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[bookmark: _Toc115770898]Summary
Domestic UK and international legislation lists a range of broad river and stream types that require a particular conservation focus. The EU Habitats Directive lists one running water habitat type recognised as occurring in the UK: H3260 - ‘watercourses of plain to montane levels with Ranunculion and Batrachion vegetation’. Domestically, the definition of ‘priority river habitat’ under the UK biodiversity framework (and enshrined in domestic legislation in each part of the UK) includes European type H3260 above, headwater streams, chalk rivers and active shingle rivers. Predictive maps of these types are required by the Statutory Nature Conservation Bodies (SNCBs) in order to enable tailored assessments of their status, help structure monitoring and data collection programmes, target conservation action and audit progress with actions. 
This report documents work to develop and apply methods for predictive mapping of these river types, set within a broader typological framework provided by the European Red List of Habitats (which is drawn from the EUNIS classification of European habitats). Linkage to the European Red List typology sets UK priority habitat types within a broader framework for river/stream habitat conservation, providing greater coherence in biodiversity planning, habitat assessment and reporting internationallly.
A modelling framework has been generated outlining how all of the European Red List river /stream types and specifically named UK river/stream types can be predicted. In the current project the application of this modelling framework was restricted to certain types because of the limitations of immediately available data and time/resource constraints. The core of the analytical work undertaken aimed to predict core hydraulic/geomorphological types based on a newly created, high resolution data layer estimating natural stream power. To this was added further GIS processing to predict selected other types. All modelling work sought to characterise the natural typological character of river/stream sections (i.e. in the absence of human modifications).
Typological boundaries for core hydraulic/geomorphological types were identified using River Habitat Survey (RHS) data from sites with low levels of physical habitat modification. RHS features associated with each type were identified and used to set provisional boundaries. Reality-checking of predictions was undertaken in selected geographical areas by SNCB area staff, following which refinements were made to the analytical method. An approach based on probability of occurrence of each type was used to create the final project output. This was supplemented by other analytical procedures to generate predicted distributions of other types. Final local reality-checking of map outputs in this report was not possible due to time and resource constraints and will form part of further work. 
A geodatabase has been produced indicating the predicted distribution of European type H3260, headwater streams, active shingle rivers, tidal river sections and hydraulic/geomorphic Red List types. Care should be taken in using the geodatabase in its current form. It should be remembered that it is primarily designed to characterise the broad distribution of river and stream sections that are naturally associated with each type. Predictions are not of sufficient accuracy to determine the natural typological character of local river reaches with confidence. In looking at local sites it is also important to understand that human modifications (such as channelisation, weirs and dams) can obscure natural river character and that rivers and streams have nested spatial scales of habitat variation, so that small sections of one type can nest within larger reaches that are predominantly a different type.
Further work is planned to refine current outputs and complete the implementation of the wider typological framework, including consideration of water chemistry (alkalinity), springs and spring brooks, intermittent streams, bedrock rivers and gorges. Mapping of chalk rivers/streams is being dealt with through a separate initiative in England (in the UK this type is restricted to England). In terms of refining current outputs, the predictive capability of maps produced to date will be tested by the SNCBs, in collaboration with partners and independent experts. Any refinements needed will be built into the further work planned to complete the typological framework outlined in this document.
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Natural Resources Wales (NRW), Natural England (NE), Scottish Natural Heritage (SNH) and the Department of the Environment Northern Ireland (DOENI) are the Statutory Nature Conservation Bodies (SNCBs) in the UK. A key activity is reporting on the status of habitat and species features listed under UK and international legislation, both inside and outside of specially protected wildlife sites. 
· Specially protected sites - Riverine Sites of Special Scientific Interest (SSSIs, designated under domestic legislation) and Special Areas for Conservation (SACs) are designated for a variety of freshwater dependent habitat types and species. 
· Wider environment – Outside of protected sites, habitat and species features for which SACs are designated are also required to achieve Favourable Conservation Status across their natural range. More broadly, action is required to protect and restore a range of specified river types under the UK biodiversity framework, as part of the UK’s commitment to the International Convention on Biological Diversity.
The lack of a method to map river types, against which information on habitat condition can be gathered, collated, analysed and reported, is a major hindrance to a number of work areas, including assessment of and reporting on:
· The favourable conservation status of river habitat H3260 (watercourses of plain to montane levels with Ranunculion and Batrachion vegetation);
· river types included in the UK definition of ‘priority river habitat’(comprising H3260 above, active shingle rivers, chalk rivers and headwater streams);
· assessment in relation to the Red List of European habitats.
The SNCBs have a common interest in developing a consistent technical approach to UK priority river habitat and H3260 river habitat across the UK. Generating a common method for mapping key river types, using environmental variables at a UK-wide scale, is an important step in achieving this consistency. NRW, acting on behalf of the SNCBs, tasked the UK Centre for Ecology & Hydrology (UKCEH) with undertaking the necessary technical analyses, under the auspices of a technical steering group consisting of representatives of all of the SNCBs. 
National maps of river types have many potential uses, for example to: 
1) partition available data on the condition of individual river types at different spatial scales (local, devolved administration-level, UK-level);
2) stratify monitoring programmes so that they are representative of the habitat resource at different spatial scales; 
3) report and present data under different policy mechanisms (e.g. international reporting processes, country-level biodiversity strategies sitting under UK Biodiversity Framework commitments); and 
4) inform conservation strategies. 
Such maps can also be incorporated into broader habitat mapping initiatives such as the Habitat Map of Scotland (HabMoS ), the Priority Habitat Inventory in England, and partnership initiatives such as the Discovering priority habitats website maintained by the Freshwater Biological Association.
The natural character of rivers and streams is determined by natural catchment and riverine processes, which can be heavily modified by human activities such as river engineering, impoundment, flow regulation and disruption of coarse sediment supply. It needs to be borne in mind that the aim here is to predict natural river types, so that we can separate out and address human modifications that affect the condition of river ecosystems as far as this is possible. 
River systems form a functional spatial and temporal continuum and typologies inevitably impose artificial boundary effects on this continuum. Generally, river typologies should be avoided in conservation management decision-making but their use cannot be avoided in cases where habitat types are defined in law and there is a requirement to report on their condition and the conservation measures taken to protect and restore them.  Broad-brush, strategic typologies have fewer type boundaries and tend to generate the least problems, as long as they are applied in the most passive way possible (i.e. not to decide what practical action is needed in any given place).
Habitat variation in river systems operates at multiple spatial scales, such that the character of a small river section can be very different to the general character of the longer river reach within which it sits. This means that typological maps can look very different at different levels of spatial resolution/data aggregation. An understanding of this is needed in interpreting and using river typologies (and indeed any habitat typology). 
Mapping of individual river types is ideally undertaken within a broader, holistic typological framework that helps characterise functional relationships between types and links in with broader efforts to rationalise river typologies. A wide range of typologies exist across the UK and Europe. The Red List of European habitats is of particular interest, since it uses a river typology with the kind of ecological resolution required for UK biodiversity purposes, and has broader potential to rationalise approaches to river conservation across Europe. The European Red List typology (which is related to a broader international river typology adopted by the IUCN) takes selected types from the European Nature Information System (EUNIS) classification of European habitats. An issue with the Red List river typology and many other ecological/biological typologies (including EUNIS) is that they do not include quantitative environmental descriptors that enable simple and widespread mapping of river types using available geodatasets.
From a practical point of view, it is important to understand the limitations of national modelling exercises of this type. Whilst such exercises are very good for the strategic purposes for which they are designed, they have less ability to accurately depict the habitat character (including the natural character) of a specific stretch of river or stream for local management purposes. This needs to be borne in mind when applying any map outputs to specific local areas. 


[bookmark: _Toc35001026][bookmark: _Toc115770901]Objectives
[bookmark: _Toc35001027]Objective 1: Develop method to predict habitat types
The first objective of this project was to define a suitable predictive modelling approach to map core river habitat types from the Red List of European Habitats and from UK priority river habitats. The modelling needed to be GIS-based and use input environmental variables that were either readily available (for example, altitude or geology) or derivable within this project (for example stream power). The geographical scope was the UK as far as feasible, taking into consideration data availability in different countries.
The core habitats from the European Red List (running water habitats) are as follows (codes denote EUNIS type).
· [bookmark: _Hlk70417929]C2.1a 	Base-poor spring and spring brook
· C2.1b 	Calcareous spring and spring brook
· C2.2a 	Permanent non-tidal, fast, turbulent watercourse of montane to alpine regions with mosses
· C2.2b 	Permanent non-tidal, fast, turbulent watercourse of plains and montane regions with Ranunculus spp
· C2.3 	Permanent non-tidal, smooth-flowing watercourse
· C2.4 	Tidal river, upstream from the estuary
· C2.5a 	Temperate temporary running watercourse
The additional priority river habitat types are as follows.
· Annex I river habitat H3260 - Broadly synonymous with Red List type C2.2b (and the more energetic parts of C2.3) but also extending into the transition zone with C2.2a. In this project H3260 is considered to be ‘swift-flowing river/stream sections supporting substantial macrophyte communities not consisting exclusively of bryophytes’.
· Active shingle river sections - Sections with dynamic gravel beds and periphyton-dominated plant communities. The description of active shingle rivers in the UK definition of priority river habitat is somewhat wider, including lower energy rivers and streams with at least some mobile gravel, but a tighter interpretation is adopted in this report to allow better ecological typological definition. Corresponding European types would be Habitats Directive Annex I types H3220, 3230 and 3240, although these types are specifically alpine and thus do not occur in the UK. Active shingle sections are dealt with in a confusing way in the European Red List (following the EUNIS classification) - see Section 3.1 for further explanation. 
· Headwater streams - Defined in the UK as streams within 2.5km from source on a 1:50,000 Ordnance Survey map. This broad type contains a range of Red List types including C2.1a, C2.1b, C2.2a, C2.2b, C2.4 and C2.5a.
· Chalk rivers; essentially forming a specific calcareous sub-type of European Red List type C2.2b. In the UK, their natural range lies completely within England.
The project specification initially also included ‘river gorges’ but this was removed after discussion with the project board during the inception stage.
[bookmark: _Toc35001028]Objective 2: Generating a geodataset of predicted habitat types
The second objective of this project was to apply the method defined in Objective 1 to the UK river network and generate a geodataset of predicted river types and associated environmental attributes. In practice, method development and application took place in an iterative rather than a sequential way, which will become clear in subsequent sections.
[bookmark: _Toc35001030][bookmark: _Toc115770902]Method development
[bookmark: _Toc115770903][bookmark: _Toc35001031]Designing the typological/modelling framework
At the heart of the conceptual modelling framework used in the current project is hydraulic/geomorphological characterisation of key ecological transitions in river systems, essentially reflecting core components of the European Red List typology and described by five broad zones as below.
Zone 1 - high energy, river and stream sections dominated by a boulder/cobble substrate and aquatic mosses;
Zone 2 - high-moderate energy river and stream sections typically downstream of Zone (1) where gravels deposit and are frequently reworked, creating a dynamic gravel bed dominated by periphyton (attached algae);
Zone 3 - moderate energy river and stream sections with relatively stable gravel-dominated substrates where ‘rheophilic’ (current-loving) submerged higher plants dominate;
Zone 4 - low energy river and stream sections with finer substrates where ‘limnophilic’ (liking still or slow-flowing water) submerged higher plants dominate;
Zone 5 - tidally influenced sections where hydraulics and associated geomorphological behaviour are shaped by a combination of fluvial and coastal influences.
Whilst these longitudinal transitions are described in terms of plant assemblages, there are associated changes in faunal assemblages and various broad typologies have been developed over many years in the UK and Europe that characterise parallel transitions in fish and invertebrate communities (although not in precisely the same way). 
The five broad zones are functionally related in river systems based on the natural hydraulic and geomorphological processes generated by the catchment (its topography, geology and climate). Each zone has a general position within a river/stream system, with a general shift from Zone 1 to Zone 5 from headwaters to the sea. However, the relationships between zones are much more complex in any given catchment – some zones can be completely absent depending on catchment character, whilst alternating sequences of types can occur along a river or stream as channel hydraulic energy naturally changes (particularly with channel gradient, as influenced by local geology). River systems have nested spatial scales of habitat variation so the broad habitat character of a long reach can be composed of smaller sections of these zones. It should be stressed that there are no fixed ecological boundaries between these zones – they are simply a means of crudely describing a longitudinal continuum of change in river systems.
The core types within the European Red List typology that relate to this broad hydraulic/geomorphological characterisation are as follows.
· C2.2a Permanent non-tidal, fast, turbulent watercourse of montane to alpine regions with mosses - equates to Zone 1.
· C2.2b Permanent non-tidal, fast, turbulent watercourse of plains and montane regions with Ranunculus spp  - equates to Zone 3.
· C2.3 Permanent non-tidal, smooth-flowing watercourse  - equates to Zone 4.
· C2.4 Tidal river, upstream from the estuary – equates to Zone 5.
Zone 2 can be broadly regarded as the UK priority habitat ‘active-shingle rivers’, but is absent from the European Red List typology. The reason for this omission is that the Red List typology (and EUNIS on which it is based) has separate typologies of the river channel and riparian habitat. ‘Active shingle’ habitat is included in the riparian component of these typologies but not in the channel component. This likely reason for this is the strong vegetation focus of the EUNIS classification and the lack of vascular submerged plants (and bryophytes) in active shingle river channels. The constant reworking of in-channel shingle prevents submerged vegetation from establishing, such that plants are only represented by opportunistic periphyton species (attached algae) that can exploit the short periods of stability between high-flow events. Recognisable vegetation only develops on stable exposed gravel shoals left behind by shifting river channels, which often occurs in riparian areas but also on islands within braided channel systems. The lack of in-channel vegetation does not mean low biodiversity value – active shingle channels are extremely important for fauna, particularly invertebrates and fish, and are an integral functional part of the river system which provides a complex habitat mosaic supporting a wide range of in-channel and ephemeral species.  The typological separation of in-channel and riparian habitat in the European Red List and EUNIS typologies is particularly problematic in the case of dynamic gravel-bed river systems, which are naturally highly braided such that the structural division between channel and margins is meaningless from a spatial perspective. 
The general relationship between the five broad zones, the Red List typology and river/stream  types falling within the UK definition of priority river habitat is shown in Table 1. Visual characterisation of different types is provided in Box 1. The influence of tree canopy cover on the expression of in-channel vegetation should be borne in mind – a dense tree canopy can eliminate submerged higher plants even though conditions are suitable from a hydraulic/geomorphic perspective. From a typological perspective the shading of submerged higher plants by heavy tree canopy is best ignored because it is not a fundamental determinant of habitat character and is subject to natural and dynamic change. Riparian trees do also affect local hydraulic character of the channel in dynamic and transient ways, but again for typological purposes a focus on underlying hydraulic/geomorphological energy is needed.
The EU ‘REFORM’ project provides a geomorphological typology of rivers that is conceptually related to the hydraulic/geomorphological ‘zones described above. However, it is somewhat too detailed to be used for the current purpose, presenting even more challenges in terms of predictive modelling and generating more types than are strictly needed to provide a broad-brush picture of ecological/biological variation in river systems.
To help decide on an analytical method, a brief search of the scientific literature was undertaken in Web of Science, searching for examples of landscape-scale river habitat prediction and mapping in the context of conservation (see Appendix 1 for details). No overall method was found that was similar to the aims of this current project. The vast majority of the literature concerned microhabitat mapping in rivers i.e. flow, hydraulic, plant and substrate habitat at the patch scale. Wider-scale prediction and mapping, such as at the reach and (sub)-catchment scale, was principally centred upon hydrological modelling with a strong focus on flood prediction and also broad habitat suitability for fish, based on flow.



Table 1. Relationships between hydraulic/geomorphic zones and key river types. 
	Hydraulic/geomorphic zones
	Red List typology
	Habitats Directive Annex I type
	UK priority habitat types

	Zone 1 -High energy, stable v coarse substrate, moss-dominated 
	C2.2a
	 Some H3260 in less energetic examples and in small patches elsewhere
	Some H3260, headwater streams (<2.5km from source)

	Zone 2 – High-moderate energy, shifting gravel substrate, periphyton-dominated1
	(Included as riparian habitat only)
	H3220, 3230 and 3240 (Alpine only)
	Active shingle rivers - mainly larger rivers but some headwater streams with small floodplains

	Zone 3 - Moderate energy, relatively stable gravel-dominated substrates, higher-plant dominated
	C2.2b
	Main type for H3260
	H3260, chalk rivers (High alkalinity examples), headwater streams (<2.5km from source), 

	Zone 4 - Non-tidal, low energy, mainly fine substrates with occasional riffles, higher plant dominated
	C2.3
	Some H3260 in more energetic examples and in small patches elsewhere
	Some H3260, chalk rivers (high alkalinity examples), headwater streams (<2.5 from source), 

	Zone 5 – Tidally influenced sections
	C2.4
	-
	Headwater streams (tidal creeks, <2.5km from source))



Some literature however suggested possible approaches, based on fluvial geomorphology, for mapping river habitats defined according to multiple criteria. This literature was focused on using extant data collected from surveys and/or remote sensing rather than predicting habitat occurrence at landscape scales. One approach (Jeffers, 1998) was UK-focused and used stream power to classify rivers and river reaches, exploiting River Habitat Survey datasets. A more recent approach (Bizzi and Lerner, 2009; Bizzie et al, 2012) was centred on GIS tools and ‘self-organising’ maps; this approach also made use of stream power and map-derived variables such as stream order and floodplain extent.
A modelling framework was eventually developed which this project could realistically implement - outlined in Figure 1. The core activity required is GIS modelling of hydraulic/geomorphological zones 1 – 4, which provides the basis for predictive mapping of a number of key river types. Further components of the framework relate to river and stream types that are characterised by location in the river network, water chemistry and natural hydrological intermittence. Figure 1 outlines inter-relationships between different parts of the analysis and indicates which elements have been pursued so far and which have yet to be undertaken.
The intended spatial framework for undertaking the analysis was the OS detailed Water Network Layer (WNL). However, after careful consideration of the functionality of the layer and its interaction with necessary underlying datasets it was decided that the analysis would need to use the 1:50,000-scale UKCEH Digital Rivers Network (DRN) as a data aggregation facility, with a view to subsequent translation onto the OS WNL at a later date.
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Box 1. Photo-guide to key river/stream types.
	Examples of spring brooks (Red List C2.1a, C2.1b) and headwater streams (part of the UK priority river habitat definition) Upland headwater stream 
(C2.2a character)
Tufa cascade – C2.1b
Acidic stream – C2.1a


[image: ][image: ][image: ]
Examples of Red List C2.2a (High energy, moss-dominated) 
[image: ][image: ][image: ][image: ]
Examples of Red List C2.2b (Stable gravel/cobble bed, dominated by rheophilic submerged macrophytes) Low alkalinity 
Moderate alkalinity 
High alkalinity



[image: ][image: ][image: ]



Box 1 continued.
Examples of Red List C2.3 (Slow-flowing, dominated by silts and sands and limnophilic submerged macrophytes)
[image: ][image: ][image: ]
Examples of active shingle sections
[image: ][image: ][image: ]
Examples of tidally influenced sections
[image: ][image: ]
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Figure 1. General modelling framework for river and stream types. Green text indicates components that have been taken forward in the current project. Red text indicates components that need to be addressed by future work. 


[bookmark: _Toc115770904][bookmark: _Hlk100570642]Core hydraulic/geomorphological analysis 
[bookmark: _Toc115770905]Deciding on an analytical approach
After considering the approach of Jeffers (1998) in detail (see Appendix 2), a decision was taken to adopt an approach based on predicting Specific Stream Power (SSP). The Environment Agency recently produced maps of stream power for ‘proof of concept’ in England and Wales (pers. comm. Richard Jeffries, Environment Agency), which it was decided to build on for this project. The approach requires three variables: 1) QMED (1-in-2 year flood), 2) channel slope and 3) channel width. It was decided that these were attributes with accessible datasets that could be used in the modelling exercise.
The sourcing of data on these three attributes had to bear in mind that the focus of this project is on describing natural river/stream character. All three attributes are potentially modifiable by human activities and these modifications may affect datasets, although in practice channel width and QMED are most affected. The calculation of these variables was designed to generate data that are as free of anthropogenic influence as possible. This meant, for instance, that channel widths could not be derived from Ordnance Survey maps since they reflect observed channels, but instead were derived from hydraulic modelling that allows calculation of bank-full width. Data on QMED needed to be derived from variables that are unaffected by modifications such as abstraction. The methods used are described in more detail in the next section.
[bookmark: _Toc101783973][bookmark: _Toc101785719][bookmark: _Toc115770906]Modelling stream power
[bookmark: _Hlk75168015]Specific stream power (SSP) was derived using the equations described in O’Hare et al. (2011):
(1) TSP = SWW x Q x S
Where: 
TSP is Total Stream Power (W.m-1)
SWW is Specific Weight of Water (N.m-3)
Q is Discharge (m3.s-1)
S is Slope or channel gradient (m.m-1)
TSP is then standardised by dividing it by wetted width W (m) to give SSP (W.m-2), which allows comparing rivers of different sizes:
(2) SSP = TSP / W
Notably, one could calculate TSP and SSP for any discharge and its corresponding wetted width, but in this study we used the median annual maximum flood peak or QMED (i.e. the 1 in 2 year flood). This flow statistic is commonly used in the literature. In particular, O’Hare et al. (2011) consider this statistic particularly suitable because of the link between “dominant discharge, most effective discharge and bankfull discharge, with a supposed recurrence interval of about 1–2 years”. The wetted width matching QMED is the bankfull width (W).
We used a value of 9807 for SWW as per OHare et al. (2011):
(3) SSP = (9807 x QMED x S) / W
QMED is one of the underlying datasets of the Flood Estimation Handbook (FEH). QMED was re-calculated from FEH catchment descriptors, which are available for the UKCEH DRN, to derive the naturalised QMED (taken ‘as rural’), using the following formula (Kjeldsen. 2010):
(4) QMED = (8.3062*AREA^0.851)*(0.1536^(1000/SAAR))*(FARL^3.4451)*(0.0460^(BFIHOST^2))
Where:
QMED is the median annual flow rate (essentially the 1-in-2 year event)
AREA is the area of the catchment in km2
SAAR is the standard average annual rainfall for the period 1961 to 1990 in mm
FARL is a reservoir attenuation function (predominantly natural, i.e. natural lakes, but also a few artificial)
BFIHOST is the base flow index derived using the Hydrology Of Soil Types (HOST) classification.
Slope (S) was extracted from the latest River Invertebrate Classification Tool (RICT) geodatabase (Kral et al., 2017), which matches the UKCEH DRN, by taking elevation differences 500 meters upstream and downstream of any given site, based on elevation data from the OS Landform-PANORAMA for Great Britain and the EU-DEM for Northern Ireland.).
Bankful Width (W)
To derive naturalised bankfull width, we used the equation described by Soar and Thorne (2001) for typical UK rivers:
(5) W = 2.48 * QMED^0.5
QMED, Slope, and W, then TSP and SSP, were derived on the basis of the UKCEH Integrated Hydrological Terrain Model, whereby the drainage network is represented as cells on a 50-m raster grid.
[bookmark: _Toc100571228][bookmark: _Toc100571612][bookmark: _Toc100571730][bookmark: _Toc101783975][bookmark: _Toc101785721][bookmark: _Toc115770907]Predicting key Red List types
Data from the River Habitat Survey (RHS) database were used to identify sites with key characteristics of each of the core river types. Sites were filtered so that only those with Habitat Modification Scores of 1 or 2 (largely unmodified) were used, so that the modelling exercise could predict natural river type as far as possible. RHS sites were geolocated on the stream power data layer to derive streampower estimates for each site. Values of streampower for these sites were then used to characterise the streampower characteristics of each Red List type.
Each RHS site was snapped to the closest river stretch on the UKCEH DRN and the snapping Euclidean distance recorded. Any site snapped farther than 900 m from the river network was removed. In addition, the RHS database includes the distance from source of each site. This was cross-compared with the RICT ‘Distance from source’ variable to verify if a given site was snapped onto the right river stretch. 
Ground-truthing of initial predictions of the distribution of these river types was undertaken in case study areas in different parts of the UK. The feedback was incorporated into further development and refinement of analytical approaches to the core hydraulic/geomorphological types.
[bookmark: _Toc100571615][bookmark: _Toc100571733][bookmark: _Toc100571645][bookmark: _Toc100571763][bookmark: _Toc100571646][bookmark: _Toc100571764][bookmark: _Toc100571647][bookmark: _Toc100571765][bookmark: _Toc100571648][bookmark: _Toc100571766][bookmark: _Toc100571649][bookmark: _Toc100571767][bookmark: _Toc100571650][bookmark: _Toc100571768][bookmark: _Toc100571651][bookmark: _Toc100571769][bookmark: _Toc100571652][bookmark: _Toc100571770][bookmark: _Toc100571654][bookmark: _Toc100571772][bookmark: _Toc100571655][bookmark: _Toc100571773][bookmark: _Toc100571656][bookmark: _Toc100571774][bookmark: _Toc100571657][bookmark: _Toc100571775][bookmark: _Toc100571658][bookmark: _Toc100571776][bookmark: _Toc100571665][bookmark: _Toc100571783][bookmark: _Toc100571670][bookmark: _Toc100571788][bookmark: _Toc100571671][bookmark: _Toc100571789][bookmark: _Toc100571679][bookmark: _Toc100571797][bookmark: _Toc100571680][bookmark: _Toc100571798][bookmark: _Toc100571681][bookmark: _Toc100571799][bookmark: _Toc100571682][bookmark: _Toc100571800][bookmark: _Toc100571683][bookmark: _Toc100571801][bookmark: _Toc115770908]Predicting active shingle river sections
Whilst active shingle rivers sections can be thought of as a missing hydraulic/ geomorphological component of the Red List river typology, it was decided to predict them separately so that type predictions could be overlain and spatial relationships characterised. 
The same RHS dataset as used for core Red List types was again employed for active shingle river predictions. However, it proved difficult to define a suitable distinction in relevant RHS characteristics that is capable of separating dynamic shingle beds from more stable gravel beds with more occasional exposed shoals. This transition is not black-and-white but is generally a gradual longitudinal change as stream power declines during the passage of water down through the catchment. For this reason, other predictive variables were investigated to try and provide a more refined prediction. This involved looking at other indicators of functional position within catchments. The analyses undertaken are described in more detail in Section 4.
[bookmark: _Toc115770909]Assigning probability of occurrence of type
Given the uncertainties in model predictions for types C2.2a, C2.2b, C2.3 and active shingle river sections it was decided that it would be better to portray prediction in terms of probability of type. This is particularly useful for conditioning predictions occupying the outer fringes of the possible streampower values for a given type, as well as for comparing the likelihood of different types occurring at a given location. It should help to manage expectations around predictive confidence and provide an appropriate steer to data interpretation.
Instead of a simple prediction of each hydraulic/geomorphological type at a given location, the model was adjusted to provide probability of each type at each location. A judgement of most probable type was also introduced, using the highest probability expressed for any relevant type. To maintain the integrity of Red List type predictions, two analyses of most probable type were performed: one for C2.2a, C2.2b and C2.3 and another incorporating active shingle sections. This provides as much flexibility as possible in the model outputs and resulting geodatabase.
[bookmark: _Toc115770910]Tidally influenced sections
This element completes the core Red List typology, filling the gap at the downstream end of river and stream systems. Incorporating consideration of natural conditions into the prediction of tidal influence is particularly important in lowland England, where many tidal sluices and barriers were constructed in the 1950s and 60s to manage the risk of extreme tidal surges. The character of river sections above these structures is very different from their natural state, turning a highly dynamic and connected river zone into an impounded freshwater environment, with all of the ecological and biodiversity consequences that go with that. 
The suitability of tidal indicators on OS digital layers was investigated but these largely highlight the upper end of estuaries rather than tidally influenced river channels. Predictions were therefore made by identifying locations on the river network where altitude corresponds to the height of high tides. This is a relatively crude process and doesn’t completely allow for ‘backing up’ of river flows behind the tide, but provides a better representation than is possible from available mapped data.  
[bookmark: _Toc100571236][bookmark: _Toc100571689][bookmark: _Toc100571807][bookmark: _Toc101783981][bookmark: _Toc101785727][bookmark: _Toc100571237][bookmark: _Toc100571690][bookmark: _Toc100571808][bookmark: _Toc101783982][bookmark: _Toc101785728][bookmark: _Toc100571238][bookmark: _Toc100571691][bookmark: _Toc100571809][bookmark: _Toc101783983][bookmark: _Toc101785729][bookmark: _Toc115770911]Habitats Directive Annex I type H3260
The bulk of the H3260 habitat resource is expected to lie within the Red List type C2.2b, but   lower energy H3260 is likely to extend into the high-energy end of C2.3 (more sluggish river/stream sections) or even into the low-energy end of C2.2a (energetic rivers with stable substrates). In the current project it was assumed that Red List type C2.2b captures the core of the H3260 resource. The analytical approach originally envisaged involved placing buffers around the streampower boundaries between C2.2a/C2.2b and C2.2b/C2.3 to capture lower energy examples of C2.2a and higher energy examples of C2.3 likely to contain appreciable amounts of H3260. As the methodological approach to core hydraulic/geomorphological types developed, the approach to H3260 shifted to using probabilities of occurrence (see Sections 3.2.5 and 4.3 for further explanation). 
[bookmark: _Toc35001035][bookmark: _Toc115770912]Habitats related to springs and spring brooks (including intermittent streams)
In relation to Red List types C2.1a (Base-poor spring and spring brook) and C2.1b (Calcareous spring and spring brook), the project team reviewed data availability regarding springs and spring brooks in the UK. It was not possible to source any comprehensive geodataset on the occurrence of springs. Indeed, there are a number of datasets with information pertaining to springs, but they generally present challenges as outlined below.
(1) Spatial consistency – Looking at OS maps, some sheets have springs whilst some have none, reflecting the decisions made by the mapping team at the time rather than the actual absence of springs. The same issue is evident in some British Geological Survey 1:50 000 maps.
(2) Natural reference conditions - It is often difficult to distinguish between natural springs and artificial wells; for example, in the BGS borehole dataset, a natural spring used for water supply is often called a ‘well’.
Addressing issue (1) requires a significant amount of resources. A further filter based on alkalinity data would be required to separate out C2.1a and C2.1b, and this was also not possible in the current project due to difficulties in securing an adequate dataset on alkalinity. To remedy issue (2), one could in theory cross-reference spring/well locations against terrain/slope based on the assumption that wells occur on flat terrain, and springs occur towards the base of slopes. However, this would not address the issue of natural reference conditions in its entirety. It was agreed with the project steering group that this element of mapping was infeasible in the current project.
Regarding Red List type C2.5a (Temperate temporary running waters), the initial working assumption was that a hydrologically-based analysis was beyond the scope of the project but that coarse mapping might be achieved by comparing digital river layers (e.g. maps of headwater streams at different spatial scales, or earth observation data layers from different seasons when wet/dry phases would be apparent).
As well as data sourcing, the project team contacted colleagues from UKCEH and the University of Nottingham specialising in intermittent streams to seek their advice. They confirmed that, at the moment, the best and only dataset available is the Intermittent Rivers Map produced by the European SMIRES project (www.smires.eu) - see Figure 2. This map is based on analysing flow records at gauged sites and identifying stations with zero-flow events meeting a set of criteria. A PDF version of the map can be downloaded at https://www.smires.eu/wp-content/uploads/2020/03/Intermittent-Rivers-Map-%E2%80%93-Google-My-Maps.pdf and the metadata (including the station locations) at https://www.smires.eu/wp-content/uploads/2020/02/D1-Metadata.pdf.
The interactive map itself is available at https://www.google.com/maps/d/viewer?mid=16oqeQgGhW1J6R8uOWBV7vM5Bw5A&ll=46.601150656633884%2C12.514024999999947&z=4.

[image: ]
[bookmark: _Ref34987720]Figure 2 UK portion of the European map of intermittent rivers produced by the SMIRES project.

Since it is essentially hydrologically-based, this work does not map exactly which river stretches are drying out. UKCEH is currently working on modelling intermittent rivers, which could be useful in future work.
As an alternative, the potential use of data on water table levels was investigated, as a means of determining springlines. It was concluded that no BGS dataset exist that would be readily useable for this project. The dataset called ‘depths to groundwater’ appeared  potentially useful (www.bgs.ac.uk/products/hydrogeology/depthToGroundwater.html) but further scrutiny of the dataset user manual and an in-depth discussion with the dataset creator (from BGS Wallingford site) showed that it actually would not allow to infer anything regarding intermittent sections of the river system. 
BGS has some indicative datasets for intermittent chalk streams only: (i) minimum and maximum water table levels data, which could be cross referenced with digital sections typed as chalkstream to identify stretches drying out; (ii)  some 1:125,000 maps marking river heads as perennial or intermittent.
After discussions with groundwater hydrologists within the EA, it was decided that there is scope to exploit available and developing groundwater models to generate a functional model of natural spring zones, which would be capable of mapping areas within which naturally intermittent stream sections would occur (in the absence of abstraction).
[bookmark: _Toc35001037][bookmark: _Toc115770913]Headwater streams
Within the UK BAP definition of priority river habitat, headwater streams are defined as any river segment 2.5 km or less from the source on a 1:50,000 OS map, and this is the definition adopted for the current project. We used the ‘Distance from source’ column from the RICT database (Kral et al., 2017) to identify these on the UKCEH river network (which is equivalent to 1:50,000 scale resolution - see Figure 3).
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[bookmark: _Ref34992764]Figure 3 Illustration of applying the UK BAP definition of headwater streams to the UKCEH river network (1:50,000 scale resolution). Left, distance from source (darker blue = farther from source); Right, headwaters i.e. 2.5 km from source (green), non-headwaters (dark grey)

[bookmark: _Toc115770914]Chalk rivers/streams
This river type is only relevant to England and so is being dealt with at country-level. There is a long-established UK BAP map of chalk rivers/streams, which has recently been refined by Natural England in collaboration with the Environment Agency and chalk river stakeholders. The revised map can be inspected on the data portal of the Discovering priority habitats in England website. An explanation of this work can be found on the same website here.

[bookmark: _Toc35001039][bookmark: _Toc115770915]Analyses and mapping
[bookmark: _Toc115770916][bookmark: _Toc35001040]Core hydraulic/geomorphological analysis 
4.1.1 [bookmark: _Toc115770917]Allocating RHS sites to key Red List types
[bookmark: _Hlk100566415]The detailed use of RHS data to allocate sites to Red List types C2.2a, C2.2b and C2.3 is outlined below. A summary of RHS site allocations to these types is shown in Table 2.
Allocation to Type C2.2a
[bookmark: _Hlk100561472]The attributes ‘Substrate’ and ‘Mosses (Bryophytes/lichens)’ were used, which both come from the RHS spot check dataset. Sites needed to conform with both of the criteria below.
· Substrate - Sites dominated by bedrock (‘BE’), boulders (‘BO’), and cobbles (‘CO’). Criterion is 6 or more of the 10 RHS spot checks with Substrate field equal to ‘BE’, ‘BO’. or ‘CO’.
· Mosses - The RHS spot-check dataset has two fields: ‘P’ (presence) and ‘E’ (extensive). Criterion is 6 or more spot checks with mosses present (6 ‘P’ or more) or extensive (6 ‘E’ or more).
Allocation to Type C2.2b
The attributes ‘Substrate’ (spot checks) and ‘Plants’ (sweep-up) were used. Sites needed to conform with both of the criteria below.
· Substrate - Sites dominated by gravel ‘(GP(G))’, which indicates strict gravel dominance. Criterion is 6 or more spot checks with Substrate field equal to ‘GP(G)’.
· Plants – Inclusion of sites dominated by higher plants (submerged/marginal), i.e .RHS sweep-up fields ‘EmergBroadLeavedHerbs’, ‘EmergReedsSedgesRushes’, ‘FloatingLeavedRooted’, ‘FreeFloating’, ‘Amphibious’, ‘SubmergedBroadFineLinear Leaved’, ‘SubmergedBroadLeaved’, ‘SubmergFineLinearLeaved’, ‘SubmergedFine Leaved’, ‘SubmergedLinearLeaved’.   Each field has a letter recorded: P for presence (i.e. 1-33% of site) or E for extensive (>33% of site). Crtierion is 3 or more plant types are flagged as P or E.
Allocation to Type C2.3
The attributes ‘Substrate’ (spot checks) and ‘Plants’ (sweep-up) were used. Sites needed to conform with both of the criteria below.
· Substrate - Sites dominated by silt or sand. Criterion is 6 or more spot checks with Substrate field equal to SI (silt) or SA (sand). 
· Plants – The same criterion as used for C2.2b was adopted. It proved difficult to use RHS plant data to discriminate between C2.2b and C2.3.


Table 2 Summary of allocation of RHS sites to hydraulic/geomorphological Red List types.
	[bookmark: _Hlk100566711]Habitat type
	RHS attributes
	Total number of RHS sites
	Number of sites (HMS 1-2 + matched to rivers)

	C2.2a
	Substrate (spot checks)
Mosses (Briophytes/lichens) (spot checks)
	2207
	1304 (E&W 852, NI 68, Scot 384)

	C2.2b
	Substrate (spot checks)
Plants (sweeps)
	200
	92 (E&W 86, NI 2, Scot 4)

	C2.3
	Substrate (spot checks)
Plants (sweeps)
	860
	197 (E&W 177, NI 3, Scot 17)



[bookmark: _Toc115770918]4.1.2 	Initial predictions of key Red List types
[bookmark: _Hlk98323548]Initial predictions were made of the occurrence of these types using an early version of the modelled streampower geodataset, which differed from the final version (see section 3.2.2) in the way slopes were derived and with regard to river network completeness (streampower not derived for smaller stretches). A frequency distribution was generated of streampower values for reference RHS sites attributed to each type. Boundary values between types were based on the mid-point between the median values of their respective SSP ranges. 
Maps of these initial predictions were generated in case study areas for ground-truthing with local SNCB staff. Staff were asked to consider the reach-scale predictions in the context of the general character of the river/stream network, factoring out any impacts on natural character as far as possible. They were also asked to consider the natural locations of active-shingle river sections within the case study area to inform how this river type would best be dealt with in subsequent analyses.
Figure 4 shows provisional maps of case study areas (one in each of the four parts of the UK). Local feedback indicated a mixed picture in the perceived accuracy of predictions, with some good alignment with local judgements in places and some local circumstances where predictions did not match reality very well.
A summary of local feedback is provided below.
Northern Ireland
1. The main stem of the Mourne and neighbouring rivers in the Foyle catchment are predicted to be C2.2a but these sections are where Ranunculus occurrence is focused (so more likely to be C2.2b or swifter flower sections of C2.3). 
2. Conversely, some of the headwater tributaries in the Foyle system are predicted to be C2.3 but on the ground are seen as associated with C2.2a. 
Scotland
3. The lower reaches of the Dee are predicted to have a good deal of C2.2a but are more associated with lower energy. Even C2.2b (which is also predicted to occur) may be too high-energy to describe these reaches.
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Figure 4 Case study areas for local ground-truthing of initial predictions of key Red List types.  Red = C2.2a, Blue = C2.2b, Green = C2.2c. 
4. There is predicted to be more C2.3 in the tributaries in the north of the Dee catchment and generally C2.2a and C2.2b in the upland streams, which is what would be expected on the ground. 
5. Generally, initial predications were judged to generate too much C2.2b. This is not a common type in the Dee catchment, or in Scotland generally, because of the high-energy nature of river systems. Most reaches predicted to be C2.2b are likely to be either C2.2a or active-shingle sections
England
6. Predicted areas of C2.2a and 2.2b in the Eden tributaries are in broader agreement with local character on the ground, although in some cases there is quite a good correlation between active shingle character and C2.2b.
7. Localised bedrock controls along the main stem of the River Eden generate a complex picture of quiescent and faster-flowing sections – the provisional algorithm predicts C2.2a for long stretches but much of this is hydraulically aligned to C2.3, with short sections of 2.2a downstream of specific bedrock control structures.  
8. Quite a lot of C2.3 predicted in some of the main tributaries of the Eden, but on the ground many of these sections have floodplain and receive high energy water from upstream, so naturally exhibit active-shingle character (ignoring the artificial physical constraints to the expression of natural character). 
9. The local pattern of river conditions in the Eden tributaries is again often variable at fine-scale, with the channel regularly passing from fast, turbulent areas into a small area of flood plain where there is naturally much gravel reworking (active-shingle sections), then back into faster sections again.
10. Some river length in the Eden predicted to be C2.2a is likely to include a lot of C2.2b – more than shown by initial predictions. Mainly relates to predicted C2.2a further down the system rather than the higher, steeper parts of the catchment. 
11. General feeling on Cumbrian rivers other than the Eden was that they are likely to have the same issue as observed in Scotland (point (5) above – C2.2b is over-predicted and the algorithm needs refining to indicate a combination of C2.2a and active-shingle.
Wales
12. Ground-truthing on the Teifi case study in Wales reflected the same picture as in Scotland (particularly point 5).
For the Eden case study, locations were highlighted by local staff where ground-truthing illustrated the different issues outlined above (Figure 5). These maps and the more descriptive feedback from other parts of the UK were used to consider refinements to the predictive algorithm, bearing in mind the risks of making alterations that improve alignment with local ground-truthing but worsen alignment in other locations.
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[bookmark: _Hlk115699096][bookmark: _Hlk115699247]Figure 5 Parts of the Eden catchment highlighting different mis-alignment issues between initial predictions of key Red List types and local ground-truthing. Line colours are initial predictions of key Red LIst types (red = C2.2a, blue = C2.2b, green = C2.3). Circle colours: Pink – likely that there should be a greater proportion of C2.2b, with some C2.3, rather than all C2.2a; Green – likely to be more C2.3 in these areas than C2.2 (particularly along the main stem in its lower reaches);  Yellow – likely to be C2.2a/C2.2b rather than C2.3; Blue – example areas of active shingle.

4.1.3 [bookmark: _Toc115770919]Addressing feedback on key Red List types and considering functional relationships
Refinements to the prediction of streampower made after the ground-truthing exercise helped in addressing some of the issues highlighted by local feedback. The streampower dataset was re-calculated from scratch using slope from the RICT dataset, which was smoother and more realistic than the slope previously derived. Using the RICT dataset allowed for full UK coverage, improving on the initial streampower dataset where smaller stretches were not available.
Revised predictions in the four case study areas are shown in Figure 6. A more detailed picture of revisions on the Eden system is provided by Figure 7, in relation to the mapped mis-matches highlighted by local staff. The effect of modelling refinements on these mis-matches can be summarised as follows. 
· Pink circles – Refined modelling of streampower seemed to improve greatly on this issue. 
· Green circles – There is considerably more C2.3 along the main stem of the Eden so model refinements have helped considerably on this issue.
· Yellow circles – There is a marginal shift away from C2.3 to C2.2a and C2.2b, providing some improvement in alignment. 
· Blue circles – These can only be addressed by incorporation of active shingle predictions into the model so are unaffected by refinements to Red List type prediction. 

Refinements to the streampower model have also helped to address the general comment on the Eden that some of the C2.2a predicted further down the system should be C2.2b. There is now considerably more C2.2b in these areas.
When interpreting Figures 6 and 7 it is important to point out that there are practical limits to the spatial resolution of changes that can be detected in this modelling exercise, particularly in relation to alternating sequences of types. For instance, channel gradient (a key component of the streampower calculation) is calculated in 500 metres sections, whilst the mapped output used for local feedback was based on a grid of 50-metre cells. This means that variation in channel gradient (a key component of streampower) between adjacent 50-metre cells cannot be factored into predictions.
Final revisions to modelling procedures resulted in streampower distributions for groups of RHS sites allocated to each type as shown in Table 3. A visual representation of the relationship between these distributions is provided in Figure 8. It is interesting to note the relatively small overlap in the distributions of site groupings attributed to C2.2a and C2.2b, and the consequently low number of sites located in the upper end of the C2.2b streampower range. This does suggest a gap in the Red List typology which active shingle river sections would be expected to help fill.
[bookmark: _Hlk98322307] Table 3. Distribution of streampower values (in W m-2) for RHS site groupings allocated to key Red List types.
	Type
	Min
	10th
	25th
	50th
	75th
	90th
	Max

	C2.2a
	0.0
	65.6
	127.9
	227.9
	397.9
	640.3
	5994.0

	C2.2b
	0.0
	6.5
	11.6
	23.3
	55.1
	86.0
	224.3

	C2.3
	0.0
	1.2
	7.9
	17.3
	31.6
	54.0
	299.7
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Figure 6. Revised case study predictions for key Red List types based on revisions to the streampower model following ground-truthing.
Red = C2.2a, blue = C2.2b, green = C2.3.
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Figure 7. The effects of refinements to the predictive model for streampower on mis-matches between predictions and ground-truthing in the Eden catchment. Colour-coding of areas with original mis-matches: Pink – likely that there should be a greater proportion of C2.2b, with some C2.3, rather than all C2.2a; Green – likely to be more C2.3 in these areas than C2.2 (particularly along the main stem in its lower reaches);  Yellow – likely to be C2.2a/C2.2b rather than C2.3; Blue – example areas of active shingle.
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Figure 8 Streampower relationship between RHS site groupings allocated to Red List types C2.2a, C2.2b and C2.3. Thick black line = median; bottom and top ends of boxes = 25th and 75th percentiles; whiskers = full range).

4.1.4 [bookmark: _Toc115770920]Active shingle sections
The attributes ‘Substrate’ from the spot check dataset and ‘Bars’ from the sweep-up dataset were used to allocate RHS sites to active shingle river habitat. The criteria used are outlined below, whilst a summary of site allocations is given in Table 4.
· Substrate - Sites dominated by gravel and/or pebbles. Criterion is 6 or more spot checks with Substrate field equals to GP(G) (gravel dominated), GP(P) (pebble dominated) or GP (mix of gravels and pebbles).
· Bars - RHS records three types of bars: sidebars (on side of straight channels), mid-bars (in middle of channels), point bars (inside of bends). Each field is recorded as: P for present (ie 1-33% of sweep) or E for extensive (>33%), plus they are recorded as vegetated (i.e. stable) or not vegetated (i.e. not stable). Criterion is any one unvegetated bar type is flagged as P or E.
The distribution of streampower values for these sites is shown in Table 5. A visual comparison with the streampower distributions for RHS site groupings allocated to key Red List types is made in Figure 9. 


Table 4 Summary of RHS site allocations to active shingle river habitat.
	Habitat type
	RHS attributes
	Total number of RHS sites
	Number of sites (HMS 1-2 + matched to rivers)

	Shingles
	Substrate (spot checks)
Bars (sweeps)
	514
	202 (E&W 189, NI 4, Scot 9)



Table 5 Distribution of streampower values (in W m-2) for active shingle sections based on RHS characteristics.
	Type
	Min
	10th
	25th
	50th 
	75th
	90th
	Max

	Active shingle
	0.00
	1.7
	11.4
	29.3
	63.9
	108.5
	439.8



The working assumption is that the functional location of the active shingle type in catchments is at the lower energy end of C2.2a and the upper energy end of C2.2b. Figure 9 indicates that RHS sites attributed to the active shingle type do partly occupy the sparse overlap between the distributions of sites allocated to C2.2a and C2.2b, but not as much as might be expected. The distribution of sites allocated to active shingle actually extends down to very low streampower values, suggesting difficulties in using RHS-based criteria to discriminate between classic active shingle sections of high dynamic character and lower energy meandering systems in which exposed gravel shoals are a less frequent feature.
Feedback from the local ground-truthing exercise suggested that simple classification of stream power values might not be sufficient to predict the location of active shingle sections, particularly given the difficulties in using RHS data to discriminate between types and generate reasonably discriminating streampower distributions for each type. Other approaches were investigated for providing the best prediction, based on functional characterisation of where active shingle sections tend to occur in catchments which can help take into account coarse sediment supply and behaviour. 
a) Longitudinal changes in streampower
New GIS coding was developed to track longitudinal changes in streampower down rivers and streams, allowing significant change points from high to mid-range values to be detected - these are likely to be associated with the entry of a high energy channel onto floodplain areas where gravel deposition and re-working takes place. Figure 10 shows the results for a single channel, indicating initial predictions of core types and the most likely locations for active-shingle sections.
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[bookmark: _Hlk101882970]Figure 9. Streampower relationship between the active shingle river type and key Red List types. Thick black line = median; bottom and top ends of boxes = 25th and 75th percentiles; whiskers = full range).
[image: ]
[bookmark: _Hlk78883097]Figure 10 Longitudinal changes in specific streampower along a sample river. Coloured crosses indicate initial predictions of core Red List types (red = C2.2a, blue = C2.2b, green – C2.3). Blue circles seek to indicate potential locations for active-shingle character.

The coding for this would require a rate-of-change variable for streampower, in addition to absolute value of streampower broadly corresponding to gravel reworking. This approach was not pursued further in this project because floodplain occurrence was felt likely to provide a better predictive variable in association with absolute streampower values.
b) Inclusion of floodplain occurrence
The occurrence of floodplain is indicative of natural channel wandering behaviour, which in sections with adequate streampower and coarse sediment supply translates into an active shingle channel bed. Coarse sediment is supplied from high energy reaches upstream, although once there are substantial coarse sediment deposits within the floodplain an active shingle bed may be sustained largely by accessing those deposits through lateral movement of the channel (assuming it is not artificially constrained by artificial bank reinforcements.
Data on floodplain occurrence were only available for England, but this was sufficient to test the usefulness of the approach. RHS sites attributed to active shingle were filtered based on the presence of floodplain. A 500-metre spatial buffer was placed around each site and the percentage of the buffer that is floodplain was calculated. Table 6 shows the distribution of streampower values as sites are progressively filtered out on the basis of floodplain width, from 10% of the buffer (i.e 50m) to 80% (i.e. 400m). Parallel values for key Red List types are included in the table for comparison),
Table 6 Streampower values for RHS sites attributed to the active shingle type, with sites progressively filtered based on floodplain width. Streampower values for key Red List types are provided for comparison.  
	Type prediction
	25th Percentile
	50th Percentile
	75th Percentile
	Number of RHS sites

	Based on RHS characteristics only
	11
	29
	64
	202

	Sites filtered to include floodplain >50m 
	12
	20
	38
	89

	Sites filtered to include floodplain >125m
	12
	20
	34
	40

	Sites filtered to include floodplain >250m
	15
	23
	30
	9

	Sites filtered to include floodplain >400m
	41
	60
	79
	2

	C2.2a for comparison
	128
	228
	398
	1304

	C2.2b for comparison
	12
	23
	55
	92

	C2.3 for comparison
	8
	17
	32
	197



Most tabulated scenarios for including floodplain screen out higher energy sites attributed to the active shingle habitat, making the streampower range for active shingle overlap more strongly with C2.2b. The only exception to this is the scenario involving floodplain widths >400m – in this case remaining sites are of higher energy and there is very good streampower differentiation with sites attributed to C2.2b. However, all but 2 RHS sites are filtered out of this scenario. The general implication drawn from the table is that higher energy RHS sites attributed to the active shingle habitat tend to have no appreciable floodplain. These results may reflect a lowland, low-energy bias in reference RHS sites that have floodplains.
Overall, these additional approaches were judged to offer no clear benefits over the default approach based on RHS-derived distributions of streampower values alone, at least not with the analytical functionality available within the current project. It was therefore decided to base predictions of active shingle river on simple RHS-derived values of streampower alone. This is not to say that more nuanced approaches would not provide better predictions, just that they were not possible in this project. Mapping of predicted active shingle habitat was deferred to subsequent analysis based on probability of type (see next section).
4.1.5 [bookmark: _Toc115770921]Allocating probabilities of occurrence
The process adopted used the groupings of RHS sites allocated to habitat types C2.2a, C2.2b, and C2.3 (see section 4.1.1) and active shingle (see section 4.1.4). For each set of sites, streampower values at those sites were extracted, providing empirical distributions of SSP for each habitat type. From these empirical distributions, probability curves were derived. 
We derived probabilities for each type within a ‘moving window’ on the streampower range, using a window width of 20W.m-2 (i.e. a given SSP value +/- 10W.m-2). This was considered an appropriate approach because: 
1) SSP is a continuous variable so probabilities can only be calculated for a range (probability for a discrete SSP value is by definition 0);
2) the empirical distribution of site allocations to types inevitably includes random under- and over-representation of types in some parts of the streampower range, such that a moving-window approach helps smooth out variability in resulting probability values.
Two analyses were undertaken, one considering key Red List types only (C2.3, C2.2b and C2.2a) and one incorporating the active shingle river type. This was needed because the process generates relative probabilities between a defined set of types, with the sum of these probabilities adding up to unity. The probability values therefore change depending on which types are part of the analysis. Additionally, the resulting probability data are used to derive results of ‘most-probable type’ at any given location. Two analyses are therefore needed to first evaluate the performance of the Red List typology in predicting river character, and then to evaluate the usefulness of adding in the active shingle type.
The outputs from the two analyses are shown in Figures 11 and 12. These outputs can be used in this form to indicate the relative probability of a type occurring at any given SSP value. The vertical lines in the figures show how the streampower range was divided up into sub-ranges where each type is considered to be most probable. Owing to the variable nature of the relationship between empirically-derived probability values and streampower, some judgement was applied to this process to generate a simple pattern of change in river/stream character (see below). The variability exhibited may (at least in part) be a valid expression of the effect of driving environmental variables other than streampower, but this cannot be determined in this analysis.  
· [bookmark: _Hlk101882518]Figure 11 (C2.2a, C2.2b and C2.3) - In the streampower range 0-15 W.m-2 C2.3 is clearly most probable, and above 45 W.m-2 C2.2b is clearly dominant over C2.3. However, in the 15-45 W.m-2 range the empirical distribution yields a fuzzy zone where probabilities for the two types are very close, and therefore inconclusive. With no compelling reason to allocate that range to either type we decided to split it halfway through the fuzzy zone, generating a cut-off between most probable C2.3 and most probable C2.2b at 30 W.m-2. The situation is more clear-cut between C2.2a and C2.2b, yielding a cut-off value of SSP 97 W.m-2. 
· Figure 12 (as above but including the active shingle type) – There was no reason to change the Figure 11 threshold between C2.3 and C2.2b. The boundary between C2.2b and the active shingle type is relatively clear at 66 W.m-2. There is some uncertainty in the most appropriate location of the threshold between the active shingle type and C2.2a but on balance it was decided to opt for a value of 96 W.m-2. 
[image: P:\NEC07456_CWI_NRW_River_Habitat_Mapping\Workfiles\NEW_SSP\C2x_relative_probability_curves_SSP_10_mw_April_2022.png]
[bookmark: _Hlk101782338]Figure 11 Relative probability curves for key Red List types (red - C2.2a; blue - 2.2b; green - C2.3). Dashed vertical lines indicate a significant zone of uncertainty between types. Continuous vertical lines indicate positioning of boundaries between ‘most probable types’.

[image: P:\NEC07456_CWI_NRW_River_Habitat_Mapping\Workfiles\NEW_SSP\C2x_&_SHINGLES_relative_probability_curves_SSP_10_mw_April_2022.png]
[bookmark: _Hlk115705861]Figure 12 Relative probability curves for key Red List types (red - C2.2a; blue - 2.2b; green - C2.3) incorporating active shingle river sections (black). Dashed vertical lines indicate a significant zone of uncertainty between types. Continuous vertical lines indicate positioning of boundaries between ‘most probable types’.

The way in which these judgements of most probable type affect the coverage of overlaps in the streampower frequency distributions of RHS sites allocated to these four different types is shown in Figure 13. Most notably, the streampower range where active shingle is deemed most probable occupies the sparsely populated overlap between the distributions of sites allocated to C2.2a and C2.2b. 
[image: P:\NEC07456_CWI_NRW_River_Habitat_Mapping\Workfiles\NEW_SSP\Boxplot_SSP_vs_C23_22B_22A_Shingles_with_SSP_cutoffs.png]
Figure 13 Streampower relationship between active shingle river type and key Red List types, indicating boundaries assigned to judgement of most probable type. C2.2b /C2.3 boundary in blue, C2.2b/active shingle boundary in green, active shingle/C2.2a boundary in red

The result of applying this probabilistic approach in case study catchments is given in Figures 14 to 17, using the second analysis that includes the active shingle type. Sections where the active shingle type is predicted to be most probable appear a little sparse in some parts of some case study catchments given their catchment character, but it should be borne in mind that predictions of this type are more widespread at lower probability values, and this will be reflected in the geodatabase associated with this report (see Section 4.6). Specifically in relation to the Eden catchment where more spatially explicit feedback was provided, model predictions of most probable type are aligning with a number of areas within the catchment where local knowledge indicates the presence of the active shingle type. However, some areas highlighted locally for the active shingle type are not predicted as that type being most probable, although they may be predicted at slightly lower probabilities. Many other areas in the Eden catchment not highlighted as the active shingle type by local feedback are highlighted by predictive modelling as most probably active shingle. This is not surprising since local feedback only provided examples of the locations of the type.
[image: C:\NEW_SSP_FINAL_FOR_MAPPING\SAMPLE_MAPS_DEE_C2x_Shingles.png]
[bookmark: _Hlk101969666]Figure 14 The predicted distribution of C2.2a, C2.2b, C2.3 and active shingle in the Dee catchment based on ‘most-probable type’. C2.2a – red; C2.2b – blue; C2.3 – green; active shingle – black.


[image: C:\NEW_SSP_FINAL_FOR_MAPPING\SAMPLE_MAPS_TEIFI_C2x_shingles.png]
Figure 15 The predicted distribution of C2.2a, C2.2b, C2.3 and active shingle in the Teifi catchment based on ‘most-probable type’. C2.2a – red; C2.2b – blue; C2.3 – green; active shingle – black.

[image: C:\NEW_SSP_FINAL_FOR_MAPPING\SAMPLE_MAPS_MOURNE_C2x_shingles.png]
[bookmark: _Hlk101969858]Figure 16 The predicted distribution of C2.2a, C2.2b, C2.3 and active shingle in the Foyle catchment based on ‘most-probable type’. C2.2a – red; C2.2b – blue; C2.3 – green; active shingle – black.

[image: C:\NEW_SSP_FINAL_FOR_MAPPING\SAMPLE_MAPS_EDEN_C2x_shingles.png]
Figure 17 The predicted distribution of C2.2a, C2.2b, C2.3 and active shingle in the Eden catchment based on ‘most-probable type’. C2.2a – red; C2.2b – blue; C2.3 – green; active shingle – black.

More generally, the extent of C2.3 in upland headwater areas of these case study catchments is very marked, often located above C2.2a. This may well be an artefact of the relationship between streampower and channel gradient, which becomes highly non-linear in small streams. This is because there is insufficient weight of water to create streampower in these situations, resulting in high gradient channels with low streampower. This tendency for surprising predicted occurrences of C2.3 in upland headwaters was a feature of the original local ground-truthing exercise and needs to be scrutinised in future work to refine map outputs.  
National maps of most-probable-type predictions are shown in Figures 18 (for the key Red List types only) and 19 (for key Red List types incorporating active shingle river sections). Figure 18 broadly shows an expected picture, where C2.2a dominates in montane areas, giving way to C2.2b in sub-montane areas and ending with C2.3 in the lower end of floodplains. Figure 19 refines this picture by incorporating active shingle rivers in the higher energy end of sub-montane areas, largely substituting for C2.2b in the higher part of the putative C2.2b streampower range. This helps in further reducing the predicted extent of C2.2b in Scotland and Wales, which ground-truthing indicated was too high in initial predictions (see Section 4.1.3). 
Whilst Figures 18 and 19 are useful in providing a broad national picture of type distributions, the resolution of the maps does give a somewhat false impression of the predicted extent of each type. The type predictions in case study catchments (Figures 14-17) show a much more granular picture of each type, which is ‘drowned out’ by the mapping of many sections on a national map where the colouring of predicted presence obscures white areas of predicted absence. In particular C2.3 appears to be ubiquitous even in upland areas, but the maps of case study areas indicate that it is sparsely distributed within upland areas according to local variation in channel gradient (and as already mentioned predicted presence in upland headwaters may be overstated due to the relationship between streampower and channel gradient).



[image: C:\NEW_SSP_FINAL_FOR_MAPPING\UK_C22A_only.jpg][image: C:\NEW_SSP_FINAL_FOR_MAPPING\UK_C22B_only.jpg][image: C:\NEW_SSP_FINAL_FOR_MAPPING\UK_C23_only.jpg]
[bookmark: _Hlk101778683]Figure 18 National distribution of ‘most probable type’ covering Red List types C2.2a (left, red), C2.2b (middle, blue), C2.3 (right, green).


[image: C:\NEW_SSP_FINAL_FOR_MAPPING\UK_C22A_4HT.jpg] [image: C:\NEW_SSP_FINAL_FOR_MAPPING\UK_C22B_4HT.jpg] 
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Figure 19 National distribution of most probable type covering Red List types C2.2a (top left, red), C2.2b (top right, blue), C2.3 (bottom left, green), and active shingle habitat (bottom right, black).

[bookmark: _Toc101783995][bookmark: _Toc101785741][bookmark: _Toc115770922]Tidally influenced sections
Tidal rivers were identified using a simple approach comparing river stretch elevation to historical observed high tides. Information about tides was obtained from the National Tidal and Sea Level Facility (NTSLF) https://ntslf.org; accessed 06 March 2021). Mean High Water Springs (MHWS) tidal levels were extracted for 43 tidal gauges in the UK (41 in Great Britain, 2 in Northern Ireland) shown in Figure 20, then converted to the appropriate datum. 
This dataset does not cover all estuaries modelled on the UKCEH DRN, so all river stretches were spatially assigned to their closest tidal gauge. Within ArcGIS, Thiessen polygons centred on the 43 tidal gauges were generated and spatially joined with the river network. Once this was done, each river stretch was tested: if the stretch centre-point elevation (m) was lower or equal to the MHWS at their assigned tidal gauge, the river stretch point was flagged as a tidal river.
A national map of predictions using the MSWH approach is shown in Figure 21. Whilst it has not been possible to ground-truth the predictions, the approach is highlighting sections that seem broadly realistic.
[image: P:\NEC07456_CWI_NRW_River_Habitat_Mapping\Workfiles\Tidal_Rivers\TidalGaugesLocation.jpg]
Figure 20 Location of tidal gauges used in the mapping of tidally influenced river sections.


[image: C:\NEW_SSP_FINAL_FOR_MAPPING\Tidal_Rivers_V1.jpg]
Figure 21 Predicted national distribution of tidal rivers (red).

[bookmark: _Toc115770923]Type H3260 habitat
Final criteria for mapping H3260 were based on predictions of most probable type for key Red List types (C2.2a, C2.2b and C2.3) and active shingle sections. As outlined previously, Core H3260 is viewed as locations where C2.2b is the most probable type, so these locations have been assigned to H3260 with high probability. At lower streampower values, the predicted distribution of H3260 has been extended down through the entire zone of uncertainty between C2.2b and C2.3 originally identified in Section 4.1.5 - this allows for the likelihood of significant presence of H3260 in the higher end of the streampower range for C2.3. At higher streampower values a more conservative approach has been taken to encroaching into the zone of uncertainty between C2.2b and active shingle river sections – H3260 has only been assigned up to the mid-point of this zone. This seems to be the most justifiable approach given the greater likelihood of channel hydraulics dictating hostile conditions to rooted submerged macrophytes. For these extensions of H3260 outside of the core C2.2b streampower range, a probability of ‘moderate’ has been assigned. For other parts of the streampower range a probability of ‘low’ has been assigned. A visual summary of the approach to H3260 is provided in Figure 22. 
[image: P:\NEC07456_CWI_NRW_River_Habitat_Mapping\Workfiles\NEW_SSP\C2x_&_SHINGLES_relative_probability_curves_SSP_10_mw_H3260_April_2022.png]
Figure 22 Parts of the streampower range assigned to Type H3260. H = high probability, M = moderate probability, L = low probability. Relative probability curves shown for key Red List types (red - C2.2a; blue - 2.2b; green - C2.3) and active shingle river sections (black).

The predicted national distribution of H3260 using these criteria is shown in Figure 23. In broad terms the map of high probability values appears to provide a reasonable interpretation of the likely distribution of the habitat across the UK. It indicates widespread occurrence in England where lower streampowers prevail, as well as suggesting likely occurrence in the lower parts of the predominantly upland catchments of Scotland and Wales. It has not yet been possible to capture detailed thoughts from the SNCBs on this predicted distribution, but this will be addressed in planned further work to refine the existing map outputs (see Section 7).
[image: C:\NEW_SSP_FINAL_FOR_MAPPING\UK_H3260_APRIL_2022_LOW_PROBABILITY.jpg][image: C:\NEW_SSP_FINAL_FOR_MAPPING\UK_H3260_APRIL_2022_MEDIUM_PROBABILITY.jpg][image: C:\NEW_SSP_FINAL_FOR_MAPPING\UK_H3260_APRIL_2022_HIGH_PROBABILITY.jpg]
Figure 23 Predicted distribution of H3260 using ‘most probable type’ information on C2.2a, C2.2b, C2.3 and active shingle sections. Left - low probability; middle – medium probability; right – high probability.


[bookmark: _Toc115770924]Headwater streams
The mapping of headwater streams is a simple exercise in comparison to other types. Figure 24 gives an indication of just how extensive the headwater stream network is across the UK, representing some 70% of the natural surface water drainage network by length at 1:50,000 scale. The natural effect of soils and geology on the headwater stream network is very apparent in Figure 24, with highly permeable areas such as the major bands of limestone and chalk in England having much lower stream densities. 
Unlike most types mapped in this project, headwater streams constitute a wide range of physical habitat types and their habitat character is only revealed by overlaying other type predictions on their distribution. This is possible through the use of the geodatabase generated by the project.
[bookmark: _Toc115770925]Summarising the predicted extent of different types across the UK
One of the key outputs from this modelling exercise is the ability to broadly characterise the river and stream habitat resource in terms of the spatial extent of different types in different parts of the UK. This information, and the data analyses that hang off it, feeds into domestic biodiversity reporting as well as international reporting on Type H3260 and Red List types. Table 7 breaks down the total length of the UK river and stream network by the river types predicted in this project. The figures are based on the UKCEH digital rivers network, which is equivalent to Ordnance Survey 1:50,000 map resolution. 
The spatial resolution at which such figures are calculated has a major bearing on the numbers involved, and this needs to be borne in mind when comparing data with other estimates of the river and stream habitat resource. The OS Water Network Layer is considerably more detailed but is not necessarily more accurate in its depiction of the river and stream habitat resource. This is because much of the additional channel length within the WNL relates to artificial channels, particularly in headwater areas where drainage schemes have artificially extended the channel network. 

[image: C:\NEW_SSP_FINAL_FOR_MAPPING\UK_HEADWATER.jpg]Figure 24 National distribution of headwater streams (red) mapped as channels <2.5km from source on the UKCEH DRN. Larger rivers (non-headwater streams) shown in blue.

Table 7 Total channel length (km) allocated to each river/stream type in different parts of the UK. For types where probabilities have been calculated, only sections where a type is most probable have been counted. Note the 1:50,000 UKCEH digital river network has been used to generate these figures. Allocation to C2.2a, C2.2b, C2.3 and active shingle sections is mutually exclusive but allocation to other types can overlap with these, so type estimates are not necessarily additive. 
	Type
	England
	Scotland
	Wales
	N Ireland
	UK

	
	Larger
rivers
	Headwater streams
	Larger rivers
	Headwater streams
	Larger rivers
	Headwater streams
	Larger rivers
	Headwater streams
	Larger rivers
	Headwater streams

	Total length
	133,391
	78,403
	128,400
	92,826
	28,231
	18,704
	20,253
	11,291
	310,275
	201,224

	C2.2a
	19,014
	8,928
	41,508
	20,367
	11,550
	5,826
	5,392
	2,301
	77,463
	37,422

	C2.2b
	18,390
	8,548
	8,200
	3,826
	2,325
	1,065
	2,792
	1,317
	31,707
	14,755

	C2.3
	86,905
	56,739
	67,409
	64,007
	12,186
	10,805
	9,524
	6,781
	176,025
	138,331

	Active shingle
	6,912
	3,251
	5,829
	2,667
	1,783
	853
	1,688
	744
	16,211
	7,515

	C2.4 (Tidally influenced)
	10,546
	5,771
	465
	171
	489
	280
	65
	24
	11,565
	6,246

	H3260
	18,390
	8,548
	8,200
	3,826
	2,325
	1,065
	2,792
	1,317
	31,707
	14,755

	Headwater streams
	
	78,403
	
	92,826
	
	18,704
	
	11,291
	
	201,224



[bookmark: _Toc101785746][bookmark: _Toc101785747][bookmark: _Toc100571705][bookmark: _Toc100571823][bookmark: _Toc100571706][bookmark: _Toc100571824][bookmark: _Toc100571707][bookmark: _Toc100571825][bookmark: _Toc100571708][bookmark: _Toc100571826][bookmark: _Toc100571709][bookmark: _Toc100571827][bookmark: _Toc100571710][bookmark: _Toc100571828][bookmark: _Toc78896778][bookmark: _Toc78896779][bookmark: _Toc78896780][bookmark: _Toc78896781][bookmark: _Toc115770926]Packaging up the geodatabase
[bookmark: _Hlk101783853]The spatial framework of the geodatabase is the 50-metre grid used in the UKCEH DRN. This can be used in its raw form or translated onto a digital blue line of choice such as the OS Water Network Layer. This is the simplest spatial framework to use for now given the stage that the work is at, since further any further refinement activity will be based on this spatial framework. 
The geodatabase comes with a Readme file explaining all data fields. Data fields indicate which river/stream types are relevant to each 50m grid cell, with values for probability of occurrence and an indication of most probable type for types where this has been calculated. Probabilities of occurrence are included for key Red List types only (C2.2a, C2.2b, C2.3) and for those types plus active-shingle sections, so that there is flexibility as to whether to view active shingle sections as an addition to the Red List channel typology. Supporting data fields (where available as open data) are also provided to aid GIS analysis of the typological outputs, including modelled streampower and selected environmental attributes from the RICT database. 
The database is too large for a single file so has been packaged up as a series of principal hydrometric areas. Those areas relevant to each SCNB have been grouped into a series of zip files, for England, Scotland, Wales and Northern Ireland. Where a hydrometric area overlap is split across two SNCB areas these have been included in the zip file for both SNCBs. A UK zip file has also been generated including all hydrometric areas. 


[bookmark: _Toc35001042][bookmark: _Toc115770927]Discussion
Predictive mapping exercises of this nature have various sources of error that need to be recognised. In this case there are errors associated with the prediction of streampower, the placing of typological boundaries on the streampower continuum, limitations in predictive capability created by the use of a limited number of environmental variables, variations in the interpretation of different habitat types and the ability of RHS-derived data to characterise differences between types, and the complexities of natural variation in river/stream habitat. This has been a pragmatic modelling exercise and there are ways in which the handling of each of these sources of error can be improved. 
Despite these uncertainties, useful validation of the streampower boundary values generated by the project comes from observations by Brookes (1988) of specific stream power in restored rivers. He found the following:
1. Channels where SSP < 10 W.m-2 were prone to siltation; low energy; muddy; slow-flowing;
2. Channels where SSP within 10 – 35 W.m-2 had a modest amount of coarse bedload with the development of some lateral sinuosity;
3. Channels where SSP within 50 – 100 W.m-2 tended to start meandering; riffles, pools, etc.
4. Channels where SSP > 100 W.m-2 tended to be quite energetic (e.g. wandering).
Channels in (1) can be interpreted as the low-energy end of C2.3, whilst channels in (2) are the upper end of 2.3 moving towards 2.2b. Channels in (3) can be interpreted as classical 2.2b, moving towards active shingle character at the upper end of the streampower range. Channels in (4) have streampower values that can support active shingle sections but character will also be determined by coarse sediment supply – if supply is low then 2.2a is more likely, particularly as streampower values increase. This picture fits broadly with the probability values for core hydraulic/geomorphological types that this project has identified. Greater precision in predictions might potentially be achieved by additional consideration of coarse sediment supply, either from upstream or stored within the floodplain (or both). 
An understanding of nested spatial scales of habitat variation in rivers is critical context for model development. The importance of spatial resolution is illustrated by the observation in local feedback that predicted C2.2b is often a mixture of C2.2a and active shingle. This shows that the locations at which reaches are divided for prediction has a major bearing on the accuracy of the prediction. For example, a reach exhibiting equal amounts of C2.2a and C2.3 will erroneously be predicted as C2.2b by using the average streampower for the reach. 
Really, to address nested spatial variation modelling is best undertaken by aligning reach boundaries to significant changes in streampower, often brought about by changes in channel gradient or confluences between channels. Failing that, the next best thing is to make predictions of type at the finest scale possible and then aggregate type predictions (not streampower values) to larger reach scale on the basis of predominant type predicted at fine-scale. It was originally intended that this form of spatial aggregation would be undertaken, but it has not yet been attempted and predictions remain based on 50-metre grid-scale.
The usefulness of RHS data in calibrating the model was constrained by its focus on small-scale habitat features which are found across a range of river habitat types. For instance, RHS features such as exposed sediments and different types of functional plant groups can be found in different river types but at different levels of dominance, creating uncertainty in the relationship between features and broad habitat type. This is countered to some extent by the assessment of ‘extensiveness’ in RHS, although this is a crude categorisation that does not allow discrimination between: 1) a feature being merely present and having up to 30% coverage; and 2) a feature having 30% coverage and up to 100% coverage. This created difficulties in deciding on the precise criteria to characterise different river types, generating considerable overlap in criteria and hence substantial fuzzy zones between streampower ranges labelled as ‘most probable type’.  It would be worth considering whether refinements to the RHS-based criteria used so far could provide better discrimination between certain types, particularly between C2.2b and C2.3 and between C2.2b and active shingle sections. This said, it is possible that we are already working at the limits of what discrimination RHS data can provide.

Local feedback via case studies provided a useful exercise in ground-truthing early model predictions. It is worth pointing out that the case studies chosen, whilst covering England, Scotland, Wales and Northern Ireland, do not provide full coverage of all catchment conditions occurring in the UK. In particular, there was little coverage of lowland rivers/streams with lowland catchments. It was not possible to continue local feedback activity through the latter stages of the work. Further ground-truthing is therefore being built into the next phase of work (see Section 7).
The modelling approach used, although based on a compound metric (streampower), has been relatively simple. To improve predictions in the future it may be necessary to incorporate other environmental variables to address the conflicting needs identified by local feedback to both increase and decrease streampower boundary values to address mis-matches between predictions and local reality. Further investigations are likely to reveal workable ways of building in functional relationships between types into model predictions. 

In terms of other environmental factors, channel gradient might provide a reasonable surrogate for streampower, reducing the potential for human modifications to affect predictions and making predictive mapping of types a simpler activity (which would be useful in parts of Europe where GIS layers are not available to model streampower). Such an approach would also potentially remove the extensive prediction of C2.3 in upland streams, which may be an artefact of the relationship between streampower and distance from source. 

Predictive work to date has focused on hydraulic energy (in the form of streampower), but it is well known that river and stream geomorphology is primarily determined by the combination of hydraulic energy and sediment supply (in addition to the substantial influence of vegetation, particularly trees and fallen wood). Sediment supply is more difficult to characterise and quantify but is worth further consideration. It might generally be considered to influence a secondary tier of variation in geomorphological habitat character that the typological framework used in this report is not sufficiently nuanced to address (and is handled better by the EU Reform river typology).

It would also be interesting to compare the approach used in the current project with conventional forms of multivariate analysis using a range of readily available GIS-based environmental variables. This would provide more degrees of freedom to the analysis which is likely to allow more nuanced predictive algorithms to be generated. On the negative side, multivariate analysis tend to generate complicated combinations of abiotic factors that are more difficult to portray and understand. 

Based on this work a strong case can be made for inserting the active shingle river type into the Red List channel typology to plug the functional gap between Types C2.2a and C2.2b. The reasoning for this is strengthened further by the existing presence of active shingle habitat in the riparian component of the Red List typology, which is ecologically awkward and requires rationalising.
During the course of this work, bedrock river sections have been highlighted as a significant gap in the typological framework being used. Based on streampower alone these sections would currently largely fall under Type C2.2a and distinguishing them may require consideration of coarse sediment supply (or some surrogate for it) or refined characterisation of channel constraints. 
Given the degree of observed mis-alignment between predictions and local reality the predictive confidence of the geodatabase at local-scale must be considered to be relatively low. It is providing a broad evaluation of the distribution of different river types but cannot be considered reliable at a local level. The portrayal of predictive outputs as probabilities of type helps to manage expectations, but this will need to be reinforced in any guidance associated with the geodatabase. The current predictions should not be seen as a final product, but rather something that should be refined through a combination of operational use and further modelling work. 
Even with further refinement there are limitations to how well such a nationally driven mapping exercise can ever reflect detailed local reality. Local judgement is likely to be a better indicator of type, but it is important to think about why there might be a need to type a particular river section or stream. It is useful in improving out understanding of geographical distribution and refining national maps, but is questionable in relation to making local management decisions. Such decisions should be based on the protection and restoration of natural river/stream function through the removal of modifications and pressures, irrespective of what ‘type’ the river or stream may be.  


[bookmark: _Toc35001043][bookmark: _Toc115770928]Conclusions
1. This modelling exercise has made a good start in rationalising our understanding of the spatial distribution of key river and stream types within the UK but further work is required to improve this initial picture.

2. The geodatabase produced is useful as it stands for assisting with national assessment and reporting of habitat condition/status by type. For instance, it provides a means of filtering water quality and other available data to help generate a broad assessment of the status of Type H3260, European Red List types and domestic priority habitat types. It is also of use in helping to ensure that any surveillance monitoring programmes include adequate representation of different habitat types.

3. Great care should be taken with the interpretation of the map at a local level. The confidence of predicting river type at reach-scale (particularly small reach-scale) is low. Local judgements of river type (as long as they are based on the natural character of the river) will be more robust for any given river section/reach.

4. Further ground-truthing is required to examine mis-matches between predictions and local reality and investigate how to refine predictive approaches to address them. For instance, the prediction of Red List Type C2.3 in upland headwater areas and Type H3260 in Scotland need particular scrutiny. Refinements may require the use of additional environmental variables and modelling approaches.

5. Further work is required to fill in gaps in the typological framework outlined in the report.

6. It is important to emphasise that typing is only useful for certain purposes such as status reporting. Management of river systems to meet conservation objectives needs to be based on a functional and ecological understanding of the system and the effects of human activities (past and present) upon it. Structuring management responses based on type-specific considerations of natural habitat character is not advisable.






[bookmark: _Toc115770929]Further work
1. Existing map outputs will be scrutinised by the SNCBs (nationally and locally), in collaboration with partners and independent experts. Feedback will be collated and used to decide on suitable refinements to the predictive approach.

2. Further work is planned to implement the full typological framework outlined in Section 3, including the prediction of all types not yet modelled. This will require the incorporation of alkalinity data and also (where possible) new groundwater modelling/analysis to predict the distribution of temporary streams.

3. Additional prediction of bedrock rivers and river gorges is being built into future work, which will require incorporation of valley cross-section in predictive algorithms as well as consideration of natural coarse sediment supply.
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[bookmark: _Toc99039126][bookmark: _Toc115770931]Appendix 1 - Literature review to explore methodological approaches
Bizzi, S. & Lerner, D. N. (2012) Characterizing physical habitats in rivers using map-derived drivers of fluvial geomorphic processes. Geomorphology, 169, 64-73.
New understanding of fluvial geomorphological processes has successfully informed flood mitigation strategies and rehabilitation schemes in recent years. However well established geomorphological assessments are location-specific and demanding in terms of resource and expertise required, and their routine application for regional or national river characterization, although desirable, is unlikely at present. This paper proposes a framework based on GIS procedures, empirical relationships and the self-organized map for the analysis and classification of map-derived drivers of fluvial morphological processes. The geomorphic controls analysed are: channel gradient and hydrology, specific stream power, river order and floodplain extent. The case study is a gravel bed river in England. Using the self organized map, we analyse patterns of these controls along the river longitudinal profile and identify clusters of similar configuration. The reciprocal relationships that emerge amongst the geomorphic controls reflect the hierarchical nature of fluvial systems and are consistent with the current theoretical understanding of fluvial processes. Field observations from the River Habitat Survey are used to prove the influence of geomorphic drivers on reach-scale morphological forms. Six clusters are identified which describe six distinctive channel types. These proved to be characterized by distinctive configurations of geomorphic drivers and specific sets of physical habitat features. The method successfully characterizes the notable transitions in channel character along the river course.

Bizzi, S., Harrison, R. F. & Lerner, D. N. (2009) The Growing Hierarchical Self-Organizing Map (GHSOM) for analysing multi-dimensional stream habitat datasets. pp 734-740 
River field surveys are carried out to describe biological habitats and the main geomorphic features of a river stretch. They can be extensive, expensive and time consuming campaigns sampling a high number of features. These features belong to a complex river ecosystem characterized by many different processes at various scales from simple to highly non linear. Researchers need sophisticated techniques to manage this multi-dimensional dataset which was so arduously obtained. In this paper we apply an algorithm, the Growing Hierarchical Self-Organizing Map (GHSOM), to analyse the River Habitat Survey (RHS) database in the UK. The RHS is a system for assessing the character and quality of rivers based on their physical structure. More than one hundred variables were sampled for each survey site. They were sampled at more than 10 000 sites over the past ten years. The GHSOM is a variant of the SOM algorithm which is particularly useful for explorative data mining of multi-dimensional datasets. It produces an intuitive representation of hierarchical relations in the data. More than seventy ordinal variables, each representing the occurrence of a feature in the river stretch, are analyzed for 7000 sites, and hierarchical patterns are obtained. The algorithm produces hierarchical structure of four layers of clusters: from a general classification of stream habitats composed of 6 clusters to a very fine one with a few hundred clusters. This complex hierarchical structure is firstly interpreted labelling the clusters with the most frequent features, i.e. using just its input variables. We are interested to assess how closely a habitat type (as defined by a cluster) corresponds to a river type (as defined using different river classifications). A specific index able to assess the supposed link between river types and stream habitats is developed. It is able to quantify the distribution of different river types across the hierarchical clustering structure: it is calculating how much a stream habitat is common amongst different typologies or in other words how well it could be representative of a specific river type. Two different river classifications are analysed. One has been developed by UK Environment Agency (EA) to disseminate the results of the first national RHS. The other has been proposed by UK as a river typology classification to meet the requirement of the Water Framework Directive (WFD). The latter shows a weak link amongst river types and stream habitats. Instead a river classification based on natural drivers such as geology, slope, mean annual discharge and altitude developed by EA shows a much stronger link. These results draw interesting insights of the key roles of natural driving forces on the geomorphic processes responsible of stream habitat formations which deserve further analysis. The hierarchical structure allows furthermore assessing this link for different type of habitat classifications from broad to details ones. Analysing if much finer stream habitat classifications, i.e. composed of high number of clusters, allow a better link with river types creates the possibility to identify which aspects of stream habitats, e. g. very general (different eco-regions) or very detailed (various management of riparian vegetation) ones, are more sensitive to identify river types and to investigate the possible reasons for it. The framework presented is then suitable to analyse the influences of stream habitats on a full range of environmental objectives. In the present work we analyse river classifications, but the same approach could be applied to other components of the fluvial ecosystem such as fish or invertebrates communities. This approach has capabilities to improve our understanding of the fluvial ecosystem and to bring management benefits. It gives the possibility to develop optimum habitat classifications able to meet management requirements and to minimize the number of habitat classes identified. This output could then produce management benefits addressing the characterization of habitat status and the planning of the future monitoring campaign, which could be optimised in relation to the classification adopted.

Jeffers, J. N. R. (1998) Characterization of river habitats and prediction of habitat features using ordination techniques. Aquatic Conservation: Marine and Freshwater Ecosystems, 8, 529-540.
1.The extensive data collected from more than 5000 separate sites in England, Wales, Scotland and Northern Ireland now provide representative samples of the current state of river habitats in the UK. 2. While analysis and interpretation of these data will necessarily continue for some time, some preliminary conclusions and results have already emerged from the examination and interpretation of the complex and dynamic relationships between the many variables and attributes recorded in the course of the national survey. 3. In particular, it has been possible to provide an ordination of the survey sites based on four map-derived variables that facilitates prediction of at least some of the major habitat features. 4. This ordination and the resulting prediction of habitat features are described in this paper, together with a brief discussion of the implications of the analysis for river habitat management.

We also specifically reviewed, on request, the use of stream power to determine river typologies. A review of the scientific literature showed that stream power is mainly used for: (i) patch scale microhabitat prediction; (ii) flooding and overland flow predictions; (iii) floodplain dynamics; (iv) sediment transport predictions.
There are not many papers linking specific river typologies to specific stream power ranges or thresholds. A few papers focus mainly on investigating substrate size and channel form at the reach scale, which could be potentially useful given a couple of the project priority habitat types seem to be defined by substrate. In addition, it is likely that most of these priority habitats occur at the reach and mega reach scale rather than the whole waterbody scale.
Of interest, mostly due to use or prediction of stream power in GIS and DEM, are the following papers:
Schmitt, L., Maire, G. & Humbert, J. (2001) Stream power: definition, uses and limitations for a hydro-geomorphic river typology. Zeitschrift Fur Geomorphologie, 45, 201-224.
On the basis of a large bibliographic synthesis, the spatial scales used in applications of the stream power concert were examined, which allows the extension of the utilisation of stream power for finer typologies than those related to channel pattern or floodplains. The theoretical longitudinal evolution of gross stream power and specific stream power does not allow an easy river sectorisation. On the other hand, the physiographic or the geomorphologic discontinuities call be an appropriate basis for a sectorisation. Some comparisons between stream reaches obtained on this basis allow the elaboration of a pertinente typology, as have done BERNOT & CREUZE DES CHATELLIERS (1998). It is important to take the differences between the stream power estimation methods into account when comparing their results. Unlike some current ideas, the exploitation of data collected North-East France exhibit clearly, that stream power is not an independent variable of the fluvial system: it's strongly influenced by sinuosity (gradient) and the channel geometry (width). Therefore, a river typology cannot exclusively rely upon specific stream power. The use of additional geomorphological variables appears necessary for the interpretation of specific stream power. It is necessary to, at least, for accurate characterization of each stream type morphology and dynamic.

Reinfelds, I., Cohen, T., Batten, P. & Brierley, G. (2004) Assessment of downstream trends in channel gradient, total and specific stream power: a GIS approach. Geomorphology, 60, 403-416.
Geographic Information Systems (GIS) analyses of Digital Elevation Models (DEMs) coupled with catchment area based discharge estimation techniques provide a relatively simple means of modelling contiguous downstream trends in channel gradient, total stream power, and in riverscapes conducive to regime analysis, also specific stream power. For a small, high relief, coastal catchment in SE Australia, good agreement was obtained between channel gradients derived from a 25 m cell-size DEM and field survey equivalents over distances of several kilometres, indicating that channel gradients derived from DEMs can have a reasonable degree of absolute as well as relative accuracy over multi-kilometre reach scales. Assessment of downstream rates of change in channel gradient and specific stream power across four river systems suggests that some of the river reaches most responsive to high magnitude floods occur in zones where these variables rapidly decrease downstream. Modelling of downstream trends in channel gradient, total and specific stream power from catchment-wide DEMs has potential to provide a framework with which to investigate conceptual and empirical models between channel gradient, stream power and the form and dynamics of river systems.

Alabyan, A. M. & Chalov, R. S. (1998) Types of river channel patterns and their natural controls. Earth Surface Processes and Landforms, 23, 467-474.
River channel patterns are thought to form a morphological continuum. This continuum is two-dimensional, defined by plan features of which there are three (straight, meandering, branching), and structural levels of fluvial relief of which there are also three (floodplain, flood channel, low-water channel). Combinations of these three categories define the diversity of patterns. One of the most important factors in channel development is stream power, defined by water discharge and river slope. The greater the stream power, the stronger the branching tendency, but threshold values of stream power are different for the three different hierarchical levels of channel relief. The critical stream power values and hydrological regime together define the channel pattern, and analysis of the pattern type can be undertaken using effective discharge curves.

Ferencevic, M. V. & Ashmore, P. (2012) Creating and evaluating digital elevation model-based stream-power map as a stream assessment tool. River Research and Applications, 28, 1394-1416.
As urban development increases, a need is emerging to understand and predict river behaviour in order to focus rehabilitation efforts and protect the natural river system while preserving urban infrastructure. Stream assessment methods are reviewed to demonstrate the need for a physically based and objective method that is also accessible in terms of time, data requirements and expertise. The case of Highland Creek near Toronto, Canada, is used to demonstrate a new type of initial stream assessment method that is based on the concept of stream power and performed entirely in a geographic information system using information from a digital elevation model (DEM). The results from this analysis are tested against existing information for Highland Creek. This includes a hydraulic model (Hydraulic Engineering Center's River Analysis System), field-measured slopes, air photos and the geomorphic effects of an extreme flood. In addition, the results are presented in map form to demonstrate the effectiveness of visualizing the stream-power distribution over the entire basin and also the usefulness of overlaying stream power onto other available information. The slopes extracted from the DEM are found to be statistically similar to those from a one-dimensional hydraulic model and field-measured slopes. Individual peaks in slope as well as locations of stream-power maxima and minima are found to correlate to actual channel features as seen in air photos. The extreme flood event of August 2005 caused a dramatic change in channel form at the exact location of maximum energy predicted by the DEM-based stream-power analysis. The case of Highland Creek illustrates how this approach yields a useful outcome for understanding stream dynamics and stability as part of a stream assessment process.

Lea, D. M. & Legleiter, C. J. (2016) Mapping spatial patterns of stream power and channel change along a gravel-bed river in northern Yellowstone. Geomorphology, 252, 66-79.
Stream power represents the rate of energy expenditure along a river and can be calculated using topographic data acquired via remote sensing or field surveys. This study sought to quantitatively relate temporal changes in the form of Soda Butte Creek, a gravel-bed river in northeastern Yellowstone National Park, to stream power gradients along an 8-km reach. Aerial photographs from 1994 to 2012 and ground-based surveys were used to develop a locational probability map and morphologic sediment budget to assess lateral channel mobility and changes in net sediment flux. A drainage area-to-discharge relationship and DEM developed from LiDAR data were used to obtain the discharge and slope values needed to calculate stream power. Local and lagged relationships between mean stream power gradient at median peak discharge and volumes of erosion, deposition, and net sediment flux were quantified via spatial cross-correlation analyses. Similarly, autocorrelations of locational probabilities and sediment fluxes were used to examine spatial patterns of sediment sources and sinks. Energy expended above critical stream power was calculated for each time period to relate the magnitude and duration of peak flows to the total volumetric change in each time increment. Collectively, we refer to these methods as the stream power gradient (SPG) framework The results of this study were compromised by methodological limitations of the SPG framework and revealed some complications likely to arise when applying this framework to small, wandering, gravel-bed rivers. Correlations between stream power gradients and sediment flux were generally weak, highlighting the inability of relatively simple statistical approaches to link sub-budget cell-scale sediment dynamics to larger-scale driving forces such as stream power gradients. Improving the moderate spatial resolution techniques used in this study and acquiring very-high resolution data from recently developed methods in fluvial remote sensing could help improve understanding of the spatial organization of stream power, sediment transport, and channel change in dynamic natural rivers.


[bookmark: _Toc115770932]Appendix 2 - Examining the approach of Jeffers (1998)
[bookmark: _Hlk36044226] A review of the literature highlighted Jeffers (1998) as a peer-reviewed method that could allow the mapping of types C2.2a, C2,2b and C2.3. The paper related information from a representative set of RHS sites to a number of physical variables, and performed a principal component analysis to identify which variables are the most important, then converted them into 2 principal components (see Figure 2.1). The formulas from the paper have been used widely in a Minitab program to assess new RHS sites.
The main variables happen to be three of the variables derived for the new RICT database: distance from source, slope (calculated in the same way 500m upstream and downstream of site), elevation at site. The fourth variable is the elevation of the source; it is not readily available but could be derived using the raw data underlying the RICT database.
[image: ]
[bookmark: _Ref34998138]Figure 2.1 Site grouping according to elevation and hydraulics against PCA axes (from Jeffers, 1998)

We explore the feasibility of implementing Jeffers (1998) as it is. Figure 2.2 below is an example implemented using only 3 of the 4 variables (hence for illustration purpose only). With such an approach, type C2.2a would be captured by a combination of blue and red cells (montane high energy), etc.

[image: ]   [image: ]
[bookmark: _Ref34998244]Figure 2.2 Left, PCA First component Coastal (brown), Lowland (yellow), Upland (green), Montane (blue); right, PCA Second component, low energy (green), high energy (red)
However, the paper used data from the mid-90s. An alternative option would be to re-run Jeffers’ study using updated RHS data. Given how Jeffers (1998) was done, it is very likely that the patterns would be similar.
One major issue with Jeffers (1998) is that it would not provide the flexibility to locate type boundaries according to explicit ecological differentiation of the river types needing to be mapped. One suggested option was to relate the updated RHS database (and/or additional plant database) to the mapped PCA components (as per Jeffers) higher plants (and assess whether there is a significant relation (i.e. would core river types plot preferentially in different parts of the first component vs second component plot).
In the end, this approach was dropped in favour of a direct approach based on estimation of specific stream power (see main text).
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