-scale datasets lend themselves 

to answering such questions and tasks as the datasets contain surveys across a range of 

environmental conditions. 

2.2.2.1 Methodological considerations of the RHS 
The RHS was developed to assess river quality by regulatory bodies so has biases and 

limitations associated with it.  RHS sites were selected via a random stratified sampling 

approach, with three sites randomly selected along the network within each Ordnance 

Survey (OS) 10 x 10 km grid square of the UK (Jeffers, 1998b). During the 1995-1997 baseline 

survey, the network was based on the OS 1:250,000 map which excluded headwater 

streams but post-2003 this was corrected by randomly assigning two sites to headwater 

streams on the OS 1:50,000 map. Sites are not revisited so change cannot be detected at 

individual sites. However, the sampling strategy and high volume of data allow similar 
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sites to be compared (Environment Agency, 2010). The site selection methodology also 

means that some catchments do not have multiple sites on the same stream, making 

upstream downstream comparisons difficult within individual rivers (Seager et al. 2012). 

RHS is also not designed for large, deep rivers so physical habitats in these environments 

are not measured. This means the RHS is not truly representative of the entire catchment. 

The majority of RHS critiques are because of its quick, bankside survey design. This means 

that detailed measurements of process are not collected but inferred from observations of 

habitat features. Also, methodological procedures such as selecting the dominant feature 

at each transect means that the diversity of the features are not captured within spot-

checks.  

Surveyor error or biases also impact the survey, for example, some features such as sand 

and bedrock are hard to identify from the bankside. The surveys are designed to be 

conducted on smaller streams as a 500m reach captures different ranges of habitat units, 

for example, 500m in a small river may capture recurring pool-riffle sequences compared 

to a large river that may exhibit only part of a pool-riffle sequence within the reach length 

(Emery et al., 2004). The surveys are also designed to be conducted in spring at low flow, 

so substrate is still visible and macrophytes identifiable. However, these recommendations 

are not always observed by surveyors.  

Whilst there are limitations to the data, the volume of information recorded means studies 

identifying general relationships of river habitats and morphology can be conducted at the 

large-scale (e.g. Newson et al. 1998; Emery et al. 2004; Harvey et al. 2008b). There are also 

extensions to the RHS such as the Urban River Survey which observes more features 

relevant to urban systems (Davenport et al., 2004). Another survey, MoRPh, adapts the 

RHS methodology to minimise some of its key limitations by varying survey reach length 

based on channel width, and recording all features observed to capture habitat diversity, 

along with additional variables of interest (Shuker et al., 2017). Whilst MoRPh surveys 

would be useful here, at the time of inception of this thesis the method was in its infancy 

and datasets were not extensive enough to conduct such broad-scale research. However, 

the number of surveys has grown quickly to over 3,000 MoRPh surveys (as of March 2020) 

due to the uptake of MoRPh surveys by citizen scientists (Gurnell et al., 2019), and the 

inclusion of MoRPh in the Biodiversity Metric 2.0 (Crosher et al., 2019) as a tool to assess 

the distinctiveness and condition of habitats. 
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Table 2.2. Physical habitat indices calculation: (a) Features observed in the RHS used for index 
calculation; (b) Indices extracted from the RHS observations in this thesis to reflect physical habitat 
diversity and average habitat type within each 500m reach; (c) Regulatory scores calculated 
externally. 

(a)   

Feature Description Abbreviation 

Flow types   

Free-fall Count of dominant free fall spot checks FF 

Chute Count of dominant chute spot checks  CH 

Chaotic flow Count of dominant chaotic flow spot checks  CF 

Broken wave  Count of dominant broken wave spot checks  BW 

Unbroken wave Count of dominant unbroken wave spot checks UW 

Ripple Count of dominant ripple spot checks RP 

Smooth Count of dominant smooth spot checks SM 

Upwelling Count of dominant upwelling spot checks UP 

No perceptible Count of dominant no perceptible flow spot checks NP 

Dry Count of dominant dry spot checks DR 

Sediment types   

Bedrock/boulder  Count of dominant bedrock and boulder spot checks  BO 

Cobble  Count of dominant cobble spot checks  CO 

Gravel-pebble  Count of dominant gravel-pebble spot checks  GP 

Sand  Count of dominant sand spot checks  SA 

Silt  Count of dominant silt spot checks  SI 

Clay Count of dominant clay spot checks CL 

 
(b) 

  

Index Calculation Units 

Flow type 
diversity 

= ∑ (
𝑛

𝑁
)

2

 

𝑛= count of each flow type. 

𝑁 = total number of flow types at the site. 
 

0-1 
(1=most 
diverse) 

Sediment 
diversity 

= ∑ (
𝑛

𝑁
)

2

 

𝑛= count of each sediment type. 
𝑁 = total number of sediment types at the site. 
 

0-1 
(1=most 
diverse) 

Average reach 
sediment size* 

=  
(−8 ∙ 𝐵𝑂 − 7 ∙ 𝐶𝑂 − 3.5 ∙ 𝐺𝑃 − 1.5 ∙ 𝑆𝐴 + 1.5 ∙ 𝑆𝐼 + 9 ∙ 𝐶𝐿)

(𝐵𝑂 + 𝐶𝑂 + 𝐺𝑃 + 𝑆𝐴 + 𝑆𝐼 + 𝐶𝐿)
 

Sediment type abbreviations represent the number of spot 
checks allocated to each sediment size class 
 

Approx. Phi 
scale 

(9 = coarse) * 

Average reach 
flow type speed 

=  

(0 ∙ 𝐷𝑅 + 1 ∙ 𝑁𝑃 + 2 ∙ 𝑈𝑃 + 3 ∙ 𝑆𝑀 + 4 ∙ 𝑅𝑃 + 5 ∙ 𝑈𝑊

+6 ∙ 𝐵𝑊 + 7 ∙ 𝐶𝐹 + 8 ∙ 𝐶𝐻 + 9 ∙ 𝐹𝐹)

(𝐷𝑅 + 𝑁𝑃 + 𝑈𝑃 + 𝑆𝑀 + 𝑅𝑃 + 𝑈𝑊 + 𝐵𝑊 + 𝐶𝐹 + 𝐶𝐻 + 𝐹𝐹)
 

Flow type abbreviations represent the number of spot 
checks allocated to each flow speed class 

Flow type 
speed scale 

(9 = fast) 

*Sediment size index inverted so the highest values are coarsest for ease of interpretation. However, the 
indices are not inverted in the paper in Chapter 4 to be consistent with the commonly used Phi scale. 

(c)   

Index Calculation Units 

Habitat Quality 
Assessment 
(HQA) 

Sum of assigned scores for flow types, channel and bank 
features, bank vegetation, tree cover, and land use. 

HQA scale 
(high = good 

quality) 

Habitat 
Modification 
Score (HMS) 

Sum of assigned scores for modifications to the channel 
bed and banks and the presence of structures such as 
culverts, bridges, weirs and dams. 

HMS scale 
(high = 

modified) 



 
 

24 
 

2.2.2.2 Extracting habitat indices from the RHS dataset 
Before physical habitat indices can be extracted from the RHS, the dataset is quality 

controlled. RHS survey protocol has changed since its initial implementation in 1994. This 

causes slight changes in the information collected but has little effect on the variables of 

interest in this thesis, causing only the names of the flow types to change so they are 

referred to with 2003 terminology (Environment Agency, 2003).  

There is also missing data. Of the 21,886 RHS surveys in England from 1994 to 2016 at the 

start of this research, 19,258 surveys collected dominant flow and sediment type. Both flow 

type and sediment observations should have ten observations per survey. Where 

observations did not equal ten, the variable at that site was removed from the analysis to 

prevent error. 

Each RHS site is assigned a National Grid Reference so it can be input to the GIS as point 

data. Sites were snapped the nearest link on the 1:50,000 blueline network (Moore et al., 

1994), the network used to sample the sites, within 500m using the RivEX ‘Snap’ add-on 

tool to ArcGIS (Hornby, 2010). Sites over 500m from the network were removed so sites 

are not linked to the incorrect river.  

Flow type and sediment are the focus of this thesis to reflect biotope and functional 

physical habitat types respectively (see Figure 2.4 and Section 2.1.2 for details). The 

dominant flow type and sediment class is recorded for each of the ten spot-check cross 

sections (Table 2.2a).  

Table 2.3. Interpretation of the average reach habitat indices: (a) flow type speed; (b) sediment size 
according to Phi scale and; (c) sediment size on inverted Phi scale.  

(a)    (b)   (c)  

Flow type speed Index 
value 

 Sediment size  
(Phi scale) 

Index 
value 

 Sediment size 
(inverted Phi scale) 

Index 
value 

Free-fall 9  Boulder -8  Boulder 8 

Chute 8  Cobble -6  Cobble 6 

Chaotic 7  Pebble -2  Pebble 2 

Broken waves 6  Coarse sand 0  Coarse sand 0 

Un-broken wave 5  Fine sand 3  Fine sand -3 

Rippled 4  Coarse silt 5  Coarse silt -5 

Smooth 3  Fine silt 7  Fine silt -7 

Upwelling 2  Clay >8  Clay <-8 

No perceptible 1       

Dry 0       

 

The observations are transformed into indices of physical habitat representing the average 

type and diversity of dominant habitats for each 500m survey reach. Habitat type indices 



 
 

25 
 

are based on indices derived in the Urban River Survey (Davenport et al., 2004) where each 

sediment class is assigned number representative of grainsize (according to the Phi scale), 

and each flow type is assigned an incremental number reflecting an approximate flow 

velocity gradient (Table 2.2b).  

Sediment size and flow type speed values are averaged for the reach, although the 

sediment size index is inverted to give the coarsest sediments the highest values to simplify 

interpretation. Flow type speed index does not represent true velocity as flow types reflect 

both velocity and depth (Zavadil et al., 2012). Therefore, flow types such as free-fall and 

chute are given higher velocities even though larger rivers may be faster flowing. Diversity 

of flow type and sediment classes was calculated using Simpson’s diversity index (Simpson, 

1949) (Table 2.2b). The average habitat indices can be interpreted according to Table 2.3. 

Two scores are calculated automatically in the RHS database: Habitat Quality Assessment 

(HQA) and Habitat Modification Score (HMS) (Table 2.2c). HQA reflects the quality and 

diversity of the river corridor whereas HMS reflects the extent of modification in the 

channel. Features observed by the RHS survey that are relevant to each measure are 

assigned a score which is weighted by expert opinion and summed to calculate the score 

(for more details see Raven et al., 1998). These scores are included as they reflect multiple 

features of the reach, rather than solely physical habitat attributes. They are also used for 

river quality assessment by practioners so it will be useful to see how these measures 

respond to catchment-level effects. 

The majority of previous studies using the RHS dataset have conducted analysis using 

subsets of the data, using only the most natural sites (Harvey et al., 2008a, 2008b; Naura 

et al., 2016) or for certain time periods (e.g. 1994-1996, Jeffers, 1998a; 2007-2008, Vaughan 

et al., 2013). However, this work uses the whole dataset, post-quality control, to explore 

catchment-level effects at all sites, including modified sites, over a longer time frame. 

2.3 SUMMARY AND SPECIFIC RESEARCH OBJECTIVES 

This thesis investigates how catchment-level effects influence physical habitats at the 

reach-level. Specific research objectives are defined to assess this broad goal and are 

outlined in Table 2.4 with reference to the specific aim (Chapter 1) they address and the 

chapter in which they are investigated. 

Based on the material presented in this chapter, it is clear that a range of regional controls 

influence the discharge and sediment that moves through the spatial hierarchy to 

influence river reaches (Figure 2.1; Section 2.1.1.1). The evidence review highlights that 
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most previous large-scale studies concentrate on the land cover catchment characteristic 

(Section 2.1.3). This focus on anthropogenic pressures is also reflected by integrated 

catchment management plans which fail to consider holistic catchment-level effects 

(Section 2.1.1.2). Therefore, this thesis considers a range of catchment characteristics for 

creating a typology of catchment-level effects across England and Wales, to explore 

interactions between both natural and anthropogenic effects and their spatial distribution 

(see objectives for Chapter 3; Table 2.4). 

Table 2.4. Aims addressed by each objective (chapter number and objective letter in brackets).  

Aim 
1 

Aim 
2 

Aim 
3 

Objective 

   (3A) To build a typology of catchment-level effects that is practically 
useful for implementation by river managers. 

   (3B) To explore how effective a typology of catchment-level effects is at 
explaining physical habitats in river reaches. 

   (4A) To quantify network topology within catchments by creating a metric 
fit for multiple disciplinary use. 

   (5A) To identify how important confluences influence the effect of 
network topology on river habitats. 

   (5B) To investigate which properties of upstream tributaries influence 
confluence importance. 

   (5C) To explore how catchment morphometry influences the effect of 
network topology on river habitats. 

   (6A) To use a range of GIS-derived catchment and river properties at 
different hierarchical levels, to explain patterns of physical river habitats. 

Aim 1: Integrate a theoretical understanding of the river network with regulatory monitoring data to 
identify catchment-level effects on river habitat.   
Aim 2: To improve understanding of the roles network and catchment structure can play in assessing 
habitat distribution within and between catchments.  
Aim 3: Apply knowledge of catchment-level effects to explain national patterns of reach-level habitats 
and explore management applications. 

 

The evidence review in Section 2.1.3 identifies a key gap in previous studies; the under 

representation of catchment and network morphometry effects. Theoretically, these are 

critical dimensions of the catchment that route catchment-level effects downstream 

through the network to influence broad habitat patterns (Figure 2.2; Section 2.1.1.1). 

Therefore, this thesis focuses on network structure, exploring the effects of the entire 

network and individual confluences on habitats (see objectives for Chapters 4 to 5; Table 

2.4). 

As the spatial hierarchy indicates, wider catchment processes influence the meso-level 

(Figure 2.1), the level at which physical habitats are conceptualised. This thesis focuses on 

the flow type and sediment features of physical habitats as they relate directly to concepts 
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of biotope and functional approaches (Figures 2.3 and 2.4) that have been shown to 

reflect the biotic and abiotic conditions of the channel. Not only the type of habitat but 

also the diversity of habitats available in a reach (Section 2.1.2) are considered and 

extracted from the RHS (Table 2.2). The use of the RHS, or any broad-scale dataset, has 

limitations (outlined in general in Section 2.2.1 and specifically related to the RHS in 

Section 2.2.2.1), but these are deemed acceptable in relation to the volume of data points 

that allow analysis to be conducted at the national-level.  

Associations between habitats and catchment-level effects will have application to river 

management. Management interventions such as reach restoration, are often conducted 

opportunistically rather than strategically without consideration for catchment-level 

effects which may be detrimental to the success of individual projects and broader 

improvements in river health (Section 2.1.1.2).  The objectives of this thesis consider the 

application of this work to aid the rapid and holistic assessment of catchment-level effects 

for river managers. For example, the catchment-level effects typology is designed to be a 

practical tool (Objective 3a), the metrics intended to quantify network structure are simple 

and easy to extract for any catchment (Objective 4a). In addition, all analysis is conducted 

using a dataset collected by regulators that gathers data of importance to managers using 

transferable methodologies (Table 2.4).  

The objectives in Table 2.4 are repeated in the introduction of each chapter and results 

pertaining to each specific objective are assessed in the conclusion of the relevant chapter. 

The conclusions relating to the overall aims of the thesis are discussed in Chapter 7. 
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C H A P T E R  3  

A waterbody typology derived from catchment 
controls using self-organising maps 

3.1 CHAPTER INTRODUCTION 

This chapter was published in the journal Water in December 2019 and is included as the 

submitted manuscript in Section 3.2. The gaps in knowledge and thesis objectives addressed 

by the paper are briefly summarised below. For more detailed explanation, see Section 3.2. 

Previous catchment studies (see evidence review in Section 2.1.3) and integrated 

catchment management often focus on anthropogenic controls on river reaches. This is 

problematic as they do not account for other aspects of the catchment, such as geology, 

climate and morphometry, which influence catchment function and its effect on river 

reaches. It is challenging to analyse multiple and complex catchment characteristics as 

they often co-correlate and interact. This chapter uses a machine learning data-science 

approach, self-organising maps (SOMs), to account for the complexities of multivariate 

data and creates a typology to simplify the functionality of the catchment system. 

Typology creation is commonplace in river science, but there are few typologies that 

consider catchment-level effects, and fewer that have created a typology of solely GIS-

derived catchment-level effects. The objectives of the chapter are: 

Objective 3a: To build a typology of catchment-level effects that is practically useful for 

implementation by river managers. 

Objective 3b: To explore how effective a typology of catchment-level effects is at 

explaining physical habitats in river reaches. 

The GIS-derived nature of the typology means that it can be applied continuously across 

England and Wales making it a useful tool for rapid assessment of catchment-level effects. 

The typology is also evaluated against broad-scale River Habitat Survey dataset indices 

(Table 2.2) to demonstrate the usefulness of the typology for reach-level studies. Work 

not included in the paper is presented in Section 3.3 including (i) a comparison of the 

machine learning approach used in the paper to another statistical approach; and (ii) a 

potential application of the typology for catchment complexity assessment. Additional 

methodological justification of the number of clusters and the selected SOM grid size is in 

Appendix 3A and 3B. The code to produce the typology is in Appendix 3C. 
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3.2 PUBLISHED PAPER 

Text, tables and figures copied directly from Heasley et al. (2020). Numbering of sections 

and figures changed to coincide with the thesis. The appendix to the paper is Appendix 3A 

in the thesis. Citations in the published paper are numbered to agree with the journal’s 

formatting but are included as full citations in this thesis. The reference list for the paper is 

included in the full reference list for the thesis. The published paper is accessible online at 

https://doi.org/10.3390/w12010078 

3.2.0 Abstract  

Multiple catchment controls contribute to the geomorphic functioning of river systems at 

the reach-level, yet only a limited number are usually considered by river scientists and 

managers. This study uses multiple morphometric, geological, climatic and anthropogenic 

catchment characteristics to produce a single national typology of catchment controls in 

England and Wales. Self-organising maps, a machine learning technique, are used to 

reduce the complexity of the GIS-derived characteristics to classify 4,485 Water 

Framework Directive waterbodies into seven types. The waterbody typology is mapped 

across England and Wales, primarily reflecting an upland to lowland gradient in 

catchment controls and secondarily reflecting the heterogeneity of the catchment 

landscape. The seven waterbody types are evaluated using reach-level physical habitat 

indices (including measures of sediment size, flow, channel modification and diversity) 

extracted from River Habitat Survey data. Significant differences are found between each 

of the waterbody types for most habitat indices suggesting that the GIS-derived typology 

has functional application for reach-level habitats. This waterbody typology derived from 

catchment controls is a valuable tool for understanding catchment influences on physical 

habitats. It should prove useful for rapid assessment of catchment controls for river 

management, especially where regulatory compliance is based on reach-level monitoring. 

3.2.1 Introduction  

Geomorphic functioning of rivers is nested within a hierarchy of levels, each with 

progressively broader extents from sub-reach (<101 m), reach (~101 - 102 m), segment (~102 - 

103 m) to catchment levels (>103 m) (Frissell et al., 1986). River managers often focus on 

individual reaches, yet functioning is ultimately controlled by the boundary conditions of 

the catchment (Brierley and Fryirs, 2000; Kondolf et al., 2003) so that ‘in every aspect the 

valley rules the stream’ (Hynes, 1975, p.12). This paper develops a typology of catchment 

controls that influence river reaches, within sub-units of catchments referred to as 

waterbodies. 

https://doi.org/10.3390/w12010078
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The hierarchical explanatory framework approach described by Frissell et al. (1986) and 

others (Gurnell et al., 2016) has been adopted by river scientists and mangers. This has led 

to the widespread acceptance that knowledge of multidisciplinary, multiparameter 

controls that influence process must be incorporated within catchment management 

(Beechie et al., 2010; Church and Ferguson, 2015; Downs and Gregory, 2004; England and 

Gurnell, 2016). However, multiple controls are not frequently fully integrated within 

management because gradients of anthropogenic land use are often superimposed onto 

the underlying properties of the natural landscape, making natural features of the 

catchment that influence river function more difficult to identify (Allan, 2004). Multiple 

catchment controls are considered by some previous river typologies designed for river 

management, for example, using catchment controls such as geomorphology, geology, 

climate, and land cover for river section delineation (e.g. River Styles typology for 

Australia, Brierley and Fryirs, 2000; REFORM typology for Europe, Rinaldi et al., 2016). 

However, these typologies use individual catchment controls in isolation to define 

homogeneous reaches rather than capturing associations between controls to explore 

their spatial distribution. How multiple catchment controls may best be incorporated into 

typologies should be explored to allow for improved integrated catchment management.  

We aim to produce a waterbody typology derived from catchment controls, that combines 

multiple catchment characteristics into a practical set of types that are scientifically robust 

and useful for management decision-making. Defined by the Water Framework Directive 

(WFD), waterbodies are sub-units of catchments designed to contain rivers of similar 

condition and are used to assess WFD ecological and chemical quality targets according 

to European standards (European Commission, 2000). Waterbodies are a commonly 

applied delineation of the landscape as they are meaningful to river management 

(Acreman et al., 2008). The waterbody typology developed here should capture a wider 

range of catchment controls that influence reach-level features than is usually considered 

by catchment management or existing river typologies. The presence of numerous and 

complex catchment controls presents a challenge for analysis and interpretation, so a 

machine learning technique, self-organising maps (SOMs), is employed to derive the 

typology from the large multivariate dataset. The typology captures the dominant 

catchment controls that influence river reaches across numerous waterbodies in England 

and Wales, rather than directly classifying reach processes and features. The patterns 

identified from a typology that represents controls on reach-level features should aid 

broad-level and strategic management (as opposed to management at an operational 
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level), by encouraging wider appreciation of multiple catchment influences on river 

reaches.  

3.2.1.1 Approaches to typology creation in river research 
Characterisation of river types is a frequent occurrence within river studies, with over 100 

river typologies developed over the past 125 years (Naura et al., 2016). Both scientific and 

management driven approaches for typology development have the same fundamental 

aim: to reduce the complexity of the river system to a practically useful set of types 

(Kondolf et al., 2003). Yet their use differs; scientific approaches use typologies to explore 

the distribution of homogeneous classes and identify natural thresholds whereas applied 

approaches use typologies to identify reference sites and to improve communications 

between disciplines and stakeholders using simple classifications (Kondolf et al., 2003; 

Tadaki et al., 2014).  

Classifications are often critiqued for not accounting for enough variation, being over-

simplified and drawing arbitrary boundaries on natural continuums (Wright et al., 1984). 

Issues also arise when a classification becomes a guiding principle and our understanding 

of a river becomes limited to a ‘type’ when additional factors will also impact the 

management approach appropriate for a reach (Kondolf et al., 2003). However, by 

recognising a typology as a tool that is ‘an abstraction of what would otherwise be an 

inconceivable array of natural variation’ (Tadaki et al., 2014, p.362) and by not pushing it 

beyond its design, these limitations may be accounted for.  

River classification may be achieved by either a bottom-up approach, that uses reach-level 

survey measurements to form classes and infer higher-level controls; or a top-down 

approach, that uses higher-level controls to form classes and infer reach-level 

characteristics (Olden et al., 2012). The approaches are also known as typologies of 

response or control respectively (Olden et al., 2012). 

Bottom-up typologies are often preferable as they take direct measurements of the feature 

of interest, whereas in top-down approaches features must be inferred. Bottom-up 

typologies rely on expensive and time-consuming survey data which may underrepresent 

certain areas and often focus on the immediate riparian environment rather than the 

whole catchment. The majority of applied typologies take a bottom-up approach by 

focusing on the reach and sub-reach levels (see review by Kondolf et al. 2003) leaving 

catchment level processes largely un-categorised.  

Yet many classifications are hierarchical, with 19 out of 23 geomorphic channel 

classifications reviewed by Kondolf et al. (2003) including multiple levels. Of the 19 
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classifications that included multiple levels, only five included levels above reach-level 

(~101 m). Most management focused typologies at the reach-level (e.g. Rosgen, 1985; River 

Styles, Brierley and Fryirs, 2000; REFORM, Rinaldi et al., 2016), are supplemented with 

GIS-derived characteristics of the survey reach but few also include wider catchment 

characteristics to better reflect the entire hierarchical framework. GIS-derived 

characteristics often reflect and upland-lowland gradient in river types (e.g. Jeffers, 1998), 

but there are other characteristics that influence rivers such as geology, climate and 

anthropogenic pressures in the catchment. There is therefore a need for top-down 

typologies that encompasses catchment controls to complement bottom-up approaches. 

As we explore here, advances in machine learning techniques may provide a means to 

improve the incorporation of variation and identification of natural boundaries in 

typology development. 

Table 3.1. Comparison of the number of local and catchment controls used to classify reaches and 
waterbodies (denoted by *) in previous typologies in Great Britain (an X indicates the corresponding 
control was included in the typology). 

 Local controls Catchment controls 
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Jeffers (1998) X X X X            

Holmes et al. (1998) X X   X      X     

UKTAG (2003)*         X X X     

Acreman et al. (2008)*          X  X X   

Bizzi and Lerner (2012)  X    X X X        

This typology*         X X X X  X X 

 

3.2.1.2 Research design utilising national datasets and machine learning 
Top-down typologies are built on continuous GIS-derived datasets for complete system 

coverage regionally, nationally, or even globally. Such typologies are useful for river 

management as there is no need for survey data and associated biases (see example of a 

top-down applied typology routinely used in river management by Acreman et al. (2008). 

Previous attempts at top-down typologies have been criticized for using a small number 

of variables relating to only few aspects of catchment functioning; for example, the current 

typology employed by the WFD, separates catchments based only on upstream area, 

elevation and geology (UKTAG, 2003) (Table 3.1). This causes overlap between river types 

because of external elements not included in the typology such as vegetation, climate and 

natural variability (Naura et al., 2016). In particular, geomorphic characteristics of 
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catchment morphometry that influence hydrological and sedimentological inputs to 

reaches (Schumm and Lichty, 1965) are often only accounted for via elevation (Table 3.1). 

Using few variables may thus result in poor distinction in river reach features between 

waterbody types (Naura et al., 2003). Therefore, the typology developed here aims to 

capture a wider range of catchment controls that influence reach-level features than 

usually considered by existing typologies (Table 3.1).  

A number of statistical techniques are available derive classifications from multivariate 

datasets (Liakos et al., 2018), although many are hampered by the difficulty of separating 

individual controls on reach features because of the confounding effects of cross-

correlation (often found between environmental variables; Feld et al., 2016). To overcome 

this challenge here, the machine learning SOM method is selected because it can 

accommodate the non-parametric, categorical, and cross-correlated nature of the data 

available to characterise catchment controls (in contrast to other data reduction 

techniques, such as ordination). It also enables intuitive visual interpretation of gradients 

in catchment characteristics and other patterns hidden by the linearity of other methods. 

SOM is an unsupervised artificial neural network technique developed by  Kohonen (1982) 

and has previously been used in river classifications of chemical and biological quality 

(Astel et al., 2007; Walley et al., 1999) and reach-level geomorphic drivers (Bizzi and 

Lerner, 2012). The SOM technique allows for a solely top-down typology to be developed 

at the national level, combining multiple catchment controls, including morphometric 

and anthropogenic characteristics for the first time in England and Wales (Table 3.1). To 

ensure the typology is useful for managers, the outputs from the SOM must be split into a 

practical number of catchment types (Kondolf et al., 2003). The typology may have 

multiple uses, but in this study it is evaluated with survey data to explore evident linkages 

between catchment controls and reach response. The evaluation of the typology with 

survey data is a method used by other top-down approaches (Acreman et al., 2008) and 

adds credibility to the typology. 

3.2.2 Data and methods 

The top-down typology of catchment controls was developed using multiple GIS-derived 

characteristics for waterbodies in England and Wales. The characterises were reduced 

using the SOM machine learning approach and the output was divided into a practical set 

of types, derived through hierarchical clustering, to determine typology classes. The 

functional applicability of the typology was evaluated using inferential statistics to 

determine whether reach-level features are distinguishable between waterbody types. 
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3.2.2.1 Catchment characteristics data 
WFD waterbodies, sub-units of catchments, were used as the study unit for the typology. 

Waterbody boundaries are drawn when a river crosses an altitude, catchment area or 

dominant geology threshold, or at highly engineered or major tributaries (UKTAG, 2003). 

Coastal waterbodies were removed because of their tidal influence so only river 

waterbodies were included in the study (n=4485). Although the waterbody is a relatively 

coarse unit for classification and is not included in geomorphic hierarchical frameworks 

such as REFORM (Rinaldi et al., 2016), it is a commonly used delineation of the landscape 

for extracting catchment controls, for example having previously been used to classify 

abstraction targets in the UK (Acreman et al., 2008) (Table 3.1). Being sub-units, 

waterbodies do not capture the entire upstream area which may be very large (e.g. the 

Thames River Basin takes up ~16% of the surface area of England) but instead focus on 

catchment controls in a more localized landscape setting. Connectivity to upstream 

waterbodies is not directly considered but the cumulative catchment area characteristic 

indicates the position of the waterbody within the wider catchment (Table 3.2).   

For each waterbody, 22 GIS-derived characteristics were extracted from continuous 

datasets to represent the morphometry, climate, geology and land cover of the 

waterbodies. Characteristics were summarized within each waterbody using ArcGIS v10.3 

(Table 3.2). Multiple characteristics were used so that a range of influences on river 

functioning are captured by the typology. Table 3.2 provides descriptions of how each 

catchment characteristic contributes to river functioning at the reach-level and the data 

and methods used to extract the characteristics using GIS are described below.   

Morphometric catchment characteristics were calculated from the Centre for Ecology and 

Hydrology’s (CEH) 50 x 50 m digital terrain model (CEH, no date-b; Morris and Flavin, 

1990, 1994) for each waterbody using spatial analyst module in ArcGIS v10.3 following the 

methods indicated in Table 3.2. Maximum cumulative catchment area, the number of 

upstream grid cells flowing into an individual cell, was extracted for each waterbody 

(Morris and Flavin, 1990, 1994). The CEH’s 1:50,000 blue-line network was used to calculate 

drainage density in each waterbody (CEH, no date-a; Moore et al., 1994).  

Rainfall characteristics were extracted from a 5 x 5 km grid of the number of days per 

month with over 1 mm precipitation (Met Office et al., 2017; Perry and Hollis, 2005). 

Annual average was calculated as the mean of all months between 1961 and 2016. 

Seasonality of rainfall occurrence was extracted as the ratio of spring to winter mean 

rainfall with 1 indicating no seasonal rainfall and 0 indicating winter dominated rainfall. 

Mean annual average rainfall and seasonality were extracted for each waterbody.  
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Geology characteristics were obtained by simplifying the bedrock deposit map at 1:625,000 

scale (BGS, no date) into broad geological classes following Harvey et al. (2008b), with four 

classes (hard rock geology, chalk, other limestone and sandstone) retained for analysis. 

Rocks considered to be major UK aquifers were also included following Vaughan et al. 

(2013). Land cover data was obtained from the CEH’s 2007 land cover map at 25 x 25 m 

resolution (CEH et al., 2014) and the six most prevalent land covers were retained for 

analysis. The percentage cover of each geological and land cover class within each 

waterbody was extracted using GIS. The characteristics were scaled and centred (i.e. 

converted to standardised z-scores) so all characteristics have equal importance during 

SOM training. 

Table 3.2. List of GIS-derived catchment characteristics used to create the typology and description 
of their control on river functioning. Units and source for the method is indicated where appropriate. 

Catchment characteristic Units Control on river functioning 

Morphometry  • Area (related to discharge;(Knighton, 1998)and slope drive 
stream power which is related to sediment transport and sorting 
(Rice and Church, 1998). 

• Elevation, standard deviation of elevation and TPI (Weiss, 2001) 
reflect topographic variability, erosivity and therefore sediment 
availability. 

• Dissected catchments with high drainage density and roughness 
(TPI) have greater channel heterogeneity (Benda et al., 2004b). 

• TWI (slope’s ability to evacuate upstream water; Beven and 
Kirkby, 1979) and HI (whether hillslope or fluvial processes are 
dominant; Willgoose and Hancock, 1998) reflect dominant 
geomorphic processes. 

• Catchment shape (circularity ratio; Miller, 1953) reflects 
hydrograph magnitude and time to peak (Gregory and Walling, 
1973). 

Cumulative catchment area  km2 

Mean slope  deg. 

Mean elevation  m 

Standard deviation elevation  m 

Topographic Position Index 
(TPI) 

0-1 

Topographic Wetness Index 
(TWI) 

0-1 

Drainage density  km/km2 

Hypsometric Index (HI) 0-1 

Circularity ratio  
 

0-1 

Climate  • Rainfall volume influences the magnitude and duration of flood 
peak (Singh, 1997). 

• Rainfall seasonality determines runoff intensification during 
floods (Flores et al., 2006) 

Mean annual number of 
days with rain >1mm  

𝑛 

Seasonal rainfall ratio 
 

0-1 

Geology  • Rock permeability influences the flashiness of the hydrograph 
(Holmes et al., 2002; Sear et al., 1999). 

• Rock type determines the sediment calibres available in the 
catchment (Naura et al., 2016)  

Hard rock  % 

Other limestone  % 

Sandstone % 

Chalk % 

Aquifer 
 

% 

Land cover  • Wooded catchments and unmodified floodplain store water and 
release it slowly whereas impermeable surfaces and highly 
connected drainage network in urban and arable areas increase 
flood peaks (Dadson et al., 2017). 

• Arable land practices are related to increases in fine sediments 
in channels (Wharton et al., 2017). 

• River management works in urban and arable areas (such as 
dredging and straightening) increase channel dimensions 
creating depositional, homogeneous reaches (Sear et al., 2003). 

Woodland % 

Improved grassland % 

Semi-natural grassland % 

Mountain, heath, bog % 

Arable % 

Urban % 
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3.2.2.2 Self-organising maps (SOMs) 
SOMs display the signal from high-dimensional data onto a low-dimensional network. 

SOMs are a black box technique, so utility is in holistic visual interpretation of the low-

dimensional output rather than understanding underlying processes. In broad terms, the 

output layer (i.e. the self-organised map itself) contains neurons organised on a 

rectangular or hexagonal lattice grid to represent the entire dataset (in this case hexagonal 

grid was chosen because it does not favour horizontal or vertical direction (Kohonen, 

2001)). The user determines the dimensions of the grid from the ratio between the greatest 

two eigenvalues of the input variables (Park et al., 2006). Actual height and width are set 

to return the number of cells closest to 5√N where N is the number of samples (Vesanto, 

2000), in this case N=4485 waterbodies. Therefore, a grid with dimensions of 12 x 28 cells 

is established, to produce a total of 336 cells. 

Each neuron (or grid cell) has an n-dimensional weighting vector, in this case n=22, the 

number of catchment characteristics (Table 3.2). The neurons are related to neighbouring 

neurons which defines the map’s topology. For each iteration in the SOM training 

algorithm, a sample (in this case, a waterbody) is selected at random and the distance in 

data space between it and all the weight vectors is calculated. The algorithm optimises the 

weight vectors at each iteration step. The output grid therefore comprises cells containing 

similar waterbodies which are mapped closely to other cells with similar characteristics on 

the grid. The output can be visually interpreted as a number of heatmaps for each 

characteristic and the unified distance matrix (U-matrix) indicating the distance between 

neighbouring cells. The SOM analysis was conducted in the ‘kohonen’ v3.0.7 package 

(Wehrens and Kruisselbrink, 2018) in R v3.5.1 (R Core Team, 2018), with code for analysis 

available online [doi.org/10.5281/zenodo.3558120]. 

3.2.2.3 Cluster analysis 
Hierarchical clustering was then performed on the SOM output grid to delineate clusters 

of similar waterbody types. This is a ‘natural’ method of classification, as opposed to 

‘special’ classification in which arbitrary lines are drawn across a continuum. Special 

classification has often been applied, for example the River Habitat Survey classification 

(Jeffers, 1998a) and the current WFD System A typology (UKTAG, 2003), but is highly 

criticised (Wright et al., 1984). In contrast, as a natural classification approach, hierarchical 

clustering identifies latent thresholds in the data to group inherently similar objects 

together. The optimal number of clusters was determined using the Davies-Bouldin index 

(Davies and Bouldin, 1979) where the lowest values represent small within-cluster scatter 

and good separation between clusters. This index has been used by multiple studies to 

file:///C:/Users/Eleanore/Documents/KCL%20PhD/Viva%20and%20corrections/doi.org/10.5281/zenodo.3558120
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determine the optimum number of clusters for an SOM output (e.g. Astel et al., 2007; Bizzi 

and Lerner, 2012). However, expert judgement based on knowledge of the system is also 

required when determining whether the number of clusters is fit for purpose (Kondolf et 

al., 2003). 

3.2.2.4 Evaluating the typology with River Habitat Surveys 
To test the applicability of the waterbody typology to reach-level habitat features, data 

collected as part of the national River Habitat Survey monitoring programme (RHS; Raven 

et al., 1996) was utilised. RHS is a standard methodology for hydromorphological 

assessment under the WFD (CEN, 2004) collected by England’s Environment Agency, with 

over 24,000 sites sampled since 1994, observing over 100 river habitat features with every 

500m survey reach. While the detail of river processes recorded in the survey is limited 

(Belletti et al., 2015), the wide spatial and temporal coverage of this dataset means that it 

has been used to create numerous bottom-up typologies (Bizzi and Lerner, 2012; Harvey 

et al., 2008a; Jeffers, 1998a; Vaughan et al., 2013) and makes it a useful means of validating 

this top-down typology. RHS surveys were not sampled with the intention of being used 

with waterbodies, which means that the number and distribution of RHS sites within 

waterbodies varies. Therefore, we expect there to be variation in habitats within 

waterbodies due to local controls. 

Six habitat indices were calculated from the RHS observations for use in this study (Table 

3.3); two summary indices and four individual indices. The summary indices – Habitat 

Quality Assessment (HQA), a measure of diversity and naturalness, and Habitat 

Modification Score (HMS), a measure of anthropogenic modification – were calculated 

using scores for individual features weighted by expert opinion (see Raven et al., 1998 for 

details). HQA and HMS are semi-quantitative measures of reach condition but are 

regularly used for river quality assessment. 

The remaining four indices were calculated directly from individual RHS observations to 

reflect physical habitat conditions at each site. Reach averaged sediment size and flow type 

speed were estimated using methods used in previous studies (Davenport et al., 2004; 

Emery et al., 2004; Harvey et al., 2008b). The sediment size and flow type speed indices 

were inverted so the highest values indicate coarser sediment and faster flow respectively. 

Sediment size and flow type speed diversity were also calculated for each site using 

Simpson’s diversity index (Simpson, 1949). 

To test if the waterbody typology reflected habitat conditions in reaches, the distribution 

of habitat indices values from all the RHS sites located in each waterbody type were 
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compared. A Kruskal-Wallis test, followed by Dunn post-hoc test with False Discovery 

Rate correction (Benjamini and Hochberg, 1995) to the p-value, were conducted to test the 

significance of differences in habitat indices between waterbody types. 

Table 3.3. Habitat indices calculated from the national RHS dataset used to evaluate the typology 
and the ranges of the indices. 

Habitat index Mean Scores 
(Range) 

Summary indices  
Overview of reach condition for river quality assessment 

Habitat Quality Assessment (HQA) 42 (1-94)  

Habitat Modification Score (HMS) 
 

1055 (1-7715) 

Individual habitat indices  
Quantify individual components of reach condition that reflect physical habitat 

Flow type diversity 0.39 (0-0.84) 

Sediment diversity 0.30 (0-0.82) 

Flow type speed 3.29 (0-7.9) 

Sediment size 2.46 (-9-8) 

 

3.2.3 Results 

The SOM analysis produced heatmaps that capture gradients in catchment controls that 

were then sub-divided into seven waterbody types through hierarchical clustering. The 

characteristics of each type and the spatial distribution of types across England and Wales 

were assessed before the typology was evaluated against reach-level survey data.   

3.2.3.1 Interpreting SOM outputs 
The SOM output was assessed using several measures (Figure 3.1) overlain on the same 

grid. The grid represents the topological configuration of the waterbodies based on their 

catchment characteristics, where each grid cell contains several waterbodies (between 1 

and 34 waterbodies) with similar characteristics (Figure 3.1a). The topological 

configuration of the map means that waterbodies in each grid cell are most similar to those 

in neighbouring grid cells, depicted by the U-matrix in Figure 3.1b, where low values 

indicate that the grid cell is similar to neighbouring grid cells. 

Hierarchical clustering was applied to the SOM output to identify typology classes. The 

decision of which number of classes to use depends on the intended purpose, as successful 

typologies must be interpretable to be fit for purpose (Kondolf et al., 2003). Here seven 

clusters were selected based on the Davies-Bouldin index, a statistical measure of 

clustering quality, and because seven clusters sufficiently captured the complexity of 

catchment characteristics that influence river functioning whilst remaining interpretable 

(see Appendix 3A for further discussion relating to the number of clusters chosen). 
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Figure 3.1. SOM output grids: (a) the number of waterbodies within each grid cell; (b) U-matrix 
(unified distance matrix) indicating the difference between neighbouring grid cells; (c) catchment type 
boundaries identified from the hierarchical clustering analysis. The name attributed to each type is 
described in the text; (d) heatmaps of characteristics displayed on the SOM grid (scale bars in units 
of each characteristic shown in Table 3.2).  

The final waterbody type boundaries are presented in Figure 3.1c for comparison with the 

SOM heatmaps (Figure 3.1d). The heatmaps show the distribution of values for each 

morphometric, climatic, geological and land cover characteristic across the SOM grid 

(Figure 3.1d). They indicated a gradient from upland to lowland waterbodies, from the 

bottom to the top of the heatmaps. At the upland end of the gradients there was higher 

elevation, slope and rainfall, greater run-off (indicated by TWI), drainage density, seasonal 

rainfall, harder geologies and more natural land covers, and vice versa for the lowland end 

of the gradient. 

Further inspection of the heatmaps indicated additional patterns and anomalies. The 

morphometric characteristics HI, TPI and circularity showed high levels of variation 

indicating differing degrees of roughness and catchment development (Willgoose and 

Hancock, 1998) across the upland-to-lowland gradient. There was also a secondary 

gradient from waterbodies with homogeneous to heterogeneous landscapes running from 

the left to right-hand side of the heatmaps with higher HI, TPI, circularity, slope and 

rainfall values on the right. Other anomalies such as extreme high drainage density values 
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that to not sit in the gradient were apparent, along with a group of waterbodies with high 

percentage urban land cover and high cumulative catchment area on the left-hand side. 

Differences in the middle of the upland-lowland gradient were also shown in improved 

grassland land cover and highly seasonal rainfall. 

3.2.3.2 The waterbody typology 
The boundaries of the seven selected waterbody types are displayed in Figure 3.1c in 

relation to their catchment characteristics and are named based on the interpretation of 

the authors. The typology was mapped across England and Wales in Figure 3.2a. The 

seven types fit into three broader categories – upland, midland and lowland – based on 

the dominant upland-lowland gradient displayed in the heatmaps in Figure 3.1d. 

 

Figure 3.2. (a) Map of catchment typology for England and Wales based on the SOM analysis with 
the names attributed to each type. (b) Location of features in England and Wales that are mentioned 
in the text (for readers unfamiliar with the geography of England and Wales); green areas indicate 
national parks (Office for National Statistics, 2016). 

Upland waterbody types 

Upland waterbody types were defined by high elevation (over 350m), slope (over 50 

degrees) and rainfall (over 14 days with >1 mm rainfall a year) (Figure 3.1d). Both upland 

types exhibited high U-Matrix values (Figure 3.1b) indicating that waterbodies within 

upland waterbodies are diverse within this overall gradient.  
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Upland grassland types (n=608) were distinguished as having the highest slope and 

standard deviation of elevation values, lowest TWI and are dominated by natural grassland 

and hard rock geology (Figure 3.1d). This suggests deep valleys in a steep impermeable 

landscape with high levels of runoff. This type is predominantly located in the Lake 

District, Cambrian Mountains and Dartmoor (Figure 3.2).    

Upland non-grassland types (n=824) had higher circularity, HI and TPI values (Figure 

3.1d) indicating a more rugged, heterogeneous landscape dominated by hillslope processes 

(Willgoose and Hancock, 1998). This type had limestone geology and mountainous, heath, 

bog and woodland land covers and was located in the Pennines, North York moors and 

Exmoor (Figure 3.2).  

Midland waterbody types 

Midland types were more internally homogeneous than upland or lowland types (Figure 

3.1b). Both midland types had similar mean elevations (~150-250 m) and were dominated 

by similar geologies, improved grassland and arable landcovers. Differences were primarily 

in the morphometric and climatic characteristics (Figure 3.1d).  

Midland seasonal types type (n=351) had highly seasonal rainfall with higher slopes, 

rainfall, circularity, HI and TPI compared to mid-range types (Figure 3.1d). Seasonal 

waterbodies were the least numerous, limited to the South Downs, the South West and 

Pembrokeshire (Figure 3.2).   

Midland mid-range types (n=732) had lower slopes and were less rugged landscapes. They 

had less rainfall which was less seasonal. This type had a wide spatial distribution often 

adjacent to upland types or representing comparatively upland areas in central England 

(Figure 3.2).  

Lowland waterbody types 

Lowland types had lower elevation, slope and rainfall than other types. Lowland arable 

types (n=681) had the lowest elevation and rainfall. They were dominated by arable land 

covers (~80% cover) and high TWI indicating low floodplain locations. There was little 

variation in catchment characteristics within this type (Figure 3.1b). Arable types were 

evenly distributed across the country in the floodplain areas of major rivers and dry, low-

lying areas on the east coast (Figure 3.2). 

Aquifer types (n=892) are had more diversity within the class than arable waterbodies 

(Figure 3.1b), despite also being dominated by arable land. This is likely because the class 

boundary reflected the aquifer boundary that contained both chalk and sandstone 
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permeable geologies. Aquifer types had low drainage density with a slightly rougher 

terrain than other lowland classes, indicated by higher slopes, HI, TPI and circularity 

(Figure 3.1d). The distribution of aquifer waterbodies followed bands of permeable 

geology across England (Figure 3.2).   

Large urban types (n=397) were distinguished by their high percentage of urban land cover 

(>50%) and large cumulative catchment area, indicating that they are downstream 

waterbodies. The boundary of this type extended towards the upland end of the heatmap, 

indicating that large urban conditions occur over a range of mid-low elevations and 

conditions. This is likely why there is higher heterogeneity of characteristics within this 

category than others (Figure 3.1b). Large urban waterbodies were centred around large 

urban settlements such as London, Birmingham and Manchester or large main rivers such 

as the Ouse, Trent, Severn and Thames etc. (Figure 3.2). 

3.2.3.3 River habitat differentiation between types 
Reach-level characteristics were compared between the seven waterbody types to evaluate 

whether the summary indices of reach quality and individual physical habitat indices 

(Table 3.3) vary between types. All six river habitat indices showed a range of significant 

differences among waterbody types using the Kruskal-Wallis test (p<0.01). The Dunn post-

hoc test indicated that most waterbody types had significantly different indices from one 

another (p<0.05; Figure 3.3).  

 

Figure 3.3. RHS variable distributions for each catchment type (HMS plotted on a log-scale). Types 
with no significant difference (p>0.05) between each other, as a result of the Dunn test, are indicated 
by numbers. *Indicates distributions with a significant difference of p<0.05, all other differences 
p<0.01.  
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Flow type speed, sediment size and flow type diversity differed significantly between all 

types (Figure 3.3c, 3.3e and 3.3f). Their distributions predominantly reflected the upland-

lowland gradient in waterbody types, with coarser sediments and faster and more diverse 

flow types in upland waterbody types. Lowland arable waterbodies tended to have the 

lowest index values of the three lowland types for these indices.  

Sediment diversity also exhibited an upland-lowland trend although there are no 

significant differences in diversity between the two upland classes (Figure 3.3d). Sediment 

diversity values were lowest in large urban waterbodies despite lowland arable types 

exhibiting lower sediment sizes (Figure 3.3f). 

For both flow indices (Figure 3.3c and 3.3e), there was a steady decline in index value 

through the waterbody types. For sediment indices, there was a larger difference between 

seasonal and mid-range types that was less evident in the flow indices (Figure 3d and 3f). 

Sediment size was also greater in upland non-grassland than upland grassland 

waterbodies (Figure 3.3f).  

The summary indices, HQA and HMS (Figure 3.3a and 3.3b), also reflected the upland-

to-lowland gradient with high habitat quality and low modification scores in upland sites 

compared to lowland sites. There were more similarities in summary indices between 

waterbody types than for the individual habitat indices. HQA was not significantly 

different between the upland grassland, upland non-grassland or midland seasonal types 

and HMS was not significantly different between midland mid-range and lowland large 

urban waterbodies, with lowland arable waterbodies exhibiting the greatest modification 

scores (Figure 3.3b).  

While there were many statistically significant differences between waterbody types, 

Figure 3.3 also highlights the broad range of river habitat indices within each type.  

3.2.4 Discussion 

3.2.4.1 A practical and applicable typology of catchment controls for waterbodies 
in England and Wales 

Selected catchment controls have been used in previous applied typologies to delineate 

homogeneous river sections (Brierley and Fryirs, 2000; Rinaldi et al., 2016) but the 

associations between catchment controls, and the response of river reaches to their 

combined effects, is often not considered. The typology presented here is less focused on 

classifying reach processes for local management than previous typologies. Instead, the 

typology was designed to capture multiple catchment controls and their associations for 
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identifying natural boundaries in catchment functioning for strategic management at the 

national level. 

The typology of catchment controls developed using the SOM approach for waterbodies 

in England and Wales was successful at differentiating between key features of the 

landscape including national reserves, topographical and geological features, major rivers 

and urban centres (Figure 3.2). The approach incorporates multiple catchment 

characteristics that have a functional control on river reaches (Table 3.3) rather than being 

limited to only characteristics that are not correlated with one another. Furthermore, the 

typology boundaries are based on naturally occurring thresholds in the data identified by 

the clustering algorithm rather than arbitrary boundaries.  

These factors likely explain why this waterbody typology differentiates habitat features 

between types better than the current WFD System A typology. When evaluated against 

flow type, substrate size and geomorphic activity indices derived from semi-natural RHS 

sites, 0% of WFD System A types were statistically different to all the other types (at a 

significance level of p<0.05; Naura et al., 2003). However, in this typology, using the same 

level of significance, up to 100% of types produced statistical differences in habitat indices 

between all other types (Figure 3.3), including 42-57% for the summary indices used to 

assess the quality of reaches. This indicates that this typology has relevance for river 

managers and conceptually improves upon the current WFD System A typology, which is 

based solely on elevation, catchment area and geology (Table 3.2) and has arbitrary 

boundaries between categories (UKTAG, 2003).  

The strength of this typology is the range of catchment characteristics included that often 

showed cross-correlations (Figure 3.1d). Cross-correlation makes it difficult to isolate 

individual effects from catchment controls as they interact (Feld et al., 2016). This is 

because catchment controls are not independent (Schumm and Lichty, 1965) and 

therefore grouping waterbodies with similar controls is beneficial rather than relying on a 

single control to describe all catchment influences.  

The inclusion of multiple characteristics was possible due to the adoption of the SOM 

method. This and other machine learning techniques are becoming more prevalent in 

multivariate analysis as they can deal with natural artefacts of many environmental 

datasets which often make multivariate environmental analyses challenging (Feld et al., 

2016). The heatmap outputs from the SOM (Figure 3.1d) also allow for easy visualisation 

of variable distributions, positive and negative correlations between variables such as the 



 
 

45 
 

upland-lowland gradient, and anomalies such as the higher drainage density anomaly in 

the large urban type (ASCE, 2000; Astel et al., 2007).  

3.2.4.2 Critique of the typology 
Whilst the waterbody typology shows promising differentiation between landscape 

(Figure 3.2) and reach features (Figure 3.3), its limitations must be understood to ensure 

it is not applied for management in ways that are inappropriate given its design. The most 

obvious example of limitations is the wide ranges of habitat index values within each 

waterbody type, despite overall significant differences between most types (Figure 3.3). 

As the aim of this paper was to create a waterbody typology that can be applied widely, 

this is expected, but reasons for these variations are discussed below to highlight 

limitations of the typology.  

The variation in characteristics within waterbody types is greatest in aquifer, large urban 

and both upland types (Figure 3.1b). Creating more types may capture more variation and 

the selection of the number of types in any typology is ultimately subjective (Bizzi and 

Lerner, 2012; Tadaki et al., 2014), but is aided by statistical measures and expert opinion 

(for the methods used here, see Appendix 3A). An interpretable classification will never 

capture the whole range of variation of its population, nor is it expected to, but it must 

capture enough variation to be fit for purpose. As discussed above, we believe that seven 

types are appropriate to capture the variation in catchment controls at this national level, 

evidenced by evaluating the types against survey data (Figure 3.3). 

The limitations of the RHS dataset, used here to represent reach features, should also be 

noted. The RHS was not designed as a geomorphological survey to capture dynamic 

process (Newson et al., 1998a) but does include the presence/absence of features that are 

useful to estimate dominant channel habitat conditions over a standardised 500m reach. 

The identification of dominant features present at each transect in the survey means that 

the diverse conditions of the reach may be underestimated which may mute more extreme 

differences between waterbody types. However, although the RHS is not detailed, it does 

provide a wide spatial coverage with a consistent methodology that makes it a valuable 

tool for use in national typologies (Holmes et al., 1998; Jeffers, 1998a). 

The waterbodies used as the unit for the typology developed here, are much larger than 

reach or sub-reach units employed by bottom-up typologies (e.g. Brierley and Fryirs, 2000; 

Rinaldi et al., 2016; Rosgen, 1985), which has practical benefits. For example, the resolution 

of the GIS-derived datasets used to build the typology can be relatively coarse and there 

are numerous RHS surveys available within each waterbody type to effectively evaluate 
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the typology. The waterbody unit also reflects policy units that are widely applied in river 

management in Europe (European Commission, 2000) Providing a continuous typology 

across the landscape is not possible if one is relying on survey data alone. However, the 

use of waterbodies as sub-units of the wider catchment means that controls from upstream 

of the waterbody are not considered. Only the cumulative catchment area characteristic 

indicates the position of the waterbody within the wider catchment which contributed to 

the large urban waterbody type, separating waterbodies at the downstream end of 

catchments from other waterbody types. The use of a relatively large study unit also means 

that variation will be present within types because each waterbody contains a range of 

processes and local pressures such as sediment mining, dams and channelization that are 

not included in the typology (a limitation of this methodology). The aim of this typology 

however, was to capture the catchment controls that influence the reach, rather than 

directly classifying reach processes and features such as channel stream power, slope, and 

planform, which have been the focus of previous top-down and bottom-up typologies (e.g. 

Bizzi and Lerner, 2012; Brierley and Fryirs, 2000; Rosgen, 1985).  For increased utility of 

this typology for operational river management at a more local level, data on controls and 

characteristics at the reach-level should be integrated into the waterbody typology. 

The typology also is a temporary snapshot of catchment controls, which is often a critique 

of river typologies (Kondolf et al., 2003). While many catchment characteristics change 

over long timescales, such as morphometry or geology (~102 to 104 years), some 

characteristics are more temporally dynamic such as land cover and rainfall patterns (~101 

to 102 years; Gurnell et al., 2016). This is addressed to some extent by taking a long-term 

average of rainfall (from 1961 to 2016) and a land cover map for the time period most 

relevant to the validation surveys (2007). While this is not ideal, the top-down nature of 

this approach means the typology can easily be updated at a relatively inexpensive cost to 

the user as, and when, major landscape alterations are made or when new data become 

available. The typology is also evaluated with RHS surveys occurring over a long time 

period (1994 to 2015) each providing a snapshot of river features that change ~10-1 to 101 

years rather than the long-term changes of the catchment controls. Although the link 

between catchment changes and channel features is complex, the fact the typology 

performs well when evaluated against over 20 years’ worth of surveys suggests that the 

typology is relevant over long time periods. 

Whilst there are limitations, primarily as a result of the selection of the top-down 

approach, the validation of the waterbody typology with reach-level data not only creates 

a useful typology tool with distinctive classes but enhances understanding catchment 
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controls on reach habitats. The top-down method means that this approach can be applied 

to any waterbody with available data, without expensive and systematically biased surveys. 

However, the broad distribution of habitat features within each type (despite statistically 

significant differences; Figure 3.3) emphasises that this typology is not a substitute for 

detailed surveys and monitoring, but a means of assessing the spatial distribution of 

catchment controls at a national level. Future work should compare different datasets that 

reflect other aspects of the geomorphology or ecology of the channel to this typology. 

3.2.4.3 Gradients and anomalies in catchment types and reach responses 
The waterbody types show distinctive distributions of catchment controls reflecting 

dominant upland-lowland and secondary topographic heterogeneity gradients. 

Anthropogenic controls often follow these gradients but can occur independently. The 

response of habitat indices to the waterbody types reflects the gradients observed in the 

catchment controls.  

Upland-lowland gradient 

Many bottom-up typologies derived from RHS data detect a regional upland-lowland 

gradient using elevation and distance in the network (Jeffers, 1998a). In addition, others 

also found factors such as geology, climate and mean catchment slope to be useful 

descriptors of regional river habitat patterns (Harvey et al., 2008b; Holmes et al., 1998; 

Naura et al., 2016; Vaughan et al., 2013). Those that considered anthropogenic catchment 

pressures found them to only have a weak effect on habitat features (Jusik et al., 2015; 

Naura et al., 2016). We also observe an upland-lowland gradient present across 

morphometric, climatic, geological and anthropogenic catchment characteristics of 

England and Wales (Figure 3.1d; Figure 3.2), which justifies the validity of a multivariate 

typology.  

The upland-lowland gradient across most characteristics is because of dependency 

between catchment characteristics that dictates the discharge of water and sediment to 

the channel (Schumm and Lichty, 1965) altering physical habitat features (Bunn and 

Arthington, 2002). The results indicate upland to lowland variation in a variety of 

processes that are strongly related to geology and topography, including reductions in 

sediment transport capacity, lower magnitude and frequency hydrographs and, perhaps 

most importantly, increasing anthropogenic pressures from upland to lowland 

waterbodies (Raven et al., 2010). This is reflected in the habitat indices which decrease in 

habitat condition from upland to lowland (Figure 3.3). The distinct separation of habitat 

indices between each waterbody type, including the midland types, highlights the need to 

consider rivers along a gradient and not just upland or lowland polarisations. 
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Heterogeneity gradient 

While the upland-lowland gradient is dominant both in explaining patterns of catchment 

characteristics (Figure 3.1d), and habitat indices distributions (Figure 3.3), a secondary 

gradient is identified in this waterbody typology. It is a gradient of topographic 

heterogeneity, driven by patterns in HI, TPI, land cover and geology. Previous studies 

identified an energy gradient within catchments, from upstream to downstream, as a 

secondary gradient (Jeffers, 1998a; Vaughan et al., 2013). The distribution of energy within 

catchments is widely considered a key factor in distributions of geomorphological forms 

and processes (Church, 2002) and ecological communities (Gurnell et al., 2010; Vannote et 

al., 1980). However, this typology at a broader spatial level so internal waterbody variations 

are not accounted for. This emphasises the heterogeneity gradient that has not before been 

identified nationally. It shows that fluvial processes vary at the same point along the 

upland-lowland gradient as a result of landscape heterogeneity.  

The heterogeneity gradient is related to energy, reflecting regional patterns of process. 

Heterogeneous waterbody types are more circular indicating flashier hydrographs 

(Gregory and Walling, 1973), have greater local ruggedness indicating greater coupling to 

hillslopes and flood responses (Church, 2002; Weiss, 2001) and greater hypsometric 

integrals suggesting greater dominance of hillslope processes (Willgoose and Hancock, 

1998) than their counterparts at the same point in the upland-lowland gradient (Figure 

3.1d). These morphometric variables are dependent on climate and geology (Schumm and 

Lichty, 1965), which create deviations from the upland-lowland gradient, such as  higher 

elevation landscapes in lowland waterbody types due to the permeable geology, more 

easily eroded landscapes in upland limestone waterbodies and more seasonal rainfall 

producing flashier flood hydrographs in some midland waterbodies (Flores et al., 2006). 

The permeable geology and natural, diverse land covers may also stabilise the hydrograph 

(Holmes et al., 2002) creating a complex range of processes that are less prominent in the 

homogeneous waterbody types that are dominated by fluvial processes and anthropogenic 

land covers. 

Catchments with a more variable topography are predicted to produce reaches with 

greater geomorphic heterogeneity (Benda et al., 2004b). We also observe this as 

heterogeneous waterbody types tend to exhibit better habitat condition than their 

counterparts at the same point in the upland-lowland gradient (Figure 3.3). Others have 

also observed differences at similar points along the upland-lowland gradient; Holmes et 

al. (1998) found different macrophyte species at similar elevations which they attribute to 

geological differences. However, the heterogeneity gradient better explains the processes 
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that influence reaches which are as a result of driving variables such as geology and 

climate. This highlights the utility of using multiple catchment characteristics, particularly 

morphometry, when exploring catchment controls opposed to solely measures of the 

upland-lowland gradient which do not capture the range of processes occurring regionally 

at similar elevations (Figure 3.1d). 

Anthropogenic consistencies and anomalies 

Integrated catchment management often focuses on anthropogenic controls, particularly 

pressures from agricultural and urban land (Downs et al., 1991), but anthropogenic activity 

may be hard to distinguish from the upland-lowland gradient (Allan, 2004), as arable land 

dominates in lowland waterbodies (Figure 3.1d). Urban land cover crosses a range of low-

mid elevations suggesting partial independence from the upland-lowland gradient, 

although it is less dominant in upland rural regions (Raven et al., 2010). Large urban types 

are however are located at the homogeneous end of the heterogeneity gradient, likely 

because of limited topographic variability and the location of urban centres in large 

floodplains dominated by fluvial processes (Figure 3.1d).  

While anthropogenic land covers reflect gradients in more natural catchment 

characteristics, habitat indices vary between waterbody types dominated by these land 

covers. In some cases, habitat indices reflect this gradient, for example, aquifer 

waterbodies which are dominated by arable land cover but are heterogeneous, frequently 

has higher habitat indices than other lowland waterbodies (Figure 3.3). This was also 

reported in Holmes et al.'s (1998) macrophyte typology and is expected as groundwater 

streams are often characterised by their gravel beds, moderate flow and relatively steep 

gradient (Berrie, 1992).  

In contrast, lowland arable types frequently have the finest sediments (Figure 3.3f), 

expected partly because of sediment fining associated with the upland-lowland gradient 

(Naura et al., 2016), but also because of increases in fine sediment from agricultural 

practices (Wharton et al., 2017) and the widening and deepening of agricultural drainage 

ditches that create depositional environments (Poff et al., 1997).  Arable type waterbodies 

also have the highest modification score which follows the upland-lowland gradient but is 

surprising as large urban waterbodies commonly have modifications for flood and erosion 

protection (Sear et al., 2003; Walsh et al., 2005). Yet, large urban waterbodies have the 

lowest diversity scores (Figure 3.3c and 3.3d), often with homogeneous flow and 

sediments, because of management practices such as over-widening, straightening and 

dredging for flood protection in urban centres (Sear et al., 2003). It is therefore critical to 
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consider anthropogenic catchment controls in the context of wider catchment processes 

as they may exaggerate or resist underlying natural gradients. 

3.2.5 Conclusions 

The typology developed and presented here is designed to reflect multiple catchment 

controls on river reaches, a development on previous typologies that classify reach features 

using survey data and only consider a subset of possible catchment controls. The use of 

SOMs combined with hierarchical clustering on this wide range of catchment 

characteristics has produced a national-level waterbody typology map for 4,485 

waterbodies in England and Wales. 

The typology shows clear differentiation of key landscape features – such as urban centres, 

national parks, geological features and topographic gradients – and river habitat indices 

extracted from the RHS dataset. The typology was evaluated with survey data and found 

to have functional significance, making it valuable for understanding catchment controls 

on reach features that are important to river managers. The top-down approach utilising 

solely GIS-derived data allows the typology to be continuous and easily revised as datasets 

are updated. The same methodology can be applied to other countries with available GIS 

data and monitoring data for validation. It is therefore clear that top-down approaches 

can be useful in river typologies, allowing the controls on rivers to be classified rather than 

just the responses to provide an additional layer of understanding.  

The typology map in Figure 3.2 may provide a useful tool for useful assessment of 

catchment controls in waterbodies, including the type of characteristics that may be 

influencing the river systems and broad habitat conditions. It can be rapidly applied 

without the need for time-consuming or expensive surveys to assess the spatial 

distribution of catchment controls at a national level to aid more strategic management. 

Integration with more localized data is also possible and would increase the utility of the 

typology from an operational perspective to river management. Although it is not a 

substitute for detailed surveys and monitoring, the use of. field surveys in conjunction 

with this broad representation of functional catchment controls should enable for a 

holistic assessment of catchment controls on river reaches. This may discourage a ‘one-

size fits all’ approach to river management and offer a step towards better integrated 

catchment management. 
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3.3 SUPPLEMENTARY WORK 

This section details work that was not included in the paper in Section 3.2 for reasons of 

space and focus. It includes a comparison of the SOM machine learning method used to 

derive the typology in the paper, to another more traditional statistical method, 

Hierarchical Clustering on Principal Components (HCPC) (Section 3.3.1). Then, the 

waterbody typology described in the paper is used to explore diversity in catchment-level 

effects within the entire catchment as a potential application of the typology for scientific 

research (Section 3.3.2). 

3.3.1 Comparison of SOM-derived typology to HCPC-derived typology 

Before the SOM machine learning approach, the HCPC method was applied to the task of 

data reduction of the 22 catchment characteristics and cluster delineation. HCPC was 

originally chosen as it combined Principal Components Analysis (PCA), a method that has 

previously been used for data reduction prior to typology creation (Jeffers, 1998a), with 

clustering algorithms to identify natural boundaries between types opposed to arbitrary 

typology boundaries (e.g. Jeffers, 1998), a key benefit of this statistical approach (Azam et 

al., 2017). While SOM, PCA and hierarchical clustering have been compared individually 

(Astel et al., 2007), the combined HCPC approach has not been compared to the SOM 

approach, therefore this comparison is presented here as a means of justification for the 

selection of the SOM approach. 

3.3.1.1 The HCPC method 
HCPC combines PCA, hierarchical clustering and partitional (k-means) clustering 

(Husson et al., 2010). HCPC has been used for bottom-up catchment typology, using 

broad-scale datasets of water flow and water quality stations in catchments in France 

(Dupas et al., 2015).  

The first step, the PCA, requires normally distributed data so continuous catchment 

characteristics that were non-parametric (catchment area, circularity, mean elevation, 

standard deviation of elevation, TPI, TWI, drainage density and mean annual rain; see 

Table 3.2) were logarithmically transformed. All categorical variables were non-

parametric due to the high numbers of zeros and were arc sine square-root transformed.  

In HCPC, PCA is a pre-processing step where only principal components (PCs) with 

eigenvalues greater than one are carried through to the hierarchical clustering and 

partitional clustering steps (Cericola et al., 2013) so that the signal of these data are 

maintained but the noise removed (Husson et al., 2010).  
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A hierarchical clustering algorithm is then applied to the retained PCs to group similar 

clusters together. Euclidean distance is used to measure distance between classes and 

Ward’s agglomeration method. The HCPC analysis is performed using the ‘FactoMineR’ 

v1.41 package in R (Husson et al., 2018).  

The number of clusters from the hierarchical clustering is determined mathematically 

using the Davies–Bouldin index (as in the paper, Figure 3.2) but both in the paper and in 

other studies, expert interpretation of the output dendrogram is also needed for deciding 

the number of clusters (Azam et al., 2017). This is followed by k-means partitioning 

clustering consolidation to create the selected number of clusters. The use of two 

clustering techniques increases the robustness of the final clusters reducing subjective 

tuning in cluster analysis (Azam et al., 2017). 

3.3.1.2 Interpreting HCPC outputs 
The PCA output has eight PCs with eigenvalues greater than one, explaining 76% of the 

variance (Figure 3.4a). PC1 represents the gradient from upland to lowland and PC2 

represents a gradient from highly coupled waterbodies dominated by hillslope processes 

to less coupled waterbodies. The gradients in this PCA are similar to the gradients 

observed in the SOM heatmaps in Figure 3.1. 

 

Figure 3.4. HCPC output: (a) Clusters following k-means consolidation plotted on factor map 
showing the PCA loadings of each catchment characteristic. (b) Hierarchical clustering dendrogram 
with seven clusters highlighted in coloured boxes.  

A hierarchical clustering tree was built from the PCA output (Figure 3.4b). The 

characteristics of each cluster are determined by observation of the biplot (Figure 3.4a) 

and the median value of each characteristic within each cluster.  
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The optimum number of clusters for the PCA output was five according to the Davies-

Bouldin index (Figure 3.5). However, if five clusters were selected here, the cluster types 

‘large urban’, ‘lowland arable’ and ‘mid-range catchment’ would be combined into one 

class , or if six were selected ‘mid-range’ and ‘large urban’ would be combined (Figure 3.4). 

This is despite known different responses in rivers with different types and amounts of 

anthropogenic influences (Dadson et al., 2017; Rothwell et al., 2010). Seven types were 

therefore selected to separate these types and to be consistent with the SOM analysis for 

easy comparison.  

 

Figure 3.5. Davies-Bouldin Index for the PCA output. The optimum number of clusters has the lowest 
index value. In this case five clusters are optimum, as two clusters is deemed too few to capture 
sufficient variation in catchment functioning.  

The seven clusters identified by the HCPC reflect seven waterbody types (Figure 3.6a) 

which are compared to the seven SOM-derived waterbody types (Figure 3.6b). The names 

attributed to each class reflect the catchment characteristics of the waterbody type. The 

characteristics are similar between the HCPC-derived and SOM-derived types, although 

there are differences highlighted in the maps in Figure 3.6.  

The first division of the hierarchical tree is between upland and lowland waterbody types 

(Figure 3.4b). HCPC-derived types upland types – upland grass, upland non-grass and 

midland seasonal – have similar characteristics to SOM-derived types. Upland grass and 

upland non-grass have 386 and 293 fewer waterbodies in the HCPC-derived typology 

compared SOM-derived typology, respectively. In the HCPC typology the upland grass 

types are limited to igneous rock geology in the lake district and south west, and high relief 

areas of North Wales; and the upland non-grass waterbodies limited to the areas of highest 

relief. Whereas the SOM-derived upland waterbodies are more extensive across the higher 

elevation regions of England and Wales delineating known changes in elevation and 

geology, such as Exmoor, from surrounding lower elevation types (Figure 3.6). To 

compensate, the HCPC-derived typology has 1138 more waterbodies classified as midland 
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seasonal that are extensively across high elevation regions, compared to the SOM-derived 

typology (Figure 3.6).  

 

Figure 3.6. Maps of waterbody typology for England and Wales based on the (a) HCPC and (b) SOM 
analysis. Black boundaries indicate catchment boundaries. The names attributed to each type is 
explained in the text. 

HCPC-derived lowland types – midland mid-range, lowland aquifer, large urban and 

lowland arable – have some differing characteristics and distributions compared to the 

SOM-derived typology. A similar number of waterbodies are classified as midland mid-

range types by both methods. However, the HCPC-derived type follows bands of 

sandstone aquifer from south-west to north-east across England (Figure 3.6a), whereas 

the SOM-derived mid-range type is often adjacent to upland types or in central England 

(Figure 3.6b). This is because waterbodies with sandstone geology are classified in the 

lowland aquifer type by the SOM typology, whereas the HCPC-derived aquifer type is 

solely chalk geology and thus has 474 fewer waterbodies (Figure 3.6). The mid-range types 

in the SOM typology are classified as large urban by the HCPC typology and are more 

numerous extending across the lowlands (Figure 3.6). Many of the SOM-derived lowland 

arable types are also classified as large urban or mid-range by the HCPC-derived typology, 

restricting the range of lowland arable types to the lowest areas and sandstone geology of 

the east coast (Figure 3.6).  
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3.3.1.3 SOM as the superior method for this typology 
The SOM technique is methodologically more appropriate for the creation of this typology 

of catchment controls than the HCPC method. SOMs have been compared to both PCA 

and hierarchical clustering as separate techniques for reducing complexity in large 

environmental datasets and, although the PCA and SOM analysis give comparable results, 

the SOM technique has additional advantages (Astel et al., 2007). 

The PCA component of the HCPC workflow required that input catchment characteristics 

have normal distribution and preferably not be co-correlated. This was problematic as 

most of the characteristics were non-normal and were inherently correlated, as is the case 

with many large environmental datasets (Feld et al., 2016). The non-linear approach of 

SOM means the raw input characteristics may be used without transformation, retaining 

the topological structure of these data (ASCE, 2000). A previous study also praises the 

SOM technique for its ability to manage co-correlation between input environmental 

variables so as not to effect the clustering process (Bizzi and Lerner, 2012). However, the 

SOM is a black-box technique, so it is difficult to identify how the typology of the SOM 

map is discerned.  

Both reduction techniques, PCA and SOM, reduce the dimensionality of these data into a 

two-dimensional visualisation, factorial maps (Figure 3.4a) or heatmaps (Figure 3.1) 

respectively. Analysing the heatmaps from the SOM provides a more holistic 

understanding of the characteristics of each type than when only considering the medians 

of each group and the distribution of the factorial map, as is the technique with HCPC. 

The heatmaps also enable the visualisation of both positive and negative correlations 

between variables and indicates outliers (Astel et al., 2007).  

Despite the differences in the data reduction technique, both methods produce waterbody 

types with similar defining characteristics that reflect a dominant upland-to-lowland 

gradient and a secondary heterogeneity gradient (Figure 3.4a). This reinforces the 

findings of the paper in Section 3.2.3, as similar gradients were identified by such differing 

methodologies. However, the number of waterbodies assigned to each type, and thus the 

resultant output maps in Figure 3.6, are very different. The SOM-derived typology is 

deemed superior as the maps in Figure 3.6 better differentiate upland areas, urban centres 

and large rivers than the HCPC output. Also, geological features such as the sandstone 

aquifer are included in one class by the SOM typology but are split between two classes in 

the HCPC typology (although one would expect the functioning of catchments with 

sandstone aquifer geology to be similar). These differences stem from the ability of the 

SOM to account for the complex data structures present in the catchment characteristics 
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by drawing type boundaries that are consistent with categorical boundaries and 

accounting for the non-transformed data values. It is therefore concluded that the SOM 

technique was the appropriate methodology for this task.  

3.3.2 Application of the waterbody typology: Catchment complexity 
assessment  

The typology developed in the paper in Section 3.2 is reflective of catchment-level effects 

on reach habitats. The distribution of the waterbody types indicates that there is variation 

in catchment-level effects, and by extension reach habitats, within catchment boundaries 

(Figure 3.6b). Waterbodies are part of a wider connected river network so catchment-

level effects from upstream waterbodies will influence downstream waterbodies. However, 

waterbodies are classified in isolation in the typology presented in Section 3.2 and often 

waterbodies are considered in isolation of their surroundings by river managers where the 

focus is on improving the ecological and chemical quality of the individual waterbody. 

Therefore, there is an opportunity to use the waterbody typology developed in the 

published paper (Section 3.2) to explore the complexity of waterbody types within 

catchments, in terms of the diversity of waterbody types within the catchment and their 

connectivity. 

Quantifying the spatial pattern of landscapes is common in the field of landscape ecology 

and the concept of ‘riverscapes’ embraces principles of landscape ecology to form a 

connected view of rivers (Fausch et al., 2002; Wiens, 2002). In riverscapes, patches both 

within rivers, such as riffles and pools, and patches in the terrestrial catchment alter the 

movement of water, sediment, organisms and chemicals etc. in the riverine system (Wiens, 

2002). Therefore, it is pertinent to quantify the spatial pattern of catchment characteristics 

within catchments.  

Most landscape ecology studies are concerned with assessing the spatial pattern of patches 

in neighbourhoods. Patches are defined as discrete areas with relatively homogeneous 

properties (Kotliar and Wiens, 1990). Neighbourhoods are regions of interest within the 

landscape within which the spatial pattern of patches is quantified. In the present study 

the neighbourhood is the catchment boundary and patch properties are determined by 

waterbody type, so patches could be as small as a single waterbody or as large as an entire 

catchment.  

An array of metrics have been used to quantify the heterogeneity of landscapes at both the 

patch and neighbourhood scales (Gustafson, 1998). While most frequently used as 

predictors of terrestrial species, the metrics have been applied in aquatic science to 
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quantify land cover patterns and their influence on reach ecology, morphology and water 

chemistry (Hopkins, 2009; Wang et al., 2001; Zhou et al., 2012). However, other catchment 

characteristics are shown to influence the connectivity of the catchment, for example, 

steeper catchment topography has more effective sediment connectivity and erosion 

response than dissected or stepped landscapes (Baartman et al., 2013). 

In this brief application example, the spatial complexity of catchments across England and 

Wales is explored. Four example catchments (the Demonstration Test Catchments; more 

details in Chapter 4.2) are selected to understand how different spatial arrangements of 

catchment-level effects influence river reach features in more detail. 

3.3.2.1 Delineating catchment boundaries 
To explore within catchment complexity, catchment boundaries must be delineated for 

England and Wales. The typology is built on WFD waterbodies (see Section 3.2.2), sub-

units of catchments, so catchment boundaries were created by merging waterbody 

polygons in ArcGIS based on the connectivity of the Centre for Ecology and Hydrology’s 

(CEH) 1:50,000 blue-line network (Moore et al., 1994). This technique was used as the 

existing WFD catchment boundaries, Surface Water Management Catchments 

(Environment Agency, 2014), encompassed multiple catchments that are physically 

unconnected by the river network (see Figure 3.7 for an example). This arises because 

Management Catchments were designed to implement action plans for waterbodies rather 

than to represent the topographic catchment boundaries. 

 

Figure 3.7. The East Devon Surface Water Management Catchment. An example of how a 
Management Catchment may contain multiple dendritic catchments (as defined by this thesis) that 
are unconnected by the river network. 
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Only certain waterbodies were retained to create the catchment boundaries used in this 

thesis, henceforth known as dendritic catchments. Waterbodies that were defined as 

coastal by the WFD, large or modified (defined below) were not included in creating 

catchment boundaries (Figure 3.8a). Large and modified waterbodies are only excluded 

for the definition of catchment boundaries but are included in the waterbody typology.  

Large waterbodies were defined as waterbodies with a major river. Figure 3.8a shows the 

large waterbodies in England and Wales, which track the paths of the major stems of the 

Tyne, Derwent, Ouse, Trent, Thames, Severn, Wye and Mersey. By removing waterbodies 

containing large rivers, large catchments may be split into their major sub-basins so that 

catchment-level effects were not generalised over too large an area. For example, the entire 

Thames River Basin takes up ~16% of the surface area of England but may be split into 23 

dendritic catchments upstream of Windsor once large waterbodies are removed (Figure 

3.8c). 

 

Figure 3.8. Method for defining catchment boundaries: (a) Catchment boundaries in England and 
Wales. Waterbodies that are not in dendritic catchments indicated by colour. (b) Example catchment 
where all waterbodies are dendritic so are merged into one catchment. (c) Example catchment with 
large waterbodies. (d) Example catchment with modified waterbodies. 



 
 

60 
 

Modified waterbodies were defined as waterbodies where the river network is no longer 

dendritic and has been modified beyond natural conditions. Modified waterbodies are 

recognised visually by identifying a grid-like network in the waterbody (see Figure 3.8d 

for example). The grid-like network is often indicative of land drainage, modifications in 

urban centres or water transfer schemes. For example, Figure 3.8a shows that these areas 

are concentrated in the east of England where there is considerable historic land drainage, 

and around the coastline. These waterbodies were removed because the artificial network 

connects catchments that may otherwise not be connected. Furthermore, the analysis on 

network structure conducted in Chapter 4 demands a dendritic network (see Appendix 

4A for details), so removing modified catchments here ensures that analysis stays 

consistent throughout this thesis. 

3.3.2.2 Quantifying catchment complexity nationally 
The number of waterbody types within a catchment (nTypes) and the number of patches 

within a catchment (nPatches) were extracted in a GIS. A patch was defined as contiguous 

waterbodies of the same type. To gain a measure of catchment complexity a complexity 

index was calculated: 

𝐶𝑜𝑚𝑝𝑙𝑒𝑥𝑖𝑡𝑦 = 1 − (
𝑛𝑇𝑦𝑝𝑒𝑠

𝑛𝑃𝑎𝑡𝑐ℎ𝑒𝑠
) 

(Equation 3.1) 

High values indicate more complex catchments whereas low values indicate simpler 

catchments. Complexity was calculated for all 734 dendritic catchments. Of these 

catchments, 449 had only one waterbody and 524 catchments only had one waterbody 

type. Therefore, most catchments had a complexity of zero. The catchments that only had 

one patch are indicated in Figure 3.9a.  

3.3.2.3 Patterns of catchment complexity within and between catchments 
Catchment complexity is greater in larger catchments in central England and Wales 

(Figure 3.9a). This is likely because larger catchment exhibit the greater variation, 

draining a range of waterbody types (Figure 3.9b). Fröhlich et al. (2008) highlight that 

largest catchments can be the most heterogeneous in terms of land cover, geology etc. so 

become the most simplified when catchments are considered as single entities. For 

example, hydrological and chemical fluxes measured at the catchment outlet were 

integrative but not representative of the internal hydrological and chemical fluxes in the 

catchment. This highlights the dangers of considering catchments, particularly large 

catchments, as homogeneous areas when there is a range of internal variation. 



 
 

61 
 

 

Figure 3.9. Catchment complexity mapped across England and Wales: (a) Complexity index 
(Equation 3.1) value distribution for catchments in England and Wales. Non-dendritic catchments 
(i.e. waterbodies that are coastal, large or modified; see Section 3.3.3.1) shown in grey and catchments 
containing one waterbody type shown in white. Demonstration Test Catchments labelled and 
explored in detail in Figure 3.10. (b) Typology of catchment-level effects for waterbodies in England 
and Wales for comparison (reprint of Figure 3.2a in paper with catchment boundaries).  

Catchments containing upland waterbodies tend to have relatively large patches and a 

greater number of waterbody types (Figure 3.9) because catchments with upland 

waterbodies can exhibit a full gradient from upland to lowland waterbody types. This 

means catchments with upland waterbodies are likely to have a wider range of processes, 

from highly coupled zones of sediment supply in upland sites to decoupled zones of 

sediment storage downstream (Schumm, 1977; Figure 2.2). In more lowland catchments, 

the full gradient from upland to lowland waterbody types cannot occur so there are often 

fewer waterbody types than in upland catchments. However, mid-range, lowland and large 

urban types are less continuous forming a greater number of discrete patches especially 

for areas in central England (Figure 3.9a). This supports observations of Turner and 

Ruscher (1988) that found lower landscape diversity in the uplands than the lowlands, 

however, the lowlands became less complex with larger patches as human influence 

increased, contrary to these results. Aquifer waterbodies occur in large patches due to the 

dominance of the geology variables in their classification. Catchments dominated by 

aquifer types, therefore, often have low complexity (Figure 3.9).  

Upon visual inspection of the maps in Figure 3.9, there is a link between catchment 

complexity and catchment shape. Elongated catchments, such as those in the Eastern 
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Pennines, have linear bands of contiguous waterbody types from upstream to downstream. 

This may be because the restricted area limits the number of patches (Gardner et al., 1987) 

as there are fewer waterbodies across the width of the catchment. However, catchments 

in central England are more circular with distinct sub-basins that may contain different 

catchment-level effects. It would be interesting to test this hypothesis that elongated 

upland catchments have more types but fewer patches and more circular lowland 

catchments have more patches but fewer types.  

When exploring the four Demonstration Test Catchments in more detail (locations are 

shown in Figure 3.9) the national patterns that are observed emerge more clearly. The 

Wensum has zero complexity, being dominated by aquifer waterbodies that make up one 

patch, feeding into a large urban waterbody downstream. The Avon also has low 

complexity, despite containing six out of a possible seven waterbody types. This is because 

the waterbody types are contiguous forming larger patches, with little variation between 

sub-catchments.  

The Tamar, on the other hand, is a circular catchment and despite exhibiting only three 

waterbody types, has a higher complexity score than the Avon. This is because it has 

distinct sub-catchments, with its headwaters in the upland region of Dartmoor to the east 

and in the upland region of Bodmin Moor to the west. This creates more dissected patches 

in a catchment that is dominated by one homogeneous patch of midland seasonal type. 

The Eden is the most complex, with sixteen different patches radiating from the main 

channel. It is also a relatively circular waterbody, exhibiting major sub-catchments that 

drain into the main aquifer patch (Figure 3.10).  

Considering the complexity of specific catchments may aid river managers to assess the 

impacts of catchment-level effects not just in the waterbody of interest but for the 

upstream catchment. The complexity metric developed here is too broad for operational 

management of river reaches. Instead, it helps identify the types of catchment where an 

assessment of the range of catchment-level effects influencing a waterbody may be of use, 

such as large and/or circular catchments with multiple waterbody types. A simple 

assessment of the typology for individual catchments may be sufficient (e.g. Figure 3.10) 

however, a measure of connectivity between waterbodies would be beneficial. This is a 

challenge when quantifying the complexity of the catchment because waterbodies are not 

only connected across space but also directionally based on the hydraulic movement of 

water in the catchment in numerous dimensions (Petts and Amoros, 1996). Exploring 

directional connectivity of terrestrial landscape patches to the aquatic environment, 
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particularly longitudinal and lateral connectivity would be an interesting development of 

this work and would aid understanding of the mechanisms connecting catchment-level 

effects to river reaches. 

 

Figure 3.10. Waterbody types in each Demonstration Test Catchment. Number of waterbody types 
(nType), the number of patches (nPatch) and the complexity index for each catchment are in the 
corner of each pane. 



 
 

64 
 

3.4 CHAPTER CONCLUSIONS 

Catchment-level effects can be classified into a useful number of waterbody types at a 

national level (Figure 3.2) that capture enough variation in multiple characteristics of the 

catchment to explain broad differences in physical habitats between types. This builds on 

the work of previous large-scale studies that have focused on anthropogenic catchment 

controls, particularly land cover (see evidence review in Section 2.1.3), to understand 

negative influences on river and aid restorative management of the system. Here, the 

machine learning technique, SOM, was implemented so that a range of natural and 

anthropogenic characteristics that control river reach functioning may be included in the 

typology (Table 3.2).  

The SOM approach better accounted for the complexities of the catchment characteristic 

dataset than traditional methods of data reduction such as PCA (Section 3.3.2). The output 

heatmaps of the SOM visually aid the intuitive interpretation of correlations and outliers 

(Figure 3.1) in addition to the gradients in these data identified by PCA, making it a useful 

tool for typology creation and communication. 

The typology created uses GIS-derived catchment controls to infer reach-level form and 

function which is contrary to most river typologies that classify the reach. This typology 

complements reach-level typologies as it quantifies control rather than response and is 

spatially continuous at a national level making it quick to update as new data becomes 

available. This makes the typology a useful tool for rapid assessment of catchment-level 

effects in a single waterbody, comparisons between waterbodies and for more strategic 

national planning by river managers where time and resources are often too limited to 

assess catchment-level effects in detail. The typology is applicable to river management as 

it utilises datasets and spatial levels that are relevant to regulatory compliance, for 

example, catchment-level effects are classified within WFD waterbodies and the typology 

is evaluated with physical habitat indices derived from the RHS. This may encourage wider 

appreciation of catchment-level effects by river managers working at the reach-level. 

One application is explored here; identifying the complexity of waterbody types within the 

wider catchment (Section 3.3.3). It highlights the utility of looking beyond the waterbody 

unit, that is so often the unit of focus for managers, to the entire catchment network 

(Figure 3.10). Future research should explore the connectivity of waterbodies along the 

river network, by quantifying the combined effect of upstream waterbodies, which is 

necessary for a full appreciation of catchment-level effects. 
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C H A P T E R  4  

Integrating network topology metrics into studies 
of catchment-level effects on river characteristics 

4.1 CHAPTER INTRODUCTION 

This chapter was published in the journal Hydrology and Earth System Sciences in March 

2019 and is included as the published manuscript in Section 4.2. The gaps in knowledge and 

thesis objectives addressed by the paper are briefly summarised below. For more detailed 

explanation, see Section 4.2.  

The chapter explores an over-looked component of the catchment: the structure of the 

river network, known as network topology. Network topology has been included in few 

studies of catchment controls on river systems (see evidence review in Section 2.1.3) yet it 

is critical to catchment functioning, transmitting influences from distal reaches of the 

catchment downstream towards the outlet. Quantifying connectivity through the river 

network may aid understanding of catchment-level effects as previous studies that link 

catchment controls to reach responses do not focus on how this occurs as “…pathways of 

influence may not be as easily detected” (Allan, 2004, p.271). Network topology has before 

been quantified in the hydrological sciences for flood hydrograph estimation but has rarely 

been studied as a catchment control on river reaches for the purposes of river research 

across a range of disciplines. Therefore, the specific objective of this chapter and the paper 

is: 

Objective 4a: To quantify network topology within catchments by creating a metric fit 

for multiple disciplinary use. 

The objective is met by adapting two methods of network topology quantification from 

the field of hydrological estimation, to reflect the density of the river network. The adapted 

metrics are compared to a traditional method of network topology quantification by 

testing associations between each network metric and physical habitat indices derived 

from the RHS dataset (Table 2.2) in four example catchments in England. Additional 

analysis of habitat diversity indices that were not included in the published paper is 

presented in Section 4.3. Further details of the methodological approach taken to produce 

a dendritic network for the four catchments which is required to calculate network density 

is provided in Appendix 4A. 
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4.2 PUBLISHED PAPER 

Text, tables and figures copied directly from Heasley et al. (2019). Numbering of sections and 

figures changed to coincide with the thesis. References are included in the full reference list 

for the thesis. The published paper is accessible online at https://doi.org/10.5194/hess-23-

2305-2019. 

4.2.0 Abstract 

The spatial arrangement of the river network is a fundamental characteristic of the 

catchment, acting as a conduit between catchment-level effects and reach morphology 

and ecology. Yet river network structure is often simplified to reflect an upstream-to-

downstream gradient of river characteristics, commonly represented by stream order. The 

aim of this study is to quantify network topological structure using two network density 

metrics – one that represents network density over distance and the other over elevation 

– that can easily be extracted from digital elevation models and so may be applied to any 

catchment across the globe. These metrics should better account for the multi-

dimensional nature of the catchment than stream order and be functionally applicable 

across geomorphological, hydrological and ecological attributes of the catchment. The 

functional utility of the metrics is assessed by appropriating monitoring data collected for 

regulatory compliance to explore patterns of river characteristics in relation to network 

topology. This method is applied to four comparatively low energy, anthropogenically 

modified catchments in the UK using river characteristics derived from England’s River 

Habitat Survey database. The patterns in river characteristics explained by network 

density metrics are compared to stream order as a standard measure of topology. 

The results indicate that the network density metrics offer a richer and functionally more 

relevant description of network topology than stream order, highlighting differences in 

the density and spatial arrangement of each catchment’s internal network structure. 

Correlations between the network density metrics and river characteristics show that 

habitat quality score consistently increases with network density in all catchments as 

hypothesized. For other measures of river character – modification score, flow-type speed 

and sediment size – there are varying responses in different catchments to the two network 

density metrics. There are few significant correlations between stream order and the river 

characteristics, highlighting the limitations of stream order in accounting for network 

topology. Overall, the results suggest that network density metrics are more powerful 

measures which conceptually and functionally provide an improved method of accounting 

for the impacts of network topology on the fluvial system. 

https://doi.org/10.5194/hess-23-2305-2019
https://doi.org/10.5194/hess-23-2305-2019
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4.2.1 Introduction 

Rivers are integrators of many elements of their catchments (Dovers and Day, 1988). 

Consequently, integrated catchment management has long been seen as the gold standard 

for river management and has been adopted in catchments across the globe (Newson, 

2009). Research linking patterns of river reach characteristics to catchment-level 

functioning is currently focused on characteristics of the terrestrial catchment such as land 

cover, geology and topography (e.g. Cohen et al., 1998; Harvey et al., 2008; Jusik et al., 2015; 

Naura et al., 2016; Richards et al., 1996, 1997). Yet “hot-spots” of activity within catchments 

are identified based on the hydrological connectivity of the catchment (Newson, 2010), a 

characteristic that is often neglected by catchment-level studies. This missing component 

of the catchment is critical for true integrated catchment management as the impacts of 

key management features (e.g. water, channel, land, ecology and human activity) are 

transmitted throughout the river network (Downs et al., 1991). By investigating the 

impacts of hydrological connectivity on river form and function, our understanding of 

catchment functioning can become more holistic and beneficial to catchment 

management.  

Effective catchment management rests not only on improving scientific understanding of 

river form and function across multiple scales, but also on better integration between the 

key disciplines of catchment studies: geomorphology, hydrology and ecology. This type of 

interdisciplinary approach is critical for understanding complex multi-casual relationships 

in river systems (Dollar et al., 2007). However, catchment connectivity is parameterized 

differently by different disciplines based on their interests. The discipline of 

geomorphology focuses on characterizing the morphometry of the catchment, either 

using general variables which are continuous across the landscape (e.g. elevation, slope, 

curvature) or specific variables which represent individual features such as catchments 

(e.g. drainage density, shape, area) or streams (e.g. stream order, stream length) (Evans 

and Minár, 2011). Hydrology focuses on how the catchment influences hydrograph and 

flood peak timing and magnitude. Methods such as the Geomorphic Instantaneous Unit 

Hydrograph (Rodriguez-Iturbe and Valdes, 1979) focus on predicting the travel time of 

water reaching channels and travelling downstream based the morphology of the 

catchment, drainage network and precipitation. Aquatic ecology takes a network-centric 

approach, utilizing dendritic ecological networks (Peterson et al., 2013). This method aims 

to take a spatially continuous view of rivers (Fausch et al., 2002) in order to appreciate the 

influence of flow and location in the network on discrete sites chosen for ecological 

sampling. Spatial statistical stream network models based on the branching of the network 
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(Ver Hoef and Peterson, 2010) are shown to be more accurate than a standard Euclidean 

distance kriging model, yet only worthwhile if data sites are distributed across the network 

and are spatially correlated (Peterson et al., 2013). Alternate methods for exploring 

relationships between network structure and ecological functioning are also based on 

Euclidean distance along the network (Ver Hoef and Peterson, 2010). 

Each discipline represents the elements of the catchment critical to their field, focusing 

on describing catchment form, catchment flow responses and ecological responses. 

However, the geomorphology, hydrology and ecology of the catchment are interconnected 

across spatial and temporal dimensions in the fluvial hydrosystem (Petts and Amoros, 

1996). We argue that the overlap between disciplinary methods can be utilized to create a 

metric to represent the catchment that is meaningful across all disciplines and offers 

increased potential for effective catchment management utilizing a multi- or inter-

disciplinary approach. 

This paper repurposes metrics that focus on the topology of the river network for a novel 

application: to assess the key link between the catchment and reach-level functioning. The 

metrics represent network density variation within catchments and have functional 

applications across the fields of geomorphology, hydrology and ecology (Section 4.2.1.1). 

The impacts of internal network structure on patterns of river characteristics within 

catchments are explored by utilizing datasets that are collected for regulatory purposes, 

with areas of higher network density likely to support greater river quality and diversity 

(Section 4.2.1.2). The utility of the topological metrics is compared against stream order, a 

classic but oversimplified method of accounting for network topology. The topology 

metrics are calculated for catchments with comparatively low energy and that are 

influenced by anthropogenic modification as much of the previous evidence for increases 

in diversity in network-dense areas has been from highly erosive mountainous 

catchments. 

4.2.1.1 Quantifying the river network at different scales and dimensions 
River network structure, or network topology, is one way to conceptualize the integrated 

transport of water, sediment and nutrients from the upstream catchment to downstream 

reaches. The spatial arrangement of links (river channels) and nodes (confluences) 

concentrates the catchment effect in some areas of the landscape, making network 

topology a useful archetype of catchment functioning (Gupta and Mesa, 1988). 

Drainage density (the total length of the network divided by catchment area) is most 

commonly used to compare the amount of the catchment covered by river channels, but 
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this fails to quantify spatial variation within catchments, and so offers only a partial means 

for functionally assessing catchment similarities and differences. To represent within 

catchment network structure stream order (Strahler, 1957), ordering river links along an 

upstream-to-downstream gradient based on their upstream connectivity (Figure 4.1a) is 

also commonly used. However, stream order does not account for the spatial arrangement 

of links, only their relative position in the distance dimension of the catchment. 

Conceptualizing the catchment in this one dimension leads also to oversimplification; for 

example, first-order streams are thought of as upland headwater streams, furthest away 

from the river mouth, yet often first-order streams are tributaries to high-order, lowland 

streams with different characteristics than upland streams. 

 

Figure 4.1. Topological metrics explored in this paper and the dimensions of the network they 
represent. (a) Strahler stream ordering representing only the distance dimension of the network. (b) 
Distance network density representing the width dimension of the network at each distance interval 
(inspired by the network width function; Kirkby, 1976). (c) Elevation network density representing the 
width dimension of the network at each elevation interval (inspired by the link concentration function; 
Gupta et al., 1986). 

This paper argues that the spatial arrangement of links within catchments must be 

considered across the distance and height of the catchment to obtain a full three-

dimensional appreciation of catchment effect through network topology. Two methods 

from the field of hydrology – network width function (NWF; Kirkby, 1976) and link 

concentration function (LCF; Gupta et al., 1986) – offer increased dimensionality by 

accounting for the width of the network (i.e. the number of links) at successive distances, 

for the NWF or elevations, for the LCF.  

These methods quantify network topology within catchments with functional 

significance. NWF has hydrological application, representing the travel time of water 

through the network to predict the timing and magnitude of unit hydrographs and flood 

peaks (Rodriguez-Iturbe and Valdes, 1979) with a more functionally specific method than 

the traditional stream-ordering approach (Gupta and Waymire, 1983). Extending 



 
 

70 
 

applications beyond the field of hydrology, the timing and magnitude of the hydrograph 

have direct influence on instream ecology, controlling the formation, maintenance and 

disturbance of physical habitats (Bunn and Arthington, 2002). Longitudinal connectivity 

of water and sediment through the network is also one of the multiple dimensions of the 

fluvial hydrosystems approach to catchment ecohydrology (Petts and Amoros, 1996), 

influencing the capacity for lateral and vertical connectivity and the development of the 

riparian corridor over time. LCF is less frequently applied in hydrograph prediction than 

NWF. However, it may better reflect catchment hydrology by incorporating the effect of 

gradient on the travel time of water, rather than the constant travel time suggested by 

NWF (Gupta et al., 1986). These metrics also have morphometric significance, reflecting 

the internal shape of the network by segmenting catchments into intervals to represent 

how network density changes within catchments (Stepinski and Stepinski, 2005). 

This paper repurposes these metrics to reflect network density as a feature of the 

catchment rather than as a method for hydrograph prediction. Distance network density 

(modelled on the NWF) (Figure 4.1b) and elevation network density (modelled on the 

LCF) (Figure 4.1c) allow for the comparison and quantification of network topological 

variation both within and between catchment with improved interdisciplinary and 

functional applicability than the stream-ordering approach.  

4.2.1.2 Network topology effects on river reach functioning 
The topological structure of the river network configures the river ecosystem (Bravard and 

Gilvear, 1996) by impacting functioning at the reach and sub-reach scales. The distance 

dimension of the catchment, often represented by stream order (Figure 4.1a), reflects 

upstream-to-downstream gradual changes exhibited by many in-channel features and 

species. It forms the basis of classic geomorphic models, highlighting the zones of 

sediment supply in the headwaters, sediment transfer in the mid reaches and sediment 

storage near the outlet (Schumm, 1977). It is also a key component in classic ecological 

models such as the River Continuum Concept (Vannote et al., 1980) which describes 

gradual changes in grain size, channel width, invertebrates, fish species and energy sources 

along the gradient. Both models suggest that diversity in channel morphology and biota 

may be highest in the mid reaches as channels transition from erosional to depositional 

environments. The River Continuum Concept is a popular model, but is critiqued for being 

too simplistic and for neglecting discontinuity introduced by changes at confluences 

(Perry and Schaeffer, 1987; Rice et al., 2001). Confluences, as nodes in the network, are 

associated with changes in hydrological, geomorphological (Best, 1987; Church and 
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Kellerhals, 1978) and ecological (Kiffney et al., 2006; Rice et al., 2001) conditions and have 

therefore been termed biodiversity “hotspots” (Benda et al., 2004b). 

Confluence impacts extend throughout the river network, with increased channel 

heterogeneity in the tributary and main channel upstream and downstream of the 

confluence (Rice, 2017). This has led to several theories relating to the impact of numerous 

confluences in the context of the wider network. The Link Discontinuity Concept shows 

the impact of confluences throughout the length on the main channel, creating step 

changes in sediment size before fining continues downstream towards the next confluence 

along a “sedimentary link” (Rice et al., 2001). The Network Dynamics Hypothesis posits 

that catchments with higher drainage density, and thus more confluences, will have 

greater channel heterogeneity (Benda et al., 2004b), despite drainage density failing to be 

a useful catchment characteristic for predicting local habitat features (Davies et al., 2000), 

2000). The hypothesis also suggests that catchment shape will influence the impact of 

confluences, as more compact catchments will have more similarly sized tributaries 

(Benda et al., 2004b), which have the greatest impact on channel morphology (Benda et 

al., 2004a), the greatest flow diversity (Schindfessel et al., 2015), and the greatest fish 

community diversity (Osborne and Wiley, 1992). In contrast, others have found that 

tributaries that differ most in size have the greatest impact. For example, Jones and 

Schmidt (2016) suggest that high densities of small tributaries flowing into a large channel 

cause small, cumulative changes, and Milesi and Melo's (2013) study concluded that small 

tributaries flowing into large channels in the peripheral regions of the catchment have the 

greatest impact on macroinvertebrate assemblages. 

Interestingly, there is little evidence of anthropogenic impacts at confluences in the 

literature, but as confluences are proposed concentration points of catchment effects, it 

seems likely that they may be focal points for anthropogenic impacts. For example, flood 

events may occur downstream of large confluences as flood peaks converge, creating the 

need for flood defence measures (Depettris et al., 2000), and scour and erosion at 

confluence junctions (Best, 1986) increase the need for bed and bank protection. Also, 

sediment size at confluences is shown to increase in many studies (Church and Kellerhals, 

1978; Knighton, 1980), but in tributaries whose watersheds are dominated by agricultural 

land uses, fine sediments may become dominant at confluences, potentially altering river 

functioning (Owens et al., 2005). 

Many previous studies citing the impact of the network, specifically confluences, on river 

characteristics were conducted in highly erosive, relatively natural environments 
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(Network Dynamics Hypothesis, Benda et al., 2004b; Link Discontinuity Concept, Rice et 

al., 2001). Therefore, it will be interesting to assess the impact of network structure on river 

characteristics in catchments in England, a landscape that has undergone modification 

impacting catchment functioning for centuries (Macklin and Lewin, 2003). 

4.2.2 Methods 

4.2.2.1 Study sites 
Four catchments are selected for testing the impact of network topology on river 

characteristics in England. The catchments are from the Demonstration Test Catchment 

programme (Figure 4.2) which are representative of 80% of soil and rainfall combinations 

in the UK (McGonigle et al., 2014). This demonstrates the potential use of topological 

metrics for catchments with varying geologies and land uses. The Avon and Wensum 

catchments have similar characteristics, both being dominated by chalk geology with 

lower average annual rainfall and a high percentage of arable farming land cover. In 

comparison, the Eden and Tamar are dominated by less permeable bedrock with higher 

average annual rainfall and a high percentage of grassland land covers. In terms of their 

morphometry, the Avon and Wensum both have an elongated shape and low drainage 

density. The Wensum has the lowest relief with a maximum elevation of 95 m. The Tamar 

has the smallest catchment area (928 km2) and is the most circular. The Eden is the largest 

catchment (2295 km2) and has the highest maximum elevation (246 m). 

4.2.2.2 Network topology metrics 
Network topology metrics were calculated for each catchment using the 1:50,000 river 

network map, derived from both a digital terrain model (DTM) and Ordnance Survey data 

(Moore et al., 1994). Anabranches and incorrectly digitized links in the network are 

identified using RivEX (Hornby, 2010) and removed. Removing anabranches was necessary 

as the topological metrics were designed for dendritic networks, so multi-thread channels, 

either naturally occurring or artificial ditches, would distort the calculations. This resulted 

in a total of 448, 2812, 1516 and 532 links in the Avon, Eden, Tamar and Wensum, 

respectively. 

Elevation data were extracted from the Integrated Hydrological DTM (Morris and Flavin, 

1994), a 50x50m gridded elevation raster with a 10 cm vertical resolution. Average elevation 

of each link and the distance from each link to the network outlet were extracted using 

RivEX (Hornby, 2010). 
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To extract a measure of network density that varies spatially within the catchment, each 

network is divided into 20 intervals, each of which represents 5% of the total distance or 

highest elevation in the network (Figure 4.2). 

 

Figure 4.2. Distance and elevation intervals for each Demonstration Test Catchment: Avon (A), Eden 
(E), Tamar (T) and Wensum (W). (a) Percentage distance intervals used to calculate distance network 
density. (b) Percentage elevation intervals used to calculate elevation network density. Map of 
catchment locations in England in the bottom-right corner. 

The network is divided in this manner based on the methods of the NWF and LCF, which 

have functional application to hydrograph prediction. Twenty intervals provide a relatively 

coarse sampling of the network, compared to the 100 intervals described by Stepinski and 

Stepinski (2005) when they adapted a morphometric variable, circularity ratio, to 

represent internal catchment elongation. Here, a total of 20 intervals is chosen so that 

most intervals contain links for the density calculation whilst ensuring the spatial 
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distribution of network density within the catchment is characterized. Distance network 

density was calculated following 

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑛𝑒𝑡𝑤𝑜𝑟𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  
[𝑛(𝑑0), … , 𝑛(𝑑𝑖), … , 𝑛(𝑑𝑁)]

(𝑑𝑁 × 0.05)
     

(Equation 4.1) 

where the number of links (n( )) within each 5% distance interval (di) from the outlet (d0) 

to the maximum distance in the network (dN) is normalized by the width of the interval 

(dN x 0.05). 

Elevation network density was calculated following 

𝐸𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 𝑛𝑒𝑡𝑤𝑜𝑟𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  
[𝑛(𝑧0), … , 𝑛(𝑧𝑖), … , 𝑛(𝑧𝑁)]

(𝑧𝑁 × 0.05)
 

(Equation 4.2) 

where the number of links (n( )) within each 5% elevation interval (zi) from the outlet (z0) 

to the maximum height of the network (zN) is normalized by the width of the interval (zN 

x 0.05). Normalization allows network densities to be compared between catchments 

controlling for differences in size and elevation as well as within catchments. 

To assess the utility of the multi-dimensional topology metrics in accounting for the 

spatial structure of the network, the metrics are compared to the one-dimensional Strahler 

stream-order metric, extracted from the river network dataset using RivEX (Hornby, 2010). 

4.2.2.3 River characteristics 
The impact of network topology on channel functioning is explored using a broad-scale 

approach, i.e. adapting data collected for regulatory compliance to answer scientific 

questions. Adapting such datasets to scientific enquiry allows analysis to be conducted in 

many catchments across a wide spatial extent. There are many habitat monitoring 

methods across the globe, with 121 survey methods recorded in over 26 different countries 

(Belletti et al., 2015), so this method may be adapted to other countries. 

This study utilizes the River Habitat Survey (RHS; Raven et al., 1996), a regulatory dataset 

collected by England’s Environment Agency, which is used to reflect the river reach 

characteristics in each catchment. This dataset has been used to identify catchment effects 

on river characteristics in broadscale studies by previous research (e.g. Harvey et al., 2008; 

Naura et al., 2016; Vaughan et al., 2013), but none have included the effects of network 

topology. 
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Since 1994, over 24,000 sites have been sampled in catchments across England and Wales, 

including the Avon (n=418), Eden (n=398), Tamar (n=189) and Wensum (n=315). Surveys 

were conducted at random sites within each 10 km2 of England and Wales to ensure 

geographic coverage; however, this produces sampling bias as streams in high-density 

areas will be under-represented in the dataset, which is acknowledged in this study and 

discussed below.  

At each site, over 100 features are recorded along a 500m reach with 10 “spot-check” 

surveys conducted every 50m and a “sweep-up” survey conducted across the whole reach 

(see Raven et al., 1996, for details). Variables of interest that are hypothesized to be 

impacted by network structure can be calculated from the RHS observations (Table 4.1). 

Table 4.1. RHS variables calculated from RHS observations. 

RHS Variable Calculation from RHS observations Units 

Habitat quality 
Assessment 
(HQA) 

A score indicating the degree of naturalness and diversity of 
the riparian zone based on observations in the reach of flow 
types, substrate, channel and bank features, riparian 
vegetation etc. 

HQA 
scale 

Habitat 
Modification 
Score (HMS) 

A score indicating the degree of artificial modification of the 
channel based on observations in the reach of reinforcements, 
re-sectioning, embankments, weed-cutting, realignment, 
culverts, dams, weirs etc. 

HMS 
scale 

Sediment size  
=  

(−8 ∙ 𝐵𝑂 − 7 ∙ 𝐶𝑂 − 3.5 ∙ 𝐺𝑃 − 1.5 ∙ 𝑆𝐴 + 1.5 ∙ 𝑆𝐼 + 9 ∙ 𝐶𝐿)

(𝐵𝑂 + 𝐶𝑂 + 𝐺𝑃 + 𝑆𝐴 + 𝑆𝐼 + 𝐶𝐿)
 

Approx. 
phi units 

 BO (boulder), CO (cobble), GP (gravel-pebble), SA (sand), SI 
(silt) and CL (clay) represent the number of spot checks 
allocated to each sediment size class 

 

Flow type 
speed 

=  

(0 ∙ 𝐷𝑅 + 1 ∙ 𝑁𝑃 + 2 ∙ 𝑈𝑃 + 3 ∙ 𝑆𝑀 + 4 ∙ 𝑅𝑃 + 5 ∙ 𝑈𝑊

+6 ∙ 𝐵𝑊 + 7 ∙ 𝐶𝐹 + 8 ∙ 𝐶𝐻 + 9 ∙ 𝐹𝐹)

(𝐷𝑅 + 𝑁𝑃 + 𝑈𝑃 + 𝑆𝑀 + 𝑅𝑃 + 𝑈𝑊 + 𝐵𝑊 + 𝐶𝐹 + 𝐶𝐻 + 𝐹𝐹)
 

Flow type 
speed 
scale 

 DR (dry), NP (no perceptible flow), UP (upwelling), SM 
(smooth), RP (rippled), UW (unbroken wave), BW (broken 
wave), CF (chaotic flow), CH (chute), FF (free-fall) represent 
the number of spot checks allocated to each flow speed class 

 

The Habitat Quality Assessment (HQA) and Habitat Modification Score (HMS) variables 

are both amalgamations of RHS observations with individual features given a score derived 

by expert opinion (see Raven et al., 1998, for more details). The scoring systems are 

subjective, but HQA and HMS provide overviews of the channel condition that are widely 

applied for regulatory compliance. The scores are therefore included in this study to reflect 

how they may be impacted by network topology.  

The remaining RHS variables are calculated directly from RHS observations and so are 

more objective. Sediment size is calculated as a reach average of spot-check observations 

using the same method as previous studies (Davenport et al., 2004; Emery et al., 2004; 
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Harvey et al., 2008b). Flow-type speed was calculated in the same manner as sediment size 

using values of flow which represent an approximate flow velocity gradient defined in 

Davenport et al. (2004). These variables were chosen to reflect dominant geomorphic 

processes occurring in each reach and due to the prominence of sediment size and flow 

type in defining physical habitats for instream biota (Rowntree and Wadeson, 1996). The 

variables are likely to be impacted by the density of the river network as they have been 

shown to be impacted by individual confluences. For example, channels are shown to 

become more geomorphologically heterogeneous (Benda et al., 2004a) and s size has been 

shown to coarsen at confluences (Rice et al., 2001). Surface flow types are also likely to 

become more diverse at confluences as the convergence of channels creates a number of 

different flow environments (Best, 1985) that result in different water-surface topographies 

(Biron et al., 2002). 

It must be noted that the RHS dataset was collected for regulatory compliance and was 

not directly intended for scientific enquiry. Therefore, there is a limitation in the amount 

of detail that can be extracted about physical processes as the observations recorded are 

an average across a 500m reach. Despite this, the wide spatial coverage of the dataset 

makes it a powerful tool, allowing analysis to be conducted across multiple catchments 

with differing characteristics. 

For each distance and elevation interval created by the network topology metrics, 

descriptive statistics (mean, median,90th and 10th percentiles) of each RHS variable are 

calculated. Despite the RHS sampling strategy (Jeffers, 1998b) biasing site selection 

towards less dense areas of the network, most distance and elevation intervals contained 

RHS sites (with only some low-density intervals not containing RHS sites). This method is 

designed to account for natural variation and modification at individual RHS sites, in order 

to assess broad patterns of reach characteristics at the catchment level. 

4.2.2.4 Statistical analysis 
Analysis is conducted with all catchments combined into a single population to identify 

overall trends across all catchments, a method used in previous broad-scale studies. The 

analysis is also split into individual catchments to identify how the relationship between 

network topology metrics and river reach characteristics differed between catchments.  

Correlation tests are used to determine the strength and direction of the association 

between the descriptive statistics of the RHS variables and distance network density, 

elevation network density and stream order to ascertain how reach characteristics respond 

to network topology. Kendall’s correlation method was used as the variables have non-
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normal distributions, a small sample size and tied data values (Helsel and Hirsch, 2002). 

The effect size of Kendall’s  is lower than other correlation methods with strong 

correlations occurring with  values greater than 0.7 (Helsel and Hirsch, 2002). 

As multiple correlations are conducted, false discovery rate (Benjamini and Hochberg, 

1995) corrections were applied to the p-values produced from the Kendall correlations to 

reduce the risk of type I error. The false discovery rate method has been found to be more 

powerful than other procedures for controlling for multiple tests (Glickman et al., 2014). 

4.2.3 Results 

4.2.3.1 Differences in network topology metrics between catchments 
The topological metrics developed in this study show the internal structure of the network 

for each catchment. The separation of the catchments into distance and elevation intervals 

emphasizes different features of the catchment. The distance intervals (Figure 4.2a) are 

arranged longitudinally within the catchment, highlighting sub-basins within each 

catchment. The elevation intervals (Figure 4.2b) have a radial arrangement, centering 

around the incised main channel of each catchment. 

Distance network density is higher in the Eden (28.4±10.3) and Tamar (44.1±21.9) 

compared to the Avon (4.7±1.9) and Wensum (6.8±0.7), interesting as the Tamar is the 

smallest catchment by area. The shape of the distance network density function reflects 

the internal shape of the network (Figure 4.3a). For example, the Tamar has a peaked 

density distribution reflecting the circular shape of the catchment such that the majority 

of links are at 55%–65% distance from the catchment outlet. The Avon and Eden reflect 

similar internal network structures, both exhibiting a bimodal density distribution, 

despite the differences in the number of links in the catchments. The density distribution 

of the Wensum has a more complex internal distribution of links with multiple peaks in 

density. 

Elevation network density (Figure 4.3b) shows similar density distribution shapes to 

distance network density, with a unimodal distribution for the Tamar and multi-modal 

distributions in the other catchments. In contrast to distance network density, elevation 

network density shows the highest peaks in density in the Tamar (10.3±5.0) and Wensum 

(10.1±4.3), despite the Wensum having the lowest network elevation, and has lower values 

in the Avon (3.4±1.0) and Eden (5.8±2.5). The peak densities in the Wensum occur at 

similar positions in the elevation and distance intervals, whereas the peaks in the other 

catchments are negatively skewed, showing the network density is highest at low–mid 

elevations.
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Figure 4.3. Network topology metrics (a) distance network density and (b) elevation network density. 
Descriptive statistics of each RHS variable over (a) distance and (b) elevation for each catchment with 
smooth loess lines to indicate trend. Network topology metrics are normalized between 0 and 1 and 
HMS score is logarithmically transformed for display purposes.
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Nearly half of the links in each catchment are classified as first-order streams and the 

number of links declines exponentially towards the highest orders in all four catchments. 

There are weak correlations (=-0.03 to 0.17) between the three network topology metrics; 

distance network density, elevation network density and stream order. This suggests that 

the metrics are independent and reflect different aspects of river network topology. 

4.2.3.2 River characteristic relationships with network topology metrics 
RHS sites in the Avon and Wensum have similar river characteristics. Both have lower 

habitat quality, high modification, fine sediment and slower flow types than the Eden and 

Tamar. When all catchments are combined, there are significant (p<0.05 after p-value 

correction) correlations with most descriptive statistics for each RHS variable and distance 

network density (Figure 4.4). There are consistently positive correlations with HQA and 

flow-type speed and negative correlations with HMS and sediment size. There are fewer 

and weaker significant correlations with elevation network density (Figure 4.4). The only 

significant correlations with stream order are with HMS, which shows a negative 

correlation (Figure 4.4). 

 

Figure 4.4. Summary of correlations between distance network density, elevation network density, 
stream order and RHS variables for all catchments combined and each individual catchment. 
Significance of correlation is indicated by point size with the largest points significant post p-value 

correction. Effect size (Kendall’s ) is indicated by colour. No correlation was possible between stream 
order and 10th percentile sediment size in the Avon due to no variation in the RHS variable. 
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There are numerous significant correlations between the network topology metrics and 

RHS variables for individual catchments, many of which were also shown to be significant 

after the correction to the p-value. The results show that catchments have different 

responses to the network topology metrics of distance network density and elevation 

network density. Distance network density only has significant correlations with the 

regulatory scoring variables (HQA and HMS) in the Eden and Tamar (Figure 4.4). 

Elevation network density, however, has a wider array of significant correlations with the 

scoring variables, particularly HQA, which shows subtle peaks and troughs reflecting the 

distribution of both network density metrics (Figure 4.3a and b). HMS shows mostly 

negative correlations, mainly with elevation network density, apart from the Eden, which 

has significant positive correlation across all HMS descriptive statistics (Figure 4.4). 

Visually, 10th percentile HMS is most variable to network density with peaks and troughs 

responding to the network density distributions (Figure 4.3a and b). 

For individual RHS features, the response to network topology varies between catchments 

(Figure 4.4). The Avon has negative correlations between flow-type speed and distance 

network density, with an evident drop in 10th percentile flow-type speed associated with 

peaks in network density (Figure 4.3a). The Eden and Tamar, however, have positive 

correlations with mean and 90th percentile flow-type speed for distance network density 

but negative correlations with median and 10th percentile elevation network density. The 

Wensum shows positive correlations between flow-type speed and elevation network 

density. Sediment size has a consistent response to distance network density, with the 

Eden and Wensum showing negative correlations with the sediment size (Figure 4.4). For 

elevation network density, the Avon shows negative correlations with sediment size, 

whereas the Tamar and Wensum show positive correlations (Figure 4.4). 

There were few significant correlations between stream order and the RHS variables in 

individual catchments (Figure 4.4). The only significant correlation after p-value 

correction is with 90th percentile HMS in the Wensum, which shows a strong negative 

relationship. 

4.2.4 Discussion 

4.2.4.1 A new approach to utilizing network topology in catchment-level analysis 
Network density metrics represent an alternative approach to account for network 

topology in catchment-level studies, optimizing the width dimension of the network (or 

the number of links in the network) as opposed to the commonplace stream-order metric 

which only reflects the longitudinal position of links in a network (Figure 4.1). This study 
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demonstrates that two topology metrics can be calculated simply from a DTM with GIS 

and, using a broad-scale analysis of river attributes, can be used to investigate the 

functional processes within catchments. 

While the two network density metrics have similar forms (i.e. forms are consistently 

unimodal or multi-modal), the spatial configuration of the distance and elevation intervals 

used in the calculation of network density varies and may impact the effectiveness of each 

topological metric. Distance network density separates the catchment into intervals based 

on distance which spread upstream from the outlet (Figure 4.2a), reflecting natural sub-

basins within the fractal structure of the catchment (Lashermes and Foufoula-Georgiou, 

2007). This differs from elevation network density, which separates the catchment into 

intervals based on elevation which radiate out from the main channel of the network 

(Figure 4.2b). The configuration means that distance intervals contain streams that are in 

closer proximity to one another rather than the more distal configuration created by the 

elevation intervals, suggesting a degree of spatial dependency in river functioning. This 

has been highlighted in previous studies where spatial network structure has a stronger 

influence on some in-channel processes than predictor variables such as elevation (Steel 

et al., 2016). However, elevation intervals contain RHS sites that, although they may be 

distal, may have similar properties as elevation has been strongly related to RHS variables 

including flow type, substrate, etc., in a number of studies (Jeffers, 1998a; Naura et al., 2016; 

Vaughan et al., 2013). 

4.2.4.2 Impacts of network topology on river characteristics 
River characteristics are assessed using the RHS dataset. The observations made by the 

RHS dataset (Table 4.1) cannot offer the level of detail regarding geomorphological 

process that river classifications which consider multiple scales can offer (e.g. Brierley and 

Fryirs, 2000; Gurnell et al., 2016). While process-based classifications are preferable, 

broadscale monitoring datasets, such as the River Habitat Survey, may still be useful when 

combined with map-derived data to explore controls on river characteristics (Harvey et 

al., 2008b; Naura et al., 2016; Vaughan et al., 2013). However, there are biases in RHS data 

collection, an inherent limitation when using existing datasets (Vaughan and Ormerod, 

2010), specifically, the standardized survey length of 500m reach that will capture differing 

amounts of natural variability depending on the size of the river. While this must be noted, 

there are few significant correlations between river characteristics identified with stream 

order (Figure 4.4), which suggests that channel size is not influencing the RHS variables 

to a great degree in these catchments. 
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In this study, it is anticipated that sites in high network density areas will have higher 

levels of habitat diversity, as indicated by previous studies of confluences and networks 

(Benda et al., 2004a; Best, 1985; Rice, 2017), in turn increasing mean sediment size and 

flow-type speed compared to sites in low-density areas. The results of the correlations 

between distance network density and river characteristics when all catchments are 

combined support this hypothesis, with greater HQA, flow-type speed and coarser 

sediment sizes observed in areas with high distance network density (Figure 4.4). 

For individual catchments, elevation network density induces a stronger positive HQA 

response across all catchments than distance network density (Figure 4.4). This supports 

the evidence that individual confluences (Rice et al., 2006) and high densities of 

confluences increase physical heterogeneity within the river network (Benda et al., 2004b; 

Rice, 2017). However, flow-type speed and sediment size respond differently to network 

density in individual catchments.  

Slower flow types are observed in high network density areas of the Avon and Tamar, 

whereas faster flow types are observed in high-elevation network density areas of the 

Wensum. Individual confluences are shown to create numerous high- and low-speed flow 

environments (Best, 1987) that may be observed in surface water topography (Biron et al., 

2002). It was expected that the introduction of the additional flow types by a high density 

of confluences in relatively low-energy rivers would increase mean reach flow-type speed; 

however, the correlation analysis (Figure 4.4) suggests that in some catchments mean 

flow-type speed is reduced. 

Sediment size response also shows variation between catchments. Sediment size is coarser 

in network-dense areas of the Avon and Eden as expected, but is finer in both the Tamar 

and Wensum (Figure 4.4). The evidence from high-energy rivers shows that sediment 

becomes coarser downstream and finer upstream of certain confluences (Benda et al., 

2004a; Rice, 1998), and in this case high numbers of confluences were expected to increase 

mean sediment size of the reach. However, the impact on sediment size is dependent on 

the sediment calibre of the incoming tributary being higher than the main channel, with 

enough energy to transport the coarse sediment to the confluence for numerous 

tributaries in an area. The Tamar and Wensum have different ranges of sediment sizes, 

with the Tamar having coarser sediment than the Wensum on average (Figure 4.3). This 

implies that tributaries in the Tamar may be energy limited, not transporting coarse 

sediments to confluences, and the Wensum may suffer from inputs of fine sediments from 

the high percentage of arable land that concentrates in network-dense areas. This has 
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before been observed in a low-energy modified catchment where anthropogenic 

modifications in tributaries reduced coarse sediment and flow capacity, causing either 

limited confluence impact or localized sediment fining (Singer, 2008). 

Others have related the capacity of confluences to alter reach features to the morphometry 

of catchments, with larger and more circular catchments containing a higher percentage 

of confluences that have a significant impact (Rice, 2017). Based on this theory, the Eden 

and Tamar are likely to have the greatest impact as they are the most circular and steepest 

of the four catchments (although the Tamar is the smallest by area). Yet there is no clear 

pattern indicating that these catchments respond differently than the Avon and Wensum 

(Figure 4.4), with catchments responding differently to different variables. This perhaps 

suggests that rather than network density having a directional impact on factors such as 

flow type speed and sediment size, it has an impact on overall heterogeneity at the reach 

level, as suggested by previous studies, and that specific directional change occurs at the 

sub-reach level. 

An increase in channel modification is also hypothesized due to the increase in flood peak 

downstream from confluences (Depettris et al., 2000) and the scour and erosion associated 

with confluence junctions (Best, 1986) potentially increasing the need for bed and bank 

protection. The correlations between distance network density and HMS when all 

catchments are combined undermine this hypothesis, showing less channel modification 

where distance network density is higher (Figure 4.4). There were few significant 

correlations with individual catchments, but HMS in the Eden was consistently observed 

to be higher in network-dense areas (Figure 4.4). This may be due to the Eden’s high 

elevation and steep topography inducing a higher energy environment where scour and 

erosion processes in areas with high numbers of confluences would be more likely to be 

present. 

Differences in RHS variable responses also differed between the descriptive statistics 

considered. Often the extremes, 90th and 10th percentiles, showed more significant and 

stronger correlations than the mean or median (Figure 4.4). This may reflect findings 

from previous studies which suggest that not all confluences cause reach-scale changes 

(Rice, 1998), that perhaps the changes to river character induced by certain confluences 

only influence certain reaches, whereas others are left unaffected, creating less 

pronounced responses in the mean and median of variables. External factors may also 

influence this trend: for example, 10th percentile HMS visually responds dramatically to 

network density metrics (Figure 4.3a and b) compared to the other descriptive statistics. 
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This suggests that the most natural sites (i.e. with the lowest HMS score) are responding 

differently to network density, with the most natural sites having less modification in 

network-dense areas, whereas less natural sites become more modified in network-dense 

areas. This reflects the HQA score results which visually (Figure 4.3a and b) and 

statistically (Figure 4.4) vary with distance network density, except for the 10th percentile. 

These sites, with the lowest habitat quality and naturalness, are likely influenced by 

anthropogenic factors that are independent of network density, reducing habitat quality 

scores at impacted sites. 

The two network density metrics have differing impacts on river characteristics. While 

distance network density shows consistently significant correlations when all catchments 

are combined, individual catchments respond more frequently and more strongly to 

elevation network density (Figure 4.4). This may be because there is a dramatic split in 

distance network density values between the more upland, drainage dense catchments, 

Eden and Tamar, than the lowland, chalk, low-drainage catchments, Avon and Wensum. 

The combined correlation will therefore in part reflect the difference between the 

catchments which have different ranges of river characteristics (Figure 4.3). This is not 

the case for elevation network density, which has higher density values in the Tamar and 

Wensum than the Avon and Eden, so therefore the characteristics of the catchments will 

have less bearing on the combined correlation. However, there are patterns identified with 

distance network density in individual catchments that are not present with elevation 

network density, increased flow-type speed and sediment size in the Eden and reduced 

flow-type speed in the Avon with network density (Figure 4.4), which show its usefulness. 

The results suggest that the distance network density and elevation network density 

metrics quantify different dimensions of network topology which are shown to exhibit 

functionally meaningful patterns for river reach characteristics based on the correlation 

results. Perhaps within catchments elevation network density provides the more powerful 

metric for individual catchments, but distance network density better accounts for the 

drainage density of the catchments, allowing it to be applied across multiple catchments. 

4.2.4.3 Comparison of stream order to network density metrics 
The classic method of accounting for network topology, stream order, is critiqued for 

failing to represent discontinuities in the network and simplifying the network into a 

gradient. The number of links in different stream orders is consistent across all catchments 

not reflecting the internal structure of the network or the variety between catchments that 

is achieved by the distance network density and elevation network density metrics. The 

analysis of the two network density metrics presented in this paper shows that distances 
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from source and elevation are not mutually exclusive (Figure 4.2a and b), contrary to the 

stream-order metric which represents streams as upstream to downstream or upland to 

lowland. 

Stream order has few significant correlations with many of the river characteristics 

considered in this study. Negative correlations with HMS in the Wensum were statistically 

significant post p-value correction, likely driving the significant relationship with all 

catchments combined for this variable (Figure 4.4). This suggests that modification is 

greater upstream in the Wensum, contrary to ideas that downstream reaches may show 

greater anthropogenic modification. Intense agricultural land use in the upper reaches of 

the Wensum is likely to be the cause of the high HMS scores upstream. The lack of 

significant correlations suggests that stream order and therefore an upstream-to-

downstream gradient are not the predominant pattern in river characteristics despite the 

description of such a gradient by geomorphic (Schumm, 1977) and ecological frameworks 

(Vannote et al., 1980). This is surprising as distance and elevation, which both reflect the 

upstream-to-downstream gradient, have proven to be important factors in previous 

studies explaining patterns of RHS features at a national level (Jeffers, 1998a; Vaughan et 

al., 2013). This implies that upstream-to-downstream gradient may not sufficiently reflect 

patterns of river characteristics through the river network within individual catchments. 

Others have also found that stream order has weak and inconsistent relationships with 

biodiversity patterns in river systems, arguing that the topological measure has no direct 

mechanistic control on biodiversity (Vander Vorste et al., 2017). Instead, this study finds 

that the network density metrics are a more powerful metric which conceptually provide 

an improved method of accounting for the impacts of network topology on the fluvial 

system exhibiting relationships with river characteristics, particularly habitat quality score 

(Figure 4.4). 

4.2.4.4 Applicability of network topology metrics to different environments 
Much of the seminal work on network and confluence impacts (e.g. the Network 

Dynamics Hypothesis, Benda et al., 2004b, and Link Discontinuity Concept, Rice et al., 

2001) is conducted in natural, highly erosive catchments with first-hand empirical 

measurements. However, in an age when rivers and their catchments are increasingly 

altered by anthropogenic modification (Meybeck, 2003), contemporary studies must not 

only aim to expand knowledge, but also find methods of transferring knowledge to many, 

increasingly altered, catchments (Clifford, 2002). 

The catchments selected by this study are more greatly modified and, although they reflect 

a range of fluvial environments in England, are lower-energy catchments than the seminal 
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studies. Benda et al. (2004a) suggest that confluence effects in less active landscapes would 

be subdued compared to highly erosive landscapes, but the evidence presented here 

demonstrates the utility of evaluating network topological structure in studies on 

catchment-level effects in any type of fluvial environment, including those with low-

energy and widespread anthropogenic changes. The response of some river characteristics 

varied between catchments; observations of flow-type speed, sediment size and 

modifications showed different responses to network density in different catchments. This 

suggests that the functional effect of these topological metrics is catchment dependent 

and likely is influenced by external catchment characteristics such as land use not 

considered in this study, although impact did not appear to vary with catchment 

topography or circularity, as has been shown in prior studies (Benda et al., 2004a; Rice, 

2017). This should be explored further in future research to enable recommendations to 

be made regarding where and how reaches may respond to network density. The response 

of habitat quality score was, however, consistent across catchments and between metrics, 

showing that habitat quality is greater in areas with high network density (Figure 4.4), as 

hypothesized by the Network Dynamics Hypothesis (Benda et al., 2004b) and 

demonstrated by studies on individual catchments (Rice, 2017; Rice et al., 2006). 

The methods presented in this paper are designed to be implemented in any catchment 

with a dendritic network structure. The topology metrics can easily be calculated from any 

dendritic network with DTM data using GIS and compared to any site-scale data. This 

study uses regulatory monitoring datasets so that analysis is targeted to assessment scores 

and physical features of interest to river managers. Also, the high volume and wide spatial 

extent of data available from regulatory sources allow for between-catchment 

comparisons. 

4.2.5 Conclusions 

Although appreciation of catchment-level effects is considered the epitome of 

understanding river functioning, a key component of the catchment – the river network – 

is overlooked and oversimplified by catchment-level studies. This study finds that river 

network density plays a role in structuring the distribution river characteristics 

throughout the catchment, offering more detailed explanation than the classic stream-

order metric. Network-dense areas are generally found to have higher habitat quality and 

diversity, but modification, flow-type speed and sediment size show different responses in 

different catchments. This study suggests two potential reasons for this: (1) there is 

evidence that confluences in the river network increase diversity, as is observed in this 

study, so the direction of mean river characteristic response may not be consistent, and 
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(2) there may be external factors such as sediment availability, land cover and 

anthropogenic modification that alter the direction of mean river characteristic response. 

This paper demonstrates the functional response of river characteristics to network 

topology and suggests that the inclusion of network topology in catchment-level studies 

would add a layer of function-based understanding to such studies, linking reaches to their 

catchments. 

The broad-scale methodology adopted by this study allows the network density metrics, 

which are easily extracted from open-source data using GIS software, to be compared to 

any regulatory dataset. The use of regulatory datasets allows not only for analysis over a 

wider spatial extent, but also for more applicable results for regulatory bodies. Therefore, 

the interdisciplinary approach to characterizing network topology can be applied 

efficiently and effectively to capture catchment-level impacts on reach-level functioning 

in any catchment across the globe. 
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4.3 SUPPLEMENTARY WORK 

4.3.1 Network topology effects on physical habitat diversity indices 

The physical habitat diversity indices (described in Table 2.2) are not included in Heasley 

et al. (2019) (Section 4.2) the as a response variable to focus the paper on the effects on 

habitat type and regulatory indices (Table 4.1). For consistency throughout the thesis the 

results of the diversity indices are presented in Figure 4.5.  

 

Figure 4.5. Summary of correlations between distance network density, elevation network density, 
stream order and habitat diversity indices for all catchments combined and each individual 
catchment. Significance of correlation is indicated by point size with the largest points significant 

post p-value correction. Kendall’s  is indicated by colour. This figure is equivalent to Figure 4.4 in 
the Section 4.2. 

The diversity indices show similar relationships with those habitat type and regulatory 

indices presented in the Section 4.2. The distance network density metric exhibits 

significant positive correlations with habitat diversity indices when all catchments are 

combined. However, there are fewer significant correlations with individual catchments. 

Elevation network density on the other hand shows more significant correlations with 

individual catchments, primarily negative correlations. This again highlights the 

differences between network metrics discussed in Section 4.2.4.2 and their applicability to 

explain differences in river characterises within and between catchments.  

The differences between descriptive statistics are also consistent with the findings in 

Section 4.2. Extreme habitat values within each distance or elevation band (10th and 90th 

percentiles) have more significant correlations than the mean and median values. This 

may be because not all confluences in high density areas of the network influence reach 

features (Rice, 1998), influencing sites with the best and worst habitat conditions rather 

than mean habitat conditions in the area. Figure 4.5 indicates that, for substrate diversity, 

the most heterogeneous sites (90th percentile) become more diverse at higher network 
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densities whereas the most homogeneous sites (10th percentile) become less diverse 

indicating that high network density induces a greater range in habitat conditions in an 

area.  

Also consistent with the Section 4.2 are the few correlations with stream order, with only 

negative correlations with mean and median substrate diversity present with corrected p-

values <0.05. 

The discussion in Section 4.2 stipulates that network density may not have directional 

impact on mean habitat type but has an impact on overall heterogeneity at the reach-level. 

This is because evidence from individual confluences shows that flow speeds may diversify 

due to this introduction of different flow environments at confluences (Best, 1987). 

However, there are few significant correlations between flow diversity and network 

density within individual catchments. Substrate diversity is correlated to elevation 

network density and generally becomes more homogeneous in network dense regions of 

some catchments, although may be more heterogeneous at sites with the greatest 

diversity. Elevation network density even exhibits significant negative relationships with 

mean and median substrate diversity for the Eden and Tamar catchments, effecting overall 

habitat conditions, rather than just certain sites. This may be because the Eden and Tamar 

are the most circular and steepest catchments and therefore likely have more confluences 

with a significant impact (Rice, 2017). 

These results back up the findings from Heasley et al. (2019) in Section 4.2, highlighting 

again that distance network density may explain the effects of network topology 

regionally, whereas elevation network density may explain effects better in individual 

catchments. It also highlights how habitat diversity may not increase in network dense 

areas as expected but become more homogeneous. Only the sites with the greatest habitat 

conditions in the band exhibited increases in diversity with network density indicating 

how the effects of network topology are variable and complex. 

4.4 CHAPTER CONCLUSIONS 

Network topology is associated with river characteristics in four catchments in England. 

Metrics to quantify network topological structure (i.e. network density along distance and 

elevation gradients) that have their roots in flood hydrograph estimation are successfully 

adapted for application to any catchment with a dendritic network using a simple GIS 

procedure. The metrics successfully reflect the topological signature of each catchment, 

reflecting network shape and density even at a coarse resolution (i.e. 5% interval bands). 



 
 

90 
 

The network density metrics better describe river characteristics than stream order 

suggesting that a longitudinal up-to-downstream gradient in river condition to be an over 

simplified concept within eco-hydromorphological research. The topological structure of 

the network over distance best describes regional patterns of network density, with 

network dense areas having greater habitat quality and diversity in line with predictions 

from other studies (Benda et al., 2004b; Rice, 2017). Elevation network density better 

describes longitudinal patterns of river characteristics within catchments, with different 

catchments showing different responses to the network density metrics which is likely due 

to differing catchment properties. River characteristics showed a functional response to 

network topology even in the low-energy landscape of England, compared to the high-

energy landscapes where the seminal concepts on network structure were developed 

(Benda et al., 2004b; Rice et al., 2001). This highlights the utility in considering network 

topology within studies on catchment-level effects in any environment.  

Network density is shown to influence certain RHS sites but is frequently not associated 

with mean or median river characteristics. However, network density was shown to 

influence extreme river characteristics within areas of the catchment. This is an interesting 

finding considering that broad-scale methodologies are designed to describe average 

trends in local values rather than the extremes. This suggests that high network density 

influences downstream patterns of river habitats in certain sites but neither network 

density nor stream order explain dominant downstream patterns in river habitats in these 

four catchments. 
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C H A P T E R  5  

Catchment and confluence properties influence 
the effect of network topology on river habitats 

5.1 INTRODUCTION 

Network topology has a long history of research (Wharton, 1994) and is an important and 

sensitive pathway of the catchment linking catchment-level effects to river habitats in 

downstream reaches. However, it is an overlooked aspect of the catchment system, being 

included in few studies of catchment controls on river systems (see evidence review in 

Section 2.1.3) and with little inclusion in applied river science literature. This is because 

many studies attribute more influence to catchment than local landscape characteristics 

(Loiselle et al., 2016; Sliva and Williams, 2001), yet most do not explore how wider 

catchment influences are transported to river reaches (Allan, 2004). This work seeks to 

address this gap in literature by providing a better sense of where and how network 

topology affects river reaches to supplement understanding of catchment-level effects.  

This chapter builds on results from Chapter 4 by exploring how features of the catchment 

and individual confluences may influence the effect of network topology on river habitats. 

Chapter 4 was based on the premise that longitudinal trends in reach characteristics reflect 

both the position of a reach along the network and the width of the network (summarised 

in this chapter in Figure 5.1).  

This was expressed as two metrics of network density: (i) distance network density; and 

(ii) elevation network density. The metrics were calculated for four example catchments 

in England and network density was found to both reflect network topology and relate to 

habitat features. While there were relationships between network density and habitat 

feature extremes, the correlations developed with mean and median habitat features were 

not strong. The success of using network density to explain habitat features also varied 

between catchments. This chapter is motivated by the findings of Chapter 4 and 

investigates the processes that may explain why network topology has a positive, negative 

or no effect on physical habitats in different catchments. 
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Figure 5.1. Downstream changes in channel features from different perspectives: (a) the linear 
perspective of the river network with gradual downstream changes in reach characteristics (e.g. the 
river continuum concept; Vannote et al., 1980); (b) the network width perspective where the branching 
nature of the network disrupts downstream trends. Some features (e.g. slope and substrate) retain 
central tendency (e.g. the link discontinuity concept; Rice et al., 2001) whilst some remove it (e.g. bank 
erosion and width). Reprinted Figure 10 from Benda et al. (2004b, p. 424). 

The key assumption underlying the hypothesis that network density influences 

longitudinal patterns of habitats is that where there are more links in the network, and 

therefore more confluences, connecting multiple watersheds within a small area, reaches 

exhibit improved habitat condition (i.e. larger sediment sizes, more diverse flow types etc., 

see Section 5.1.1 for details). Important confluences refer to confluences that have a 

marked positive or negative effect on river condition from upstream of the confluence to 

downstream of the confluence. However, despite evidence that confluences are hotspots 

of diversity (see Section 5.1.1 for details), not all confluences have an important or a positive 

effect on physical habitats. Therefore, this chapter identifies which confluences are 

important and how important confluences may influence associations between network 

density and habitats. The number and distribution of important confluences in 

catchments is also informed by catchment morphometry which is explored in this chapter. 

The three ways this chapter explores the effect of network t0pology on river habitats are 

summarised as three objectives: 

Objective 5a: To identify how important confluences influence the effect of network 

topology on river habitats.  

Objective 5b: To investigate which properties of upstream tributaries influence 

confluence importance. 

Objective 5c: To explore how catchment morphometry influences the effect of network 

topology on river habitats. 
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Literature pertaining to each objective is explored in detail in Sections 5.1.1 to 5.1.3 and 

connections between objectives are summarised in Figure 5.2. The importance of network 

density is discussed in Chapter 4. Methods to address the objectives are presented in 

Section 5.2 and the results and discussion of each of the three objectives are provided in 

three individual sections (Sections 5.3, 5.4 and 5.5) with a discussion and conclusions 

presented in Section 5.6. 

 
Figure 5.2. Schematic of the key objectives of Chapter 5. Arrows indicate how Objectives 5a and 5c 
stem from the results of Chapter 4, and how Objective 5b is a natural progression from Objective 5a. 
Objectives 5a and 5b focus on individual confluences whereas Objective 5c focuses on properties of 
the catchment as a whole.  

5.1.1 The importance of confluences and tributary similarity 

The hypothesis for Chapter 4 was that reaches in areas with a high density of links in the 

network (and therefore confluences) would exhibit greater habitat quality and diversity 

than reaches in low density areas of the network. This is because confluences in the 

network are repeatedly described as ‘hotspots’ of reach dynamism and diversity (McClain 

et al., 2003) from both geomorphological and ecohydrological perspectives.  

Geomorphological research shows that confluences create discontinuities in attributes 

such as sediment size, channel dimensions, slope and bars at confluences (Benda et al., 

2004a; Ferguson et al., 2006; Rice and Church, 1998; Swanson and Meyer, 2014). This also 

creates a range of hydraulic environments and surface topographies (Best, 1987; Biron et 

al., 2002) (Figure 5.3). The altered flow velocity, substrate and morphology around the 

confluence, produce greater dynamism and diversity, improving physical habitat 

availability. Thus ecological research also shows changes at confluences, for example, 
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there are reported increases in factors such as riparian complexity, large woody debris and 

nutrient concentrations, along with increases in fish and invertebrate species richness and 

diversity at confluences (Fernandes, 2004; Kiffney et al., 2006; Rice et al., 2006; White et 

al., 2018).  

 
Figure 5.3. Flow dynamics at a channel confluence creates diverse flow, morphology and substrate 
conditions. Reprinted Figure 1  by Leite Ribeiro et al. (2012, p.2), originally modified from Best (1987). 

Confluences may also be sites of modification as flooding may occur downstream of large 

confluences as flood peaks converge (Depettris et al., 2000) potentially leading to more 

modifications for flood protection around confluences. Similarly, there is also increased 

scour and erosion at confluence junctions (Best, 1986) potentially leading to more bank 

protection around confluences. 

However, most confluences have no important effect on river reaches, with only 14% of 

tributaries found to have an important effect on bedload size (Rice, 1998), which may alter 

the effect of network density metrics on river habitats. Important confluences (often 

known in the literature as ‘significant confluences’) have a marked impact on form and/or 

function at or just downstream of the confluence compared to conditions in surrounding 

channels. Geomorphic studies have focused on the difference in hydromorphological 

properties of the two incoming tributaries to explain confluence importance. 

Hydromorphological properties of the tributaries include discharge, bedload flux and 

bedload grainsize (Best, 1987; Ferguson et al., 2006; Rhoads, 1987; Rice et al., 2006) and 

surrogate measures such as Shreve magnitude, catchment area, slope and the product of 

area and slope (Benda et al., 2004a; Rice, 1998; Richards, 1980).  

The ratio between the hydromorphology of the secondary tributary (the smaller, incoming 

tributary) to the primary tributary (the larger, mainstem tributary) is often found to 

control confluence importance, with equally sized tributaries (in terms of discharge, 

upstream area or magnitude) found to have the greatest effect on riverine geomorphology, 

flow dynamics (Benda et al., 2004a; Best, 1987) and ecological communities (Jones and 

Schmidt, 2018). The size ratio is independent of scale, suggesting that a confluence of two 
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equally small headwater streams will have an important effect, as will two equally large 

downstream channels. However, there are studies that indicate that size similarity does 

not always yield positive effects. For example, Osborne and Wiley (1992) found more fish 

species in small tributaries that connected to the large main channel, than in similarly 

sized small headwater streams. 

Geomorphological research has also highlighted that the stream power of individual 

tributaries is  important, as both the total stream power for the secondary tributary and 

the ratio of catchment area between tributaries are successfully used to predict confluence 

importance (Rice, 1998). Similarly, the effect of size ratios becomes less important as slope 

of the primary tributary increases (Khosravinia et al., 2019). 

As important confluences likely alter the influence of network density metrics on river 

habitats (as network density measures the density of all confluences not just those with 

an important effect), it is appropriate to determine why some confluences have an 

important effect on habitats, while others do not. Most research into confluence 

importance investigate impacts on reach geomorphology and flow hydraulics, and 

therefore focuses on hydromorphological properties that reflect sediment and flow 

regimes. Most of these studies conclude that tributary similarity produces important 

confluences, however, there are other tributary properties that influence a wider variety 

of reach characteristics as now discussed in Section 5.1.2.  

5.1.2 Wider catchment properties and tributary dissimilarity 

While most previous research focuses on hydromorphological features of tributaries as 

they enter the confluence, hydromorphological features do reflect processes in the wider 

catchment. This is noted in network studies, for example, sediment load and grainsize 

availability of individual tributaries is determined by underlying geology (Knighton, 1980) 

or land cover influences (Jacobson et al., 2001). The confinement of the valley also controls 

the effect a confluence can have when there is less opportunity for lateral adjustment 

(Swanson and Meyer, 2014). 

The convergence of dissimilar watersheds at confluences may also increase confluence 

importance, but this has not been considered by the main geomorphological theories. 

Examples of dissimilar confluences may be seen at large rivers converging around the 

globe that cross major geological and ecological boundaries (Jones and Schmidt, 2016; 

Figure 5.4a) but also at smaller scales, where tributaries have differing properties such as 

land cover (Figure 5.4b).  
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Figure 5.4. Examples of tributaries with different catchment characteristics: (a) Encontro das Águas 
– Meeting of Waters – confluence in the Amazon basin where tributaries have differing geologies 
influencing sediment load (Park and Latrubesse, 2015).  (Source: By Portal da Copa, CC BY 3.0, 
https://commons.wikimedia.org/w/index.php?curid=53416910); (b) River Beult and River Teise 
confluence, Kent UK, where one agriculturally dominated tributary increases the fine sediment load 
downstream (Source: Jay Neale, per comms). 

Dissimilarity between tributaries is not only reflected by the sediment load, but also in the 

ecology. Fish species abundances and diversity are found to be greatest when a tributary 

that experiences high flow disturbance converges with a stable main channel (Boddy et 

al., 2019) and the convergence of contrasting stream types have the potential to create 

ecotones (Jones and Schmidt, 2016). 

Dissimilarity of catchment characteristics (including baseflow index, and percentage of 

wetland, forest, agriculture and clay geology in the upstream watershed of each tributary) 

is included in Jones and Schmidt's (2016) model to predict which confluences will have the 

greatest impact on stream ecology. Confluences with equally sized tributaries and highly 

different catchment characteristics have the highest probability of having an important 

effect. The model has been applied to a watershed in Ontario where 13% of confluences 

are estimated to be important for ecology, however, this prediction was not tested against 

empirical data.  

Most empirical research on confluences has been conducted in high-energy streams in 

north-west US and Canada (see review by Benda et al.; 2004a). There are few empirical 

studies on low-energy or less natural systems. Those that have studied such environments 

report a negligible influence of tributaries on downstream sediment sorting trends (Singer, 

2008). Negative impacts at confluences have been observed when a tributary with poor 

water quality joins a high-quality stream, reducing the presence of freshwater mussels 

(Cooksley et al., 2012). Therefore, important confluences may not always be hotspots of 

biodiversity (McClain et al., 2003) but can alternatively be hotspots of negative catchment 

A B
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effects. It is therefore necessary to identify under which conditions confluences create 

positive or negative effects on habitats downstream. 

In the UK, there are only a few studies focusing on tributary impact. They report step-

changes in mean annual flood peaks at large confluences (Knighton, 1987) and the high 

density of several large confluences has been shown to push maximum stream power 

further downstream following increases in slope and discharge (Knighton, 1999) in the 

River Trent. There is therefore a need to explore the impacts of network topology in 

catchments with different characteristics to identify where network effects are most 

prominent.  

5.1.3 Catchment morphometry and the Network Dynamic Hypothesis  

The wider topological structure of the network is controlled in part by catchment 

morphometry which may control the number and location of important confluences 

within a catchment. By identifying a relationship between how network density metrics 

affect river habitats in individual catchments and the catchment’s morphometry, it may 

be possible to explain why different catchments show different habitat responses to 

network density. 

The Network Dynamic Hypothesis (NDH) proposed by Benda et al. (2004b), suggested 

that catchment morphometry influences confluence importance, and therefore likely 

impacts the effect of network density on river habitats. The NDH comprises several 

predictions about the likelihood of geomorphically important confluences in relation to 

network structure, catchment morphometry and watershed disturbances. Two of these 

hypotheses lead in part to the hypothesis that areas of the catchment with higher network 

density (and therefore more confluences) would have greater habitat quality and 

condition: (i) valley segments with closely spaced tributaries will have higher physical 

heterogeneity, compared to those with sparsely spaced confluences; and (ii) catchments 

with higher drainage density (and therefore higher topographic roughness) will have a 

higher degree of morphological heterogeneity.  

Another NDH hypothesis may explain why network density has an impact in some 

catchments rather than others: compact catchments containing dendritic networks have 

more equally sized tributaries and hence more important confluences, compared with 

elongated basins containing trellis or parallel networks (Figure 5.5). Equally sized 

tributaries with smaller upstream areas are more common that equally sized large 

tributaries, suggesting that there may be more important confluences upstream (Figure 

5.5). The NDH assumes that equally sized tributaries produce important confluences, 
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however, Rice (2017) also finds that important confluences (defined as tributaries with 

similar size and similar power) respond consistently with the NDH to catchment shape.  

 

Figure 5.5. Compact networks in circular catchments contain more important confluences, with 
equally sized tributaries, than elongated networks where important tributaries are limited to 
upstream. Prediction from the NDH (Benda et al., 2004b). 

The topography of the catchment may also influence the effect of network topology on 

reach features, as coarse sediment supply and transport capacity are likely to influence 

confluence importance (Ferguson et al., 2006; Rice, 2017). Upland catchments in the UK 

are more likely to have a coarser sediment supply because of harder geology and higher 

coupling to hillslope processes. Steep slopes and high rainfall also increase sediment 

transport capacity in upland areas (Raven et al., 2010). Therefore, it is expected that 

habitats in upland catchments may respond more strongly to network topology. 

5.2 METHODS 

5.2.1 Network density metric calculation across England 

To determine how the influence of network topology on river habitats varies with 

confluence and catchment properties, the network density metrics developed in Chapter 

4 are used again in this analysis (see Chapter 4.2.2 for details of methods). The methods 

used to derive the network metrics are described again in brief below for convenience.  

The same dataset is used as in Chapter 4, the Centre for Ecology and Hydrology’s 1:50,000 

blue-line network (CEH, no date-a; Moore et al., 1994) to calculate the metrics. A dendritic 

network with no anabranches is essential for network metrics calculation (Section 4.2.2.2) 

so a protocol for removing anabranches for the entire network of England was 

implemented (see Appendix 5A for description). 
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Individual networks were identified within each catchment boundary (Chapter 3.3.2.1 for 

details of catchment boundary creation) using the RivEX add-on to ArcGIS v10.3 (Hornby, 

2010).  Only catchments with a dendritic network were selected for analysis, leaving 703 

catchments.  

Linear metrics of distance from the outlet and elevation above the outlet were extracted 

from the network data using RivEX and from the DTM elevation dataset used in Chapter 

4 (CEH, no date-b) respectively. The linear metrics reflect the downstream gradient in 

reach features commonly used to represent network topology (Figure 5.1a) to compare to 

network density metrics that reflect network width (Figure 5.1b).  

Network density metrics were calculated by splitting each network into distance and 

elevation bands with boundaries drawn at intervals of 5% of distance from outlet or 

elevation above outlet. The number of links within each band was calculated and divided 

by the width of the band to reflect network density over distance or elevation.  Linear 

metrics and network density metrics were normalised between zero and one within each 

catchment so analysis focuses on within catchment variation in network topology rather 

than picking up on regional patterns (see Chapter 4.2.5). The code for calculating the 

network density metrics across England is presented in Appendix 5B. 

Error in the network density metrics is possible as the networks are partially created from 

a DTM which has error associated with it. Network width function, the basis of the 

distance network density metric, is highly sensitive to elevation error, especially further 

from the outlet, as low magnitude links are often difficult to map (Lindsay and Evans, 

2008). The network and its confluences are considered static for the purposes of this 

research. However, the expansion of the perennial network (Wharton, 1994) will create 

temporal fluctuations in network density furthest from the outlet, although this is unlikely 

to alter the broad topological signal of catchments which is the focus of this work.  

5.2.2 Confluence importance 

River Habitat Survey (RHS) data were used to identify confluences with an important 

effect on physical habitats. Typically the effect of a tributary is assessed by comparing 

features found on the main channel upstream of a confluence to those downstream of a 

confluence (Jones and Schmidt, 2018; Rice et al., 2006 etc.). This is the approach employed 

here. There are 853 confluences in England where there is an RHS site both on the primary 

tributary and within 500m of the confluence downstream (Figure 5.6). 
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Confluence importance was assessed in two ways:  

• Confluence effect is the percentage change in the habitat index downstream of the 

confluence, positive for an increase or negative for a decrease in habitat index value.  

• Confluence strength is the percentage change in the habitat index downstream of 

the confluence irrespective of directional change, so larger numbers indicate stronger 

effect, and lower numbers weaker effect.  

Confluence strength and effect were calculated for the habitat indices used throughout 

this thesis: two summary indices (HQA and HMS) and four habitat indices (sediment size, 

sediment diversity, flow type speed and flow type diversity) (see Table 2.2 for description). 

Higher values of HQA, diversity, flow type speed and sediment size, and low values of 

HMS indicate better habitat condition. 

 

Figure 5.6. Schematic of confluence importance and tributary properties measures. Confluence 
importance for habitat indices (indicated by blue numbers) can be similar for confluence strength but 
differ for confluence effect. Similarly, tributary properties (indicated by arrows) may have similar 
relative properties but different dominant properties (positive if the primary tributary is dominant, 
and negative if the secondary tributary is dominant).  

5.2.3 Tributary properties 

Properties of primary and secondary tributaries (Table 5.1) are compared to explore which 

upstream factors influence confluence importance. Stream magnitude is used as a proxy 

for discharge (Knighton, 1998), because catchment area is too time consuming to calculate 

accurately and quality control at a national level (Pryde et al., 2007), whereas stream 

magnitude is not dependent on DEM resolution and can be extracted easily in RivEX. The 

tributary with the largest magnitude is classified as the primary tributary.  

Slope reflects the energy of each incoming tributary and is calculated from the DEM in 

ArcGIS, a method used by other studies exploring catchment effects (Leal et al., 2016; 

Manfrin et al., 2016). It is extracted both locally (at downstream end of each tributary as it 
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enters the confluence) and as mean upstream slope within a 100m buffer of each upstream 

tributary. Percentage of each geological and land cover category are extracted within a 

100m buffer of each tributary (see Section 3.2.2.1 for description of catchment datasets and 

Appendix 5C for detailed description of method).  

Dissimilarity between the primary and secondary tributaries is calculated by two methods: 

• Relative tributary properties are calculated as either absolute differences, for the 

categorical stream magnitude, geology and land cover properties, or as a ratio between 

the primary and secondary tributaries for the slope variables (Table 5.1). Low values 

indicate similar tributaries while large values indicate dissimilar tributaries.  

• Dominant tributary properties are similar to relative tributary properties, except 

values are positive when the primary tributary has a larger value of the tributary 

property, or negative when the secondary tributary has a larger value.  

The differences are described in a hypothetical example in Figure 5.6. Confluence strength 

is compared to relative tributary properties whereas confluence effect is compared to 

dominant tributary properties using statistics (Section 5.2.5). Therefore, how tributary 

properties affect the magnitude and direction of confluence importance can be identified. 

Table 5.1. Tributary properties used in this study.  

Hydromorphology properties Geology properties Land cover properties 

• Stream magnitude 

• Local slope 

• Mean upstream slope 
 

• Hard rock geology 

• Other limestone 

• Chalk 

• Sandstone 

• Other sedimentary rock 

• Urban 

• Arable 

• Improved grassland 

• Semi-natural grassland 

• Mountain/heath/bog 

• Woodland 

5.2.4 Catchment morphometry 

Two measures of catchment morphometry that are reported to influence the importance 

of confluences (see Section 5.1.3 for details) are used to explore why network density only 

influences habitat in certain catchments: circularity ratio, to reflect the shape of the 

catchment and; mean elevation, to reflect the energy of the catchment.  

Circularity ratio represents the shape of the catchment which influences the distribution 

of important confluences (Figure 5.5) and can easily be extracted from a GIS. Circularity 

ratio (𝐶) is defined by Miller (1953) as the ratio of the basin area of a circle having a 

circumference equal to the perimeter of the basin: 

𝐶 =  
4𝜋 ∙ 𝐴

𝑃2
 

(Equation 5.1) 
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where 𝐴 is waterbody area (km2) and 𝑃 is the perimeter of the waterbody (km). As 

circularity ratio approaches one the catchment is more circular whereas when it 

approaches zero the catchment is more elongated (Stepinski and Stepinski, 2005). 

Mean elevation of each catchment is used to represent the broad differences in 

morphological processes between upland and lowland catchments. This is because 

confluence importance is influenced by coarse sediment supply and transport capacity 

which tends to be greater in upland catchments in the UK (Raven et al., 2010). Mean 

elevation is calculated within each catchment boundary using ArcGIS. 

5.2.5 Statistical analyses 

5.2.5.1 Isolating network topology influence from linear gradients 
Network density metrics are significantly (p<0.01) correlated with the linear metrics 

although correlations are relatively weak (distance, =0.24; elevation, =-0.08). A first run 

of the analysis showed that many catchments with significant correlations between 

network metrics and habitat features, also have significant correlations with linear 

metrics. This makes it impossible in many catchments to isolate the effect of network 

density (Figure 5.1b) from the linear gradient (Figure 5.1a). Therefore, catchments with 

a significant correlation (p<0.05 after correction to the p-value, discussed below) between 

network density and linear metrics are removed from further analysis (628 catchments 

were retained).  After these catchments are removed, 602 and 560 confluences remain in 

catchments that have no correlations for the distance and elevation metrics respectively.  

5.2.5.2 Kendall’s  correlations and regressions 
Correlations are conducted between linear metrics, network density metrics, and habitat 

indices following the methodology employed in Chapter 4, to identify which catchments 

have a significant correlation between habitat indices and network density. Kendall’s  

correlation method is used as the variables are non-parametric and contain ties. The 

direction and strength of the correlation is determined by .  False Discovery Rate (FDR) 

correction is applied to the p-values when a high number of correlations is conducted to 

control for false positive results.  

Additional Kendall’s  correlations are used to determine the association between 

confluence importance and upstream tributary properties, and between catchment 

morphometry and the strength of the correlation () between network density and habitat 

features. 

Linear regression is used to determine the relationship between confluence importance 

and network density so that regression lines may be plotted.  
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5.3 NETWORK TOPOLOGY IMPACT ON HABITAT INDICES 

This section presents the results and discussion for Objective 5a: To identify how 

important confluences influence the effect of network topology on river habitats. First, the 

effect of network topology on river habitats is explored for catchments in England (Section 

5.3.1). Then, the effects of individual confluences on river habitats are assessed (Section 

5.3.2), before these strands are combined to address the objective (Section 5.3.3). 

5.3.1 Correlations between network topology metrics and habitat 
indices in England 

The number of significant correlations between habitat indices, the network density 

metrics (Figure 5.1b) and the linear metrics (Figure 5.1a) were relatively low (Figure 5.7). 

FDR correction is applied to control for the probability of false positives in the results, 

however, this likely also introduces false negatives so significant correlations with and 

without FDR correction are considered. 

Many catchments are removed (n=75) as they had correlations between network density 

and linear metrics (Figure 5.7) to isolate the effect of network density from the 

background downstream gradient. This indicates that both features of the network 

(density and downstream gradient) may influence habitat features as, for example, Milesi 

and Melo (2013) found greater effects of confluences on macroinvertebrate assemblages in 

peripheral regions of the catchment. 

5.3.1.1 Correlations between linear network metrics and habitat indices 
Prior to the removal of catchments where linear and density metrics were significantly 

correlated, 25-31% and 23-32% of catchments exhibited significant correlations between 

habitat indices and distance and elevation linear metrics respectively. However, after 

catchments were removed this number declined to 13-20% and 12-21% of catchments that 

exhibited significant correlations respectively. The low number of significant correlations 

between the linear metrics and habitat indices is surprising as distance and elevation have 

been shown to be important factors in previous studies explaining patterns of RHS features 

at a national level (Jeffers, 1998a; Vaughan et al., 2013). This may be because this study 

explores within-catchment habitat relationships, whereas previous studies explore 

relationships at a national level which capture a greater range of distance and elevation 

values that are partially reflective of other national regional controls such as geology, 

climate and land cover.  
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Figure 5.7. Stacked bar chart indicating the number of catchments of with correlations between 
network metrics and habitat indices. Strength of correlation indicated by Kendall’s tau and significant 
correlations are indicated (p<0.05) pre- and post-FDR correction to the p-value. The removed 
classification indicates the number of catchments with significant (p<0.05) correlations between the 
network density and linear metric. 

Significant correlations between the linear metrics and habitat indices were frequently 

positive, except for HMS, indicating better habitat conditions upstream (Figure 5.7). This 

reflects expected longitudinal patterns from continuum theories of river features (e.g. 

River Continuum Concept; Vannote et al., 1980) and river processes (e.g. Process Domains 

Concept; Montgomery, 1999; and hillslope coupling; Church, 2002). The continuum 

theories propose that gradients in slope, shading, temperatures, nutrients, processes and 

channel dimensions create upstream environments with a broad range of habitats, coarser 

sediment, faster flows and little modification which changes gradually downstream. It 

must be noted that diversity indices are likely to be higher in smaller, upstream channels 

because of RHS sampling strategy where a 500m RHS reach captures a wider range of 

diversity in a small river than a larger river. 
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There were some catchments that do not follow the downstream gradient, particularly for 

the sediment size index, that have lower habitat conditions (e.g. finer sediments) upstream 

than downstream (Figure 5.7). This may be because the elevation profile in UK 

catchments may not always follow the profile in which many of the linear theories were 

developed, i.e. steep bedrock headwater streams with narrow valleys upstream with high 

coupling to hillslope processes. Instead, many catchments in the UK have an upstream 

plateau typical of upland moors, heathlands and grasslands which have deep soil horizons 

and lower slopes. These upland landscapes are comparatively uncoupled from steep 

hillslope processes which may reduce the capacity of reaches to exhibit the coarsest 

sediment sizes and fastest flow speeds. Sediment size may also be finer upstream because 

of factors such as a change in sediment supply (e.g. increases in fine sediment from 

agricultural practices) and human modification (e.g. straightening rivers, bank and bed 

protection and online structures such as weirs, sluices etc.) that alter sediment regimes 

and increase habitat homogenisation (Sear et al., 2003; Walsh et al., 2005). 

5.3.1.2 Correlations between network density metrics and habitat indices 
After the removal of catchments where linear and density metrics were significantly 

correlated, there were fewer significant correlations between habitat indices and the 

network density metrics than linear metrics. Only 8-11% and 7-14% of catchments analysed 

exhibited significant correlations between habitat indices and distance network density 

and elevation network density respectively (Figure 5.7). It is not surprising, given the 

relatively few correlations with the linear metrics, that the network density metrics had 

few significant correlations with habitat indices. It suggests that other factors are more 

likely to have stronger associations with habitat indices than the reaches’ position in the 

network or the local network topology. For example, Singer's (2008) study of a lowland, 

low sediment supply river (Sacramento River, CA), showed that tributaries had a negligible 

effect on downstream fining rates. It is therefore expected that a high density of tributaries 

may have less association with river features in the comparatively gentle topographic 

landscape of England, than the steep, high-energy environments of north-west America 

where much of the seminal work on tributary effects has been conducted (Benda et al., 

2004b; Rice et al., 2001). It will therefore interesting to explore the properties of 

confluences and catchments where network density is related to RHS features (see 

Sections 5.33 and 5.5).  

Catchments that had significant correlations with one network density metric (either 

distance network density or elevation network density) frequently had a significant 

correlation with the other network density metric. However, the direction of association 
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with habitat indices often differed between the two metrics. This suggests that catchments 

with significant correlations have a property that promotes a stronger association between 

network density and river habitats, rather different network density metrics being 

influential in different catchments. 

Distance network density primarily displayed positive correlations with habitat indices, 

except for HMS which is negative (Figure 5.7). This supports the expectation that higher 

network density would have better habitat condition as individual confluences create 

increased flow speeds, sediment sizes and habitat diversity (see Section 5.1.1). Conversely, 

elevation network density primarily displayed negative correlations with habitat indices, 

except for HMS which is positive (Figure 5.7). However, within all habitat indices there 

are exceptions to these broad patterns (Figure 5.7) likely because of modifications and 

natural variation not accounted for in this analysis (discussed previously in Section 5.3.1.1).  

5.3.2 The effect of confluences on river habitats 

The effect of confluences on river habitats was broadly assessed by comparing RHS sites 

near confluences (<500m downstream from a confluences) to RHS sites far from 

confluences (>500m downstream from a confluences). There were significant differences 

between sites near confluences and far from confluences for five of the six habitat indices 

considered (Mann Whitney U, p<0.01). Only sediment diversity showed no significant 

difference between sites near and far from confluences (Mann Whitney U, p=0.53) despite 

others finding greater sediment size diversity downstream of confluences (Kiffney et al., 

2006). HQA and flow diversity was found to be higher, flow type speed slightly faster, and 

sediment size coarser nearer to confluences whereas HMS was lower nearer to confluences 

(Figure 5.8). 

Individual confluence importance (i.e. the positive or negative effect on river condition 

downstream of the confluence) was assessed by comparing habitat indices upstream of the 

confluence to indices downstream of the confluences. Confluence importance was 

relatively symmetrically distributed for most indices with a relatively equal amount of 

positive and negative habitat effects downstream of the confluence (Figure 5.9). The 

diversity habitat indices showed that frequently an upstream site with no diversity had a 

downstream site with the highest diversity or vice versa. HMS on the other hand strongly 

increased downstream of confluences. The distribution of flow type speed was slightly 

negatively skewed indicating that flow type speeds tend to be slightly greater downstream 

of a confluence compared to upstream.  
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Figure 5.8. Distribution of RHS variable scores for all RHS sites near confluences (<500m) and far 
from confluences (>500m). 

HQA, flow type speed and sediment size show that most confluences studied (23-33% of 

all confluences) had an important effect on downstream habitat (i.e. there was over 25% 

change in habitat index downstream of the confluence) which is slightly greater than 

previous studies that report ~13% important confluences (Jones and Schmidt, 2016; Rice, 

1998). HMS and the diversity indices on the other hand showed a much higher percentage 

(55-80%) of important confluences (Figure 5.9). The calculation of confluence importance 

from broad-scale monitoring datasets has not previously been attempted. Although the 

sampling strategy of the RHS was not designed to explore confluence effects, it is possible 

to use these data to explore changes between habitats upstream and habitats within 500m 

downstream of 853 confluences. Consequently, this is one of the largest studies on 

confluences conducted ever using empirical data (Benda et al. 2004a used 167 confluences 

from 14 studies), covering a range of different environments. This highlights the benefits 

of utilising monitoring datasets for broad-scale scientific research. 

 

Figure 5.9. Distribution of percentage change in habitat features downstream of the confluence. A 
value of 0 indicates no change downstream. 



 
 

108 
 

5.3.3 Important confluences influence relationships between network 
density and habitat indices 

Based on the correlations between network density metrics and habitat indices in Figure 

5.7, three types of catchment response are identified: (i) Positive catchments, which 

exhibited a significant positive correlation between a network density metric and the 

habitat index; (ii) Negative catchments, which exhibited a significant negative 

correlation between a network density metric and the habitat index; and (iii) Non-

significant catchments, which exhibited no significant correlation between a network 

density metric and the habitat index in question.  

The presence of important confluences in network dense areas is explored in relation to 

the type of catchment response. Separate linear regressions between network density and 

confluence effect are conducted for positive and negative catchments (Figure 5.10). Non-

significant catchments are not assessed. 

The sparse distribution of points in Figure 5.10 indicates that confluence effects on habitat 

indices vary widely within both high- and low-density regions of their respective 

catchments. However, when split into positive and negative catchments the regression 

indicates some associations which exhibit significant linear relationships.   

It is anticipated that positive catchments would have more positive confluence effects at 

higher densities, and negative confluence effects in low network density areas.  This is 

because of the hypothesis from Chapter 4, that high network density would improve 

habitat condition at a broad scale due to cumulative improvements from individual 

important confluences (see Section 5.1.1 for summary of positive habitat improvements at 

confluences). However, many negative catchments are also observed (Figure 5.7). In 

negative catchments, it is anticipated that there would be more negative confluence effects 

at higher densities, and positive confluence effects in low network density areas, that 

would drive the negative associations between network density and the habitat indices. 

Sediment diversity and flow type speed support this hypothesis as confluence effects 

become more positive with distance network density (sediment diversity, p=0.01, R2=0.06; 

flow type speed, p=0.03, R2=0.02) and elevation network density (sediment diversity, 

p=0.01, R2=0.10; flow type speed, p=0.07, R2=0.03) in positive catchments (Figure 5.10a). 

For elevation network density, sediment size also supports the hypothesis visually, with 

negative confluence effects in high density areas of negative catchments. Confluence effect 

on HMS also becomes more visually positive in high density areas in positive catchments 

and more negative in high density areas in negative catchments (Figure 5.10b). 
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Figure 5.10. Plots of confluence effect for each habitat index versus network density for network 
density metrics: (a) distance network density; and (b) elevation network density. Only catchments 
with significant (p<0.05) correlations between network density metrics and habitat indices are shown 
and direction of the correlation is indicated by colour. Regression lines between network density and 
confluence effect are plotted in bold for those relationships that are statistically different from zero 
(p<0.1).  
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In contrast to the expected findings, there are often more positive confluence effects at 

high distance network densities in negative catchments, although only flow diversity 

shows a comparatively strong regression (p=0.05, R2=0.16) (Figure 5.10a). Similar positive 

confluence effects for sediment diversity, and flow type speed are shown in high elevation 

network density areas in negative catchments (Figure 5.10b). This result implies that 

individual confluences may only have a positive effect on habitats within the intermediate 

locality (0-102km) and that high densities of confluences are not changing habitat patterns 

more widely (0-104km) (Rice et al., 2001). High densities of confluences instead increase 

river discharge within a relatively short distance. This may exacerbate downstream 

decreases in habitat condition (Jones and Schmidt, 2016) as increases in discharge are 

shown to influence physical habitat type and reduce diversity (Padmore, 1998; Zavadil et 

al., 2012).  

The results indicate that in highly dense areas of the network, the effect of individual 

confluences can influence the impact of network topology on broad patterns of river 

habitats. However, in other cases, the effect of individual confluences contradicts the 

impact of total topological structure indicating that the effect of these confluences is too 

localised to influence the impact of network topology on broad patterns of river habitats. 

5.4 TRIBUTARY (DIS)SIMILARITY IMPACT ON CONFLUENCE 
IMPORTANCE 

This section presents the results and discussion for Objective 5b: to investigate which 

properties of upstream tributaries influence confluence importance. Previous research 

shows that tributaries with similar discharges create important confluences that have a 

positive effect on habitat features such as sediment size, geomorphic and biotic diversity 

in downstream reaches (see Section 5.1.1). However, there is also evidence to suggest that 

tributaries with dissimilar catchments create important confluences, although the effect 

of the confluence on downstream habitats may not be positive (see Section 5.1.2). 

Correlations between confluence importance and tributary properties are shown in Table 

5.2. All 853 confluences are included in this analysis, including those in catchments with 

significant correlations between linear and network density metrics. 

5.4.1 Strength of correlations  

Correlations between confluence effect and dominant tributary properties, and between 

confluence strength and relative tributary properties (Figure 5.6) were relatively weak 

(Table 5.2). This is likely because other factors influencing confluence importance are not 
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accounted for, such as position in the catchment, local pressures and natural variation that 

can confound interpretation. A similar conclusion was drawn by Jones and Schmidt (2018).  

The correlations conducted also assumed a linear relationship between confluence 

importance and tributary properties, but the relationships may be more complex. Most 

studies consider confluence importance as binary (i.e. a confluence is either important or 

not important) (Benda et al., 2004b; Jones and Schmidt, 2016; Rice, 1998, 2017) whereas 

this work considers confluence importance on a gradient. Jones and Schmidt (2018) also 

considered confluence importance on a gradient (in their case, the difference between 

benthic communities upstream and downstream of a confluence) and found a significant 

correlation between community difference and relative size of the tributaries. However, 

they note that the correlation is driven by one reach with differing physical conditions, 

and upon removal, the correlation becomes weak and insignificant. This indicates that a 

linear relationship is difficult to determine between tributary properties and confluence 

importance. 

Tributary properties may also interact to influence confluence habitats, for example, 

tributary properties become averaged in tributaries with larger catchment areas (Fröhlich 

et al., 2008) so larger tributaries will have similar characteristics (Jones and Schmidt, 2016). 

As the correlations identified with individual properties were weak, interactions are not 

explored in this chapter. However, interactions with relative tributary properties are 

investigated when multiple levels of catchment effects are combined in Chapter 6. 

Although the correlations were weak, there are still consistent patterns that may indicate 

how habitats downstream of confluences are influenced by similarities or dissimilarities 

in tributary properties. 

5.4.2 Associations between tributary properties and confluence 
importance 

For confluence strength, habitat condition improved consistently across all habitat indices 

in response to the dissimilarity of each tributary property (Table 5.2b) whereas for 

confluence effect, correlation direction differs between habitat indices for land cover and 

geological tributary properties (Table 5.2a). It must be noted that higher HMS values 

indicate greater modification so frequently had the opposite correlation direction to the 

other habitat indices.  

When tributary magnitudes were similar (i.e. relative tributary property is closer to zero), 

confluence strength was greater (i.e.  is negative). Also, flow type speed and sediment size 

increased downstream of equally sized confluences compared to upstream (i.e.  is 
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negative) (Table 5.2a). This supports previous work that found greater geomorphic 

diversity, maximum velocity, flow diversity and change in benthic invertebrate 

communities because of the creation of unique habitats downstream of equally sized 

confluences (Benda et al., 2004a; Best, 1987; Jones and Schmidt, 2018). 

Mean upstream slope was found to have stronger correlations than local slope, showing 

increases confluence strength with greater slope dissimilarity across all habitat indices, 

except for HMS which showed negative correlations (Table 5.2b). Improvements in 

habitat condition downstream were evident when the secondary tributary had a steeper 

upstream slope than the primary tributary (i.e.  is negative), particularly for HQA and 

sediment size (Table 5.2a). This shows that dissimilarity in slope between tributaries is 

associated with confluence importance. Previous research found similar results and 

attributes the increase in sediment size downstream of confluences to the enhanced 

transport capacity of the high gradient tributary to transport coarse sediments to the 

confluence (Debnath et al., 2019; Rice, 1998). This is important as small steep tributaries 

with coarse grainsizes that merge with large, low gradient main channels are common in 

nature and are found to create marked bed discordance that influences flow structures in 

downstream reaches (Leite Ribeiro et al., 2012a). 

Dissimilarity of selected geologies between tributaries was associated with confluence 

strength. In tributaries with dissimilar amounts of harder geologies, such as hard rock and 

limestone, the strength of confluence influence was weaker (i.e.  is negative), whereas 

dissimilarities in softer geologies created stronger confluence influence on habitats (Table 

5.2b). There was no clear evidence from the confluence effect correlations to suggest 

whether dissimilarity was positively or negatively associated with habitat condition (Table 

5.2a). The exception was HMS, where modification increased downstream when the 

primary tributary had more hard rock than the secondary tributary.  

The strongest correlations identified were with land cover dissimilarity, suggesting that 

wider catchment properties are related to confluence importance rather than solely the 

hydromorphological similarity of tributaries. Others findings support this work, finding 

that channel heterogeneity is more sensitive to the similarity of bedload flux and bedload 

grainsize between tributaries and less sensitive to discharge similarity (Rice et al., 2006). 

This is important as bedload flux and bedload size may be influenced by the intensification 

of land cover (Liébault et al., 2005).  
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Table 5.2. Matrix of correlation coefficients (Kendall’s ) between tributary properties and the (a) confluence effect and (b) confluence strength impact on habitat indices. 

Colours refer to .  *Indicates significant correlations (p<0.05) 

 (a) Confluence effect vs. dominance tributary property  (b) Confluence strength vs. relative tributary property 

Tributary property HMS HQA 
Flow 

diversity 
Flow type 

speed 
Sediment 
diversity 

Sediment 
size 

 HMS HQA 
Flow 

diversity 
Flow type 

speed 
Sediment 
diversity 

Sediment 
size 

Hydromorphology              

Stream magnitude 0.03 0.02 0.02 -0.06* 0.00 -0.07*  -0.01 -0.02 -0.03 -0.10* 0.00 -0.01 

Local slope 0.03 0.02 0.03 0.01 0.01 0.00  -0.03 0.05* 0.03 0.01 0.01 0.05 

Mean upstream slope 0.01 -0.05* -0.01 -0.03 -0.04 -0.05*   -0.04 0.02 0.04 0.02 0.03 0.06* 

Geology              

Hard rock 0.06* 0.02 -0.03 0.00 0.05 -0.01  0.05 -0.05 -0.06* -0.04 -0.05 -0.04 

Other limestone 0.00 -0.01 0.01 -0.02 -0.01 -0.03  0.04 0.00 -0.02 -0.03 -0.01 -0.04 

Chalk 0.00 0.00 -0.01 0.00 -0.03 -0.02  0.01 0.07* 0.02 0.00 0.02 0.04 

Sandstone 0.04 0.01 0.04 0.01 0.01 -0.01  -0.02 0.04 0.03 0.00 0.02 0.05 

Other sedimentary -0.05 0.00 -0.01 0.00 0.00 0.02  0.00 0.00 0.02 -0.02 0.04 0.05 

Land cover              

Urban 0.01 0.03 0.00 -0.04 0.03 -0.03  -0.06* 0.10* 0.07* -0.02 0.01 0.05 

Arable -0.01 0.03 0.04 0.05* 0.03 0.04  -0.03 0.03 0.07* 0.00 0.04 0.10* 

Improved grassland 0.01 -0.05* -0.02 -0.01 -0.04 0.01  0.01 -0.05* 0.00 -0.03 0.00 0.02 

Semi-natural grassland 0.01 0.03 0.00 0.01 -0.01 0.00  0.02 -0.05 -0.10* -0.04 -0.05 -0.12* 

Mountain/ heath/bog 0.02 0.02 -0.01 -0.03 0.01 -0.03  0.01 -0.06* -0.11* -0.05 -0.06 -0.15* 

Woodland 0.03 0.00 -0.01 -0.06* 0.03 -0.04  0.03 0.00 0.00 -0.03 0.00 0.01 
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Dissimilarity in anthropogenic land covers (such as urban and arable land) were associated 

with stronger confluence impacts, and dissimilarity in natural land covers were associated 

with weaker confluence impacts on habitat indices (except for HMS which showed the 

opposite result, consistent with the other correlation results) (Table 5.2b). Confluence 

effect correlations indicated that when the primary tributary was arable and the secondary 

tributary was not, habitat condition increased downstream of the confluence (i.e.  is 

positive). This supports evidence that shows when an unregulated stream joins a regulated 

stream it can mitigate the negative effects of hydropower alterations on food-web 

structure and diversity (Sabo et al., 2018).  

Conversely the results also suggest that when the secondary tributary was arable, but the 

primary tributary was not, habitat condition worsened (i.e.  is negative). This supports 

evidence of negative downstream effects when a poor quality tributary joins a high quality 

stream on freshwater mussel populations (Cooksley et al., 2012). However, when the 

secondary tributary had more improved grassland or woodland than the primary tributary, 

HQA or flow type speed increased downstream (Table 5.2a). 

While some habitat index responses to urban dissimilarity were consistent with arable 

dissimilarity, there were some differing responses for flow type speed and sediment size. 

These habitat indices declined downstream of a confluence with a primary urban tributary 

when the secondary tributary was not urban (although the correlations were not 

significant; Table 5.2a). This indicates that natural tributaries may not be able to negate 

some upstream anthropogenic pressures. Further work to identify when tributaries with 

contrasting anthropogenic pressures either mitigate or enhance negative effects 

downstream of confluences would be useful for targeting management efforts. 

5.5 THE INFLUENCE OF CATCHMENT MORPHOMETRY ON 
NETWORK TOPOLOGY EFFECTS 

This section presents the results and discussion for Objective 5c: to explore how catchment 

morphometry influences the effect of network topology on river habitats. The effect of 

network density metrics on habitat indices is suggested to be influenced by catchment 

morphometry particularly the circularity and elevation of the catchment (see Section 

5.1.3). The results showed that Kendall  values from correlations between network density 

metrics and habitat indices vary with catchment circularity and elevation (Figure 5.11).  

 tended to become more positive in circular catchments for correlations between distance 

network density and flow type speed in particular (=0.40, p<0.01), but more negative 
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between elevation network density and habitat indices. Correlations between sediment 

diversity and elevation network density were the exception, where most strong positive  

values were in more circular catchments (Figure 5.11). The distance network density 

results support the NDH prediction that circular catchments will have more important 

confluences that increase geomorphic heterogeneity throughout the network, compared 

to elongated catchments where important confluences may be concentrated upstream. 

However, this theory assumes that the relative size of the tributary defines confluence 

importance (Figure 5.5) which is not always the case, as found in Section 5.4 and in 

previous studies (Duncan et al., 2009). Conversely, high densities of small tributaries 

converging with large channels may enhance the downstream linear gradient (Jones and 

Schmidt, 2016) creating negative correlations in elongated catchments where differently 

sized tributaries are more prevalent (as shown in Figure 5.5).  

Mean elevation had a positive influence on  values for correlations between distance 

network density and the sediment size index in particular (correlation between mean 

elevation and the  value for the association between distance network density and 

sediment size; =0.38, p<0.01).  This suggests that habitat condition worsens with distance 

network density in lowland catchments but improves in upland catchments. This supports 

empirical studies in high-energy environments that show positive effects from important 

confluences (Benda et al., 2004a; Rice et al., 2001) because of greater coarse sediment 

supply and transport capacity (Ferguson et al., 2006) which are features of upland 

catchments in the UK (Raven et al., 2010). Lowland, low-energy or modified catchments 

in comparison have  confluences that have negative or no important effect on habitats 

downstream (Singer, 2008). This may be because land covers that are more prevalent in 

lowland catchments, such as arable and urban land covers, may have negative effects on 

habitat indices downstream of confluences.  

For correlations between habitat indices and elevation network density, there are few 

associations with catchment morphometry. However, catchments with lower mean 

elevation have stronger correlations than higher elevation catchments, although the 

direction of the correlations vary (Figure 5.11). The directional variation in correlations 

may be due to greater anthropogenic pressures in lowland streams causing negative effects 

at confluences in some catchments.
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Figure 5.11. Kendall’s  of catchments with significant correlations (p<0.05) between network density 
metrics (columns) and habitat indices (rows) plotted on mean elevation and circularity axes. Bold 
points are significant (p<0.05) after FDR correction to the p-value. Grey points indicate catchments 
with no significant correlation. Lines indicate median elevation and circularity ratio values for all 
catchments where correlations were calculated.
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5.6 DISCUSSION AND CONCLUSIONS 

Network topology influences the type and diversity of physical habitat found in river 

channels. It is a component of the catchment that is often not considered or poorly 

quantified in catchment-level studies (see evidence review in Section 2.1.3). Chapter 4 

presented metrics that easily quantify network density (and as a result, confluence 

density) in catchments, opposed to downstream continuums of habitat types (Figure 5.1). 

Network density metrics describe downstream patterns in habitats better than the 

downstream linear gradient in the four example catchments (Chapter 4). However, both 

linear and network density metrics showed few significant correlations with habitat 

indices within 348 networks in England (Figure 5.7). This is logical as rivers in Britain have 

been modified since the Bronze Age (Macklin and Lewin, 2003) so external factors not 

considered in this analysis will likely have a strong control on river reach function. It would 

be interesting to repeat this studied in an un-modified landscape, although broad-scale 

habitat data would likely unavailable. Despite this, network topology is still an influential 

control on physical habitats in around 10% of networks, but areas of high network density 

did not always generate improved habitat conditions as anticipated (Figure 5.7). This 

chapter explores the causes for this in the guise of three objectives that stem from the idea 

that not all confluences have an important effect on the channel (Rice, 1998) and that 

effects may not always be positive. This was an assumption made in Chapter 4 to test the 

hypothesis that highly network dense areas in catchments yield better habitat conditions. 

The results of the objectives, detailed in Sections 5.3 to 5.5, are summarised in Figure 5.12 

and discussed in wider contexts below. 

Statistically, habitat condition improves downstream of confluences (Figure 5.8) but not 

all confluences have a positive effect on habitats (Figure 5.9). Results indicate that when 

important confluences that improve habitat condition are in located in high density areas, 

there are positive associations between network density and overall habitat condition 

(supporting the ideas of the NDH; Benda et al., 2004b). However, this may be overridden 

when important confluences that have negative effects are located in high density areas, 

causing negative correlations with habitat condition. Confluence importance therefore 

influences the association between habitat condition and network topology rather than 

solely the density of the network. There is also evidence that the relationship between 

habitat condition and network density may not reflect confluence effect for some habitat 

indices. This signifies that confluences may change habitat condition locally, but not 

influence habitat condition in the wider area (Rice et al., 2001). 
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Figure 5.12. Rework of Figure 5.2 outlining the key results to each objective. 

Tributaries of a similar size and/or dissimilar properties are often the attributed controls 

on confluence importance, but most previous work has been conducted in selected high-

energy, natural catchments, rather than numerous modified catchments as used in this 

study. While correlations between tributary dissimilarity and confluence effect are weak, 

there are clear patterns (Table 5.2). Equally sized tributaries create confluences with a 

stronger effect on habitat features, with faster flow types and coarser sediments present 

downstream which supports previous findings (Benda et al., 2004a; Best, 1987; Jones and 

Schmidt, 2018). Tributary dissimilarity is also important with poor-quality tributaries 

worsening habitats and high-quality tributaries potentially mitigating poor habitat 

conditions of the primary channel. However, natural tributaries are not always found to 

be effective at mitigating upstream negative influences on habitats. This is one of the 

largest empirical studies on confluence effects (see Section 5.3.2) and demonstrates that 

relationships between tributary properties and confluence effects are complex and not 

always positive, a finding that has thus far not been included in the key studies in this field 

(e.g. the NDH; Benda et al., 2004b). Further work to successfully predict which 

confluences are most important for altering reach-level features, by utilising statistical 

methods that could accommodate non-linear relationships and interactions with other 

variables would be the logical next step. A useful development of this work would be to 

calculate network density metrics for only important confluences to see if this had a 

greater influence on habitat than the network topology metrics of the entire network.  
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Catchment morphometry was also found to influence the effect of network topology on 

physical habitats. Positive associations between network density and habitat condition are 

found in more circular catchments (i.e. catchments with assumed more important 

confluences, supporting the NDH; Benda et al., 2004b; Figure 5.5) and negative 

relationships in elongated catchments, where many non-important tributaries accelerate 

downstream declines in habitat condition (Figure 5.11). This supports previous findings 

from this work (Section 5.4) and others (Ferguson et al., 2006; Rice et al., 2006) that show 

that confluence effect differs with the size similarity of the tributaries and properties that 

impact sediment supply and transport capacity, altering physical habitats. There are also 

more negative correlations in lowland catchments, where tributaries are less natural and 

have less sediment transport capacity.   

The statistical relationships identified with network topology in this chapter are relatively 

weak, and reasons for this are discussed in Sections 5.3 to 5.5. The reliance on multiple 

catchment-level correlations makes it difficult to identify specific areas where network 

topology is important. Future research should focus on individual catchments, such as the 

work in Chapter 4, in order to better understand the implications of network topology. 

This work also treats both the network and confluences features as static when processes 

such as seasonal network expansion of ephemeral streams (Wharton, 1994) and 

confluence mobility over longer timescale (Dixon et al., 2018) will alter the longevity of 

these results.  

In conclusion, although the landscape of England is highly modified, theories of network 

topology developed in high-energy natural systems are still relevant and should be 

considered by future catchment-level studies in low-energy and/or modified landscapes.  

The nature of such landscapes means that confluences, and high densities of them, may 

produce both better, poorer and most likely no difference in habitat condition compared 

to surrounding areas. However, there is evidence that higher energy, natural tributaries 

and catchments produce more positive habitat effects in response to confluences and high 

network densities. The results here and the results of others (Kiffney et al., 2006; Leite 

Ribeiro et al., 2012b) indicate that management plans should include the entire drainage 

system and target tributaries that cause negative effects downstream whilst conserving 

tributaries that mitigate negative effects from upstream. 
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C H A P T E R  6  

Understanding river habitat response to  
catchment-level effects at multiple spatial levels 

6.1 INTRODUCTION 

Each previous data chapter (Chapters 3 to 5) has quantified a property of the catchment-

level effect at a different spatial level in the river system hierarchy and explored the impact 

on physical habitats type and diversity within reaches. This chapter presents an analysis 

of the outputs of previous data chapters to form a synthesis to the thesis that incorporates 

multiple spatial levels and influences (Figure 6.1). 

 

Figure 6.1. Reprint of Figure 1.2. Multiple spatial levels explored in the thesis in each chapter and 
how this chapter (Chapter 6) combines the multiple outputs.  

The hierarchical nature of the river system is a critical conceptualisation, demonstrating 

how processes occurring at the catchment-level can affect processes occurring at lower 

levels (Section 2.1.2). Hierarchical levels have been considered in previous studies utilising 

the RHS dataset to explain wider influences on river habitats (see Section 6.1.1 for review) 

and forms a key component of some river typologies (e.g. REFORM; Gurnell et al., 2016). 

The evidence review in Section 2.1.3 revealed that most large-scale studies of catchment-

level effects focus on a few characteristics of the catchment, namely land cover, geology 

and the catchment area upstream of a site (Figure 2.5), often failing to consider 

components of the river network and considering individual characteristics in isolation, 

without accounting for their interactions. The thesis so far has produced a typology of the 



 
 

121 
 

combined effect of multiple terrestrial catchment characteristics (Chapter 3), identified 

meaningful metrics of network topology (Chapter 4) and explored the relative influence 

of upstream tributaries on confluences (Chapter 5). The aim of this chapter is therefore to 

understand how these components at different levels in the hierarchy interact to explain 

patterns of physical habitats and thus better define the elusive catchment-level effect. This 

is useful for management hoping to restore or conserve habitats so that plans may be 

implemented strategically with an appreciation of holistic catchment-level effects. The 

specific objective of the chapter is as follows: 

Objective 6a: To use a range of GIS-derived catchment and river properties at different 

spatial levels, to explain patterns of physical river habitats in England. 

To address the objective, this chapter first describes which characteristics have been 

explored by previous studies using the RHS and which methods they have used (Section 

6.1.1). Then the multi-level characteristics used by this study and the methods of data 

exploration and model development are described (Section 6.2) before results are 

presented (Section 6.3). A discussion and synthesis are provided in Section 6.4 before the 

chapter conclusions. 

6.1.1 Effects on physical habitats from different spatial levels: Examples 
using the River Habitat Survey  

Since the RHS’s inception in 1994, multiple attempts have been made to explain patterns 

of physical habitats extracted from the dataset. A summary of these studies is provided in 

Table 6.1. Two key trends in research are observed and are discussed in the sections below. 

6.1.1.1 Movement beyond reach-level controlling variables 
The first trend observed is that many early studies focused on reach characteristics derived 

from GIS and sub-reach characteristics measured during RHS surveys. The seminal  study 

from Jeffers (1998) explains patterns in individual RHS features (such as sediment types, 

flow types, channel features etc.) using two principal components (PCs) derived from 

altitude, slope, distance to source and height of source for each RHS site. The two principal 

components represent upland to lowland and high energy to low energy gradients (Figure 

6.2). The components have been used since to describe distributions of RHS sites in Britain 

(e.g. Harvey and Wallerstein, 2009) and are included in the RHS dataset provided by the 

Environment Agency. These reach-level characteristics describe the position of the RHS 

site within the catchment which is proposed by Vannote et al. (1980) among others, to 

reflect a continuum of controls on river condition from upstream to downstream (see 

Section 2.1.1.1 for review of continuum theory). 
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Figure 6.2. RHS sites in England and Wales classified according to Jeffers' (1998) PC1 (upland-
lowland) and PC2 (high-low energy). 

There are studies considering a wider range of factors including catchment-level 

characteristics but they are limited in number (Jusik et al., 2015; Naura et al., 2016; Vaughan 

et al., 2013). Characteristics reflecting geology and hydrology are often found to be 

significant within models, potentially due to their dominant control on catchment and 

network formation (Schumm and Lichty, 1965). Only one study considered morphometry 

and rainfall parameters and frequently found them to be significant predictors of 

hydromorphological features (Vaughan et al., 2013). Land cover was considered by only 

two studies and was not included in final models in either (Jusik et al., 2015; Naura et al., 

2016). This is surprising given the results of the evidence review in Section 2.1.3 that found 

that land cover was most frequently included in studies of controls on river habitats.   

Vaughan et al. (2013) compared the predictive capabilities of their multi-level model 

(Table 6.1: Model 1) to a reduced model containing only stream power and upstream area 

(Table 6.1: Model 2) and to Jeffers’ (1998) PCs (Figure 6.2). The multi-level model is based 

on a regression of the three PCs: PC1, representing an energy gradient; PC2, an upstream-

downstream gradient and; PC3, groundwater contribution. They found that the stream 

power-area model reflected similar gradients to the multi-level model and accounted for 

almost as much variation in habitat features. Both models were superior to Jeffers’ 

principal components (Figure 6.2). They therefore suggest that catchment area and 

stream power, which reflect Jeffers’ upland-lowland and energy gradients respectively, 

may be the dominant controls on river features. However, while statistically independent, 
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catchment area and stream power are not functionally independent. This is because a 

component in the stream power equation (median annual discharge) is estimated in part 

from catchment area in Vaughan et al.'s (2013) study, limiting the understanding gained 

from the reduced model. It is also difficult to understand interactions and isolate the 

individual controls on habitat in the multi-level model from the PCA.  

The research using RHS to date suggests that physical habitats are controlled by reach and 

segment-level parameters, especially elevation, slope and unit stream power (Table 6.1). 

Research using catchment-level parameters is limited and, for the most part, considers 

only catchment characteristics, such as geology, at the RHS site rather than geological 

properties upstream influences which are of known importance (Section 2.1.3). As far as 

the literature search here can identify, none of the studies thus far have considered 

network topology beyond that of stream order (for discussion around limitations of stream 

order see Section 4.2.1.1) or the influence of confluences.  

6.1.1.2 Changing objectives over time 
The second trend observed is a shift from explanatory to predictive statistical approaches 

reflecting and overall trend from theory-based to data-centric science (Karpatne et al., 

2017). The objective to produce an accurate predictive model of physical habitats stems 

from the inability to sample all reaches due to limitations in time and resources. By 

effectively predicting habitat features, the need for expensive, time consuming surveys is 

reduced, and inferences can be made based on GIS-derived data. This was the approach 

taken by Naura et al. (2016) whereby sediment size is inferred through regression kriging 

in un-surveyed reaches. The production of effective predictive models, however, often 

comes at the expense of understanding the mechanisms and controlling factors on the 

response variable. For example, often PCs are used to reflect multiple control and/or 

response variables in the regression models as a method of data reduction and to improve 

predictive accuracy (Table 6.1). However, this makes it difficult to isolate which responses 

are being influenced by which parameters.  

There is also little consideration in previous studies of the hierarchical structure of the 

multi-level data and the emergent effects in multivariate analysis when parameters are 

either combined into a few PCs (Vaughan et al., 2013) or entered as individual parameters 

in predictive models. Statistical approaches such as clustering and tree based approaches 

adopted by some studies (Bizzi and Lerner, 2015; Harvey et al., 2008a) can show the 

hierarchical structure of these data and interactions between levels, however, these studies 

have focused on the sub-reach to segment-levels thus far (Table 6.1).  
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Table 6.1. Variables included in previous attempts to predict RHS data. X variable has stronger effect in model, + variable considered but either weak effect or removed from 
final model. 
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Individual 
features  

  X X X X                          

Harvey et al., 
2008a 

Hierarchical 
clustering 

Individual 
features  

X                               

Harvey et al., 
2008b 

Kruskal-Wallis 
PCA feature 
scores  

                   X X X X X        

Harvey and 
Wallerstein, 2009 

Non-statistical 
Individual 
features  

 X                              

Bizzi and Lerner, 
2012 

Self-organising 
clustering  

Morphology 
classes 

   X   X  X X X                     

Vaughan et al., 
2013– Model 1 

Generalised 
Additive Model  

Individual 
features  

  X* X* X* X* X* X*  X*    X* +* X* +* X* X* +* +* X* +* X*     X* X*  

Vaughan et al., 
2013– Model 2 

Generalised 
Additive Model 

Individual 
features  

      X X                        

Bizzi and Lerner, 
2015 

Classification 
tree 

Morphology 
classes 

      X   X  X X                   

Jusik et al., 2015 
Monte Carlo 
permutation  

Macrophyte 
clusters 

X + X +    +                       + 

Naura et al., 2016 
Regression 
kriging 

CA sediment 
type  

  X* X* X* X*                   X + X  X  + 

* Regression conducted on PCA 

 Variable calculated as % within upstream catchment, all other variables extracted at site 
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Often parameters that successfully predict a response variable are said to influence the 

response variable, but there is an argument that a single ‘best’ predictive model may have 

little explanatory power if it is not based in scientific theory. This is due to 

multicollinearity, where successful predictors may imitate the interaction of variables that 

cause the variation in the response variable. 

Therefore, in order to explain the response, rather than predict it, multiple variables that 

should explain patterns of physical habitats according to scientific theory (such as the 

results in this thesis and from others) must be considered and combined using data-

science techniques (Mac Nally, 2000). This explanatory approach has been adopted in 

studies exploring the effects of catchment morphology on channel features (e.g. Jensen et 

al., 2018). Thus, the success of statistical models is assessed not on predictive power but 

on the ability to offer mechanistic explanations of variable interactions.   

6.2 METHODS 

There are challenges when conducting multivariate analysis on broad-scale monitoring 

data (Feld et al., 2016). Challenges include the high number of control variables, many of 

which exhibit collinearity, non-parametric skewed distributions dominated by zeros and 

non-linear relationships with response variables. Feld et al. (2016) makes 

recommendations of how to address these challenges, specifically in relation to aquatic 

monitoring data, which are adopted here.  

First, according to Feld et al. (2016), key gradients in these data must be explored which is 

conducted here with Principal Component Analysis (PCA). Second, regression trees are 

built for each of the four habitat indices extracted from the RHS dataset (Table 2.2b), to 

explore the hierarchical structure of relationships of the multi-level variables to physical 

habitats. Finally, this analysis is extended using the machine learning technique of 

‘boosting’ to produce boosted regression tree (BRT) models for identifying the most 

important controls variables contributing to the catchment-level effect on physical 

habitats, and their interactions.  

6.2.1 Multi-level GIS-derived variables 

Control variables are chosen to reflect known drivers of channel form and function that 

are commonly included in large-scale studies (e.g. reach and upstream variables, see 

Section 2.1.3). Also included are variables that have not before been included in large-scale 

multivariate studies (e.g. network and confluence variables) that can easily be derived 

from spatial data in a GIS. This totals 35 individual GIS-derived variables representing the 
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multiple levels in catchment-level effects (Table 6.2). Only GIS-derived variables are 

selected so that relationships may be extended to un-surveyed reaches.  

Upstream-level variables reflect external drivers on river habitats (see evidence review in 

Section 2.1.3) and are calculated here as the percentage of land cover or geology within a 

100m buffer of the network upstream of the RHS site. Characteristics are calculated for a 

buffer rather than within the entire upstream catchment boundary due to ease and 

accuracy of computation (for further discussion see Appendix 5C).  

Network-level variables reflect the topological signal of the entire network. Network 

density is calculated for distance or elevation bands within each catchment and 

normalised between zero and one (with one being the highest density) within each 

catchment. Network density is shown to reflect up-to-downstream changes in physical 

habitats in some catchments in England (Chapter 4 and Section 5.3). 

The sub-catchment-level variable, waterbody type, reflects 22 GIS-derived terrestrial 

characteristics including geology, land cover, climate and morphometry to represent the 

combined drivers’ effects within the waterbody local to the RHS site. The waterbody types 

have been shown to reflect broad patterns in average habitat type and diversity in England 

(Chapter 3).  

Confluence variables at the segment-level reflect the relative contribution of the two 

incoming tributaries upstream of each RHS site. The relative difference in 

hydromorphology characteristics (area, magnitude, slope and stream power) between 

upstream tributaries has been shown by this thesis (Section 5.4) and previous studies 

(Benda et al., 2004a; Best, 1987; Jones and Schmidt, 2018) to influence physical habitats.  

The relative amount of upstream land cover and geology has not before been considered 

by many previous studies as an influence on physical habitat but differences between 

tributary properties is suggested to increase the effect on physical habitats at confluences 

(Section 5.4).  

Reach-level variables are included that describe the position of an RHS site within the 

region, catchment and network and have been suggested to reflect upland-lowland and 

energy gradients in the UK by Jeffers (1998a) and others (Section 6.1.1). 
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Table 6.2. GIS-derived variables at multiple levels used in the statistical analysis, with abbreviations 
and descriptions. Where a variable is calculated in a previous chapter, the chapter is indicated in 
square brackets. For data sources see Section 3.2.2.1. 

Level Variable (units) Abbreviation Description 

Upstream Geology:  
Hard rock (%) 
Other limestone (%) 
Chalk (%) 
Sandstone (%) 
Other sedimentary (%) 

 
Ups.Hard  
Ups.Lime  
Ups.Chalk  
Ups.Sand  
Ups.Sed 

Upstream percentage 
cover of geological of land 
cover characteristic within 
a 100m buffer of network 
upstream of RHS site. 

 Land cover:  
Woodland (%) 
Mountain/bog/heath (%) 
Seminatural grassland (%) 

Improved grassland (%) 
Arable (%) 
Urban (%) 

 
Ups.Wood  
Ups.Mount  
Ups.NatGrass  
Ups.ImpGrass  
Ups.Arable  
Ups.Urban 

 

Network Distance network density (0-1) 
[Chapter 4] 

Net.D.Density Density per distance band, 
normalised per catchment 

 Elevation network density (0-1) 
[Chapter 4] 

Net.E.Density Density per elevation 
band, normalised per 
catchment 

Sub-
catchment 

Waterbody type (categorical) 
[Chapter 3] 

Waterbody 
UG 
UN 
SL 
MR 
AQ 
LA 
LU 

7 categories: 
Upland grassland 
Upland non-grassland 
Seasonal 
Mid-range 
Aquifer 
Lowland arable 
Large urban 

Confluence [Chapter 5] 
Upstream geology:  
Hard rock (%) 
Other limestone (%) 
Chalk (%) 
Sandstone (%) 
Other sedimentary (%) 

 
Rel.Hard a 
Rel.Lime a 
Rel.Chalk a 
Rel.Sand a 
Rel.Sed a 

 
Relative difference in 
percentage cover between 
the primary and secondary 
tributary upstream of RHS 
site. Calculated as: 
a  Total difference  
b  Relative difference Upstream land cover:  

Woodland (%) 
Mountain/bog/heath (%) 
Seminatural grassland (%) 

Improved grassland (%) 
Arable (%) 
Urban (%) 

 
Rel.Wood a 
Rel.Mount a 
Rel.NatGrass a 
Rel.ImpGrass a 
Rel.Arable a 
Rel.Urban a 

At confluence hydromorphology:  
Slope (degrees) 
Cumulative catchment area (km2) 

Shreve order/magnitude (variable units) 
Total stream power (variable units) 

 
Rel.Slope b 
Rel.Area b 
Rel.Shreve a 
Rel.Power b 

Reach Cumulative catchment area (km2) 
Slope (degrees) 
Strahler stream order (variable units) 
Elevation (m) 
Distance from mouth (km) 
Distance of site to upstream confluence (km) 

Rch.Area 
Rch.Slope 
Rch.Order 
Rch.Elevation 
Rch.Distance 
Rch.Confluence 

Values extracted at RHS 
site 
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6.2.2 Data-science analysis 

6.2.2.1 Explorative ordination 
The control variables are explored with Principal Component Analysis (PCA) to identify 

key gradients and correlations within these data before multivariate analysis is conducted 

(Feld et al., 2016). Data reduction has already been applied to the sub-catchment-level 

waterbody type variable to produce seven types (Section 3.2) which are mapped onto the 

PCA biplots, along with the habitat indices, to identify structure within the control 

variables. Two separate PCAs are also created for the reach-level variables only and for the 

non-reach-level variables only to identify factors driving gradients in the data. 

6.2.2.2 Regression trees 
Regression trees are appropriate for addressing the issues with the multi-level data as they 

accommodate different types of variable, missing data, nonlinear relationships, are 

insensitive to outliers, automatically reject irrelevant variables and account for variable 

interactions. Regression trees work by splitting the parameter space into rectangular 

regions that have a homogeneous relationship between the response variable and control 

variables. This process often produces very large trees from recursive binary splitting and 

is very sensitive to training data (Hastie et al., 2001). While this causes uncertainty and 

limited predictive performance, single regression trees are an intuitive method of 

visualising data partitions (Elith et al., 2008).  

Here, regression trees are constructed for each habitat index response variable with the 

‘rpart’ package v4.1.13 in R (Therneau and Atkinson, 1997) on training data (75% of total 

dataset) that is created by grouping RHS surveys into percentiles based on the habitat 

index in question and randomly sampling within these percentiles to retain data structure 

in the training data using the ‘caret’ v.6.0.84 package (Kuhn et al., 2019). The predictive 

capability of the trees is validated against the remaining 25% of the dataset as a measure 

of confidence in the results. More levels in the tree produces less classification error on 

training data but may cause overfitting (Hastie et al., 2001) so trees are pruned to prevent 

overfitting (two methods of pruning are compared in Appendix 6A).  

6.2.2.3 Boosted regression trees 
Machine learning approaches are recommended to deal with inherent issues with 

analysing multivariate data (Feld et al., 2016). Boosting is a machine learning method that 

has been applied to regression trees by stochastically selecting subsets of the dataset to 

build each tree (Figure 6.3). This improves model accuracy by averaging many rough 

models rather than trying to fit one highly accurate model. Boosted regression trees (BRTs) 
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are shown to give superior results compared to linear models when variables are highly 

skewed, which is often the case with environmental datasets (Elith et al., 2008).  

BRTs are appropriate for these data as they require a large number of observations to 

produce a stable result (Feld et al., 2016) which is available with the RHS dataset, whilst 

also retaining the advantages of tree based methods described in Section 6.2.2.2. They have 

been used in river research with the aim of predicting characteristics such as stream biotic 

communities (Waite et al., 2019) and eutrophication levels (Rankinen et al., 2019) from 

external controls. BRTs are not only a predictive tool but identify the most influential 

variables so can be used for explanatory studies (Perry et al., 2012).  

BRTs work by iteratively fitting decision trees to training data using cross-validation (CV) 

rather than single training and validation datasets (as used for the single regression trees 

in Section 6.2.2.2) so that all these data can influence the final model (Figure 6.3a). The 

first tree fitted achieves the best possible reduction in the loss function for a single tree. 

Subsequent trees are fitted to the residuals of the previous tree, putting the emphasis on 

fitting the poorly modelled observations. The stagewise process means that the original 

model is maintained. 

 

Figure 6.3. Schematic of Elith et al.'s (2008) cross-validation (CV) protocol to determine the optimum 
number of trees in three steps: (a) cross-validation; (b) step protocol; and (c) determining the 
optimum number of trees. 
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Model tuning 
The number of trees built in the BRT is defined by the user so the optimal number of trees 

must be identified for each BRT. The optimal number of trees varies based on two tuning 

parameters: learning rate (the contribution of each tree to the growing model) and tree 

complexity (the number of interactions between variables accounted for). The tuning 

parameters are systematically varied (Appendix 6B) to identify the optimum number of 

trees using the CV ‘gbm.step’ subroutine implemented in the ‘dismo’ v.1.1.4 add-on for 

ecological data (Hijmans et al., 2017) to the ‘gbm’ v.2.1.5 package (Brandon et al., 2019) in 

R (Figure 6.3). The optimum number of trees is identified at minimum predictive 

deviance if there is: (i) more than 1000 trees, according to Elith et al.’s (2008) rule of 

thumb, and; (ii) no evidence of overfitting (steep increases in deviance after reaching 

minimum). This CV approach is increasingly used for selecting optimal model settings 

(Hastie et al., 2001). 

Using this method, the selected BRT tuning parameters are learning rate = 0.01 and tree 

complexity = 7. Other parameters are set at the defaults recommended by Elith et al. 

(2008) and as employed by Messina et al. (2019): bag size (percentage of data given to the 

training dataset for cross validation) = 0.75; number of folds = 10 and; step size (number 

of trees built at each step) = 50. The optimum number of trees varies for each BRT model 

built to explain each habitat index response variable. The code for producing the BRT 

models is provided in Appendix 6C. 

Assessing model performance 
The performance of the four BRT models, one for each habitat index, is assessed by the 

proportion of variance explained by the model using R2 values (Moriasi et al., 2007). 

Performance can be calculated by testing the predicted against the observed values, but 

this can lead to inflated measurements (Waite et al., 2019). A more conservative approach 

is to evaluate the models against data withheld from their calibration in the CV process, 

the 25% bag-fraction (Waite et al., 2019). As the primary goal of this analysis is explanatory 

rather than predictive, quantitative measures of performance are not the focus, but the 

performance measures do allow for the assessment of confidence in the models for 

explaining habitat indices (Section 6.3.3.1).  

It is not recommended to view individual trees within the BRT models (Brandon et al., 

2019) which means it is harder to interpret the hierarchical interactions of the predictors 

than in a single regression tree. However, the relative importance of the variables (Section 

6.3.3.2) and the interactions between predictors (Section 6.3.3.3) may be assessed.   
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The relative importance of variables to the model is calculated based on Friedman's (2001) 

formula accounting for the number of times a variable is selected for splitting and the 

improvement to the model as a result of each split. Partial dependence plots are used to 

show the effect of control variables, both individually and when interacting with other 

variables, on the habitat indices while other predictors in the model are held at their mean 

value (Friedman, 2001). The fitted functions in the partial dependence plots may not 

reflect the distribution of observations so should be interrogated for step changes and 

general trends, rather than minor fluctuations. The strength of interaction between 

variables in the model is estimated while all other variables are set to their respective mean 

values, as described by Elith et al. (2008), with higher values indicating stronger 

interaction effects. 

6.3 RESULTS 

6.3.1 Principal Component Analysis 

This analysis is an exploratory analysis step, so the data structure and key axes of the 

datasets are the focus rather than the percentage variance explained and specific loading 

values (which are provided in Appendix 6D).  

The first three principal components (PCs) of the PCA model containing variables from all 

hierarchical levels (Figure 6.4a) reflect those identified by Jeffers (1998) and Vaughan et 

al. (2013) and is supplemented by the additional confluence and network variables 

included in this analysis. 

• PC1 reflects the upland-lowland gradient from high, steep reaches with hard-rock, 

limestone, mountainous land or natural grassland to reaches in lower, flatter 

landscapes with arable or urban land covers.  

• PC2 reflects the size and location of the reach with small values indicating downstream 

reaches with large catchment areas to reaches further from the mouth. The confluence 

and network variables respond to this axis with greater differences between upstream 

tributaries in downstream reaches whereas upstream reaches are more homogeneous 

but have greater network density.  

• PC3 is a gradient from reaches with groundwater inputs upstream (sandstone geology) 

and a similar area, slope and power contributions from tributaries to reaches with 

differing area, slope and power between tributaries in catchments dominated by other 

sedimentary geology. 

The waterbody types respond primarily to PC1 with upland, midland and lowland types 

ordered along the first axis. The upstream-downstream gradient (PC2) shows a mix of 
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waterbody types along the axis but is dominated by large urban waterbody types at the 

downstream end of the gradient, reflecting the large catchment areas draining into these 

waterbodies. The aquifer waterbodies are frequently found towards the arable, sandstone 

and chalk arrows. Variation in waterbody type is most frequently associated with the 

confluence variables reflecting differences between tributaries which is likely because the 

confluence variables encapsulate variation within the wider catchment opposed to 

homogeneous sub-catchment waterbody types (Figure 6.4b). 

When only the reach-level variables are selected for the PCA (Figure 6.5a), the primary 

axis showing the upland-lowland gradient is highly dominant with the secondary axis 

primarily driven by the distance to confluence variable. PC2 differentiates the aquifer 

waterbody type, due to the low drainage density present in groundwater fed catchments, 

but the lowland arable, mid-range and seasonal waterbody types are grouped together 

with little differentiation. When reach-level variables are removed from the PCA (Figure 

6.5b) the distribution of RHS sites within the biplot is similar to the full model (Figure 

6.4b). The upland-lowland gradient is still dominant, but the secondary size gradient is 

less pronounced due to the removal of the stream order and cumulative catchment area 

reach variables. PC2 is instead a gradient from reaches with highly different upstream 

tributaries but low network density to similar tributaries in highly network dense areas. 

This highlights the importance of extending multivariate analysis beyond the reach-level 

to capture a wider range of variation in controls on instream habitats.  

Of the four habitat indices explored by this thesis, flow diversity, flow type speed and 

sediment size respond to the PCA biplot, showing increasing values along the upland-

lowland gradient (Figures 6.4c, e and f). This is particularly evident for the coarsest 

sediment values with average calibres greater than coarse pebbles (sediment size index >5, 

Table 2.3c) predominantly present >0 on PC1.  

While there are general trends, there is also variation that may be explained by the other 

axes. For example, reaches with average silt sediment (sediment size index <-5, Table 2.3c) 

are not present at the lowest end of the upland-lowland gradient, but better reflect the 

amount of upstream urban land cover or the relative amount of arable land cover (Figure 

6.4a). Also, flow diversity shows increasing diversity along PC2 as well as PC1 (Figures 

6.4c). This variation of habitat indices along the PCA axes highlights that attempting to 

understand the variability in river habitats across England with a single regression line or 

equation is insufficient without accounting for other structures in the dataset.  
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Figure 6.4. PCA results on all control variables: (a) PCA loading plot of 34 variables, distribution of 
RHS sites on PCs 1 and 2 coloured by (b) waterbody type and (c-f) habitat indices. 

 

Figure 6.5. Biplots of PCA results on (a) reach and (b) upstream and confluence control variables. 
Colours indicate waterbody types (see Table 6.2 for abbreviations). 
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Response to the PCs is not consistent between the habitat indices. For example, the 

reaches with the most homogeneous flow diversity tend to vary among the slower flow 

type speeds (Figures 6.4c and e) and sediment diversity shows no relation to sediment 

size or the PCs (Figures 6.4d). Therefore, it is critical to consider the habitat indices 

separately rather than as singular gradients as their response to catchment-level effects 

will vary, despite some common gradients.  

6.3.2 Single regression tree 

Average habitat type indices (flow type speed and sediment size) are predicted more 

accurately than the diversity indices (Table 6.3). The first few splits on each tree are 

determined by waterbody type, separating upland or lowland sites from the others (Figure 

6.6). Most habitat indices, other than sediment diversity, also separate midland types 

(mid-range and seasonal) from other types in a secondary split. Sediment size retains the 

aquifer waterbody type in the midland types, likely due to the coarser grainsizes associated 

with permeable geology (Berrie, 1992).  

Generally, habitat index values are highest in upland waterbodies declining towards 

lowland waterbody types (Figure 6.6, Section 3.2.3). Yet there is wide variation in habitat 

indices within each waterbody type even though values differ significantly between types 

(Figure 3.3). These trees show why this may be the case.  

In upland waterbodies, average habitat indices are primarily driven by variations in reach 

slope, elevation and stream order with few splits needed to capture variation (Figures 6.6c 

and d). However, more variation in diversity indices is explained by confluence and 

upstream variables in upland waterbodies, than for average habitat type indices, reflecting 

variations in upstream inputs from the catchment (Figures 6.6a and b). For example, very 

low flow diversity and sediment diversity in upland waterbodies (i.e. 0.2 less diversity than 

other upland sites) is present when a site has >11% limestone geology upstream or a large 

difference in Shreve magnitude between tributaries respectively.  

In lowland waterbodies, the lowest habitat type index values are associated with upstream 

geology (e.g. sediment size is coarse sand, Table 2.3, when there is a >83% total difference 

in sandstone geology between upstream tributaries) or anthropogenic land covers 

upstream (e.g. silt sediments, Table 2.3c, and dry to no perceptible flow, Table 2.3a) 

(Figures 6.6c and d). Similarly, flow diversity reduced by 0.18 compared to sites with 

similar catchment-level effects, when there was 1% urban land cover upstream (Figures 

6.6a), which is likely due to the widespread homogenisation of channels in urban centres 

(Walsh et al., 2005). 
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Figure 6.6. Pruned regression trees for each habitat index (a-d). Left branches indicate that the condition at the split is true and right branches indicate the condition is false. 
Predicted habitat index values with corresponding colours are the leaves with the number of RHS sites in each leaf indicated below. Solid lines indicate branches which are 
retained by the more conservative method of pruning and so are the most critical. 
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Figure 6.6. (continued).  Pruned regression trees for each habitat index.  

 



 

 
 

137 

 

 

 

Figure 6.6. (continued).  Pruned regression trees for each habitat index. 
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Figure 6.6. (continued).  Pruned regression trees for each habitat index. 
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Alternatively, particularly high habitat type index values in lowland catchments occur at 

higher elevations, slopes or distances for flow type speed and with large differences in 

upstream tributary size for sediment size (Figures 6.6c and d). For habitat diversity 

indices, high values were associated with upland properties upstream, particularly 

mountainous and woodland land covers (Figures 6.6a and b). For example, sites with >3% 

woodland land cover upstream increased flow type diversity by 0.35, which may be due to 

the introduction of large wood to create more diverse biotopes (Cashman, 2014).  

Network variables have little influence, aside from network elevation density in lowland 

waterbody types, with high density reducing sediment size and diversity. However, when 

there is a headwater stream in a network dense area, there is a 0.8 increase in flow speed 

index (Figure 6.6c). This may reflect increased coupling of catchment to channel where 

the landscape is more dissected by a dense river network. 

The single regression trees illustrate the hierarchical nature of catchment-level effects, 

specifically that different variables are important within different waterbody types. They 

also show that while the key upland-lowland gradient is consistent between habitat 

indices, the addition of variables explaining upstream contributions helps to identify 

anomalous or extreme values. 

6.3.3 Boosted regression tree models 

6.3.3.1 Assessing model performance 
BRT models have more accurate predictive performance than the single regression trees 

(Table 6.3). Predictive measures based on the CV training data are more conservative than 

those calculated from the final predicted values of the model (Waite et al., 2019; Table 6.3) 

with a previous study stating that BRT R2 values >0.3 indicated unsatisfactory model 

accuracy; 0.3–0.5, satisfactory accuracy; 0.5-0.6, good accuracy and; ≥0.6, very good 

accuracy (Rankinen et al., 2019). 

Table 6.3. Summary and predictive accuracy of the tree models for each habitat index. Predictive 
accuracy calculated by testing final predicted values against observed values for (a) the single tree 
models and (b) BRT models. Training data values are tested against validation data values from the 
CV procedure for the BRT models to avoid inflated predictive accuracy (c).  

 
Observed 

value range 

BRT 
predicted 

value range 

Number of 
trees 

(a)Single tree 
final values 

R2 

(b)  BRT 
final values 

R2 

(c) BRT 
CV values  

R2 

Flow diversity 0 - 0.84 -0.05 – 0.70 3400 0.20 0.43 0.28 

Sediment diversity 0 - 0.82 0.01 – 0.58 2600 0.08 0.29 0.12 

Flow type speed 0 - 7.9 0.13 – 6.62 5850 0.26 0.57 0.36 

Sediment size -9 - 8 -7.9 – 7.89 5250 0.41 0.65 0.47 
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Figure 6.7. Map of RHS sites used in BRT modelling indicating the (a) observed and (b) predicted 
habitat index values. (c) The difference between the observed and predicted values, reflecting sites 
where values are over or under predicted. See Table 2.2 for flow type abbreviations. 
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The diversity models have the lowest predictive capability (flow diversity CV R2 = 0.28; 

sediment diversity CV R2 = 0.12), over and under predicting with no clear pattern across 

the country (Figure 6.7c). The BRT models struggle to predict the extreme diversity values 

(Table 6.3), particularly homogeneous sites. This is because there is wide variation in the 

observed diversity indices across the country (Figure 6.7a). However, predicted diversity 

indices are tied to the dominant upland-lowland gradient (Figure 6.7b) which is exhibited 

in most of the control variables (Figure 6.4). 

Average habitat type indices have more accurate predictions (flow type speed CV R2 = 0.36; 

sediment size CV R2 = 0.47) as the observed indices better reflect the upland-lowland 

gradient shown in the PCA (Figure 6.4e and 6.4f). These models also struggle to predict 

the most extreme values (Table 6.3), particularly the dry flow types and silt sediment sizes 

in the aquifer waterbodies in central England and the seasonal waterbodies in the Weald 

in the south-east. They also under-estimate the extent of chute flow types and cobble 

sediments in the upland regions of England (Figure 6.7).   

6.3.3.2 Variable importance and habitat response 
The contribution of the control variables to the BRT models vary (Figure 6.8). Waterbody 

type and reach variables are the most important in all models, which is consistent with the 

findings from the PCAs (Figure 6.4a and b) and single regression trees (Figure 6.6). 

Habitat index values decline as waterbody types become lowland. The diversity index 

models show a step change between upland-midland types (UG-MR) and lowland types 

(AQ-LU) (Figure 6.9a and 6.9b) whereas average habitat index models have a step change 

between upland types (UG-UN) and the other waterbody types (SL-LU) (Figure 6.9c and 

6.9d). There are a few anomalies, with greater sediment diversity in lowland arable (LA) 

waterbodies, and coarser sediments in aquifer (AQ) waterbodies compared to other 

lowland types. These results reflect the primary splits in the single regression trees (Figure 

6.6). Waterbody type may have high predictive power as it is a categorical variable.  

Reach elevation is the second most important variable in all models (Figure 6.8), 

exhibiting a steep increase in habitat index values followed by a gradual increase or plateau 

in values between 50 and 200m (Figure 6.9). Other reach variables are frequently in the 

top ten important variables in all models (Figure 6.8), with fitted values of habitat indices 

increasing with slope and the distance from mouth or declining with upstream area and 

stream order for the diversity indices and with distance to confluence (Figure 6.9).  

Network variables do not contribute meaningfully to the single regression trees but have 

a higher contribution to the models (2.8-4.9% importance) than many of the upstream 
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and confluence variables (Figure 6.8). This suggests that network density improves model 

performance for poorly fitted observations in the model. There is a broad range in fitted 

values in the network partial dependency plots, but there are steep increases in fitted 

functions with a slight increase in network distance density (Figure 6.9). 

 

Figure 6.8. Contribution of each control variable to the model for each habitat index. The x-axis on 
for waterbody type is on a different scale. 

Surprisingly, upstream variables tend to not contribute substantially to the models 

compared to waterbody type (Figure 6.8). However, certain land cover variables are highly 

important (Figure 6.8): urban for flow diversity (contributing 2.5%), arable for flow type 

speed (contributing 2.9%) and mountain and arable for the sediment size model 

(contributing 6.6% and 2.9% respectively). Flow diversity exhibits a step decline with 60% 

urban cover in the upstream buffer (Figure 6.9a). Flow type speed and sediment size 

gradually decline with of the amount of arable land upstream (Figure 6.9c and d) and 

sediment size increases dramatically with the presence on mountainous land cover 

(Figure 6.9d). For the less important variables, effects are relatively consistent between 

habitat indices. For example, the presence of semi-natural grass or hard rock upstream 

induces a steep increase in habitat index values, the presence of chalk upstream causes a 

step decline in flow indices and increasing sedimentary or sandstone rock cover induces a 

slight decline in sediment indices (Figure 6.9). 
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Figure 6.9. Partial dependency plots for BRT models of habitat indices (a-d) with fitted habitat response function scaled on a normalised and centred (primary y-axis). Fitted 
habitat response values on habitat index scale (secondary y-axis). Contribution of each variable to the model in brackets. Abbreviations in Table 6.2. 
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Figure 6.9. (continued). Partial dependency plots for BRT models of habitat index (d) sediment diversity.  
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Figure 6.9. (continued). Partial dependency plots for BRT models of habitat index (c) flow type speed.  
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Figure 6.9. (continued). Partial dependency plots for BRT models of habitat index (d) sediment size. 
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Confluence variables are more important for diversity indices than average habitat type 

indices (especially sediment diversity) (Figure 6.8). This may be due to the wide spatial 

variation in these indices not captured by the upland-lowland gradient (Figures 6.4c and 

6.4d; Figure 6.7a) that may be partially explained by the different contributions from 

upstream tributaries. Hydromorphological confluence variables are often more important 

than upstream variables for all indices (Figure 6.8). Gradual declines in fitted values for 

habitat indices are present where there is high differences hydromorphological variables 

as tributaries converge, especially for relative slope (Figure 6.9). However, at the highest 

differences in slope and Shreve magnitude there is an increase in diversity values and 

sediment size. 

For the land cover and geology confluence variables, there is wide variation in fitted values 

where there is no presence of the land cover upstream. The trends once individual land or 

geology percentages are present (i.e. >0%) are discussed here. Often the most important 

confluence variables are also important upstream variables (Figure 6.8). Flow diversity is 

influenced by the anthropogenic confluence variables with increases in diversity where 

there is a 20% and 80% total difference in urban and arable land covers between tributaries 

respectively. Sediment diversity shows a similar pattern with urban land cover and 

increases in diversity with high difference of sedimentary rock. Sediment size increases 

with large differences in sandstone and improved grassland between upstream tributaries 

(Figure 6.9).  

6.3.3.3 Interrogation of interactions 
Interactions between reach variables are present for all habitat index BRT models 

(matrices of interaction values in Appendix 6E), especially between reach elevation and 

distance from mouth. All 3D partial dependence plots show that high reach distance and 

low elevation equate to the lowest habitat index values (Figure 6.10i). This causes the 

baseline response of habitat indices to other variables to systematically increase with 

elevation and slope or decrease with distance. For example, the habitat response to the 

amount of semi-natural grassland upstream gradually increases with slope in the sediment 

diversity model (Figure 6.10biii). 

Strong interactions with waterbody type are also frequent with variables affecting habitat 

indices differently in different waterbody types, with upland types often exhibiting a 

higher baseline habitat response than lowland types (Figure 6.10iv). For example, in 

upland waterbodies flow type speed increases more steeply with slope, and sediment size 

decreases more gradually with upstream arable land compared to lowland waterbody 

types (Figure 6.10civ and 6.10div). For diversity indices, the response differs so greatly 
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between waterbody types that habitat responses overlap. For example, flow diversity 

declines most steeply with relative Shreve magnitude in midland types, dropping below 

minimum flow diversity responses in the lowland waterbodies (Figure 6.10aiv). This is 

also the case for sediment diversity, where after 80% difference in slope between 

tributaries, large urban, lowland arable, mid-range and upland non-grass waterbodies 

have the steepest increases in diversity compared to other waterbody types (Figure 

6.10biv). 

 

Figure 6.10. Partial dependency plots of the strongest interactions between variables in the BRT 
models for each habitat index (a-d). y-axis of each pane is the fitted function of the model on the scale 
of each habitat index. Interaction strength (IS) indicated in bottom-right of each pane and is model 
dependent so cannot be compared between models. Interactions with categorical variable (i.e. 
waterbody type) are presented as two-dimensional graphs. Roman numerals are to aid citation of 
Figure in text. 
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Network variables show the strongest interactions in average habitat indices models, 

exhibiting interactions with selected reach, confluence and upstream variables. The 

strongest interaction is in the flow type speed model. In this case, where the amount of 

mountainous land upstream is similar between the tributaries, network density has little 

effect on flow type speed. However, where there is >50% difference in mountainous cover, 

flow speeds increase at densities >0.5 but decline below this threshold (Figure 6.10ciii). 

Upstream variables also often show interactions with confluence variables, particularly the 

anthropogenic variables. For example, where there are high percentages of arable land 

upstream, habitat indices decline, but there are dramatic step-change reductions in flow 

diversity and sediment size when there are also high percentages or high differences in 

improved grassland at a site respectively (Figure 6.10aii and 6.10diii). Similarly, where 

there is over 50% urban cover upstream and incoming tributaries have a similar slope, flow 

diversity is low. However, if the difference in slope is high, flow diversity is raised to near 

pre-urban levels (Figure 6.10aiii). 

Geological variables also have interactions with other variables in the sediment models. 

For example, the positive effect of reach slope on sediment diversity is strongest where 

there is a high difference in sedimentary rock between tributaries (Figure 6.10bii). 

Similarly, sediment size declines with the amount of upstream sedimentary rock, but when 

the amount of sedimentary rock cover is over 80% and limestone is over 20%, there is a 

more dramatic decline in sediment size (Figure 6.10diii). 

6.4 DISCUSSION AND SYNTHESIS 

There are numerous mentions in this thesis of the spatial hierarchy within the river 

system, with small fluvial units nested cumulatively within larger units (Figure 2.1). This 

chapter has identified a nested structure of controls upon physical habitats within reaches. 

High-level controls on physical habitats reflect upland-lowland and upstream-

downstream gradients in reaches, key properties of the river system (Section 6.4.1). 

However, within this high-level structure there is still wide variation in the types and 

diversity of physical habitats present within a reach. The variation is explored in numerous 

methods in this thesis, through the exploration of multiple catchment controls, network 

topology and tributary influences, all of which contribute to the catchment-level effect. 

This chapter highlights that low-level variation is driven by external upstream controls 

(Section 6.4.2) the influence of which varies along the high-level gradient. 
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6.4.1 High-level upland-lowland and upstream-downstream gradients 

There is a clear upland-lowland gradient present in habitat indices evident from the PCA 

results (Figure 6.4) that has been identified in other studies using PCA to explain or 

predict distributions of channel features using subsets of the RHS dataset (e.g. Jeffers, 

1998; Vaughan et al., 2013). The primary principal components (PCs) in previous studies 

were driven by reach variables of altitude, slope (Jeffers, 1998) and stream power (Vaughan 

et al., 2013). Here, the upland-lowland gradient is driven by many variables at multiple 

spatial levels (Figure 6.4a and 6.4b) and the reach-level in isolation does not reflect the 

distribution of sites as well as the multi-level characteristics (Figure 6.5a). This highlights 

the utility of using multiple variables to explain RHS feature distribution as opposed to a 

limited number of variables (e.g. Vaughan et al., 2013), that may be good predictors of 

habitat features but do not explain the key controls on the system (Mac Nally, 2000). 

The waterbody types also reflect the upland-lowland gradient (Section 3.2.4.3; Figure 

6.4b), representing the primary split in the single regression trees (Figure 6.6) and the 

most important variable in the BRT models (Figure 6.8). This may be because waterbody 

type captures not only the upland-lowland gradient but regional controls on reaches  that 

have before been shown to influence RHS habitat features (Harvey et al., 2008b; Vaughan 

et al., 2013; Naura et al., 2016; Table 6.1). These additional variables reflect catchments 

with differing geologies, topographies, climate and land cover whilst at similar positions 

along the upland-lowland gradient. 

While the high-level upland-lowland gradient captures regional trends in boundary 

conditions (Schumm and Lichty, 1965; Figure 2.1), there is variation within similar 

waterbody types (Section 3.2.4.3). This is because in the waterbody typology, a reach at the 

outlet of a waterbody is classified the same as the headwater reach, yet there are an array 

of processes occurring from steep sided valleys upstream to wide floodplain landscapes 

that create a range of habitats within a single waterbody (Schumm, 1977; Vannote et al., 

1980; Church, 2002; Figure 2.2). The second high-level gradient (Figure 6.4a) captures 

variation within catchments rather than between catchments reflecting the upstream-

downstream dimension found in other studies (e.g. Jeffers, 1998; Vaughan et al., 2013).  

Figure 6.4b shows that the waterbody types do not respond to this secondary gradient 

except for large urban waterbodies where large upstream catchment area was a key 

descriptor of this type (Section 3.2.3.2). Reach-level characteristics, on the other hand, 

reflect the upstream-downstream gradient. They are the second most important level of 

variables for explaining physical habitats (Figure 6.8) because in combination with 
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waterbody type, they capture both regional and internal variation in catchments. This is 

evidenced by the single regression trees that show that the first splits in the tree are 

between waterbody types and subsequent splits separate upstream from the downstream 

sites within types based on reach-level characteristics (Figure 6.6).  

The amount of variation explained by reach variables varies along the upland-lowland 

gradient. In upland waterbodies, variation in habitat index values may be explained by 

reach elevation and slope, with downstream sites exhibiting lower habitat values than 

other upland sites. However, variation in the midland and lowland waterbodies may not 

be captured so simply. In these cases, other factors from the upstream network offer a 

more accurate reflection of within catchment variation than upland-lowland gradients 

within catchments. 

6.4.2 Low-level influences from the upstream network 

6.4.2.1 Upstream thinking 
Within catchment variation in habitat type and diversity is not only influenced by high-

level upland-lowland and upstream-downstream gradients, but also the properties of the 

upstream network. For example, low habitat index values are associated with increasing 

amounts of upstream arable (Figure 6.9a, 6.9c and 6.9d) and urban land (Figure 6.9a), 

reducing habitat values in comparison to similar reaches across a range of waterbody types 

(Figure 6.6). The negative effect on habitats is because anthropogenic land covers are 

linked to increases in fine sediments (Wharton et al., 2017), over-widening, straightening 

and dredging practices that create homogeneous channel environments (Sear et al., 2003; 

Walsh et al., 2005). However, the percentage of anthropogenically modified land in the 

upstream network required to cause negative effect differs between urban and arable land 

covers. For example, only a small percentage of urban land upstream causes habitat indices 

to decline (Figure 6.6) however, habitat indices gradually decline with increasing amounts 

of arable land upstream (Figure 6.9). This observation concurs with a study on ecological 

quality in UK waterbodies, which declined sharply with 0-5% urban land cover upstream 

yet declined at a much slower rate with increasing arable land (Smith, 2015). Despite urban 

area taking up a smaller percentage of the UK than agricultural land (which occupies over 

75% of UK land use; Khan et al., 2013), urban land upstream exhibits an strong influence 

on both proximate and distant rivers (Paul and Meyer, 2001). 

Upland catchment characteristics, especially mountain/heath/bog land cover, are also 

associated with sharp increases in habitat indices with only a small percentage present 

upstream (Figure 6.8 and 6.9). This positive effect of natural and upland characteristics 

on habitat features has been shown in other studies (e.g. Feld, 2004; Manfrin et al., 2016) 
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and this study highlights that the positive effect is especially high in lowland reaches that 

typically have low habitat index values (Figure 6.6). This is because upland areas in the 

UK have a higher coarse sediment supply and also greater sediment transport capacity 

(Raven et al., 2010) to transport coarse sediments to reaches downstream, likely improving 

habitat conditions compared to similar sites without an upland influence. However, in 

upland waterbodies, specific upland characteristics have little effect as all sites in these 

waterbodies are influences by upland characteristics (Figure 6.6). 

Despite these noted effects of upstream characteristics, they have little influence on the 

final BRT models compared to waterbody type (Figure 6.8). This may be because 

characteristics nearer to the stream potentially have a greater influence on the reach than 

characteristics in the distal regions of the network, however, a review shows that studies 

find contrasting results (Allan, 2004). For example,  studies in the same region in Michigan 

showed land cover locally upstream of the reach had the greatest influence when sites 

were in catchments with similar land cover characteristics (Lammert and Allan, 1999) yet, 

when sites were in contrasting catchments, catchment-level land cover is more influential 

(Roth et al., 1996). This suggests that both levels are important; the catchment-level for 

determining wider boundary conditions of the catchment, and local upstream 

characteristics for identifying site specific influences. This supports the findings of this 

chapter, identifying high-level and low-level controls on physical habitats. Much research 

on the influence of spatial level on reach features is focused on land cover (Allan, 2004) 

but here upstream geology is also influential in the single regression trees and in the BRT 

models (Figures 6.6 and 6.9). Geology has also previously been related to RHS reach 

features, particularly sediment size and bedform diversity (Emery et al., 2004; Harvey et 

al., 2008b; Naura et al., 2016). These results highlight the importance of upstream thinking 

in studies on river reach functioning as distal influences upstream can be propagated 

downstream through the network. 

6.4.2.2 Network topology impact dependent on catchment conditions 
The network density metrics developed in Chapter 4 (Heasley et al., 2019) are more 

important than many upstream and confluence variables in the BRT models (Figure 6.8) 

suggesting that the network density metrics may help describe variation not explained by 

the high-level gradients in the habitat indices. However, the results from Chapter 5 suggest 

that network density metrics may only have a significant influence under certain 

conditions and the interactions from the BRT model indicate under which conditions this 

may occur. For example, elevation network density only influences flow type speed if there 

is a difference in the mountainous land cover between upstream tributaries. Under these 
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conditions, flow types are faster at high network densities and slower at low densities 

(Figure 6.10ciii). This is supports evidence from Chapter 5 and other empirical studies 

that shows confluences in the network have an influential effect on river reaches in high-

energy environments (Benda et al., 2004a; Rice et al., 2001), whereas confluences in lower 

energy, modified landscapes have less of an impact (Singer, 2008).  

The inclusion of network density improves the explanatory power of the model, but it is 

difficult to identify exactly how network density is influential. From the interactions in the 

model, it is suggested that network density variables have different effects on habitat 

indices if there are large differences in upstream properties, building on the work in 

Chapter 5. Further research to explore this in depth would be beneficial by exploring 

network density effects over a wider range of climates and conditions.  

6.4.2.3 Importance of tributary heterogeneity 
As shown above, the relative contribution from two tributaries as they join at a confluence 

can influence the effect of network density on habitat indices, but also other variables. 

Relative tributary characteristics, or confluence variables, are not very important in the 

BRT models (Figure 6.8) yet they show some of the strongest interactions with other 

variables (Figure 6.10). This demonstrates the importance of considering relative 

tributary characteristics as they can impact habitat substantially under certain conditions. 

For example, where there is a strong urban influence upstream, if an incoming tributary 

has a similar slope to the main channel, flow diversity is unaffected. However, a high slope 

tributary increases flow diversity to near low-urban levels (Figure 6.10aiii). High 

differences in slope between tributaries also increases sediment diversity in 

anthropogenically impacted waterbody types more than other types (Figure 6.10biv). 

This is because of the enhanced transport capacity of the steep incoming tributary creating 

a range of bedforms downstream of the confluence (Debnath et al., 2019; Rice, 1998) that 

may otherwise be missing in the reaches with anthropogenic controls.  

Dissimilarity in geology and land cover between tributaries also induces a positive habitat 

response. Where there is high dissimilarity in land cover and geology types that are shown 

to be detrimental to habitat (Figure 6.9), there is a positive effect on habitat indices. This 

suggests that the negative effect of the tributary with the detrimental characteristic is 

mitigated by the contrasting characteristics of the other tributary. This supports 

observations of ecological improvements where a natural stream joins a modified system 

(Sabo et al., 2018). Certain characteristics can enhance this mitigating effect, for example, 

in steeper reaches dissimilarity in sedimentary geology has more of a positive effect on 

sediment diversity than in reaches with a lower gradient (Figure 6.10bii). There is little 
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evidence for reduced habitat indices as a result of land cover or geology similarity. 

However, under certain conditions (such as where there is low network density, Figure 

6.10ciii) dissimilarity in land covers that primarily have positive effects on habitats (e.g. 

mountain/heath/bog land covers) cause a decline in habitat indices. This supports 

evidence of a negative impact on ecology where poor quality streams join higher quality 

streams (Cooksley et al., 2012). 

Equally sized tributaries are often shown to have positive effects on habitat variables 

downstream (Benda et al., 2004a; Best, 1987; Jones and Schmidt, 2018). There is evidence 

for this in the sediment size BRT model (Figure 6.9d) but some other indices show little 

evidence of this effect (Figure 6.9). The results of the BRT models support the findings 

from Chapter 5, that identified that dissimilarity between tributaries could cause positive 

or negative effects on habitats. The positive or negative effects were found to be influenced 

by relative tributary characteristics, although not strongly. This analysis shows that 

positive or negative effect of a tributary is not solely dependent on relative tributary 

properties, but also the characteristics of the reach and its upstream influences. This 

suggests that the simple probability matrix presented by Jones and Schmidt (2016), that 

predicts an abrupt change downstream of confluences if the tributaries are of  a similar 

size and/or the landscapes are dissimilar, is too simplistic. 

6.4.3 Challenges in predicting physical habitats with catchment-level 
effects 

While the information derived from the tree models provides interesting results from an 

explanatory perspective, which was the objective of this chapter, the predictive power of 

the models is relatively low.  

Both regression tree and BRT models for all habitat indices struggled to predict extreme 

values (Table 6.3; Figure 6.7c) partially because the regression is designed to reduce error 

rather than predict extremes but also because of natural variation and local influences. For 

example, dry flow type speeds may be a result of abstraction, a practice that is more 

prevalent in permeable geologies associated with aquifer waterbodies (Petts et al., 1999) 

which is reflected in the predictions (Figure 6.7b). However, dry flows may also be a result 

of impoundments such as reservoirs which are not directly included in these models.  

The habitat diversity models have particularly low predictive capacity with CV R2 values of 

0.28 and 0.12 compared to habitat type models CV R2 values of 0.36 and 0.47 for flow and 

sediment indices respectively (Table 6.3). This may be because habitat diversity is more 

dynamic and responds to rapid discharge changes and channel vegetation (Padmore, 1997) 
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compared to average habitat type that adjusts over time to dominant reach conditions 

during formative flow events (Bunn and Arthington, 2002). Also, both upstream and 

downstream sites may produce relatively homogeneous channel morphologies and 

habitats if dominated by solely erosional or depositional processes (Schumm, 1977; Figure 

2.2), making diversity hard to predict from the dominant gradients in the variables (Figure 

6.4). Therefore, as habitat diversity indices do not respond to the high-level gradients as 

clearly, unlike average habitat type indices (Figure 6.4), there are inaccuracies in 

prediction (Figure 6.7). Upstream and confluence variables capturing some of the 

additional variation not accounted for by the high-level gradients (Figure 6.8), however, 

homogeneous sites are particularly hard to predict (Figure 6.7), partly because 

homogeneous sites are not only located in relation to anthropogenically modified land 

covers, but also local human modifications not accounted for in this analysis.  

While there are challenges, the objective of this chapter was to build an explanatory model 

to explain patterns of physical habitats using solely GIS-derived variables. This has been 

achieved by improving understanding of high-level influences on physical habitats 

although low-level variation could not be fully accounted for. Solely GIS-derived variables 

were used in the model so that the relationships identified could potentially be 

extrapolated to predict habitats at sites with no survey data. This would be beneficial to 

reduce the need for conducting expensive, time-consuming surveys nationally. However, 

even though the BRT models described in this chapter can explain high-level patterns in 

habitats, they may not be effective as predictive tools. Predictions at non-surveyed sites 

would likely have high inaccuracy as the models would predict broad patterns in physical 

habitats but lack detail at a local level. Although, the inclusion of variables at the local 

level from the RHS surveys (e.g. types of channel modifications) could improve predictive 

performance by capturing some local variation, the resultant model could not be used to 

predict physical habitats at un-surveyed sites. Therefore, an alternative application of the 

models is explored below to better understand how high-level gradients can be combined 

with local knowledge to help strategically target restoration practises. 

6.4.4 River management application of multi-level tree model 

This thesis has focused on explaining broad-scale patterns of physical habitats at a national 

level using GIS-derived data that represent catchment-level effects using data-science 

techniques. As stated previously, such broad methods are often focused on accurate 

prediction, however the focus of this chapter was on explanation. Therefore, here the 

broad-scale patterns identified are combined with local knowledge to explore how an 

individual site is similar to, or different from, other sites with similar catchment-level 



 

156 
 

effects. Thus, the restoration potential of the site can be assessed by identifying how much 

intervention is necessary to make habitat at a site comparable with sites with similar 

influences. Similar applications of predictive regression models are presented by Vaughan 

et al. (2013), that compare sites with similar geomorphic conditions. However, the example 

presented here demonstrates the utility of explanatory models for performing similar tasks 

that include not only measures of reach-level geomorphic processes, but the broader 

catchment context. The example presented below is only intended to be illustrative. 

To explore potential applications of the tree models, sites with similar catchment-level 

effects on flow type speed were identified if they were classified in the same leaf of the 

single regression tree (Figure 6.11a). The single regression trees are used rather than the 

BRT model, as the BRT model was designed as a predictive tool so individual trees are not 

intended to be extracted for this purpose (Brandon et al., 2019). However, the first tree 

modelled by BRT (before subsequent trees were built to explain poorly modelled 

observations; Elith et al., 2008) was comparable to the single regression tree that utilised 

the conservative pruning method to avoid overfitting (Appendix 6A). The tree groups 

sites based on high-level catchment controls, primarily waterbody type, and reach-level 

controls. Here, the flow type speed index is selected to identify sites with similar physical 

biotopes to the sites in question (Figure 2.4) but this methodology could be applied to 

any habitat index of interest. Three RHS sites were selected at random, each within a 

different leaf of the tree (Figure 6.11a), so the selected sites could be compared to other 

sites at similar positions along the upland-lowland and upstream-downstream gradients. 

The selected sites were on the rivers Wansbeck, Ise and Rase.  

Site 1: Wansbeck 
The Wansbeck site is a 4th order stream draining a limestone watershed. Sites with similar 

catchment-level effects to the Wansbeck are upland sites with steep slopes (Figure 6.11a) 

that are distributed in the upland regions of England (Figure 6.11b). The Wansbeck is 

compared to these similar sites to identify how flow type speeds compare to other sites 

and observations from the RHS dataset are used to explain why this may be the case. 

The average flow type speed of the Wansbeck site is lower than the average speed of similar 

sites (Table 6.4). According to the biotope matrix in Figure 2.4 this indicates that the 

Wansbeck site conditions have an average ‘run’ physical habitat, whereas the average flow 

for other similar sites would indicate a faster, shallower ‘riffle’ physical habitat (Padmore, 

1997; Rowntree, 1996). This is important as riffle habitats are critical for fish spawning and 

are often degraded (Plug et al., 2013). 
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Figure 6.11. Example of workflow to compare three RHS sites, the Wansbeck, Ise and Rase to sites 
with similar catchment-level effects on flow type speed. (a) Single regression tree of flow type speed 
from Figure 6.6c using the conservative pruning method, colours indicate the characteristics of each 
of the three sites. (b) Map showing the three RHS sites and sites with similar catchment-level effects. 
(c) Distribution of unit stream power, Habitat Quality Assessment, Habitat Modification Score and 
modification type values within the similar sites. The value for each of the three sites is indicated be 
the arrow. Stars indicate presence of a modification type at the site, if the star is filled in, the 
modification is extensive at the site. 

Aside from the lower flow type speeds, the Wansbeck itself has characteristics relatively 

typical of similar sites, with slightly lower stream power and HQA than other sites, and 

low modification score. However, the site has evidence of extensive bank poaching 

indicating livestock activity at the site and banks have been reinforced (Figure 6.11c). This 

indicates a loss of channel stability due to livestock activity that may have caused channel 

widening (as livestock trample the banks), incision (as livestock trample the cobble bed 

armouring, reducing resistance to vertical erosion) and increases in flow depth during 

peak flows (as livestock trample the soil increasing runoff) (Belsky et al., 1999; Trimble and 
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Mendel, 1995). This may reduce the dominance of faster flow types, such as unbroken 

waves, at the site as the hydraulic control on surface topography is drowned out by deeper 

flows and the bed is broken up by livestock (Padmore, 1997). Limiting livestock access to 

the stream would be a relatively low-cost measure to reduce the effects of poaching, 

however, a field survey to determine if this is the only cause of the comparatively slower 

flow type speeds in the Wansbeck would be necessary. 

Table 6.4. Predicted flow type speed of all similar sites compared to the actual flow type and other 
habitat variables of the selected site. Average flow type speed and sediment size classes indicated in 
italics. 

Site 
Predicted flow 

type speed of all 
similar sites 

Actual habitat index values of the selected site Bankfull 
width at 
site (m) Flow type 

Sediment 
size 

Flow 
diversity 

Sediment 
diversity 

Wansbeck 
4.5  

rippled- 
unbroken wave 

3.8  
smooth – rippled 

7.2 
large cobble 

0.62 0.32 5 

Ise 
3.5  

smooth – rippled 

1.6  
no perceptible flow – 

upwelling 

3.5 
pebble 

0.42 0.00 1.9 

Rase 
3.0  

smooth 
3.1  

smooth 
-1 

sand 
0.18 0.18 8.5 

 

Site 2: River Ise 
The site on the River Ise is a geomorphically homogeneous reach at a moderate elevation, 

draining a sedimentary rock watershed. Sites similar to the Ise are midland sites with little 

to no hard rock geology upstream and moderate slopes (Figure 6.11a). They are primarily 

located in the high elevation regions of the south west and south east, with some sites in 

central England (Figure 6.11b). Other similar sites are dominated by a faster, run habitat 

than the Ise (Table 6.4) which also has lower stream power and habitat quality, and higher 

modification score than similar sites (Figure 6.11c). In particular there is a bridge at the 

site and evidence of resectioning which likely resulted in channel deepening (Environment 

Agency, 2003) producing a predominantly deep, slow, pool habitat (Harvey et al., 2008a). 

This may indicate that the Ise site has potential for restoration to increase faster, shallower 

flow types in the reach to promote habitat diversity.   

Site 3: River Rase 
The site on the River Rase drains a >6000 km2 catchment area and is at a relatively low 

elevation. Sites similar to the Rase are lowland sites with less than 90% arable land 

upstream and low elevation (Figure 6.11a), located in the chalk aquifer and lowland areas 

of England (Figure 6.11b). The Rase itself has a relatively similar unit stream power and 

HQA to other sites but a much higher modification score with extensive evidence of 

bridges, deflectors, reinforcement and resectioning (Figure 6.11c). Despite these extensive 

modifications the Rase has a similar flow type speed compared to other sites (Table 6.4), 
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potentially as a result of the deflectors. Therefore, lessons may be learned from this site to 

identify how flow type speed remains comparable to other similar sites despite the high 

levels of modification.  

The three examples described above highlight how the comparison of a site to other sites 

with similar catchment-level effects may be beneficial for determining if the site in 

question is ‘typical’ of this type of river. Comparison of a site to pristine reference 

conditions is often preferable; for example, the WFD stipulates that the state of a 

waterbody should be compared to reference conditions of a stable ecosystem with an 

absence of human disturbance (Bouleau and Pont, 2015). However, there is a lack of such 

pristine conditions in highly modified landscapes as found in England (Macklin and 

Lewin, 2003). Also, setting goals for restoration based on reference conditions is 

problematic due to the weak distinction between natural variability in the system and the 

effects of human disturbance (Bouleau and Pont, 2015).  

Here, similar sites are not considered as ‘reference conditions’ to restore back to a ‘natural’ 

state. The identification of similar sites based on catchment-level effects is instead 

designed to show the potential of sites for restoration based on sites being influenced by 

similar pressures. This approach adopts a move from an idealised view of restoration to 

the realities of river enhancement in degraded landscapes (Boon, 1992). Using the 

examples above, the flow habitats on the Wansbeck have the potential to be slightly faster 

by tackling the issue of poaching on the bank. The upland channel likely has a greater 

potential for natural recovery (Clarke et al., 2003) so this would likely be a low-cost ‘quick-

win’ for restoration. In comparison, the Ise has much lower flow type speeds than similar 

sites, likely due to channel resectioning. This represents a site that may require more 

extensive restoration measures such as the use of deflectors or bed raising to restore 

variations in depth and slow speed. The site on the Rase reflects a different use of this 

application, by locating a site that is typical of other similar reaches even with extensive 

modifications. Lessons could potentially be learnt from such a site to identify how it 

retains its faster, shallower flow types compared to other modified channels. Such simple 

comparisons in a national context allow for prioritisation of reaches for restoration based 

on an understanding of catchment-level effects. 

6.5 CONCLUSIONS 

This chapter provides a valuable insight into river functioning by combining 

characteristics that represent catchment-level effects at multiple spatial levels, including 

characteristics reflecting the channel network and its confluences that have not before 
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been considered in such studies. The explanatory approach utilised was designed to 

explore the catchment-level effects, and the hierarchy of their interactions, that influence 

physical habitats rather than purely seeking predictive success (Mac Nally, 2000). This 

demonstrates the utility of exploring individual tree structure and interactions to explore 

these controls.  

The modelling exercise identified a dominant upland-lowland gradient that can be 

captured by the waterbody typology developed in this thesis (Chapter 3). Within 

catchments a second gradient of upstream-downstream is present reflecting internal 

catchment functioning. These two high-level gradients are identified in previous studies 

(e.g. Jeffers, 1998; Vaughan et al., 2013), but also reflect two key components of river system 

functioning described in Section 2.1.1. The novelty of this work stems from the inclusion 

of other features that describe low-level variation along these high-level gradients. The 

interactions between low-level characteristics and high-level characteristics shows that 

features of the network and tributaries, that were found to influence habitats in some cases 

(Chapters 4 and 5), increased the predictive power of the models and had a marked 

influence on habitat features under certain conditions.  

It is also clear from the models presented in this chapter that habitat diversity has a more 

complex relationship with catchment-level effects than habitat type, reflecting the 

dynamism of the fluvial system at smaller spatial levels. The ability to explain even broad 

patterns in such variables highlights the utility of using broad-scale monitoring datasets 

for scientific enquiry, the overarching influence of catchment-level effects on river 

reaches, and the need for their inclusion in strategic management applications. 
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C H A P T E R  7  

Summary of findings, conclusions and future work 

This thesis has explored the influence of catchment-level effects on physical habitats 

within reaches across rivers in England. This is because catchment controls on river 

reaches are of known importance but capturing the numerous catchment controls and 

their complex interactions is challenging. This means the true catchment-level effect is 

not included in large-scale studies (see evidence review, Section 2.1.3) or in river 

management. Therefore, an improved understanding of catchment-level effects may 

encourage more holistic integration of catchment-level effects in decision-making to aid 

more strategic management at a national level.  This thesis has explored this issue by 

utilising a data-science approach; using information on physical habitats from numerous 

sites in combination with GIS datasets to explore associations between different 

catchment-level effects at multiple spatial levels. Here, the findings of each chapter are 

briefly summarised (Section 7.1) before the overall conclusions are discussed (Section 7.2). 

Opportunities for further development of the work conducted in this thesis is outlined in 

Section 7.3. 

7.1 SUMMARY OF FINDINGS 

The findings of this thesis are summarised below with respect to the specific objectives of 

each chapter, tabulated in Table 2.4. The number of each objective relates to the chapter 

within which the objective is addressed. 

Objective 3a: To build a typology of catchment-level effects that is practically useful for 

implementation by river managers. 

The work conducted in Chapter 3 met this objective by utilising a machine learning 

technique, self-organising maps (SOMs), to combine multiple natural and anthropogenic 

catchment characteristics into seven WFD waterbody types in England and Wales. The 

SOM method allowed the characteristics of each type to be interpreted visually through 

the production of numerous heatmaps (Figure 3.1d). These heatmaps highlighted 

correlations between variables, anomalies and categorical boundaries making SOM a 

useful method in comparison to classic ordination approaches (Astel et al., 2007; Section 

3.3.1). The seven types were organised primarily along an upland-lowland gradient, but 

also along a heterogeneity gradient from waterbodies with greater topographic roughness 

and dissection to more homogeneous waterbodies (see Section 3.2.4.3 for discussion). The 
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typology is useful for river managers as it is developed using readily available GIS-derived 

data and allows continuous classification of catchment-level effects at a national level (see 

map of the typology classification in Figure 3.2a). It quantifies controls on reaches, rather 

than the response of river reaches, so is a complement to reach-level typologies. 

Objective 3b: To explore how effective a typology of catchment-level effects is at explaining 

physical habitats in river reaches. 

There were significant differences in physical habitat indices and compliance scores 

derived from the RHS dataset between the seven waterbody types (Figure 3.3). Physical 

habitats followed the upland-lowland and heterogeneity gradients identified from the 

SOM. There was variation in habitat indices within each waterbody type, despite statistical 

differences between those waterbody types. This internal variation was hypothesised to be 

a symptom of internal waterbody variation, such as upstream-downstream differences 

within waterbodies (Figure 2.1; Vannote et al., 1980). Therefore, it was concluded that this 

typology would be useful for broad assessment of catchment-level effects and national 

management strategy, whereas reach-level management still requires more detailed 

knowledge of the site for decision-making. 

Objective 4a: To quantify network topology within catchments by creating a metric fit for 

multiple disciplinary use. 

The work in Chapter 4 repurposed two metrics from flood hydrograph estimation 

(network width function, Kirkby, 1976; link concentration function, Gupta et al., 1986) to 

represent the density of links in a network over distance from the outlet and elevation 

above the outlet. The network density metrics captured the width of the network in 

addition to the longitudinal dimension of the network. The longitudinal dimension is 

usually the sole component of the network of interest, commonly represented by stream 

order (Figure 5.1). Network density metrics are easily extracted from a DEM and can be 

computed for any catchment. Chapter 4 tested the effect of the two network density 

metrics on physical habitats in four catchments in England. The results showed that 

network density influenced physical habitats in certain reaches but did not affect overall 

habitat condition in an area (Figure 4.3). Network density outperformed stream order in 

explaining habitat condition. There were also different responses observed between the 

four catchments so further work to identify why certain reaches and catchments are 

affected is conducted in Chapter 5. 
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Objective 5a: To identify how important confluences influence the effect of network 

topology on river habitats.  

The network density metrics from Chapter 4 were calculated for 348 networks in England. 

Areas of high network density were expected to improve habitat condition, as shown in 

some catchments in Chapter 4, due to positive impact from numerous confluences (Benda 

et al., 2004b). However, not all confluences in the network have an effect (Rice, 1998) 

which may explain why only 8-14% networks showed significant correlations between 

network density and habitat indices. The effect of confluences was assessed by comparing 

an RHS site upstream of the confluence to a site downstream for 853 confluences in 

England. Between 23% and 80% of confluences had an important effect on habitats 

depending on the habitat index (Figure 5.9) which is more than previously documented 

(Jones and Schmidt, 2016; Rice, 1998). The effect of confluences on habitat indices helps 

explain how network density is associated with habitats.  For example, when a confluence 

which improved habitat condition was in a high-density area of the network, network 

density was positively related to overall habitat improvement in the area (Figure 5.10). 

However, in some cases local habitat improvements at the confluence did not influence 

overall habitat improvement in the area supporting the results of Rice et al. (2001). These 

results showed that both the effect of the confluence and the density of the network 

influenced the impact of network topology on physical habitat in rivers in England.  

Objective 5b: To investigate which properties of upstream tributaries influence confluence 

importance. 

The second objective of Chapter 5 was met by comparing the effect of confluences on 

habitats with the relative properties of the incoming tributaries. Previous research 

suggested that tributaries of similar size, but dissimilar properties would cause 

confluences to have greater effect on habitats downstream (see Section 5.1.1 and 5.1.2 for 

literature). Relatively weak correlations were identified between tributary properties and 

confluence effect on habitats (Table 5.2) which suggested that tributaries similar in size 

but dissimilar in other properties had the greatest impact on confluence effect, consistent 

with previous work. However, tributary dissimilarity did not always induce a positive effect 

on habitats, contrary to Kiffney et al. (2006). Results showed a tributary with 

anthropogenic land cover could worsen habitats in a comparatively natural stream, 

whereas natural land covers could improve habitats in highly modified streams. This 

analysis was the largest known study on confluence effects documented and highlights 

how in highly modified landscapes, such as England, confluences may reduce habitat 
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quality rather than acting as a ‘hotspot’ of diversity as suggested by others (McClain et al., 

2003). 

Objective 5c: To explore how catchment morphometry influences the effect of network 

topology on river habitats. 

Most work on confluence effects and network structure has been conducted in high energy 

landscapes. One of the seminal theories suggests that more circular catchments will have 

more confluences that affect downstream reach characteristics (Benda et al., 2004b). 

Therefore, the morphometry (elevation and circularity) of the catchment was compared 

to the effect of network density on habitat indices to understand why, in some catchments, 

habitats were influenced by network topology while others were not. Associations between 

morphometry and network density effect were relatively weak, but positive effects of 

network density on habitats were found in more circular and higher energy catchments 

(Figure 5.11) as expected based on previous findings (Benda et al., 2004b; Ferguson et al., 

2006; Rice, 2017). These results showed that the catchment morphometry may influence 

the effect of network topology on river habitats.  

Objective 6a: To use a range of GIS-derived catchment and river properties at different 

spatial levels, to explain patterns of physical river habitats in England. 

The final objective addressed in Chapter 6 combined the waterbody types from Chapter 3, 

the network density metrics from Chapter 4 and the relative tributary properties from 

Chapter 5, along with upstream catchment properties and reach level variables that are 

commonly used in large-scale studies (see evidence review in Section 2.1.3). This chapter 

acts as a synthesis to the thesis by exploring how these multi-level variables interact to 

produce catchment-level effects on physical habitats. This objective was achieved using 

regression tree models and boosted regression trees (BRTs) to explore the hierarchical 

structure of interactions between the multi-level variables. The results showed that most 

variation in physical habitats is explained firstly by the type of waterbody a reach is 

situated in, and secondly by the reach’s position in the catchment. Other features 

including network density and relative tributary properties offered further explanatory 

power under certain conditions highlighting that there are multiple levels of influence and 

interaction within catchment-level effects. The models produced were applied so simple 

comparisons could be made to identify whether an RHS site was ‘typical’ of other sites 

with similar catchment-level effects in order to prioritise potential sites for restoration. 
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7.2 OVERALL CONCLUSIONS 

Three broad aims were introduced in Chapter 1 that reflect the principal foci of this thesis, 

the methods used to address it and the implications for river management. The diagram 

representing the interconnectivity between the aims is shown again in Figure 7.1 and 

concluding remarks with regards to each aim are provided in the sections below. 

 

Figure 7.1. (Reworked Figure 1.1) Diagram showing the flow of the thesis aims towards future work 
and management applications. Connections between the aims described below each arrow. 

7.2.1 Monitoring data can answer scientific questions  

An aim of this thesis was to explore catchment-level effects on river habitats nationally. 

The identification of national patterns is important because many studies focus on a small 

number of sites due to time and resource limitations, but contemporary studies must not 

only aim to expand knowledge, but also find methods of transferring knowledge to many, 

increasingly altered, catchments (Clifford, 2002). Therefore, the limitations of using 

broad-scale monitoring data collected by others for alternate purposes (Wessels et al., 

1998; Section 2.2.1) were deemed acceptable when the reward was numerous data points 

across a range of contrasting catchments.  

The broad-scale RHS dataset had been used in the past for scientific enquiry (e.g. Jeffers, 

1998; Harvey et al., 2008; Vaughan et al., 2013; Naura et al., 2016), and was successfully used 

in this thesis in combination with data-science techniques (including correlation, PCA, 

SOM and BRT) to conduct analysis at the national level so that catchments, networks and 

reaches with different properties could be captured. This was critical to meet the aim of 

the thesis so that comparisons of sites within catchments and between different types of 

catchment could be made. Collecting such data first-hand would not have been possible 

within the time constraints of this PhD. 

The broad-scale approach enabled patterns of catchment-level effects to be identified 

(Chapter 5 and 6) and tools built (Chapter 3 and 4) for England. It also allowed for the 

largest known study of confluence effects to be conducted (Chapter 5). The relatively low 

associations between different catchment-level effects and habitats within the reach 

partially reflect variation in sites and complexity of river processes that are captured by 
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the RHS dataset. For example, associations with average measures of habitat type that 

adjusted to dominant reach conditions (Bunn and Arthington, 2002) were found to be 

stronger than the dynamic nature of habitat diversity (Padmore, 1997) using this data-

science method on broad-scale data. The ability to derive broad patterns from such varied 

data adds credence to the associations identified.  

7.2.2 Catchment-level effects explain patterns of physical habitats 

Catchment-level effects are nebulous and this thesis both simplifies and adds further 

complexity to our understanding. In terms of simplifying the catchment-level effect, 

methods of data reduction including SOMs (Chapter 3) and PCA (Chapter 6) identify a 

gradient in catchment-level effects from upland to lowland which structure broad patterns 

of river habitats. This gradient controls the boundary conditions of  catchments (Schumm 

and Lichty, 1965) which in turn determine the different processes occurring in different 

catchments.  

Currently, a catchment’s geology and land cover are frequently stated in studies but 

research on how findings may be extrapolated to different conditions are often lacking. 

This can lead to ‘myths’ about how river systems function, derived from few studies at 

small spatial scales, becoming guiding principles in river management without a holistic 

understanding of processes under different conditions (Calder and Aylward, 2006; 

Newson, 2010). The results from this thesis demonstrates the need for the inclusion of 

wider catchment characteristics in river research to contextualise results, and in 

management to constrain the outcomes of management activities (Beechie et al., 2010) 

within these boundary conditions. 

Along the upland-lowland gradient there is variation in habitats (Figure 3.3). In this thesis, 

the river network is considered an integrator of catchment-level effects, and variation 

within catchments is often explained by changes occurring from upstream to downstream 

along the river network (Jeffers, 1998a; Vaughan et al., 2013). However, significant 

downstream trends in physical habitats were not present in >80% catchments in England 

(Figure 5.7), which Chapter 4 argues is because not all catchments exhibit a gradual 

change in habitats from upstream to downstream (Figure 4.3). Despite these findings, the 

upstream to downstream gradient is frequently used to describe the changing processes 

downstream (Figure 2.2; Vannote et al., 1980; Church, 2002) and had strong associations 

with habitats when combined with the upland-lowland gradient (Section 6.4.1).  

Yet both these broad trends within and between catchments do not capture the 

complexities of habitat variation present in England. Network topology was found to 
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explain some of this variation (Chapter 4 and 5) and was the focus of this thesis. It is 

mechanistically important component of the catchment, connecting influences from up-

catchment to the downstream channel (Tetzlaff et al., 2007) and causing discontinuities 

in the upstream-downstream gradient (Rice et al., 2001) but is overlooked by most 

previous large-scale studies (see evidence review in Section 2.1.3). Network topology was 

shown to have a weak overall influence on habitats compared to other factors, but it is still 

influential and important under certain catchment conditions (Chapter 6). 

The recurring theme identified in this thesis is that while there are broad trends in habitats 

at the national level, which may be used to simplify our understanding of catchment-level 

effects, there are additional sources of complexity that have not been fully accounted for. 

One source of complexity, network topology, was simplified into metrics that could easily 

be applied in any large-scale study. This was a useful step in capturing some of this 

additional complexity, but there is more work to be done to isolate the influence of the 

network and identify under which conditions it is important.  

7.2.3 Combine regional and upstream thinking for improved reach-level 
management 

Often river management is conducted at the reach level, and while catchment-level effects 

are known to be important (Gilvear et al., 2012), they are not often be considered fully due 

to limited project funding. The location of restoration sites is particularly opportunistic 

(Smith et al., 2014), influenced by sympathetic land owners or funding constraints, rather 

than locating sites where restoration may have maximum effect based on understanding 

catchment-level effects. The results of this thesis highlight the utility of not only upstream 

thinking but regional thinking, i.e. considering what upstream characteristics may 

influence a reach of interest and placing the reach within the wider national context of 

catchment-level effects (Section 6.4.4). Therefore, lessons learnt from the management of 

a reach may be applied and adapted to other regions based on catchment-level effects.   

Results also highlighted the importance of network topology, particularly how the density 

of the network and type of confluences may diminish or enhance anthropogenic effects 

from upstream (Chapter 5). From conversations with practitioners I have found that this 

phenomenon is not considered when designing restoration projects. However, it would be 

beneficial to conserve tributaries that are improving habitat conditions downstream and 

restore tributaries that are worsening habitat conditions to preserve the natural dynamism 

confluences add to the river system. This appreciation of network structure could be used 

to justify restoration works as benefits could be measured downstream rather just in the 

reach in question.  
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The results of this thesis were targeted at river managers via the datasets used to identify 

catchment-level effects (e.g. waterbody boundaries used for WFD compliance and other 

open access datasets) and using habitat variables extracted from the RHS dataset that are 

meaningful to river managers. Also, the development of the typology in Chapter 3 was 

designed to capture enough variation in catchment-level effects within waterbodies to be 

practical and useful to river managers, and the network density metrics in Chapter 4 were 

intended to be simply extracted for any catchment with a dendritic network so the method 

could easily be adopted by others. The multi-level tree model from Chapter 6 is also 

applied to a river management application. These tools and the knowledge gained from 

the analysis may help inform management practices and encourage a more strategic 

approach to catchment and river management. 

7.2.4 Wider significance and future contributions of the research 

This thesis is aligned with and can help deliver current catchment and river management 

approaches in the UK. Approaches such as upstream thinking, catchment visioning, 

nature conservation and designations, assessment of river condition and nature-based 

solutions are discussed below in relation to specific methods and results developed in the 

thesis. 

The waterbody typology developed in Chapter 3 could be used to identify the range of 

waterbody types within a catchment of interest. This approach feeds into catchment-based 

and upstream thinking management approaches, where an initial step in the workflow is 

to use data and evidence to understand the baseline condition of the catchment and 

identify opportunities for improvements to river condition (CaBA, no date). The 

waterbody typology uses a range of catchment characteristics not usually considered by 

baseline assessments for a more holistic baseline including natural and anthropogenic 

controls on river quality.  

The application of the multi-level model in Chapter 6 (Figure 6.11) demonstrates how 

utilising data from all the catchment, network, and reach levels can be used to identify 

sites where river habitat quality is worse than sites with similar controls. The automatic 

identification of such sites may supplement the catchment-based management approach 

by finding potential opportunities for river habitat improvement. This wider 

understanding of the multi-level controls on river habitat quality may also be beneficial 

for assessing river condition. In England, a newly mandated approach aims to achieve a 

net gain in biodiversity for all development projects. Assessments of river condition form 

one component of the Biodiversity Metric 2.0 (Crosher et al., 2019) which measures 
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biodiversity before and after development. The river condition assessment method builds 

on the pre-existing MoRPh survey (Gurnell et al., 2018, 2019; Shuker et al., 2017) to 

undertake field observations of physical habitats and features. These are combined with 

morphological assessments of longer subreaches and river condition is then evaluated 

within the context of the reach-scale geomorphological river type (Gurnell et al., in 

review).  The multi-level approach used in this thesis enables users of the Biodiversity 

Metric 2.0 to be realistic in setting post-development values by comparing the site in 

question to other sites with similar controls to estimate how much improvement is 

feasible.   

While the multi-level model considers a range of different elements of the river system, 

there is also utility in focusing on the network density metrics developed in Chapter 4 

alone. The range of habitats created at confluences and the presence of a greater number 

of tributaries in high density areas of the network indicate that these areas possess more 

refugia for aquatic biota during high flows (Koizumi et al., 2013). Therefore, high areas of 

network density could be considered for  protection or designation as   zones of catchment 

resilience  in the face of a changing climate where high flows are increasing in many 

‘natural’ rivers in England (Harrigan et al., 2018). The network density metrics also provide 

an approximate hydrograph for the catchment outlet as they were adapted from flood 

estimation methods. High network density areas therefore indicate the sections of the 

river network that may contribute to flood synchronisation. Natural Flood Management 

measures (nature-based solutions such as tree planting, implementing woody dams, 

restoring meanders etc.; Environment Agency, 2018b) may therefore be targeted in 

network dense areas to slow flows and help de-synchronise the flood peak. 

The spatial nature of all components developed in this thesis mean that they may add 

additional dimensions to catchment visioning which displays the catchment and its 

features visually for improved communication with stakeholders (Taigel, 2016). 

Furthermore, the national extent of the metrics and datasets developed means that they 

may be applied in multiple catchments for streamlined and consistent assessment of 

catchment-level effects on river habitats.   

7.3 OPPORTUNITIES FOR FUTURE WORK 

Catchment-level effects on physical habitats in river reaches are complex. This thesis has 

improved understanding of some of these effects but several opportunities for future work 

are proposed: 
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(1) There are known limitations to the RHS database, with two in particular affecting the 

physical habitat indices used in this thesis (Table 2.2): (i) surveys were conducted 

within a 500m reach so different numbers of pool-riffle sequences are captured 

depending on river size (Emery et al., 2004) which systematically influenced the 

habitat indices and; (ii) it was not possible to accurately calculate total habitat 

diversity as only dominant habitats are recorded at spot-checks, leaving marginal 

habitats such as backwaters unrecorded. While this thesis was still able to explain 

broad patterns in river habitat distribution across England, a useful development of 

this work would be to repeat some of this analysis with the MoRPh dataset (Shuker et 

al., 2017) which has been growing in size and spatial coverage over the past three years. 

MoRPh varies survey length with river size to avoid the issues with one standard 

survey length and records all observed habitats for more accurate measures of 

diversity. It would be interesting to see whether the patterns observed in this thesis 

hold true, and whether the predictive capacity of the multi-level model improves or 

declines with more accurate data. 

 

(2) Further work to isolate the influence on network topology would be a useful 

development. This thesis has shown how the network could be included in large-scale 

studies but future studies might explore how the density of important tributaries 

(rather than all tributaries as explored in Chapter 4) influences habitats, building on 

the observations made in Chapter 5 and the work of the Network Dynamic Hypothesis 

(Benda et al., 2004b), and how this may vary between catchments with different 

properties. 

 

(3) A hypothesis during the development of Chapter 5 was that confluences could be 

hotspots of catchment-level effects, reflecting characteristics in the upstream 

tributaries. This effect has been observed at individual confluences (Figure 5.4b) but 

no strong associations between tributary characteristics and confluence effects were 

identified using the national dataset in Chapter 5. Further work should identify 

whether the conditions at a confluence could be symptomatic of the processes 

occurring in their upstream tributaries by exploring additional variables and non-

linear relationships between tributary properties and confluence effects. This would 

be useful to identify both which characteristics influence confluence effect and 

monitoring sites to detect changes upstream.  
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(4) This work did not consider the temporal dimension of catchment-level effects to 

instead focus on spatial patterns of river habitats. However, key drivers such as 

climate and land cover are likely to change over decadal time scales (Gurnell et al., 

2016) with growing pressures of climate change and population growth in the UK 

(Environment Agency, 2018a). It would be interesting to explore how predicted 

changes in these characteristics would impact catchment-level effects on physical 

habitats at a national level in England in order to target resources at high-risk areas. 

 

Overall, the work presented in this thesis provides a novel contribution to river science by 

exploring key processes in the fluvial system in new ways using broad-scale data. This 

research was conducted with the backdrop of application to river management and this 

and future research should contribute to providing a holistic understanding catchment-

level effects on river reaches for truly integrated river management. 
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Appendices 

Appendix numbers reflect the chapter in which the Appendix is first mentioned. 

Appendix 2A. Papers selected from the quick scoping review.  
 Author Title Location 

1 (Lindholm et al., 
2018) 

Different species trait groups of stream diatoms show divergent responses to 
spatial and environmental factors in a subarctic drainage basin 

Finland 

2 (de Castro et al., 
2017) 

Landscape variables influence taxonomic and trait composition of insect 
assemblages in Neotropical savanna streams 

Brazil 

3 (Benone et al., 
2017) 

Regional controls on physical habitat structure of amazon streams Brazil 

4 (Pandolfo et al., 
2016) 

Species traits and catchment-scale habitat factors influence the occurrence of 
freshwater mussel populations and assemblages 

NC, USA 

5 (Leal et al., 2016) Multi-scale assessment of human-induced changes to Amazonian instream 
habitats 

Brazil 

6 (Manfrin et al., 
2016) 

A landscape-based predictive approach for running water quality assessment: 
A Mediterranean case study 

Italy 

7 (Pearson et al., 
2016) 

Resolving large-scale pressures on species and ecosystems: propensity 
modelling identifies agricultural effects on streams 

UK 

8 (Jähnig et al., 
2015) 

Community-environment relationships of riverine invertebrate communities in 
central Chinese streams 

China 

9 (Buendia et al., 
2013) 

Reach and catchment-scale influences on invertebrate assemblages in a river 
with naturally high fine sediment loads 

Spain 

10 (de Paula et al., 
2013) 

Influence of forest cover on in-stream large wood in an agricultural landscape 
of south eastern Brazil: a multi-scale analysis 

Brazil 

11 (Atkinson et al., 
2012) 

Scale-dependent longitudinal patterns in mussel communities AR and OK, 
USA 

12 (King et al., 2012) Catchment topography and wetland geomorphology drive macroinvertebrate 
community structure and juvenile salmonid distributions in south-central 
Alaska headwater streams 

AK, USA 

13 (Hutchens et al., 
2009) 

Multi-scale mechanistic indicators of Midwestern USA stream 
macroinvertebrates 

MI and MN, 
USA 

14 (Skoulikidis et al., 
2009) 

Identifying key environmental variables structuring benthic fauna for 
establishing a biotic typology for Greek running waters 

Greece 

15 (Thompson et al., 
2008) 

A catchment-scale model of mountain stream channel morphologies in 
southeast Australia 

Australia 

16 (Frappier and 
Eckert, 2007) 

A new index of habitat alteration and a comparison of approaches to predict 
stream habitat conditions 

NH, USA 

17 (Parsons and 
Thoms, 2007) 

Hierarchical patterns of physical-biological associations in river ecosystems Australia 

18 (Karaouzas et al., 
2007) 

Land use effects on macroinvertebrate assemblages and stream quality along 
an agricultural river basin 

Greece 

19 (Mugodo et al., 
2006) 

Local stream habitat variables predicted from catchment scale characteristics 
are useful for predicting fish distribution 

Australia 

20 (Zorn and Wiley, 
2006) 

Influence of landscape characteristics on local habitat and fish biomass in 
streams of Michigan's Lower Peninsula 

MI, USA 

21 (Woodcock et al., 
2006) 

Land-use effects on catchment- and patch-scale habitat and 
macroinvertebrate responses in the Adirondack uplands 

NY, USA 

22 (Maloney et al., 
2005) 

Influence of catchment-scale military land use on stream physical and organic 
matter variables in small south eastern plains catchments (USA) 

GA, USA 

23 (Emery et al., 
2004) 

Characteristics and controls of gravel-bed riffles: An analysis of data from the 
river-habitat survey 

UK 

24 (Death and Joy, 
2004) 

Invertebrate community structure in streams of the Manawatu-Wanganui 
region, New Zealand: the roles of catchment versus reach scale influences 

New Zealand 

25 (Feld, 2004) Identification and measure of hydromorphological degradation in Central 
European lowland streams 

Europe 

26 (McRae et al., 
2004) 

Reach- and catchment-scale determinants of the distribution of freshwater 
mussels (Bivalvia: Unionidae) in south-eastern Michigan, USA 

MI, USA 

27 (Townsend et al., 
2003) 

The influence of scale and geography on relationships between stream 
community composition and landscape variables: description and prediction 

New Zealand 

28 (Davies et al., 
2000) 

Prediction and assessment of local stream habitat features using large-scale 
catchment characteristics 

Australia 

29 (Richards et al., 
1997) 

Catchment and reach-scale properties as indicators of macroinvertebrate 
species traits 

MI, USA 
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Appendix 3A. Selecting the number of SOM clusters 

Hierarchical clustering was applied to the SOM output to identify typology classes. The 

Davies-Bouldin index, a measure of clustering quality, indicates that 5, 7 or 15 clusters are 

preferable as a result of the low index values (Figure 3A1a). The index suggests five clusters 

are statistically optimal, but this number was not selected as the complexity of catchment 

characteristics that influence river functioning (Table 3.2) is not sufficiently captured for 

management purposes. For example, if five clusters are selected, groundwater dominated 

waterbodies and highly seasonal catchments would not be classified into separate 

waterbody types (Figure 3Ab). On the other hand, fifteen clusters reflect subtle variations 

within types (as indicated by high U-matrix values; Figure 3.1b) producing a finer 

classification, primarily along the vertical gradient of the grid (Figure 3Ab). This 

additional level of detail does not add much further representation of catchment controls 

useful for management and so was considered too complicated. Therefore, seven clusters 

are selected to create seven waterbody types (Figure 3.1c).  

 

Figure 3A. Identifying the appropriate number of clusters to represent waterbody types: (a) Low 
Davies-Bouldin Index values indicate the optimum number of clusters. (b) Boundaries of 5, 7 and 15 
waterbody types, the numbers of clusters with the lowest Davies-Bouldin index values, plotted on the 
SOM grid from Figure 3.1. Seven types were selected based on expert judgement for the intended 
purpose, described in the text. Names of the selected seven waterbody types reflect the characteristics 
of the type, see Figure 3.1.
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Appendix 3B. Impact of grid-shape on SOM outputs 

SOM maps were produced for different grid dimensions (Figure 3B) to identify how much 

of an impact this has on the results. All grids have 336 cells. The number of cells was 

estimated in the same manner as the paper where the number of cells is approximately 

equal to 5√𝑁 where 𝑁  is the number of samples (Vesanto, 2000). The grid with 12 x 28 

dimensions reflect the ratio of the two largest eigenvalues of the input variables, the 

method of grid dimension estimation used in the paper (Park et al., 2006). These grid 

dimensions produce maps where all cells contain waterbodies, a clear gradient from low 

to high elevation (from top to bottom of the map) and a grouping of hard rock geology.  

In the squarer grid (16 x 21), not all cells are populated by waterbodies (indicated by two 

grey cells). The elevation heatmap also shows a gradient from low to high elevation (from 

top right to bottom left), however there are anomalous high-elevation cells in the top right 

corner. This is also the case for many of the continuous variables not shown in Figure 3B. 

The hard rock heatmap is also split into three distinct categories at the corners of the map, 

suggesting again that there may be anomalies in grouping the most similar waterbodies 

together.  

The elongated rectangular grid (8 x 42) is the worst SOM grid shape. The count map shows 

that most waterbodies are grouped within five cells containing up to 150 waterbodies so 

the map cannot represent variation in waterbody characteristics. The elevation and hard 

rock heatmaps are scattered with no clear patterns. It is therefore concluded that the 

original 12 x 28 grid is the best representation of the catchment characteristics. 
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Figure 3B. An example of SOM results for different sizes of lattice grid: 12 x 28, 16 x 21 and 8 x 42. 
Results are count maps (left column) which show the number of waterbodies classified in each output 
neuron and heatmaps showing the values of a continuous input variable (elevation; centre column) 
and a categorical input variable (hard rock geology; right column) for each output neuron. Only two 
variable heatmaps are displayed for clarity showing how each SOM map deals with continuous and 
categorical variables 
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Appendix 3C. Model code for SOM clusters 

The R code below can be used to conduct SOM analysis on the 22 catchment 

characteristics from the dataset ‘charac’ and conduct hierarchical clustering. 

#data 
## One row for each waterbody, first column waterbody ID,  
## remaining columns each of the 22 catchment characteristics  
head(charac) 
 
#Preparation for SOM 
data=charac[,-c(1)] 
n_iterations = 10000  
recalculate_map = T 
recalculate_no_clusters = T 
 
data_list=list() 
distances = vector() 
data.nam<-names(data) 
data_list[['data.nam']] = scale(data[,data.nam])    
distances = c( distances, 'euclidean')  
 
#Create grid to map SOM 
som_grid = kohonen::somgrid(xdim=12,ydim=28,topo="hexagonal") 
 
#Conduct SOM  
som_model = kohonen::supersom(data_list,  
                              grid=som_grid, 
                              rlen= n_iterations, 
                              alpha = 0.05, 
                              normalizeDataLayers = FALSE, 
                              dist.fcts = distances) 
 
#Hierarchical clustering 
codes = tibble(layers = names(som_model$codes),codes = som_model$codes ) %>% 
  mutate(codes = purrr::map(codes, as_tibble)) %>% 
  spread(key = layers, value = codes) %>% 
  apply(1, bind_cols) %>% .[[1]] %>% as_tibble() 
dist_m<-dist(codes) %>% as.matrix()    
dist_on_map<-kohonen::unit.distances(som_grid)  
dist_adj = dist_m ^ dist_on_map #produce distance matrix for clustering 
 
clust_adj = hclust(as.dist(dist_adj), 'ward.D2') 
som_cluster_adj = cutree(clust_adj, 7) 
 
#Un-scale variables for plotting heatmaps 
x<-1:22 
 
for(i in x){ 
  df<-aggregate(as.numeric(data[,i]), by=list(som_model$unit.classif), 

FUN=mean, simplify=TRUE)[,2] 
  assign(paste("unscaled",i, sep=""),df) 
} 
 
dfs<-list(unscaled3,unscaled4,unscaled6,unscaled5,unscaled7,unscaled8, 

unscaled2, unscaled1, unscaled13, unscaled10, unscaled11, unscaled9, 
unscaled12, unscaled14, unscaled15, unscaled16, unscaled17, unscaled21, 

       unscaled18, unscaled22, unscaled19, unscaled20) 
nums<-c(3,4,6,5,7,8,2,1,13,10,11,9,12,14,15,16,17,21,18,22,19,20) 
 
#plot heatmaps 
par(mfrow=c(5,5),cex=0.9, mex=1)         
plot(som_model, type="counts", palette.name=plasma, heatkeywidth=1,  

main="Count")   
plot(som_model, type="dist.neighbours", palette.name=plasma, heatkeywidth=1, 

main="U-matrix")  
for(i in dfs){ 
  for(j in nums){ 
    plot(som_model, type="property", property=i, main=names(data)[j], 
palette.name=viridis,heatkeywidth = 1) 
  }  
} 
plot(som_model, type = "property", property=som_cluster_adj, palette.name= 
plasma, pchs = NA, main="Clusters",heatkeywidth = 1) 
add.cluster.boundaries(som_model, som_cluster_adj) 
dev.off()
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Appendix 4A. Method for removal of anabranches 

The paper uses CEH’s 1:50,000 blue-line river network map (Moore et al., 1994) for 

calculating the network density metrics. The paper describes the removal of anabranches 

from the network to obtain a dendritic network required for creation of the network 

density metrics (Section 4.2.2.2). Here, this process is described in more detail.  

 

–– Original river network 

–– Anabranching section 

 

DTM accumulation 

• RHS site 
 

1: Identify anabranching section of network 

with RivEX ‘find loops’ tool. 

 

2: Overlay cells with high flow 

accumulation (shown in grey). 

 

3: Remove braiding to ensure topological 

connection remains with tributaries (e.g. 

Chitterine Brook) so the channel follows 

flow accumulation cells where possible. 

Figure 4A. Process of manually removing braiding from section of River Wylye, a tributary of the 
Avon in Hampshire, including RHS surveys as black points. 

 

The topology of the network was first quality controlled using the RivEX (Hornby, 2010) 

extension for ArcMap, by ensuring there is no double digitation and self-intersection of 

network links and no sources or cycles within the network. Anabranching channels are 

identified and corrected using the steps in Figure 4A. The topology of the network was 

maintained by ensuring that tributaries still connected to the main channel. Links in the 

network that overlay cells with high flow accumulation (identified from the Integrated 

Hydrological DTM; Morris and Flavin, 1994) are the preserved as they are topographically 

distinct so likely to be the main channel. The location of RHS sites on the network is also 

considered and channels that intersect sites are retained where possible.
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Appendix 5A. Anabranch removal protocol for river network in England  

When the network metrics were developed in Chapter 4, anabranches in the networks of 

the DTCs were manually removed (Appendix 4A). However, this is impractical when 

dealing with the entire river network of England. Therefore, RivEX (Hornby, 2010) is used 

in ArcGIS v10.3 to identify anabranches in the network using the ‘find loops’ function. 

Anabranches made up of over 50 links are manually simplified to a dendritic network 

structure based on flow pathways identified from the IHDTM (Morris and Flavin, 1990, 

1994)  (as per the manual method). The number of links in anabranches with under 50 

links was set to one to reduce the number of excess links influencing network density 

calculations but retaining the presence of the network in these areas.  

Appendix 5B. Code for calculating network density metrics for catchments in England 

The R function below can be used to calculate network density for catchments in England 

from the dataset ‘net.data’ where each row contains the information for an individual link 

extracted from RivEX. 

#data 
head(net.data) 
##CatchID - individual ID for each catchment 
##RivID - individual ID for each link in the river network 
##LoopID - indiviudal ID for each loop identified with the RivEX'LoopID' tool  
##ElevM - elevation at the downstream end of each link in m 
##DistKM - distance from the downstream end of each link to the mouth in km 
 
#network density function 
netdens.func<-function(data,var){ 
   
  names(data)[names(data)==var]<- "var"##rename the selected variable 
   
  ##calculate 5% distance or elevation bands 
  max<-aggregate(data$var, list(data$CatchID), max)  
  min<-aggregate(data$var, list(data$CatchID), min)  
  names(max)<-c("CatchID", "max" ) 
  names(min)<-c("CatchID", "min" ) 
  join<-left_join(data,max,by="CatchID") %>% left_join(.,min,by="CatchID") 
  join$width<-0.05*(join$max-join$min) 
  join$norm<-(join$var-join$min)/(join$max-join$min) 
  join$class<-round_any(join$norm, 0.05, ceiling) 
 
  ##Produce number of links in each class for dendritic network by calculating 
  ##the number of links in each band that are not dendritic (loops) 
  ##while retaining a single link in each 'loop' to retaining network topology 
  noloops<-join[(join$LoopID==0),] 
  noloops<-noloops %>% group_by(CatchID,class) %>%  
    summarise(numnolooplinks = n(), width=max(width))  
   
  onlyloops<-join[!(join$LoopID==0),]  
  onlyloops<-onlyloops %>% group_by(CatchID,class) %>%  
    summarise(numonlyloops=n_distinct(LoopID))    
   
  net<-full_join(noloops, onlyloops, by=c("CatchID","class"))      
  net$numonlyloops[is.na(net$numonlyloops)]<-0     
  net$numlinks<-net$numnolooplinks+net$numonlyloops   
   
  ##Calculate network density 
  net$netdensity<-(net$numlinks/net$width)     
  net<-net %>% group_by(CatchID) %>% mutate(normnetdensity= 
   (netdensity-min(netdensity))/(max(netdensity)-min(netdensity))) 
  net<-net[,c(1,2,7,8)] 
  return(net)} 
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#Calculate distance and elevation network density  
distdens<-netdens.func(data=net.data, var="DistKM") 
elevdens<-netdens.func(data=net.data, var="ElevM") 
 
#Select only one catchment to plot density histogram, 
## e.g. Tamar 
eg.distdens<-netdens.func(data=tamar, var="DistKM") 
 
ggplot(eg.distdens, aes(x=class,y=netdensity))+  
geom_bar(stat="identity")+ 
xlab("Distance to outlet (5% class)")+  

  ylab("Distance network density")+     
  theme_bw() 
 
 

 

 

Appendix 5C. Tributary property extraction using 100m buffer 

Buffer widths from 100m to several hundred meters on both banks are common spatial 

scales used to relate landscape variables to stream condition (Allan, 2004). A buffer width 

of 100m was chosen to minimise buffer overlap as the network converges (Figure 5Ci). 

While catchment controls within the buffer do not capture the entire catchment effect, it 

is a consistent method that is more practical than computing a watershed boundary for 

every link in England’s river network, a process that is dependent on the accuracy of the 

DEM (Lindsay and Evans, 2008; Pryde et al., 2007) and would require rigorous and time 

consuming quality control at this broad level.  

Figure 5C. Example of the 100m buffer around the stream network used to extract upstream 
properties of each tributary: (i) areas of overlap in the buffer indicated; (ii) Thiessen polygons used to 
remove the overlap. 

While the choice of a 100m buffer minimised buffer overlap, overlap is still present at 

confluences and is worse where tributaries are close together or if the incoming tributaries 

have a low confluence angle (Figure 5Ci). Therefore, Thiessen polygons are calculated to 

segment the buffer with the area nearest in Euclidean distance to each link in the network 

(Figure 5Cii). For each tributary entering the confluence, the total area covered by each 

land cover or geology class within the Thiessen segments of the 100m buffer is summed so 

percentage cover can be compared between the incoming tributaries.  
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Appendix 6A. Different pruning methods for single regression trees 

Different pruning methods have negligible effect on predictive capacity of single tree 

models. However, pruning method 1 (tree pruned at number of splits at minimum cross-

validation error) provides more accurate predictions according to the model evaluators 

(Method 1 R2 = 0.08-0.41 compared to Method 2 R2 = 0.07-0.39) and of extreme observed 

values than the more conservative pruning method 2 (tree pruned at lowest number of 

splits within 1 standard deviation of minimum cross-validation error) (Figure 6A). 

Therefore, single tree models plotted in Figure 6.6 are based on pruning method 1. 

However, method 1 may overfit the model to the training data so the branches retained in 

pruning method 2, and therefore have more confidence in, are indicated in Figure 6.6.  

 

Figure 6A. Observed vs predicted values for each habitat index for (a) pruning method 1 and (b) 
pruning method 2. R2 values presented in corner of each plot.
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Appendix 6B. Model tuning parameters  

Varying model tuning parameters (LR – learning rate and TC – tree complexity) to identify 

optimum number of trees for building the final BRT model (Table 6B). Optimal models 

must have at least 1000 trees according to Elith et al.’s (2008) rule of thumb. 

Table 6B. Number of trees and deviance of BRT models built with different combinations of model 
tuning parameters (LR and TC). The optimal models, with the lowest mean deviance, are highlighted 
in yellow. 

(a) Flow diversity  (b) Sediment diversity 

LR TC 
Numbe

r of 
trees 

Mean 
devianc

e 

Std. dev. 
devianc

e 
 LR TC 

Numbe
r of 

trees 

Mean 
devianc

e 

Std. dev. 
devianc

e 

0.005 3 5450 0.0408 0.0003  0.005 3 3850 0.0502 0.0003 

0.01 3 4550 0.0406 0.0006  0.01 3 3150 0.0501 0.0003 

0.05 3 1750 0.0404 0.0004  0.05 3 1050 0.0500 0.0003 

0.005 5 4950 0.0405 0.0004  0.005 5 3800 0.0500 0.0003 

0.01 5 3800 0.0403 0.0004  0.01 5 2950 0.0499 0.0004 

0.05 5 1200 0.0403 0.0004  0.05 5 950 0.0499 0.0004 

0.005 7 4300 0.0404 0.0004  0.005 7 3700 0.0499 0.0004 

0.01 7 3400 0.0401 0.0005  0.01 7 2600 0.0498 0.0003 

0.05 7 750 0.0403 0.0006  0.05 7 700 0.0498 0.0004 

           

(c) Flow type speed  (d) Sediment size 

LR TC 
Numbe

r of 
trees 

Mean 
devianc

e 

Std. dev. 
devianc

e 
 LR TC 

Numbe
r of 

trees 

Mean 
devianc

e 

Std. dev. 
devianc

e 

0.005 3 8100 0.8636 0.0116  0.005 3 10000* 6.3672 0.0963 

0.01 3 6950 0.8551 0.0151  0.01 3 7650 6.2688 0.1029 

0.05 3 4100 0.8450 0.0135  0.05 3 3600 6.1798 0.1056 

0.005 5 8450 0.8453 0.0123  0.005 5 8750 6.1804 0.1112 

0.01 5 6750 0.8381 0.0160  0.01 5 6950 6.0993 0.1110 

0.05 5 2800 0.8362 0.0122  0.05 5 2200 6.1270 0.0996 

0.005 7 7150 0.8402 0.0106  0.005 7 8100 6.1228 0.1043 

0.01 7 5850 0.8328 0.0151  0.01 7 5250 6.1325 0.1464 

0.05 7 2050 0.8364 0.0146  0.05 7 1850 6.0888 0.0853 

*Optimal trees never reached 
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Appendix 6C. Code for calculating BRT model 

The R code below used to produce the BRT models. The code to identify the optimal tree 

settings was adapted from code in Elith et al. (2008) using the ‘dismo’ v.1.1.4 package 

(Hijmans et al., 2017) and the selected models were built in the ‘gbm’ v.2.1.5 package 

(Brandon et al., 2019). One example of the flow type diversity index is provided here but 

the method was repeated for all four habitat indices. 

#data 
## Rows for each RHS site, columns contain RHS site ID, flow diversity at the  
## site and variables from reach to catchment-levels 
head(data) 
 
#Choosing optimal number of trees using 'dismo' package by Elith et al. (2008) 
## learning rate and tree complexity varied to determine optimum tree number 
 
hyper_grid <- expand.grid( 
  learning.rate = c(0.005,.01, .05),   
  tree.complexity = c(3, 5, 7),  
  optimal_trees = 0,                
  mean_dev = 0,                      
  std_dev = 0                      
) 
 
for(i in 1:nrow(hyper_grid)) { 
  set.seed(123) 
   
  # train model 
  gbm.tune <- gbm.step( 
    data=dat.SS,  
    gbm.x = 3:38, #predictors 
    gbm.y = 2,    #response 
    family = "gaussian", 
    tree.complexity = hyper_grid$tree.complexity[i],     
    learning.rate = hyper_grid$learning.rate[i],    
    bag.fraction = 0.75,    #75% data used for training 
    plot.main = F,        
    n.folds = 10)  
   
  # extract min training error and number of trees to grid 
  hyper_grid$optimal_trees[i] <- length(gbm.tune$trees) 
  hyper_grid$mean_dev[i] <- gbm.tune$cv.statistics$deviance.mean 
  hyper_grid$std_dev[i] <- gbm.tune$cv.statistics$deviance.se 
} 
 
#Build selected models in 'gbm' package 
set.seed(1234) 
mod<-gbm(FlowDiversity~.,data=data[,c(2,3:38)], distribution="gaussian", 

cv.folds=10, keep.data=T, verbose=T, interaction.depth=7, 
shrinkage=0.01, bag.fraction=0.75, n.trees=3400)   

   
#Model stats – R squared, Root Mean Squared Error and deviance 
## train: model prediction tested between observed and final model predictions 
## cv: model prediction tested between observed and data held-back in  
## cross-validation 
 
BRT.stats<-function(model, dat, x){ 
  output<-data.frame( 
    habitat.index=colnames(dat)[x], 
    train.R2=(cor(model$fit,dat[,x]))^2,  
    train.rmse=caret::RMSE(model$fit,dat[,x]),   
    train.dev=calc.deviance(model$fit,dat[,x],calc.mean=T, family="gaussian"), 
    cv.R2=(cor(model$cv.fitted,dat[,x]))^2,      
    cv.rmse=caret::RMSE(model$cv.fitted,dat[,x]),   
    cv.dev=calc.deviance(model$cv.fitted,dat[,x],calc.mean=T, 
           family="gaussian")) 
} 
 
stats<-BRT.stats(model=mod, dat=data, x=3)   
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Appendix 6D. PCA loadings 

Loadings of each control variable in the PCA analysis (Figure 6.4a and 6.5) and the 

percentage variance explained by the top three principal components (PCs) (Table 6D). 

Only two PCs are reported for Reach PCA (Figure 6.5a) as the third has an eigenvalue <1.  

Table 6D. PC loadings for (i) full PCA including all variables, (ii) reach PCA including only reach-
level variables and (iii) non-reach PCA including variables above reach-level. Strongest positive 
(yellow) and negative (blue) variable loadings for each PC highlighted. 

 (i) Full PCA  (ii) Reach PCA  (iii) Non-reach PCA 

 PC1 PC2 PC3  PC1 PC2  PC1 PC2 PC3 

Variance (%) 12.14 9.49 6.38  30.31 21.38  12.20 9.78 7.52 

Rch.Confluenc
e 

-0.08 0.03 -0.07  0.05 -0.45     

Rch.Area -0.05 -0.18 -0.06  0.31 0.52     

Rch.Slope 0.27 0.03 0.03  -0.47 0.15     

Rch.Order 0.03 -0.33 0.01  0.32 0.60     

Rch.Elevation 0.38 0.17 0.08  -0.64 0.22     

Rch.Distance 0.15 0.13 0.10  -0.41 0.31     

Rel.Shreve 0.03 -0.34 -0.02     0.13 -0.22 0.00 

Rel.Arable -0.18 -0.17 0.00     -0.14 -0.27 -0.06 

Rel.Chalk -0.11 -0.02 -0.10     -0.12 -0.07 -0.14 

Rel.Hard 0.14 -0.12 -0.08     0.21 -0.06 -0.04 

Rel.ImpGrass 0.04 -0.24 0.06     0.11 -0.26 0.03 

Rel.Mount 0.30 -0.15 0.06     0.37 0.00 0.11 

Rel.Lime 0.12 -0.21 -0.07     0.19 -0.16 -0.10 

Rel.Sed -0.02 -0.31 -0.23     0.09 -0.32 -0.30 

Rel.Sand -0.02 -0.32 -0.26     0.09 -0.34 -0.34 

Rel.NatGrass 0.32 -0.11 -0.02     0.39 0.04 0.05 

Rel.Urban -0.13 -0.09 0.02     -0.11 -0.15 -0.04 

Rel.Wood 0.03 -0.15 -0.13     0.10 -0.16 -0.16 

Rel.Area -0.05 -0.22 0.44     -0.01 -0.34 0.39 

Rel.Slope -0.08 -0.18 0.33     -0.05 -0.29 0.27 

Rel.Power -0.06 -0.24 0.45     -0.01 -0.37 0.39 

Ups.Arable -0.31 0.12 -0.06     -0.36 0.02 -0.07 

Ups.Chalk -0.17 0.16 -0.14     -0.22 0.11 -0.14 

Ups.Hard 0.22 0.03 -0.06     0.24 0.13 0.01 

Ups.ImpGrass 0.05 -0.15 0.11     0.10 -0.14 0.09 

Ups.Mount 0.31 0.07 0.09     0.27 0.17 0.12 

Ups.Lime 0.21 -0.05 -0.02     0.22 0.01 -0.02 

Ups.Sed -0.09 0.01 0.35     -0.12 -0.02 0.35 

Ups.Sand -0.02 -0.18 -0.31     0.05 -0.20 -0.37 

Ups.NatGrass 0.32 0.00 -0.06     0.35 0.15 0.02 

Ups.Urban -0.12 -0.02 0.02     -0.12 -0.08 -0.02 

Ups.Wood 0.04 -0.07 -0.16     0.09 -0.08 -0.18 

Net.D.Density 0.06 0.21 0.05     -0.01 0.15 0.02 

Net.E.Density -0.01 0.05 0.06     -0.03 0.02 0.03 
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Appendix 6E. Matrices of interaction strength between variables in the BRT model for each habitat index. 
Figure 6Ea. Interaction strength for the flow diversity BRT. Values are relative within the model. Colour indicates strength of interaction.  
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Rch.Area 0                                  
Rch.Slope 0.01 0                                 

Rch.Order 0.01 0 0.01                                

Rch.Elevation 0.01 0 0 0                               
Rch.Distance 0 0 0.01 0 0.11                              

Rel.Shreve 0 0 0 0 0 0.01                             

Rel.Arable 0 0 0 0 0 0.01 0                            

Rel.Chalk 0 0 0 0 0 0 0 0.01                           

Rel.Hard 0 0 0 0 0 0 0 0 0                          

Rel.ImpGrass 0 0 0 0 0 0 0 0.01 0 0                         

Rel.Mount 0 0 0.01 0 0 0.01 0 0 0 0 0                        
Rel.Lime 0 0 0 0 0 0.04 0 0 0 0 0 0                       

Rel.Sed 0.02 0 0 0 0 0 0 0 0 0 0 0 0                      
Rel.Sand 0 0 0 0 0 0 0 0 0.01 0 0 0 0 0                     

Rel.NatGrass 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0                    

Rel.Urban 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0                   
Rel.Wood 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0                  

Rel.Area 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0                 

Rel.Slope 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.04 0 0 0                
Rel.Power 0 0 0 0 0 0.01 0 0 0 0 0 0 0 0 0 0 0 0 0 0               

Ups.Arable 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.01 0 0              

Ups.Chalk 0 0.01 0 0 0.02 0.01 0 0 0 0 0 0 0 0 0.01 0 0 0 0 0 0 0             

Ups.Hard 0 0 0 0.01 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0            
Ups.ImpGrass 0 0 0 0 0 0 0 0 0.01 0 0 0 0 0 0 0 0 0 0 0 0 0.05 0 0           

Ups.Mount 0 0 0 0.01 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0          

Ups.Lime 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0         
Ups.Sed 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0        

Ups.Sand 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0       

Ups.NatGrass 0 0 0 0.01 0 0.01 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0      
Ups.Urban 0 0 0 0.02 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.02 0.04 0.01 0 0 0 0 0 0 0 0 0     

Ups.Wood 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0    

Net.D.Density 0.01 0 0 0 0.01 0 0 0 0 0 0 0 0 0 0.01 0 0 0 0 0.01 0 0 0 0 0 0 0 0 0 0 0.01 0   
Net.E.Density 0.01 0 0 0 0.01 0 0 0 0.02 0 0 0.02 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.02 0 0 0 0  

Waterbody 0.01 0 0.01 0.03 0.03 0.01 0.03 0 0 0 0 0 0 0 0 0 0.01 0 0 0 0 0 0.01 0 0 0 0 0 0 0 0 0 0 0 
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Figure 6Eb. Interaction strength for the sediment diversity BRT. Values are relative within the model. Colour indicates strength of interaction.  
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Waterbody 0 0 0.02 0 0.02 0 0 0 0 0 0.01 0 0 0 0 0 0 0 0 0.02 0 0 0 0 0 0 0 0 0.01 0 0 0 0 0 
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Figure 6Ec. Interaction strength for the flow type speed BRT. Values are relative within the model. Colour indicates strength of interaction.  
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Waterbody 1.4 0.01 2.59 0.09 2.52 0.37 0 0.03 0.01 0 0.01 0.01 0.32 0.02 0.03 0.04 0.04 0.07 0 0.01 0.01 0.99 0.23 0.28 0.25 0.21 0.09 0.02 0.23 0.19 0.1 0.91 0.1 0.43 
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Figure 6Ed. Interaction strength for the sediment size BRT. Values are relative within the model. Colour indicates strength of interaction.  
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Ups.Sand 0.1 0.11 0.11 0.13 1.45 0.69 0.81 0.25 0 0.01 0.49 0.04 0 1.63 1.7 0 0.02 0.03 0.02 0.13 0.14 0.14 0.01 0 0.08 0 0 3.14       
Ups.NatGrass 0 0 0.03 0.42 0.46 0.29 0.05 0 0 0 0.02 0 0 0.01 0.02 0.05 0.02 0.01 0 0.01 0.04 0.6 0 0 0.01 0.08 0 0.01 0      
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Ups.Wood 0.46 0.11 0.02 0.03 1.14 1.43 1.02 0.29 0.04 0 0.03 0 0 0.01 0.02 0 0 6.46 0 0.05 0.01 0.44 0 0 0.1 0 0.02 0.04 0.08 0.01 0.39    

Net.D.Density 3.76 0.4 0.47 0.58 6.95 1.15 0.55 1.18 0.03 0.01 1.1 0.02 0.04 0.17 0.32 0.02 0.08 0.15 0.05 1.91 0.47 1.79 0.19 0 0.24 0.04 0.65 2.54 0.17 1.98 0.2 0.01   
Net.E.Density 0.64 0.44 0.85 0.38 0.66 1.72 0.1 1.14 0.08 0 0.07 0.01 0.07 0.4 1.14 0 0.4 0.85 0.14 0.45 1.08 0.19 0.1 0.01 0.73 0.01 0.01 1.6 0.15 0.01 0.68 0.08 0.52  

Waterbody 0.13 1.64 5.76 0.9 8.03 6.15 3.96 0.43 0.01 0 0.37 0.21 0.1 0.04 0.29 0.03 0.17 0.77 0.12 0.67 0.19 15.9 0.17 0.17 2.39 1.82 1.56 1.2 2.39 2.16 1.11 3.92 2.44 0.62 
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