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Research at the Environment Agency

Scientific research and analysis underpins everything the Environment Agency does. It
helps us to understand and manage the environment effectively. Our own experts work
with leading scientific organisations, universities and other parts of the Defra group to
bring the best knowledge to bear on the environmental problems that we face now and in
the future. Our scientific work is published as summaries and reports, freely available to
all.

This report is the result of research commissioned by the Environment Agency’s Chief
Scientist’'s Group.

You can find out more about our current science programmes at
https://www.gov.uk/government/organisations/environment-agency/about/research

If you have any comments or questions about this report or the Environment Agency’s
other scientific work, please contact research@environment-agency.gov.uk.

Dr Robert Bradburne
Chief Scientist
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Executive summary

The large number of modified water courses and the anticipated changes in flow regime
due to climate change are driving work to increase the geomorphological and ecological
resilience of English rivers. River Restoration schemes are increasing in number and
aspiration in terms of the types and scale of improvements delivered. This report includes
a literature review and summary of recent case studies to update evidence for what
interventions work best in particular situations now and in the future.

Earlier work in 2014 described the evidence to support appropriate restoration measures
(dependent on river type and local setting) to improve river habitats during low flows.
Evidence was presented in a matrix that summarised available measures and the
likelihood to which they will improve geomorphological and ecological resilience at low
flows for a given river type, with a level of confidence based on available evidence.
Practitioners can use the matrix to make a high-level assessment of what measures or
combination of measures may improve their system and to access literature and case
studies.

The update described in this report involved a review of 69 papers, most published since
2014. As a result, the matrix was extended to include measures reported since 2014, a
new river type of ‘urban artificial’ and considered the suitable of the measure in providing
resilience at high flows. The expert judgement of the project team was used to complete
the new sections of the matrix as to whether the measure was likely to increase ecological
resilience during flow extremes (high, medium and low possibility and inappropriate).
Evidence from the literature review was used to apply a level of confidence to the expert
opinion of the whole matrix. Reviewed papers provided limited information about the
geomorphological setting of schemes. In many cases, it was not possible to clearly
identify the river type and/or restoration measure, which restricted the amount of
information which could be transferred to the matrix. Gaps in the matrix remain.

To address some of these gaps a two-dimensional (2D) modelling exercise was conducted
on 10 new case studies focussed on generating insights for high energy and chalk
environments, as well as schemes designed using a process-based approach, which
allows natural processes to create habitats, for example by leaving space for adjustments.
Ecological and geomorphological resilience is quantified by the variety and type of
available habitats at different flows. Ecological resilience was considered to be greater if
slower flowing habitats were present to provide shelter during high flows and flowing water
habitats were present during low flows. The results provided evidence that reconnecting
channel and floodplain (via a range of approaches) increased wetted area, often even at
very low flows and slower flowing areas at high flows. In more constrained sites (either by
land-use or urbanisation) improvements in resilience were also observed such as creating
flow refuges, using a different range of techniques.

Gaps in the matrix remain with some measures having no evidence and some river types
having little evidence (there appears to be a bias towards lower energy single thread
channels in the literature). The evidence underpinning the matrix, could potentially be
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improved by reviewing other river restoration assessments such as reports from work
undertaken by consultants and Rivers Trusts which are not often reported in the scientific
literature or the targeting of monitoring and appraisal to address the gaps.

The river restoration measures to improve geomorphological and ecological resilience in a
changing climate should be considered in a catchment context and work with natural
processes to promote success. Larger-scale benefits may be achieved by taking a wider
system view making space for channel migration, floodplain reconnection, wider
hydrological functioning and allowing natural recovery over a larger area.
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1. Introduction

1.1. Introduction

Over half of England’s watercourses have been subject to deliberate physical modification
for a range of reasons and sometimes over very long time periods. This modification
affects natural physical processes, the habitats created and the ecosystems they support
(Environment Agency, 2021). This change in channel shape alters the habitat composition
at low and high flows, including the presence of refuges (flowing water conditions at low
flows and slower flowing areas at high flows) that aid survival during these extreme
events. Such extreme events are likely to increase under climate change (Watts, 2015).

In 2014 the Environment Agency undertook a study to aid understanding of how
restoration measures can improve river habitats during low flows (Environment Agency,
2014). The study built an evidence base identifying the most appropriate restoration
measures (dependent on river type and local setting) to improve river habitats during low
flows. The study addressed the lack of effective appraisal of river restoration measures as
assessment was both patchy and, in many cases, unscientific (lacking details such as
objective setting, survey design, data quality and statistical analysis see, for example:
Palmer et al. 2005, Environment Agency 2008, Vaughan et al. 2009, Feld et al. 2011).
The 2014 study aimed to help practitioners design suitable schemes by linking restoration
measures, river type and restoring natural processes to improve ecological resilience. The
main output from the study was a matrix summarising evidence of measure effectiveness
for a range of river types aiming to guide practitioners in selecting appropriate restoration
measures. The matrix also highlighted areas with limited insights. Details of the river types
used in the matrix are presented in the Appendix.

This study is an update of the 2014 investigation. The update is required given the rapid
developments in restoration approaches with process-based projects beginning to
supersede those that aimed towards an historic reference state. For example, river
restoration approaches are extending beyond re-meandering in favour of system
dynamism which aims for a natural self-sustaining process of habitat creation and
evolution. This report is a review and update of the evidence base and further addresses
gaps in scientific knowledge and information by providing new evidence of the impact of
restoration measures considered useful in adapting to a changing climate.

1.2. Context

Climate change is expected to alter flow patterns in English rivers. Analysing seasonal
mean flow changes for two future time slices (2020 to 2050 and 2050 to 2080), Kay (2021)
found large decreases in summer flows across the England (median ~45%) but possible
increases in winter flows (median ~9%) especially in the north and west. These results
mean that the applicability and performance of restoration measures need to be
considered against these potential changes in flows and resilience to larger floods. In turn
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the impact on the habitat suitability and availability for freshwater organisms at both low
and high flows needs to be considered.

Both droughts and high flows are natural disturbances in river systems that influence
community structure, alter species composition, abundance and richness, and can
promote diversity (Poff et al 1997). Droughts and dry periods reduce the volume of
available water, resulting in a loss of horizontal, longitudinal and vertical connectivity
between the water body and its surroundings. Initially, wetted habitat is lost when the river
becomes disconnected from its riparian zone but, as the drought progresses, longitudinal
river connectivity may also be lost (Boulton, 2003).

Peak flood flows can cause substantial physical disturbance to river biota (e.g. Lake, 2000
Dunbar et al. 2010), although the threshold flows at which this occurs is uncertain (Death,
2008). The impact of flooding in a given watercourse will be dependent on the species
composition and any physical modification that the watercourse has been subjected to (a
function of the stability of the habitats, and the velocities in the channel) (Dunbar et al.
2010).

The presence of refuges can mitigate the impacts of extreme events. For example, during
low flows fish and mobile invertebrates may migrate to deeper areas where velocities are
maintained (Jones et al., 2015). Recovery following a low flow event will depend on its
duration and intensity, and the ability of biota to persist within the refuges and/or
recolonise (Boulton, 2003). Similarly, during flood conditions when river systems
experience the greatest velocities, fish and invertebrates can actively avoid being washed
away by using refuges such as backwaters, sheltered margins or the riverbed (Lancaster
and Hildrew, 1993).

Morphologically more diverse sites, with little or no habitat modification, provide refuges
and resilience during low flows — through a range of flow environments, deeper pools and
boulders/logs/plants. Conversely, modified river channels have more homogenous
habitats with few refuges, which exacerbates the impacts of low flows on biota
(Environment Agency 2013a, Dunbar et al. 2010, Jones et al., 2015). Similarly,
morphologically diverse sites are more likely to provide refuge for aquatic organisms in
higher flow events, compared to homogenous channels where the risk of washout is
higher (Dunbar et al. 2010, Jones et al., 2015). As result morphological restoration
(appropriate to the river type in question) can be a successful adaptation measure to
increase resilience to extreme events.

1.3. Project aims

Building on the 2014 project, this study updates and further develops the evidence around
measures that can be applied to enhance physical habitats during low and high flow
conditions, but also to ensure they are effective and sustainable at bank full flows when
geomorphic processes are likely to be most active. Specific objectives were to:
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1) Identify further (to the 2014 study) any additional measures that create a range of
refuge for freshwater organisms during low and high flows.

2) Identify any further river types which should be included in the matrix.

3) lllustrate the potential habitat benefits at low and high flows of selected
interventions through the examination of 10 case studies.

4) Update the matrix guide to selecting restoration measures to help target where
restoration measures are likely to be most ecologically effective.

1.4. Report structure
Section 2 presents a summary of the literature review.
Section 3 summarises the results of the ten case study assessments.

Section 4 presents the revised guide to selecting restoration measures, which identifies
measures likely to improve low and high flow conditions in a range of river situations.

Section 5 presents the conclusions.

This report is accompanied by an annex detailing the 10 case studies.
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2. Literature Review

2.1. Introduction

The review examined 69 published journal articles focussing on the appraisal of river
restoration schemes. Each was categorized based on the river type, location, impacts on
river habitat at high and low flows and ecological response. The key findings of the
literature review are presented in this report, a fuller review is available on request via
research@environment-agency.gov.uk. It was beyond the scope of the project to carry out
a full systematic evidence review of all available sources.

2.2. Overview of the literature

2.2.1. Contextual analysis

In total, thirteen countries reported restoration scheme monitoring and evaluation, of the
literature reviewed, with studies from Europe and North America dominating. The UK,
Germany, USA and Canada appear to have the most extensive monitoring programmes
based on reporting levels. Restoration reach length appears clustered below five km with
the majority covering reach lengths less than two km and ten shorter than 0.5 km. Longer
reaches were reported but these tended to be an amalgamation of multiple shorter
reaches. In total, 20 restoration measures were described with the majority offering the
addition of wood (e.g. Stewart et al. 2006, Harvey et al. 2017, Addy and Wilkinson, 2019,
Al-Zankana et al. 2020, 2021), riffle creation (e.g. Favata et al. 2018, Papangelakis and
Macvicar 2020, Baho et al. 2021), re-meandering (e.g. Seer et al. 2020, Szymanska et al.
2020 ) and riparian planting (e.g. Boudell et al. 2015, Feld et al. 2018, Janssen et al.
2019). Newer techniques such as beaver reintroduction (Law, et al. 2017, Puttock et al.
2017) and ‘stage-zero’! (Powers et al. 2018) schemes were represented but in low
numbers. Semi-engineering approaches, such as the use of flow deflectors (e.g.

' Stage Zero is a condition in which a river and its floodplain have been undisturbed for a
period of time allowing the system to adjust to prevailing flow, sediment, and biological
processes. Such systems characteristically develop as a dynamic river corridor comprising
of areas of patchy wetland connected by a highly diverse network of river channels.

The philosophy of Stage Zero restoration is to work with natural processes to rehabilitate
modified and degraded rivers and floodplains, encouraging the watercourse to redevelop
as a diverse, feature rich dynamic system fully connected to its floodplain. This may
involve complete infilling of the current degraded channel or selective intervention to
rejuvenate river and valley bottom morphology and dynamics. A more detailed description
may be found in Cluer and Thorne (2014).
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Szymanska et al. 2020) and grade control structures (Salant et al. 2012), remain in use.
Low activity single thread channels continue to dominate the river types being restored
(e.g. Mouton et al. 2011, Thompson et al. 2017, Addy and Wilkinson, 2019) with varying
levels of sinuosity reported. Interestingly wetland fen (Law et al. 2017), wandering (Fuller
et al. 2018, Schwindt et al. 2019) and anastomosing (a low energy multi-threaded river,
Powers et al. 2018) systems were occasionally reported on. Often, however, the channel
type was not described, which limits the confidence with which the findings could be
transposed to the matrix.

System modifications being addressed through restoration were largely interventions to
increase flow conveyance through widening (e.g. Harvey et al. 2017), deepening (e.qg.
Hockendorff et al. 2017) and straightening (e.g. Knott et al. 2018,) and to protect banks
from erosion (e.g. Pander et al. 2019). Wood loss (Marttila et al. 2015, Harvey et al. 2017,
Livers et al. 2017, Hockendorff et al. 2017) and vegetative assemblage changes (e.g.
Modiba et al. 2017, Feld et al. 2018, Janssen et al. 2019) were also reported on. A large
number of sand-dominated channels were assessed (e.g. Favata et al. 2018, Oliveira et
al. 2019), possibly reflecting the general lowland nature of the majority of restored
channels with gravel based systems also strongly represented (e.g. Tetu et al. 2016,
Bauer et al. 2018, Fuller et al. 2018). Higher energy systems with coarser (cobble/boulder)
substrates were unreported and many papers failed to comment on bed substrate. The
reported monitoring period appears highly variable ranging from a single year through to
longer than 10 years. This statistic is also poorly reported.

2.2.2. Key Findings

The influence of flow on morphologic and ecologic function and the role of morphology in
influencing hydrology and ecosystems has been mentioned in several papers (e.g.
Pedersen et al. 2014, Favata et al. 2018, Feld et al. 2018), as has the appropriate
integration of a wider understanding of catchment processes (Newson, 2002). This
suggests a move away from single feature or single species focussed restoration
approaches towards a process-based restoration / naturalisation approach, but data and
evidence remain scarce and variable in quality. To make evidence more interpretable and
applicable, a more systematic morphologic unit scale assessment of scheme performance
is needed that uses a consistent physical, hydrological and ecological framework to
describe and evaluate restoration measures at various scales and across a wider range of
river environments (Heritage et al. 2009). The following sections outline the main
conclusions from the literature review that has been undertaken.

In general restoration efforts remain biased towards lowland single thread systems.
Process based restoration schemes which consider wider catchment are often much more
resilient and sustainable than passive restorations schemes (Fuller et al. 2018). Natural
regeneration (‘passive’ restoration) schemes are often slower to show ecological
improvement (Atkinson and Bonser 2020).
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If a single feature restoration approach is used or if the scheme is misaligned with system
processes, any ecological gains can be lost due to the vulnerability of the restoration
measure to high flows (Salant et al. 2012). Single measure schemes are not
recommended, and a process-based approach is likely to develop a more robust, self-
sustaining system (Harrison et al. 2004, Fuller et al. 2018).

2.2.3. Overview of specific measures

The introduction of large wood encourages both erosion and deposition (Harvey et al.
2017). Greater response is seen with more varied structures (Wohl et al. 2015) and those
occupying a greater proportion of the cross-section area of the channel (Harvey et al.
2017) — this was reported on in the previous study (Environment Agency 2018) so adds
confidence to the impacts of this approach. Large wood has also resulted in an increase
in invertebrate numbers (Al-Zankana 2020, 2021) with engineered deflectors resulting in a
marginal improvement in salmonid numbers (Stewart et al. 2006).

New gravel bar creation shows only limited stability and are vulnerable to high flows after
construction, it is likely that newer sediment is more mobile than that seen in naturally
formed bar units (Bauer et al. 2018). This should be considered during design. It was also
noted that new gravel bars were favoured by colonisation of pioneer plant species (Bauer
et al. 2018, Staentzel et al. 2018).

Fischer et al. 2018 reported that reactivation of floodplain features showed best
development where water inundation was infrequent. Oxbows were given as an example
in this instance. This contrasts with other studies (Modrak et al. 2018, Januschke et al.
2019) that suggest that floodplain geomorphic response is strongly linked to the discharge
regime with more frequent flooding promoting change. Backwaters performed well with
improved macrophyte, invertebrate and juvenile fish numbers (Fisher et al. 2018,
Staentzel et al. 2018,). More widespread wetting of the floodplain also generated
improvements with waterlogged, ungrazed floodplain areas showing species improvement
(Law et al. 2019). Recurring floods were also shown to favour niche development (Modrak
et al. 2018).

Invertebrate numbers are adversely impacted by maintenance, with vegetation cutting
resulting in a significant decline in ecological status (Baattrup-Pedersen et al. 2018), as
marginal vegetation is vital for invertebrates and juvenile fish (Mouton et al. 2011).
Riparian planting acts to buffer delivery of silt, Nitrogen and Phosphorous to channels,
improving overall water quality (Chua et al. 2019).

2.2.4. Geomorphological-ecological linkage

Having confidence in the link between ecological response to geomorphological change is
confounded by a number of factors. Ecological success can be limited by the small size of
any restoration scheme, adverse catchment conditions and wider influences (Manfrin et al.
2018, Baho et al. 2021). Limited colonisation populations can also limit response (Lorenz
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et al. 2018). There is often a time lag between the restoration and ecological response,
which will be complex, and often beyond the monitoring period of a particular project
(Boudell et al. 2015, Law et al. 2017).

Some studies found that sediment diversity correlated well with species diversity
(Pedsrsen et al. 2014), although other studies were less conclusive with regards to this
correlation (e.g. Jahnig et al. 2010) - micro-habitat variation is thought to be key to
ecological response (Al-Zankana 2020, 2021). The literature reviewed also suggested that
morphological diversity following restoration is not initially correlated with ecological
diversity (Lorenz et al. 2018), though this may reflect the time lag between the
geomorphological and ecological response (Lorenz et al. 2018, Baho et al. 2021).

2.2.5. Commentary on the literature

It is clear from this review of the recent research papers linked to river restoration
appraisal have significant weakness with regard to adequately assessing the
geomorphological setting of schemes or their overall functionality. Similarly, many are
generalist, drawing overarching conclusions and making broad statements regarding
restoration success with little local context. As such there is considerable variation in the
conclusions drawn. The bias towards lowland single thread systems and the continued
significant presence of structural, semi-engineered approaches to restoration is also
presently failing to reflect the more recent attempts to integrate process understanding into
geomorphological restoration and naturalisation. There is a general lack of detail in the
literature with regards to information about the river type and restoration scheme, as well
as a lack of monitoring, which makes it difficult understand the context of the results and
so apply the lessons learnt elsewhere.

2.2.6. New measures identified

From the literature review, six new river restoration measures were identified that were not
explicitly represented in the previous matrix version. These have been listed in Table 1
below, along with a brief description of each measure and the potential benefits.
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Restoration
Measure

Description

Potential hydromoprhological and ecological benefits

References

Bankside and

Planting trees or other larger
vegetation either along the bank

» Over time provides a source of large wood for wood feature
formation in the channel as part of natural processes;

* Provision of cover and shade to the watercourse;

Thompson et al.
2017

Kujanova et al.

Rli::t"ii:" edge of a watercourse or within | * Improved bankside stability, particularly where more than a single 2018
P g the riparian zone. line of trees can be planted; Knott et al. 2018
* Interception of surface water runoff and associated water quality Boudell et al.
benefits. 2015
. i i : Law et al. 2017
Beaver The reintroduction of beavers to Beavers can generate highly diverse wetland areas;

reintroduction

a river system.

» Beavers can create improved floodplain connectivity through wood

Puttock et al.

feature creation. 2017
Infilling a river channel to allow  Improved floodplain connectivity can result in the creation of
flow to spread widely across a diverse wetland and hydraulic habitats; Powers et al.
Stage Zero .
roodp_Ialn area and to develop . Encourages natural processes; 2018
over time —a ‘system reset. » Can be useful in Natural Flood Management.
» Backwaters provide refuge for fish during higher flows;
Backwater Creation of a backwater linked to | « Backwaters often exploit palaeo-channels and can be created Martilla et al.
Creation the main river channel. alongside wider wetland creation; 2015
* They provide hydraulic habitat diversity at low and high flows.
* Numerous river types would naturally be multi-thread systems,
. Creation of more than one therefore this often works with natural processes associated to the
Multi-thread . river tvpe: .
channel channel as part of a river ype; Livers et al. 2017

restoration scheme.

* Hydraulic habitat diversity is significantly increased,;
» Sustainable sediment transport processes are allowed to operate.

Bed ploughing

Mechanical disruption to the
river bed that is armoured and/or
choked with fine sediments.

* Disruption to an armoured bed can reinstate sediment transport
processes and habitat creation.

Janssen et al.
2019

Table 1. Additional measures found within the literature review




Case studies

2.3. Choice of case studies

The selection of the ten case studies was informed by the evidence gaps and the
new restoration techniques identified within the literature review (Table 2). The
case studies were selected to help address evidence gaps in the matrix (including
the addition river types and measures identified in the literature review). They also
needed sufficient available channel geometry and flow data to enable modelling
of the effects under different flow regimes.

Table 2. Table summarising the rationale for case study choice

Site Restoration Rationale
measure

Grisedale | Riffle-rapids, point Introduction of in-channel features and

bars, bank lowering | bank lowering to reconnect the floodplain
and palaeo channels in a high energy
environment.

Scarrow Riffle introduction, Riffles were used to raise local water levels
wetland creation, to reconnect the floodplain alongside
anastomosing wetland and anastomosing channel
sections creation in a lower energy environment.

Long Berm creation Models a longer reach than the other

Preston Bifurcating channel examples on a larger river.

Backwater A range of m-c(;lannel and floodplain
reconnection, setting measures used.

back embankments

— floodplain

reconnection

Aller at Stage zero Recently completed Stage zero study on

Selworthy an active single thread river type.

Detailed 2D modelling undertaken in the
design phase

Fowlea Remeandering Constrained urban/artificial watercourse.

Brook Gravel addition/bed tStart_s to b;.ll.|d evidence base for new river
reprofiling ype In matrix.

Channel narrowing Variety of restoration measures employed.

Dunston Riffle creation, Introduction of riffles alongside floodplain

Beck floodplain lowering, | lowering and channel realignment to
wetland creation, provide floodplain reconnection and
bifurcation, channel | wetland creation. Riffles provided
realignment and significant hydraulic habitat improvements,
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remeandering, pond | reinstating natural process leading to some
creation lateral adjustment.

River Riffle and gravel bar | Introduction of riffles alongside

Witham at | feature creation embankment removal and floodplain

Manthorpe | alongside lowering to provide floodplain reconnection
embankment and wetland creation. Riffles provided
removal and significant hydraulic habitat improvements
floodplain lowering. | in this chalk system.

Hartsop Flood embankment | Flood embankment setting back and

Hall setting back, multi- | channel widening allowed a multi-thread
channel creation, river reach to be created. Improved
floodplain floodplain connectivity was created
reconnection, riffle- | downstream where riffles were created and
rapids, channel a section of bank lowered, this is creating
widening improved wetland.

Geltsdale | Floodplain The floodplain was reconnected at
reconnection Geltsdale through blocking of the existing
through chute straight channel and creation of a chute
channel creation channel to direct flow into the floodplain. A
and blocking, new meandered and bifurcated channel
channel realignment | was created at the downstream end to
and bifurcation provide improved hydromorphology and

floodplain reconnection compared to the
previous straight channel.

Goldrill New channel The previous Goldrill Beck channel was

Beck creation, channel perched and straight, the channel was
bifurcation, realigned into the valley bottom as part of
floodplain the restoration scheme to provide improved
reconnection, floodplain connectivity. The channel was
anastomosed also bifurcated to provide hydraulic habitat
channels and riffle- | diversity and woodland anastomosed
rapid creation development was encouraged at the

downstream end of the scheme. Riffle-
rapid features were added to the new
channel as new morphological features to
further improve connectivity to the
floodplain.

2.4. Modelling Approach

The modelling approach is summarised in this section, with a more detailed
methodology in in the accompanying report of the case studies.

2.4.1. Hydraulic habitat modelling

The assignment of different hydraulic ranges to define physical habitats (biotopes)
is a widely accepted approach to assessment (see, for example, Kemp et al.

17 of 54




2000, Harvey et al. 2008, Harvey and Clifford 2008, Heritage et al. 2009).
Mapping of the biotopes allows quantification of habitat area, diversity and
patchiness — all of which are important aspects of defining ecological quality,
diversity and resilience.

The hydraulic biotopes are defined by the variation of the Froude number (the
ratio of inertial to accelerational forces; see Gordon et al. 1994), which has been
found to be a reliable hydraulic variable to distinguish between different biotopes
(see, for example, Wadeson 1994, Kemp et al. 2000, Heritage et al. 2009) —
Figure 1.

Hydraulic habitat mapping was performed using a simulation of low flow and
bankfull conditions using a 2-dimensional fixed bed hydrodynamic model. The
performance of the restoration measures in terms of hydraulic and ecological
resilience was made using three flows that could be expected to occur relatively
frequently:

* Q95 - Flows exceeded 95% of the time - representing a summer flow,
identifying hydraulic biotopes and habitat conditions at low flows (including
low flow refuges)

* Q10 - Flows exceeded 10% of the time - representing a winter flow,
identifying hydraulic biotopes and habitat conditions during moderately high
flows (including high flow refuges)

* QMed - the median annual flood, identifying hydraulic biotopes and refuge
availability during a flood which would occur relatively frequently.

The habitat maps were used to identify the presence and coverage of faster
flowing areas during low flow conditions (low flow refuges) and slower flowing or
slack areas during higher (bankfull) flows (high flow refuges). For each case
study, a comparison of the reach where the morphological measure had been
applied was made to either pre-restoration conditions or a nearby degraded
section. This gave an indication of how the biotope habitat composition had
changed as a result of the scheme.
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BIOTOPE

Pool Glide

Q 0.04 0.15 0.245 0.65 1
Fr

WATER SURFACE FLOW TYPE

Figure 1. Hydraulic biotope thresholds used

2.4.2. Shear stress

Bed load movement and sediment transport is a function of shear stress. When
the drag force of flowing water against a particle is greater than the gravitational
force holding it in place it begins to move. Shear stress was calculated and
plotted for the QMed scenario for each of the case studies, therefore, this analysis
provides an understanding of the geomorphological resilience of the measures in
high flow events.

2.4.3. Fish habitat suitability

Where the modelling, restoration measure and data was appropriate, a fuzzy logic
habitat model (JHAB) was used to assess habitat suitability for fish (see
accompanying report of the case studies). This approach was used to review the
habitat suitability for different life stages of fish species of interest (depends on
the fish expected to be present in the river) and refuge at high flows.

The modelling provided a spatial assessment of the channel through the
calculation of a Habitat Suitability Index (HSI) for each flow and species/life stage
of interest. This was used to assess:

e quantity of available habitat — Total Habitat Suitability Index (THSI)
e quality of the habitat — Habitat Quality Index (HQlI)

19 of 54



2.4.4. Vegetation classification

For a selection of the case studies that involved changes to the floodplain, the
habitat, composition was classified and mapped to demonstrate the changes and
likely development linked to the proposed restoration scheme.

2.5. Case studies overview

This section presents the 10 case studies which were investigated as part of this
project, the modelling and analysis methods employed and provides a summary
of the results at each of the sites. The case study sites covered a range of river
types and restoration measures including new approaches identified in the
literature review (Figure 2).

o Legend

A Case Study Locations

Grisedale (a)

i ® Scarrow (b)
Long Preston (c)

®  Aller at Selworthy (d)
Fowlea Brook (e)
Dunston Beck (f)
Manthorpe (g)

® Hartsop Hall (h)

® Geltsdale (i)

o & ® Goldrll (j)

‘b

0 80,000 160,000 240,000 m Contains OS data © Crown copyright and database
| I I | right (2023)

Figure 2. Case study locations
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The model results suggests that all of the schemes were likely to deliver some
improvements in the resilience of the ecological and geomorphological system.
The most striking results were from schemes which led to the large-scale
reconnection of the floodplain, for example at Goldrill and Selworthy. This led to
large increases in wetted area, a reduction in energy in the system and a
prevalence of lower energy biotopes such as pool and glide. Smaller (but
nevertheless important) improvements to resilience were identified at more
constrained sites (such as Fowlea and Long Preston). Each are constrained in a
different way, Long Preston by existing land use, and Fowlea by urban
development. Overall, the schemes were able to demonstrate improvements in
the geomorphological and ecological resilience at both high and low flows. An
overview of the case studies is presented here with further information about the
river characteristics, restoration measures and the modelled assessments
detailed in an annex to this main report.

Grisedale (a)

River type: active single thread and wandering.

Restoration action: installation of riffle-rapids and point bars and bank lowering.

Impacts: increasing floodplain connectivity with increased floodplain activation
observed during higher Q10 and flood flows with much of this water occupying
newly created depressions in the floodplain. The increased floodplain
connectivity is shown to increase the proportion of lower energy pool and glide
biotopes. In-channel shear stresses remain similar however lower shear stresses
are observed in floodplain areas.

Scarrow (b)
River type: passive single thread.

Restoration action: riffle introduction, wetland creation and the creation of
anastomosing sections.

Impacts: The restoration techniques implemented at the study site have had a
generally positive effect on floodplain connection and fish habitat. The greatest
improvement is observed at Q10 flows, with floodplain reconnection and fish
habitat increasing across all life stages.

Long Preston (c)
River type: active single thread.

Restoration action: backwater creation, multi-thread channel creation and setting
back embankments.
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Impacts: the restoration techniques implemented in the study area have brought
about a modest improvement in floodplain connection — however, this
improvement is largely confined to Q10 flows. Little change is observed during
Q95 and 1 in 2 year event flows. Similarly, only subtle changes in biotope types
are observed during the Q10 and Q95 flows where, the riffle biotope increases,
offset against a decrease in run biotope. For the 1 in 2 year event, biotope type
remained largely the same, post restoration. No change in shear stress was
observed.

Aller at Selworthy (d)

River type: active single thread.

Restoration action: Stage zero.

Impacts: a large increase in floodplain connectivity was observed. The majority of
the additional flows on the floodplain are pool and glide biotopes at all flows, with
an increase in riffle and rapid biotopes at higher flows. Lower shear stresses
were observed on the floodplain post restoration compared to those within the
channel pre-restoration. A large increase in fish habitat availability was shown
across all modelled flows (all life stages of Brown trout) in addition to large
increases in refuge habitat at higher flows.

Fowlea Brook (e)
River type: urban/artificial.

Restoration action: remeandering, gravel addition/bed reprofiling and channel
narrowing.

Impacts: increases morphological variability and sediment dynamics in the new
channel. Clear areas of erosion and deposition are developed. There is much
greater evidence of erosional processes post change whilst the channel-
floodplain connectivity was maintained. The largest changes in flow biotopes and
fish habitat were observed at Q10. At Q95 the fish habitat modelling suggests the
restoration has mixed results depending on the life stage of interest.

Dunston Beck (f)
River type: passive single thread.

Restoration action: riffle creation, floodplain lowering, wetland creation,
bifurcation, channel realignment, remeandering and pond creation.

Impacts: The increase in overall wetted area under low and winter flows shown by
the modelling undertaken demonstrates the increased resilience to low flows
created as a result of the restoration scheme. There is also an overall
improvement in biotope diversity under summer and winter flows when compared
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to pre-restoration conditions, with more characteristic riffles and pools being
created as a result of the scheme under summer flows, as well as an increase in
overall wetted area. Floodplain habitat creation and likely development is also
predicted to be diverse as a result of the new hydrological regime created. Wet
grassland and fen mire could develop across the reconnected floodplain areas,
however this development is reliant on a suitable grazing regime at the site.
Projects involving system naturalisation aim to rejuvenate processes as well as
physical form, as such dynamic change must be anticipated and subsequent
management of the system must be cognisant of this fact by for example setting
back stock fencing to allow space for the channel as it migrates.

Manthorpe (g)

River type: passive single thread.

Restoration action: riffle and gravel bar feature creation alongside embankment
removal and floodplain lowering.

Impacts: The increase in overall wetted area under low and winter flows shown by
the modelling undertaken demonstrates the increased resilience to low flows
created as a result of the restoration scheme. There is also an overall
improvement in biotope diversity under summer flows when compared to baseline
conditions, with more characteristic riffle biotopes created by the introduced
features, as well as an increase in overall wetted area. Floodplain habitat creation
and likely development is also predicted to be diverse due to the change in
hydrological patterns. A variety of fen mire, wet grassland and swamp type habitat
is likely to develop over time in response to the improved connectivity to the
floodplain and raising of groundwater level.

Hartsop Hall (h)
River type: active single thread/wandering.

Restoration action: flood embankment setting back, multi-channel creation,
floodplain reconnection, riffle-rapids and channel widening.

Impacts: a significant increase in overall wetted area under low flows (Q95 and
Q10) shown by the modelling undertaken demonstrates the increased resilience
to low flows created as a result of the restoration scheme and associated
restoration measures. This is mainly a result of the channel widening undertaken
and the improved floodplain connectivity created at the downstream end of the
reach. There is also an overall improvement in biotope diversity under summer
and winter flows when compared to baseline conditions.

Geltsdale (i)

River type: active single thread.
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Restoration action: floodplain reconnection through chute channel creation and
blocking, channel realignment and bifurcation.

Impacts: an increase in overall wetted area under low flows is shown by the
modelling undertaken for Q95 summer flows, with a greater increase seen under
Q10 winter flows, compared to baseline as a result of the restoration scheme and
associated restoration measures. There is also an overall improvement in biotope
diversity under summer and winter flows when compared to baseline conditions,
mainly as a result of the new channels and significantly improved floodplain
connectivity to wetland features.

Goldrill Beck (j)

River type: active single thread/wandering.

Restoration action: new channel creation, channel bifurcation, floodplain
reconnection, anastomosed channels and riffle-rapid creation.

Impacts: a significant increase in overall wetted area under low flows shown by
the modelling undertaken demonstrates the increased resilience to low flows
created as a result of the restoration scheme and associated restoration
measures. There is also an overall improvement in biotope diversity under
summer and winter flows when compared to baseline conditions. Floodplain
habitat creation and likely development is also predicted to be diverse as a result
of the new hydrological regime created.
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3. Guide to selecting restoration
measures

This section presents a matrix (Table 3) to help target restoration measures to
river types where they are most likely to lead to increased ecological resilience to
extreme flows. The matrix is a version of the guide developed within Environment
Agency (2016) updated with the literature review presented in section 2 and the
10 case studies. The matrix is intended to be an easily digestible and usable
summary of the available evidence, allowing practitioners to identify suitable
measures, whilst signposting to further information and evidence.

3.1. Amendments to matrix

Two amendments have been to the guide produced in 2016, with the inclusion of
an additional river type and additional success factor.

3.1.1. High flow refuge

The 2014 study had a focus on low flow habitat in particular. Climate change will
increase the severity of both low and high flow events (Kay, 2021). With
increased frequency and magnitude of higher flows, the importance of refuge for
aquatic organisms in our river systems is increasingly important. Many of the
restoration measures assessed in the 2014 study (e.g. improving floodplain
connectivity) and some of the new measures identified for this study (e.g Stage
Zero, Backwater creation) are intended, in part to provide refuge at higher flows.
Including this additional success factor in the matrix, will help practitioners better
understand the potential impact of their scheme on high flow refuge.

3.1.2. Additional river type

The 2014 study identified several typical UK river types. This latest study has
identified urban / artificial rivers as an additional river type. Urban rivers can be
defined as significantly modified resulting in a deviation away from their expected
classification outside of the urban environment. Common modifications to urban
rivers include culverting, bed and bank protection, straightening and widening.
The combination of several modifications often removes common morphological
features (such as active erosion zones or depositional areas) because the rivers
form and function is heavily influenced by modification (past and present).
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3.2. Limitations

The following limitations should be noted when using the matrix.

e As highlighted in Section 2, although best efforts were made to identify and
review the most appropriate papers, it did not constitute a full systematic
review of river restoration literature.

e The evidence base from published literature used to update the matrix is
often lacking detail to understand the particular river type being described
and analysed. Those papers included in the matrix provide site specific
results with clarity on river type and restoration measures.

e Grey literature often provides a better understanding of river type and
restoration measures utilised. This could be work undertaken by Rivers
Trusts or Consultants. It was not possible to review this evidence to
include in the matrix as part of this project.

3.3. Matrix

The matrix provides a ‘traffic light’ system for determining the level to which each
morphological measure is likely to improve geomorphological and ecological
resilience. Measures identified as ‘green’ are likely to be the most appropriate to
the river type and to have the greatest positive impact on improving resilience.
‘Yellow’ implies a moderate impact and ‘red’ those considered to have a low
impact — though they may, in some circumstances, still be appropriate for the river
type. The matrix also highlights those measures that are not appropriate for the
particular river type as they are considered not to work with the natural
geomorphic processes associated with that particular river type and are unlikely
to be sustainable (grey shading).

As in the 2014 study, the colour coding is based on expert opinion — JBA and
Dynamic Rivers staff, the project board, case studies and the literature review.
The matrix combines both the 2014 study, and the literature review and case
studies undertaken for the current project.

In addition to the colour coding, the matrix also indicates the level of confidence in
the evidence:

 ‘H’ indicates 2 or more case studies with measured benefits
+ ‘M’ indicates that the literature reviewed shows some measured benefit

* ‘L’ indicates that the published/grey literature reviewed shows the measure
may provide some benefits but lacks conclusive monitoring data or evidence
is contradictory

The numbers beneath the letters ‘H’, ‘M’ and ‘L’ in the matrix indicate the source
from the literature review on which the indicated assessment is based. For clarity
the sources from the 2104 study and the sources from the current study are
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presented in separate tables (Table 4 presents the 2014 study and Table 5
presents the evidence from the current study).

Ref.

no

Table 4. Evidence from 2014 study

Source

Ref.
no

Source

1 Abbe and Montgomery 1996 26 | JBA 2012-14b*

2 Archer and Newson 2002 27 | JBA 2014a*

3 Besacier-Monbertrand et al. 2012 28 |[JBA 2014b*

4 Buchanan et al. 2012 29 |[JBA 2014c*

5 Buijse et al. 2002 30 | Kennedy et al. 2014

6 Clilverd et al. 2013 31 | Kondolf 2006

7 Davidson and Eaton 2013 32 | Kristensen et al. 2011

8 Downs and Thorne 2000 33 | Kristensen et al. 2013

9 Downward and Skinner 2005 34 | Kristensen et al. 2014

10 | Endreny and Soulman 2011 35 | Large and Petts 1996

11 | Environment Agency 2005* 36 | Luderitz et al. 2011

12 |Feld etal. 2011 37 | Miller et al. 2014

13 | Florsheim and Mount 2002 38 | Newson 2002

14 | Gumiero et al. 2013 39 |Panderetal. 2015

15 | Hammersmark et al. 2008 40 | Pedersen et al. 2007

16 | Harper et al. 1998 41 | Pedersen et al. 2009

17 | Holden 2009 42 |Pulgetal 2013

18 | Jeffries et al. 2003 43 | RRC 1999

19 | JBA 2011* 44 | Ribble Rivers Trust 2012

20 |JBA 2012a* 45 | Rohde et al. 2005

21 | JBA 2012b* 46 | Schirmer et al. 2014

22 | JBA 2012c* 47 | Schwartz et al. 2014

23 | JBA 2012d* 48 | Sear and Newson 2004

24 | JBA 2012-13* 49 | Searetal. 2010

25 | JBA 2012-14a* 50 |Van Zyll De Jong et al. 1997
Notes: See References for details of these sources.

* Unpublished
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Table 5. Evidence from current study

Ref. Source

Ref. Source

no no
51 | Case study — Grisedale (a) 62 | Al-Zankana et al. 2021
52 | Case Study — Scarrow (b) 63 | Puttock et al 2017
53 | Case study — Long Preston (c) 64 | Birnie-Gauvin et al. 2018
54 |Case Study — Aller at Selworthy 65 | Favata et al. 2018
(d)
55 | Case Study — Fowlea Brook (e) 66 | Harveyetal. 2017
56 | Case Study — Dunston Beck (f) 67 | Janssen et al. 2019
57 | Case Study — Manthorpe (Q) 68 | Oliveira et al. 2019
58 | Case Study — Hartsop Hall (h) 69 | Parker et al 2017
59 [ Case Study — Geltsdale (i) 70 | Powers et al. 2018
60 | Case Study — Goldrill (g) 71 | Seer etal 2018
61 | Addy and Wilkinson 2019 72 | Thompson et al. 2017

The matrix summarising the evidence is presented in this section. An excel
spreadsheet version is available on request via research@environment-
agency.gov.uk.

Key:

freshwater organisms

High possibility of either enhancing riparian habitat, leading to a more
heterogeneous channel bed morphology or creating a range of refugia for

freshwater organisms

Moderate possibility of either enhancing riparian habitat, leading to a more
heterogeneous channel bed morphology or creating a range of refugia for

freshwater organisms

Low possibility of either enhancing riparian habitat, leading to a more
heterogeneous channel bed morphology or creating a range of refugia for

Inappropriate restoration measure for the river type
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RESTORATION MEASURE

Re-me&ering,

RIVER TYPE Grip blocking Planting native | Fine sediment Flc ‘,.'. '.. Assisted natural| Moving whole | palaeo channel / Ban_k.
trees measures connectivity recovery planform oxbow reprofiling
reconnection
Bedrock Likely to be found in upl& areas; fish species of interest — salmonids, probably brown trout
Low flow hydromorphic L L
impact 2 38
Low flow ecology impact Iz- 2-8
Bankfull flow hydromorphic L L
impact 2 38
High flow ecological
impact
Step-pool Likely to be found in upl& areas; fish species of interest — salmonids, probably brown trout & bullheads.
Low flow hydromorphic L L
impact 2 38
Low flow ecology impact |2- sLs
Bankfull flow hydromorphic L L
impact 2 38
High flow ecological
impact
Plane-bed Likely to contain salmonids (including brown trout, & possibly salmon), also coarse fish such as grayling, chub & dace
Low flow hydromorphic L
impact 38
Low flow ecology impact !—8
Bankfull flow hydromorphic L
impact 38
High flow ecological
impact
Wandering
Low flow hydromorphic M L L
impact 14, 20,51 27,38 36 29
Low flow ecology impact 14, 20,51 27, 38 3IE !5
Bankfull flow hydromorphic M L L
impact 14, 15, 20, 27,51 27,38 36 20
High flow ecological L
impact 51
Active single thread Likely to contain a wide range of salmonid & coarse fish — including grayling, barbel & roach, & in lowl& reaches, bream & carp
Low flow hydromorphic L L L L
impact 17, 44 25, 49 12 14, 35,51 38 43 24, 32, 36,53,61 8
Low flow ecology impact 17, 44 25, 50 1|3 14, 35,51 :I;g Alt?i 24, 32, 36,53,61 I§
Bankfull flow hydromorphic L L L L
impact 17, 44 25, 49 12 5, 14, 35,51,53 38 43 24, 32, 36,61 8
High flow ecological L
impact 51,

Passive single thread

Likely to contain a wide range of salmonid & coarse fish — includin

grayling, barbel & roach, & in very lowi& reache:

s, bream & carp|

Low flow hydromorphic L L L L

impact 12 14,52,56,57,58,59,60 38 34, 40, 56 28, 32 67
i L L

Low flow ecology impact 12 14,52,56, 57,58,59,60 38 40, 56 28, 32

Bankfull flow hydromorphic L L L

impact 12 14, 52,56,57,58,59,60 38 34, 40, 56 28,32, 71

High flow ecological L L

impact 52,56,57,58,59,60 56 71

Lowland anastomosed |Likely to contain a wide range of salmonid & coarse fish — including grayling, barbel & roach, & in very lowl& reaches, bream & carp)|

Low flow hydromorphic L

impact 25, 49 13, 14 38 31, 39
; L

Low flow ecology impact 25, 50 13,14 % 31,30

Bankfull flow hydromorphic L

impact 25, 49 3,513, 14 38 31, 39

High flow ecological

impact

Urban/artificial Various, depending on location & river type

Low flow hydromorphic L

impact 55

Low flow ecology impact

Bankfull flow hydromorphic L

impact 55

High flow ecological
impact
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RESTORATION MEASURE

s . Large Wood
RIVER TYPE c.ham.‘el Chann.el B add'.tl,on : Deculverting |Barrier removal S Berm creation Materigal and flow
widening narrowing bed reprofiling management
deflectors
Bedrock Likely to be found in upl& areas; fish species of interest — salmonids, probably brown trout
Low flow hydromorphic L
impact 9
Low flow ecology impact %
Bankfull flow hydromorphic L
impact 9
High flow ecological
impact
Step-pool
Low flow hydromorphic L L
impact 9 10
Low flow ecology impact I; 1'5
Bankfull flow hydromorphic L L
impact 9 10
High flow ecological
impact
Plane-bed Likely to contain salmonids (including brown trout, & possibly salmon), also coarse fish such as grayling, chub & dace
Low flow hydromorphic L
impact 9
Low flow ecology impact I;
Bankfull flow hydromorphic L
impact 9
High flow ecological
impact
Wandering
Low flow hydromorphic L L L L
impact 45 15,51 9 4
Low flow ecology impact !—5 1 5';51 I;
Bankfull flow hydromorphic L L L L
impact 45 15,51 9 4
High flow ecological L
impact 51
Active single thread Likely to contain a wide range of salmonid & coarse fish — including grayling, barbel & roach, & in lowl& reaches, bream & carp

Low flow hydromorphic M L L L M

impact 19, 45 12, 32, 37, 41, 48,51 9 12 1, 16, 26, 49, 50
. L L L

Low flow ecology impact BlE 12, 32, 37, 41, 48,51 9 12 1, 49, 50

Bankfull flow hydromorphic M L L L H

impact 19, 45 12, 32, 37, 41, 48,51 9 12 1,8, 16, 26, 49, 50

High flow ecological L

impact ol

Passive single thread

Likely to contain a wide range of salmonid & coarse

fish —including g

rayling, barbel & roach, & in ver

lowl& reaches,

bream & carp

Low flow hydromorphic L L L L

impact 58 22 12,16, 32, 37, 41, 42, 921,22 12 21 23, 26, 30,62, 66,69
; L L H M L L M

Low flow ecology impact 58 2 12, 16, 32, 37, 41, 42, 9,21, 22,64 12 21 30, 62,66,68, 72

Bankfull flow hydromorphic L L M L L

impact 58 22 12, 16, 32, 37, 41, 42, 9,21, 22 12 21 23, 26, 30,62

High flow ecological L

impact 58

Lowland anastomosed

Likely to contain a wide range of salmonid & coarse

fish —including g

rayling, barbel & roach, & in ver

lowl& reaches,

bream & carp

Low flow hydromorphic L L L M
impact 9,45 41 9 16, 26, 49

i L L L L
Low flow ecology impact 9.5 7 5 B
Bankfull flow hydromorphic L L L
impact 9, 45 41 9 16, 26, 49
High flow ecological
impact
Urban/artificial Various, depending on location & river type
Low flow hydromorphic L L
impact 55 55
Low flow ecology impact
Bankfull flow hydromorphic L L

55 55

impact

High flow ecological
impact
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RESTORATION MEASURE

Bed ploughing

RIVER TYPE Boulder clusters Remstat?ment ct .Bar?ksme an.d . Boaver . Stage zero Backw.ater purts threac.i (unlocking an
rapids riparian planting [ Reintroduction creation channel creation
armoured bed)
Bedrock Likely to be found in upl& areas; fish species of interest — salmonids, probably brown trout

Low flow hydromorphic
impact

Low flow ecology impact

Bankfull flow hydromorphic
impact

High flow ecological
impact

Step-pool

Low flow hydromorphic
impact

Low flow ecology impact

Bankfull flow hydromorphic
impact

High flow ecological
impact

Plane-bed

Likely to contain

salmonids (includi

ng brown trout, &

ossibly salmon), al

so coarse fish such as grayling, chub & dace

Low flow hydromorphic
impact

Low flow ecology impact

Bankfull flow hydromorphic
impact

High flow ecological
impact

Wandering

Low flow hydromorphic
impact

Low flow ecology impact

Bankfull flow hydromorphic
impact

High flow ecological
impact

Active single thread

Likely to contain

a wide range of salmonid & coarse

ish — including gra

ling, barbel & roa

ch, & in lowl& rea

ches, bream & carp

Low flow hydromorphic L M M M

impact 37, 50 63 54 53, 59, 60
. L M M

Low flow ecology impact 37,50 54 53,59,60

Bankfull flow hydromorphic L M M

impact 37, 50 63 54 59,60

High flow ecological M M

impact 54 59,60

Passive single thread Likely to contain a wide range of salmonid & coarse fish — including grayling, barbel & roach, & in very lowl& reaches, bream & carp

Low flow hydromorphic L M

impact 37 52,56,58 67
. L L

Low flow ecology impact 3 &5 52,56,58

Bankfull flow hydromorphic L M

impact 37 52,56,58

High flow ecological M

impact 52,56,58

Lowland anastomosed Likely to contain a wide range of salmonid & coarse fish — including grayling, barbel & roach, & in very lowl& reaches, bream & carp

Low flow hydromorphic
impact

M
70

Low flow ecology impact

Bankfull flow hydromorphic
impact

High flow ecological
impact

Urban/artificial

Various, dependi

ng on location & ri

iver type

Low flow hydromorphic
impact

Low flow ecology impact

Bankfull flow hydromorphic
impact

High flow ecological
impact

3
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4. Conclusions
4.1. Driver

The hydrological conditions within England’s rivers are likely to become more
extreme in future years both in terms of the scale and duration of droughts and
the frequency and magnitude of higher flows. Therefore, any scheme which is
aiming to restore or improve a river, should look to maximise the
geomorphological and ecological resilience which the scheme would bring.

4.2. Guide

This project further built upon a matrix (initially developed in 2014) which provides
a summary of which river and floodplain restoration measures provide benefits in
different river types. The colour coding system developed for the 2014 study
could be used ‘at a glance’ by practitioners to provide initial guidance on the
suitability of potential measures at their site. The matrix is also underpinned by a
wide ranging (although not systematic and exhaustive) literature review and case
studies from both the initial 2014 study and the current study. The underpinning
research and information is clearly communicated in the matrix and associated
references, allowing readers to delve more deeply into the evidence base for a
given measure.

4.3. Literature review

The literature review looked at papers from around the world for a range of river
types. The aim of the review was to identify site specific sites, with clearly defined
river types and restoration measures which could be transposed into the matrix.
In many cases, despite the scheme providing valuable information around the
improvements offered by a given measure, that evidence could not be transferred
to the matrix. The papers displayed significant weakness with regard to
adequately assessing the geomorphological setting of schemes or their overall
functionality. This restricted the amount of detail which could be added to the
matrix.

The most common restoration measures reported in the scientific literature were
localised semi-engineering approaches such as deflectors, with the river types
dominated by passive single thread systems (although in several cases the river
type was not clearly defined in the literature). There was a general lack of higher
energy systems with a coarser substrate and this gap was filled with a number of
case studies looking at energetic upland systems.

The influence of flow on morphologic and ecologic function and the role of
morphology in influencing hydrology and ecology has been mentioned in several
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papers as has the appropriate integration of a wider understanding of catchment
processes. This chimes with the move away in recent years from single-feature or
single species restoration approaches towards a process-based restoration /
naturalisation approach, but data and evidence remain scarce and variable in
quality. This gap has been addressed in this project by selecting case studies
which are based on a process-based restoration and include the implementation
of a range of restoration measures.

The literature review identified that a further river type — urban/artificial should be
added to the matrix, as this results in a deviation away from their expected
classification outside of the urban environment. Given the likely increases in
flows for high flows under climate change it is also of importance to maximise the
resilience of aquatic organisms under high flows as well (the previous 2014 study
focussed on the resilience of aquatic organisms at low flows only).

4.4. Case Studies

The case studies were selected to fill in some of the gaps identified in the
literature review by including sites in very high energy environments and a chalk
stream (Whitham at Manthorpe). The selection of the case studies also favoured
those which were designed as a process-based restoration rather than single
measure/species schemes.

At each of the sites, the restoration measures were modelled pre and post-
change using a fixed bed 2D hydraulic model. To maximise confidence in the
modelling, a variety of data sources was used to create the pre and post change
DTM, included using Environment Agency LIDAR, detailed pre-change survey,
post-change drone survey and detailed design modelling depending on
availability. The best available data was used at each of the sites.

The model results show that all of the schemes led to some improvement in the
resilience of the ecological and geomorphological system at both low and high
flows. The most striking results were from schemes which led to the large-scale
reconnection of the floodplain, for example at Goldrill and Selworthy. This led to
large increases in wetted area, a reduction in energy in the system and a
prevalence of lower energy biotopes such as pool and glide.

Smaller (but nevertheless important) improvements to resilience were identified at
more constrained sites (such as Fowlea and Long Preston). Each are
constrained in a different way, Long Preston by existing land use, and Fowlea by
urban pressures. The schemes were able to demonstrate improvements in the
geomorphological and ecological resilience at both high and low flows.

There are a number of limitations to the modelling undertaken, not least in that
the post- change modelling is a snapshot of the conditions on the day of the
survey (or the final design). The modelling approach chosen does not have a
mobile bed, and so the post-change results are a snapshot of that moment. For
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the schemes with the greatest predicted improvement, it would be valuable to
repeat the drone surveys before the next update of this matrix, to better
understand the evolution of these measures over the short to medium term.

Modelling the potential effects of restoration activities is a valuable tool to
anticipate scales of likely change. Post restoration monitoring should also be
considered as this will allow system response to be understood, helping inform
future scheme design. This is particularly important when using naturalisation
techniques such as stage zero where change is anticipated but remains difficult to
predict due to a lack of data rich example schemes.

4.5. Further development

The matrix initially developed in 2014 has been updated with the evidence
collected from both the literature review and case studies. The matrix provides a
functional first look up for practitioners wanting to understand the potential
effectiveness of measures on their river. It also encourages practitioners to think
about the river and catchment on a process basis rather than thinking about a
single measure or species. The matrix is underpinned by the case studies and
literature review which are clearly signposted.

Further depth could be brought to the matrix by integrating other sources of river
restoration case studies such as the EU RESTORE project River Wiki
(www.restorerivers.eu/wiki/index.php?titte=Main_Page). In this Wiki, the depth of
the information provided is often not as detailed as that in scientific literature, but
it provides a likely source of information to bolster the evidence in the matrix, with
the potential to reduce the bias away from passive single thread systems.

Better use in the future could be made of grey literature from Consultants and
Rivers Trusts, as numerous schemes have been constructed across the country
without the results being disseminated in academic literature. Whilst there is
often a paucity of monitoring on many of these schemes, valuable evidence and
modelled assessments could be included in the matrix (along with suitable
caveats). Again, this could be very useful to help build evidence in the less
studied river types and restoration measures.

Many restoration schemes are not robustly monitored or appraised following
construction. The literature review noted that there was often a delay or a
disconnect between the construction of the scheme and ecological improvements
being observed, and that there was sometimes not a correlation between
geomorphological complexity and ecological response due to many confounding
factors. Detailed appraisal of ‘flag ship’ schemes in particular would help to build
the evidence base further and improve confidence in the effectiveness and
appropriateness of different restoration measures.
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4.6. Concluding comments

The review of evidence of the effectiveness of river restoration measures in
improving geomorphological and ecological resilience highlighted the need to
understand the catchment context of the restoration location and to work with
natural processes to promote success.

Larger scale benefits may be achieved by taking a wider system view of
restoration rather than more localised engineering interventions such as making
space for channel migration and flood water storage. Auditing the amount and
condition of habitat in catchments could inform whether approaches such as
riparian fencing or flood plain reconnection might allow more natural recovery
over a larger area. Whereas, restoration schemes are often limited to short
channel reaches. Following such an eco-morphological catchment-based
approach for future restoration planning and monitoring could help increase
catchment resilience in a changing climate.
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List of abbreviations

DEM
DTM
EA
FEH
GEP
GES
JBA
LIDAR

LWD

m3/s
masl
Nm-2
SSSi

WFD

Digital Elevation Model

Digital Terrain Model
Environment Agency

Flood Estimation Handbook
Good Ecological Potential

Good Ecological Status

Jeremy Benn and Associates Limited
Light Detection and Ranging
Large Woody Debris

Metres

Square metre

Cubic metres per second
Metres above sea level

Newton per square metre

Site of Special Scientific Interest

Water Framework Directive
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Appendix River types

A 1 River typology

It is important to understand the river type before considering the type of
restoration measure to apply as different river types have varying flow and
sediment characteristics and some are more energetic than others. Having this
understanding means that selected measures can be aligned to natural
processes characteristic of each river type and are more likely to be effective.

When assessing a river type, it is important to understand whether the river is
currently managed such that it appears to be a specific river type and whether
under natural conditions (that is, unconstrained or restored) it would take another
form. For example, a river may appear to be relatively passive due to protected
banks or inline structures which, if removed, could introduce more active
sediment transport processes and flows.

Most rivers change throughout their course exhibiting characteristics of the
different river types at certain points. This change may be a smooth transition or a
sudden change between types. Expert geomorphological assessment is
recommended to identify river type, when considering restoration potential or the
application of a specific measure. This geomorphological assessment can include
a review of dominant in-channel processes, such as stream power within the
catchment context, which can be used to understand likely trajectories of change
and the likely success of any restoration measures or combination of measures.
Poor identification of dominant river processes may lead to the selection of
restoration measures that are unsuitable and ineffective, or could lead to further
deterioration of the watercourse.

This study uses a modified version of the river classification developed by
Montgomery and Buffington (1997) as a loose framework. Although this is a North
American classification system, it was seen to correspond to the range of river
types in the UK. It categorises rivers into the eight types presented here and was
used to indicate where natural processes may not sustain the measure in some
locations.

A2 Bedrock

A significant coverage of bedrock within the channel and the floodplain indicates a
very robust and stable river type. They are most common in upland areas and
contain very little stored sediment on the channel bed, aside from temporary
stores of fine sediment deposited in pools that are flushed through during high
flow events. The channel gradient is likely to be steep and they often exist in
confined valleys (v-shaped valleys), giving energetic flow conditions able to
transport large amounts of sediment. River Dee at Linn O’ Dee (Figure A.1) River
Calder upstream of Todmorden Example rivers:, River Teme at Felind.
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Figure A1 Example bedrock river type: River Dee at Linn O’ Dee

A2 Step-pool

This river type is generally formed by boulder groups/cluster or bedrock layers
forming steps separated by pools, providing stable/robust channel conditions. The
pools may contain finer sediments (fines and gravels) due to the low energy
conditions created by the backwater effects of the steps, but these may be
transported downstream during elevated flow conditions. The channel gradient is
likely to be steep and the river usually flows through a confined valley (v-shaped
valley), giving energetic flow conditions able to transport large amounts of
sediment. They are often found in upland areas, similar to bedrock rivers. Only
larger material is generally stored on the channel bed, apart from small deposits of
finer material in the pools. shows an example of a step- pool river type and lists
other river examples. Example rivers: tributary of River Dee west of Braemar
(Figure A.2), River Wharfe at Outershaw, Jumble Hole Clough adjacent to Jumble
Hole Road at Hebden Bridge.
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Figure A.2 Example step-pool river type: tributary of River Dee west of
Braemar

A3 Plane bed

The channel bed of plane bed rivers is generally dominated by cobbles and
gravels; significant depositional features are absent, with a monotonous riffle/run
biotope dominating with few/no deeper pool areas. They generally have a
moderate gradient and either have restricted connectivity to the floodplain or exist
within confined or partly confined valleys. Sediment transport capacity is therefore
relatively high in most cases and lateral activity is often restricted by stable banks,
limiting the potential for depositional feature growth. There is generally little fine
sediment infilling of the channel bed as a result of the moderately energetic flow
conditions. The hydromorphological characteristics of plane bed rivers (high width
to depth ratio, shallow flow depth, riffle flow type, few sediment features/stores,
gravel/cobble bed) mean that, under natural conditions, the channel bed is likely
to be relatively uniform.

This means that the restoration objective for a river/reach of this type should not be
to increase heterogeneity, but to ensure restoration encourages development of
the morphological features and processes described. Plane bed characteristics
can also be artificially created as a result of past modification or straightening of a
river (particularly in urban areas) and therefore it is important to understand
historic change to the system before classifying a river that displays plane bed
characteristics. Example rivers: River Calder between Todmorden and Hebden
Bridge, (Figure A.3), River Blackwater at Perthshire, Walsden Water at
Todmorden.
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Figure A.3 Example plane bed river type: River Calder between Todmorden and
Hebden Bridge.

A4 Wandering

Wandering river types are often found in moderate gradient systems where
sediment loads are high with an extended/wide valley floor. They often display
some braided and active single thread channel characteristics, but are highly
responsive and dynamic rivers that can change significantly following one high
flow event. Lateral movement can be significant where banks are weak and
riparian vegetation is sparse, resulting in channel switching as it migrates across
the valley floor over time. Depositional gravel features are often large (assisted by
reasonable floodplain connectivity that allows deposition of sediment at higher
flows) within this river type as a result of the high sediment loads and capacity for
lateral movement. Many rivers of this type been heavily managed with walls and
gravel removal, meaning that this river type is rarer than would be expected
naturally. Example rivers: River Wharfe downstream of Buckden (Figure A.4),
River Wooler at Wooler.



Figure A.4 Example wandering river type: River Wharfe downstream of
Buckden

A5 Active single thread

Active single thread rivers are generally lowland river types with a relatively low
gradient. Sediment loads are moderate and lateral movement can be moderate
(depending on bank cohesivity and the condition of the riparian corridor).
Depositional features are small to moderate in size (restricted by sediment loads
and lower levels of lateral erosion compared to wandering river types), usually
found in unconfined or partly confined valleys with floodplains present, and are
generally composed of gravels and finer sediment. Energy levels are lower
compared with wandering systems but are able to erode, transport and deposit
during channel forming flows. Example river: River Medlock at Clayton Vale
(Figure A.5).



Figure A.5 Example active single thread river type: River Medlock at Clayton Vale

A6 Passive single thread

Passive single thread rivers are generally found in lowland areas with a low gradient.
Sediment loads (particularly gravels) are lower and bed material is generally dominated
by finer sediment (for example, sands and silts). Depositional (gravel) features are
uncommon or poorly developed if present. The banks of the channel are often cohesive
restricting lateral movement. Therefore, any available energy is often focused on the
channel bed, leading to incised, deep channels with a poor connection to the floodplain.
Bank protection may be artificially creating passive conditions by restricting lateral
movement potential. Example river: River Swift at Rugby (Figure A.6).

Figure A.6 Example passive single thread river type: River Swift at Rugby




A7 Lowland anastomosed

Lowland anastomosed rivers are found in lowland areas with low gradients. They
develop a multi-thread channel network through stable islands, bars and berms and as
a result of the formation and movement of LWD jams. Floodplain connectivity is good
and different channels are activated at different flow levels, spreading flow energy over
a wide area, creating stable channel conditions. Bed material is generally composed of
fine sediment with some gravel exposed in locally energetic areas. Wet woodland often
thrives in the riparian zone of this channel type due to the well-connected floodplain
and the woodland often provides the lateral stability required for the functioning of this
river type. Example river: River Trent at Croxall Lakes.

Figure A.7 Example lowland anastomosed river type: River Trent at Croxall Lakes
(© Google Earth, GetMapping 2014)
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A8 Urban rivers

Urban rivers are watercourses within an urban setting that exhibit modifications in
channel structure, flow regime, water quality, and surrounding land use due to human
activities and urbanisation processes. These alterations distinguish them from other river
types and present unique challenges for management and conservation. Example rivers:
River Crane, London, most rivers in urban areas.



Figure A.8 Example urban river type: River Crane, London
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