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Executive summary

The Riverwoods initiative

The goal of the Riverwoods initiative (riverwoods.org.uk) led by the Scottish Wildlife Trust is to create
a network of river woodlands supporting healthy and resilient river systems across the whole of
Scotland funded by a diversity of financial sources including private and public funding.

Why invest in restoring river woodlands?

River woodlands are essential for healthy rivers and [
provide multiple benefits which help tackle the twin
biodiversity and climate crisis. A SEPA project, including
field surveys from 2015-16 found that over 50% of
riparian vegetation on Scotland’s baseline river
network is in poor condition without any trees or
shrubs. Restoring Scotland’s river woodlands is a
priority and a key candidate for funding under
conservation finance initiatives as a nature based
solution. Collating the available scientific evidence on
the benefits of river woodlands provides an evidence | Many of Scotland’s rivers are completely bereft of
base to justify financial investment in river woodlands | the natural woodlands and vegetation

f . h d itself communities. River Dee at Braemar. (Credit:
or society, the economy, and nature itself. Roberto Martinez SEPA)

Key aims of the evidence report
1. To provide a broad indication of the most up-to-date scientific evidence underpinning the
environmental benefits that river woodlands provide for Scotland.

To present quantified evidence of river woodlands functionality.

To classify the strength of the evidence based on the quality of studies to provide a level of
confidence in woodland measures forinvestment purposes.

Audience & beneficiaries

The evidence in this technical science report will be valuable to
a range of users including financial investors, businesses, land
and river managers, Scottish Government and its agencies. The
beneficiaries for specific benefits have been outlined in each
benefit section.

River woodland types

The river woodland types included in the review are native
riparian woodlands, floodplain woodlands, man-made riparian | Riverwoodlands provide many benefits
woodland buffers, gorge woodlands, natural large woody | toPeoplesuchasprovidingcleanwater,

. supporting health and well-being and
material and man-made large woody structures. sustainable food production. (Credit:

IMG Dugan)

Results
A summary of the strength of evidence for river woodlands is presented in the table below. The
strength of evidence is based on the quality of studies for each of the functions, with functions
grouped into the benefits that river woodlands can deliver (column 1). The strength of the evidence
ranges from very strong to weak. The majority of functions indicate a moderate to strong level of
functionality based on empirical data quantifying a positive effect.


https://www.riverwoods.org.uk/

Official

River woodland
Benefit

Strength of evidence for functions of river woodlands

INERSEORENN strong ] Moderate Weak
Clean water Stabilising Controlling nitrogen Capturing pathogens
riverbanks pollution
Controlling phosphorus
pollution
Controlling excessive
algae & periphyton
Capturing sediment
pollution
Capturing pesticides
Conserve Supporting Supporting other species Providing habitat
Biodiversity & | aquatic processes Supporting river hydro- connectivity &
Ecosystems morphological processes | supporting genetic
and diversity diversity
Climate action: Modifying local climate Modifying local climate | Maintaining water
water stress & conditions: shading and conditions: hydraulic yields & low flows
drought cooling air lifting
adaptation
Climate action: Slowing the flow
Flood risk Reducing coarse
alleviation sediment delivery and
siltation of channels
Climate action: Carbon sequestration &
Carbon carbon storage
Clean air Capturing air pollutants
Sustaining soils Reducing soil loss Improving soil health
Good human Exposure to river
health woodlands
Cooling air
Wwild fish and Regulating local climate Providing food for fish Improving habitat
angling through shading for fish with large
woody material
Sustain food Supporting pollination Providing fodder for
production Providing shelter & shade | livestock
for livestock
Clean energy Provision of biomass for
Biomass energy

Conclusions & recommendations

Specific recommendations have been provided for over-archingthemesinthe report and for healthy
and resilientriver systems and benefits to people (section 4.0). The key messages for the over-arching
themesare as follows:

Design & location: River woodland measures need to be established with appropriate design and
management to be effective and should be placed strategically within the catchment, in the right
location(s) and at the right scale as this is critical for the delivery of the benefits.

Landscape scale approach: A landscape scale approach will improve delivery of many of the benefits

and especially for clean waterand flood alleviation. Sediment eroded from banks is often not a major
source of polluting fine sediment, compared with sources direct from cultivated land.

Component of sustainable integrated land management: Land-use management has an impact on
the quality of soil, air and water. River woodlands help safeguard our environment, whilst providing
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climate change resilience and diversification on farms. They also provide an income and support
agricultural production via carbon, pollination, biomass and agroforestry.

Component of Scotland’s Nature Networks: Establishing a network of riparian and floodplain
woodlands enables nature to adapt to climate change by supporting reproduction and genetic
diversity of species and species migrations. River woodlands will also contribute to biodiversityon a
landscape scale as an important component of a heterogeneous landscape.

Improve evidence: Improved evidence at catchment scale and over longer timescales will improve
confidence in river woodlands as a nature-basedsolution. Estimations on the time it takes for benefits
to be realised will be valuable for catchment planning, for example in identifying future needs of
drinking water supplies or flood risk changes.

Next steps

1. Communications workis required to tailor the scientific evidence for specificaudiences, including
the buyers and suppliers of river woodland ecosystem services. Plans are in place to deliver some
of this through the Riverwoods partnership.

2. Abusinesscase needsto be developedto enable effective delivery of river wood lands underthe
Riverwoods initiative, underpinned by bespoke businessplans for each Riverwood project. Thisis
being addressed through the Riverwoods Investme nt Readiness Pioneers project being funded by
the Esmée Fairbairn Foundation.

3. Demonstrationsites should be developed to show the pathway to investment ready projects and
reduce uncertainty about outcomes forinvestors. Early work on this has now begun.

4. The time that it takes for trees to establish to provide specific functions and benefits should be
analysed and collated as it is an important consideration for investment and benefit calculations.

5. Further work is required to review the most up to date decision support tools and guidance for
implementation.

6. River woodland benefits should inform codes and standards supporting the development of
natural capital markets and the shift towards a nature positive economy.

7. This evidence report has identified a number of research and development gaps for river
woodland implementation which should be assessed for prioritisation depending on business
requirements.
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1 Introduction

1.1 Whatis the Riverwoods initiative
Riverwoods is an ambitious initiative launchedin early 2019, to create a network of river wood lands
which supports healthy and resilient river systems across the whole of Scotland.

The Riverwoods initiative is led by the Scottish Wildlife Trust. It brings together a wide range of
partners to identify where riparian woodland can be better managed and lost woodland corridors
recreated. A nation-wide programme to create and restore river woodlands relies on funding from
diverse sources. Working togetheron the £Billion challenge route map?, the Scottish Nature Finance
Pioneers are exploring how existing financial mechanisms such as grants, philanthropic giving, and
sources of private finance can be combined to develop blended finance solutions to support
Riverwoods delivery.

The report has been developed by the RiverwoodsScience Working Group of the Riverwoods initiative
to provide scientificevidence of the benefits of river woodlands to inform further work with investors,
land managers and local delivery partnerships.

The evidence supports the creation of a network of river woodlands as a nature-based solution that
addresses climate change and provides multiple benefits to society. It also identifies the limitations
and gapsin currentknowledge.

1.2 Why are river woodlands needed?

Streams and rivers within catchments are physically connected, running from the headwaters of their
source to the sea, and laterally within their floodplains. The physical connection and the plants and
animals within the water environment are important for the provision and processing of energy
changes down the length of the watercourse. The provision and processing of energy changes from
the top to the bottom of this chain, and laterally on the floodplains with flow pulses such as floods. A
river woodland is essential for freshwater ecological functioning, carbon and nutrient recycling,
enabling a healthy river system. The role of river woodlandsin supportinga healthy river systemis in
sectiontwo of this report.

InScotland, the native trees and woodlandsalong these streams and rivers have largely been removed
through intensification of agriculture, urban development, or damaged and prevented from
regenerating by browsing and grazing animals (Smout, 2003). The impact of these changes on riparian
vegetation quality is summarisedin Box 1, see section 2.2.1 for details of classification.

Box 1: Riparian vegetation condition
Based on SEPA’s 2015/16 morphological surveys of river channels and riparian bank vegetation together
with remotely surveyed data covering the baseline” river network the condition of the riparian woodland
vegetation is:

56% of the bank length is in poor condition.

11% is in moderate condition.

13% is in good condition.

20% of the bank is adjacent to other non-woodland habitats™* (wetlands, peatland, etc).

*Baseline rivers are those river water bodies with catchment size >10km2. The ecological condition of these water
bodies is reported as per Water Framework Directive and RBMP objectives. The length is ~27,000 km (21% of
Scotland’s digital river network ~125,000 Km).

**More work is required to assess the naturalness and condition of these habitats.

1 Trust and SEPA publish route map towards £1 billion for nature conservation — Scottish Wildlife Trust



https://scottishwildlifetrust.org.uk/news/route-map-to-1-billion-for-nature-conservation-published/
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Other modifications to rivers that enable human activity affect river continuity, separating rivers from
their riparian zones and fragmenting the river’s ecological functions, including the extent of benefits
that river woodlands provide. A Europe wide survey, including rivers in Scotland, found that many of
these barriers are underrecorded (61%) with 68% of structures less than 2m high. Most of the barriers
in Europe’srivers are structures built to control and divert water flow or to raise waterlevels, such as
weirs (30.5%), dams (9.8%) and sluice gates (1.3%); to stabilise riverbeds, such as ramps and bed sills
(31.5%); or to accommodate road crossings, such as culverts (17.6%) and fords (0.3%) (Belletti, et al.,

2020). Whilst some of these structures are historic and redundant, fragmentation continues e.g.
hydropower installations with reservoir dams, weirs and channelisation, which separate rivers from
their natural paths and riparian zones, have affected the connectivity of river networks (Addy et al,
2016).

The Water Framework Directive and European Biodiversity Strategy aim to address this, by supporting
the concept of free-flowing rivers, where feasible. This includes not only the removal of barriers for
fish but also restoring natural processes; allowing rivers to use their floodplains, encouraging
groundwater recharge and healthy beds, banksand adjacent zones of influence. People restoring river
woodlands need to consider river connectivity and restoration of natural processes if they are going
to fully benefit fromrestoring river woodlands.

It is proposed that restoring a network of rivers and their associated woodlands will help address
climate change and its impacts on our businesses and human well-being. Climate projections show
that Scotland can expect warmer, wetter winters and hotter, drier summers. Extreme weather s likely
to become more variable and more frequent, leading to greater risk of both droughts and floods.
Modelling predictsincreasing flow peaks of roughly 50% on average by the 2080s (Kay et al., 2019a).
Drought projections show that extreme drought events are likely to increase across Scotland from the
baseline data (1981-2001) of one every 20 years to one event every three years (2021-2040)
(Kirkpatrick Baird et al., 2021). Drier summermonths will put river catchments under more pressure
from abstractions, reducing the resource available for water users. Lower summer flows will also
reduce the ability of rivers to dilute pollutants with the possibility of increased treatment costs for
dischargers. Therefore, this report considers the role of river woodlands in mitigating climate change.

The reportaddresses the role of river woodlands in adapting to changes in water temperatures, which
is a threatto fisheries and biodiversity in Scottish rivers. Water temperatures of 27°C and 25°C were
recorded in Scotland in 2013 and 2014 (James Hutton Institute, 2019; Pohle et al., 2019). In 2018, 70%
of Scotland’s rivers experienced temperatures that would cause thermal stress in Atlantic salmon
(>23°C) (Jackson et al., 2020). Climate change projections under UKCP 182suggest that summers like
this will occur every otheryear by 2050, where high temperatures will be exacerbated by low flows.
With an expectedincrease in air temperature of 4°C by 2080, there are concerns about the potential
impact on Scotland’s cold water-dependent fish populations and other species, and the consequences
for rural economies, as well as the health of rivers.

The wide range of benefits to people from river woodlands both now and in the future are described
in detail in section 3 of this report. The evidence of the functions provided by river woodlands is
assessed and strength evaluated.

1.3 River wood definitions
River woodlands include trees, woodlands and forests, both natural and planted, of variable widths
that run alongside rivers and streams and within the riparian zone. The riparian zone is a landscape

2 UKCP18 are the UK Climate Projections produced by the Met Office. More information: UK Climate Projections
(UKCP) - Met Office



https://www.webarchive.org.uk/wayback/archive/20161006211558mp_/http:/www.gov.scot/Topics/Environment/climatechange/scotlands-action/adaptation/ChangingClimate
https://www.metoffice.gov.uk/research/approach/collaboration/ukcp/index
https://www.metoffice.gov.uk/research/approach/collaboration/ukcp/index
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unitthat is opento fluxesto and from river systems and uplandsdriven by natural and social processes
(CONVERGES definition, Dufour & Rodriguez-Gonzalez, 2019). The land alongside fluvial systems
influences and s influenced by river processes (Dufour & Rodriguez-Gonzalez, 2019) such as nutrient
and carbon cycling and regulating water flows.

River woodlands include woodland types which influence and are influenced by such processes and
thusinclude the following types:

Riparian woodland: woodlands found on the bank of a natural body of freshwater especially a stream
or river but can also include lochs (Parrott & MacKenzie, 2000). This zone on the bank is usually
relatively narrow, often extending less than five metres on either side of watercourses and ty pically
comprises native broadleaved woodland that is often unmanaged (Ngai et al., 2017). In the past,
conifer plantations extended into these zones but now there is a programme of clearance to restore
them to native woodland. When considering functional riparian woodland, the width of the zone will
depend on the function and biogeochemical conditions of the site; geomorphology of watercourse
(width, depth, flows, sediment), soils, geology and slope.

Floodplain woodland: all woodland lying within the fluvial floodplain that is subject to a regular or
natural flooding regime (Ngaietal., 2017). It typically comprises broadleaved woodland and can range
from productive woodland on drier parts to unmanaged, native wet woodland in wetter areas. In
Britain, natural floodplain woodland that originally covered most floodplains has been mostly cleared
and the land drained for agriculture and urban development. Extensive remnantsof natural floodplain
woodland survive in just a few locations in in the UK (Kerr & Nisbet, 1996). Floodplain alluvial
woodlands have high ecological and conservational importance; Scotland has ten Special Area of
Conservation (SAC) where “alluvial forest with alder and ash” habitat is the main qualifying habitat
feature of the site. This includes the Conon Islands, Lower River Spey-Spey Bay, Mount Alderwoods
and Urquhart Bay Wood in the Highlands and Islands region, and the Shingle Islands in Eastem
Scotland?.

Gorge woodland: native treesin gorges where the influence of the riparian zone extends beyond the
floodplain due to high humidity levels (MacKenzie, 1996). These woodlands have high conservation
value due to limited disturbance from human activity e.g. Tilio-Acerion ravine forests which are found
on steep, flushed slopes with open seepages and base-rich soils in gorge sites across Scotland are
features of Special Areas of Conservation. This includes tributary streams of the River Tweed and Clyde
Valley Woods in southern Scotland, which represents the most extensive complex of woodland gorges
with Tilio-Acerion forests in Scotland*. Other gorge woodlands are designated Sites of Special Scientific
Interest due to specialist invertebrate communities e.g. Ayr Gorge Woodlands. Oceanic riparian
ravines associated with temperate rainforest on the west coast of Scotland are especially important
for rare mosses and liverworts®>. Gorge woodlands are usually remnants of ancient woodlands that
cannot be easily re-created. Their distribution is constrained by topography which may provide
shading to the river channel additional to the shading provided by trees. They provide core sites of
high biodiversity to extend through riparian woodland creation.

Man-made riparian woodland buffers: Riparian woodland buffer zones occur on farms as areas
between natural and artificial water courses, such as streams or ditches, and agricultural land. They

3 More information on alluvial forest can be found here: Alder woodland on floodplains (Alluvial forests with Alnus
glutinosa and Fraxinus excelsior (Alno-Padion, Alnion incanae, Salicion albae)) - Special Areas of Conservation (jncc.gov.uk)
4 Further information available: Mixed woodland on base-rich soils associated with rocky slopes (Tilio-Acerion forests of
slopes, screes and ravines) - Special Areas of Conservation (jncc.gov.uk)

5 More information about mosses and liverworts associated with oceanic ravines can be found here Mosses and
liverworts | NatureScot


https://sac.jncc.gov.uk/habitat/H91E0/
https://sac.jncc.gov.uk/habitat/H91E0/
https://sac.jncc.gov.uk/habitat/H9180/
https://sac.jncc.gov.uk/habitat/H9180/
https://www.nature.scot/plants-animals-and-fungi/mosses-and-liverworts
https://www.nature.scot/plants-animals-and-fungi/mosses-and-liverworts
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are designedto intercept pollutants from runofffromthe adjacent field. In addition to woodland, they
can include grassland and wetland elements, these are called an Integrated Buffer Zones. When
considering the design of riparian woodland buffers, the width of the buffer will depend on the
function and biogeochemical conditions of the site, width of watercourse, soils, geology and slope.

Large woody material: the fallen stems, logs, sticks, branches, and other wood that falls into streams
and rivers. All the river woodland types provide a source of large woody material (LWM). It can also
include man-made large wood structures sometimescalled artificial leaky dams. The term large woody
material is also known as large woody debris (LWD) in the literature.

Definitions of the riparian zone and riparian ecosystem are as follows:

Riparian zone: the interface between the terrestrial environment and the freshwater habitat,
including the land between the riverbank and the lower edge of upland areas not affected by river
processes (McKenzie, 1996). An encompassing definition of river woodlands within a wider riparian
zone has been adopted in this report to take into consideration that functional processes within the
waters of stream-river networks are closely interlinkedto land and such influences can extend beyond
the local riverbank to wider scales. This embraces a landscape approach for rivers, or a ‘riverscape
approach’ (Schumutz & Sendzimir, 2018), and a functional approach with the consideration of river
processes.

Riparian ecosystem: Riparian ecosystems are not tied to a specific distance from the water's edge but
rather to changes in vegetation type, soil type and moisture availability, and other ecological
characteristics. They encompass the functional zones of influence of the river: lateral, longitudinal,
vertical and temporal® (Figures 1-3).

e Thelongitudinal influence extends the length of the stream.

e The lateral influence begins in the water body and extends through the riparian vegetation,
into the upland forest or dry land vegetation, to the point where overland flow (runoff) is
initiated (see Figures 2 & 3)

e The vertical influence extends below the dry season water table and through the canopy of
mature vegetation.

e Temporalinfluencesare changesto the riparian ecosystem overtime.

They include different river woodland types and other habitats such as wetland, which provide the
structure for the system. Structural and functional characteristics combine to create ecological
integrity for the riparian landscape. If the structure or function is compromised, the consequences will
be apparentin the degradation of the area.

Figure 1: Identifying the riparian ecosystem (not to scale). Credit US Forest Service.

& For more information on US Forest Service definition0423-1201-SDTDC: Riparian Restoration, Page 4 (fs.fed.us)


https://www.fs.fed.us/eng/pubs/html/04231201/page04.htm
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Riparian Ecosystem Cross Section

Steep to Gentle Terran

Figure 2: Riparian ecosystem cross section, steep to gentle terrain (not to scale). Credit US Forest Service.
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Figure 3: Riparian ecosystem cross section, gentle to flat terrain (not to scale). Credit US Forest Service.

1.4 Scope of review
The aim of the review is to provide a broad indication of the most up-to-date scientific evidence
underpinning the environmental benefits that river woodlands provide. Itis nota systematicreview.

The river woodland types included in this evidence review include native riparian woodlands, flood
plain woodlands, man-made riparian woodland buffers, natural and made-made large wood
structures. Gorge woodlands are primarily considered in relation to their high value for biodiversity.
Wider catchment-based woodlands in urban and rural areas can provide similar benefits to those
identified inthe review and some evidencein relation to woodland more generally is presented where
specific evidence was not available.

The approach adopted to collect evidence seeks to identify and understand the pathways and
biophysical processes that affect the provision of final goods and service s (or benefits to people) and
acknowledges that economic value comes directly from the consumption of these final goods and
services (Binneret al., 2017). Searches have been carried out for empirical evidence, not only to link
biophysical processes with river woodlands but also for evidence which links river woodland measures
with actual impacts, such as slowing flood flows or reducing sediment loads in waterways. This
evidence canthen be used in combination with decision support tools and valuation estimates to bring
togethera wider state of knowledge (Binneretal., 2017).

Initially, the Riverwoods Technical Group was asked to provide evidence through semi-structured
interviews on key evidence of which they were aware. As data was collected in a database for each
benefit, further literature searches were undertaken, and evidence was followed up with individual
scientists for clarification. The type of data asked and searched for, for the evidence reportincluded:
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e The most recent up-to-date comprehensive reviews (systematic and conventional reviews)
and studiesincluding quantified data on the benefits of river wood types

e Scottish studies. If this was not available, UK and international studies of relevance to
Scotland, Scottish climatic and biophysical conditions.

e Evidence of biophysical processes underpinning the benefits and where this is supported by
the science.

e Evidence of the relative magnitude of the effect in terms of its relative significance.

e Evidence of other factors influencing the effectiveness of measures such as location, scale,
design and management.

e Evidence from consensus judgement from science experts providing a confidence rating on
the potential effectiveness of measures.

Although some information was gathered on decision support tools and design and management
guidance, it was not the focus of the report. Annex 2 provides an overview of available guidance and
tools. Further work is required to review the most up to date decision support tools and guidance
along with valuation estimates. A cost-benefit analysis of Riverwoods will form part of the business
case with tailored evidence for individual sectors as part of further work and is not included in this
report.

Evidence for benefits of river woodlands has been classified into four categories of: weak, moderate,
strong and very strong evidence. This classification is based on the Level of Evidence Hierarchy
pyramid ranking produced by Mupepele et al., (2016) and incorporates the strength of modelling
evidence (as illustrated and described in Burton et al., 2018). It provides a level of confidence in the
evidence based on the quality and number of studies. Where evidence is context- or scale-specific,
this is stated clearly. Experts were used to classify the evidence using the criteria below. Strength of
evidence of the biophysical processes underpinningthe functions working was considered as well as
strength of evidence linking woodland measures with actual impacts (and outcomes).

Systematicand conventional reviews based on robust empirical evidence.
Very strong Projections made using well-established models that are based on the
evidence available physical principles, biophysical processes and utilise data from
robust empirical evidence gathered in a wide range of settings

Studies with a reference/control. Before-After-Control-Impact (BACI)
Strong designs or multiple lines of moderate evidence. Projections made using
evidence well-established models which are based on the available physical
principles, incorporate biophysical processes and utilise data from robust
empirical evidence

Observation studies basedon studies with statistical testing OR descriptive
Moderate studies without statistical testing. Projections made from models with
evidence some data input to determine parameters.

Weakevidence | Studies without underlying data. Projections from models which represent
theories without underlying data.

The benefitsto people have been defined with reference to globally adopted frameworks. The users
of the evidence in this report are likely to include a range of sectors: financial investors, businesses,
land and river managers, Scottish Government and its agencies. The benefits are defined using the
language in the UN Sustainable Development Goals which have been globally adopted by
governments and businesses. Benefits include: clean water, climate action for drought and flooding
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mitigation, carbon sequestration, clean air, sustainable soils, biodiversity conservation, good health,
wild fish and angling, and sustainable food and energy production.

The benefits are ordered according to the sections in Common International Classification for
Ecosystem Services (CICES v5.1), which has been widely adopted in Scotland and across Europe.
Regulation and maintenance services are shown first, followed by cultural services and provisioning
services. Evidence is presented under different functions which help deliver each benefit.


https://cices.eu/
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2 Healthy and resilient river systems

2.1 Whatis a healthy and resilient river system?

The goal of the Riverwoods initiative is to create a network of river woodlands supporting healthy and
resilient river systems across the whole of Scotland. This section interprets the main factors used to
define healthy and resilient river systems.

2.1.1 Healthy river system
The characteristics of healthyrivers are:

1. Controlled by natural morphological processes;

2. Dominated by natural structure in channeland floodplain;

3. Formedbyinterconnected waterand sediment flow, both in channeland floodplain;
4. Thermally moderated through a mix of light conditions and depths;

5. Unpolluted;

6. Oxygenated;

7.

Supportrich animal and plant-life.

River woodlands influence the condition of rivers and streams by influencing physical, chemical and
biological processes within the riparian ecosystem. The flows of energy, materials and organisms are
interwoven in complex, cross-linked relationships of ecosystem functioning (Schumutz & Sendzimir,
2018)

Native riparian and floodplain woodlands have an essential role in carbon and nutrient cycling linking
land to water and water to land, and recycling nutrients and carbon from source to sea (MacKenzie,
1996; Schumutz & Sendzimir, 2018). Native riparian forests control the flux of nutrients from
terrestrialto aquatic ecosystems. In-stream nutrients are transported downstream in a process called
nutrient spiralling (MacKenzie, 1996). However, itis notjusta one-way flow of nutrients. The riparian
zone retains nutrients during their displacement downstream which can then be returnedto land. A
flooding river can leave behind substantial amounts of sediments and nutrients in the floodplain
(Walling, 1999) representing a large nutrient subsidy to terrestrial systems. The food web stretches
between the freshwater and land transition zone (Petersenet al., 2004; Thomas et al., 2016) and
enables the flow of nutrients and carbon in both directions as animals live, feed and die in both
environments. Aswell as carbon and nutrient recycling, river woodlands play a role in regulating the
flow of water.

2.1.2 Resilient river system

Ecosystem resilience is the inherent ability to absorb various disturbances and reorganise while
undergoing state changes to maintain critical functions (Sasakiet al., 2015). This means that a resilient
ecosystemis one that can freely adjust to accommodate an environmental change (Addy et al., 2016)
such as climate change. River resilience is enhanced by maintaining natural physical processes. This
includes connectivity between upstream and downstream reaches and between rivers and their
floodplains, to allow free movement of water, sediment, organic matter and living organisms. By
restoring river woodlands, resilience is enhanced through adjusting natural geomorphological
processes (erosion,deposition, channel adjustment), dissipating energy of high flows, maintaining the
connectivity of biological communities, and by increasing shading of the water, reducing the risk to
species sensitive torising watertemperatures.
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2.1.3 Healthy rivers in modified landscapes

In a modified landscape, where there are constraints from other activities and uses, the focus is to
restore natural processes as much as possible. River wood typesthat have been included in this report
include those modified to provide particular functions e.g., to manage diffuse pollution, or address
flood risk. Whilst the “ideal” vegetation forthe riparian zone is dynamic natural vegetationincluding
treesand shrubs similar to the watercourses of an ancient forest landscape, this is constrained in our
modified landscapes. River woodlands can be designed and structured to deliver specific functional
roles in riparian ecosystems.

2.2 How do we measure and monitor the condition of river woodlands and
healthy and resilient river systems?

2.2.1 Current approach

Under the European Water Framework Directive (Directive 2000/60/EC), which has become law in
Scotland as the Water Environment and Water Services (Scotland) Act 2003 (WEWS Act), the status of
Scotland’s waterenvironmentis classified using environmental standards to determine the ecological
quality of freshwater ecosystems and forthe delivery and protection of good water quality.

A general requirement for ecological protection, and a general minimum chemical standard, was
introduced to coverall surface waters. Theseare the two elements "good ecological status" and "good
chemical status". Good ecological status is defined inthe Water Framework Directive (WFD), interms
of the quality of the biological community, the hydromorphological elements, and the chemical and
physio-chemical characteristics. The main aim of WFD is to achieve good ecological status which
requires healthy and resilient river ecosystems.

In Scotland, the environmental standards incorporate biological, chemical, hydrological and
morphological components of the aquatic ecosystem. For example, environmental standards for
biological conditions include composition of aquatic flora and freshwater invertebrates.
Environmental standards for morphological condition include assessment of bed, banks and riparian
vegetation of rivers. Where trees are appropriate to the location, an assessment of density and
structure of natural woody vegetation is considered to represent the best riparian vegetation for
protecting morphological status (Greig et al., 2006).

In Scotland, MImAS (Morphological Impact Assessment System) (Greig et al., 2006), is the tool created
to classify morphological condition in baseline rivers. The classification provided by MImAS is based
on river type, morphological pressures and riparian vegetation. Therefore, information related to
riparian woodland can be extracted and analysed to assess the condition of the riparian vegetationin
Scotland in terms of density (Figure 4) and structure (Figure 5) but not composition or species richness.
Although, MImAS only considers the presence of riparian vegetation within the first two metres from
the bank top, new developmentsin MImAS-2 are considering including a wider extent of the riparian
vegetation more in line with the principles of Riverwoods.


https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32000L0060
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Figure 4: Density categories used in riparian vegetation surveys
Complex (C): vegetation with 4 or 5 different height categories.
L = Scrub or trees must also be present.
= Simple (S): vegetation of 2 or 3 different height categories
Uniform (U):dominated by vegetation that is all about the same
o height. This could mean a stand of a single species, OR a stand
___ S i comprising several species of the same height. Coniferous
/ plantation should also be recorded as uniform.
Bare (B): predominantly bare earth or unvegetated bank material
B (e.g., brick, concrete, etc.). This should also be recorded where
-/ bridge abutments are on the bank top/face.

Figure 5: Structure categories used in riparian vegetation survey categories

The two metres width limit is too narrow in many cases to include functional areas within the riparian
zone that supports a healthy river system and provides benefits to people. However, the information
provided by MImAS is still useful to identify priorities and a programme of actions for restoration of
river woodlands.

Figure 6 shows a map of the quality of riparian vegetationin Scotland based on density and structure
extracted from MImAS. The map shows baseline river water bodies, and the data was extracted from
field surveysforlessthan good water bodies and remote sensing for the water bodies at good or high
condition. The description of different quality classes is in box 2. Riparian woodland habitats in poor
condition lack tree cover and consist of either bare ground or uniform vegetation such as grass and
plantation. Riparian woodland habitats in good condition consist of trees with continuous or scattered
density and complex structure. For these reaches at good riparian vegetation condition status, further
field checks are required to assess if they are the right native species. For these checks,
biogeographical studies of riparian vegetation are required in Scotland. Tree planting would involve
native species which are genetically and phenotypically suited to the site and of high quality based on
legislation in the EU Directive 1999/105/CE on the marketing of forest reproductive material.

These analyses of different quality categories of riparian vegetation can be used at a national scale to
allow strategic planning of river wood restoration rather than relying on opportunisticrestoration.
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Box 2: Classes of riparian vegetation referenced in figure 6.

e Good: This includes margins classified as ‘complex - continuous’ and ‘complex - scattered’.

e Moderate: This includes ‘simple - continuous’ and ‘simple - scattered’.

e Poor: This includes either ‘bare or coniferous plantation - none’, ‘bridge’, ‘gap’, ‘multi surface
(garden)’, ‘simple - none’ and ‘uniform - none’ and ‘uniform-continuous’

e Other habitats: This includes wetland vegetation types including ‘heath — high altitude’, ‘wetland’,
‘wet woodland’, ‘wet grassland’, ‘springs, flushes and seepages’, ‘fen’, ‘swamp’, ‘reedbed’, ‘wet
heath’, ‘peat bog’, ‘saltmarsh’, ‘dune slacks’ and ‘machair’. This also includes ‘open water’. More
work is requiredin these habitats to assess good condition and conservation value in their own
right and therefore not suitable for riparian woodland restoration.

RIPARIAN VEGETATION
IN SCOTLAND

Quality of Riparian Vegetation

Good
Moderate |
— Poor N
Other habitat A
S50 KM
e e
\"/‘
n\ 'l ..? s 1
1 Lo - } Y
LB 2%

NTE “\f‘ L-l,i,»‘f‘

Figure 6: Riparian vegetation quality in Scotland based on MImAS for baseline water bodies. The survey for less

than good water bodies was completed in 2015-16.See Box 2 for description of classes.

11
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2.2.2 Approach under development

COST Action Converges (CONVERGES, Knowledge Conversion for Enhancing Management of European
Riparian Ecosystems and Services) was created in 2017 to influence WFD and incorporate the findings
of the importance of riparian woodlands as a part of healthy water bodies. The Converges project has
developed some material to better assess ecological condition of riparian vegetation for Water
Framework Directive purposes and some principles to integrate riparian vegetation in national policy
(Urbanicet al. 2022).

Using the current WFD approach to assess the quality of riparian vegetation status requires
comparison of the current conditions to a previously established reference condition, which can be
challenging to define. The reference conditions for riparian vegetation would need to:

e Accountfor the natural vegetation dynamism following relevant floods,

e Considerspecies succession according to channelevolution at differenttemporalscales,

e Evaluate the potential dynamic equilibrium overthe long term.

CONVERGES working groups have been discussing different ways to make use of the riparian
vegetation. A different approach could be to evaluate the riparian ecosystem with respect to its
naturalness/functionality vs. artificiality (Gonzéalez del Tanago et al., 2021). This involves
distinguishing vegetation attributes thatrelated to:

e Naturalnessof ariparian system (reflecting no or little alteration by human influence)

e Healthy functionality (free fluvial processes e.g.: channel mobility, natural regeneration)

e Artificiality (reflecting human pressures that induce changes in riparian vegetation

structure).

2.3 Limitations & Gaps in Research

A national map of riparian woodland cover and a riparian woodland potential map similar to that
produced by the Environment Agency would be usefulforScotland’. The riparian woodland potential
can be linked to maps of native riparian woodland including tree species for different regions and
catchments. These maps are required not only for classification purposes but to support national
efforts for the restoration of healthy riparian corridors in Scotland.

Biogeographical studies that provide information about spatial distribution patterns of species at the
catchment scale (Ricklefs & Jenkins, 2011), along with studies of broad plant functional traits, could
be used to identify theoretical “undisturbed” vegetation types, riparian plant formations and
associations along the river corridor at the regional scale. The biogeographical studies for riparian
vegetation in Scotland will help to inform reference condition work.

Further work is needed to validate vegetation indicators and establish their metrics and relative
weights. New versions of MImMAS in SEPA need to integrate most up-to-date scientific knowledge on
riparian vegetation with morphological classification.

7 WWNP Riparian Woodland Potential - data.gov.uk
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3 Assessment of benefits for people
3.1 Clean water

3.1.1 Overview of benefit

This benefit focusses on how river woodlands help manage pressures on the environment that
adversely affect the quality of freshwater. In 2019, 13% of water bodiesin Scotland were worse than
good condition due to water quality®. Rural diffuse pollution is the main pressure on water quality in
Scotland’s waterbodies, largely due to agriculture and forestry in rural areas. Soil erosion and run-off
results in suspended sediments, nutrient pollution and toxins from pesticides entering neighbouring
water bodies and impairment of water quality.

This pressure on Scotland’s water resources is predicted to increase with climate change. Higher
intensity rainfall events and flooding are increasing erosion and suspended sediment in runoff from
bare soils. Whilst lower summer flows are reducing dilution capacity of the river making pollutants
more concentrated®. Climate change models predict that low flows and highertemperatures will also
increase rates of chemical exchange in the riverbed with a shift from present day low to moderate
dissolved nutrient (oligotrophic/mesotrophic) conditions in UK rivers to a moderate to high dissolved
nutrient (mesotrophic/eutrophic) system by 2080 (Hutchins et al., 2010).

Riparian woodland buffers have the potentialto contribute to safeguarding clean water by controlling
diffuse pollution from the land and reducing pollutants in our waterways. River woodlands can also
provide shade that regulates pollution interactions with light and temperature, such as controlling
excessive algae in rivers triggered by an excess of nutrients from the land. The risk of algae blooms
(benthic/periphytic) in rivers in Scotland may increase if rivers become slower flowing, warmer and
sluggish, and dead zones may appear more frequently with climate change.

This section focuses on presentingthe evidence underpinning the role that riparian woodland buffers
play in mitigating diffuse pollution underfour main functional categories: capturing nutrient pollution,
capturing sediments and stabilising banks, capturing pesticides and herbicides, and capturing
pathogens. This section also includes evidence of the role that river woodlands play in controlling
algae blooms in waters enriched by nutrients from diffuse pollution. Evidence for the biophysical
processes underpinning the functions is presented first followed by quantified evidence of measured
effects. Ratings of the relative effectiveness of measures has also been included in this section as
undertaken in previous review work by Stutter et al., (2020).

Beneficiaries

Many industries require clean water as a resource for production, such as food and drink
manufacturing, milk production, freshwaterfisheries, and agricultural production. Everyone requires
cleandrinking wateras a basicneed, provided by Scottish Water and private water supplies. Individual
householders/businesses or a community with a shared communal supply will be interested in
maintaining their private water supply. Peoplealso need clean water forrecreational uses such as wild
swimming and other water sports. Woodlands generate water quality improvements which, in tumn,
benefit water companies through reductionsin the treatment costs associated with the production of
drinking water. Water bill payers can hence benefit from reduced treatment costs. Scottish Water has
a responsibility to reduce the impacts of sewage discharges. The prevention of sediment runoff from
the physical buffer created by riparian woodland may be beneficial to reservoir operators with costs
saved from less dredging and less sedimentflushing from reservoirs.

8 RBMP 3rd Cycle (sepa.org.uk) Informatics Hub
9 Adaptation Indicators (climatexchange.org.uk)
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3.1.2 Evidence for integrated control of diffuse pollution

An overview of the role of riparian woodland buffers in providing integrated control of diffuse
pollution from different sourcesis provided here followed by sub-sections consider specific pollutants
sources in more detail.

There is a growing body of research which shows that riparian woodland buffers can protect water
quality by mitigating diffuse pollution from agriculture. The empirical evidence has been summarised
wellin reviews such as Forest Research’s monograph Woodland for Water publication (Nisbet et al.,
2011). The European Cooperation in Science & Technology (COST Action: 15206) Short Term Scientific
Mission report updates this evidence base summarising current understanding of the effectiveness of
riparian woodland buffer creation measures for reducing key diffuse pollutants based on site-based
experimentsin Europe and North America (Silos, 2017). Reviews of evidence forthe effectiveness of
buffer strips have also been undertaken by Stutteretal., (2019, 2020, 2021), whichincluded forested
buffers.

Thereis also evidence that floodplain woodland plays arole in reducing diffuse pollution by enhancing
siltation and sediment retention, nutrient removal (phosphorus and nitrogen) and fixing heavy metals
(Ngaietal., 2017). However, floodplain woodlands, natural orrestored, often include wetland habitats
of highestvalue when not nutrient enriched. It is therefore important for river managers to consider
the potential detrimental consequences of using floodplain woodlands for nutrient mitigation
(Schumutz & Sendzimir, 2018). The reconnection and establishment of floodplain woodlands and
wetlands onformeragricultural land, vacant urban or derelict land needs to consider the nutrient and
metal legaciesin the soils first.

Functional processes

Stutter et al. (2020) describes how vegetation including trees functions within riparian buffers. The
hydraulic roughness of ground vegetation, tree stems, deadwood, and surface rooting slows and/or
temporarily stores surface run-off, reducing carrying capacities of particles and associated pollutants.
Rooting, especially by trees, creates larger soil pores, increasing infiltration capacity and the retention
of dissolved nutrients at depth. Growth of biomass increases nutrient uptake and removal. Leaves,
dead wood and decaying roots increase soil organic matter, driving microbial assimilation or
breakdown of chemicals. The physical barrier created by tall vegetation reduces pesticide spray drift
and helps remove pollutant gases such as ammonia (See Figure 7).

Measured effect

Stutteretal., (2021) give a synthesis of studies analysing site -specific factors which influence managed
riparian buffer effectiveness across pollutants. Tree planting into riparian buffers zones was found
overallto have positive effects, with limited negative study effects, depending on factors of landscape
position and buffer design. However short duration studies of riparian woodland found no significant
effects, potentially as benefits had not yet been realised. As a result, inclusion of trees (relative to
grass buffers) was taken as having strong evidence through agreement and number of studies for
positive effects on the pollutants, sediment, total phosphorus, dissolved phosphorus, total nitrogen,
ammonium, and pesticides in terms of retention in riparian zones and stream protection. In longer
termstudiesinthe US multizone riparian buffers can reach maximum efficiency for sediment removal
in as little as five years and nutrient removal in as little as 10-15 years (Schultz et al., 2003). See
sections 3.1.3 to 3.1.5 for quantified information on measured effects for nutrients, sediment,
pesticides and herbicides.
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Buffer Strip 3D Structure
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Figure 7: 3D Buffer strips (Stutter et al., 2020)

Factors influencing effectiveness

Including trees as part of riparian buffersis beneficial for the control of diffuse pollution, although the
effectiveness of such measures depends on several variables including woodland design and
management, location and scale. Researchers working with policy and practitioners have called for a
conceptual rethink of the structural elements of riparian buffer zones focusing on using engineering
principles to recreate natural processes in buffers, many of which can be associated with wooded
landscape elements, and to apply these within intensely farmed landscapes (Stutter et al., 2019).
These elements have been developedin the UK into the 3D bufferzone concept seeking to maximise
below and above the ground processes to tackle pollution pathways from deeper soil waters, artificial
drainage, surface run-off and the air (see Figure 7, Stutter et al., 2020).

An ideal 3D buffer design includes deep roots, enhanced soil biogeochemical processing, run -off
capture by re-sculptured ground surface and canopy interception. An integrated bufferzone (IBZ) isa
design packaging many of these elements. Examples have been built and tested at field sites across
Northwestern Europe including at Balruddery in Aberdeenshire, Scotland with positive results for
reducing total nitrogen and phosphorus transport by surface and subsurface pathways to small
streams and rivers (Zak et al., 2019). One elementofthe IBZ designis a tree belt, adjacentto a linear
wetland, sotree biomass can uptake nutrients after the passage of runoff at the field edge is slowed.
Although the IBZ design is specific to tackling diffuse pollution on intensive cropland situations,
elements may be applied to wider riparian woodland situations. For example, elements such the trees
intercepting air pollutants, and stabilising banks alongside wetlands processing nutrients and
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intercepting subsurface pathways may be applied to address specific issues as part of the 3D buffer
conceptin urban and rural areas (Stutter et al., 2020).

3.1.3 Controlling nutrient pollution (phosphorus and nitrogen)

Functional processes

The main biophysical processes which underpin the function of riparian buffers to control nutrient
pollution with study results showing positive influences include physical trapping by infiltration,
microbial processing and plant uptake (Stutteretal., 2020).

Measured effect

The majority of studies that measure the effects of retaining nutrient pollution by active tree planting
and management in riparian buffer zones show consistent positive effects for the retention of total
phosphorus, dissolved phosphorus, total nitrogen and ammonium (Stutter et al., 2021). The weight of
evidence (number of studies) has beenclassified as strong (n =5 to 10) for these pollutant typesin the
Stutteretal., (2021) review.

Empirical data from site-based experiments in North America and Europe found that for nitrogen, the
effectiveness of woodland buffers to reduce nitrogen in surface run-off was very positive (>70%
reductionin nitrate nitrogen concentrations (NO5-N (mg/l)) achieved in all studies), across a range of
climates and types of forest (hillside woodland, riparian woodland and shrub) (Silos, 2017). For oceanic
riparian woodland, there was a 74% average reduction in nitrate nitrogen concentration in surface
run-off and a highly positive relationship between buffer width and effectiveness. Natural riparian
woodland (native to the area) appeared to be more effective at reducing nitrate nitrogen compared
to planted riparian woodland buffers (planting of native or non-native tree species). Restored
woodland buffers (planted area underarestoration project or semi-natural plantation) were the least
effective, probably due to the lower maturity/age of these treatment systems but these trials also had
low sample sizes (n=6). Results for concentration of phosphorus (mg/l) in surface run-off indicated
that riparian woodland buffers are less effective at reducing phosphorus compared to nitrogen (Silos,
2017). Average reductions in concentrations of phosphorus of nearly 40% were found for oceanic
climates compared to 16% for continental zones. There was a positive relationship between
effectiveness and buffer width, while planted riparian buffers appeared to be more reliable for
reducing phosphorusin runoff compared to natural riparian woodland or restored woodland buffers.

A study of integrated buffers (250 - 800 m?2), designed to intercept tiled drainage using linear ponds
and wetwoodlands were found to be effective atremoving nitrogen by 23 - 37%, total phosphorous
by 18 - 52%, and to increase sedimentretention by 0.5- 1.3 kg m2 compared with input amounts (Zak
et al., 2019). Schultz et al., (1995) measured the effect of a multispecies buffer strip consisting of a 20
metre wide filter strip consisting of four or five rows of fast-growing trees planted closest to the
stream, then two shrub rows, and finally a seven m wide strip of switchgrass established nextto the
agricultural fields. An integral part of this system was streambank stabilization using willow
bioengineeringand a constructed wetland to intercept nitrogen, phosphorus and sediment pollutants
in field drainage tile waterflow. They found that bufferareas reduced nitrate nitrogen concentrations
by more than 80% between adjacent fields and astream in Central lowa compared with control plots
(12to 2 mg NO3-NI™") (in Nisbet etal., 2011). A review of the longer-term plot study in this catchment
found that a seven metre wide native-grass filter can reduce sediment loss by more than 95%, and
total nitrogen and phosphorus in the surface runoff by more than 60%. Adding a nine metre-wide
woody-buffer results in removal of 97% of the sedimentand 80% of the nutrients. There also is a 20%
increase in the removal of soluble nutrients with the added width. Water caninfiltrate up to five times
fasterin restored six-yearold buffers than in row cropped fields or heavily grazed pastures (Schultz et
al., 2003).
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Modelling can help with understanding the interactions of different functional processes and
therefore designing effective riparian buffers. Forexample, work by Zhang et al., (2010) showed that
buffers composed of trees had higher nitrogen and phosphorus removal efficacy than buffers
composed of grasses or mixes of grasses or trees. The modelintegrated empirical data and included
variables which influence efficiency such as buffer width, bufferslope, soiltype and vegetation type.

However, there is a need to differentiate in modelling the difference between the lower outputs of
nutrients that would be expected from modelledwoodland compared with agricultural crop land use,
and the role the woodland has in retaining nutrients. For example, Baksic (2018) reviews modelled
evidence from the application of the Soil and Water Assessment Tool (SWAT)® comparing source
areasin Europe to suggest that average nitrogen loads in deciduous and mixed forest areas (1.6 kg ha
lyrt) arelowerthanin agricultural areas (e.g. corn: 22 kg hayr-!; pasture: 4 kg halyr-1) (Baksic, 2018).
Average phosphorus loads in deciduous (0.12 kg ha'yr-!)and mixed forest areas (0.14 kg hatyr-!) were
also lowerthan in agricultural areas (e.g., corn 2.15 kg halyr-!; pasture 0.61 kg hayr-1). Baksic (2018)
points out the need for models that understand the interaction between different land uses in
intercepting the transport of pollutants to water. This includes the role of riparian woodlands in
intercepting pollutants from upslope agricultural land use.

Factors influencing effectiveness

The effectiveness of riparian woodland buffer strips for nutrient uptake and retention depends on
design, management and site factors. Empirical studies have demonstrated variable results linked to
differencesin previous land use history, depth of watertable and soil type (Nisbetetal., 2011).

Some studies have found woodland buffers to be more effective at removing nutrients than grassland
whilst others have shown the opposite to be the case (Nisbet et al., 2011). Feld et al., (2018) describes
how a buffer width of 30 m was reported to effectively retain nitrogen and phosphorus from surface
and sub-surface groundwater runoff if buffers consisted of multiple zones of mature wooded
vegetation and grass strips. The comparative ability of vegetationto remove nitrate from groundwater
is likely to differ between species. For example, nitrogen-fixers such as Red Alder could be expected
to increase nitrate concentrations, while more productive species like some willow and poplar hybrids
would enhance nutrient uptake.

Older, unmanaged riparian woodland s likely to have a lower nitrogen uptake than younger, managed
stands (Nisbet et al., 2011) due to trees and shrubs with deep and dense root systems retaining
nitrogen more effectively atintermediate stages of growth (~15years) than mature stages (~40years;
Feldet al., 2018).

Trees must also be actively managed to maintain nutrient uptake in man-made riparian woodland
buffer strips (Stutter et al., 2020). Although thinning or harvesting trees could potentially damage soils
and temporarily reduce pollutanttrapping, impacts can be minimised by following good management
practices and appropriate design such as by phasing or zoning harvesting work to always retain some
standing trees. Planting fast growing tree species such as willow or alder and managing these for
bioenergy as short rotation coppice (SRC) or short rotation forestry (SRF) can offer ways of maximising
nutrient offtakes (see section 3.11 for more detailed information on provision of energy from SRC).

10 The SWAT modelwas identified as the preferred hydrological model of choice to study the response
of hydrological systems to natural and anthropogenic pressures and for planning sustainable use of
water resources in a global literature review of models (Baksic, 2018). It is highly used around the
world in agricultural land management, with high accuracies when locally well calibrated. However, it
is sensitive to management operations such as fertiliser inputs and care is required to ensure correct
parameterization, including for parameters of vegetation growth that control nitrogen uptake.
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Higher concentrations of soil organic matterin bufferstrips can increase microbial activity. Although
microbial activity may benefit pesticide degradation and denitrification processesin vegetated buffer
strips, the effect on P retention may be negative through increased turnover and subsequent
remobilization of particulate phosphate to a more soluble form. This can increase phosphorus loads
in overland and subsurface flow. Some studies find an increase in dissolved phosphorus from
vegetated buffers compared with adjacentland. For example, in a BACI study of a small catchmentin
Western Australia over ten years, dissolved reactive phosphorus to total phosphorus ratio changed
from 0.5 attached to sediment prior to planting riparian buffer strips to 0.75 after the vegetated buffer
strips had beenin place for four years. However, in this study suspended sediment in the catchment
dropped from over 100 kg halyr! to less than 10 kg halyr?! following creation of the strips.
Observations suggest that this was the result of reduced bank erosion and increased channelstability.
Riparian management had limited impact on total phosphorus concentrations or loads but
contributed to a change in phosphorus form (Section 3.1.4). (Robert et al., 2012, McKergow et al.,
2003).

Studies have found highly variable buffer nitrate retention, from approximately 25% to near-complete
(95%) retention for six metre buffer widths (Stutteret al., 2020). This has been explained by the fact
that in systems where nitrate is transferred to streams via deeper groundwater, gains in efficiency
require larger buffer widths for greaterroot uptake. The design of buffers, thus need to

take groundwater influences into account. Groundwater influences stream ecosystem structure and
function and via influential variable source areas (VSA). VSA is the hydrological concept that runoff-
generating areasin the landscape will vary in location and size overtime. The VSAs are not static, they
will increase and decrease in size and appearin various locations depending on time of year, rainfall,
temperature, topology, and vegetation among other factors. The research found that where
groundwater emerges in riparian zones and encounters organic top-soils, this results in heightened
microbial processing and lowerredox before entering the streams (Kuglerova et al., 2014; Erdozain et
al., 2020). A range of approachesto defining the riparian zone have been developed derived from the
Digital Elevation Model (DEM) and, increasingly, Light Detection and Ranging (LIDAR) datato examine
relationships between VSAs and various water quality and biological variables (Kuglerovaet al., 2014;
Erdozain et al., 2020). Most hydrologically connected areas are more sensitive to disturbance and fixed
width riparian bufferzones that fail to include the entire VSA can fall short of adequately protecting
streams from management activity on the adjacent land. There remain weaknesses such as the
difficulty in identifying spring flushes and seepages that are controlled by local geology.

3.1.4 Capturing sediment and stabilising riverbanks

Functional processes

The ability of riparian woodland buffers to intercept run-off and trap suspended sediment from run-
off pathways involves physical trapping by deposition and infiltration (Stutter et al., 2020). Riparian
woodland buffers and native riparian woodlands can also reduce bank erosion and sediment loss to
waterways by stabilising riverbanks with the strengthening action of their roots. This is supported by
a wide range of evidence with empirical data predominately from the internationalliterature (Hubble
et al., 2010; Rood et al., 2014; Hughes, 2016).

Tree roots help aggregate soil particles increasing soil stability and reducing runoff and increasing
waterinfiltration. This effectis due to tree root exudates that could explain approximately 20%—75%
of the variation on the anti-erodibility of soils (AES) according to Wang et al. (2017). Below ground,
their deep roots provide strength to the soiland improvesits structure to benefit infiltration and water
retention. Schultz et al., (2003) found that the large woody roots from forest riparian buffers were
often found extending 2 m to 3 m or more into the soil provide additional strength to stream bank.
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Other researchers consider that mycorrhizal fungi provide the main binding role between soil
particulates (see section 3.6 on soil health forfurther details).

The action of riparian and floodplain woodland in encouraging out-of-bank flows and slowing down
flood flows promotes fine sediment deposition and retention, reducing downstream siltation (in Ngai
et al., 2017). Hughes (2003) reported that a high proportion of fine sediments deposited can lead to
thick over-bank deposits amongst floodplain trees. These sediments underthe trees retain moisture
which encourages germination and regeneration of vegetation. The vegetation growth further
stabilises the riverbanks. However, woodland is not essential as other typesof vegetation and features
can also slow flows and promote deposition. There is evidence from the Rhine that highest deposition
rates were found where watervelocity was reduced by vegetation structure (reedbeds) orby a drop
in surface elevation (pond). Sediment deposition was not higherin woodlands thanin grassland types
(Olde Venterink et al., 2006).

Measured effect

There are many studies which measure the effects of retaining sediment pollution by active tree
planting managementinriparian bufferzones (Stutter et al., 2021). There is strong evidence amongst
riparian management buffers for greater efficacy of fine sediment trapping with wooded relative to
grass-only buffers with a substantial number of studies showing some non-significant, but overall
positive effects dominating over negative effects at plot and field scales (as reviewed by Stutter etal.,
2021).

Empirical data from site-based experiments in Europe and North America found that for simulated
rainfall treatments, riparian woodlands in the oceanic climate zone reduced suspended solids by 75%,
on average, compared to the control measure of no buffer (Silos, 2017). The review compared results
for natural, restored and planted riparian woodlands. It found results for the planted riparian
woodland treatments were less variable compared with the natural and restored treatments. This
implies that designed woodland measures were more consistently effective.

Sediment eroded from banks is often not a major source of sediment compared with sources direct
from cultivated land, therefore ideally it is better to stop soil erosion in the fields. However, bank
erosion can be a significant source, forexample Walling et al. (2003) has studied the sediment budgets
of sub-catchments of the Avonand Wye in SW England, where bank sources varied from 4 to 55% of
total suspended sediment. In one study of interstitial fine sediment in samples retrieved from
salmonid spawning gravels in the south-west of England, channel bank sources were responsible for
as much as 84% of the total load (Walling et al. 2003).

Inthe UK, measurementsgenerally show consistently lower soillosses fromthe bank and greater bank
stability for watercourses lined by riparian woodland, compared to other land uses. For example, in
the River Frome in Dorset, the weighted seasonal mean of contributions of fine sediment recovered
from the channel bed sampling sites was lower for woodland than other land-use types including
pasture and cultivated fields (Collins & Walling, 2007). Stream banks with riparian woodland buffers
in a US catchment lose up to 80% less soil than row cropped or heavily grazed stream banks (Schultz
et al., 2003).

A study in Canada found that river channels lined with broadleaf trees were more effective than
grasses at resisting bank erosion from major river floods (Rood et al., 2014). Along a 23 km reach with
alternating forest and grassland, 15 locations displayed substantial change as the river moved a
channel width (45 m) or more with meander migration, or up to 200 m with channel avulsion. All ten
locations with major change (>75m) occurred where the floodplain zones were occupied by
grasslands, sometimes with small shrubs. In contrast, channels flanked by forest were minimally
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altered (<15m), and deciduous (black cottonwood, Populus trichocarpa) or mixed deciduous-
coniferous groves were effective atresisting erosion.

There is some modelled evidence from the application of the Soil and Water Assessment Tool (SWAT)
comparing source areas in continental Europe to suggest that average sediment export loads in
deciduous forest (1 kg ha'lyr!) and mixed forest areas (2 kg ha'yr?) are lower than in agricultural
areas (e.g., corn 10.6 kg ha'yr-!; pasture 3.3 kg halyr-) (Baksic, 2018). There is modelling evidence to
show that the establishment of woodland in the uplands along run-off/sediment pathways can
interruptand reduce the transport of sediment to watercourses. In asingle study in the Upper Wharfe
catchmentin the Yorkshire Dales National Park, modelling work (using SEDMAP with a root cohesion
parameter) has shown an 80% reduction in coarse sediment loading from strategically planting 5.2%
of the catchment in areas of high risk of slope failure and along source flow pathways (Lane et al.,
2008). The resultsindicate that it is possible to achieve significant reductions in sediment yield through
source control using woodland measures.

Factors influencing effectiveness

Soils, slope, buffer width and understorey vegetationinfluence the effectivenessof riparian woodland
buffers to control fine sediment pollution. The design and management of buffers are therefore
important to maximise their effectiveness. This includes taking into consideration erosional features
like gulley formation within the buffer itself. Understorey vegetation can provide useful roughness
against surface run-off but if it is limited by too much shade, this will reduce the buffer’s sediment
filter functionality (Feld et al., 2018). Too much shade suppressing understorey vegetation can also
lead to more bank side erosion. Therefore, to maximise the stabilising effect (as well as filtering effect),
the right tree species mix, and density is also required (Nisbet etal., 2011).

The effectiveness of riparian woodland buffers to mitigate lateral sediment transport is very
dependent on location (Feld et al., 2018). Riparian management across the entire stream network
subjectedtolateral sedimentinputsis therefore necessary. Results from catchment studies involving
modelsimulations suggest that riparian buffers have great potential to reduce fine sediment pollution,
if buffer density inthe catchment achieves 70% (Feld et al., 2018). A catchment scale approach is thus
required forthe control of sediment pollution.

Riparian buffers have limited ability to mitigate sediment pollution that has occurred upstream, unless
part of approachesto improve floodplain connectivity and overbank retention of flood watersin e.g.
bundedand wetland areas (Feld et al., 2018, Ngai et al., 2017). Therefore, to have a significant effect
on stream water quality continuous riparian buffers should be placed high up in the watershed
(Schultz et al., 2003).

3.1.5 Capturing pesticides

Functional processes

The main biophysical processes which underpin the function of riparian buffersin general to control
pesticide pollution which show positive influences in study results include physical trapping via canopy
interception, deposition and infiltration and soil chemical and physical processingvia retention onto
soil surfaces and microbial processing (Arora et al., 2010; Stutter et al., 2020). Riparian woodland can
intercept aerial drift of pesticides, trap pesticides bound to sedimentin run-offand remove pesticides
from drainage waters through a number of natural processes within woodland soils, including by tree
uptake (Lowrance etal., 1984; in Nisbet et al., 2011).
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Measured effect

There are a moderate number of studies which measure the effects of capturing and retaining
pesticide pollution by active tree planting managementin riparian bufferzones (Stutter et al., 2021)
There is a moderate level of evidence forthe efficacy of the se measuresinrelation to the number of
studies (n<5) and studies showing a consistent positive effect for the inclusion of trees, relative to
grass only, riparian management buffer zones at plot and field level (as reviewed by Stutter et al,,
2021). The earlier review of pesticide retention by Arora et al., (2010) includes forested buffer studies
in the U.S. in the metadata, howeverthe review fails to draw out the specificaction of forests, ortree
planted buffers relative to grass vegetated buffersin the discussion.

Woodland shelterbelts and riparian buffers can be a highly effective measure, achieving reductions in
spray drift of between 60to 90% (Ucar & Hall, 2001; Lazzaro et al., 2008) (in Nisbet et al., 2011 &
Stutter et al., 2020). Both a mature, managed woodland buffer (50 m wide) and a newly restored
woodland buffer (38 m wide) achieved almost complete pesticide reduction from spray drift
(Lowrance et al., 1997; Vellidis et al., 2002) (in Nisbet et al., 2011). Walklate (1999) reported typical
drift reduction efficiencies of 86% to 91% for a seven metre-high windbreak of alder trees.

Studies in the USA have assessed the effectiveness of riparian woodland buffer zones at protecting
stream waters from aerial pesticide applications to forest stands on the adjacent land (Nisbet et al,
2011). A major study by Dent & Robben (2000) investigated the impact of aerial applications of
herbicides and fungicides to forest areas draining to 23 different sized streams across three
geographical regions in Oregon. All sites contained overstorey riparian buffers. They found no
evidence of substantialadverse effects on either bank vegetation or in-stream water quality, with no
pesticide detected at concentrations> 1 part per billion method detection limit in the studied streams.
However, sampling was limited to pre and immediately post pesticide application (15 minutes, two,
four, eight and 24 hours after application) and did not consider any delayed effects e.g. following a
major rainfall event (in Nisbet et al., 2011).

Factors influencing effectiveness

The width and the structure of riparian woodland buffers affect their ability to reduce pesticide losses
to water bodies. Studies have shown windbreaks and riparian buffers to give almost complete
protection when designed correctly. Effectiveness of trees in trapping aerial pesticide drift can be
complicated by local airflow patterns (Ucar & Hall, 2001) which are influenced by tree species, tree
heightand leaf stage.

The wide range of properties of different pesticide chemical must be considered, the mostimportant
of which being the application styles, timing and seasonality of applications, partitioning between
(soil) solid and water phases that affects the pathways (e.g. surface runoffvs subsoil and soil drainage)
and ultimately fate and residence time in riparian woodland for degradation processes.

Water caninfiltrate up to five times fasterin restoredsix-year-old wooded buffers thanin row cropped
fields or heavily grazed pastures, increasing the residence time and ability of the wooded buffer to
treat pesticides through breakdown in the soil (Schultz et al., 2003). However, the pesticides may
affect the biological processesthat help breakdown pesticides, and otherfunctional processesin the
soil.

3.1.6 Capturing pathogen contamination

Functional processes
This section reviews evidence relating to riparian buffers in general as no studies in relation to
woodlandriparian areas were found. The main biophysical processes which underpin the function of
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riparian buffers in general to capture pathogens which show positive influences in study results
include physical trapping via deposition and infiltration and soil chemistry and biological processing
via retention onto soil surfaces and microbial processing (Stutteretal., 2020).

The ability of the soil to attenuate microbes is influenced by infiltration rates. Water infiltrating fine
pores of the soil enable microbial attenuation and increases contact with internal reactive surfaces
that enable attenuation. Large pores such as cracks, worm holes and large pores reduce the time for
microbial reaction (Collins et al., 2007). However, rooting, especially by trees, createslargersoil pores,
increasing infiltration capacity (Stutter et al., 2020). It is not clear whether these large pores reduce
or increase microbial treatment given the importance of soil contact time identified by Collins.

Artificial subsurface soil drainage of fields enables runoff to bypass buffer areas. Plot studies of
grassland buffers based on sampling under both natural and simulated rainfall for E. coli and
Campylobacter found that the artificial drains carried most flow and microbes. However, heavy
intense rainfall did generate surface runoff and carried significant numbers of both microbes,
suggesting that riparian buffers may be worthwhile on such land (Collins, 2005), although woodland
buffers were not tested.

Fencingto exclude livestock from stream channels and a proportion of riparian land has the potential
to be a particularly effective measure in reducing the faecal contamination of pastoral streams. Not
only does this prevent the deposition of faecal material directly into streams and near-channel
contributing areas; the dense vegetation associated with riparian buffer strips reduces the
momentum, thereby increasing infiltration and promoting the entrapment of faecal material

and otheragricultural pollutants (Parkyn 2004).

Measured effect

The Stutteret al. report (2020) found that few studies have examined trapping of pathogens orfaecal
indicator organisms (FIOs) in run-off. A range of 53% to 100% removal across varying buffer widths
has been reported (Collins et al., 2009), but there are strong interactions with concentrated flow
occurrence and management factors like fencing. Success seems most likely where livestock are
excluded from the bufferand where slope, soil and vegetation promote infiltration of run-off within-
field. Howeverwooded buffers have not been specifically tested.

Factors influencing effectiveness

Reviews of the effectiveness of riparian buffer strips in attenuating microbial contamination were
found to be affected by slope, soil type, buffer width and type of faecal material, the degree of
attachment of microbes to the soil and rate of runoff (Collins et al., 2007). Vegetation type is not
identified as a key factor. There is a risk that trees attracting animals for shade increases the risk of
faecal contamination and poaching in the riparian area if the woodland is not fenced, leading to
increased transfers of soiland pathogensto the water course with surface runoff. Therefore, unfenced
riparian woodland in pasture increases the risk of faecal contamination (Collins et al., 2007).

3.1.7 Controlling excessive algae and periphyton

Functional processes

Algae are aquatic organisms that contain chlorophyll and can photosynthesise. In lochs, and slow
flowing rivers with long retention times, phytoplankton will dominate; this is microscopic algae that
photosynthesises and lives suspended in the water. However, in the majority of Scottish fast flowing
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rivers, phytoplankton are minimal and phytobenthos, also known as periphyton, will predominate??.
Although nutrients, in particular phosphorus, are generally the main factors controlling periphyton
growth in rivers, light, rate of flushing and disturbance will also be of importance, together with
grazing and type of substrate. Riparian trees shade the watercourse, affecting light levels which
influences communities of periphyton.

Forexample, Cladophorais afilamentous alga thatis part of the periphyton community in fast flowing
rivers. It provides a structural habitat for other species, including various epiphytes and food for
grazers such as Caddis fly larvae. Under nutrient-rich conditions, it can become dominant, leading to
large filamentous growths which shade out other species. However, ambient light can control its
dominance (Dodds & Gudder, 1992; Dudley & D'Antonio, 1991). Therefore, one of the impacts of
shading from trees is to limit the growth of filamentous algae such as Cladophora, allowing more
shade-tolerant species of the periphyton community to dominate (Kelly et al., 2016).

Light also has a limiting effect on phytoplankton, which is associated with algal blooms found in slow
flowingrivers with a residence time of over four days, according to Environment Agency risk analyses.
The main factors affecting risk were sunlight duration and water temperature. River shading from
riparian trees was identified as a means to manage sunlight duration and water temperature (Bowes
etal., 2019).

Measured effect

In mesocosm experiments in New Zealand riparian planting with 60%-90% shading on 12 replicate
channels was found to control periphyton growths in pasture streams, together with relatively high
invertebrate grazing densities effects (Quinn et al., 1997). The New Zealand study found a difference
between the taxonomic richness of the channels with natural riparian woodland shade and the
artificial shade usedin the experimentalshaded channels, such as litter inputs which compensate for
lower productivity associated with lower light levels (Quinn et al., 1997). Similar work by DeNicola et
al., (1992) demonstrated that chlorophyll a (a measure of total algal biomass) on gravels in prairie
streamsin Nebraska correlated with shade effect of between the equivalent of 68% and 81% shade.
Triska et al., (1983) also demonstrated a measured reductionin periphyton biomass development of
between 66% - 92% in channels from northern Californian stream.

For control of Cladophora specifically, research on the River Avonin Canada found the average level
of shading of 71% was effective in reducing growth by 50 to 91% in the controlled replicate channels.
Under natural tree canopies on the same river, with 48 to 83% shade, reductions were comparable at
60 to 74%. However, high temperatures greater than 20°C were the main control in summer months.
Temperatures between 15-20°C favour Cladophora growth (Demal & Fortin, 1987). Therefore, riparian
woodlands with 50-90% shade act in combination with reductionsin phosphorusto limit Cladophora
dominance and otherexcessive algal growth in nutrient-rich waters.

The Environment Agency’srisk modelfor eutrophication and algal blooms for English rivers found that
river shading by trees may be particularly effective at reducing the adverse impacts of blooms in
locations where water temperature thresholds are ranging from 5°C to 25°C. Phosphate
concentrations were not found to be effective in reducing the risk of algae blooms due to
concentrations being above threshold levels limiting growth (Bowes et al., 2019). Research on the
River Thames found that once the soluble reactive phosphorus (SRP) threshold of 0.1 mg /L (100 pg I- ¥

11 phytobenthos is an algal community contains epiphytes, which grow on aquatic plants, epilithon which grow
on rocks, episammon which grows on sand, and epipelon which grows on mud. It also contains cyanobacteria.
Periphyton is synonymous with phytobenthos and is the term generally used as the major source of primary
production in rivers.
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had been reached, the shading of the river channel by riparian trees was required to aid further
reductions (Bowesetal., 2012).

Modelling of rivers in Northeast England using QUESTOR 2 found riparian shade to be even more
effective than nutrient reduction through sewage treatment. In combination, both management
options led to a reduction of phytoplankton peak biomass by 44% as compared to 11% at unshaded
reaches. (Hutchins et al., 2010). The test catchmenthada SRP level of 0.21mg/L, which exceeded the
SRP threshold identified by Bowes et al., (2012), which would have influenced the effectiveness of
reducing phosphorus inputs from the sewage treatment works. The results were modelled with no
empirical evidence gathered for the impact of a change in tree growth in the system. However, it
indicates the potential significance of combining riparian shade along with other management
measures that reduce nutrientinputs to manage algal blooms.

Factors influencing effectiveness

The majority of Scottish riverstend to be smaller and fast flowing than English rivers so are unlikely to
have a build-up of phytoplankton associated with slow flowing impounded rivers. Scottish rivers,
however, may get excessive algal and periphyton growths where rivers are sluggish and dead zones
occur. The impacts may be exacerbated in rivers with a lack of riparian tree growth providing shade
and higher summer temperatures associated with climate change. However, Scotland’s upland
headwaters, whilst lacking tree cover, have lower phosphorus concentrations thanin English rivers.

Riparian woodland may regulate to some extent the processes of: shading affecting light levels and
water temperature; altered runoff rates during storms affecting bed scouring; baseflow; water
temperature and waterresidence time in stream reaches; and nutrientinputs. (Feld et al., 2018).
However, at larger catchment scales there is a need to consider the length and continuity of the
wooded zones to induce effects like cooling. Also, to consider that water temperature increases
proportionally with river width as represented by Strahler stream order (Broadmeadow and Nisbet,
2004). Feld et al., (2018) described the evidence underpinning how the design of riparian woodland
(width and length) effects in-stream water temperature as well as other natural geo-climatic co-
variates such as latitude, precipitation, stream size and current (see Section 3.9 for more details on
shadingand temperature).

3.1.8 Evaluation of evidence

Strength of evidence (based on quality of studies)

Controlling nutrient pollution: There is a strong knowledge base for the biophysical processes
provided by riparian woodland buffers to retain nutrients. Once short-duration studies are discounted,
there is strong empirical evidence that riparian woodland buffers reduce the amount of nitrates
leaching to surface waters from adjacent nitrogen source zonesat the field scale when compared with
grass-only riparian margins or cropland. There is strong empirical evidence that riparian woodland
buffers reduce phosphorus. However, whilst phosphorus attached to sediment s effectively reduced,
levels of dissolved reactive phosphorus may increase, limiting the effectiveness of wooded buffers to
manage phosphorus. There is evidence from the SWAT hydrological model that nitrogen and
phosphorus loading is lower from deciduous and mixed forest compared to agricultural catchments
(as source area) in continental Europe.

12 QUESTOR (QUality Evaluation and Simulation TOol for River systems) is a daily river quality model which
combines river flow and water quality data. It uses chlorophyll-aas a surrogate for river phytoplankton biomass.
It is used to representflows and chemical inputs to a network of river channels and test management scenarios
against a baseline river system.
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Capturing sediment pollution: The biophysical processes underpinning the ability of riparian
woodland buffers to retain sediment pollution are wellunderstood. There is strong empirical evidence
from site-based experiments that riparian woodland can reduce suspended solids compared to
controls at the field scale. For floodplain woodlands, the evidence for reducing diffuse pollution by
enhancing siltation and retaining sediments is moderate based on international empirical evidence.
However, there is less quantified data available in Scotland and the lack of mature floodplain
woodland restricts research. There is moderate evidence from the SEDMAP model that strategic
planting in upland catchments reduces coarse sedimentloading at the catchment scale significantly.
There is evidence from the SWAT hydrological modelthat sediment loadingis lowerin deciduous and
mixed forest compared to agricultural catchments (as source areas) in continental Europe.

Stabilizing riverbanks: There is very strong empirical evidence of the biophysical processes that tree
roots stabilise riverbanks from the international literature. There is strong evidence of the measured
effecttoshow that banks lined with riparian trees are effective to reduce bank erosion, including from
major flood events, and fine sediments from bank erosion in waterways. There are multiple lines of
empirical evidence based on English and Canadian sub-catchment studies.

Capturing pesticides: The biophysical processes that underpin the ability of woodland buffers to
capture pesticides are well understood. There is strong empirical evidence that riparian woodland
buffers can trap aerial applications of pesticides from adjacent land with multiple lines of moderate
evidence from the international literature. The evidence for quantified pesticide load reductions in
waterways remains moderate as it is only based on a few studies and there have been no studiesin
the UK.

Capturing pathogens: There are weak lines of empirical evidence from field studies that riparian
buffers can trap pathogen or faecal indicator organisms based on case-control designs with plot
studies, however woodland riparian areas were not specifically considered. Further research is
required to understand how physicaltrapping of pathogens via infiltration is influenced by tree roots
and on different soil types and slope. There is no data that quantifies pathogen load reductions in
waterways.

Controlling excessive algae and periphyton: Whilst evidence of the effects of trees on shading, light
and temperature are strong the interactions with water flow, seasonality and nutrientlevels are not
wellunderstood outside of afew mechanistic study areas. Some of these have involvedflow-regulated
rivers with long residence times or higher nutrient systems beyond upper thresholds of algal response
to P concentrations. Although lacking in direct evidence for woodland change effects from modelled
studies for Scotland, comparable work from New Zealand suggests a similarly strong evidence for
equivalentfast flowing Scottish river types.

Relative effectiveness rating

Some research projects utilise expert judgement to inform understanding across complex
environmentalknowledge requirements such as the relative effectiveness of mitigation measures for
multiple benefits aspects. Whilst not a direct pathway from classical science of monitoring,
experiments and modelling to evidence, such expert processes can rapidly cut across co mplex aspects
and combine researcher understanding of scientificliterature evidence with practitioner personal field
evidence. The 3D buffers report by Stutter et al (2020) undertook such scoring via workshop of nine
experts across five packages of riparian buffer measures (grass, wildflowerand wooded buffers, then
engineered raised ground and subsurface interception buffers), assuming a width of six metres and
following best management practice. In each of the sections for specific pollutants, a summary of the
results of the relative effectiveness scores (rangingfrom5 (very good)to 1 (very limited) is provided
below.
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Controlling nitrogen pollution: a moderate rating (score 3 out of 5) of relative effectiveness
of man-made riparian woodland buffers in the capture and uptake of nitrogen was assigned
by experts compared to a very limited confidence (score 1) for grass buffers (Stutter et al.,
2020). Engineered buffers which captured sub surface flow were given a higher level of
confidence rating of good (4) in comparison.

Controlling phosphorus pollution: a moderate rating (score of 3 out of 5) of relative
effectiveness of man-made riparian woodland buffers to capture and retain phosphorus was
assigned by experts compared to very limited confidence (score 1) in grass buffers (Stutter et
al., 2020). Engineered buffers which captured sub surface flow were given a higher level of
confidence rating of good (4) in comparison.

Capturing sediment pollution: a moderate rating (score 3 out of 5) in the effectiveness of
man-made riparian woodland buffers to control soil loss and retain sediment has been
assigned by experts compared to limited confidence (score 2) for grass buffers (Stutteretal.,,
2020). Only engineered buffers scored higher (4) due to sediment traps giving more likelihood
of controlling aggressive erosion or fine clay particles.

Capturing pesticides: a high rating (score 4 out of 5) in the effectiveness of man-maderiparian
woodland buffers to retain pesticides has been assigned by experts compared to very limited
confidence (score 1) for grass buffers. No other considered riparian buffers scored greater.

Capturing pathogens: a moderate rating (score 3 out of 5) in the effectiveness of man-made
riparian woodland buffers to provide a barrierand retain FIO was assigned by experts, but this
was no differentfrom all other styles of considered bufferzones (Stutter et al., 2020).

Limitations & research gaps

The prolific body of literature concerning management buffers applies to generally narrow (several to
10-20 m width) riparian edges adjacent to cropland. Thus, evidence draws heavily on a specific type
of tree-planted mitigation measure (Stutter et al., 2021) distinct from longer established woodland
and river restoration actions addressed alsoin Feld etal. (2018). It is also important to note that often
such evidence looks most often at plot scale functions of wooded riparian zones and not at the scale
effects of accumulated riparian woodland which bring benefits for stream reaches and, especially,
larger catchments. There is thus a lack of evidence to link clean water outcomes to woodland
management or planting actions at the catchment scale in Scotland.

There are other shortcomings of evidence in terms of the limited studies that have controls in either
space or time (Stutteret al., 2021) and especially with regard to absence of before intervention data
for the definitive Before-After-Control Impact (BACI) study design (Feld et al., 2018).

Even though outcomes are desired at catchment scales, the evidence becomes more uncertain as
scales increase due to lack of replicating mitigation measures outside of individual study locations.
There are some studies that investigate wider source-transport-receptor processes and complexities
of bigger catchments; often modelling is used for upscaling. In the managed buffer zone literature,
there is a lot of variation in studies. For example, out of 45 studies on sediment across buffer zones
generally, soil profile was considered in 5% of studies; plot scale consideredin 73% of studies, 100m
reach scale (8% of studies) and catchments scales (8% of studies) (Stutteretal., 2021). There are more
catchment studies done on sedimentand total phosphorus (P) ratherthan other pollutants such as on
coliform pathogens and pesticides.
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Even with monitoring data and quite widespread actions of riparian buffer strips, the effects at
catchmentlevels are complex to unravel (Bergfur et al. 2012) and where trees are influential on effects
of runoff control, shade and bank stability there are timescales required to manifest effects (Stutter
et al., 2021). A number of studies on riparian woodland buffers have found it difficult to detect
significant changesin macroinvertebrate communities as ameasure of cleanerwater status such asin
the Tarland catchment in Aberdeenshire (Bergfur et al., 2012). A similar lack of improvement in
invertebrate communities was found from analysis of different ages of riparian woodland buffers on
pasture streams in New Zealand. However, one stream studied did show asignificant improvementin
invertebrates compared with a nearby pasture stream without a buffer. The riparian buffer had 25-
year-old plantings and the whole stream length planted, providing shade to the stream. The research
concludes that improvement in invertebrate communities appeared to be most strongly linked to
lower stream temperature, suggesting that restoration of in-stream communities would only occur
after canopy closure and after protection of headwater tributaries. This was particularly evident in
lowland streams where catchment influences had a greater impact than local riparian influences
(Parkynet al., 2003). The lack of data on ecological and chemical status of freshwaters in headwater
streams s very limiting and a significant evidence gap (UK Parliament Post, 2022).

There is a need to understand better how design (composition & structure including density, age &
species) and management influences the effectiveness of riparian woodland buffers to mitigate
diffuse pollution in the UK. This includes taking into consideration pathways for pollution swapping.
More research is needed to understand the release of greenhouse gases associated with
denitrification and the potential for pesticides to wash off leavesinto the water course.

Furtherresearch onthe design of riparian woodland buffers to maximise sediment retention capability
(e.g.interms of width and length of buffers for different soiland slope combinations) is required. This
includes further research on the right species mixes to reduce bank erosion at different locations in
different catchmenttypesin Scotland.

Effects of woodland measures on diffuse pollution are scale-dependent and conditional on the
situation further upstream in the continuum as there may be a large pollution source upstream (Feld
et al., 2018). It is important to consider the nature of local pollutant sources and pathways in relation
to the catchment context.

It is recommended that diffuse pollution buffers target a number of the main pollution hot spots in
headwater catchments where collectively they can improve water quality. This includes focusing on
critical source areas and protection zones based on understanding the main pollution delivery sources
and pathways. For sediment pollution, this requires a further understanding of sediment sources in
catchments throughout Scotland.

Sedimentfingerprinting and SCIMAP (SCIMAP -Diffuse Pollution Risk Mapping) are useful tools!® which
could be usedin combination with each otherand in combination with opportunity mapping to help
build an evidence base.

13 Sediment fingerprinting involves geochemical analysis of soil and river bed samples to determine the
proportional contributions of different sources (which can be soil from different land use types, eroding
riverbanks, or bed material from upstream reaches) to a particular receptor (normally a specific reach). SCIMAP
is a risk mapping tool that uses landscape properties (rainfall, topography, landcover type and hydrological
connectivity) to determine the relative risk of surface erosion and delivery of sediment to the river network. If
sediment fingerprinting has identified a catchment contributing a lot of sediment, a quick SCIMAP run can
identify possible source areas within the catchment.
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As part of its diffuse pollution impact monitoring work, SEPA uses a macro-invertebrate sediment-
response metric (Proportion of Sediment-sensitive Invertebrates, PSI, and the more recent E-PSI) to
assessthe degree of deposited fine sediments on riverbeds. This metric developed by Extence et al.,
(2011), with further development (E-PSI) by Turley et al., (2015) could assist in the identification of
areas for prioritisation of riparian woodland once sediment sources have been identified, and to assess
river improvement, following restoration of riparian woodland.

Furthertools are needed to help with the design of river woodlandsat alandscape scale and to identify
riparian bufferareas in a functional sense. SEPA produced a map to identify sections of rivers where
hydromorphological processes can be recovered with low levels of intervention. These results will be
combined with available space for riparian vegetation to identify places where complete restoration
is achievable at low intervention. This should include identification and mapping of groundwater
vulnerable source zones.

The application of modelling tools (such as SEDMAP) to assess the impact of strategic planting in
upland catchments to reduce coarse sediment delivery to watercourses would be helpful.

To be beneficial, scale-dependent effects require coordinated management at both the riparian and
catchment scale. Riparian buffer management thus needs to be accompanied by nutrient measures in
the wider catchment. Models suggests that riparian managementalone can buffer only up to 50% of
the nutrients that enter the stream system. The other half requires nutrient reduction options (e.g.
fertilizermanagement) atthe broad scale.

The QUESTOR modelling study in River Ouse catchmentin NE England is limited by field data but does
offer a potentially very valuable tool to assess the most cost-effective methods of tackling effects of
eutrophication. Further application of river quality models like QUESTOR in Scotland would be
beneficial to understand excessive phytoplankton/algal bloom risks with climate change and how
planting of riparian shading in the headwatersis to help with mitigation.

3.2 Climate action: adapting to water stress and drought

3.2.1 Overview of benefit

This benefit focusses on how river woodlands may help with adapting to water stress during dry
periods and drought. Healthy woodland soils with good structure can store more water and in the
right place could contribute to adaptation. Drought is associated with prolonged dry conditions and
can occur in bothsummerand winter. Dry hot weather can then lead to dry soil conditions and a lack
of water (water scarcity). Research investigating drought in Scotland has indicated an increasing
prevalence of water scarcity, particularly during the summer months and especially affecting areas
which have limited water storage (Gosling, 2014). UKCP18 predict that climate change has already
increased the chance of seeing a summer as hot as the summer of 2018 where daily temperatures
exceeded 30°C to between 12 and 25%. With future warming, hot summers by mid-century could
become even morecommon, near to 50%. A study on drought projections for Scotland foryears 2021-
2040 further show that extreme drought events are likely to increase across Scotland from the
baseline data (1981-2001) of one every 20 years to one eventevery three years and one up to every
1.7 yearsin the driestlocations (Kirkpatrick Baird et al., 2021).

This sectionfocuses on the role that riparian and floodplain woodland may have in adapting to drier
periods and drought via two main functions: modifying local climate conditions; and maintaining
water yields and low flows. The ability of river woodlands to adapt to long term drought is also
discussed.
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Beneficiaries

River woodlands have the potentialto contribute to adapting to drier conditions by providing shade,
cooling air, maintaining soil moisture regimes and providing natural water storage. Agroforestry is
recognised as an important land-use option for drought adaptation which can be practiced within the
riparian zone. A greater understanding of how different tree species and woodland types within the
catchment affect soil moisture regimes and water supplies will be of interest to land managers,
plannersand Scottish Water for resilience planning.

3.2.2 Modifying local climate conditions

Functional processes

In summer drought conditions, air temperatures can be high and trees can have a cooling effect. The
cooling effect of trees comes largely from shading and evapotranspiration. The factors that modify
temperature and humidity under woodlands include:

i/ Radiation (light):

Trees reflect, absorb and transmit sunlight via their canopy. The effect depends on canopy
structure and leaf density with less short-wave radiation (light) reaching the ground (shading),
but more long-wave radiation reaching the ground. This results in warming of the tree canopy
(Thomasius & Schmidt, 1996, Wohlleben, 2018) and usually a cooler ground surface, with
reduced diurnal changes.

ii/ Evapotranspiration: Through the process of evapotranspiration, some of the energy
absorbed by trees evaporates water within theirleaves, cooling them and the surrounding air.
Evapotranspirationis higherin the tree canopy than closer to the ground due to higherleave
density, more solar radiation and stronger air movement (Thomasius & Schmidt, 1996). The
cooling effect from shading on the other hand can lead to less evaporation in forests
(Wohlleben, 2018).

iii/ Air movement (wind): Shading by leaves reduces drying at the soil surface and retains
humidity coming from the river in the air under the canopy. In woodlands, wind speed is,
dependingontree density,reducedto 10-20% compared to the outside. Thus, the warmer air
is more contained closerto the groundthan in and above the canopy, and overallhumidity is
also contained (Thomasius & Schmidt, 1996). In floodplain forests, the levels of dew
interception by trees can be greater because of the proximity of the river thus potentially
enhancing the positive micro-climate effect underthe trees (Hughes, 2003).

This combination of different factors and their complex interaction determine the temperature and
humidity of river woodlands (Thomasius & Schmidt, 1996, Hughes, 2003). This cooling and higher
humidity helps with reducing the impact of droughtand reduces water stress to plants.

The impact of waterstress on plants is further reduced by hydrauliclifting and redistribution of water.
This is a process where roots that span soils with different water potentials act as conduits that
transfer water from lower wet layers to upper drier layers of soil (Hughes, 2003). Plants, especially
with deeproots are able to lift up or redistribute water to the upper soil layers, potentially acting as
“bioirrigators” to adjacent plants (Bayala, 2020). The redistributed water can be important in
regulating plant water status, but also in increasing the survivaland growth of adjacent plants. Hughes
(2003) describesin a global review on floodplain woodland (forthe European FLOBAR2* Project) how

14 FLOBAR2: FLOodplain Biodiversity And Restoration: Integrated natural science and socio-economic
approaches to catchment flow management. Department of Geography, Cambridge » FLOBAR2 - Floodplain
Biodiversity and Restoration:
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the volume of hydraulic lifting can influence the seasonal water balance of whole plant communities
of floodplain woodland ecosystems as well as individuals, promoting growth and productivity and
influencing nutrient recycling.

In agroforestry, hydraulic lifting is also surmised to increase the survival and growth of associated
crops in mixed systems (Bayala, 2020). A global systematicreview on hydraulic redistribution by plant
roots (whichincluded tree species), describeshow in some ecosystems, where only a small amount of
water can be moved by hydraulic lifting, it can still be ecologically significant for plant survival. For
example, by maintaining fine roots, mycorrhizal hyphae, and root—soil contact, or preventing
embolism, and thus at a population and community scale, this may influence hydrology overthe long
term (Neumann & Cardon, 2012). It is noted that this review, did not cover native tree species from
northern European temperate climates.

The FLOBAR report explains how hydraulic lifting amongst floodplain trees can buffer plants against
water stress during dry periods but if soils become too dry, the tree roots cannot extract soil moisture
anymore (Hughes, 2003). Furthermore, the alluvial sediments are critical for the retention and
provision of moisture during dry periods and such deposition is aided by the physical presence of trees.
When the sap flow in three adult oak trees in a floodplain forest at the Elbe River in Lower Saxonia
(Germany) was measured throughout a growing season, where there was little precipitation in
summer and the average temperature was low, soil moisture was in arange which facilitated low rates
of hydraulic uplift (Eller, 2015). The drought response of 25% of all investigated oak, elm and ash
sapling transects were affected by their distance to the adult tree. Findings from further laboratory
experiments on floodplain woodland elm and ash saplings found that hydraulic lifting was occurring
but competing with night- time transpiration. One of the mechanisms of more droughtresistanttree
species, involves their ability to shut down transpiration at night, to conserve water and maximising
the benefit from hydraulic lifting to maintain root structures, mycorrhiza and support other younger
trees (Eller, 2015).

Measured effect

Results from field experiments carried out by RWTH Aachen University foundthat the floor of a native
deciduous forest in Germany on a hot day in August (37°C) was up to 10°C cooler than that of a
regularly thinned coniferous plantation, two miles away (Wohlleben, 2018). The degree of this cooling
effect was attributed to the forest biomass which also contributed shade. The more living and dead
wood thereisin the forest, the thicker the layer of humus on the ground and the more wateris stored
in the total forest mass. There is some additional data from Germany which suggests a cooling effect
underwoodland. Differences in air temperature measured at two metres under an 80 year old mixed
pine broadleaf and at a clearing showed that the temperature was always lowerin the woodland, the
temperature difference increasing with higher air temperature. At 4°Cin the clearing was 0.9 C cooler
and at 30°C in the clearing was 3.75°C coolerin the woodland (Burscheland Huss, 1997).

Agroforestry with tree fruit and nut species and intercropping enables farmers to use the hydraulic
lifting and cooling effects to benefit production. For example, Kuyah et al. (2016) reviewed the roles
of trees on agroforestry farms in semi-arid sub-Saharan Africa and found that, in most cases, trees had
beneficial effects on associated crops by enhancing soil water availability in 58% of the studies
considered in their review. The net effects that species engaged in hydraulic redistribution have on
their neighbours is still unclear (Prieto et al., 2012). There are reports of positive, neutral, or even
negative effects depending on ecosystem type, plant life form or whether donorand receiver species
shared common ecto- and endomycorrhizal networks. Common mycorrhizal networks are strongly
involved in water and nutrient sharing between plant species (Allen, 2007; Montesinos-Navarro et
al., 2019). There is currently poor quantification of the volumes of water transferred between
species. Although the hydrauliclifting process as a part of silvoarable systems can be applied to many
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tree species, most of the evidence is from semi-arid countries and not well understood in temperate
systems (Tim Pagella, pers. comm). There are a limited number of studies from Europe such as in
Montpelierin France, that have demonstrated that intercropping wheat systems with walnut will
buffer those systems from the effects of drought, but this is related more to the shelter function of
the tree rather than a hydraulic lift effect.

Factors influencing effectiveness

Tree species characteristics influence their ability to provide shade. A wider canopy and high density
of leavesand branchesin the crown of the tree will provide more shade. Generally, the higher the rate
of evapotranspiration, the more cooling a tree will provide. A higher tolerance to drought amongst
certain species can ensure that evapotranspiration will occur for longer with an ability to conserve
waterat the same time.

When determining the impact of forest on local climate each factor (radiation, evapotranspiration and
wind) varies over the day and year. The structure and composition of the woodland itself (species,
age, density, with or without leaves) influences the impact as well. This makes comparisons of air
temperature between open land and woodland difficult (Thomasius & Schmidt, 1996). It also results
in complex temperature profileswithin the woodland, varying during the day and seasons (Otto 1994).

Hydraulic lifting (HL) is influenced by physical and biological factors (Neumann & Cardon, 2012).
Physical factors include the characteristics of the soil, gradients in soil water potential and depth of
groundwater. Soil texture influences the potential magnitude of hydraulic lifting, with sandier soils
promoting less HL. A soil water potential gradient must develop for hydraulic lifting to occur. As
surface soils dry, HL often initially increases (as the driving water potential gradient develops in the
soil column), reaches amaximum and then either decreases or plateaus.

The biological factors which influence hydraulic lifting include the root structure, transpiration rates
and drought adaptations of tree species. One of the key factors controlling effectiveness of hydraulic
lifting to address drought s the night-time transpiration rate (Eller, 2015). However, this is not always
the case, the strengths of the whole shoot and root—soil system sinks for water determine the
outcome of competition for water (Neumann & Cardon, 2012).

Tree species with dimorphic root structures with deep tap roots as well as shallow root system tend
to use HL, although this is not always the case (Neumann & Cardon, 2012). The tap roots allow
groundwater to be assessed where water is not available in the topsoil horizons. Groundwater has
been noted asimportant for strong upward HR in oakin southern Portugal. Inthe Sahel, trees usedin
silvoarable systems have deep tap roots to match deep groundwatersystems there. In Scotland, only
some trees have tap roots (e.g. Oak species). The search for water by roots will only be possible if
there are no barriers such as dry gravel layers between the roots and deeper, moist layers. If the soil
is shallow, then the effect of hydraulicliftis likely to be minimal. Trees that have been happily sourcing
waterfrom the surface willalso struggle to suddenly switch to deeper water systems should a drought
occur, so mycorrhiza are critical. Where there is deeper soil, sub-surface compaction may also limit
root growth. Historical land-use/management can create a semi-impermeable soil layer (8ie gcsi
plough-pans) limiting the vertical extent of roots, the effects of which can take many years to reverse
(Archeretal., 2015). Seasonal perched water tables would also limit root growth. Topography willalso
play a part in determining root depth and whetherroots are ‘reaching’ for groundwater, regardless of
climate (Fanet al., 2017).

Ecohydrological modelling tools could be used to assess rooting depths and moisture gradients in the

riparian zone where these factors can be limiting to aid appropriate planting. The RibAV model, for
example, is used in semi-arid areas to predict locations of different riparian vegetation types
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herbaceous, woody and terrestrial dryland species, and to understand the impact of different water
resource managementstrategies on this vegetation (Garcia-Arias et al., 2014).

3.2.3 Maintaining water yields and low flows

Functional processes

When investigating the role of woodlands (& river woodlands) in maintaining water yields and low
flows, it is important to consider the water use of trees and their water storage ability. There is a very
strong understanding of the biophysical processes underpinning how trees use water which includes
translocation (by tree roots), interception (by leaves, branches and trunks) and evaporation (Nisbet,
2005). The water use of trees and subsequent impact on water yields will be determined by
evapotranspiration rates (totalloss of water by evaporation) as well as other abiotic factors (Nisbet et
al., 2005).

Some studies show that trees can contribute to drought conditions via increased evapotranspiration
(Takata & Hanasaki, 2020) and creating, via their roots, deeper drainage, thus reducing the ground
water table depth (Stockan et al, 2012). Interception losses can be quite variable amongst
broadleaves related to differencesin canopy density with the lighter canopies of speciessuch as ash
and birch having lower interception loss than heavier canopies of oak or beech (Nisbet, 2005). The
largest difference has been found in willow and poplar which can sustain high transpiration rates of
500 mmyr?!in wet soil conditions (in Nisbet, 2005). In these species, sap flows through numerous tree
rings (ratherthan justthe outer ring as foundin many tree species), and these additional active tree
rings can enhance the water consumption if more water is available (Hughes, 2003). However, when
river levels are low, water consumption can decrease considerably, to about half of water used during
a high-water period (in Hughes, 2003). More research is required to understand the differencesin
evapotranspiration rates and water use of different species suitable for planting riparian and
floodplain woodlands and to assessimpacts on wateryields.

Woodland soils can receive, soak up and store water (Nisbet et al., 2011). The moisture can be
released slowly particularly if the woodland has deep soil layers as found in old growth deciduous
woodland which would be also applicable to mature native riparian woodlands. This has the potential
to mitigate against periods of drought as well as heavy rain and flooding by reducing overland flow.
The ability of woodland soils to soak up and store water is dependent on soil infiltration rates and
sufficient pore space determined by the soiltype and the health of the soils with a well-structured soil
holding more water (see section 3.6.2).

A secondary benefit of the retention of floodwaters by natural floodplain woodland could be the
potential enhancement of low flows as the retained water, in the form of surface pools and shallow
groundwater, is slowly released to the river system (Kerr & Nisbet, 1996). The expansion of wetland
features within floodplain woodland is likely to be important in this respect (Kerr & Nisbet, 1996).
Although little attention has been paid to the role of natural floodplain woodland in maintaining river
low flows, some research suggests wetlands, with water stored in pools, side channels and wetland
soils, can form key sources of shallow groundwater for the maintenance of dry season low flows
(McGlothlin et al., 1988). Hughes (2003) review of European floodplain woodlands also describes how
water that is held up on the floodplains during flood events also seepsinto the soils and can help to
recharge aquifers.

Measured effect

It is commonly reported that trees have the ability to use more water than most other types of
vegetation. When bothinterception and transpiration were considered together, assuming an annual
rainfall of 1000 mm, Nisbet (2005) found that the range of annual evaporation losses (mm) for
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broadleaves (400-640mm) were similar to grassland (400-600mm) and heather (360-610mm), lower
compared with conifers (550-800 mm) but higher than for arable (370-430mm).

There are just a few studies which have quantified the impact of the water-use of broadleaf species
on groundwaterrecharge butthat has beenlimited to English studies with varying results thoughtto
be because of differences in soil/geology and species related factors (Nisbet et al., 2011). A number
of studies have modelled the impact of broadleaved woodland planting schemes on local water
resources. Drawing on the results from UK studies both on chalk and sandstone, Price (2005),
concluded that the impact on the average annual water yield of an increase in native broadleaved
woodland cover from 4% to 40% of the catchment of the public water supply catchment of Loch
Katrine in Scotland would range from +1% to -4% (average of —2% for mixed broadleaves) with the
application of the Hydrological Land-Use Change model (HYLUC)for three woodlandtypes(beech, ask,
oak) (in Nisbet et al., 2011), which indicates a relatively small effect. The average change to the
summer yield (April to September) under the same scenario, ranged from 0% to —13% (average of —
7% for mixed broadleaves) (Price, 2005), indicating an increase in effect. Price (2005), however,
suggests that the average reductionsinyield are likely to be overestimates of theimpact as the HYLUC
model does not account for cloud deposition and gives equal weighing to losses from the heavier
foliaged beech and oak woodlands and for the lighter foliaged ash. The accuracy of the modelis also
limited by broadleaf parameters which come from studies from England.

A few studies have assessedthe impact of broadleaved woodland on low flows but those reviewed by
Robinson et al., (2003) showed no detectable effect. In conclusion, planting new woodland could
potentially reduce the available water yield but with little impact expected on low flows. Large scale
planting of conifer woodland poses the greatest risk, especially within dry lowland areas. Planting
native broadleaved woodland s likely to have a relatively minor impact on wateryield and low flows,
although there is a need to strengthen the evidence base in the UK (as concluded in Nisbet et al.,
2011).

The evidence of floodplain wetlandsand woodlands to help maintain low flows is not quantified. There
are hydrological links between wetlands, groundwater and the river, however indications from
Scottish studies are that groundwater influenced by river levels affect levels in wetlands on the
floodplain. Furtherresearchis ongoing on the Eddleston Water and as planted riparian and floodplain
woodlands become more established theirimpact on hydrology will be better understood at low and
high flows.

From a study of groundwater and river interaction in the Findhorn Floodplain in Northeast Scotland
hydrochemistry and groundwater-level variations show floodplain groundwateris recharged from the
river, surrounding hillslopes and direct rainfall infiltration. The river loses waterto groundwateras it
enters the floodplain; further downstream, groundwater response follows closely river stage giving
rise to complex exchanges; nearthe sea, groundwater continually discharges torivers, tributaries and
ditches. Groundwaterflow is largely parallel to the river and mean groundwater residence times vary
from 3 yearsto 20 years. Persistent groundwater flooding occurs within topographical lows and also
in the discharge zone. This study indicates that floodplain wetland water levels are regulated by
groundwater, affected by river levels rather than movement from wetland storage into the river to
maintain low flows (Macdonald et al., 2014). A study of floodplain, groundwater and riverinteractions
in the Eddleston Water, an upland catchment of the River Tweed floodplain, found that groundwater
throughoutthe Eddleston floodplainis closely linked to surface water (rivers, soil water and wetlands).
Dependingonthe localenvironmentand the weather, groundwater can mitigate, exacerbate or cause
flooding. The relationships are complex, and the specific contribution of floodplain hollows and
wetlandsis not quantified (O Dochartaigh et al., 2012).
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Factors influencing effectiveness

Trees can use more water than other types of vegetation but whether they do and by how much is
dependent on many factors, including tree species, location and local climate, soil and geology,
woodland management and design, scale of woodland and the type of land cover being replaced
(Nisbetetal., 2011). This is summarised wellin the Forest Research Information Note on water use by
trees (Nisbet, 2005). Evergreen conifers tend to have a greater water use because high interception
losses are maintained throughout the year. Soil and geology can affect water use by influencing the
amount of water that is available in the soil to maintain transpiration although mosttree species are
relatively insensitive to soil drying until soil moisture levels become very depleted. Woodland design
influences water use through determining the mix of species and crop ages, and the amount of open
space. A mixed-aged forest will usually have a lower water use than a single-aged one. The
management of awoodland will affect wateruse; the more developed the understorey and the less it
is damaged by felling, then the smaller the change in water use. Scale becomes an important issue
when extrapolating the water use of a forestto the level of a larger catchment. As the proportion of
the area occupied by forest declines, its ‘signature’ will be progressively diluted by that of the non-
forestland cover.

Research of paired forested and non-forested riversitesin poorly drained northern hemisphere sites
found that soil properties were more dominantin controlling flows during wet periods and vegetation
had greater influence during dry periods. Results showed that soil properties exert a much stronger
influence than vegetation on water storage dynamics and fluxes, both at the plot and catchment scale.
During drier conditions, more marked differences in soil water dynamics related to vegetation
properties emerged, in terms of evaporation and impacts on temporarily increasing dynamic storage
potential. However, the potential to influence flows is limited (Geris et al., 2015).

3.2.4 Evaluation of evidence

Strength of evidence (based on quality of studies)

Modifying local climates (shading & cooling air): There is strong evidence that trees can have a
cooling effect from the biophysical processes of shading and evapotranspiration where shading can
also reduce drying at soil surfaces and retain humidity from the river.

Modifying local climate (hydrauliclifting): There is a moderate level of evidence that hydrauliclifting
can buffer plants against water stress during dry periods on alluvial soils of semi-natural floodplain
woodland types in Europe. The hydraulic lifting and bioirrigation process in silvoarable practices
influencing vegetation in the riparian zone in semi-arid climates is wellunderstood (with RivAV process
based modelling used extensively). However, there is no evidence that tree species in Scotland or
temperate climates have similar propertiesto those in drier climates. Many of the processes are not
fully understood and there is mixed effectiveness. There is no evidence for this in the UK and Scotland
in relation to silvoarable practices and thus the evidence remains weak.

Maintaining water yields & low flows: There is no evidence to suggest that riparian and floodplain
woodlands maintain wateryields or low flows. There is no evidence that they will have a positive nor
negative effect on water yields either. There is moderate lines of evidence to suggest that planting
native broadleaved speciesis likely to have a relatively minorimpact on annual average water yield at
the catchment scale in Scotland but no evidence of any positive effect. There is weak evidence for
floodplain woodland storing sufficient water to influence low flows, based on the evidence in
individual Scottish catchments, but it is inferred from other research on flooding. A global review
indicated that there is quantification of negative and positive effects of low flow volume for floodplain
wetlands, however this is from climatic zones not applicable to Scotland. Little attention has been paid
to the role of natural floodplain woodland in maintaining river low flows in the UK. There are single
studies for specific Scottish floodplains which found evidence of flows between rivers, groundwater
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in the floodplain and floodplain features. However quantified evidence of the impact on low flows of
floodplain features was not demonstrated.

Limitations & Gapsin Research

More researchis required to understand the differences in evapotranspiration rates and water use of
different tree species suitable for planting riparian and floodplain woodlands inthe UK, particularly in
Scotland. This includes understanding other factors which affect water use including local climate, soil
type, geology and woodland design and management. This will help to plant the right species in the
right place in the right way taking into consideration their water use and water resources in specific
catchments.

It is uncertain how well riverwoodland tree speciesin Scotland with adapt to long term drought. This
will be dependent on their ability to tolerate drought due to adaptative mechanisms (such as deep-
penetrating roots and strong stomatal control) and the timing and frequency of droughts over time.
Research has found that climate sensitivity and drought seasonality determine post-drought growth
recovery of oak species (Quercus petraea and Quercus robur) in Europe (Bose et al., 2021). Both
species showed rapid recovery or even growth compensation after summer droughts but displayed
slow recoveryinresponse to spring droughts where none of the two species was able to fully recover
the pre-drought growth-level over the three post-drought year. The results indicate that oaks which
are considered resilient to extreme droughts also show vulnerability when droughts occur in spring
especially at sites where long-term growth is not significantly correlated with climatic factors. Further
research is required to understand if riparian and floodplain tree species can adapt to drought in
Scotland.

Evidence indicates that planting of broadleaved woodland is likely to have a relatively minor impact
on wateryield and low flows, although there is a need to strengthen the evidence base inthe UKand
to include riparian and floodplain woodland. Further research is required to understand if increased
retention of floodwaters by floodplain woodlands lead to enhanced low flows in Scotland. Data can
be returned fromthe continuation of long-term trials.

There are hydrological models available which have been used to estimate woodland impacts on
waterresources but thereare limitations to theirapplication. For example, the parameter values used
in the Hydrological Landuse Change (HYLUC) model have been restricted to a few broadleaved
woodland tree species derived from a smallnumber of sites in centraland southern England (in Nisbet
et al.,2011). The Hydrological Simulation Model (Hysim), which is the main rainfall runoff model used
by Scottish Water, includes parameters such as inception storage and rooting depth where outputs
can be fed into water resource models (such as Aquator). Hydrological models such as Hysim can be
potentially further developed to refine parameters usinginformation from sites in Scotland, and test
if for a wider range a wider range of tree speciesincluding river woodland types. Expert judgementis
still required to tailor model outputs to specific site conditions.

A national-scale risk-based support tool to evaluate the vulnerability of water supplies (quantity,
quality) to drought, including socio-economicand environmentaldrivers, to provide an evidence base
to target investment and sustainable mitigation measures is required and is being developed in
Scotland.

Furtherresearchis needed to understand theimpact of floodplain woodlands onriver flows. If natural
floodplain woodlands have amuch greater water use than the vegetation coverbeingreplaced, large
scale woodland restoration may not be suitable for catchments experiencing a shortage of supply in
dry years (Kerr & Nisbet, 1996). Similarly, the planting of water demanding species would not be
advisable in riparian woodland alongside stream which suffer from a cessation of low flows during dry
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periods. However, if the increased retention of floodwaters by floodplain woodlands led to enhanced
low flows, this could helpto compensate forthe effect of higher evaporation losses on summerriver
flows (Kerr & Nisbet, 1996).

Agroforestry practices within the riparian zone has potential for drought adaptation due to treesrole
in moderating the microclimate although silvoarable agroforestry practice is rare in Scotland apart
from where there is significant wind erosion of soils such as on the Moray coastline (Perks et al., 2018).
As drought conditions become more frequent, particularly on the East coast of Scotland, this practice
could become more popular. Further research in the application of silvoarable agroforestry practice
in Scotland is required to understand the right crops and tree species to use under Scottish conditions
and underdrought conditions and a changing water resource situation.

There is little understanding of how hydrauliclifting and bioirrigation processes would work in Europe,
the UK and Scotland and thus no understanding of how to advise farmers on how to incorporate these
processes into agroforestry designs in the UK. This is critical evidence to help feed into helping land
managers weigh up changesin their land management practices.

3.3 Climate action —alleviating flood risk

3.3.1 Overview of benefit

This benefitfocusses onthe role of river woodlands in managing flood risk. This role is called natural
flood management (NFM), as natural assets are used, for example, to slow the flow of water along
pathwaystorivers or store water close to the source of runoff. Riparian and floodplain woodlands are
recognised as one of the woodland creation measures in SEPA’s Natural Flood Management
handbook?®. Regarding natural flood managementinthe UK, most work has focused on smaller scale
catchment or tributaries, and at least in the main stem riparian setting. When applied with due
diligence and measured consideration, appropriately planted and managed woodlands (floodplain,
cross-slope and riparian) can mitigate flood risk and delay flood peaks, both temporally and spatially
(Cooperetal., 2021).

Currently approximately 79,000 homes and 29,000 non-residential properties are at risk of flooding in
Scotland. This, coupled with the pressure of population growth, is likely to result in increasing pressure
on flood risk managementin orderto maintain currentlevels of protection. Projected climate change
over the next century is expected to increase the frequency and severity of floods in Scotland.
Modellingin uplift flow peaks predicts increasing flow peaks of roughly 50% on average for the 2080s
(Kayetal., 2019a). As climate change increases flooding events, it willalso create more active channels
and subsequently in some areasincrease sedimentdelivery from the tributaries to the main stem. As
sedimentis mobilised in tributaries more frequently than the main channel(dueto steeper gradients),
this can result in increased aggregation in the main stem channel, reducing channel capacity and
subsequently causing greater floodplain inundation (Lane et al., 2007). River woodlands, however, can
play arole in reducing sedimentfrom the main stem and tributaries. By doing so they help maintain
watercourse capacity and reduce flooding. Improvementsin the condition of river woodlands across
key tributaries in the catchment is key to creating resilient systems under different climate change
scenarios.

The section focuses on the evidence which supports the role that riparian woodland, floodplain
woodland, riparian woodland buffers and large woody material (including artificial leaky dams) play
in contributing to reducing flood risk via two main functions of slowing the flow of waterand reducing
coarse sedimentdelivery and siltation of channels. It does not include catchmentwoodland or cross-

15 More information on natural flood management is available here:sepa-natural-flood-management-handbook1.pdf
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slope woodland evidence as not defined as river woodland types in this report (but further evidence
on these typesisincludedin Annex 3).

There s a large body of research which has been undertakeninthe UKto develop a strong evidence
base for the role of river woodlands in flood alleviation. The Environment Agency (EA) Report on
Working with Natural Processes- Evidence Base is the key reference for this work (Burgess-Gamble et
al., 2018). It includes a comprehensive systematic literature review. A summary of the findings is
provided in this section from the Evidence Base and supplemented by more recent research results
and developments. The confidence rating of low, medium and high confidence in the science, based
on the potential effectiveness of each measure, ranked by the scientific expertsin the EA’s technical
reportis also included (Ngai et al., 2017).

Beneficiaries:

The beneficiaries of natural flood management including river woodland measures are downstream
communities, businesses, land managers, water companies (Scottish Water) and the local authorities
who manage flooding. These river wood measures can reduce the peak of the flood, and therefore
the extent of flooding to people’s homes and businesses. It can also give people more time to take
emergency actions such as putting in place property flood barriers and moving to a safe place. If
properties are at less risk of being damaged by flooding this potentially reduces insurance premiums,
and insurance company payouts to repair properties. Natural flood management of water sources and
pathways ata catchmentscale is one of the options available to local authorities to manage flood risk,
alongside engineered options. Riparian landowners and tenants will benefit from costs saved from
less dredging of rivers to preventlocal flooding by having natural woodland trapping sediment before
reaching the channel bed'® as well as Local Authoritiesiif it is necessary as part of a Flood Protection
Scheme.

3.3.2 Slowing the flow of flood water

Functional processes

Riparian and floodplain woodlands can slow floodwaters and increase water depth on the floodplain.
Tree butts, surface roots, deadwood and leaf litter all contribute to a hydraulic roughness which exerts
a barrier or drag effect on surface flows. Much is known about how floodplain woodland affects both
floodplain and hydraulic roughness as well as the influence of the woodlands in diverting floodplain
flows and driving the formation of multiple channels and backwater pools (Piégay & Bravard, 1996)
(in Ngaiet al., 2017). Engineering tables show how dense, multi-stemmed woodland typical of natural
floodplain woodland exerts the greatest hydraulic roughness of all vegetation types, with values of
Manning’s five times or more greaterthanthose for grassland (Chow, 1959).

Brown (2013) showed how riparian trees can maintain high evaporation losses, creating potential
additional below-ground water storage, especially in summer periods (in Ngai et al., 2017). Above-
ground water storage is increased by the friction/drag of riparian trees, which slows waterflows and
increases water levels, although this can be partly offset by enhanced channel velocities, depending
on the presence of large woody material dams (Thomas and Nisbet, 2006) (in Ngai et al., 2017).

16 Based on the record of dredging and sediment removal applications received in SEPA (2015-2020), most
sediment removal in Scotland is associated with registrations, removing sediment from previously straightened
channels, in sections of riversless than 500m within channels between 1-5m wide, or longer sections of natural
channels, up to 1km long but from discrete areas of gravel bars. These registrations are normally associated with
local management of floods associated with accumulation of silt/gravel in low energy channels. Riparian
vegetation could play a role trapping sediment before reachingthe river channel.
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Large woody material is an integral part of naturally functioning riparian woodlands. Large woody
material is known to exert a significant effect on channel flows and processes, as it affects channel
development, sediment deposition, bank scour and overbank flows. There is evidence in the UK
related to engineered wood structures, where leaky barriers are created and anchored in specific
locations along a river (Ngai et al., 2017). Leaky barriers can reduce flood risk by slowing the flow of
water in a stream and causing the water to flow over the bank to use floodplain storage. Over-bank
flows restore the river-floodplain connectivity which can reduce flood peaks, slow water velocities and
attenuate flow by storing water on the floodplain (Dadson et al., 2017). This can cause local flooding,
but the waterstored decreases flood risk downstream.

During floods, wood can be mobilised and deposited at natural or artificial entrapment points in the
channel(see Dadson et al., 2017). More wood in the system can lead to less wood

travelling downstream. Blockage of bridges, trash racks and culverts with large wood can cause
flooding upstream of the blockage. This risk though can be managed with good infrastructure with the
correct design of bridges and culverts. .y

CIRIA has developed a NFM design
manual which includes large woody
material (Wren et al. 2022).
Implementing leaky barriers together
with other NFM measures require
hydrological and catchment planning. If
leaky barriers are engineered and
placed incorrectly in a catchment, they
could potentially contribute to flood
synchronisationissues (Ngaietal., 2017)
as found with other NFM measures.

There is evidence to show that the effect
of Integrated Buffer Zones (IBZs)
(involving a ditch pond and an
infiltration zone planted with alder or
willow) on managing surface water
runoff provides localised benefits to
flooding if strategically located. Results
from IBZ at the Balruddery Research
Farm in Angus showed that these
features can, delay inflowing tile
drainage waterand also assist in storing
part of the surface runoff from adjacent
fields, especially if the IBZ is optimized
for this requirement via an outlet flow
control (Zak et al., 2019). Empirical field
observations have demonstrated that
riparian tree-based buffer strips can
provide runoff attenuation (Mason-
McLean, 2020).

Leaky dams in the Eddleston catchment, Scotland. Credit:
Tweed Forum.

Measured effect

Evidence from observations at the reach scale plus modelling studies has shown that riparian
woodland has the potential to reduce small to medium flood flows in small and medium sized
catchments (Ngai et al; 2017). Modelled data has provided the bestsource of evidence that riparian
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woodland (as astandalone measure) can reduce flood flows at the catchment scale. Modelling studies
provide a range of results, with most predicting that riparian woodland can reduce flood peaks by 2—
8% for events smaller than 1% AEP (Ngai et al., 2017). Floodplain woodlands can help reduce flood
peaks (0-6%), delay peak timing (2 hours or more), desynchronise flood peak and reduce peak height
based on a review of studies (Ngaiet al., 2017).

Dixon et al. (2016) applied a spatially distributed flood model (OVERFLOW) to analyse the effects of
river restoration and woodland creation on flood flows within the 98km? catchment of the Lymington
River in southern England. They found that the restoration of riparian woodland along 20—40% of the
total catchment area was the most effective of the NFM measures tested, reducing peak flows by up
to 19% for a 3% Annual Exceedance Probability'’(AEP) flood. The magnitude of effect is greaterif the
woodlandis appropriately placed to maximise the desynchronization of a sub-catchment contribution
to the downstream flood peak.

Numerous studies have modelled naturally occurring wood in rivers. Forexample, Dixon (2013) found
that naturally occurring log jams account for 65% of flow resistance in forested river channels; this
rose to 75-98% where the log jam was inducing a distinct step in the water profile. However, when
modelling log jams alone, Dixon (2013) found a variable response with less clear spatial trends than
for forest restoration, and also noted issues with synchronisation of flood peaks. Modelling work by
Kitts (2010) found that large woody material (constructed woody debris dams) in a medium sized
catchment (12 km?) slowed a small flood peak by up to 33%.

An empirical study, found a significant deceleration in flood wave propagation over a 282 m reach of
channel with large woody material in a 1 km? catchment, causing a 3-minute delay in the flood peak
for a small flood event (with a return period of 3.5 years) (Wenzeletal., 2014).

The effectiveness of natural flood management measures involving riparian woodland planting and
large woody material dams has been called into question due to the lack of empirical studies and
results from Before-After-Control-impact (BACI) designs assessing impacts at a range of catchment
and flood event scales. However, the Eddleston Water catchment study in Scotland, with 13 stream
gauges operated continuously over nine years, is based on both longitudinaland comparison data sets
(Black et al., 2021). Two years of baseline monitoring was followed by seven years of further
monitoring after a range of NFM interventions across the 69 km? catchment. The study examined
changesin lag as anindex of hydrological response which avoids dependence on potentially significant
uncertainties in flow data. Headwater catchments up to 26 km?2 showed significant delays in lag of
2.6-7.3 hr in catchments provided with leaky wood structures, on-line ponds and riparian planting,
while larger catchments (up to 64.4 km?2) downstream and those treated with riparian planting alone
did not; two control catchments failed to show any such changes. Results showed an increase in lag
times with increasing flow for the smaller Eddleston catchments suggesting that the NFM measures
have increasingly large impacts on lag times as the scale of event increases closer to bankfull
discharges (Black et al., 2021). This may be due to the design of the NFM measures, where, for
example, leaky wood structures, are very “leaky” at lower flows (lower than bankfull discharge) but
begin to attenuate flows close to bankfulldischarge and then push water on to the floodplain in these
catchments. This may be due to their ability to make use of “expandable field storage” (Hankin et al.,
2020; Kay et al., 2019b). This raises the possibility of NFM effectiveness at higher event magnitudes,
contrary to the Dadson et al. (2017) review: “the larger the catchment and the larger the flood, the
smalleris the scope forslowing the flood or storing the floodwater to reduce the flood hazard”, though
it is not possible to predict the maximum extent of this effectiveness from this analysis (Black et al.,
2021).

17 The Annual Exceedance Probability is the chance or probability of a natural flood event occurring annually and
is usually expressed as a percentage.
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The empirical evidence due to riparian and wetland tree planting in the lower catchments in the
Eddleston catchment is unclear and it is also suggested this is due to the immaturity of the trees, or
other complicating factors (Black et al., 2021). Monitoring the leaky dams in the Eddleston (Middle
burn sub-catchment) showed a 15% reductionin the flood peak discharge where there was 3,000m?
of attenuation storage within the Middle Burn sub-catchment (Barnes, 2018).

Application of 1D and 2D hydraulic models to a 2.2km reach of the River Cary in Somerset
demonstrates that the planting of floodplain woodland could have a marked effect on flood flows
(Thomas & Nisbet, 2007). The additional roughness created by a complete cover of woodland along
the right bank of the floodplain increased flood water storage by 71% and delayed the downstream
progression of the flood peak by 140 min. A smaller 50 ha central block of woodland that spanned the
full width of the floodplain had less of an effect but was still significant in storing 15% more flood
water and delaying the flood peak travel time by 30 minutes. This caused a backwater effect that
extended300—-400 m upstream of the woodland. Despite uncertainty in the modelled outputs, these
findings suggest that there is considerable scope for using floodplain woodland as an aid to flood
control. The scale of the modelled woodland was very small in relation to the size of the catchment,
implying that a larger woodland block or a series of similar-sized ones could exert a much greater
downstream impact. The subsequent planting of 7.5 ha of riparian and wetland tree planting in
6.89km? of the School catchmentin 2013 has shown no evidence of any significantincrease in lag time
from field data results. However, as this is a large proportion of the catchmentarea comparedto the
Thomas and Nisbet (2007) modelling results, the lack of significant effect may be due to local factors
such as the relative immaturity of the trees (in Black et al., 2021).

Short rotation coppice (SRC) planted in the floodplain could also help with slowing the flow on
floodplains. Modelled work by Rose and Rosolova (2015) found that planting short rotation willow
across the floodplain could, for a 1% AEP flood, increase floodplain flood depth >20cm and velocities
by >40%. The plantation acted like a ‘green leaky dam’, holding back and reducing the speed of
floodwater propagation. This created a backwatereffectthat extended up to 300m upstream of the
woodland. (See section 3.11. for information on the provision of biomass for energy from river
woodlands).

Riparian buffer strips can attenuate flow peaks. Mason-McLean, (2020), modelled different scenarios
of grass-based buffersand riparian woodland buffers, the 50 m riparian woodland buffer strip scenario
was highlighted to be the most effective width and vegetation type, reducing flow peaks at all spatial
scales on average by ~9%. This was evident at 1-in-2 year for the upper catchment, and QMED?®for
the middle and lower catchment.

Factors influencing effectiveness

Important catchment factors affecting the performance of riparian woodland to slow flows include
slope, channel gradient and floodplain width which influence the speed, volume and space for
floodwater, as well as the degree of connection with riparian woodland (Ngai et al., 2017). Lower
gradients and wider floodplains tend to enhance the interaction between the woodland and flood
flows, slowing response times and increasing flood storage. Such conditions are also more conducive
to the formation and action of large woody material dams.

The effectiveness of an approach depends on its location in a catchment as the effect on flow
pathways and timescale of waterretention are spatially variable. The effectiveness of ameasure also

18 QMED: At a gauged location, it is the median of the Annual Maximum (Amax) flood series. It is approximately
equivalent to bankfull flow in Scottish rivers.
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depends on its maturity (Wilkinson et al. 2019). For example, whilst a leaky barrier is effective the
moment it is created, planted trees take time to establish therefore their temporal effectiveness
generally increases over time, for instance, ability to intercept rainfall (depending on species and
landscape in whichit is located), generally increases with maturity (Stratford et al., 2017)

The relative location or placement of riparian woodland within a catchment can have an influence on
the magnitude of the effect on peak flows by synchronising or desynchronising sub-catchment flow
responses. Forexample, modelling work by Odoniand Lane (2010) found that riparian planting within
the lower reaches of the Pickering Beck catchment would increase peak flows by delaying the
evacuation of waters to bring them into phase with those draining the upper catchment (Ngai et al.,
2017). Planting in the upper catchment delivered the greatest benefit, by spreading out the flow
response and thus lowering the overall flood peak. Targeting the middle reaches produced a neutral
or beneficial effect. Similar findings were obtained by Dixon et al. (2016), who observed that the
largest reductions in peak flows resulted from placements designed to maximise the
desynchronisation of the timings of sub-catchment flood waves, which typically involved areas in the
middle and uppercatchment (Ngai et al., 2017).

The design and management of riparian and floodplain woodland influences its effectiveness in
slowing flows and is summarised well by Ngai et al., (2017) (Annex 2). The most important factors for
riparian woodland are length, width, structure, tree spacing, species mix, amounts of deadwood and
managementregime. The key factors influencing the effectiveness of floodplain woodland to reduce
flood flows includes the extent and placement of floodplain woodland, as well as its shape, alignment
and structure.

The effectiveness of leaky dams and large wood structures can be improved using effectiveness
numerical modelling (Addy & Wilkinson, 2019b) as part of the design. The design of tree-based buffers
influences its effectiveness in runoff attenuation, for example with complimentary measures when
located on a hillslope (Mason-McLean, 2020).

When designing floodplain woodlands there are several additional effects on natural processes
associated with geomorphic changes that can be considered to improve effectiveness, e.g., channel
widening and formation of floodplain channels (Wen Lo et al, 2021), that can have further
implications in flood attenuation by slowing down flows and increasing storage capacity.

3.3.3 Reducing coarse sediment delivery and siltation of channels

Functional processes

Thereis a very strong understanding of the natural hydromorphological processes which are involved
in reducing coarse sediment delivery and siltation of channels by riparian vegetation which helps to
maintain watercourse capacity and reduce flooding (Gonzalez del Tanago et al., 2021). Riparian
woodlands can reduce sediment from the main stem and tributaries by adjusting natural rates of
erosion on the banks, controlling sediment supply in-channel(logjams) and reducing water energy by
increasing bank roughness. Also, engineered logjams (ELJs) are employed to address river restoration
goals and a range of river management problems including coarse sediment movement that could
impact flood events, for example in the Bowmont Water in the Scottish Borders (Addy & Wilkinson,
2016). Floodplain woodlands can increase floodplain connectivity and support the creation of
functional secondary channels across the floodplain to convey water and sediment, allowing coarse
sediment deposition and trapping fine sediment beyond the main channel (Hughes, 2003; Gonzalez
del Tanago et al., 2021). By slowing water flows, floodplain woodland is effective at enhancing
sediment deposition on the floodplain, reducing downstream siltation within river channels (Piégay
and Bravard 1996; Jeffries & Sears, 2003). Large woody material associated with riparian and
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floodplain woodland will reinforce their capacity to retain sediments (Gonzalez del Tanago et al.,
2021).

Measured effect

In the New Forest, southern England, Jeffries & Sear (2003) report that, during flood events, the
amount (0—28 kg m~2) and pattern of sediment deposition were both greater and more variable on
areas of forested floodplain of the Highland Water than on the non-forested floodplain. The highly
variable pattern of accretion can be explained by the combined effects of topography and organic
material presentonthe surface of the floodplain.

In Scotland, assessment of log jam structures in response to flood events in the Bowmont Water, in
the Scottish Borders, is contributing to design developments (Addy & Wilkinson, 2016). In the
Bowmont study, the log jam placement goal of increasing sediment storage was not fully met. There
was evidence that structures trapped sediment but evidence to show areduction in sedimentloadin
the waterway was limited and not fully monitored. Longer term monitoring is thus required to
understand the impact of leaky barriers on reductions of sedimentloads in waterways and flooding.
Furtherwork is developingin Scotland in understanding the risks of leaky barriers, to minimise these
risks and for strategic placement. This involves a risk matrix framework developed by SEPA.

The Logie Burn is a headwater stream with a sand-gravel stream bed in north-east Scotland. It was
restored by reconnectingits pre-modification channelto improve the sediment transport process and
subsequently increase habitat diversity and complexity. Morphological, sedimentary and retention
(wood, phosphorous and organic matter) responses were monitored over three years (Addy &
Wilkinson, 2019a). Total wood load increased in the restored reach over the three years including a
large tree that collapsed into the channelcausinga morphological change. The fallen tree blocked 72%
of the channelas an underflow logjam. Inthe course of ayear, the logjam trapped 5.4 m3 of sediment
and initiated the erosion of 19.5 m3 of sediment by directing erosive currents towards the bank
(leading to local channel widening). At the reach scale, the accumulation of in-channel large woody
material did notlead to an increase in physical channelcomplexity. There was no evidence of reduced
sediment load in the waterway and in the short term (1 year), the log jam formation caused a net
increase in sediment erosion. However, these results are short term results, and it is important that
they are placedin context especially in relation to timescales as the effects will evolve overtime.

In a single study in the Upper Wharfe catchmentin the Yorkshire Dales National Park, modelling work
has shown an 80% reduction in coarse sediment loading from strategically planting 5.2% of the
catchmentin areas of high risk of slope failure and along source flow pathways (Lane et al., 2008). The
results indicate that it is possible to achieve significant reductions in sediment yield through source
control using woodland measures.

Factors influencing effectiveness of measures

The design of log jam and large wood structures will affect the effectiveness to store sediment. The
management of naturally occurring in-channel large wood and its artificial addition provide a useful
approach toretain sediment. Numerical modelling can support the design of effective wood structures
guiding its placement and size to retain and distribute sediment in the channel and support the
management of naturally occurring in-channel wood (Addy & Wilkinson, 2019b). The design of
structures can also identify wider benefits for fish species, the physical characteristics of a woody
placement that have the potential to affect fish include space underneath the structure, structure
height, and sizes of the gaps within the structure (Dodd et al. 2016).
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Geomorphological effects of in-stream wood structures can impact effectiveness of sediment
retention and deposition beyond the structure, for example widening the channel can increase
sedimentretention inthe long-term butincrease sedimentload from bank erosion in the short-term.

Strategic planting by identifying erosive banks and areas in the catchment of high risk of slope failure
and along source flow pathways will make sediment retention more effective.

3.3.4 Evaluation of evidence

Strength of evidence (based on quality of studies)

Slowing the flow: The evidence is moderate for riparian woodland, floodplain woodland and large
woody material. There has been a comprehensive review of evidence for riparian woodland and
woody material, the evidence is currently based on some empirical studies and observational
statistical studies. There are also projections made from models with some data input to determine
parameters. Modelling is starting to incorporate physical processes. For floodplain woodlands the
evidence is mainly from flood models and more observational data is required to verify findings (Ngai
et al., 2017). Also, there is a need to dis-entangle the effect of each of the measures, modelling studies
generally look at all these measuresas a collective. There is empirical evidence, backed up with Before-
After-Control-Impact (BACI) design, that riparian woodlands, in combination with leaky woody
structures and on-line ponds, slow floods significantly in the headwaters of small catchments in
Scotland.

Reducing coarse sediment delivery and siltation of channels: The biophysical processes underpinning
river woodland measures to reduce sediment and siltation are well known but there is less empirical
datato measure effect,so the evidenceis moderate. Log jam structures can trap sediment (if designed
for that purpose) butthere is no evidence to show a reductionin sedimentloadsyetfromshort term
studies. Reductions in sediment loading from strategic planting in upland catchments show a strong
positive impact but this is based on modelling work.

Confidence rating for effectiveness

Slowing the flow: Science experts conclude amedium level of confidence of riparian woodland being
effective atthe local scale butlow confidence across a range of scales (Ngai et al., 2017).

Science experts conclude a medium level of confidence of floodplain woodland being effective at the
local scale - at the middle and lower river reaches of moderate to large catchments. A low level of
confidence is assigned to understanding these effects at catchment scale. Observed and modelled
evidence shows that large woody material forming leaky barriers are effective at reducing flood risk
at a local scale for small flood events (Medium confidence) (Ngai et al., 2017). However, there is
limited evidence of theirflood risk effect forlarge events at greater catchment scales.

Reducing coarse sediment delivery and siltation of channels: there is a high level of confidence in the
effectiveness of large wood structures and leaky dams retaining sediment, trapping fine sediment,
encourage sediment sorting, reduce sediment transport, help create pool, riffle and bar formation
(Ngaietal., 2017).

Limitations & Gapsin Research

Inlarge catchments, the efficacy of riparian woodland creation on flood risk is limited by the relatively
small footprint and reduced interaction between the riparian zone and river flow as channel width
increases.

Riparian woodland is considered unlikely to reduce large and especially extreme floods, probably
regardless of catchment size, due to its relatively small extent/area. Results from the Eddleston
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catchment in Scotland show a significant reduction in lag period in the small headwater catchments
from a combination of NFM measures including riparian woodland but results from other catchments
remain inconclusive because the planted trees are too young to be expected to generate any
significant effect and any detailed analysis awaits the collection of longer-term data. While the
Eddleston study found increasing effect with flood magnitude, it is likely that for extreme events, there
is unlikely to be an effect.

The EA Evidence Base (Burgess-Gamble et al., 2018) concludes that there is still a need to better
understand how the type of woodland, its placementin the catchmentand the catchment size affects
the flood risk impact. Better model parameters are required to represent woodland hydrological
processes to assess their flood risk impacts and to test the upscaling of these to the catchmentlevel.
Amodelwhich incorporates canopy characteristics with streamflow response at varyingtemporaland
spatial scales and can be adapted to account for the different types of woodland (including riparian
and floodplain) coverfound in “real world” scenarios would be very beneficial in guiding planning of
afforestation (Cooperetal. 2021).

Furtherworkin Scotland is required to understand the impact of planting trees on reducing sediment
loading in rivers. This Includes the application of models like SEDMAP which determines failure
likelihood (slope stability) without and with a soil and root cohesion treatment. Sediment
fingerprinting and SCIMAP (SCIMAP -Diffuse Pollution Risk Mapping) are useful tools which could be
used in combination with each other and in combination with opportunity mapping to help build an
evidence base. In Scotland, the ST:REAM modelwas produced to identify river reaches with potential
for coarse sediment deposition, transport and erosion that could help mitigate flood risk (Parker et
al., 2012; Parker et al., 2014; Martinez-Romero, 2013; Clifford et al., 2015), but this work lacks
sediment supply inputs. Further work is being undertaken to identify coarse sediment sources in
Scotland and create a map of coarse sediment sources (PhD lead by Edinburgh University supported
by SEPA, AnyaTowers) that can support previous and new work.

Further data from Scotland on quantifying the role of large woody material in reducing soil erosion,
sedimentretention and reducing sedimentlosses to watercourses. This data could be obtained from
long term monitoring at existing research trial sites, such as the Logie Burnin the River Dee catchment
(Addy & Wilkinson, 2019a).

Further work is required on improving how models represent floodplain woodland processes. For
example, more floodplain roughness data is required to calibrate flood models. No measured data
appearto be available at the catchment scale quantifying the impact of floodplain woodland on flood
peaks. Instead, measurements have focused on interactions between woodland, water flows and
sediment at the reach level or on modelling these processes and upscaling the effects to the
catchmentlevel.

Furtherdevelopmentsinthe design and construction of the large woody barriers are required. More
researchis neededto betterunderstand the impact of leaky dams during larger flood events across a
range of spatial scales (Ngai et al., 2017).

3.4 Climate action: carbon

3.4.1 Overview of benefit

Forests and woodlands, including river woodlands, are a key component of the global carbon cycle,
and their effective managementis animportant mechanism for reducing atmosphericgreenhouse gas
(GHG) concentrations (Morison et al., 2012). Globalgreenhouse gas emissions need to reach net zero
by 2050 to have a reasonable chance of limiting warming by 1.5C (IPCC, 2018) otherwise there willbe
irreversible impacts to life on earth. To reach this target, in the UK, unprecedented transitions in all
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aspects of society are required including a fall of 64% of emissions from land-use (CCC, 2020). Trees
and woodlands absorb carbon, which could deliver half of this reduction (CCC, 2020). Net zero
emissions of allgreenhouse gases by 2045 is a legislative target in Scotland and this goal is being widely
adopted across government, businesses and society. The impacts of climate change include risks to
food security, human health, safetyand security, risks to our naturalenvironmentincluding terrestrial,
freshwater, coastal and marine species, forests and agriculture and damage to our infrastructure,
transport and communication links from extreme temperatures, storms, flooding and coastal erosion
(CCRA3).

The climate crisis is simpler to communicate to the public in clear, memorable terms that capture
public attention, in comparison to biodiversity (House of Commons Parliamentary Debate, Restoring
nature and climate change, 28" October, 2019). It is increasingly recognised, however, that tackling
climate change and biodiversity loss are two sides of the same coin.

This section identifies the evidence for river woodlands contributing to action to combat climate
change through the main functions of sequestering and storing carbon.

Beneficiaries

Changesin climate affect communities and enterprises in both rural and urban areas. Climate change
mitigation will be of benefit to all industries including manufacturing, agriculture, forestry, energy,
water, transport and Information and Communication Technologies. Many businesses as well as
governmentare adopting net zero carbon targets. Actions include reducing emissions as a priority and
offsetting carbon emissions where river woodland planting has a role to play in the right locations.
The Woodland Carbon Code provides a verified standard for woodland projects for the voluntary
carbon marketin the UK?® and attracts additional private finance to secure the associated carbon
savings.

3.4.2 Carbon sequestration and storage

Functional processes

The main processes in which trees can mitigate climate change include carbon sequestration?®and
carbon storage and are generally well understood (Read etal., 2009; Morison et al., 2012; Pan et al,,
2013). Treesand otherwoody vegetation sequester carbon when they grow, reducing the amount of
carbon dioxide in the atmosphere and storing carbon in tree biomass and forest soils adding to the
overall carbon stock?!. Mycorrhizal fungi in the soils and roots of the tree support tree establishment
and growth. Its role as a soil carbon store is also well understood (Anthony et al., 2022, Tedersoo et
al., 2009, Ouimette et al., 2020). Trees can also increase the carbon in any soil type through above
ground and below ground litter production.

Notall carbon is stored. There is a carbon cycle with decomposition through microbial action. Carbon
is also released back into the atmosphere or water when trees are burned or decompose, Carbon
release rates will differ for example burningis a rapid process and decomposition will be slower with
rates differing depending ontree speciesand other environmental factors. Native riparian woodland
left to grow to maturity and managed predominately for conservation allows carbon to be stored for
along time and for carbon to build up in the soils. If trees are felled as a part of the management of a

19 Home - UK Woodland Carbon Code

20 Carbon sequestration: issaid to have occurredif Cis removed from the atmosphere and adds to C stock within
one or more reservoirs (trees, soil etc) (Morison et al., 2012).

21 Carbon stock: the amount of carbon in the system or its components at a given time. Either expressed as mass
per unit land area (e.g. tC ha'l), oras a mass for a defined area (e.g. MtC) (Morison et al., 2012).
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type of river woodland, the length of time in which the carbon is locked up in timber and other
products will depend on the after use of the timberor product.

There is evidence fromthe international literature which suggests that river woodlands would play a
substantial role in carbon storage in Scotland. The global review by Sutfin et al., (2016) explain how
natural river systems with riparian and floodplain woodland ecosystems store a substantial amount
of carbon. The largest and most persistent reservoirs of carboninclude:

i/ standingriparian biomass (e.g.:standingtrees onthe banks),

ii/ large, downed wood (e.g.: large woody materialin stream) and

ii/ floodplain sediment and organic matter (beneath the surface as litter, humus and soil

organic carbon).
The size of each of these carbon stores will vary with scale, ecology, geology and climate. Theypropose
that broad valleys with complex channels and wet conditions in cool regions such asfoundin Scotland
are optimal conditions for organic carbon retention. The biophysical processes in which riparian
woodland store soil carbon is understood and explained in section 3.6.2.

Measured effect

When reviewing the effects of woodland expansion on ecosystem services (ES), the largest number of
studies of regulating and maintenance ES relate to the regulation of the chemical composition of the
atmosphere through carbon sequestration and storage (Burton etal., 2018).

There are few direct measurements of carbon uptake by woodlands (e.g. with canopy-atmosphere
flux experiments), being limited in the UK to two broadleaf woodlands (Thomas et al. 2011; Wilkinson
et al., 2012) and two conifer plantations (Clement et al. 2012; Xenakis et al. 2021). There are also
similar measurements from Ireland for Sitka spruce (e.g. Saunders et al., 2014) and in NW Europe.
However, none of these are river woodlands, as the direct stand-scale measurement approach
requires extensive areas of woodlandin order to determine carbon uptake rates and is not suited to
more linear features.

Most evidence is based on model predictions where various national scale models predict that
afforestation can sequester significant amounts of carbon, including broadleaf and native woodland
types (Perks etal., 2010; Sozanska-Stantonetal., 2016, Matthews, 2020) but this does depend on the
previous land-use and soils at individual sites (Mayer et al., 2020).

Perks et al., (2010) presents estimated net carbon sequestration potentials for the Scottish Forest
Alliance (SFA) new native woodlandcreation sites (planting 6468ha in total) using a bespoke empirical
forest carbon model. The mean carbon sequestration potential was estimated to be 53.9 tC ha?
(equivalent to 197.7t t CO2eq ha!) over the first 100 years of the project. The average carbon
sequestration potential peryearfrom native woodland creation was estimated to be 0.54 tC haty™.

The ECOSSE model applied at a national scale in Scotland simulates soil carbon (C) and nitrogen (N)
dynamics in both mineral and organic soils using climate, land use, land management and soil data,
and simulates changes in soil organic carbon (SOC) and soil N,O and CH, emissions (Matthews,
2020). ECOSSE was used in the work by Matthews et al., (2020) to model the change in soil carbon
stocks for different afforestation options including non-managed forest nature reserve and close-to-
nature forestry as well as combined objective forestry, intensive even-aged forestry and wood
biomass production with different management options including preserving natural processes
without human intervention, delivering multiple benefits to maximizing biomass production or
revenue from timber. The calculations assessed how much area was available and suitable for the
different afforestation options, and what carbon sequestration could result for five periods (20, 40,
60, 80 and 100 years).
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The Native Broadleaves option covers an extensive potential area but close to half of the area would
result in a netdepletion of carbon stocks. For cropping, grasslands and semi-naturalantecedent land
uses on lower carbon content soils, there are no further gains beyond 60 years and in some cases a
small decline in net carbon. For higher organic content soils, the rate of loss declines steadily overthe
period but for some is still substantial even after 100 years, even with no further management
disturbance. Recommendations from this ECOSSE application in Scotland (Matthews, et al., 2020),
were that new upland native broadleaf afforestation (which would include riparian woodlandsin the
uplands) should be promoted through natural regeneration or low impact cultivation, which minimises
soil disturbance losses and is managed long-term as a carbon reserve. Even with this management
regime, carbon accrual will be slow due to the low yield of native broadleaves on poorsoils in upland
sites. Productive broadleaves on better soils can, however, deliver net carbon sequestration early in
their rotation and can be integrated into farmland management, using otherwise lightly utilised land
or as shelterbelts oragroforestry which is relevant on a landscape scale.

Evidence on carbon sequestration and carbon storage for native woodland in Scotland are largely
based on models (e.g.: Perks et al., 2010; Razauskaité et al., 2020). There are several global and
regional analysis done on analysing forest soil carbon stocks and under different land-use change
scenarios (as described in Mayer et al., 2020). However, actual measurements on grown trees from
the effect of afforestation on soil organic carbon (SOC) is dominated by chronosequence studies of
Sitka spruce plantations (in Burton et al., 2018). A future source of information will be the Scottish
Forest Alliance (SFA) native woodland sites which were established to collect data on changes in
carbon as the woodlands mature, in the vegetation and soil (Perks et al., 2010). This included the
establishment of an evidence-based carbon baseline for the SFA sites and involved vegetation, root
and soil sampling with the development of a robust site sampling strategy at Glen Quey. The project
includes three river woodland types: Ash-alder woodland, Aspen-birch, and waterlogged ‘boggy’ areas
of Willow-birch. The data collected will be used in the development of improved empirical forest
carbon models, which currently predict that afforestation can sequester significant amounts of carbon
in broadleaf or native woodland in Scotland (Perks et al., 2010). These models also underpin the
carbon sequestration calculation tool (which includes carbon stored in soils), used in the UK Woodland
Carbon Code.

The global review by Sutfin et al., (2016) describes quantified values for carbon stocks in temperate
regions for riparian and floodplain woodlands to include standingriparian biomass, large dead wood
and sub-surface sediment (humus and soil) and organic matter. Highest values for total standing
riparian biomass Organic Carbon (OC) pools (including vegetation and large wood were observed for
mesic old growth, conifer-dominated riparian forests in the southern Rocky Mountains while lowest
values occurred in early successional cottonwood stands, herbaceous-dominated meadows and
willow shrub stands (in Sutfin et al., 2016). At disturbed temperate sites, alteration or removal of
riparian vegetation resulted in lower riparian biomass OC pools. Mature temperate hardwood forests
include a wide diversity of tree and understorey species, yet total OC storage in riparian biomass
ranges from ~100 to 300 Mg C Ha'. Volumes of in-stream wood tended to be greatest in temperate
environments which have larger trees and longer decay rates. In the old growth, conifer-dominated
riparian forests of the southern Rocky Mountains, standing trees account for only 7-22% of the total
stored OC whereas down wood accounts for 77 to 93%. Sutfin et al., (2016) describes how data on
litter fall rates is limited to warm, temperate forest floodplains in North America. Although soils are
known to be the third largest reservoir in the global carbon cycle and store more carbon than living
biomass and the atmosphere combined, quantified data on soil organic carbon (SOC) in river systems
is limited. Modelling work taking into consideration both riparian biomass and soil carbon data from
global reviews, predictedthat, on average, globally, the establishment of riparian forest willmore than
triple the baseline of unforested soil carbon stock (Dybalaet al., 2018).
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Factors influencing effectiveness

The amount of carbon stored in a river woodland system willdepend on tree species and age, the type
of soils and the amount of disturbance. The global review by Mayer et al (2020) describes how stocks
and accumulation rates of soil C differ under different tree species, with coniferous species
accumulating more C in the forest floor and broadleaved species tending to store more C in the
mineral soil. There is some evidence thatincreased tree species diversity could positively aff ect soil C
stocks in temperate regions, but tree species identity, particularly N-fixing species (such as Alder which
is a riparian woodland species), seems to have a stronger impact on soil C stocks than tree species
diversity. Management of stand density and thinning have small effects on forest soil C stocks. In
forests with high populations of ungulate herbivores, reductionin herbivory levels can increase soil C
stocks.

The amount of organic carbon stored on the floodplain and in the channel as wood, varies with
drainage area, forest stand characteristics (species composition and stand age), valley and channel
characteristics (Sutfin et al., 2016). Factors influencing the volume and residenttime of stored wood
in river systems include riparian forest stand age, stem density, species, woody decay rate,
hydroclimatic disturbance and floods and wood recruitment mechanisms which includes individual
tree topple, disturbance related mortality, bank and flood plain erosion and transport from adjacent
uplands and channels (Sutfin et al., 2016).

When estimating net carbon uptake for areas it is critical to take land use and soils prior to planting
into account (Matthews et al., 2020). Even overthe long term (50-80 years) native woodland planted
on semi-natural areas with soils rich in organic matter such as peatlands can continue to emit carbon
for decades. In these locations the goal to mitigate carbon emissions then needs to be weighed up
against other objectives. Whereas on areas that were previously grassland and cropping there is more
likely to be a netgain in carbon. Modelling undertaken by Matthews et al. (2020), has produced maps
for Scotland that could be used to help prioritise areas for carbon mitigation.

3.4.3 Evaluation of evidence

Strength of evidence (quality of studies)

Carbon sequestration & carbon storage: the biophysical processes that underpin the ability of trees
and woodlands in general, to contribute to climate change mitigation via carbon sequestration and
storage are wellknown. Evidence for the effect of afforestation on carbon sequestration is dominated
by modelling work and is strong based on studies done. Further empirical field dataon carbon is being
collected for native woodland sites including river woodlands in Scotland to strengthen carbon
sequestration calculations.

Limitations and Gaps in Research

The empirical evidence on carbon storage in river systems is predominately from the American
literature and furtherdatais required to understand differences in carbon storage on different types
of river systems in Scotland. The Scottish Forest Alliance project will contribute to understanding the
changes in carbon stocks in vegetation and soils over time on sites which include new riparian and
floodplain woodlands. The Woodland Carbon Code carbon assessment protocol estimates biomass
contributions from broadleaves species including riparian tree species based on crown biomass for
oak and root biomass estimation for red alder (Jenkins et al., 2018). Carbon estimations also assume
that dead wood, litter and soil elements will not change significantly from the baseline 2. The
Woodland Carbon Code uses Natural England’s report on carbon sequestration by habitats to derive

22 3 1 Carbon baseline - UK Woodland Carbon Code
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non-woody biomass estimates, which is based on areview of current scientific literature (Greggetal.,
2021). As improved empirical evidence from Scottish riparian and floodplain woodlands is gathered
these predictions can be improved as part of guidance within the code.

There have been studies which considernon-carbon Greenhouse Gas (GHG) emissions from forestry
in general (Morison et al., 2012) and there are a number of studies for changing land-use involving
woodland creation (Burton et al., 2018). The ECOSSE modelling found that simulated Nitrous oxide
and methane emissions under different afforestation scenarios for Scotland were negligible compared
to the change in soil organic carbon (Matthews, 2020). However, studies that look specifically at non-
GHG emissions forriver woodlands and soil types are limited. This is an important field of research to
maximise GHG mitigation measuresandto plant ‘the right treesin the right places’ to meetthe UK’s
net-zero targets by 2050 (CCC, 2020). It has been hypothesised that in flooded or waterloggedforests,
trees may form a pathway for methane (CH4) producedin the soil to be emitted (Morison et al., 2012).
Results from one study in Scotland exploring soil carbon and methane flux dynamics from Scots pine
peat bog woodland found that soil CO2 fluxes were significantly higherin the vicinity of the treesand
lower in soil CH4 flux comparedto the open bog (Mazzola et al., 2022). It is suggested that the trees
on bog edge woodland affect soil C fluxesin their proximity primarily due to the contribution of root
respiration, but also as a result of their effects on soil moisture, enhancing soil CO, emissions, while
reducing the CH, fluxes. The work concludes that there is still uncertainty about the complete
greenhouse gas assessment, and further research would be needed in order to include the
quantification of soil nitrous oxide (N,0) dynamics together with the analysis of complete gas
exchangesatthe tree-atmosphere level.

3.5 Clean air

3.5.1 Overview of benefit

Trees can play animportant role ininfluencing urban air quality and in mediating some of the negative
effects of pollutants. Low to medium stature trees?? which include many riparian woodland species
can capture air pollutants and are particularly beneficial in an urban setting where space can be
limited. Smaller trees are also less exposed to the wind and potential storm damage. With the
appropriate design, riparian woodland networks running through towns and cities have the potential
to provide huge co-benefits buffering air pollution from vehicles on roads which run parallel to popular
riparian urban spaces, frequently used forrecreation, health and active travel.

In the atmosphere of urban environments, the common air pollutants which are influenced by the
presence of trees include the chemical pollutants of ozone (0Os), oxides of nitrogen (NOx), carbon
monoxide (CO) ammonia (NH;) and sulphur dioxide (SO2) and particulate matter consisting of tiny
particles (PM,sand PM,,) associated with the burning of fossil fuels in vehicles, power plants and
variousindustrial processes. The air quality in Scotland is generally better now thanit hasbeen at any
time since the Industrial Revolution due to reductions in emissions and improved pollution control.
Despite these improvements, however, Scotland still has areas of poor air quality (CCRA, 2017),
particularly in urban environments as aresult of transport fumes. Climate change has the potentialto
exacerbate poor air quality. For example, during heat waves, air becomes more stagnant, and traps
emitted pollutants, often resulting in increases in surface ozone. The main health-related hazard is
particulates (PM,sand PM,g), although ground level ozone also affects health and is the dominant
hazard when considering future climate change impacts on air quality. As trees can remove

23 |arge stature tree species are defined as a species in which a healthy, isolated 20-year-old specimen growing
in good soil conditions typically attains a height of greater than 12 m and small and medium stature tree species
are defined as speciesin which a healthy, isolated 20-year-old specimen growing in good soil conditions typically
attains a height of (small) less than 6 m or (medium) between 6 and 12 m It is the species that is defined for
stature and not the tree, and that this definition is also independentof age (Hand et al., 2019a,b).
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atmospheric carbon dioxide (CO,) and reduce the impacts of pollutants such as PMy,, they are an
important measure to considerin tackling air pollution in our towns and cities.

This section focuses on the evidence relatingto how trees can capture air pollutants (with reference
to riparian tree species where evidence is available) primarily in the urban environment. In the rural
environment, agriculture ammonia and subsequent nitrogen deposition is more of a threat to semi-
natural habitats such as river woodlands.

Beneficiaries

The beneficiaries from trees intercepting sources of pollution include Local Authorities, the National
Health Service, the recreation, education and conservation sectors. The National Health Service will
benefit from healthy respiratory and cardiovascular systems, and the educational sector in
improvements in educational attainment and attendance of children which has been linked to air
quality. Town planners in Local Authorities will be interested in tree mitigation measures as the
National Planning Framework must have regard to Scottish Government’s national strategy for
improvement in air quality (Clean Air for Scotland 2). Woodlands along streams and rivers in towns
will also benefitactive traveland health. River woodlands will help separate pedestrians from traffic,
creating safer walking routes, reduce the visual and noise effects of the traffic as well as allowing
vehicle pollutants to disperse from the road therefore reducing their concentrationin the atmosphere.

3.5.2 Capturing air pollutants

Functional processes

The biophysical processes involved in the ability of trees and woodlands to influence air quality are
wellknown. Trees can act as biological air filters; theirlarge leaf area relative to their ground footprint
and the absorption properties of their surfaces enable themto remove certain airborne particles and
improve the air quality of polluted environments through absorption and deposition (Beckett, Freer-
Smith and Taylor, 1998, 2000) (in Binneret al., 2017). Trees have the ability to capture air pollutants
such as ultrafine particles (UFPs) associated with diesel vehicle exhausts (Wang et al., 2019). Urban
tree planting can reduce PMy, (particles smaller than 10 um) concentrations (Fowler et al., 2003;
Bealey et al., 2007). Figure 9 shows an example of urban river woodlands along the River Dee. Trees
can also reduce the quantity of polycyclic aromatic hydrocarbons (PAHs) in the atmosphere by
accumulating particles of less than 2.5 um in diameter (PM,s) on the surface of leaves and bark
(Jouraevaetal., (2002). Also, greenhouse studies with intact soil cores have shown that the deposition
of PAHs on soil beneath trees can lead to the degradation of particles by bacteria in the rhizosphere
(Spriggs et al., 2005). The rate of degradation or biotransformation of PAHs was greatest for soils with
black willow (Salix nigra Marshall), followed by poplar, ash, and the unvegetated controls.

Apart from trees’ ability to mitigate PM,, trees can provide additional improvements in air quality,
through the deposition and uptake of O3, CO, SO, and NOy. The proportion of gaseous pollutants
absorbed depends on a number of factors; these include tree species, stomatal conductance,
environmental conditions and pollutant concentration in the atmosphere (Broadmeadow & Freer-
Smith, 1996).

Debate does remain however, regarding the efficacy of urban forestsforimproving air quality through
pollutant deposition and absorption (in Binneret al., 2017). Vos et al. (2013) note that urban trees can
reduce wind flow, thereby preventing dilution and creating increased local pollutant concentrations.
Other potential localised air quality problems associated with trees include the production of allergens
such as tree pollen and the release of volatile organic compounds (VOC) that can combine with man-
made oxides of nitrogen and contribute to the production of other pollutants. VOC emission is known
to be dependent on different tree species, temperature and light (Fulton et al., 1998).
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Measured effect

Wang et al. (2019) found thatssilver birch (79% UFP removal), yew (71%), and elder (70.5%) have very
high capabilities for capture of airborne UFPs. Metal concentrations and metal enrichment ratios in
leaf leachates were also highest for the post exposure silver birch leaves; scanning electron
microscopy showed that UFPs were concentrated along the hairs of these leaves.

The deposition of aerosols (PMy,in the form of 21°Pb) on woodlandand grass was quantified at a range
of locations throughout the West Midlands of England, ten km NE of Birmingham city centre (Fowler
et al., 2003). The sites included mature deciduous woodland in Edgbaston, and Moseley, and mixed
woodland at sites within Sutton Park. The soil inventories of 2!°Pb under woodland exceeded those
undergrass, by between 22% and 60%, with dry deposition contributing 24% of the total input flux for
grass and 47% for woodland. The aerosol dry deposition velocity to grassland averaged 3.3mm s~ 'and
9 mm s?) for woodland showing that the woodland collects the ambient aerosol or PM,, at
approximately three times the rate of grassland. Furthermore, the large deposition rates of aerosols
onto woodland relative to grass or other short vegetation (x 3), and accumulation of heavy metals
within the surface horizons of organic soils, lead to high concentrationsin soils of urban woodland.

The ecosystem services delivery of urban trees can be assessed using tools such as i-Tree Eco?* which
includes modelled quantified estimates for air pollution removal for 30 tree speciesincluding riparian
woodland types (Hand & Doick, 2019; Hand et al., 2019 a, b). i-Tree Eco utilises data collectedin the
field across the UK (including Edinburgh) to model each individualtree’s leaf area, biomass, basal area,
crown projection and general condition. Together with the in-built climate, air pollution and
phenology data, the air pollution control provision by tree species is then modelled. Leaf area is
calculated from species and crown parameters and assessed with existing relationships to estimate
the interception of air pollutants. Air pollution removal is quantified for ozone, sulphur dioxide, and
oxides of nitrogen and particulate matter which are less than 2.5 um (PM2.5) and are reported both
individually and as a total by i-Tree Eco to provide total pollution removalvalues. Results showed that
larger stature tee species (such as Ash & Oak) ranked higher in their ability to remove air pollution
than smaller stature trees but with some exceptions such as Scots pine (Hand & Doick, 2019). Air
pollution removalfor all stature trees (small, medium and large stature) was observed to increase with
age peaking in either the over-mature or veteran age classification (Hand et al., 2019a, b). From the
listing of species, many riparian tree species are of low to medium stature (see Hand & Doick, 2019).
The bestsmall stature species for air pollution removalwere apple spp., goat willow and bird cherry,
which were estimated to remove over 350 g of air pollutants per tree peryear by the over-mature or
veteran age classification. The highest rates of air pollution removal (>1000 g per tree per year) for
medium stature trees were found in field maple, downy birch, Lawson’s cypress and silver birch, based
on both field-sampled and simulated data. In contrast, the other species removed just over half this
guantity of air pollutants.

McDonald et al. (2007) predict from the application of an atmospherictransport model thatincreasing
the total tree cover in the West Midlands from 3.7% to 16.5% could reduce PM;, concentrations in
the West Midlands by 10%, removing 110 tonnes per year of primary PM,, from the atmosphere (in
Binner et al., 2017). Tallis et al. (2011) provide evidence from the Urban Forest Effects Model ?° to
supportthe hypothesis that targeted planting of broadleavedtreesto expand the urban canopy of the
Greater London Authority would provide a large benefit to future air quality through the removal of
1109-2379 tonnes of PM;, from the urban boundary layer. In particular, targeting of street tree

24 More information available here: i-Tree Eco | i-Tree (itreetools.org)

25 The Urban Forest Effects Model: This computer model for quantifying urban forest structure and functions
calculates the structure, environmental effects and value of urban forests. The tool uses air dispersion and
particulate interception models to predict the PMio concentrations both before and after green space
establishment
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plantingin the most polluted areas would have the greatest benefit to future air quality. The increased
deposition would be greatest if a larger proportion of coniferous to broadleaved trees were used.

Factors influencing effectiveness

The potential air quality improvements provided by each tree depends on the species and maturity
and stature of the tree (Freer-Smith et al; 2005; Hand et al., 2019 a, b). The type of tree, whetheritis
a broadleaf, conifer, evergreen and/or deciduous, will affect its ability to intercept air-born pollutants.
Coniferevergreentrees, forexample, can take up pollutants all year round and throughout the night
due to their open stomata, and they also have a higher leaf surface area (Broadmeadow and Freer-
Smith, 1996). The concentrations of NOx and SO, are highestin winterand therefore evergreenshave
greatestinfluence on uptake of these pollutants. However, ozone is a significant problemin summer
and so broadleaved trees are most effective at reducing levels of this pollutant (Broadmeadow and
Freer-Smith, 1996). Donovan et al. (2005) quantified the species effect using a series of model
scenarios to develop an urban tree air quality score; they considered 30 species and found that pine,
larch and silver birch have the greatest potential toimprove urban air quality, while oaks, willows and
poplars can worsen downwind air quality if planted in very large numbers, which has been linked to
their emission of biogenic volatile organic compounds. Amix of speciesis recommended.

Bark and leaf physiology are influencing factors as trees with rough or flaky bark or rough or hairy leaf
surfaces trap and retain more air pollutants than tree species with smooth bark and leaves (in Hand
et al., 2019). Uptake of pollutants is lower during poor light and during drought, but the planting of
suitable drought-tolerant species may maximise uptake duringsummer.

The design and siting of the woodlands can improve their effectiveness. Pollutant uptake has been
foundto be greatest at the canopy edge, as a result of reduced canopy resistance.

UKCEH has developed
guidance forthe creation
of new farm tree belts to

capture ammonia
downwind of agricultural
practices 2¢ , which
includes a tool to
calculate potential

pollutant capture rates
by the canopy. The rate
of capture is dependent
on the height and
leafiness of the tree
canopy and depth of the
treebelt. The guidance
recommends the
woodland is within ten-
20 metres of the source;
with an opentree canopy
to allow the plume of
pollution to enter the
woodland and a thick back-stop of trees or bushes to push the plume up into the upper canopy of
leaves and prevent loss out the back of the treebelt. The tree canopy has an added benefit of

Urban river woodlands along River Dee in Aberdeen City have a role in buffering
recreational spaces from ultra fine particulate pollutants from traffic
(media.istocknhoto.com)

26CEH Farm Treesto Air Guidance Story Map Cascade
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increasing dispersion of the plume, thereby lowering concentrations and deposition of harmful
nitrogen pollutant to nearby protected nature sites.

Pollutant uptake is maximised where plants are exposed to high concentrations of the gases or
particulates. Riparian tree corridors which are next to roads maybe the most efficient pollutant
scavengersin a river woodland context. However, itisimportant to consider site-specific factors, such
as soil quality and compaction, which may have an adverse effect on plant growth and so reduce the
uptake of pollutants. Furthermore, if there is a build-up of any toxic substances from air pollution in
the soils underthe trees, the risk of leachate to near-by watercourses needs to be considered and in
planning designs which can incorporate the right species choice and mitigation.

3.5.3 Evaluation of evidence

Strength of evidence (based on quality of studies)

Capturing air pollutants: The biophysical processes through which trees can capture pollutant
particles are relatively well understood. There is strong empirical evidence from multiple lines of
moderate evidence and process-based modelling that urban trees in the UK including riparian
woodland types can capture air pollutants and reduce pollutant loads. Although there is quantified
evidence from modelled data that urban woodland can reduce PMy, levels at larger spatial scales,
there is limited evidence for urban riparian woodland networks.

Limitations and gaps in research

The effectivenessof trees to capture air pollutants is strongly determined by speciestype and location
and not muchwork has focused on appropriate design to integrate urban riparian woodlands into the
urban landscape. As targeting pollution hotspots is important, the location of trees next to streams
and river courses in potentially restricted spaces is a limitation. However, roads often follow river
courses and people are attracted to them for health and active traveland so this can be seen as active
targeting for multiple benefits.

Research is needed to transfer design understanding from farm woodlands and urban woodlands
more generally to design of urban riparian woodlands. In particular, there is a need to understand the
risks associated with pollution swapping from air to soils to water and how these risks can be mitigated
against. Furtherunderstanding of how 3D concepts for rural diffuse pollution mitigation (see section
3.1.2) can be transferred will be beneficial especially where above and below ground space is
restricted by developmentand drains.

Most empirical evidence from field studies focuses on highly localised benefits from tree induced air
quality improvements for urban treesin general. Furtherstudyis needed to determine impacts from
riparian tree speciesin a riparian woodland contextand for modelling to integrate riparian woodland
networks on a larger spatial scale.

Fortrees/woodlandsinthe rurallandscape, agriculturalammonia and subsequent nitrogen de position
is the main air pollutant threat to semi-natural habitats including river woodlands. Research has
focused on ancient woodlands and effectson lichens and bryophytes from Nitrogen pollution, but not
on river woodlands per se. At the same time, trees act as good scavengers of N pollutants (Bealey et
al., 2016; Theobald et al., 2001), hence more research is required on the N balance and potential
leaching after canopy capture.
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3.6 Sustaining soils

3.6.1 Overview of benefit

River woodlands can help improve and sustain soil health and contribute to safeguarding this
important natural resource by reducing soil loss via erosion. Healthy soils are more resilient to
degradation, and thus protect the wider environment and society from the impacts of pressures
including climate change. Future climate projections provide strong evidence that climate risk to soils
will increase in Scotland. Heavier rainfall events could result in erosion, compaction, and pollution.
Increases in soil moisture deficits in summer could lead to loss of soil biodiversity and poor soil health.
(Climate Change Risk Assessment 3).

This section focuses on how planting river woodland trees can help sustain soils by two main functions
of improving soil health and reducing soil loss. Links to the wider environmental benefits provided by
healthy soils for environmental resilience will be highlighted underthat function.

Beneficiaries

Arable and livestock farmers will benefit from trees stabilising soil on the bank and within the riparian
zone, which reduces the risk of soils being washed away downstream. Riparian landowners and
tenants will benefit from not having to dredge the soil out of rivers as it has been stabilised on the
land by tree roots. Native woodland owners and foresters will benefit from healthy forest soils
ensuring good tree growth and carbon storage. Fishery managers, conservationistsand all water users
will benefit from healthy riparian woodland soils due to their contribution to nutrient cycling on land,
but also in the water, supporting cycles of life and clean water, encouraging improved aquatic
biodiversity and reducing water treatment costs.

3.6.2 Improving soil health

Functional processes

Planting riparian woodland can help improve soil health by improving soil structure, adding organic
matter and providing a home for plants, animals and micro-organisms. The main reason for these
improvements is the substantial reduction in soil disturbance undertrees compared with bare soil.

Planting trees can benefit soil structure which is the arrangement of solids and pore spaces (gaps)
within soils which influence soil water and air movement. The pore spaces facilitate the infiltration,
movement, and storage of water in the soil, as well as gas exchange. Given that most soil organisms,
including the tree roots, require oxygen but produce carbon dioxide this gas exchange is essential.
Regular soil disturbance not only destroys the physical structure but also the root and fungal systems
that help to create soil aggregates. Soil disturbance may also kill pore-creating soil animals, such as
earthworms.

Mycorrhizal fungi have a role in enhancing aggregation and binding soil particles; their mycorrhizal
mycelium is a sticky living seam that can hold soil together, so removing the fungi can lead to the
ground washing away (Sheldrake, 2020). The hyphae of endomycorrhizae secrete glomalin
that aggregates soil particles, increasing water-stable aggregates and improvingsoil structure
(Kennedy & Luna 2005). The soil binding process can lead to a reduction in soil nutrient losses (Asghari
& Cavagnoro, 2012; Qiu et al., 2022). Asghari and Cavagnaro (2012) highlight the need to maintain
and enhance mycorrhizas in vegetated buffer strips between potential sources of nitrogen pollution,
such as farms and urban areas, and potential sinks for nitrogen, such as natural lands and water
bodies.

Temperate woodland soils (litter layer, topsoil and subsoil) including native riparian woodland and
floodplain woodland soils are known to store large quantities of organic carbon (Sutkin et al., 2016).
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The floodplain surface and shallow subsurface can host a large reservoirfor organic carbon including
surface organic layers and soil organic carbon (SOC). Surface organic carbon input derives from plant
litter in various stages of decay and includes leaves, small branches, twigs, recently died understorey
riparian plant material as well as from root litter (dead roots, fine roots can get replaced daily) and
rhizodeposits (exudates coming from the roots).

Mycorrhizal fungiattached to roots and in the soilalso stores carbon. Mycorrhizafungireceive organic
molecules directly from trees in exchange for nutrient and water provision, which they use to build
theirextended mycelium and therewith distribute the carbon throughout the soil. The carbon of fungi
hyphae is more stable than root exudates due to their chemical structure, therefore fungiare likely to
play an important role in carbon sequestration. Although most carbon will be placed on or close to
the soil surface, some willbe locked in deeper parts due to tree roots transporting carbon into deeper
layers. Organic matter located within aggregatesor in greater soil depthis less available to microbial
attack and therefore less prone to decomposition. Soil disturbance can bring deeper soilto the surface
and destroy aggregates and thereby cause release of stored organiccarbon (Mayer et al. 2020).

Soil biodiversity underpins most soil functions, such as decomposition, nutrient cycling, breakdown of
pollutants, as well as pest control and supporting above-ground biodiversity, thereby underpinning
the ecosystem (section 3.7). It is the high heterogeneity of soils, underpinned by good soil structure,
with various gradients in moisture, carbon (food), nutrients and oxygen, that provides nearly infinite
microhabitats. Each microhabitat maintains local diversity in a soil microbial community (Wang et al.
2021).

It has been shown that soil heterogeneity is higher in native woody habitats compared to grassland
(Curd et al. 2018 and literature cited therein) and that land use intensification reduces the complexity
in the soil food webs (Tsiafouli et al. 2015), indicating that woodland soils contain a higher soil
biodiversity and more complex food webs than other land uses, making them more resilient.
Woodland soils show higher abundance and species diversity of fungi and archaea compared to
grassland soils, whereas these are largerforbacteria in grassland soils (Banerjee et al. 2018). There is
some evidence that mycorrhizal fungiassociated with riparian woodlands may be different fromother
temperate woodland soils due to the influence of flooding (see factors influencing effectiveness
below).

Riparian and floodplain woodlands promote sediment deposition and retention of the organic
material which comes with it, which carries nutrients that can fertilise alluvial floodplain soils (Hughes,
2003). In the UK, there is evidence that, during flood events, the amount and pattern of sediment
depositionis greater and more variable on areas of forested floodplaininthe New Forestin southem
England than onthe non-forested floodplain (Jeffries & Sear, 2003) (see section 3.3.3). Soil formation
and the build-up of soil organic carbon varies according to the distance from the river and the type of
riparian woodland community. For example, a study on the Danube in Austria of different riparian
woodland types found hydro-ecomorphological conditions in the riparian zone drive soil formation.
For example, riparian forest close to the river had alternate phases of sedimentation and soil
formation, linked to coarse sediment deposition during large flood events and more stable soil
building periods between these events. Whereas riparian forest distant to the river, had slower
flowing water during flood events with higher clay fractions in the sediment. This enables
sedimentation and soil formation to occur simultaneously. The burial of organic matter in the active
floodplain close to the river enables conservation of carbon in the buried layers (Graf-Rosenfellner et
al., 2016).
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Healthy soils under river woodlands will be more resilient to pressures including climate change
impacts and will provide a range of multiple benefits. This includes benefits detailed in other sections
of this report:
e Protectingwater quality (section 3.1):
o Improving chemical, physical and microbial processing via retention onto soil particle
surfaces and microbial uptake will help to reduce pesticide concentration in runoff
flowing through man-made riparian buffers (section 3.1.5).
o Underpinning the function of man-made riparian woodland buffers in capturing
pathogens (section 3.1.6).
e Providingresilience to drought (section 3.2):
o Intactsoil structures are more likely to aid the retention of soil moisture and hydraulic
lifting during dry conditions (section 3.2.2)
e Reducingflood risk (Section 3.3):
o Improved water infiltration and increased water holding capacity will result in less
run-off and erosion reducing the risk of flooding (section 3.3.3) and water pollution.
e Improving carbon storage (Section 3.4);
Conserving biodiversity (section 3.7):
o by supporting healthy habitats above and below ground (section 3.7).
o nutrient status of riparian woodland trees and their soils influencing in-stream
nutrient cycling and the fertility of alluvial sediment deposits on floodplains
downstream aided by floodplain woodland (section 3.7.3).
e Enabling good health by assisting in heat wave managementin greenspacesto coolourtowns
and cities (section 3.8.3).

Measured effect

Quantitative data on the benefits of river woodlands or even woodland in general for soil health is
very limited; in particular, data on benefits for soil physical properties and biological properties and
biodiversity are usually severely lacking. There are some woodland studies which have quantified the
effect of trees on soil biodiversity and the development of essential mycorrhizal associations for
nutrientrecycling and carbon storage but these are restricted to woodlandsin general and not directly
focused on different types of river woodlands (see section 3.7.4).

The monitoring of soil conditions under fenced riparian woodland buffer strips in the Tarland
Catchment of the River Dee in Aberdeenshire found the soils to be more nutrient-rich than unbuffered
strips; a likely consequence of decomposing plant litter which has been able to accumulate without
disturbance (Stockan et al., 2012). These characteristics were more pronounced where there was a
greater percentage of native tree species.

Scientific understanding of the functional role of mycorrhizal fungi in enhancing aggregation and
binding of soil particles is improving. However, the focus is on laboratory studies, and processes in
woodland soils and riparian woodland have not been studied. Laboratory studies are starting to
guantify the nutrient retention and cycling role of fungi. A meta-analysis of 36 laboratory studies of
using mycorrhizal inoculum found the presence of arbuscular mycorrhizal fungisignificantly reduced
soil nitrogen and phosphorus losses, with the most pronounced reduction occurring in soil nitrate
nitrogen (-32%), followed by total phosphorus (-21%), available phosphorus (-16%) and nitrous oxide
(-10%) compared with controls (Qiu et al., 2022). Other laboratory experiments found that
mycorrhizal root systems dramatically reduced nitrate loss (almost 40 times less) via leaching,
compared to their nonmycorrhizal counterparts, following a pulse application of ammonium nitrate
to experimental microcosms. The difference was only partly explained by improved nutrient uptake
by the plants (Asghari & Cavagnaro, 2012). It is not clear if mycorrhizal fungi contribute to the more
nutrientrich soils found in woodland buffer strips research.
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A single study from the USA has attempted to quantify the carbon sequestration from mycorrhizal
fungi. Ouimette (2020) measured the contribution of mycorrhizae fungi to carbon storage in
woodlands. They measured annual production of plant components (foliage, wood, fine roots) and
mycorrhizal fungi across temperate forest stands varying in species composition, in an established
forestin New England, USA. Production of mycorrhizal fungi was estimated using both mass balance
and isotopic techniques. Total plant production varied from about 600 g C m2y~tin nearly pure
deciduous broadleaf stands down to about 300 g C m2y~tin conifer-dominated stands. In contrast,
the production of mycorrhizal fungi was highest in conifer-dominated stands, varying from less than
25gC m2ytin deciduous broadleaf stands to more than 175 gCm 2y tin nearly pure conifer
stands.

Soil organic carbon (SOC) associated with floodplain forests has been measured in a single study of
hard wood floodplain forest and grassland sites on the Elbe. This study found that forest SOC stocks
ranged between 99 and 149 t ha™. SOC stocks decreased with depth throughout all categories and
were unaffected by vegetation type within the same hydrologicsituation. Vegetation parameters such
as age, basal area, or leaf litter carbon stock had no direct effect on SOC stocks. An active connection
to the river had the strongest effect on SOC stocks, with former floodplain sites storing 33% less SOC
than the active sites. Within the active floodplains, low sites stored 50% more SOC than high sites. This
effect was mainly controlled by relief-affected features such as flooding duration and fine texture,
which also were the strongest univariate predictors for SOC stocks (R2=0.39 and 0.63) (Heger et al.
2021)

Factors influencing effectiveness

Itis important that the right tree is planted in the right place so that the net carbon balance is positive
rather than negative, soil structure is improved, and stabilised, and suitable habitats are created to
improve soil biodiversity (which may, in turn, also benefit above ground biodiversity). Selecting the
right mixture of tree species to plant depends on a wide range of factors, including soil type/depth,
local climate and topography, river morphology and surroundingland use.

Soil moisture regime and flooding frequency is likely to influence the ability of river woodland soils to
store carbon. Sutkin et al., (2016) describes how the moist conditions of riparian soils facilitate
increased metabolism of soil organic carbon (SOC) by microbes, whereas saturated conditions
associated with shallow watertables decrease metabolism and increase potential long-term storage.
The review suggests that continued aggregation and burial of floodplain soils may contribute to high
rates of carbon sequestration.

The frequency and magnitude of flooding has been found to affect the type and amount of
mycorrhizae fungiin river woodland soils. For example, a study of mycorrhizal fungi associated with
differentages (10,20 and 60 years old) of willow- dominated riparian forestin the Netherlands found
that only a limited number of mycorrhizal fungi species can resist the effect of flooding with the
frequency of it occurring on less than 9% on root tips at all sites. (Paradi & Barr 2006). In a field study
that measured the mycorrhizal fungi in an established willow short rotation coppice plantation (14
years old) in England, extreme flooding was also associated with a crash in the richness and relative
abundance of ectomycorrhizal fungi with each declining by over 50% compared to stable conditions
prior to flooding and relative abundance declined by two thirds, whilst richness and relative
abundance of saprophytes and pathogens increased during the same time period. (Barnes et al.,
2018). These studies indicate that findings for woodland soils in generalcannot be applied wholescale
to riparian woodlands dominated by willow.
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Other studies of riparian cotton woods in the USA found that flooding wasa key element to influencing
the type of mycorrhizal fungi and its effectivenessin soil aggregation. They found that the formation
of waterstable aggregatesincreased rapidly during the first third of the chronosequence, which was
the period of greatest arbuscular mycorrhizal fungi (AMF) abundance in the soil. The peak in AMF
infectivity and hyphal length during early succession (first 13 years) suggests that regular flooding and
establishment of new sites promotes AMF abundance in this ecosystem (Piotrowski et al., 2008)

3.6.3 Reducing soil loss

Functional processes

River woodlands can reduce soil loss and soil erosion from riverbanks and hillsides, safeguarding soils
as an important natural resource and reducing the risk of the soils beingwashed away. The tree roots
stabilise the soils and the canopy reduces the physical impact of raindrops, leading to fewer particles
being detached from the soil surface and therefore lost to river water through runoff. Riparian
woodland buffers and large woody material can trap sediment, reducing diffuse pollution (section
3.1.4) and flood risk (section 3.3.3).

Measured effect

There is very strong empirical evidence from the international literature that tree roots stabilise
riverbank soils (section 3.1.4). In the UK, measurements generally show consistently lower soil losses
from the bank and greater bank stability for watercourses lined by riparian woodland, compared to
otherland uses (section 3.1.4). Using satellite imagery and a model of river channel migration, Horton
et al., (2018) found that the cumulative economic losses from agricultural land (and soil) loss from
bank erosion are higher in the absence of a forest bufferthan when a bufferis left intact.

There are many studies which measure positive effects of retaining sediment pollution by active tree
planting management in riparian buffer zones (section 3.1.4). Modelling with root cohesion
parameters has also shown that when trees are strategically placed in the catchment along soil erosion
source-flow pathways, they can reduce the course sedimentloads entering rivers significantly (Lane
et al., 2008) (section 3.3.3).

Factors influencing effect

Itis importantthat the right treeis plantedin the right place sothat benefits of reducing soil erosion
on riverbanks are maximised. For more detail see factors influencing effect from the linked sections
highlighted above.

3.6.4 Evaluation of evidence

Strength of evidence (based on quality of studies)

Improving soil health: there is a strong understanding of the biophysical processes which underpin
the ability of trees and woodlands to improve soil health. Empirical evidence for measured positive
effects on soil structure, soil organic carbon, biodiversity and soil fertility remains weak for native
floodplain andriparian woodlands.

Reducing soil loss: Overall the evidence that trees reduce soil loss is strong from an analysis of all
relevant functions relating to soils in othersections. There is very strong empirical evidence from the
internationalliterature that tree roots stabilise riverbank soils. There is strong empirical evidence from
site-based experiments that riparian woodland can reduce suspended solids compared to controls at
the field scale. There is evidence from the SEDMAP model that strategic planting in an upland
catchmentin Northern England reduces coarse sedimentloading at the catchment scale significantly.
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Limitations & Gapsin Research

Furtherresearch on quantifying the soil health benefits of river woodlands is required in the UK and
Scotland, particularly with respect to soil biodiversity, physical properties and erosion resilience and
enhancement of organic matter contentand carbon storage.

Furtherstudies are required to measure the effect for river woodland types that takes account of their
location in relation to the river and flooding regime.

Furtherresearchis required to understand river woodland mycorrhizae associations and their role in
delivering multi-benefits including soil biodiversity, soil carbon storage and diffuse pollution control.

Further field data is required to understand differences in carbon storage in different types of river
woodlands and river systems in Scotland (section 3.4.3). The Scottish Forest Alliance project will
contribute to understanding the changes in carbon stocks in vegetation and soils over time on sites
which include new riparian and floodplain woodlands. The mycorrhizae element of carbon storage is
not normally included in native woodland estimates for carbon and requires further consideration.

Further observation and modelling work is required to understand productive agricultural land loss
and soil loss due to the lack of stabilising trees in the riparian zone and the economic implications,
Economic analysis would include soil degradation and impacts on water quality, including the costs
for remediating degraded soils and water (e.g. increased costs of removal of sediment during
processing for drinking water supply).

3.7 Conserve biodiversity and ecosystems

3.7.1 Overview of benefit

River woodlands have acritical role in supporting biodiversity as the trees provide arange of functions
that support other species across the ecosystem. There are complex, interlinked relationships
between the trees and associated large woody material, water, sediment and otherliving organisms.

River woodlands play crucial roles in key aquatic and hydromorphological processes which promote
aquatic and terrestrial biodiversity. They provide a habitat for a range of species including threatened
and rare species of paramount conservation concern protected by European and UK conservation
legislation. Floodplain and riparian woodland corridors provide opportunities for gene flow between
populations of tree species, seed dispersaland allows for the migration of plants and animal species.

Habitat loss and habitat fragmentation from land cover change (e.g. deforestation for agriculture) isa
main driver for the loss of biodiversity worldwide and in Scotland (Hassan et al., 2005). Natural river
floodplains are among the most biodiverse and productive ecosystems in the world (Tockner et al,,
2000) (in Keruzoré et al., 2012). Nevertheless, floodplains have been heavily reduced by human
activities. At present in Europe at least 90% of the area of floodplains has disappeared through channel
straightening and embankment (Tockner and Stanford, 2002). The main drivers for such reductions
are flood control, navigation, hydropowerand agriculturalexpansion. No such figures exist for the UK,
but it is widely acknowledged that floodplains have been modified very extensively for agriculture
(Bailey et al., 1998) (in Keruzoré etal., 2012). Riverflow regulation and reduction dictate that channel
and flow dynamics are increasingly disconnected from floodplain ecosystems. Thus, near-natural
examples of large, ecologically intact rivers have become very rare (in Keruzoré etal., 2012). Based on
SEPA’s 2015/2016 surveys of riparian bank vegetation, and remotely sensed data use in the
Morphological Impact Assessment System (MImAS) for Scotland’s River baseline network, 56% of the
banks were in poor quality with a lack of riparian woodland habitat (see section 1.2) with no diverse
vegetation structure orcomposition.
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Climate change is having a dramatic impact on our natural environmentand is also a direct driver of
biodiversity loss. Restoring riparian woodland has the potential to enhance woodland habitat network
connectivity and biodiversity and thusresilience to climate change at the landscape scale. Scotland’s
Biodiversity Strategy aspires to have a national ecological network?’, and restoring a riparian network
through Riverwoods could make a major contribution to the establishment of this network, to enable
greater resilience for Scotland’s biodiversity to climate change.

This section seeks to highlight the evidence for how river woodlands support aquatic processes
(shading and nutrient cycling) and hydromorphological processes which, in turn, support biodiversity,
rather than identify all the biodiversity that they support. The evidence is presented underthe main
functions of providing a variety of light conditions, supporting nutrient cycling and food webs,
supporting other species via habitat provision, providing habitat connectivity, supporting genetic
diversity, and supporting river hydromorphological processes and diversity. As it is difficult to collate
guantified measured effects such as population level changes with remnant river woodland status in
Scotland, evidence on measured effect has not been separated out so much in this section, apart for
the functionrelating to hydromorphology.

Beneficiaries

The beneficiaries of biodiversity and ecosystem conservation span all businesses, organisations and
institutions in Scotland as this benefit provides natural resources and resilience against climate
change, which is a majorthreat to humanity. Biodiversity is core to the ecological condition and quality
of ecosystems that support the services provided to people. It directly benefits people through species
existence, through nature-based solutions and by enriching other benefits (like nature-based
recreation). It also underpins the resilience of ecosystems to shocks and can provide insurance value 8.
There is, therefore, an overlap with other benefits identified in section 3 of this report. River
woodlands provide direct and indirect cultural benefits to people not covered elsewhere in this report;
for example, wildlife watching experiences that enrich the experience of visitors and tourists in
Scotland, helping to support wildlife watching businesses, and tourism businesses that provide
accommodation. Estates, nature conservation organisations and other riparian landowners create
walks and tracks through river woodlands as part of their visitor attractions. Biodiversity is intrinsic to
that experience.

3.7.2 Providing a variety of light conditions

Overall, biodiversity in the river benefits from a range of different light conditions through direct and
indirect effects; riparian woodlands have a role in providing this diversity of light conditions. For
example, there are complex relationships between riparian trees and algae. It has been found that
attached microalgae and diatoms are more significant in providing protein and other essential
nutrientsto grazers than terrestrial sources of nutrients from leaves from riparian trees. These algae
are found on all surfaces within the river. Increasesin sediment due to loss of riparian woodland can
impact attached microalgae, favouring filamentous and stalked algae and motile diatoms and
cyanobacteria which have lower nutritional value (Vadeboncoeur & Power, 2017). However, riparian
treesalso shade the watercourse, influencing the communities of algae that provide a key source of
food and habitat in the ecosystem (see section 3.1.7).

In terms of the risk of climate change to insects with riverine life stages, such as mayflies, stoneflies
and caddisflies, a recent study (Macadam et al., 2022) identified 16 species of river flies in the UK
which are vulnerable to climate-mediated temperature increasesin rivers (with examples from both

27 More details about the national ecological network are in priority action 10 Scotland's biodiversity: a route map
to 2020 - gov.scot (www.gov.scot)
28 Enabling a Natural Capital Approach guidance - GOV.UK (www.gov.uk)
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lowland and upland rivers). Increasing the amount of shading for river through riparian tree planting
is the primary measure they propose to address this (along with other catchment-scale changes). The
empirical evidence that demonstrates the link between shade provided by river woodlands to help
regulate watertemperatures in summer, is presented in section 3.9.

3.7.3 Supporting nutrient cycling and food webs

Importance of deciduous trees

Autumn leaf-fall from deciduous trees provides an important food source to freshwater
macroinvertebrates (MacKenzie, 1996). The nutrient status of the bankside trees and the soils
influences the nutrient content of the leaves which fall in the water and eaten by the invertebrates.
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Parkinson, 2011) and biomass which, in Figure 8: River Continuum Concept from Mackenzie, 1996

turn, providesfoodfor collectors which are

unable to process the coarser fractions. Thomas et al., (2016) found, in Wales, that streams draining
deciduous woodland differed clearly from others in having substantially enhanced standing stocks of
CPOM, as wellas agreater density and biomass of macroinvertebrates, particularly shredders. Stream-
scale investigations showed that macroinvertebrate biomass in deciduous woodland streams was
around twice that in moorland streams, and lowest of all in streams draining non-native conifers
(Thomaset al., 2016). The algae and invertebrates support and provide food for fish. This is covered
in more detail in section 3.9.
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Food for aerial animals

Invertebrates provide food for aerial birds and bats. For example, wooded riparian habitats and the
adjacent freshwater provide excellent foraging habitat for bats. A study on the Rivers Lee and River
Colne catchment in England, found that a degradation in the quality of riparian woodland habitat
reduced foraging and activity in pipistrelle bats (Scott et al., 2010). Increases in foraging and activity
was thoughtto be linked to higherinvertebrate abundance or greater safety from predators. A study
in North Wales by Todd & Williamson (2019) found that three species, Daubenton's bat (Myotis
daubentonii), common pipistrelle, (Pipistrellus pipistrellus), and soprano pipistrelle (Pipistrellus
pygmaeus), preferred river sections with smooth water and trees on either one or both banks.
Daubenton’s bats, also known as water bats, have a preference to roost close to riparian woodland
edgesto minimise energy expenditure in flying to feeding sites across the water where they trawl for
aquatic insects such as Diptera which form a main part of their diet.

Longitudinal transfer of nutrients

The River Continuum Concept illustrates and highlights that native riparian woodland in the
headwater catchments are important for the ecological functioning of the whole river network
(McKenzie, 1996) (Figure 8). The main energy base starts with the forested headwater streams upon
which much of the downstream productivity depends. The e nergysources are based on terrestrial leaf
litter and large woody material from the bankside trees, terrestrialinvertebrates and dissolved organic
matter derived from soils. The main invertebrate groups which feed on this material are shredders
and collectors. As the streams become larger, the influence of the riparian woodland is reduced and
so is the leaf litter input. In middle sized rivers, where there is more light, more primary production
occurs where energyis captured from the sun by plants. The main invertebrate groups are grazers and
collectors. In large rivers, primary production is reduced due to turbidity and the main energy source
becomes the particulate organic matter transported from upstream and inputs from the floodplain.
The main invertebrate functional groups are now the collectors. (Mackenzie 1996)

Lateral transfer of nutrients

Nutrients are also transferred
laterally to land as well as
downstream. For example,
nutrients are captured and locked
up in freshwater insect larvae that
later emerge as flying adults which,
whenthey die, represent an aquatic
nutrient subsidy to land. Riparian
trees also provide shelter for
aquatic insects which they use after
emerging from the river as adults.
For example, the March brown

. . River woodlands are used by adult stages of aquatic insects for
(Rhithrogena germanica) emerges breeding (Scottish Wildlife Trust)

from the water in March/April and
flies into the trees where they will rest before their moult to the final adult stage (Lubini & Sartori,
1994). The larvae of some species of dragonflies and stoneflies climb up riparian trees to emerge as
an adult.

Flowing water, especially flood water, transports bothorganicand inorganic matter which is deposited
onthe floodplain. This matter, especially the inorganic fractions such as silts and clays, carry nutrients
that fertilise floodplains (Hughes, 2003). In reaches with high flow velocities, floods can scour
floodplains and remove the organic matter, including vegetation, wood and leaf litter, organisms and
upper soil layers. In slower flowing sections, floods may deposit much of the transported organic
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matter. The floods thus redistribute organic matter within and between floodplains and during this
redistribution, the organic matteris processed by bacteria, fungiandinvertebratesin the riverand on
the floodplain (Hughes, 2003) In flooding events, the presence of floodplain woodland will act to slow
the flow and encourage out-of-bank flows, promoting sediment deposition and retention (section
3.3.3) and the organic material that comes with it.

Nutrients move downstream butalso upstream from sea. There is research work which has explored
the crucial role of migratory fish returning from marine ecosystems in providing nutrient input to
upland river systems, with both riparian woodland and salmon carcasses providing sources of
nutrients (e.g. Lyle & Elliott, 1998; MclLennan et al., 2019). MclLennanet al., 2019 found that
deforestation in the uplands has resulted in loss of nutrients to rivers in the Conon catchment. The
research found that the nutrient release from parental carcasses increase the growth, biomass and
genetic diversity of juvenile Atlantic salmon. Lyle & Elliot (1998) provide estimates of fluxes (mean
annual values) between freshwater and marine environments of organic carbon (C), nitrogen (N) and
phosphorus (P) transported by migrating Atlantic salmon and sea trout in a group of seven rivers in
NE England between 1989-1995). The net marine import of each element represented approximately
75% of the gross adult fish import. Migratory fish provide the one direct source of such materials to
the upperreachesof rivers.

Temporal influence

There is a seasonal influence for the annual life cycle of some groups of animals. For example, in
temperate deciduousforestsin Japan it was found aquatic prey was found only in riparian forests and
the biomass peaked in early spring, while terrestrial prey was equally distributed between habitats
and increased in biomass in late spring. Bird density was higher in riparian than in upland forests
before bud break, when the biomass of aquatic insects peaked, but was similar in both forests during
the rest of the seasons. These results suggest that aquatic prey subsidies are used not only by birds
inhabiting riparian forests, but also by birds associated with upland forests. Aquatic prey subsidies
may be particularly important in the spring as a critical food resource for survival and the breeding
activities of birds, thereby, influencing the population dynamics of bird communities. (Uesugi &
Murakami, 2007). A similar temporalinfluence was found forfish (see section 3.9.3).

3.7.4 Supporting other species

Beavers

River woodlands support species which in turn affect the structure of the woodlands and the range of
biodiversity they support. For example, European beavers ( Castor fiber) are semi-aquatic mammals,
closely associated with freshwater and riparian woodlands. They are described as ecosystem
engineers because they physically alter their habitat by cutting down trees, building dams, digging
canals and building lodges (Gaywood et al., 2015; Brazier et al., 2021). AfteraScottish reintroduction,
beavers’ modifications increased the volume of standing dead wood and wood material and created
a graded edge between the terrestrial and aquatic habitats that is rich in structural complexity. In
doing so, and with beavers being selective foragers, they fundamentally increased habitat
heterogeneity and, more widely in Scotland are expected to affect woodland tree species
composition, age structure and ecological functioning (Gaywood etal., 2015). Beavers have also been
found to have had an overall positive impact on biodiversity (Stringer & Gaywood, 2016) including
macrophyte species richness. There is evidence that beavers play a key role in restoring rivers to
healthy resilient ecosystems and provide environmental benefits such as reducing flood risk,
increasing water storage and improving water quality (Puttock et al., 2017, Geriset al., 2022).

Dams created by beavers in the headwaters of the River Tamar catchment significantly increased
water storage within the landscape. During storm events, beaver activity had an attenuating impact
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upon high flow; leading to an increase in peak rainfall to peak discharge lag time, lower peak discharge
and lowertotal eventdischarge (Puttock et al., 2017). Event monitoring of water enteringand leaving
the site showed lower concentrations of nitrogen, phosphate and suspended sediment leaving the
site whichresulted in lower diffuse pollutantloads and improved downstream water quality.

In some situations, beavers can have a negative impact on otherlocal interests such as farms, gardens
and otherland. NatureScot have produced a Scottish Beaver Management Framework to help ensure
potential benefits are realised whilst minimising the detrimentalimpact on otherinterests. The CREW
report provides an in-depth systematicreview and analysis of the strength of evidence in relation to
beaversin a Scottish context detailing benefits, disbenefits and research gaps (see Geris et al., 2021).

Species of conservation concern

The conditions provided by riparian woodland support species of conservation concern and protected
species under European and UK conservation legislation. For example, riparian woodland provides
good instream habitat for the freshwater pearl mussel (Margaritifera margaritifera) where Scotland
contains many of the world’s most important populations of this critically endangered mollusc. The
distribution of mussels was highly significantly associated with the presence of riparian
broadleaf/mixed woodland in the River Spey, north-east Scotland (Hastie et al., 2003). The mussel
beds are oftenfound in association with bankside trees where they benefit from the clear water (the
tree roots stabilise the riverbanks) and shade which can reduce fluctuations in watertemperature and
prevent excessive algal growth on the river bed (Baer, 1981; Lucey, 1993). The life cycle of the
freshwater pearlmusselincludes ashort (five-ten month) parasitic larval phase on the gills of juvenile
salmon. The distribution of mussels may be influenced by the physical habitat preferencesof host fish
which are also attracted to the trees.

Riparian woodland is the natural habitat for the otter and water vole, which are two important and
threatened mammalspecies. Otters createtheir holts within the expose roots of mature riparian trees
(but also use rock fall in Scotland) and water voles prefer well-vegetated stream banks with suitable
burrow sites safe above winterflood levels and open areas of tall tussocky herbaceous vegetation (in
Broadmeadow & Nisbet., 2004).

Terrestrial plants, animals and insects

Man-made woody riparian buffers, whilst less biologically diverse than naturalforest have been found
to provide benefits to biodiversity. Field studies in Northeast Scotland have investigated and
guantified vegetation patterns and plant environmental relationships (Stockan et al., 2012) and
ground beetle assemblages (Stockan et al., 2014) within three categories of riparian margins in the
Ugie catchment and Tarland Burn catchment. The margins were categorised as unbuffered (sites with
no permanent fencing), buffered (sites with fencing with varying age from one to ten years and
reference (target sites characterized by mature, woodyriparian vegetation where agricultural activity
had nottaken place in the recent past).

Results showed that buffering had no effect on plant species richness within the Ugie after ten years
but did have a significant effect on plant species richness within the Tarland catchment because plant
speciesrichness declined with the age of the bufferstrip (Stockan et al., 2012). This could be related
to an increase in the abundance of bryophytes, whose abundance increased significantly between
unbuffered, bufferedand referencesites. Itis known that bryophytes are able to outcompete vascular
plants in more stable less disturbed areas with suitable moisture conditions. The finding of declining
speciesrichnessis also in agreement with general ecological theories that there is a fall-off in species
richness as biomass increases or as disturbance declines and it cannot be assumed that protecting
more pristine systems will be positively correlated with protecting higher levels of plant biodiversity.
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The abundance of other specialist riparian plant species (apart from bryophytes) was found to be
higher at unbuffered sites compared with buffered and reference sites (Stockan et al., 2012). Tree
species were recorded across all sites and tree number and tree species richness were significantly
higher at reference sites. The presence of a tree canopy appearedto be the key instigator of change
in soil conditions and corresponding plant species assemblages. Results also showed marked
geographicvariation between the two catchments with a strong influence of nitrogen and phosphate
reflected inthe vascular plant assemblages.

Catchment and treatment effects were detected on
ground beetle (Coleoptera, Carabidae) activity density
and species diversity (Stockan et al., 2014). Although
the Tarland catchment was more species rich than the
Ugie catchment (a more intensively managed
agricultural landscape), unbuffered sites were higher
in species richness than both vegetated buffered and
wooded sites. The Tarland catchmentis the smaller of
the catchments but still had significantly higher values
for species richness and diversity. A possible
explanationis that greater habitat diversity within the
Tarland catchment has the potential to increase the
species pool. Buffered strips within the Tarland
catchment showed greater environmental variability
particularly with regard age, length and soil
phosphorus. These features could create a diversity of
niches and habitats, further increasing the potential
species genetic pool.

Research has found that over time, as trees establish
and grow within buffer strips, the strips become more
structurally complex (e.g. leaf litter, dead wood, | Forested riparian  buffers are initially
woodland canopy) which has the potential to provide | relatively —uniform and  become more

a greatervariety of microhabitats for different types of Str,“Ct“m”Y complex as th.ey grow providing
species micro habitats. (http://my.ilstu.edu/ )

The abundance of small mammals and amphibians and reptiles increased with complexity of
vegetation structure in afield study in Southern Quebec(Maisonneuve & Rioux, 2001). Small mammal
diversity was higher in herbaceous and wooded riparian strips, whereas the amphibian and reptile
community were more diverse in shrubby strips. Proportion and abundance of pest species diminished
with complexity of vegetation structure, whereas insectivoresincreased in abundance. Maisonneuve
& Rioux (2001) conclude that maintaining woody vegetation in riparian strips should increase
abundance and diversity of wildlife within agricultural landscapes.

Soil biodiversity

A study on the Isle of Rum showed thatin areas of woodland re-establishedon moorland, earthwom
communities were significantly increased in number (up to 170 m~2 with a mass of 25 g m™?) and
diversity compared with open moorland (Butt & Lowe, 2004). It is suggested that some of the
earthworm species have a role in assisting soil development and woodland establishment. Other
research has found significant increases in total fungivore and predatory nematode abundance in
birch and pine root presence treatments with total and fungivore abundances positively related to
root biomass (Keith et al., 2009). This is evidence to suggest that below ground tree inputs have a
strongimpact onsoil food web structure and complexity.
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3.7.5 Providing habitat connectivity and supporting genetic diversity

Restoring connectivity between remnant patches of riparian woodland and floodplain woodland is
important for biodiversity. It has been found that non-coniferus riparian woody vegetation can
increase landscape connectivity for adult Ephemeroptera, Plecoptera and Trichoptera (EPT) in
continental European mountain streams, whereas coniferous riparian woody vegetation acts as a
dispersion barrierfor EPT (Peredo Arce etal., 2022). Furthermore, the research found that the woody
vegetation at ten metres and at 30 metres from the stream contributes equally to the increase of
landscape connectivity for EPT indicating that the benefits forthese invertebrates are not exclusively
over the water (Peredo Arce et al., 2022). Other work investigating the effects of riparian woodland
buffers on invertebrate diversity in coupled stream-riparian networks in the Zwaim river basin in
Belgium, that aquatic macroinvertebrates were strongly influenced by the extent of riparian
vegetation in a riparian band upstream (100-300 m) (Forio et al., 2020). Terrestrial spiders and
caranids, howeverwere most associated with local riparian attributes.

Hughes (2003) describes how connectivity between patches of floodplain woodland allows the
migration of plant and animal species along the river corridor to provide opportunities for gene flow
between populations of tree species and for seeds to be dispersed by water downstream. Riparian
woodland can form an important refuge and conduit for the movement of many species throughout
a catchment (Broadmeadow & Nisbet, 2004). Wormell (1977) reported the rapid colonisation of
restored woodland on the Isle of Rhum in Scotland by native flora and invertebrate faunadispersing
from relic fragments of riparian woodland (in Broadmeadow & Nisbet,2004).

GIS-analysis of functional connectivity, suggested that targeting native woodland creation adjacent to
patches of ancient woodland will increase core habitat area and functional network size, enabling
faster colonisation of woodland species (Burton et al., 2018). Gorge woodlands have particular value
as core ecological sites due to their high biodiversity value. Recent modelling approaches, such as
circuit theory and individual based modelling, suggest that spatially targeted woodland creation to
infill regional ‘bottlenecks’ has the greatest potential to improve species expansion response to
climate change but that it is difficult to accommodate multiple species when targeting woodland
creation (Burton et al., 2018). A strategy to create small woodland patches adjacentto larger patches
of existingwoodland, can provide benefit to the widest range of species.

The NERC funded DURESS project led by Cardiff University addressed the role of riparian land use,
including native woodland, in upland Welsh catchments and the impact on fisheries. This highlighted
the importance the importance of healthy biodiversity for functional resilience. A diverse community
structure was a key factor to ensure the provision of this function (Durance et al., 2016).

Genetic diversity?® of foundation tree species in river woodlands is key to enabling adaptation to
climate change, as diversity helps with resistance to pestsand tree diseases that are likely to become
more prevalent in future with climate change. For example, Wainhouse & Inward (2016) found
changesin reproductive rates of insects such as aphids with climate change. Italso enablesresilience
to other aspects of climate change such drought and changing timing of key life stages due to
temperature change (Barsoum et al., 2015). Genetic diversity of foundation tree species for river
woodlands has been studied in the USA in relation to cottonwoods. This found that genetic diversity
is jointly driven by climatic gradients and river networks. The research concluded that: first, gene flow
of Fremont cottonwood is jointly controlled by the connectivity of the river network and gradients of

29 Genetic diversity is one of the aspects covered in this note about how biodiversity affects the ability of
woodlands to adapt to climate change Climate change factsheet: Climate change and biodiversity
(forestresearch.gov.uk)
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seasonal precipitation. Second, gene flow is facilitated by mid-sized to large rivers, and is resisted by
small streams and terrestrial uplands, with resistance to gene flow decreasing with river size. Third,
genetic differentiation increases with cumulative differences in winter and spring precipitation. The
results suggest that ongoing fragmentation of riparian habitats will lead to a loss of landscape-level
genetic connectivity, leading to increased inbreeding and the concomitantloss of genetic diversityin
a foundation species (Cushman et al., 2014). This highlights the key role of re-stablishing river
woodlandsto enable geneticdiversity, alongside sourcing trees for planting with local provenance to
maintain genetics.

3.7.6 Supporting river hydromorphological processes and diversity

Functional processes

Riparian and floodplain woodland and their associated large woody material play a strong role in
promoting hydromorphicand geomorphicimprovement, morphological diversity and in turn aquatic
biodiversity. The influence of riparian plants (including woody species) as river engineers (Gurnel,
2014) that affect the physical context of river channels has been widely documented, reviewed and
summarised wellby the CONVERGES European review by Gonzalez del Tanago et al., 2021.

Riparian vegetation successively creates and modifies river landforms (Tal and Paola, 2010) (in
GonzalezdelTanago et al., 2021). Canopy and root architecture, along with the spatial distribution of
plants, strongly influence flow resistance and the direction of flows. Additionally, vegetation height
and density (i.e., “biovolume” of plants) have a great capacity to retain sediment, which can be
frequently reinforced by large woody material (Gurnell et al., 2001, 2006; Corenblit et al., 2009b).

Feedbacks between woody plants and fluvial morphodynamics result in co-development of riparian
vegetation communities and channel form (Lightbody et al., 2019). Riparian vegetation plays an
essentialrole in influencing channelstability and the quality of the physical habitat for many aquatic
communities (Reid et al., 2010; Sievers et al., 2017). Natural river floodplains present a mosaic of
habitats generated by fluvial deposition and lateral instability in platform associated with a dynamic
flow regime. Such processes lead to the formation of a variety of water bodies or backwaters within
the riverscape that are almost lentic in character and play a significant role in maintaining macrophyte
diversity (Keruzoré et al., 2013). Kerr & Nisbet (1996) describe how the restoration of floodplain
woodland can provide an extension of aquatic habitats in the form of multiple braided river channels,
pools and gravel features which can provide an overall benefit to habitat quantity and quality.

The hydromorphological role of riparian vegetation in providing large wood has been deeply studied
and demonstrated (Piégay and Gurnell, 1997; Gurnell et al., 2012; Bertoldi et al., 2013), showingthe
crucial jointimpact of riparian woodland and large wood on river channelform and dynamics (Bertoldi
etal.,2015; Wohlet al., 2019). Large woody material plays an important functionalrole in the ecology
of streams and rivers by influencing physical, chemical and biological processes within the system
(McKenzie, 1996; Abbe & Montgomery, 1996). The large woody material enhances the hydraulic,
morphological and structural complexity of naturally functioning river channels, subsequently
increasing habitat diversity and availability (Caithness etal., 2020). Large wood material regulates the
energy of running water and increases productivity. Log jams and man-made large wood structures
provide a stable substrate foraquaticorganisms. The woody material including fallen trees and branch
litter divert and obstruct the flow which creates a more complex diversity of flow-types and forms
pools which are an important habitat for mature fish (see section 3.9.4) and act as refugiafor aquatic
faunaduring periods of low flow (Broadmeadow & Nisbet, 2004).

Large woody material plays an important role in the provision of regeneration sites for floodplain

forest species. Wood material deposits create an obstacle to river flow. During periods of high flow,
depressions are scoured upstream of the material which become filled with fine sediments creatinga
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moist microsite suitable for the regeneration of pioneer tree species. In addition, plumes of fine
sedimentare deposited downstream of the woody material forming another type of microsite rich in
trapped nutrients, organic matterand seeds. Wood material in channels can function directly as ‘nurse
logs’ with the creation of alluvial islands which provide important sites for seedlings of floodplain
forest speciesto colonise (Hughes, 2003).

Measured effect

Field and laboratory studies have proved that channel morphology and channel changes are strongly
linked to the growth and development of riparian vegetation, which control bank erosion and control
channelcharacteristics in multi-thread and single-thread meandering rivers (Tal et al., 2004; Braudrick
et al., 2009; Tal and Paola, 2010; Bertoldi et al., 2015).

Pioneertree species associated with riparian and floodplain woodlands such as willow (Salix species)
and poplar (Populus nigra) in France have been found to trap and retain sediment leading to an
interrelationship between landform and habitat creation over time (Corenblit et al., 2009a, 2009b).

The response of topography and flow to the presence of riparian tree seedlings with contrasting
morphologiesin an experimental, field-scale, meandering stream channel with a mobile sand bed at
the University of Minnesota St. Anthony Falls Laboratory Outdoor Streamlab was measured
(Lightbody et al., 2019). On a convex point bar, seedlings of Tamarix spp. (tamarisk) and Populus
fremontii(cottonwood) were installed with intact roots and a bankfull flood, with each of eight runs
varying sediment supply, plant density, and plant species was simulated. Vegetation reduced
turbulence and velocities on the bar relative to bare-bed conditions, inducing sediment deposition
when vegetation was present, regardless of vegetation density or species. Sediment supply also played
a dominant role, eliminating sediment supply reduced deposition regardless of the presence of
vegetation. Unexpectedly, plant density and species architecture (shrubby tamarisk vs. single -
stemmed cottonwood) had only a secondary influence on hydraulics and sediment transport. In the
absence of plants, mobile bedforms were prominent across the bar, but vegetation of all types
decreased the height and lateral extent of bedforms migrating across the bar, suggesting a mechanism
by which vegetation modulates feedbacks among sediment transport, topography, and hydraulics.

The River Gearagh in Southern Ireland has floodplain woodland, good water quality and habitat
heterogeneity. It was found to have a high taxon richness of aquatic invertebratesin stable channels
(Harperetal., 1997). ANew Zealand study of floodplain forest found that the abundance and biomass
of brown trout (Salmo trutta L.) and the richness and diversity of benthic invertebrates were all
significantly greater in willowed (Salix spp.) than in non-willowed stream reaches (Glova & Sagar,
1994).

Research at the Eddleston Restoration Project in the Scottish Borders is monitoring relationships
between changesin river morphology and aquatic invertebrates with a Before-After-Control-Impact
(BACI) monitoring framework, but further workis required to understand the links with tree planting
on the floodplain. Initial results from analysing the impact of channel reconfiguration on the benthic
macroinvertebrate community in Eddleston Water after seven years (2012-2019) has shown highly
significant increases in taxon richness but at both impact and controlsites (APEM, 2020). Also, channel
reconfiguration caused an abrupt shift in macroinvertebrate community composition from one
dominated numerically by mayflies, stoneflies and caddisflies to one dominated by oligochaetes and
chironomids, which are rapid colonisers of newly created or freshly disturbed substrates. Further
analysis is still required to understand the influence of habitat composition, fine sediment,
submergentvegetation and habitat diversity on macroinvertebrate composition and diversity.
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The important role of lateral dynamics with the establishment of backwater channels and the benefits
they provide to increasing macrophyte biodiversity has been quantified on two relatively undisturbed
large uplandriversin Scotland; on the River Tummeland River Tay in Perthshire (Keruzoréetal., 2013).
Paired backwater and main channel macrophyte sampling was surveyed over the two growing seasons
at five sites perriver with six transects per site. Backwaters, despite representing only 5% of the total
area of aquatic habitat, supported a significantly higher concentration of species (65% of species
recorded at the landscape scale were unique to backwaters) than the main channel. The frequency
with which backwaters were connected to the main channel during flood flows influenced their
species richness. Highest species richness in backwaters was typically found at low connectivity.
Standing crop in backwaters was 150 times higher perunit areathanin the main channel, while at the
landscape scale backwaters accounted foran average 89% of aquatic plant biomass. The highest plant
biomass was found at low and medium connectivity with the main channel. The protection afforded
by the SSSI and SAC for alluvial Alderwoods on the River Tay is likely to have helped preserve those
features (lain Sime, pers. comm). The results emphasize the importance of river hydrodynamics and
lateral connectivity in maintaining macrophyte community diversity along large rivers.

Restoration work in the Scottish Highlands supported by morpho-dynamic modelling has illustrated
that wood (i.e. ‘large wood structures’) are a fundamental feature in the reinstatement of physical
processes and channel evolution and subsequently improved habitat availability and diversity
(Caithness etal., 2020). Onthe Aberarder Estate, alternating ‘bar-apex’ structures were located within
aone kmreach of the Upper Nairn. The large woody material was composed of root wads, protruding
laterally into the channel by ~30% of the active channel width (as guided by the morpho-dynamic
modelling). Presence of the wood allowed the channel to rapidly adjust to a ‘dynamic pool riffle
morphology’ characterised by alluvial bars, riffles and pools. Initial monitoring work is showing
increases in Atlantic salmon redds and at other Scottish restoration sites involving large woody
material, an increase in spawning habitats (see section 3.9.4 on improving habitat for fish).

Thereis evidence from the Allt Lorgy3°, in the Spey catchment, Scotland that restoring a straightened,
canalised stretch of this tributary of the River Dulnain (which was once a wandering gravel-bed river)
resultsina more diverse in-channelgeomorphology (Williams et al., (2020). Once bank protection was
removed to allow natural bank erosion and to provide a local supply of sediment, the sediment
enabled the formation and maintenance of lateral and point bars, riffles and diagonal bar complexes,
and the instream wood created structurally-forced pools and riffles. Results showed restoration
increased geomorphic unit diversity, with the Shannon Diversity Index increasing from 1.40 pre-
restoration (2012) to 2.04 (2014) and 2.05 (2016) after restoration. Channel widening caused aerial
coverage of in-channelgeomorphicunits to increase 23% after restoration and 6% furtherinthe two-
years following restoration.

Research has found that large woody material rapidly restores biodiversity in riverine food webs in
chalk streamsin England (Thompson etal., 2017). By adopting a Multiple Before-After-Control Impact
(MBACI) design, the work successfully demonstrated the positive causal relationships between large
woody material introductions, biodiversity restoration and food web responses. Populations of
invertebrates and an apex predator, brown trout (Salmo trutta), increased, and food web analysis
suggested increased biomass flux from basal resources to invertebrates and subsequently fishes
within restored reaches.

3.7.7 Factors influencing effectiveness
The design and management of riparian woodlands (natural and man-made) influences the
effectiveness of the different functions to deliver biodiversity benefits (as summarised well in

30 The Allt Lorgy restoration project, winner of the 2020 River Restoration Centre UK River Prize
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Broadmeadow & Nisbet, 2004). Native tree species add greatly to the overall biodiversity of conifer
forests and are particularly valuable when planted within the riparian zone. The type of tree spedies
planted influences the wildlife that it attracts. Native oak and willow species support the greatest
diversity of lichen and invertebrate species, although birch is also very valuable particularly in
Scotland. Willow and bird cherry provide good foraging habitat for bats because of the high biomass
of terrestrialinvertebrates they support.

An intricate mosaic of open ground, occasional large old trees, scrub thicket and closed canopy
woodland is often the favoured structure for riparian buffers (Broadmeadow & Nisbet, 2004). Over-
mature trees are especially important in providing dead wood and wood material to the stream
system. This creates habitat diversity and thus, conservation value. Areas of open ground and light
shade are important for maintaining a good cover of aquatic and marginal vegetation, which has an
important influence on the benthic invertebrate population. If man-made riparian woodland buffer
areas are not managed, then willow and alderscrub can become too dense casting undesirable heavy
shade overwatercourses. A naturalriparian native woodland will self-manage composition and cover.
The width of riparian woodland buffers willinfluence the biodiversity function that it can deliver with
a 10-50 metre buffer recommended for invertebrate diversity and a 25-100 metre buffer
recommended forleaf litter supply and large woody material (Broadmeadow & Nisbet, 2004).

Different tree species mixes affect morphological processes such as natural rates of erosion and the
right native riparian tree species compositions are required to match the climate, hydrology and
geology of the catchment and region. The location and design of large woody material in streams and
rivers will influence the effectiveness of kick-starting morphological and ecological processes and
engineering design models are available to help with appropriate placement in streams to maximise
effectiveness of such measures.

The effectiveness of functions to support aquatic and hydromorphological processes and biodiversity
(provision of large woody material, leaf litter, temperature moderation) is affected by the width of the
riparian woodland buffer. Further tools need to be developed to define optimum functional spatial
extents underdifferent rivertypes and catchment characteristics (size, hydrology and land-use-types,
etc.).

3.7.8 Evaluation of evidence

Strength of evidence (based on quality of studies)

Supporting aquatic processes: i/Providing a variety of light conditions; ii/ Supporting nutrient
cycling and food webs: There is very strong evidence from the international literature that include
empirical and modelling research that native riparian woodlands play an essential role in regulating
good physical, chemical and biological condition of freshwaters which in turn support freshwater
biodiversity. Many freshwater ecology textbooks summarise a strong body of empirical evidence of
the science which underpin the biophysical processes linking the riparian, aquatic and upland zones.

Supporting other species:

There is strong evidence that native riparian woodlands support many other species including ones of
conservation concern with strong dependent inter relationships. There is strong evidence from the
international literature and Scotland that establishing and maintaining woody vegetation in riparian
strips in agricultural catchments increases structure diversity and increases abundance and diversity
of wildlife at the landscape scale.

Providing habitat connectivity & supporting geneticdiversity:

There is moderate evidence from observational field studies in Scotland that connectivity of native
woodlands aids regeneration. Thereis modelling evidence to suggest that spatially targeted woodland
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creation has the greatest potentialto improve species expansion response. Thereis evidence fromthe
international literature that river woodlands are important for maintaining genetic diversity due to
their connective nature if present / restored across the landscape.

Supporting river hydromorphological processes and diversity: There is very strong evidence from
field studies from the international literature that underpins the importance of native riparian and
floodplain woodlands and their associated large woody material in key hydrological, hydro-
morphological and biological processes. There is strong evidence supported by BACI design that large
woody material rapidly restores biodiversity in riverine food webs in England. There is strong evidence
from Scotland that the re-instatement of natural morphological processes leads to greater
geomorphic unit diversity aided by large woody material. Although there is less quantified data for
freshwater ecology benefits, monitoring has begun and observational studies are showing positive
results from habitats created from large woody material for fish. In addition, morphological processes
creating backwaters on the River Tay associated with the alluvial woodlands provides a strong case-
control study showing significant benefits to macrophyte diversity.

Limitations & Gapsin Research

A greater number of studies have begun to consider biodiversity in relation to other types of woodland
in recentyears, butthere is alack of controlled, field-basedevidence for the effect of native woodland
expansion on biodiversity (Burton et al., 2018). Most evidence for native woodland is derived from
reviews, landscape scale GIS or modelling methodologies, primarily focusing on the potential for
increasing woodland connectivity to enhance biodiversity at the landscape scale. This would suggest
that the riparian woodland sub-setis even smaller.

Indicators for biodiversity of riparian zones need to use more than one indicator as ecosystem
relationships are complex as found in studies of vegetation patterns in non-buffered, buffered and
native riparian woodland margins in Northeast Scotland.

Thereis a need toidentify asuitable focal species modelfor river woodland habitat; bird or bat/FWPM
or aquatic invertebrate/lichen.

Thereis a need forimproved understanding of geneticdiversity of foundation river woodland spedes
in Scotland, and the implications for sourcing trees for re-establishment of river woodlands.

There is limited quantified evidence of the role of river woodlands in supporting macroinvertebrates
in Scotland and furtherlong-term monitoring at restoration sitesis required.

There is a need for further maps of riparian and floodplain woodland (to include structure and
composition) for different regions and catchments in Scotland. There is an aspiration to better map
and display the occurrence of alluvial woodlands (whetherornotit is in a SAC) on the Habitat Map of
Scotland. 31,

Research has been undertaken in Spain to identify the right native riparian tree species in specific
catchments and regions to help support natural banks with natural rates of erosion (mitigating land
loss for agriculture) butalso for the wider purpose of restoring healthierriparian corridors. The work
involved a nationalinventory of riparian vegetation (Lara et al., 2007, 2012), regionalisation of riparian
vegetation for species selection (Magdaleno & Martinez, 2013) and the development of a Riparian
Forest Evaluation Index to assess the condition of riparian forest vegetation (Magdaleno & Martinez,
2014). Similar research, like this, is still outstandingin Scotland. Based on the national map of riparian

31 https://www.nature.scot/landscapes-and-habitats/habitat-map-scotland
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woodland, tree nurseries for different tree species of riparian and floodplain woodlands should be set
up to fulfil the need of future tree planting and river restoration projects and this should adhere to
legislation in the EU Directive 1999/105/CE.

Further work is required on the impact and land required to accommodate rewilding. This includes
understandingthe interactions of large herbivores such as beavers and deer on river woodlands, their
impact on riparian woodlands including ecosystem consequences and delivery of benefits. More
empirical research is required particularly on the scaling and magnitude of beaver activity effects
(Gerisetal., 2022). This needsto be supported by long-termexperimental monitoring in Scotland and
modelling.

There is published guidance on the width of riparian woodland buffer required depending on the
function desired (large woody material and leaf litter supply, temperature moderation, invertebrate
diversity) (Broadmeadow & Nisbet, 2004). However, there is no automated tool available, to identify
the spatial extent of the functionalriparian bufferarea.

Any new tool developed to define the functional riparian zone will require local ground truthing.
Increased availability and resolution of remote sensing data will provide potential scope for
improvement.

Further research and development on SEPA’s GIS analysis tool for determining space for
morphological dynamic (including riparian vegetation width) is required. This should include validation
of the sections identified by the GIS tool on site that allow for the prioritisation of reaches under
different criteria.

More research is required to further our understanding of landscape-scale nutrient recycling and to
qguantify the benefits that river and riparian species play within this (including fish).

3.8 Good human health

3.8.1 Overview of benefit

Woodlands can provide health benefits to people who visit this natural environment. The benefits of
cooling and shading provided by trees could also reduce the incidence (especially in summer) of heat
stroke and other heat-related health problems. Many cities and towns experience higher air
temperatures than surrounding rural areas (urban heat island effect). In light of climate change, the
needforcooling by trees and greenspaces is expected to increase even in temperate climates such as
that of the UK, with heatwaves forecast to become more frequent and severe in future decades
(Monteiroetal., 2019).

The combined exposure to both integrated wooded green blue spaces provided by river woodlands
has the potentialto be very powerful especially in urban environments. Scotland faces alarge number
of health and social challenges such as obesity, mental health problems, cardio- vascular diseases,
Type 2diabetes and social exclusion. Many suchilinessesare linked to chronicstress and other lifestyle
factors, such as insufficient physical activity. These health problems disproportionally affect socio-
economically disadvantaged and vulnerable groups and add pressure to already overstretched
healthcare budgets. There is a need for a stronger focus on the use and the creation of health-
promoting environments that allow exposure and encourage healthy living and working, physical
activity and active transport, including at places of work, hospitals and nursing homes. Doctors
throughout the world are prescribing spending time in nature and New Zealand has long boasted a
green prescription scheme (Li, 2018). There is also now afocus on green social prescribing in England?®2.

32 For green social prescribing in England, see: NHS England » Green social prescribing
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Although NHS Scotland has not quite moved towards a standard for prescribing, there is gradually
more recognition of social prescribing, supported by NHS campaigns such as Think Health, Think
Nature.

This section reviews the evidence on health benefits provided by trees (with reference to river
woodland types where the information is available) undertwo main functions of providing nature for
human exposure with integrated blue-green spaces and cooling airin summer and reducing ultraviolet
radiation through shading, detailing the specifichealth benefits undereach.

Beneficiaries

The NHS and healthcare providers will benefit from improvements in people’s physical and mental
health from being exposedto wooded green blue spaces. This includes at hospitals, care homesand
nursing home settings with residents benefiting from exposure even frominside. A good example of
this in Scotland is the work of the green exercise partnership in its demonstration projects across a
number of hospitals®, All businessesthat employ people will also benefit along with educational and
recreational services with more people in attendance. Local Authorities which are involved in green
infrastructure planning and developmentshould embrace greenspace design and tree placement that
facilitate cooling and shading.

3.8.2 Exposing people to nature for human health: integrated blue green spaces

Functional processes

The contribution to human health and well-being from exposing people to nature is increasingly
understood within science. This includes physical exposure to woodland environments. The sensory
elements of a forest (sounds, scent, light) give humans a sense of comfort which eases stress and
anxiety and makes us think more clearly (Li, 2018). Beingin nature can restore our mood, give us back
ourenergy and vitality, refresh and rejuvenate us. There are physical elements within the forest which
cause this effect. As well as having a higher concentration of oxygen, the air in forests have natural
oils called phytoncides which are a part of the tree’s defence systemand exposure to them in medical
trials have shown avariety of health benefits including decreasing levels of stress hormones and levels
of anxiety (Li, 2018). There are many more negative ions in the outdoor air environment than indoors
and they are particularly abundant in forests and near waterfalls, rivers and streams. These ions are
linked to energizing and refreshing effects and help increase mental clarity and our sense of well-being
(Li, 2018).

Measured effect

A study led by a team of authors from the FOREST EUROPE Expert group on Human Health and well-
being has been done which includes acomprehensive scientific review of empirical evidence of health
benefits provided by woodlands (Marusakova & Sallmannshofer, 2019). In the literature, five key
mechanisms for the health benefits of forests have been identified and discussed within the research

field:

i. Reduced exposure to noises and air pollution (see section 3.5.1)
ii. Stress reduction and psychological and physiological restoration
iii. Strengthening the immune system through contact with nature
iv. Increased physicalactivity and reductionin obesity rates

V. Bettersocial contacts.

33 NHS Greenspace | NatureScot
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The results from this review and other studies show a positive measured effect of woodlands on
human health. The review by Marusdkovd & Sallmannshofer (2019) found that there is strong
evidence that forest visits have a positive impact on mental health including reduction in risk to stress
and attention fatigue. Walking in natural settings with trees versus urban settings has been shown to
have a positive impact on brain functioning which controls depression, reducing negative thoughts
(Bratman et al., 2015). There is also increasing evidence that visits to forest environments have
positive physiological effects
such aslower blood pressure and
pulse rate, reduced cortisol
levels and suppressed nervous
activity (Marusakova &
Sallmannshofer, 2019). Positive
effects of forest bathing on
people suffering from Post
Traumatic Stress Disorder or
experiencing stress has been
proven as well as on people
suffering from psychotic
disorders (Bielinis et al., 2020).
The immune system can be
strengthened through contact
with nature and soil micro-
organisms and natural tree
Walking in natural settings with trees versus urban settings has been defence oils or phytoncides (Li,
shown to have a positive impact on brain functioning which controls 2018). Studies have shown that
depression, reducing negative thoughts children living in rural areas are
less susceptible to allergies than
children living in urban areas. 3-carene, a phytoncide from pine trees has been shown to have a sleep
enhancing effect by targeting brain receptors (Woo et al., 2019). Forest and woodland environments
strengthen social relationships with studies showing increased positive social behaviours amongst
children and positive impact of mental well-being. A study in the Netherlands found that less
greenspace coincided with a perceived lack of social support and feelings of loneliness (Marusakova
& Sallmannshofer, 2019). A study involving a cohort of 3,568 adolescents aged nine to 15 years at 31
schools across London found that a higher daily exposure to woodland, but not grassland, was
associated with higherscores for cognitive development and a lower risk of emotional and behavioural
problemsforadolescents (Maesetal., 2021).

AR

The health benefits of blue space including rivers lakes and the sea has received less attention than
green space. The balance of evidence suggested a positive association between greater exposure to
outdoorblue spaces and benefitsto mental health and well-being and levels of physical activity. The
evidence of an association between outdoor blue space exposure and general he alth, obesity and
cardiovascular and related outcomes was less consistent (Gascon M et al., 2017). The EKLIPSE Expert
Working Group on Biodiversity and Mental Health undertook a systematic review of the types and
characteristics of urban and peri-urban blue spaces having an impact on human mental health and
wellbeing (Beute et al., 2020). The main focus of this review was on mental health effects of blue
space. Few studies investigated inland water exposure, looking at either a river, a canal, a wetland, or
at the percentage of freshwater around the residence. It appeared that positive associations with
mental health were less clear forinland waters than coastal blue space. The systematic review showed
that there is a lack of high-quality peer-reviewed papers on the topic. The main conclusion of the
systematic review is that in this relatively young field of research more high-quality research is
necessary, including a focus on a wider range of blue space (particularly inland water) types, blue
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space characteristics, and geographical locations (especially beyond the United Kingdom). More
research is underway across Europe to better understand relationships with specific types of blue
spaces through the Blue health project®* funded by Horizon 2020.

Although the health benefits of river woodlandshave not been quantified, the evidence from research
on health benefits from green space with trees and blue space does suggest that a positive effect is
highly likely and especially with the co-benefits of exposure to an integrated blue-green environment.

Factors influencing effectiveness

The design and location of river woodlands are likely to have an influence on the level of provision of
health benefits. Studies in Europe and the US have shown that the quality of vegetation and size of
nature areas matters with larger forested areas with more clean air, tranquillity, space and biodiversity
having greater positive physiological effects.

Studies have reported that living in proximity to green areas increases the likelihood of frequent
exercise. The UK’s Parliamentary Office of Science and Technology (POST, 2016) reviewed whether
proximity to green space, quality and accessibility influence physical activity. This showed that those
living closer to green space were more likely to use it, and more frequently. A study in the UK also
found that people who live within 500 metres of accessible green space are 24% more likely to meet
30 minutes of exercise levels of physical activity (Natural England, 2011) People are likely to be more
active in urban areas with good quality, well connected and local green areas. Riparian woodland
networks can provide this and the network links between other green and blue spaces.

The time exposedto nature influences the effectiveness of woodland measures to provide health
benefits. There is evidence from the UK that suggest that spending 120 minutes a week in nature is
associated with good health and wellbeing (White et al.,2019).

3.8.3 Cooling air in summer & reducing ultraviolet radiation

Functional processes

Treesand greenspacesin urban areas can provide cooling and shading on hot days which could reduce
risks of heat stroke, lack of sleep and discomfort (and especially during active travel or during
recreational activities). Trees can also provide shading from harmful ultraviolet (UV) radiation which
could be expected to reduce eye cataracts and morbidity and mortality from skin cancer (Saraev,
2011).

Human Thermal Comfort (HTC) and whether a person experiences heat stress is influenced by air
temperature (Ta), humidity, wind speed and mean radiant temperature (Tmrt) (Coutts & Tapper,
2017). The higher the temperatures of objects around (such as the ground and walls) the greaterthe
radiant heat received by the body. During the day under warm sunny conditions, Tmrt is the most
important environmentalvariable influencing HTC. Therefore, providing shade to block solar radiation
and to reduce the temperature of urban surfaces is critical.

Trees and other vegetation help cool cities by evapotranspiration, reflection and lower heat storage
(Montiero et al., 2019). Through the process of evapotranspiration, some of the energy absorbed by
trees evaporates water within their leaves, cooling them. The resultant water vapour is then
transpired through the leaf pores (stomata) into the air without warming the air around them.
Vegetated areas such as provided by trees and woodlands typically reflect more solar radiation away
from the surface than dark, artificial surfaces. Consequently, less solar radiation will be absorbed,
resulting in vegetated areas having cooler surfaces and lower air temperatures compared with built -

34 https://bluehealth2020.eu/about/
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up, non-vegetated areas. Trees and their associated understorey vegetation will have lower heat
storage capacities than many artificial materials and transferenergy rapidly to the air because of their
multiple small leaves and branches which facilitate air movement.

Measured effect

A number of studies have quantified the cooling effect of trees in temperate climates (as reviewed
and summarised by Monteiro et al., 2019). Modelling studies in Greater Manchester, UK, showed
differencesin maximum surface temperature in summerof around 12°C between built environments
(e.g.town centres)and greenspace areas (woodlands) (Gill et al., 2007). A 10% increase in tree canopy
coverwas predicted to resultin a 3—4 °C decrease in ambient temperature. Monitoring of daytime air
temperatures in and around 62 urban parks and forests in Leipzig, Germany, has shown that the
cooling effect of urban forestsis higher than urban parks (an average of 0.8 °C for forestsand 0.5 °C
for parks)-(Jaganmohan etal., 2016).

Soil surface temperatures across the mid-sized UK city of Leicester have been measured by burying
temperature loggers at the surface of greenspace soils at 100 sites including sites with trees and
shrubs (Edmondson et al., 2016). In the non-domestic green spaces the effects of woody vegetation
were most apparent during the summer months, when average soiltemperature beneath herbaceous
vegetation was more than 3 °C higher than beneath trees and shrubs; 17.2 and 14.1 °C respectively.
The largest effects were on summer mean maximum daily temperatures which ranged from 20.9 °Cin
the non-domestic herbaceous greenspace to 15.2 °C under trees and shrubs in the same land-use
category, a decrease of 5.7 °C. On many days maximum temperatures in grasslands exceeded 30 °C,
whereas this temperature was never reached under woody vegetation in non-domestic greenspaces.
In domestic gardens the overall effects of trees and shrubs decreased maximum temperatures on
average byonly 2.2 °C.

There is no research that specifically looks at the interaction betweenthe riverand treesin the urban
riparian zone on the cooling effect. Thereare somestudiesthat have looked at the interaction of rivers
and vegetation in general. A study in Sheffield found cooling from the river is shown to vary with
ambient air temperature, with greater cooling found at higher ambient air temperatures at all sites.
When air temperatures were >20 °C, the change in surface temperature was-1°C at the river,
showing a one degree difference. The level of cooling on the riverbank was affected significantly by
the local urban form with greatest cooling found on highly vegetated banks. (Hathway & Sharples,
2012).

Evidence to quantify a positive effect of cooling air in summer by trees on health outcomes is limited.
One UK case study identified was undertaken in Gateshead (north-east England) and is a study of
urban residents’ perceptions of benefits of green areas (urban parks) during heat waves (Lafortezza
et al., 2009). Based on survey responses (n = 400), the study showed that longer and more frequent
visits to greenspaces generate significant improvementsin the perceived benefits and well-being of
users and alleviate discomfort of extreme heat (in the review of the health benefits of street trees,
Saraev, 2011).

One study, in the Norwegian city of Oslo (Venter, et al., 2019), integrated spatial measures of urban
surface temperatures, tree canopy coverand population demographics to modelthe potential risk of
heat exposurein Oslo city without trees. The modelledsurface temperature changessuggest that each
tree in the city mitigates the potential risk of heat exposure for approximately one heat-sensitive
person (75 years or older) by one day. The approach goes beyond traditional urban heat island
modelling by spatially-explicit modelling of an ecosystem services indicator linked to human health
benefits. The methods presented are generally replicable in other European cities.
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In the continental USA, where more extreme summer temperatures are experienced than are typical
in the UK, one study quantified, through modelling, the impact that typical urban heat island
mitigation strategies, such as reflective roofs and vegetation, could have on weather conditions and
estimated mortality during extreme heat event, in the cities of Baltimore, Los Angelesand New York
(Vanos, etal. 2014). Examples of the mitigation strategies considered include use of green roofs, shade
trees, and vegetation, as well as surfaces that reflect sunlight ratherthan absorb it as heat. The study
found that use of vegetation was likely to be as effective as use of reflective surfaces for mitigating
urban heat island effects and such strategies could save up to 32 lives in Baltimore, 22 lives in Los
Angeles, and 219 lives in New York over a 10-year period. Although river woodlands were not
specifically included, the important cooling role of trees in urban areas through shade and
evapotranspiration was cited.

Factors influencing effectiveness

The comprehensive Forest Research review by Montiero et al., (2019) summarises factors which
influence the effectiveness of trees in reducing air temperatures (see review for more detail).

The design and location of woodlands are key factors including the size of the greenspace. In London
and Germany, larger greenspaces have been found to provide more cooling than smaller ones and
cooling effects from the largest woodlands and parks in Germany have been found to extend up to
470 m from their boundaries-(Jaganmohan et al., 2016). When considering blue space as well, it has
been foundin Chinathatthe widerthe river, the fartherthe cooling distance extends(Du et al., 2016).
In the Sheffield study of a medium sized river the influence of the river and riparian vegetation
extended 30 m from the riverbank, and opening up streets to the river enables propagation of the
cooler air (Hathway & Sharples, 2012).

The type of tree species, their shape and density and woodland groundcover will influence the cooling
effect. Tree species have differentinherent characteristics that control their growth, form, physiology
and radiative properties, and lead to some species having greater potential to provide cooling than
others. Trees greatly reduce UV irradiance in their shade when they obscure both the sun and sky.
Forested areas with closed tree canopies provide nearly total protection and more protection is
provided by larger canopies often associated with larger trees (Saraev, 2011).

There is guidance available on design criteria and strategies to maximise cooling effects from trees
with optimised tree placements (Monterio et al., 2019; Coutts & Tapper, 2017%°). Howeverthereis a
need forongoing research to understand howbest to design urban blue -green infrastructure involving
river woodland types within the riparian zone.

3.8.4 Evaluation of evidence

Strength in evidence (quality of studies)

Exposing people to nature: integrated blue green space: The biophysical processes which underpin
the health benefits from exposure to trees and woods are increasingly understood within science.
There is strong quantified evidence of a positive effect on health from being exposed to woodlands
with moderate evidence for waterandrivers but furtherresearch is underway. Although direct health
benefitsfrom riverwoodlands have not been quantified, a positive effect s likely.

Cooling air in summer & reducing ultraviolet radiation:

The biophysical processes in which trees cool air temperatures are well known. There is strong
quantified evidence thattrees and woodlands and water have a cooling effect and this cooling effect
increases with the size of blue and greenspace. There is limited evidence which directly measures the

35 Trees for a Cool City: Guidelines for optimised tree placement. Melbourne Australia: Cooperative Research
Centre for Water Sensitive Cities
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effect of health benefits from trees (such as reducing heat stress, lack of sleep and discomfort) but
modelling results indicate a reduction in the risk of heat exposure and mortality in extremes of heat
with greenspace includingtrees, so a positive contribution is likely.

Limitations and Gaps in Research

There are many more peer-reviewed publications analysing the effect of greenspace than studies
focusing exclusively on forests or woodland or river woodlands. The health benefits, however, are
likely to be universal and not affected by type but more by extent, condition and accessibility.

Many studies on psychological effects of nature exposure have been carried in SE Asia, with some
results limited by experimental design. More research in Europe is required, with studies with larger
sample sizes and in river woodlands.

Furtherworkis needed to quantify the impact and potential savings forthe NHS, including the use of
river woodland areas as part of green prescriptions providing more structured healthcare (Bowditch
E. Per Comm.)

Very little empirical evidence has been collected on the relative importance of different tree
characteristics for their cooling capacity in the temperate region. The impact that the radiative
properties of differenttree species may have on urban thermal conditions in temperate climates has
beenless studied.

Further research is required to understand how best to design urban blue-green infrastructure
involving river woodland types to optimise cooling for health benefits.

Further research is needed to understand the impact of wooded riparian zones in Scottish cities on
the urban heatisland effect and health benefits.

3.9 Wild fish and angling

3.9.1 Overview of benefit

River woodlands enable fish species that are adapted to cool waterto continue to survive and flourish
under climate change by providing cool water refuges under summer temperature extremes. River
woodlands also provide food and diverse habitats for fish. Large woody material in the channel can
create acomplex diversity of habitats including pools, riffles andglides that support the varying habitat
requirements of different species and life stages. The roots of riparian woodland trees which are
submerged in water also provide cover and important refuges from predators.

Atlantic salmon (Salmon salar), brown trout (Sa/mon trutta) and Arctic charr found in Scotland are
adapted to cool water environments and their populations are already being subtly affected by climate
change. Thisincludes changesin age of Atlantic salmon smolting, which has been shown to be linked
to shiftsin temperature regime (Gurney et al., 2008). Juvenile salmonids typically perform best where
temperaturesare in the mid-teens and struggle when temperatures exceed 20°C with most stages of
their lifecycles sensitive to rising temperatures (Solomon & Lightfoot, 2008). Consistent with
observations across the world, long-term temperature data show that river temperatures are rising in
Scottish rivers (e.g. Pohle et al., 2019) and there are concerns over the future of suitable thermal
habitat. The summer of 2018 was the joint hotteston record in Scotland. During this time, ca. 70% of
Scottish rivers experienced temperatures that cause thermal stress in Atlantic salmon (>23°C), while
some rivers recorded temperaturesof 30°C (Jackson etal., 2020), whichiis at the instantaneous lethal
limit for brown trout and close to the limit for juvenile Atlantic salmon (33°C) (Elliot & Elliot, 1995).
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UKCP18 climate change projections suggest summers as hot as 2018 could occur every otheryear by
2050%,

Alongside the management of flow regulation and abstractions, riparian planting is the primary
climate change mitigation option being considered by fisheries and river managers in Scotland
(Jacksonetal., 2018). Forexample, the River Dee Trust’s Million Trees to Save Our Salmon Restoration
Projectis part of a £5.5 million projectto tackle the decline in salmonid numbers by providing shade
on tributaries of the Dee in the Balmoral and Invercauld Estates.

This section focuses on the evidence relatingto how trees can support wild fish and angling underthe
main functions of regulating local climate through shading, providing food for fish and improving
habitat for fish with large woody material.

Beneficiaries

There are a wide range of beneficiaries from river woodland restoration for wild fish and angling,
including fisheries and river managers in Scotland, estate owners, anglers, rural businesses, and
tourism businesses such as accommodation providers.

3.9.2 Regulating local climate through shading

Functional processes

An understanding of the thermal biology of freshwater fish in combination with thermal dynamics and
heat exchange processes are required to understand and analyse the potential effect of river
woodlands on moderating stream temperatures and providing benefits to fish at different times of
theyear.

The lifecycle stages®” of Atlantic salmon (Salmo salar) and brown trout (Salmo trutta) (important cold
waterfish species foundin Scotland) are temperature dependentand increases in water temperature
outside threshold ranges will have a negative effect on reproduction, growth and survival rates
(Solomon & Lightfoot, 2008; Elliot & Elliot, 2010; Jonsson & Jonsson, 2011). The optimal mean daily
watertemperature for juvenile Atlantic salmon growthis ca. 16°C where food is unlimited, but lower
where resources are constrained (Gurney et al., 2008). Where mean daily temperatures exceed 23°C
juvenile Atlantic salmon stop growing. Where maximum daily temperatures exceed ca. 23°C juvenile
Atlantic salmon begin to exhibit thermal stress and show behavioural change (Breau, 2011). Where
maximum daily temperatures exceed ca. 33°C juvenile Atlantic salmon experience mortality. In adult
Atlantic salmon, mortality from catch and release fisheries is increased where minimum night-time
temperatures exceed 20°C. Brown trout have similar thermal requirements to salmon, although these
tendto be a couple of degrees cooler. Mortality can occur at lowertemperatures than these duetoa

36 Marine Scotland Topic Sheet No. 143 summer-2018-river-tempratures.pdf (www.gov.scot)

37 For Atlantic salmon, spawning usually occur in winter (Nov-Feb), females lay their eggs in gravel depressions
known as redds. The time taken for eggs to hatch depends on ambient water temperature. Hatching usually
occursin early spring. Young fish which still have a defined yolk sac are called alevins. These young fish feed on
the yolk sac whilst living within their gravel nest. They emerge form gravel in April or May as fry and develop
into parr which will live in the river for 2-3 years depending on the water temperature and food availability. Prior
to leaving freshwaters and in order to allow them to survive in marine environments, parr undergo a number of
physiological changes as they transform into smolts. The smolts, which are now silver in colour and developing
the ability to osmoregulate in sea water, leave rivers for the sea in late spring and are gone by June. Atlantic
salmon that return to Scottish riversfromJanuary to June are called spring salmon but in Scotland they can enter
rivers at any time of year. Brown trout has two lifecycle patterns- sea trout and freshwater trout. The sea trout
life-cycle is similar to Atlantic salmon; spawning in mid Oct to January and emerge from gravel in mid-March,
early May.
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combination of other factors linked to higher water temperatures such as increased algal growth,
leading to depleted night-timedissolved oxygen levels and overcrowding of pools. The salmonid egg
stage during winter is the most vulnerable life stage to any increase in temperature as a result of
climate change but evidence suggests that woodland measures to moderate river temperatures will
be restricted to late spring and summer seasons.

Feld et al., (2018) concluded, in systematic review work, that buffer cooling effects on water
temperature, atleastin summer, is related to the presence of tree cover. A three-year study on three
streamsin the New Forestin southern England showed how shade (20-40%) from riparian woodland
can prevent watertemperatures exceeding lethal limits for brown trout (Broadmeadow etal., 2010).

Dugdale et al., (2018) found that stream temperature responses to bankside vegetation does depend
on the type of vegetation present, and net energy fluxes were lower in semi-natural deciduous
woodland comparedto open grassland.

Inter-annual variability in the effects of riparian woodland on micro-climate, energy exchanges and
watertemperature have beenstudied in Scotland. Data was continuously collected over seven years
from two reaches of the Girnock Burn (a tributary of the Dee River in Aberdeenshire, Scotland) with
contrasting land-use characteristics of semi-naturalriparian forestand open moorland. Results found
that spring and summer watertemperature was typically coolerin the forest and characterised by less
inter-annual variability due to reduced, more inter-annually stable energy gain in the forested reach
comparedto openmoorland (Garneret al., 2014).

Process-based flow and temperature models have been integrated to assess the effects of riparian
management on high stream water temperatures that could affect juvenile Atlanticsalmonin Scotland
(Fabris et al., 2018). Results showed that by decreasing both the warming (daylight hours) and the
cooling (night-time hours) rates, forest cover leads to a reduction of the temperature range (with a
delay of the time to peak by up to two hours) and can therefore be effectively used to moderate

projected climate change effects.

The results from a simulation experiment with the application of a deterministicnet radiation model
parameterised with field data from the Girnock Burn shows that riparian vegetation density, channel
orientation and watervelocity interact to influence watertemperature (Garneretal., 2017).
Simulations were performed under low and high water velocity scenarios. Both velocity scenarios
yielded decreasesin mean (21.6 °C) and maximum (23.0 °C) temperature as canopy density increased.
Slow-flowing water resided longer within the reach, which enhanced heat accumulation and
dissipation, and drove higher maximum and lower minimum temperatures. Garner et al., (2017)
demonstrate that, in many reaches, relatively sparse but strategically located vegetation could
produce substantial reductions in maximum temperature.

Garner et al., (2014) found that the effect of riparian vegetation on autumn and winter water
temperature dynamics was less clear because of the confounding effects of reach-scale inflows of
thermally stable groundwaterin the moorland reach, which strongly influenced the localheat budget.
During the winter, riparian woodland can increase temperatures relative to more open land uses by
reducing net longwave and latent (evaporation) heat losses from the river surface (Dugdale et al.,
2018). In the winter, altering winter temperatures is made more challenging as water volumes tend
to be very high and atmosphericenergy exchange is low (Leach & Moore, 2014).

When assessing shading effects from trees on cooling water temperatures, it is also important to
assess upstream sources of heat. Longitudinal cooling gradients have been observed during the
daytime for stream reaches shaded by coniferous trees downstream of clear cuts or deciduous
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woodland downstream of open moorland. Modelling work with quantified data from the Girnock Bum
has shown that temperature gradients were not generated by cooling of stream water but rather by
a combination of reduced rates of heating in the woodland reach and transfer of cooler (overnight
and early morning) water from the upstream moorland catchment (Garner et al., (2014). Thus,
observedtemperatures are controlled by a combination of temperatures fromupstream open reaches
and lowerrates of temperature increase within the forest.

Measured effect

Melcheret al., (2016) (in Feld et al., 2018) observed consistent beneficial effects of riparian shade on
water temperature and fish community composition in two headwater streams, containing brown
trout-(in Feld et al., 2018).

Extensive observational studies and projections using modelling has been undertaken on the Girnock
and Baddoch Burns, tributaries of the River Dee catchment in Scotland, to investigate relationships
between shade, temperature and salmonids and freshwater macroinvertebrates (e.g. Malcolm et al.
2008; Garner et al. 2014, 2017; Fabris et al. 2018; Dugdale et al. 2018, 2019). Differencesin juvenile
Atlantic fish performances between forested and moorland sites have been found, although the
relationships were complex and could be largely related to density and local competition rather than
the effects of woodlandon food availability ortemperature (Malcolm et al., 2008; Garneretal., 2014).

There are very few studies in Scotland that have sufficient data to identify whether riparian woodlands
have an overall net benefit to fish populations over otherland-use types. The most powerful available
study (Malcolm et al., 2019) relates to Atlantic salmon only. This study showed no significant effect of
broadleaf / mixed riparian woodland on juvenile Atlantic salmon abundance, but a highly significant
negative effect of % conifer woodland (probably influenced by effects of commercial forestry) with
fewer Atlantic salmon. This large scale regression study using all available multi-pass electrofishing
data collected over ca. 20 years suggests that the overall effect of woodland on Atlantic salmon
abundance in Scotland under the current climate is not markedly betterthan otherland uses e.g. open
moorland. It also suggests that some forms of riparian woodland (i.e. conifer plantations) could
detrimentally affect Atlanticsalmon numbers. In some catchments, extensive conifer planting on sites
with acidic soils can indirectly lead to acidification of rivers and dense conifer plantations close to the
bank can cast heavy shade leading to bare streams banks and beds and high rates of sedimentation
(Nisbetet al., 2011).

The relationships between woodland and abundance of Atlantic salmon (and potentially other fish
species) are not straight forward. It is complicated by the fact that Scotland has not yet seen the
extreme temperatures required for data on its long term effects on salmonids to be measured,
analysed and published. Scotland also is restricted by the paucity of research sites with mature
extensive native riparian woodland corridors. However, in recent years, there has been a trend
towards higher, and in some cases, record summer temperatures and it is known that higher
temperatures increase the risk of fish mortality. In Canada, where very high river temperatures are
routinely seen, more detailed empirical studies have been carried out. For example, a Passive
Integrated Transponder (PIT) telemetry study to investigate the main stem movement behaviour of
thermally stressed Atlantic salmon parr in a temperature-impacted riverindicates that the fish make
reach-scale movementsin search of cool water prior to aggregating (Dugdale et al., 2015). There are
active discussions on how to maintain and increase thermal refugia in rivers for cold-water fish in
Canada which includes the provision of riparian shade (Kurylyk et al., 2015). This also includes the
need for greater recognition of the importance of taking into account the availability of ground-water-
sourced thermalrefugia in the wider catchment.
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Modellingwork which has been undertaken in North American which assesses the impact of riparian
vegetation management on future thermal habitat requirements for Pacific salmon and native trout
species underwarming climate scenarios and riparian conditions (Spanjeretal., 2022). This work has
provided a useful spatially explicit modelling framework that fisheries and catchment managers can
use to make decisions regarding riparian vegetation management and its mechanisticimpact on water
temperature and the survival of juvenile fish. Under the current thermal regime, bioenergetics
modelling predicts that juvenile fish lose weightin the lower part of the Quinault river in Washington
State; this loss of potential growth worsens by an average of 20—-83% in the lower river by 2080,
increasing with the loss of riparian shading (Spanjeret al., 2022).

Factors influencing effectiveness

The design and location (or positioning) of riparian woodland are important factors influencing the
effectiveness of shade to regulate water temperatures. Riparian woodland buffer width and length
effects the magnitude of effect on regulating water temperature. A buffer width of 20 m on either
side of the riverbank has been found to be sufficientto keep watertemperature within 2°C of a fully
forested watershed, while 30 m wide buffers on either side are required for full protection from
measurable temperature increases (in Feld et al., 2018). Riparian tree harvesting along stretches of
185 m-810 m lengths of alpine headwater streams led to an increase of 4-6°C in water temperature
(Macdonald et al., 2003) (in Feld et al., 2018). Based on modelling studies, Parkyn et al. (2003)
concluded that at least 1-5 km of shaded stream length was required for first-order streams and 10-
20 km for fifth-order streams to reduce water temperature to reference conditions (in Feld et al.,
2018). Planting non-native conifers in floodplains or adjacentto rivers can have adverse impacts and
planting the right species in the right place will be important to optimise benefits (see best practice
guidance3® and Annex 2 for further details on design including species considerations).

Woodland vegetation on southern banks of slow-flowing waters can create and maintain cool water
refugia when water in the unshaded reaches becomes too warm (Garner et al., 2017). The shape of
the canopy (including height) will affect levels of shading on different aspects and drone tools have
been developed to incorporate this data into models to optimise positioning of planting regimes
(Dugdale et al., 2019). Thermal damping by riparian vegetation has been found to be most effective
in streams <5 m wide and at shading levels within 50-80% which points at stream width and buffer
density as key controls of riparian shade and water temperature (Feld et al., 2018). For tree age,
evidence suggests that mature riparian vegetation is required to maximise thermal damping (Feld et
al., 2018). Most studies reporta cooling effectlinked to the width of riparian wooded vegetation and
length is important too (see measured effects above). The width-length function of shading effects
could help estimate required buffer width-length combinations to limit the maximum summer water
temperatures (illustrated in Broadmeadow & Nisbet, 2004).

The Scotland River Temperature Monitoring Network (SRTMN) managed by Marine Scotland was
established in response to an evidence gap on river temperaturesand the need to establish a national
monitoring network. Itis a strategic network of more than 220 river temperature dataloggers that
allows Marine Scotland to understand how and why river temperatures vary across Scotland, and
whether temperatures are changing over time. Data from the network has been used to develop
statistical river temperature models that can be used to predict temperaturesacross all of the Atlantic
salmon rivers in Scotland (Marine Scotland, 2018). These models can be used to produce maps that
identify where rivers are hottestand most sensitive to climate change. In 2021, Marine Scotland
developed a new process-based model to understand and predict where riparian tree planting has
the greatest effect on summer maximum river temperatures (Jackson et al., 2021). This model
simulated interactions between solarradiation, river order (as a proxy for watervolume and residence

38 Keeping Rivers Cool: A Guidance Manual. Creating riparian shade for climate change adaptation
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time), channel width, channel orientation, aspect and tree height to investigate the effects of tree
planting on river temperature. The outputs of the models were then used to make predictions and
map the effectiveness of tree plantingforreducing summerriver temperatures.

Taken together, the outputs of SRTMN statistical and process-based models can be used to produce
maps*° to prioritise tree planting where rivers are hottest, most sensitive to climate change and where
trees can have a substantial effectin reducing maximum summerriver temperatures.

3.9.3 Providing food for fish

Functional processes

McKenzie (1996) describes how a great many invertebrates fall into rivers and streams from the
canopies of overhanging riparian trees. Mason et al., (1982) also calculated that streams with a
broadleaved woodland canopy can receive four times as many invertebrates compared with astream
without trees. Theseterrestrialinvertebrates, originating from riparian woods (as well as the nutrients
contained within leaves and wood itself) provide organic inputs to freshwater systems (Cole et al.,
2020), which may increase the abundance of aquatic macroinvertebrates (Malmqvist, 2002; Poole et
al., 2013). Increased secondary production may also contribute to increasing feeding opportunities
for fish (Nakano & Murakami, 2001). Cole et al., (2020) also describe how the greatest benefits are
derived from allochthonous contributions from deciduouswoodlands, where receiving waters tend to
support higher aquatic invertebrate biomass than waters which receive allochthonous contributions
from coniferous plantations (Thomas et al., 2016).

Measured effect

There is evidence from the international literature which shows that terrestrial invertebrates can
make up a substantial portion of the summer diet of salmonids. Inastudy in upland streams in County
Mayo, Republic of Ireland, Dineen et al. (2007) compared prey intake by Atlantic salmon Salmo salar
and brown trout Salmo trutta across different riparian vegetation types: grassland, open canopy
deciduous and closed canopy deciduous. Although aquatic invertebrates dominated prey numbersin
the diets of 0+ year Atlantic salmon and brown trout and 1+ year Atlantic salmon, terrestrial
invertebrates were of greater importance for diets of 1+ and 2+ year brown trout. Terrestrial prey
biomass was generally greater than aquatic prey for 1+ and 2+ year brown trout across seasons and
riparian types. Total prey numbers captured tended to be greaterforall age classesin streams with a
deciduous riparian canopy. In Finland, Syrjanen etal. (2011) assessed the importance of terrestrialand
aquatic invertebrates to salmonid diets in 25 streams. Across all 25 streams in autumn, blackfly and
caddis larvae were the most important prey items. Terrestrial invertebrates were of moderate
importance in all streams, including the smallest. The proportion of terrestrial prey was highestin
streams flowing through deciduous forests.

Egglishaw (1967) found that Dipteran, Hemipteran and Hymenopteran species made up 50% of the
diet of brown trout in one Scottish stream and 80% in another.

Published research for woody riparian buffersshowed that riparian vegetation played a key role in the
composition of the Salmonids diet, even more so than seasonal effects on the Tarland Burn (Van de
Weyer, 2014). Although the sample sizes were small (3 sites x 100 m reach sampled, repeated spring
and autumn), the data suggests a link between tree cover and the proportion of terrestrial

39 New maps (spatial) are available to help managers prioritise the location of bank side tree planting.
These mapping tools can be accessed through the National Marine Plan Interactive (NMPi) website,
or brought into a local Geographical Information System (GIS) using Web Based Mapping (WMS)
services, where it can be layered over other maps showing other priorities (e.g. sources of diffuse
pollution) or constraints (e.g. landownerapproval) on tree planting.
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invertebratesinthe diet. The high deciduoustree cover (35 trees along a 100m reach and within five
metres of the stream) site (Site 13) had a higher proportion of terrestrial invertebratesin fish guts in
both spring (57.24%) and autumn (44.74%) compared to the low tree cover site (Site 14) of 9.4% (in
spring) and 3.4% (in autumn).

However, Bridcut (2000) did notfind a difference in the proportion of terrestrial and aerial organisms
in the drift or in salmonid guts between moorland and forest sites within the River Nethy catchment
in Scotland over a 12-month period. A study in New Zealand has shown that the mean biomass of
terrestrial invertebrates that entered streams in tussock grassland and forest areas was significantly
higher than biomass that entered streams in more intensively managed pasture (Edwards & Huryn,
1996). This paperand the Tarland catchmentstudy indicate the important influence of land-use type
onthe availability of terrestrialinvertebratesto streamfishes. Further field work in Scotland, with gut
analysis on more streams and across Scotland, will be beneficialto testand potentially strengthen the
evidence that semi-naturalriparian woodlands compared to more intensively managedland-use types
will improve invertebrate abundance and food sources for salmonids.

Factors influencing effectiveness

The importance of riparian tree coverforthe provision of terrestrialinsects for fish diets was indicated
by a study on the Tarland Burn in Aberdeenshire (Van de Weyer, 2014). The density of riparian trees
was also a factor in this, with high tree cover providing a higher proportion of terrestrialinvertebrates
in fish guts in both spring and autumn compared to the low tree cover site. There is likely to be a
greaterdifference inthe provision of terrestrial insects between riparian woodland and high intensity
agricultural land, than between riparian woods and other semi-natural habitat types in the riparian
zone (as per (Edwards & Huryn (1996) and Bridcut (2000)). It is possible, although as yet unresearched,
that factors such as the maturity of riparian trees, species diversity of trees and woodland
managementregimesmight also influence the composition and abundance of terrestrial invertebrates
available to fish fromriver woodlands.

3.9.4 Improving habitat for fish with large woody material

Functional processes

Large woody material has important functions in relation to fish populations as it is a source of
invertebrate food, provides cover and protection from predators, protection from currents and adds
to the diversity by increasing the number of territories (McKenzie, 1996). Large woody material, which
includes fallen trees and branch litter, divert and obstruct flows which can create a more complex
diversity of flow-types and forms pools which provide slow water refugiafor fish, and gravel deposits,
which are important fish spawning and rearing areas (see section 3.7.6 for further detail). These varied
habitats may also be beneficial for other components of the fish community. Deposition of fines, such
as silt and sand may provide suitable habitat for juvenile lamprey (brook, river and sea), and the
gravels may provide suitable spawning habitats for adults of these species (Maitland & Campbell,
1992). Sub-surface objects such as large woody material and tree roots permit an increase in fish
numbers by allowing territories to exist in close proximity (McKenzie, 1996). The habitat requirements
of brown trout, Atlantic salmon have been extensively studied (seereview by Armstrong et al., 2003),
as well as those of other native freshwater fish and other aquatic species. But it is clear that further
work is still required to fully understand how modifying habitat during restoration (such as involving
large woody material) influences their interactions and subsequent impact on fish distributions and
abundances (Armstrongetal., 2003).

Measured effect
On the Aberarder Estate, on the Upper Nairn, strategically placed large woody material has allowed
the channelto rapidly adjust to a ‘dynamic poolriffle morphology’ characterised by alluvial bars, riffles
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and pools. Site monitoring has shown an increase in the number of Atlantic salmon redds (providing
an indication of the amount of spawning taking place) compared to pre-restoration figures.
Monitoring included repeat spawning surveys /redd counts (including pre-works and two spawning
seasons post-construction)and repeat electro-fishing surveys (in both channeland wetland locations,
pre-and post-works) (Upper River Nairn Restoration Project, European River Restoration)On the River
Gairn and River Muick, at the end of 2021, 137 large woody material structures had been strategically
placed usinglocally sourced dead trees with the aim of improving habitat availability and diversity for
Atlantic salmon. At the end of 2020, 12 of the 40 structures installed on the Muick, showed clear
evidence of Atlantic salmon spawning adjacent to the new structures. On the River Gairn, alluvial bars
have developed downstream of the large woody material, higher water depths are maintained
through poolformation, there is good riffle parr habitat development and shallow fry habitat has been
created along the bank edge behind the structures (Caithness et al., 2020).

CbecEco Engineering applied a full restoration strategy for the Allt Lorgy Burn, a tributary of the River
Dulnain in the River Spey Catchment in the Scottish Highlands with the aim of reinstating dynamic
geomorphic and ecological processes. This involved the addition of large woody and gravel
augmentation and the removal of flood embankments (Williams et al., 2020). The development of
gravel-barfeatures has beenassociated with increased spawning habitat that has already been utilized
by seatrout and Atlantic salmon.

Many of these projects have notbeenin place long enough to understand fully the benefits and risks
associated with the restoration of woody material to the channel and do require further long term
monitoring. On the Rivers Gairn and Muick, to evaluate the benefits, further monitoring by PhD
studentsis being carried out fromthe James Hutton Institute and the University of Aberdeen (water
temperatures), the River Dee Trust (fish populations) and cbec eco engineering (hydromorphology).

There is empirical evidence in the international literature on the benefits of large woody material
providing habitats for fish (in reviews by McKenzie, 1996 & Feld et al., 2018). Dolloff & Warren (2003)
reviewed the impact of large woody material in North Americanriver systems and found that the life
histories of more than 85 species of fish have beenfoundto have some association with large wood
for cover, spawning (egg attachment, nest materials), and feeding (Dolloff & Warren, 2003). This
included a study in eastern England where trout (Salmon trutta) and minnows were found to be
strongly associated with large wood (Punchard et al., 2000). Sievers et al., (2017) found in a global
meta-analysis of studies predominately from North America and with control-impact designs, that
there are positive effects fora range of trout speciesfrom the addition of large woody material with
a response ratio close to 1 (where a ratio of 0 to 3 is positive and 0 to -3 is negative and O represents
no significant effect). Studies of brown trout specifically, which is native to Scottish rivers, had a weakly
positive response ratio just above zero. It has traditionally been assumed that habitat quality and
guantity limits fish population growth and the restoration of habitats will increase both population
size and individual growth rates. However, restoration could simply attract fish from elsewhere,
leading to a redistribution of individuals rather than an increase in net population abundance. The
research by Sievers et al., (2017) provides some indication that, at least in the short-term, fish
productivity is likely to be unaffected by woody debris addition and stock exclusion, and thus, the
observed population enhancement may be a direct result of migration and movement. However, the
responses (almost exclusively size and growth) assessed may be poor indicators of population
productivity, and more work is needed, especially incorporating the collection of data on survival and
reproduction, to examine if trout productivity can be enhanced by changes to riparian zones.

It is acknowledged that the benefits of large woody material can be species specific for fish (Feld et

al., 2018) which emphasizes the importance of further Scottish research projects in this area with a
focus on native Scottish fish species. Such studies should involve long-term monitoring and projects
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should be set up with a well replicated BACI design so that impacts and progress can be effectively
measured.

Factors influencing effectiveness

Forest type and age will influence the amount of wood in streams (McKenzie, 1996). Young growth
will provide litter but results in streams with less cover and fewer pools for fish than older growth
forests. In Scotland, large woody material is being placed in streams, as part of restoration, to kick
start morphologicaland ecological processes in conjunction with planting trees. Itis the intention that
when the trees grow older, they will be able to provide the large woody material. The location and
design of this large woody material in streams and rivers will influence the effectiveness of kick-
starting these processes and engineering design models are available to help with appropriate
placementin streams to maximise effectiveness of such measures.

The diversity of habitats within both the riparian zone and the stream channelsis key to optimum fish
and invertebrate populations because of the many different habitat requirements between different
species and stages of the lifecycle (McKenzie, 1996). A stream reach which consists of rifflesand runs
may have adequate feeding and spawning areas, but not be able to hold mature fish during spawning
time because of the absence of pools and cover. A diversity of biotic and abiotic habitats are essential
if all stagesin the life cycle of any given species are to be sustained (McKenzie, 1996).

There isabundant evidence that habitat requirements of Atlanticsalmon and brown trout overlap and
there is scope for interactions between them depending on the spatial arrangement of habitats and
the occurrence of bottlenecks (Armstrong et al., 2003). It is particularly important to understand
where the bottlenecks to production lie and to focus on these in the first instance. Otherwise, there
is a risk of manipulating habitat that is already in excess, or increasing numbers of a population that
will subsequently be constrained, e.g., by over-wintering habitat. For this reason, it is prudent to
accept that although manipulations of habitat may appear to be beneficial when considered locally,
they should be measured and assessed where possible in terms of the production of returning adults
and/or high quality smolts.

3.9.5 Evaluation of evidence

Strength of evidence (based on quality of studies)

Regulatinglocal climate through shading: The thermal dynamics and heat exchange processes which
underpin the function of riparian woodlands to moderate and cool stream temperatures are well
established and understood. This is backed up by empirical field work and modelling parameterised
by field data in Scotland. Results show that there is strong evidence of a buffer cooling effect on water
temperature in summer which is related to the presence of trees. There are very few studies that
guantify a net positive effect of riparian woodlands on fish populations compared to other land-use
types in Scotland, so the evidence remains weak. However empirical evidence including modelling
work from overseas, doesindicate that under extreme summer temperatures, thereis a positive effect
for fish.

Providing food for fish: There is moderate empirical evidence from studies that terrestrial
invertebrates fromriparian woodlandstre es can make up a substantial portion of the diet of salmonids
from fish gut analysis with supporting evidence from Scotland. Other semi-natural habitats provide
similar benefits in terms of provision of invertebrates for food for fish. More intensive agricultural
land-use provides a poorer source. Further research is required to quantify the importance of
terrestrial invertebrates from river woodlands for the diet of fish in Scotland and subsequent impact
on salmonid productivity with a comparison between different land-usetypes.
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Improving habitat for fish with large woody material: There is strong evidence from the international
literature (mainly North America) that shows that large woody material (including submerged tree
roots) provides habitat for fish in general (for food, shelter, cover from predators). Currently in
Scotland, there is a moderate evidence base, quantifying how large woody material allows channels
to adjust rapidly to dynamic pool/riffle morphology and this evidence is growing with the ongoing
collection of robust empirical topographical field data. Observationsin the field, has shown that this
can lead to an increase in spawning habitat for Atlantic Salmon and brown trout but there is no data
to quantify the positive effects of additions of large woody material for Atlantic salmon or brown trout
production, yet so the evidence remains weak.

Limitations and Gaps in Research

The salmonid egg stage is the most vulnerable life stage to any increase in temperature as a result of
climate change. In winter when salmonid eggs hatch, very few will hatch at the upper limit of their
thermalrange, and the optimum range over which the highest percentage of eggs hatch is much lower
at 4-7°C for Atlantic salmon and 1-8°C for Brown Trout (Elliot & Elliot, 2010). However, the effects of
the woodland measures to moderate river temperatures are restricted to late spring and summer
seasons.

Further research is required to understand cooling, warming and insulating effects under different
riparian canopies with or without the influence of groundwater discharge.

Further research is required to ascertain the extent to which temperatures in larger rivers can be
managed through riparian tree planting in smaller rivers through effects on advected heat.

There are few studies which have sufficient datato identify whetherriver woodlands have an overall
net benefittofish populations in Scotland overotherland-use types. Current research and monitoring
analysis under the National Electrofishing Programme for Scotland (NEPS) seeks to relate Atlantic
salmon productivity to water quality and presence of woodland*°.

Further work is required to assess variability in invertebrate productivity, drift and salmonid diets
between landuse types to better ascertain whether semi-natural riparian woodlands are able to
support greaterabundances and biomass of salmonids than moreintensively managed land-use types.
In a related area, Further work is required to understand the complex interactions between food
availability, competition (within and between fish species) and growth.

There is no scientific evidence in Scotland that large woody material will have a positive impact on the
numbers or biomass of Atlantic salmon, brown trout or otherspecies. Furtherresearch is required to
understand the effects of large woody material on habitat and on the production of different native
fish species. It will be important to understand how modifying habitat during restoration involving
large woody material influences their interactions and subsequent impact on fish distributions and
abundances.

Monitoring needs to be at a sufficient spatial scale to demonstrate net benefits at tributary (rather
thanreach) scale and should preferably be of a BACI design. Monitoring should also account forinter-
annual variability and be long-term. In some cases where habitats are not saturated, experimental
stocking could provide some information, in less sensitive sites but this should be tightly controlled.

40 More information on current research National Electrofishing Programme for Scotland - gov.scot
(www.gov.scot
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Developing good predictive models which will help describe the complexity of changing interactions
between Atlantic salmon, brown trout, and the animals that depend on them for food or for some
other function, presents significant challenges. However, the development of such models will be
helpfulin understanding the ecological impact of changesin hydraulic habitat and habitat quality.

3.10 Sustain food production

3.10.1 Overview of benefit

River woodlands can provide multiple benefits to fruit, arable and livestock farms and this includes a
valuable contribution to sustainable food production. Planting trees and shrubs in buffer strips and on
the floodplain provides livestock with shelter and shade from adverse weather (e.g. sun, rain and
wind) alleviating temperature stress further benefitting production and welfare. (Blyth et al., 1987;
Broom et al., 2013). Traditionally tree fodder has been animportant animal feed and has the potential
to contribute to nutritional or health needs of the animals (Smith et al., 2018) and reducing
supplementary feed costs (Perks et al., 2018). River woodlands can provide a valuable contribution to
the diversity of habitats in the landscape which support the survival and lifecycles of essential insect
pollinators, providing habitat and a range of food sources throughout the season. Honey bees, wild
bees, flies, and a variety of other insects support insect-pollinated crops. Many crops (75% of crops
worldwide) need insect pollination to assure the amount, quality, or stability of yield. In Scotland, the
most important commerecial crops benefitting from this are oilseed rape, strawberries, raspberries,
black and red currants, apples and beans, all of which contribute to a vibrant economy**. In Scotland,
the economic value of pollinators is in the order of £43 million per year for agricultural and
horticultural crops, and honey (based on 2011 figures) (Aspinall 2011).

River woodlands can contribute to agroforestry, with agroforestry taking many forms that include
shelterbelts, wide spacedtrees, groups of trees,hedgerows and woodland grazing (Perks et al., 2018).
Riparian woodland buffers have been defined as atype of shelterbelt (Perks et al., 2018) and can also
contribute to important field boundary trees. Increased use of agroforestry in Scotland is one option
that could help contribute to both climate change mitigation and adaptation. Agro-forestry can
improve a farm’s resilience to a changing climate by providing shelterto animals and crops, reducing
feed costs, reducing risk of flooding, improved animal welfare, reducing soil erosion and moisture
extremes and diversifying farm income. The need for shade and shelter for livestock and crops is
becoming a higher risk (CCRA, 2017) with climate change with an increase in frequency of extreme
weatherevents such as storms, drought and heat waves.

There is concern that key pollinators and other beneficial insects are declining. In Scotland, for
example, there is evidence that the geographic ranges of four out of 12 bumble bee species have
contracted (Powney et al., 2015). This is part of a wider UK trend that is partly linked to declines in
forage availability for bumblebees, with 76% of bee forage plants shown to have declined since 1930
(Carvell et al., 2006) and pesticide use affecting wild bee behaviour (Stanley et al., 2015). A UK
pollinator occupancy indicator index across 377 wild bee and hoverfly species found that occupancy
in 2017 had declined by 30% compared to its index value in 1980. Whilst 19% of species had become
more widespread, 49% had declined. The decline mostly relates to hoverflies, with wild bee
populations fluctuating and showing a 9% decline in the wild bee index over the same period*?. It is
this concern aboutthe long-termlossin pollinators, and the implications of this for key food crops and
maintaining landscapes in Scotland that prompted the development of the Pollinator Strategy for
Scotland 2017-2027.

41 pollinator Strategy for Scotland 2017-2027 | NatureScot
42 UKBI - D1c. Pollinating insects | JNCC - Adviser to Government on Nature Conservation
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This section focuses on the three main functionsof providing shade and shelter forimproving livestock
production, providing tree fodder forimproving livestock production, and supporting the life cycle of
insect pollinators for crop production. Agricultural production is also supported through benefits,
discussed in other sections in the report. For example, there is evidence of how river woodlands
contribute to sustaining soils through reducing soil loss and enhancing soil fertility which is explored
in section 3.6 and reducing impact of water stress on crops in section 3.2.2.

Beneficiaries
Fruit (especially soft fruit) producers, arable and livestock farmers, land and estate managers, and

food industries relying on crop production and good quality productsincluding meat.

3.10.2 Providing shade & shelter for livestock

Functional processes

The biophysical processes which underpinthe shade and cooling function provided by treesare well
understood. The cooling effect of trees on ambient air temperature under the trees have also been
quantified in the rural and urban environments with measurements in the field and with modelling
work (see section 3.2.2 on drought adaptation & section 3.8.3 on health benefits). Shadefrom riparian
trees can overlap both the water and field boundary with a cooling effect from the water extending
out overthe bank.

The principles and biophysical
processes which  underpin
woods and trees ability to
provide shelter to animals (and
crops) are well known and
described within farm
woodland management
textbooks on shelterbelts,
blocks and windbreaks (Blyth et
al., 1987), in British Forestry
Commission technical
publications (Gardiner et al.,
2006; Caborn et al., (1957) and
agroforestry and wood pasture
literature. Understanding the
biophysical  processes are
important for design purposes
to maximise effectiveness of
measures for shelter. Caborn’s
research on shelterbelts and
microclimates is backed up by laboratory and field work in Scotland (Caborn et al., 1957). Shelter
woods affect microclimatic conditions by modifying airflows which affects wind speeds but also
turbulence intensity, temperature, humidity and soil erosion and described by Gardiner et al., (2006):
Within the wood, wind speeds can be reduced (depending on design) reducing the exposure of
animals to wind chill. For newborn lambs, the combined impact of wind speed and evaporation, of
rain or amniotic fluid, mean the lamb rapidly loses heat through radiation and conduction. Inthe most
extreme cases, where lambs are unable to generate sufficient heat, hypothermia is irreversible.
Neonatal hypothermiais a significant cause of lamb mortality in many environments and outdoor
shelterhas arole in protectinglambs from wetand cold weather (Dwyeretal., 2021; Pollard 2006).

River woodlands provide effective shade for livestock such as sheep

Close to and within the shelter wood there maybe shading from the sun, which will reduce the
temperature. This may be a disadvantage if solar heating or direct sunlight for photosynthesis and
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pasture growth is important (Gardiner et al., 2006) butif overheating of animals is a consideration, it
may be of benefit. Within the wake zone (area behind the shelter wood), the reduced wind speed and
turbulence leads to a reduction in the movement of gases to and from the ground. This means that
moisture levels are higher and there is reduced water loss from the soil. Close to the shelter wood,
this may lead to waterlogging if the soil is particularly wet, or increased plant growth, if the soil is
prone to drought. The reduced wind speeds can also lead to reduced soil erosion.

Woodland grazing by farmed ruminants for pasture and shelter has been taking place in Scotland for
many hundreds of years (Smout, 2003; Smout, 2007). Ancient wood pastures are often linked to
patches of natural woodland refugia such as gorge woodland (Quelch, 2001). Caborn (1957) identifies
that the use of woodland pasture in Scotland provides two primary benefits to the farmer. First, it
allows for out-wintering of hardy ruminant stock and therefore ‘protects’ the better-quality pasture
or in-bye land, for the ‘early bite’ (first spring grazing) or for silage cropping; in upland areas the
amount of land forfodder or lambing pasture is often a limiting factor. Second, it reduces maintenance
requirements of livestock considerably, because the shelter reduces chilling. Wood pasture as part of
an integrated silvo-pastoral system if managed well can encourage better pasture growth compared
with an open hill grazing systemin Scotland.

Much of the research which has been undertaken on the biophysical processes which underpin the
functions of shade and shelter are based on general farm woodland and silvo-pastoral practice, but
the general principles are transferable to river woodlands.

Measured effect

Extremes of heat and cold are a feature of the seasonal UK climate which can affect production.
Shelter can increase lamb survival rates, by reducing the effect of wind chill and thus hypothermia,
particularly in the early stages afterbirth, and can reduce feed requirements in the winter months as
livestock exposed to cold conditions will require greater feed inputsin orderto keep warm.

Controlled studies have been undertaken of the impact of shade (in general) for dairy cattle and beef
cattle. In a global review of studies on beef cattle, including those in feed lots, shade has been shown
to lessen the physiologic response of cattle to heat stress. Shaded cattle exhibit lower respiration
rates, body temperatures, and panting scores compared with unshaded cattle in weather that
increasesthe risk of heat stress. Results from studies investigating the provision of shadeindicate that
cattle seekshade in hot weather. The impact of shade on behavioural patternsis inconsistentin the
current body of research, with some studies indicating that shade provision impacts behaviour and
otherstudies reporting no difference between shaded and unshaded groups. There are many factors
that impact heat stress susceptibility in beef cattle throughout the different supply chain sectors,
many of which relate to the production system, that is, availability of shade, microclimate of
environment, and nutrition management. (Edwards-Callaway et al., 2020).

Research intothe measured effects of the value of shade and shelterto livestock production is mostly
from outside the UK, but does include temperate climates in Europe, New Zealand, South America and
the USA. The research covers agroforestry without specificreference to river woodlands. A systematic
review by Jordan et al., (2020) into the value of shade and shelter for livestock production in
temperate climates based on 289 relevant studies found only 14 that focussed on the impact on
livestock production. The review includes grey literature case-studies as well as empirical peer-
reviewed scientific literature. Of these studies, all bar one demonstrated that agroforestry had a
positive effect on livestock survival, milk yield or heatand cold stress. However, this finding needs to
be treated with caution because of the limited number of studies. The number of studies is also too
small to confidently identify the factors (e.g., climatic conditions, tree species, tree planting density,
etc.) that underpin the apparentvariation in magnitude and direction of effects thatis seen between
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studies. Most studies focus on the effect of agroforestry on pasture production, with 53% of studies
finding that agroforestry adversely affected pasture production or production incrementally
decreased with increased tree density (stems per ha), cover (% canopy) or proximity to pasture
measured. However, only 20% of livestock growth studies found an outright negative effect. This
disparity suggests that pasture production is not the only factor influencing livestock growth, and
perhaps other factors including the effects of tree shade on reducing livestock heat and cold stress
could be important. Observational results from the agro-pastoral field trials at the Glensaugh research
station in Aberdeenshire, has found that if Hybrid larch trees are left unpruned or unthinned, the
pasture is no longer productive butin mixed tree species plots where trees are slow growing, pasture
production remains unaffected.

One study that focussed on the specific impact of tree shade on livestock production examined the
effect of tree shade on dairy cattle energy metabolism, milk yield and milk composition in a temperate
climate (Belgium). The controlled experiment included shade and no shade treatments on Holstein
dairy cows over two summers, and one summer when the whole herd received the same treatment
of no shade. Weather conditions were translated into a Heat Load Index (HLI) and body temperature
of the cows (rectal temperature), and blood indicators of hyperventilation were measured. The cows
were found to be significantly cooler with their body temperature rising less quickly underthe shade
conditions (0.02°C and 0.03°C increase per unit increase of HLI, for shade and no shade treatments
respectively). Hyperventilation indicators increased for the no shade cows and did not occur for the
shade group. Energy metabolism was also affected for the no shade group and unaffected for the
shade group. Afteralagtime of two days the milk yield decreased with increasing HLI forthe no shade
cows whereas the shade animals milk yield was unaffected by HLI. The milk concentrations of lactose,
protein and fat decreased as HLl increased, but only the effect on milk protein content was remediated
by shade. In conclusion, access to shade tempered the negative effects of high HLI on cattle body
temperature, hyperventilation and energy metabolism indicators (generally) as wellas prevented the
decrease in milk yield observed in cows without access to shade. (van Laer, etal., 2015). Other studies
of artificial shade found similar changes with respiration rates significantly higher when cows had less
and noshade (Schiitz, etal., 2010). Therefore, itis not clear whether tree shade specifically is required,
although the additional fodder benefit of the treesis not considered in either of these studies.

Research measuring the effect of shelter fromtrees and shrubs on-livestock production is limited with
mixed results in terms of the benefits. A global review of shelter for sheep by Pollard (2006) found
that, for Australian and New Zealand breeds of sheep, wind shelter (such as Pinus radiata tree shelter
belts) generally removed less than 10% from lamb mortality rates, and in-field scattered shelter from
tussocky grasses were more suited to sheep lambing strategies. In Scotland, Cresswell & Thomson
(1964) undertook aninitial study and found that within tussocks, wind speed reduced atlamb height
(0.2m) by 40% of that at 1.2m. These authors considered that tussocky pasturesafforded good shelter
fromwind and probably rain and snow, as well as providing fodderin snow conditions. However, they
found thatshelterdid not affect the live weight gain of black face weatherlambs between November
and February. Results from the Glensaugh Agroforestry trials between 1988-2001, found that
Greyface ewes benefited from the shelter provided by the treesin the silvopastoral plots and put on
weight.

Modelling research in the UK, has been undertaken to understand windbreak effects on wind speed
reduction and thermal benefits to sheep (He et al., 2017). This included a field-scale simulation of a
sheep grazing system, including wind-chill effects to estimate the net gain associated with including a
windbreakin sheep productivity. The maximum productivity gain (27%) was found at a porosity of 0.5
and a wind speed of 12 m/s. Wind-chill effects were further simulated for lowland and upland
environments and related to ovine-specific thermal tolerance limits. Results showed a distinct
response toreduced wind speeds between sites, indicating different levels of thermalrisk to livestock
and different, microclimate-specific, windbreak benefits for each location.
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In the UK and Scotland, quantified evidence on the measured effect of the benefits of shade and
shelter to livestock is limited (and for river woodlands). However, there is much observational and
anecdotal evidence from farmers that indicates that the value of trees and shelter for livestock is
understood (Woodland Trust, 2017) (see Annex2 forfarmer’s views) and practiced. Furthermore, the
database from agroforestry trials is growing in Scotland.

The major agroforestry system currently practised in Scotland is silvo-pastoral, in the form of
woodland grazing, shelterbelts and buffer strips (Perk et al., 2018). The widespread occurrence of
shelterbelts is testament to their value in mainstream livestock systems, particularly for the upland
fringe including in Moray, Easter Ross, the Black Isle, the Borders and Fife in eastern Scotland (Perks
et al., 2018). Shelterbelts have also been established on crofts providing protection from strong
prevailing winds such as on Lynbreck Croft in the Northern Cairngorms. The farm woodland on
Lynbreck Croft providesinvaluable shelter and shade to the Highland cattle and pigs and especially in
hot summerdrought conditions (such as in 2018).

Furtherdata on the benefits of shelterand shade to livestock will be available as trees establish and
mature at the Scotland’s Rural University College (SRUC) Kirkton and Auchtertyre research farms in
west Perthshire. This includes small-scale tree planting as shelterbelts on inbye ground to provide
shelterfor ewesandlambs and wood pasture and riparian planting blocks. Gorge woodland has also
been established as part of a larger hill ground planting scheme (260 ha) to act as a wildlife corridor
to link existing semi-natural woodland in the lower part of the gorge with main planting at higher
altitude.

Factors influencing effectiveness

Design and management factors will influence the amount of shade and shelter provided to animals
and crops. Design factors influencing the effectiveness of shelter woods includes height, porosity,
width, length, orientation and are described well in Gardiner et al., (2006): The design requirements
will depend on the functional requirements. For example, dense (0-40% shelter woods create small
andvery sheltered zonesappropriate for lambing, calving and feeding and protection of buildings. Tall
semi-permeable (40-60% porosity) shelter woods provide effectivesheltertothe largestarea and are
most appropriate for sheltering arable crops and grazing animals.

The location of woodland blocks or narrow belts of trees in providing shelter is of considerable
importance in determiningtheir effectiveness for farm woodlands (Blyth et al., 1987) and this would
equally be relevant toriparian shelterbelt woodland and or woodland blocks within the riparian zone.
Blocks tend to be more suitable for sheltering stock as animals can move into the lee of the block
irrespective of wind direction. Shelterbelts provide a wider zone of reduced wind speeds when the
wind is blowing at right-angles to their long axes and more suitable for shelteringimmobile crops. As
shelterbelts should be orientated at right-angles to the prevailing wind direction, the positioning of
rivers for riparian woodland shelterbelts could be limiting depending on their location. Where rivers
are deep-cut, river woodlands might not provide much shelter unless they extend onto the farmed
ground above theriver.

Successful implementation of a managed woodland in agricultural landscapes requires an
understanding of the woodland management needs in addition to those of the livestock. A major
constraint is the impact of deer on establishment and regeneration success. Another management
issue to consider for riparian woodlands, is that livestock using them for shelter can result in
compacted bare ground under the trees which can increase surface runoff, bank erosion and faecal
indicator organism (FIO) contamination of the water (section 3.1.6). The exclusion of livestock from
riparian woods has been found to reduce sediment from bank erosion in rivers (Hughes, 2016). The
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impact of poaching and erosion, however, willbe influenced by stock densities, soiltypes, understorey
vegetation, location (uplands, lowlands)and local climate (precipitation levels). Farm woodland advice
is that poorly drained sites and frost hollows should be avoided to promote stability and to minimise
poaching of land adjacent to the trees by concentrations of animals (Blyth et al., 1987). Fencingis a
major element of establishment costs and rectangular blocks will have lower fencing costs per unit
area than long thin strips or belts.

Negative impacts of integrating trees into pasture in terms of reducing pasture productivity havebeen
mentioned (Sharrow 1999; Devokta et al., 2009). Shrubs and trees and pasture plants compete for
above- and below-ground resources. Major effects on pasture production are shade, and the
competition for moisture and nutrients, and these effects are tree and pasture species dependent
(Sharrow 1999; Devokta et al., 2009). Managing the appropriate species in the system is crucial; for
example, in temperate systems, planting nitrogen-fixing trees such as Alnus spp. is expected to
enhance nutrient cycling and increase soil fertility which may be beneficial to pasture plants (Smith
and Gerrard 2015). Silvopastoral trials on the Glensaugh Research Station **in Aberdeenshire can
benefit pasture production but this is influenced by factors such as the growth rate of trees, tree
densities and sheep stocking densities. The management of the integrated sheep grazing and
woodland system is key to maximising the benefits that shelter can provide for pasture growth,
feedingand animal welfare.

3.10.3 Providing tree fodder for livestock

Functional processes

The high levels of minerals in tree fodder suggest that trees can offer an alternative source of
supplement for UK ruminant livestock systems. The Organic Research Centre in Newbury, England
have undertaken foliar analysis of the content of essential macro and micro minerals of tree species
(Willow, Alder, Ash, and ElIm) which include river woodland species. Leaves collected from a farm in
Hamstead Marshall found that levels of phosphorus (an essentialelement for bones) were highestin
dried goat willow (5.5 g/kg DM) (Smith et al., 2018) but all trees compared favourably with grass at
2.8-3.5 g/kg DM, silage at 2.0-4.0 g/kg DM and at hay at 1.5-3.5 g/kg DM (McDonald et al., 1995; in
Smith et al., 2018). With regards micro-elements, willow was particularly high in zinc with Salix caprea
(goat willow) containing 144 mg/kg DM and Salix viminalis containing 245 mg/kg DM. The levelof zinc
in willow is substantially higher thanthose foundin grass at 5 mg/kg DM, in silage at 25-30 mg/kg DM
and in hay at 17-21 mg/kg DM (McDonald et al., 1995; in Smith et al., 2018).

Smith et al., 2018 explain how Zinc is presentin all animal tissue, organs and bones, playing an
important role in growth, cell repair, hormones, enzyme activation, the immune system and skin
integrity. The study also found that levels of iron were notably high in the dried samples and in elm,
in particular, at 258 mg/kg DM. Furthermore, Salix viminalis and Alnus glutinosa contained
substantially higher levels of manganese than did the othertree species.

Furtherfoliar analysis research by the Organic Research Center has found that Willow (Salix caprea),
oak (Quercus spp) and alder (Alnus spp) exceed the dietary metabolizable energy (ME) and crude
protein (CP) concentration requirements for growing lambs (40 kg lamb @ 150 g/d) (Kendall et al.,
2021). Tree leaves were collected from three sites in the UK in June as well as September. Alder
contained the most ME and CP of the studied species. Zinc and cobalt concentrations were found to
be dependentontree species with negligible site and season effects. All sheep nutrient requirements
of both elements were exceeded by willow, met by alder and not met by oak, willow exceeded these
requirements for zinc and cobalt by approximately 3-6 and 10-15-fold respectively. The zinc and
especially cobalt concentrations of willow leaves were sufficient to suggest that willow could be used

43 Glensaugh Research Station. Sharing best practice on agroforestry in Scotland
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as a bio-supplement when fed within a conventional grazing system, especially useful for growing
lambs.

Secondary compounds such as condensed tannins can also be of benefit by increasing the flow of
rumen-bypass protein and essentialamino acids to the small intestine (Rogosic et al., 2017) (in Smith,
2018). The potential for self-medication in ruminants is not well studied in the scientific literature.
Although salicin, in willow, is well known to have anti-inflammatory properties, it has not been widely
evaluated in terms of its contents within tree fodder or consequent effects on animal health (Boeckler
et al., 2011) (in Smith, 2018). However, there is growing evidence thatthe condensed tannins found
in willow fodder, has a protein-binding action that is anti-parasitic reducing livestock parasitism,
reducing nematode fecundity (Mupeyo et al., 2011) and leading to lower worm counts in livestock
(Diaz Lira, 2005).

Measured effect

Research into willow (a common riparian woodland species) as a source of browse for sheep during
droughtin temperate regions has been widely investigatedforits impacts on animal performance and
reviewed by Vandermeulen (2017). It has been reported toimprove reproductive rate, e.g. by 20% in
ewes, with more births of twin lambs (Pitta et al., 2005) or by 17 lambs/100 hoggets mated as a result
of increased oestrus activity and conception rates (Musonda et al., 2009), and reduce post-natal lamb
mortality from 17.1 to 8.4 % comparedtoa control group (McWilliam et al., 2005).

Studies have shown that ruminants dosed with condensed tannins, both in tree fodder and as an
extract, can have a significantly reduced load of nematodes withina month (Woodland Trust, 2015).
A rotational grazing experiment conducted for 14 weeks in New Zealand compared the efficacy of
grazing willow fodder blocks containing condensed tanninsfor sustainable control of internal parasites
in 180 Suffolk x Romney weaned lambs. One third of the lambs grazed control pasture, anotherthird,
pasture forthree weeksfollowedby willow fodder for one week and the last third of the lambs grazed
on willow fodder blocks all the time (full access). Resultsfound that lambs in the willow fodderblock
(fullaccess) had the highest liveweight gain in drenched as wellas undrenched lambs of 180g/day and
154 g/day respectively (Diaz Lira, 2005).

Farm research trials on the nutritional and medicinal benefits of tree fodder are on-going in the UK
and it will take time for quantifiable data to be available. The main aim of the farm trials on a dairy
farm in Shropshire are to analyse the nutritional content of the tree fodder, record milk volume and
quantify overall cow health with an overall objective that the animals will have access to more feed
value, become less stressed and be more productive forlonger (Woodland Trust, 2015). In Scotland,
interestinthe use of tree fodder is growing, and in particular, amongst crofters practicing silvopastural
agroforestry such as on Lynbreck Croft in the Northern Cairngormsand Darach Croftin Ardnamurchan.
Observations on Highland Cattle browsing preferences on tree hay harvested from existing pasture
woodland have been made at Lynbreck Croft and tree fodder blocks established.

Factors influencing effectiveness

Palatability which is a measure of the attractiveness of a species being browsed probably relates to
digestibility and toxicity. This will vary with tree species, the condition of the tree (affected by many
factorsincluding season, site and health) and the type, condition and individual tastes of the browsing
animal. Large ruminants can generally extract more energy from low digestibility food than smaller
ones.

Livestock browsing ontree fodderis influenced by the season and climatic conditions (Vandermeulen,

2017). In dry summer conditions, trees are browsed by animals when in the shade and as grass
biomass declines. Research from Belgium found that dairy heifers selectivity fed on woody hedge
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species mostly when the available pasture biomass was lower. The use of willow as fodder in
temperate areas of New Zealand is reported to secure forage supply during summer and autumn
droughts (Vandermeulen, 2017).

3.10.4 Supporting pollination & other beneficial insects

Functional processes

The role of river woodlands in supporting food production relies on an understanding of how the
woodlands contribute to maintaining a diversity of wild pollinator types, in sufficient numbers,
throughout the flowering season of different crops, and how it supports them at stages in their life
cycle when crops are not flowering. Different pollinators have variable rates of effectiveness in
pollinating different crops. This is due to different fruits having different flower types that attract
different types of pollinators. For example, about 8% of all flowering plants (including tomatoes and
blueberries) have specialised flowers that release pollen through narrow openings at the tip of their
anthers—a morphological adaptation analogous to a saltshaker (Free 1993), these are more suited to
pollination by bumble bees, than honeybees with shorter tongues. The most common pollinator of
field beansis the Buff- tailed bumblebee Bombus terrestris**, which is common and found in large
numbers, and suited to climbing inside the bean flower where the pollenis deposited on the heads.

Different pollinators are available at differenttimesinthe season, suiting crop varieties that flowerat
differenttimes. Ellis et al., (2016) found that the relative abundance of different pollinator taxa visiting
strawberries changed markedly through the season, demonstrating seasonal complementarity.
Pollinators also vary seasonally and depending on the weather conditions, suggesting that pollinator
diversity can reduce the risk of pollination service shortfalls. Forexample, flies visited the crop flowers
in poor weather and at the end of the flowering season when other pollinators were scarce, and so
may provide a unique functional contribution. Understanding how differences between pollinator
groups can enhance pollination services to crops strengthens the case for multiple species
management. (Ellis et al., 2016).

In a review of evidence based on observations, surveys and other research for a practical guide Falk
(2017) identifiesthe keyrole of woodland edge habitats such as those created along river woodland
edges provide valuable habitat for many pollinating insects (pollinators). Naturally occurring flowering
plant species are most beneficial to pollinators as they provide sources of pollen and nectar
throughout the season, whereas the agricultural plants they help pollinate may only have a particular
season. The trees, deadwoodand leaf litteralso provide shelterand hibernating areas, supporting the
life cycle of pollinators and other beneficialinsects such as beetles and hoverflies which help manage
pest species for crops such aphids (Falk, 2017).

Falk’s evidence is supported by results from a Welsh national survey (July/August) and modelling of
key factors affecting pollinator abundance. This found flower abundance in woodland edge habitats
and the relatively undisturbed habitats in woodlands as key factors, especially for abundance of
honeybees, hoverflies and mining bees. For example, high floral provision is found in broadleaved
woodlandsin Wales, particularly in the family Rosaceae. lvy (Hedera helix Jand brambles (Rubus spp.)
were also identified as key food sources for adult stage pollinators. The role of woodlands in
supporting other life stages of pollinators including undisturbed nesting habitats, and more stable
microclimates were discussed as further factors influencing pollinator abundance associated with
woodlands. However, bumble bee abundance was unaffected by habitat or ecosystem type. (Alison
etal., 2022). This finding contrasts with other studies frommore heavily forested landscapes in Estonia
and Poland which found bumblebee species richness is negatively affected by forest at the largest
spatial scales and is negatively affected by youngforestsuch as willows at the edge of wetlands and

44 pollination | PGRO
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along forest edges. These habitats are rich in blooming flowers in the spring (April and May), however
species nesting here may struggle to find food resources later in the year, if there is not sufficient
landscape diversity (Sepp 2004, Diaz-Forreraet al., 2012, Bak-Badowska etal., 2021).

Falk (2017) also identifies that some individual tree species are important for particular pollinators
that also are important in pollinating fruits and arable crops. Several hoverflies and moths are
associated with aspen, many other moths specifically require oaks, birches, willows, limes or elms,
and several mining bee species only collect pollen from willows. Wet woodland and other wet
features, including ponds, ditches, seepages and watercourses can be very valuable for pollinators.
For example, shallow water, wet mud, wet mosses, and semi-submerged woody debris are used by
some pollinating flies to breed in. In unshaded conditions, wet habitats tend to be in flower from early
spring until early autumn, providing food for many pollinators. It is important that wet woodland is
not drained. Limited tree-felling to create marshy clearings can be beneficial for pollinators, but as
shaded wet woodland is also important, it is useful to maintain both open and shaded areas. The
sheltered nature of woodland, and the presence of dead wood, old trees, leaf litter and dense
vegetation makes itavaluable habitat for hibernating adult insects such as queen bumblebees, queen
social wasps and certain butterflies and hoverflies.

The needfor mixed open and shaded areas in the riparian zone is also highlighted in a review of the
benefits of riparian buffers by Cole et al., (2020). The review identified the importance of early
floweringtrees such as Salix spp. as important early seasonfood resources for pollinators. However,
some wooded bufferstrips were also found to result in excessive shading, which decreases flowering
plants at ground level, resultingin a lack of forage forinsect pollinators when compared to vegetated
buffer strips (Cole et al.,2017; Stockan et al., 2012) which provide particularly profitable foraging
habitats (Cole et al., 2017,2015). Pollinators appeared to respond to changes in key floral resources,
dynamically using different semi-natural habitats to meet their requirements. Maintaining landscape
heterogeneity and improving the quality of semi-natural habitats to ensure resource diversity and
continuity is fundamentalto pollinator conservation. Riparian buffer areas and scrub provide keyfloral
resources (Cole et al., 2017). The need for landscape heterogeneity that includes trees was also
supported by a Swiss study. Fabian et al., (2013) found thatinsect communities in the wildflower strips
strongly respond to the presence of forest habitats in the landscape (6.2-17% forest cover), with
effects on species richness, abundance and food web complexity. The study concludesthat in order
to ensure long-term sustainability of wild bee and wasp communities and consequently their
ecosystem services as pollinators and biological control agents, it is not only necessary to maintain
and restore a dense network of flower-rich habitat patches in agricultural landscapes, but also to
conserve adiverse landscape mosaic that includes forest areas.

For lowland temperate pasture systems, insect pollinators and flowering plants were investigated on
a range of riparian margins (including fenced buffers with trees, and theiradjacent grassland fields, to
determine the main physical and botanical attributes driving pollinator diversity across 14 sites in
Kirkudbrightshire and Ayrshire). Irrespective of whether they were fenced or not, riparian margins had
richer plant assemblages and supported more pollinators than grassland fields (Cole et al., 2015).

Pollinator benefits are most likely to be realised if native woodlands, rich in edges and managed gaps,
are created on land which is currently flower-poor (Alison et al., 2022). River woodlands and managed
riparian buffers, provide extensive woodland edge with arange of moisture and soil conditions suiting
a wide variety of flowering plants throughout the season. However, no studies were found that
investigated the role of river woodlands specifically in supporting pollinator abundance and diversity,
and the implications for crop productivity.
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Measured effect

Evidence of the measured effect for crop production from improving pollinator populations is
primarily from wildlife friendly farming measures in general with no evidence found on measured
effects from wooded and river woodland areas specifically. However, diverse river woodlands
including woodland edge, wet woodland and grassland habitats provide arange of habitats to support
the life cycle of pollinators, as evidenced in the functional processes section above.

Ina globalreview, Garibaldiet al., (2013) found universally positive associations of fruit set with flower
visitation by wild insects in 41 crop systems worldwide. In contrast, fruit set increased significantly
with flower visitation by honeybees in only 14% of the systems surveyed. Overall, wild insects
pollinated crops were more effective, anincrease in wild insect visitation enhanced fruit set by twice
as much as an equivalent increase in honeybee visitation. Visitation by wild insects and honeybees
promoted fruit set independently, so pollination by managed honeybees supplemented, ratherthan
substituted for, pollination by wild insects. Some solitary bee species, such as mason bees, are also
betteradaptedthan honeybees to pollinate apples, pears, plums, cherries, strawberries, raspberries
and a wide range of garden flowers. The red mason bee, which is rapidly spreading naturally into
Scotland (Robinson 2009), is widespread in England and has shown to be a promising pollinator for a
number of crops grown in glasshouses or polytunnels; in particular for strawberry, raspberry and
blackberry®.

The needfora diversity of pollinators throughout the soft fruit season was foundin a field study and
through pollinator exclusion experimentsconducted on two soft-fruit crops in a system with both wild
and managed pollinators in Scotland (Ellis et al., 2016). The study tested whether fruit quality and
guantity are limited by pollination, and whether different pollinating insects respond differently to
varying weather conditions. Both strawberries and raspberries produced fewer marketable fruits
when insects were excluded, demonstrating dependence on insect pollinators. Raspberries had a
short flowering season which coincided with peak abundance of bees and attracted many bees per
flower. In contrast, strawberries had a much longer flowering season and appeared to be much less
attractive to pollinators, so ensuring adequate pollination is likely to be more challenging. The
proportion of high-quality strawberries was positively related to pollinator abundance, suggesting that
yield was limited by inadequate pollination on some farms (Ellis et al., 2016). These findings were
similar in astudy using controlled treatment by Maclnnis and Forrest (2019) which found strawberries
that developed from flowers visited by wild bees were heavierthan flowers visited by honeybees. In
addition, flowers visited by a combination of wild and honeybees producedstrawberries that weighed
less than flowers receiving purely wild bee visits in Quebec, Canada. Itis noted that different wild bee
specieswere present in the study to those found in Scotland. Similarly, apple tree fruit set significantly
increased with species richness of wild bees over three growing seasons in Wisconsin USA, whereas
managed fruit set by honeybees was not significantly different from those with and without managed
honeybees (Mallingerand Gratton 2014).

There is scientific evidence that wildlife-friendly farming from relatively small plots across the
landscape (equivalentto 1% and 5% of land in the whole landscape) increases field crop yield due to
the higher abundance and diversity of crop pollinators (Pywellet al., 2015). This single farm study in
Central England found that habitat creation through sowing wild flowersin 50 and 60 ha patchesona
commercial arable farm, lead to increased yields and the positive effect became more pronounced
over six years. By enhancing habitat heterogeneity and ecological connectivity, riparian buffer strips
have the potential to promote insect pollinators in intensively managed landscapes.

45 A2360104-Pollinator-strategy-technical-annex.pdf (nature.scot)
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The benefitinyield from pollinators varies by crop type and variety. There was anincrease in yield for
the field bean crop which comprised a mixture of self-fertile and inbred plants that must be cross
pollinated to set seed. Pollination has been shown to be a key limiting factor for commercial beans
(Pywellet al., 2015). Insect pollination has previously also beenshownto be a key factor limiting the
yield of field beans in other studies on large commercial fields (Kendall and Smith, 1975). However,
there were no detectable benefits or disbenefits were detected for crops of wind pollinated winter
wheat, or oil seed rape which were self- pollinating or fully fertile varieties. (Pywell et al., 2015). Other
research using bagging studies have shown that insect pollination can boostyield and crop quality of
oil seed rape (Bommarco etal., 2012). Research published by the Processors and Growers Association
advises that pollination reliance varies by variety. For example, bumblebee pollination increases yield
of Wizard beans by around 15% under normal conditions compared to plants receiving no pollination.
Quantified yield benefits in other varieties range from 17 to 30% and can rise to over 50% when crops
are affected by heat stress. Yields of bee-pollinated plants can also be 20% less variable, and plants
can have greater harvest index, shorter straw, and earlier ripening. It is unclear whether insect
pollination changes seed size, and there is no evidence that it affects protein content?®.

Factors influencing effectiveness

Good design and management of riparian woodland buffer strips are important to maximise
pollination benefits. Excessive shading decreases flowering plants at ground level, resulting in a lack
of forage forinsect pollinators when compared to open vegetated buffer strips.

While the erection of fencesdid not enhance therichness or diversity of flowers, fenced riparian buffer
strips supported more even and diverse assemblages of bumblebees and a greater number of
butterfliesthan unfenced riparian margins. More bumblebees and butterflies were recorded in wide
bufferstrips (i.e. overfive metres wide) than in unfenced margins or narrow bufferstrips (i.e.<3.5m
wide) and butterfly assemblages in wide buffer strips werericherand more diverse. (Cole et al., 2015).

In Cole et al., (2015), the majority of plant-pollinator interactions (87 %) occurred on just seven plant
species, indicating their value as resources for insect pollinators (i.e. Symphytumxuplandicum, S.
sylvatica, S. palustris, Trifolium repens, Cirsium palustre, C. arvense and C. nigra). The abundance of
these key flower species, ratherthan the total abundance of flowers, is likely to be a more important
determinant of insect pollinator populationsin the study area. With the exception of C. arvense and
T. repens, flowers of these species were more abundant in fenced buffer strips than unfenced riparian
margins. Furthermore, pollinators in narrow buffers strips were never recorded foraging on plant
species identified as providing key resources early in the season (i.e. Symphytumxuplandicum, S.
sylvatica and T. repens), indicating the importance of wide buffer strips, and indeed unfenced riparian
margins, in providing resources early in the season (Cole et al., 2015).

While mowing is a realistic option to maintain botanical diversity in arable landscapes where buffer
strips can be established without fencing, in grassland situations, grazing is a more viable management
option, due to the difficulties in manoeuvring machinery in the confinements of fenced field margins.
Grazing disturbance can increase the longevity of botanical diversity within field margins, thus
benefitting insect pollinators (Carvell, 2002; Fritch et al., 2011). Allowing livestock access to riparian
buffer strips, however, increases the risk of faecal contaminants entering the watercourse and thus
grazing managementshould be implementedoutside of the bathing season to minimise risk to human
health (McCracken et al. 2012- From Cole 2015).

It took around four years for the beneficial effects on crop yield to manifest themselves and these
appearedto strengthen with time. This could be considered furtherindirect evidence of biodiversity-
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mediated benefits to crop production, reflecting the time taken for populations of pollinators and
other beneficial insects to respond to wildlife-friendly farming. Recent studies show increases in the
numbers of pollinating insects over similar time periodsin response to creation of pollen and nectar
habitats across a landscape gradient (Pywell et al., 2015).

3.10.5 Evaluation of evidence

Strength of evidence (based on quality of studies)

Providing shade for livestock: There is strong evidence of the biophysical processes that provide a
shade provision to livestock via cooling effects of the trees. There is strong empirical evidence from
controlled physiological studies which demonstrate the positive impact of shade on dairy and livestock
production. It is not, however, specificto river woodlands and there is concern that encouraging use
of riverwoodlands by animals may have adverse impacts on water quality.

Providing fodder for livestock: There is strong evidence which has quantified the nutritional
properties of tree leaves (including riparian woodland tree species). The quantified benefits of fodder
for livestock welfare and productivity (including quantifying positive medicinal impact) however
remains moderate overall and research trials to quantify the benefits are on-going in the UK. The
evidence is stronger for sheep browsing willow with benefits of improved reproductive success and
reduced loads of parasitic worms with improvementsin growth. Nowork has been undertakenin the
UK forriver woodland types although the benefits of browsing woodland edge or hedgerow trees with
similar tree species (eg: willow) adjacent to fields are likely to be transferable.

Providing shelterforlivestock: There is strong evidence for the biophysical processeswhich underpin
the ability for shelterbelts and wood pasture to provide shelter to livestock. Quantified evidence of
the measured effect of the benefit of shelter to livestock and dairy production from woodlands is
limited butit is strong for sheep and lambing (with multiple lines of moderate observational evidence).
It is likely that the benefits from shelter from shelterbelts and woodland pasture is transferable to
riparian woodland although there are limitations with potential conflicts with animal welfare, soiland
water conservation close to water. Shelterbelt riparian woodlands buffers will be limited by the
orientation of the river to the wind.

Supporting pollination & otherbeneficial insects:

There is strong evidence from multiple lines of observational evidence and robust surveys that
woodland edge habitats and wet woodland habitats (such as created along river edges) provide
valuable habitats and a range of food sources for many pollinating insects. The evidence is at field and
landscape and national scales using statistical associations and modelling. The research indicates the
importance of woodlands as part of a heterogenous landscape including other semi-natural habitats
that provide a range of food sources throughoutthe season. There is strong empirical evidence that
improving wild insect pollinator populations is beneficial for crop production from wildlife friendly
measures in general but not wooded or river woodland areas specifically. However diverse river
woodland habitats supporting the lifecycle of pollinators are likely to make a valuable contribution.

Limitations & Gapsin Research

Whilst the benefits of trees for shelter and shade for animals is well understood the specific role of
riparian woodland is less well studied and there may be conflict between this role and bank
stabilisation goals if livestock use results in bare compacted ground under the trees. Furthermore
there is a potential animal welfare risk if the riverbanks are steep and below deep water. Grazing
livestock can also have a big impact on woodland ground flora which has previously not been
disturbed. There is a Good Agriculturaland Environmental Conditions (GAEC) requirement for farmers
to limit the erosion of the banks of watercourses, water points and feeding areas from overgrazing or
heavy poaching by livestock. The impact of livestock and stock density on different soil types and in

99



Official

different settings, both in uplands and lowland riparian zones in Scotland, requires further
assessment.

The impact of the nutritional and medicinal benefits of tree fodder for livestock productivity requires
further quantification in Scotland.

The pollinator research covers woodland edge and designed buffer strips with and without woodland.
Itis not clear whetherriparian zones would be in the right locations, and at sufficient density across
the farm to provide the pollinator benefits identified in the measured effect from planted wildflower
blocks. Furtherresearch is needed to understanding better the design of heterogenous landscapes to
optimise crop pollination.

3.11 Clean Energy - biomass production

3.11.1 Overview of benefit

Bioenergy can play a part in helping the Scottish Government achieve its renewable energy targets to
help reduce greenhouse gas emissions. Advice from Scottish Government’s statutory advisers, the
Climate Change Committee (CCC), states that "sustainable bioenergy is essential for reaching net
zero". According to the Scottish Government (2021), biomass provides two main routes to mitigate
climate change and reduce emissions. First, as a carbon sink, it helps by removing carbon dioxide from
the atmosphere and storing it for long periods of time in soils, trees and other plants. Second, as a
renewable energy source, it helps by directly displacing oil, coal and natural gas use or by
decarbonising the fuel source for the production of materials such as steel and cement. Bioenergy's
overall contribution to Scotland's renewable energy target, is modest, 3% of final consumption from
bioenergy and wastes. Thereis potentialto expand production in Scotland, but there is concern about
competingland uses.*” The multiple benefits provided by river woodlands could be part of the solution
to address these concerns. Willow or aspen planted as a riparian buffer has been suggested as a
solution to help mitigate climate change as well as agricultural diffuse pollution, by sequestering
carbon (see section 3.4) and by providing biomass through coppicing.

There are different opportunities for biomass production depending on the size and type of riparian
woodland, from the provision of wood fuel, a farm scale bioenergy boiler to more intensive short
rotation coppice schemes which can be sold as wood fuel or bioenergy crops for off-site biomass
boilers serving businesses and the community.

This section reviews the evidence relating to provision of biomass from river woodlands and
specifically from made-made riparian woodland buffers.

Beneficiaries: land managers, farmers, estate owners, utility companies, local authorities, rural
communities and businesses using biomass fuel.

3.11.2 Provision of biomass for energy

Functional processes

Avariety of crops can provide biomass forenergy, howeverin the context of river woodlandsthe most
likely species would be short rotation coppice (SRC) willow or poplar, as it would be combined in the
design of woody riparian buffers for managing diffuse pollution. A review of the benefits from riparian
buffers by Cole et al., (2020) identifies there is a benefit of coppicing the trees to maintain the
effectiveness of uptake of nutrients by the trees. Therefore, there is a co-benefit to harvest wood for
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biomass/timber with replanting or coppicing to maintain growth, nutrient uptake and the buffer strips
ability to mitigate diffuse pollution.

SRC willow as an energy crop exploits the vigorous juvenile growth associated with Salix spp. and its
ability to coppice, or re-sprout, from the stool that remains after harvesting. The crop does not need
to be replanted after cut back. An SRC willow plantation is established from hard-wood cuttings
prepared fromone-yearold stems. Growth is rapid after cut back and can be as much as four metres
in the first year increasing to 6-8 metres at harvest in year three (short rotation) following cut back.
The willow can be coppiced six to eight times giving the plantation alife span of 19 — 25 years, allowing
for the establishmentyear. Shorter (2 years) and longer (four or five years) harvest cycles have been
considered depending on the productivity of the sites and otherend use factors (Caslin et al., 2015).

Areview by Christen and Dalgaard (2013), found that SRC could prolong nutrient uptake from wooded
buffers and provide an economicincentive forlandowners to establish wider buffer strips. They found
a variety of buffer designs useable in different farm settings. They demonstrated the workability of
one design at a trial site on a Danish farm and found that biomass buffers can deliver economic,

conservation and farm management benefits.

There is also evidence that regular coppicing/harvesting of SRC, disturbs groundcover and exposes
bare ground temporarily resulting in an increase in pollutants entering the watercourse. Therefore,
design of the buffer and intensity of forestry management are key factors to consider. In order to
make SRC both financially and environmentally viable it is suggested that SRCshould be incorporated
within a zonal buffer framework that combines a zone of coppiced trees with an undisturbed
woodland zone immediately adjacent to the watercourse to intercept pollutants during harvest
(Correll, 2005).

Zoning enables multiple benefits from a riparian buffer, with biomass and timber harvesting
recommended in the middle zone away from the riverbank. Sheridan et al., (1999) recommend zoning
of the riparian bufferwoodland so that there is a narrow zone of permanent native trees and shrubs
immediately adjacent to the river (approx. 10m wide). This provides the benefit of stabilising banks
and shading, as well as maintaining the river ecosystem. Then a second zone (45-55 m wide) behind
this that provides the nutrient removal benefits through the woody material and infiltration and a
grass bufferzone to capture sediments (8m wide). In field trials in the USA, management of zone 2 by
selective felling and clear felling of the trees had little impact on the runoff and sediment load
reduction function of the buffer, provided good forestry practices were followed such as not leaving
areas of bare soil. This enablesthe landownerto gain an economic return fromthe woodlandin zone
2.

There is also some evidence to support the use of Short Rotation Coppice and Short Rotation
Woodland in purification/phytoremediation in final water treatment systems on farms, coupling
wastewater management with renewable energyin England (in Nesbit et al., 2011). Further research
trials are required in Scotland, but some work has started in Orkney. This suggests a wider planning
for woodland biomass within the farmed landscape, with river woodlands providing a contribution to
make it viable.

Alternatively, where water quality benefits are not the driver other species such as aspen could form
part of a lower intensity wood pasture of pollarded trees providing forage and shade benefits (see
sections 3.9 and 3.10), alongside biomass benefits. Aspen naturally grows on well drained soils near
rivers. Trials in Germany have indicated that where a crop of aspenis harvested (cutat ground level)
after ten years, as much as 45 stems/tree on average can regenerate. This will reduce naturally in
more dense plantings through competition to two dominant stems from the stumpand three suckers.
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Based on the findings of Short Rotation Forestry (SRF) trials by Forest Research, the anticipated total
biomass produced from such an aspen agroforestry scheme would be in the order 1T to 1.7T /Ha/yr
depending on clonal variation. Biomass volume would be similar to that produced in an equivalent
system utilising ash and would be more productive than a system utilising birch. While all the biomass
available will not be utilised with pollarding, it gives some idea of the productivity of aspen (Eadha
Enterprises, 2015).

Measured effect

Most of the studies reviewed, focus on biomass production from buffer zones where trees have been
planted primarily for uptake of nutrients from farmland. There are controlled field-based trials in UK
that investigate yield and carbon emissions that indicate the potential for biomass production from
Short Rotation Coppice (SRC) from riparian buffers. One Italian study consider firewood production
from a riparian forest buffer, which was not commerecially viable.

Commercial levels of yields were found in field trials of Short Rotation Coppice (SRC) from riparian
buffer strips. For example field scale trials from riparian willow buffers with an average plot size of
125m? in Northern Ireland had an average yield across all plots of 11.31 Mg dry matter(DM)/ ha/yr,
assuming 10% harvest losses from mechanical harvest. The high yields are within the bounds of
equivalent conventional SRC systems that required additional fertilizer inputs. High yielding willow
varieties, good light conditions due to the narrow strip and fertilizer runoff from adjacent land explain
the goodyields achieved (Livingstone et al., 2022). Similar commercial levels of yields were found ina
study of Integrated Buffer Zone at Balruddery in Scotland. The biomass was removed from 300m?
riparian buffer plots with 0.7% field ratio. The wood biomass produced from an integrated buffer zone
with willow aftertwo years was 17-40 DM tha. The yields were considerably betterforwillow plots
than foralder 2-10 DM tha. (Zak et al., 2019).

Life cycle analysis of using riparian buffers for biomass compared with conventional SRC demonstrates
that they have lower carbon emissions due to no additional applications of fertilizer. The buffer plots
were adjacent to an agricultural field and provided a 10m wide buffer zone to an agricultural drain,
and runoff from the agricultural field was the only additional source of nutrients. Due to the proximity
of the water course no pesticides were used. Emissions from the Northern Ireland plots were 4.66 kg
C0O2eq Glheatour T Which is equivalent to previous values for willow combustion. These were lower than
5. 84kg CO2eq Glyeaou: * reported for the Irish system in equivalent climatic condition by Murphy et
al., (2014). This was largely due to the reduced fertilizer emissions. Compared with oil-fired heating
the base case scenario had 95% less CO2eq emissions (84 CO2eq Gl eatout ). Even with an assumption
of 250 km transport, CO2eq emissions were reduced by 91% compared with oil fire heating. These
values are well within the RED Il policy requirements for renewable energy from biomass sources.
Overall, energy production is up to 64 times greaterthan the energy demands for the entire life cycle.
(Livingstone et al., 2022).

Narrow riparian buffers whilst still productive are less likely to provide commercial rates of return. For
example, Dal Ferro et al., (2019) studied a system where trees were grown for firewood in 3 and 6m
buffers adjacent to arable land in an area of traditional farming practice in Italy. There was a
motivation to also achieve multiple benefits for wood fuel production, as well as reducing suspended
sediment, nutrient runoff, and pesticide spray drift. Designs of alternating Viburnum shrubs between
plane trees were used with grass understory in three designs: a 3-m buffersingle row, and 6-m wide
single and double rows of trees. Coppicing was done every six to seven y ears by hand with chainsaws.
The authorsreported 33 to 52% greater wood yields attained in two-row than one-row systems, but
20% greater yield for trees closer to the field (1.5 m) than further away (4.5 m), indicating nutrient
benefits associated with preferential nutrient trapping at the upslope buffer edge. Returns of 0.2 to
0.7 t dry matter per linear meter of buffer were insufficient to provide appreciable profit to farmers
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considering lost revenue of field crop and subsidies. The costs of management and firewood
processing were only covered for sale when at the best well-seasoned quality price, even when
factoring in EU environmental stewardship payments received for such buffers. Simple wood drying
treatments were studied thatincreased profitability.

Factors influencing effectiveness

Appropriate design and management are required to maximise effectiveness and economic viability
of shortrotation coppice practice but also to minimise environmentalrisks to soils and water and for
legislative compliance (see Annex 2). The design of the bufferforshort rotation coppice will help with
this as well as reduce nutrient pollution from adjacent agriculture (as described above).

The water use of short rotation coppice can be higher compared to agricultural crops which presents
a potential waterresource risk but reported vegetative evapotranspiration of short rotation coppice
varies markedly depending on thelocation (precipitation, soiltype), selected species/clones, plant age
and the climatic conditions during the estimation periods (Dimitriou et al., 2009).

Modelling exercises conducted by Stephens et al. (2001) indicated reductions of 10 to 15 % of the
hydrologically effective rainfall in SRC fields compared to arable crops in the UK. Despite this, the
authors claimed that the effect on hydrology to the catchment level would be minimal, after
extrapolations based on the model results obtained and the assumption that 2500 ha SRC will be
plantedin an area of 40 km radius from a biomass-driven power plant.

Hall (2003) suggested that even if SRC “consumes” more water than other arable crops, catchment
scale effects of SRC on hydrology will be negligible, and that even when used as riparian buffers SRC
will have little effect onriver or streams due to low abstraction rates. Hall (2003) suggested however
that in places where the potential biomass production from SRC exceeds 12 t DM/ha/ yr, and
precipitation happensto be lowerthan 550 mm peryear, thenthese areas should be avoided for SRC
planting since the consequences of reductions the hydrologically effective rainfall are much more
seriousin such areas.

Cole et al., (2020) advise that the timing and intensity of harvesting of biomass should consider the
full range of ecosystem services provided by the buffer strip and the relative importance of these at
farm and catchment level. Furthermore, the extent of area in forest management, width of buffer
including the permanent woodland zone that is not harvested impact on economicand environmental
viability (Cole et al. 2020).

Harvesting techniques affect the overall lifecycle analysis. Use of grid electricity for mechanically
drying chips also contributed to the acidification potential. In trials the biobaler method was found to
outperform chipping and whole stem harvesting, and removed the need for mechanical drying, along
with reduced transportation after field drying to 12% moisture content based on Canadian conditions
(Livingstone et al., 2022)

3.11.3 Evaluation of evidence

Strength of evidence (based on quality of study)

Provision of biomass: there is strong functional and quantified evidence from controlled field-based
trials of commercial levels of biomass production from SRC willow from man-made riparian buffer
strips, including Scottish evidence. Life cycle analysis demonstrates that biomass from riparian buffers
has much lower carbon emissions compared with oil-fired heating (91-95% lower) and has lower
emissions than conventional short rotation coppice. One Danish farm has demonstrated effective
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operation at a farm scale of economic, conservation and farm management benefits. A study of wide
zoned buffersinthe USA found that the wood could be harvested withoutimpact on water quality.

Limitations and Gaps in Research

Ferrarini et al. (2017), identifies potential limitations of space when trying to use the riparian zone for
biomass production as access with harvest machinery may be difficult unlike large scale bioenergy
plantations. The type of machinery used to plant and harvest also impact on economic and
environmentalviability (Livingstone etal., 2022).

Further work in Scotland is required to understanding the benefits of short rotation coppice and its
impact on water and soil quality. Also, to understand the economic benefitsto farm enterprisesin a
Scottish context from biomass provided from riparian woodlands.

Further evidence to support the use of Short Rotation Coppice and Short Rotation Woodland in

purification/phytoremediation in final water treatment systems on farms, coupling wastewater
management with renewable energy in Scotland.
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4 Conclusions and recommendations
4.1 Strength of evidence for river woodland functions based on the quality of

studies

A summary of the strength of evidence for river woodland functions is presented in Table 1. The
strength of evidence is based on the quality of studies for each of the functions, with functions
grouped into the benefits that river woodlands can deliver (column 1). The classification provides a
level of confidence in the measures for investment purposes. The strength of the evidence ranges
from very strong to weak. The majority of functions indicate a moderate to strong level of
functionality based on empirical data quantifying a positive effect.

Table 1: Summary of the strength of evidence quantifying a positive effect for functions associated with each
river woodland benefit. Classifications are based on the Level of Evidence Pyramid by Mupepele et al., (2016)
describedin Burton et al., (2018).

River woodland
Benefit

Strength of evidence for functions of river woodlands

Moderate Weak
Clean water Stabilising Controlling nitrogen Capturing pathogens
riverbanks pollution

Controlling phosphorus

pollution

Controlling excessive

algae & periphyton

Capturing sediment

pollution

Capturing pesticides
Conserve Supporting Supporting other species Providing habitat
Biodiversity & | aquatic processes | Supporting river hydro- connectivity &
Ecosystems morphological processes | supporting genetic

and diversity diversity
Climate action: Modifying local climate Modifying local climate | Maintaining water
water stress & conditions: shading and conditions: hydraulic yields & low flows
drought cooling air lifting
adaptation
Climate action: Slowing the flow
Flood risk Reducing coarse
alleviation sediment delivery and

siltation of channels

Climate action: Carbon sequestration &
Carbon carbon storage
Clean air Capturing air pollutants

Sustaining soils

Reducing soil loss

Improving soil health

Good human Exposure to river
health woodlands
Cooling air
Wwild fish and Regulating local climate Providing food for fish Improving habitat
angling through shading for fishwithlarge
woody material
Sustain food Supporting pollination Providing fodder for
production Providing shelter & shade | livestock
for livestock
Clean energy Provision of biomass for
Biomass energy
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4.2 Recommendations

4.2.1 Over-arching themes
The following section includes the report’s recommendations which are numbered underthemes.

Design and location

River woodland measures need to be established with appropriate design and management to be
effective and should be placed strategically within the catchment, in the right location(s) and at the
right scale as this is critical forthe delivery of the benefits.

1. River woodland measures need to be established with appropriate design following best practice
guidance planting the right speciesin the right place.

2. The establishment of new native river woodlands needs to be integrated with deer management
in Scotland.

3. Newriverwoodlands should be placed strategically within the catchment with particular emphasis
on headwater catchments for control of sediment, managing water temperatures, reducing flood
risk by slowing flows, and supporting ecological functioning of the whole river.

Landscape scale approach

Alandscape scale approach willimprove delivery of many of the benefits and especially for clean water
and flood alleviation. Sediment eroded from banks is often not a major source of polluting fine
sediment, compared with sources direct from cultivated land.

4, Woodland should be strategically planted in the wider catchment on source-receptor pathways
to stop erosionin the first place.

5. To optimise flood alleviation outcomes, river woodlands should be considered alongside wider
catchment woodland and cross-slope woodland measures (Annex 3).

Component of sustainable integrated land management

Land-use management has an impact on the quality of soil, air and water. River woodlands help
safeguard our environment, whilst providing climate change resilience and diversification on farms.
They also provide an income and support agricultural production via carbon, pollination, biomass and
agroforestry.

6. River woodlandsshould be considered as an important component of sustainable and integrated
land-use management.

7. An integrated approach should be adopted for river woodland measures, considering multiple
benefit delivery and other environmental factors (e.g.: water temperature) which may influence
individual benefit outcomes.

Component of Scotland’s Nature Networks

Establishing a network of riparian and floodplain woodlands enables nature to adapt to climate change
by supporting reproduction and geneticdiversity of species and species migrations. River woodlands
will also contribute to biodiversity on a landscape scale as an important component of a
heterogeneous landscape.

8. River woodlands should be established in agricultural, commercially forested and urban settings
to increase structural diversity and the abundance and diversity of wildlife at the landscape scale.

Improve evidence

Improved evidence at catchment scale and over longer timescales will improve confidence in river
woodlands as a nature-based solution. Estimations on the time it takes for benefits to be realised will
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be valuable for catchment planning, forexample in identifying future needs of drinking water supplies
or flood risk changes.

9. Direct evidence is required to build models for riparian woodland effects on benefit outcomes at
catchment scales.

10. Longer duration studies are required to improve the evidence base as trees grow, and pre-
intervention data on the sites of later intervention are needed to formulate more definitive
Before-After-Control-Impact studies.

11. Data needstobe collected onthe ecological and chemical status of freshwaterin the headwaters
of catchments (where most benefits will be delivered) as this remains a significant evidence gap
and is required for the establishment of robust base-line data.

12. Approximate timescales to achieve different benefits and functions from river woodlands are
required to produce more realistic objectives in line with nature-based solutions for River Basin
Management Planning and other mid/long term scale initiatives.

4.2.2 Individual benefit /outcomes

Healthy & resilientriver systems:
There is very strong evidence that native riparian woodland in the headwaters of catchments underpin
the ecological functioning of the whole river.

13. Restoration of native riparian woodland in headwaters of catchments should be a priority for
restoration.

14. A national map of existing and potential native riparian woodland cover needs to be developed
for improved targeting of river woodland measures, that considers tree species for different
regions and catchments and soil conditions.

15. Based ona national map of riparian woodland, tree nurseries for different tree speciesof riparian
and floodplain woodlands should be set up to fulfil the need of future tree planting and river
restoration projects.

16. The classification criteria of river morphological condition in SEPA should be improved, making
use of the most up-to-date science onriparian woodland.

Cleanwater:

Man-made riparian woodland buffers are a viable and valuable measure within agricultural landscapes
to combat the transfer of diffuse pollution to water courses. However, the effectiveness of buffers for
diffuse pollution is highly variable depending onfactors such as location, soils and land cover, size of
buffer, design and management.

To maximise diffuse pollution mitigation benefits:

17. River woodlands should be at a correct scale of catchment coverage. This requires catchment
coordination and planning to ensure targeting pollution sources and pathways, wider soiland land
coverrisks.

18. Headwater catchmentsrequire particularattention. Here, an understanding should be developed
of dominant pollution sources and pathways, and woodland as part of pollution buffers should
target multiple critical source areas to collectively improve water quality.

19. Planning, location and design needto considerlocal issuesand knowledge.

20. Appropriate designs and siting of functional riparian woodland are particularly needed on
farmland to mitigate pollution and protect water quality.
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21. Management of man-maderiparian woodland buffers is required to maintain effectiveness, w hich
can include phased harvesting of biomass.

Climate action: adapting to water stress and drought:
Evidence suggests that planting of broadleaved woodland is likely to have a relatively minor impact
on wateryield and low flows, but furtheranalysis of impact is required.

22. Hydro-morphological models need to be developed further to estimate woodland impacts on
waterresourcestoinclude river woodland types and species on sites across Scotland.

Climate action: alleviating flood risk:

Riparian woodlands, in combination with other measures such as leaky large woody structures and
on-line ponds in the headwaters, have been found to slow up to medium-scale floods in small
catchmentsin Scotland.

23. Natural flood management should consider river woodland measures to slow the flow and reduce
sedimentload; when used in combination with other natural flood management measures, these
are most effective.

Climate action:

The carbon storage potential of river woodlands in Scotland could be substantial with contributions
from whole tree biomass, large woody material and soil organic carbon within the river and wider
riparian zone.

24. The different carbon components of river woodlands should be quantified and accounted for, for
carbon sequestration estimates and the Woodland Carbon Code.

Cleanair:

Roads often follow river courses and people are attracted to them for health and active travel,
therefore targetingriver woodlands in pollution hotspots would help reduce risks to people’s health
from ultra-fine particulates. However, riparian trees need to be planted with the right design and
managementto deliverimproved air quality and avoid pollution swappingissues.

25. Urban planners should consider urban riparian woodlands to help capture air pollutants and
reduce pollution loads.

Sustaining soils:

Healthy soils with good stable soil structure under river woodlands willbe more resilient to pressures,
including climate change impacts. Healthy soils provide a range of multiple benefits; protecting water
quality, providing resilience to drought, reducing flood risk, improving carbon storage, conserving
biodiversity and assisting in heat wave managementin greenspaces to cool our towns and cities and
reduce the risk of land loss and soils beingwashed away.

26. River woodlands should be considered as an important measure in safeguarding soils as a critical
natural resource.

Conserve biodiversity & ecosystems:

Native riparian woodlands, floodplain woodlands and their associated large woody material support
key hydrological, hydro-morphological and biological processes which are fundamentalin maintaining
resilient and healthy river systems. River woodlands also support a rich diversity of plant and animal
species across the river andriparian zone, with strong, dependentinter-relationships.
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27. The restoration of a national network of river woodlands in Scotland should be centre-stage in
biodiversity conservation effortsto help avert our global biodiversity crisis.

Good human health:
Urban riparian woodland provides corridors to link up greenspaces for recreation and leisure and the
cooling effect of the adjacent river and the woodland magnifies the benefit.

28. The design of urban blue-green infrastructure should consider river woodlands as they make a
valuable contribution to improving health and well-being, including cooling our towns and cities.

Wild fish and angling:

Itis clear thatrivertemperaturesin Scotland are increasing and that riparian woodland planting, along
with managingriver flows, are the main options available for climate change adaptation for cold water
fish like Atlantic salmon and brown trout.

29. Itis essentialthat riparian woodlands are restored to protectrivers from temperature extremes,
now and for the future of cold-water wild fish and fisheries in Scotland.

Sustaining food production:

River woodlands enhance food production by providing shade shelter and fodder for livestock. They
also can provide valuable habitats and a range of food sources for pollinating insects important for
pollinating crops, especially fruit.

30. River woodlands should be considered as an option for the provision of shade, shelterand fodder
for livestock, in fenced blocks on agricultural floodplains or behind fenced riparian buffers
adjacentto fields.

31. River woodlands should be considered a key element within a heterogenouslandscape alongside
wildflower planting, hedgerows and other woodlands to support pollinating insects.

32. To optimise the benefit for pollination, river woodlands should be diverse, with a range of tree
and shrub species, and designed toinclude openand wetland areas.

Clean Energy-biomass production:
Man-made riparian woodland buffers and zoned buffers provide commercial levels of biomass
productivity with lower lifecycle carbon emissions than conventional biomass production.

33. Further farm trials to demonstrate the commercial benefit of biomass production from Short
Rotation Coppice within man-made riparian buffer strips should be set up in Scotland. This should
follow best practice on appropriate design and management to safeguard water and soil quality
and avoid areas prone to flooding and water scarcity.

4.3 Recommended next steps for the Riverwoods initiative

1. Communications workis required to tailor the scientific evidence for specificaudiences, including
the buyers and suppliers of river woodland ecosystemservices. Plans are in place to deliver some
of this through the Riverwoods partnership.

2. Abusinesscase needsto be developedtoenable effective delivery of river wood lands underthe
Riverwoods initiative (see Annex 2), underpinned by bespoke business plans for each Riverwood
project. The business case should include:
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e Assessment of the multiple benefits and quantifying financial returns and
preventative spend from river woodland restoration.

e Specificinformation to understand individual and business views, interest and desire
for investingin river woodlands in a given location.

e Furtherworkto collate data on cost-benefit analysis relating to the restoration of river
woodlands versus alternative measures for delivering the environmental and social
benefits. This is being addressed through the Riverwoods Investment Readiness
Pioneers project being funded by the Esmée Fairbairn Foundation.

3. Develop demonstration sites to show the pathway to investment ready projects and red uce
uncertainty about outcomes for investors. These should be selected to include a wide
geographical spread, range of river scales, different ownership arrangements, community and
business interest, as well as representing both rural and urban locations. Early work on this has
now begun.

4. Treestake years to achieve certain benefits such as shading, others like carbon storage are non-
linear over time, with some benefits realised immediately; this must also be considered in
investmentand benefits calculations.

5. Further work is required to review the most up to date decision support tools and guidance for
implementation toimprove guidance for river woodland partnerships(see Design and Restoration
Guidance links, Annex 2).

6. River woodland benefits should inform codes and standards supporting the development of
natural capital markets and the shift towards a nature positive economy*%.

7. This evidence report has identified a number of research and development gaps for river
woodland implementation which should be assessed for prioritisation depending on business
requirements (seeAnnex1).

48 Scotland's National Strategy for Economic Transformation - gov.scot (www.gov.scot)

110


https://www.gov.scot/publications/scotlands-national-strategy-economic-transformation/pages/5/

Official

5 References
Abbe, T.B. & Montgomery, D.R. (1996). Large woody debris jams, channel hydraulics and habitat formation in
large rivers. Regulated Rivers: research & management, 12(2-3): 201-221.

https://doi.org/10.1002/(SIC1)1099-1646(199603)12:2/3%3C201::AID-RRR390%3E3.0.CO;2-A

Addy, S., Cooksley, S., Dodd, N., Waylen, K., Stockan, J., Byg, A. & Holstead, K. (2016). River Restoration and
Biodiversity: Nature-based solutions for restoring rivers in the UK and Republic of Ireland. CREW
reference: CRW2014/10

Addy, S. & Wilkinson, M. (2016). An assessment of engineered log jam structuresin response to a flood eventin
an upland gravel-bed river. Earth surface processes and landforms, 41(12): 1658-1670.
https://doi.org/10.1002/esp.3936

Addy, S. & Wilkinson, M. E. (2019a). Geomorphic and retention responses following the restoration of a sand
gravel bed stream. Ecological Engineering, 130: 131-146.
https://doi.org/10.1016/j.ecoleng.2019.01.013

Addy, S. & Wilkinson, M. E. (2019b). Representing natural and artificial in-channel large wood in numerical
hydraulic and hydrological models. Wires water. 6(6). https://doi.org/10.1002/wat2.1389

Alison, J., Botham, M., Maskell, L. C., Garbutt, A., Seaton, F. M., Skates, J., Smart, S. M., Thomas, A.R. C., Tordoff,
G., Williams, B. L., Wood, C. M., & Emmett, B. A. (2022). Woodland, cropland and hedgerows promote
pollinator abundance in intensive grassland landscapes, with saturating benefits of flower
cover.Journal of Applied Ecology, 59, 342—354. https://doi.org/10.1111/1365-2664.14058

Allen, M.F. (2007). Mycorrhizal Fungi: Highways for Water and Nutrients in Arid Soils. Vadose Zone Journal, 6(2):
291-297. https://doi.org/10.2136/vzj2006.0068

Anthony, M.A., Crowther, T.W., van der Linde, S., Suz, L.M., Bidartondo, M.l., Cox, F., Schaub, M., Rautio, P.,
Ferretti, M., Vesterdal, L., De Vos, B., Dettwiler, M., Eickenscheidt, N., Schmitz, A., Meesenburg, H.,
Andreae, H., Jacob, F., Dietrich, H.P., Waldner, P., Gessler, A., Frey, B., Schramm, O., can den Bulk, P.,
Hensen, A. & Averill, C. (2022). Forest tree growth is linked to mycorrhizal fungal composition and
function across Europe. ISME J 16: 1327-1336. https://doi.org/10.1038/s41396-021-01159-7

APEM (2020). Eddleston Water Restoration Project: Macroinvertebrate responses 2012-2019. APEM Scientific
Report P00002009. Eddleston Water Project database — Tweed Forum

Archer,N.A.L., Otten, W., Schmidt, S., Bengough, A.G., Shah, N. & Bonell, M. (2016). Rainfall infiltration and soil
hydrological characteristics below ancient forest, planted forest and grassland in a temperate northern
climate. Ecohydrology, 9: 585—-600. https://doi.org/10.1002/eco0.1658

Arora, K., Mickelson, S.K. Helmers, M.). & Baker, J.L. (2010). Review of Pesticide Retention Processes Occurring
in Buffer Strips Receiving Agricultural Runoff. Journal of the American Water Resources Association,
46(3):618-647. https://doi.org/10.1111/j.1752-1688.2010.00438.x

Asghari, H.R. & Cavagnaro, T.R. (2012). Arbuscular mycorrhizas reduce nitrogen loss via leaching PLoS One, 7(1):
€29825-1-29825-5. https://doi.org/10.1371/journal.pone.0029825

Armstrong, J.D., Kemp, P.S. Kennedy, G.J.A., Ladle, M. & Milner, N.J. (2003). Habitat requirements of Atlantic
salmon and brown trout in rivers and streams. Fisheries Research, 62(2): 143-170.
https://doi.org/10.1016/50165-7836(02)00160-1

Aspinall, R., Green, D.R., Spray, C., Shimmield, T. & Wilson, J. (2011). Status and Changes in the UK’s ecosystems
and their services to society: Scotland. UK National Ecosystem Assessment: Technical Report.
Cambridge. Microsoft Word - Key messages synthesised 22 February 2010_v2 (unep-wcmc.org)

Baer, 0. (1981). Zurfruheren verbeitung der flussperlmuschel in der Westlausitz. Veroffentlichungen aus dem
Museums der Westlausitz, 5: 53-70.

Bailey, R.G., José, P.V. & Sherwood, B.R. (1998). United Kingdom Floodplains. Westbury Academic and Scientific
Publishing: Otley, West Yorkshire, UK.

Bak-Badowska, J., Wojciechowska, A. & Czerwik-Marcinkowska, J. (2021). Effects of Open and Forest Habitats
on Distribution and Diversity of Bumblebees (Bombus) in the Matopolska Upland (Southern Poland):
Case Study. Biology, 10(12):1266. https://doi.org/10.3390/biology10121266

Baksic, N. (2018). Reviewing available pollutant models and decision support tools for informing the design and
management of woodland creation measures for reducing agricultural diffuse pollution. Cost action
(15206) Short Term Scientific Mission Scientific Report. CIBIO-InBIO Research Center in Biodiversity and
Genetic Resources, University of Porto, Portugal.

Barnes, M. S. (2018). Assessing the potential for forest-related natural flood management to mitigate flooding.
A thesis presented for the degree of Doctor of Philosophy, Newcastle University.
MBarnes_PhD_Thesis_Oct18.pdf (dropbox.com)

111


https://doi.org/10.1002/(SICI)1099-1646(199603)12:2/3%3C201::AID-RRR390%3E3.0.CO;2-A
https://doi.org/10.1002/esp.3936
https://doi.org/10.1016/j.ecoleng.2019.01.013
https://doi.org/10.1002/wat2.1389
https://doi.org/10.1111/1365-2664.14058
https://doi.org/10.2136/vzj2006.0068
https://doi.org/10.1038/s41396-021-01159-7
https://tweedforum.org/eddleston-project-database/
https://doi.org/10.1002/eco.1658
https://doi.org/10.1111/j.1752-1688.2010.00438.x
https://doi.org/10.1371/journal.pone.0029825
https://doi.org/10.1016/S0165-7836(02)00160-1
http://uknea.unep-wcmc.org/LinkClick.aspx?fileticket=pBj6Xcjvhvc%3D&tabid=82
https://doi.org/10.3390/biology10121266
https://www.dropbox.com/s/3wh7qynsv9pzr7v/MBarnes_PhD_Thesis_Oct18.pdf?dl=0

Official

Barnes, C.J., van der Gast, C.J., McNamara, N.P., Rowe, R. and Bending, G.D. (2018), Extreme rainfall affects
assembly of the root-associated fungal community. New  Phytol, 220: 1172-
1184. https://doi.org/10.1111/nph.14990

Barsoum N., McCartan, S., Wilkinson, M., Morison, J., Cottrell, J., Hubert, J. & Ray, D. (2015) Increasing the
adaptation potential of native tree species to global change. Forest Research Poster. Poster Changing
climate on native trees

Bayala, J. & Prieto, I. (2020). Water acquisition, sharing and redistribution by roots: applications to agroforestry
systems. Plant Soil, 453, 17-28. https://doi.org/10.1007/s11104-019-04173-z

Bealey, W.J., McDonald, A.G., Nernitz, E., Donovan, R., Dragosits, U., Duffy, T.R. & Fowler, D. (2007). Estimating
the reduction of urban PM1g concentrations by trees within an environmental information system for
planners. Journal of Environmental Management, 85(1): 44-58.
https://doi.org/10.1016/j.jenvman.2006.07.007

Bealey, W.J., Dore, A.J.,, Dragosits, U., Reis, S., Reay, D.S. & Sutton, M.A. (2016). The potential for tree planting
strategies to reduce local and regional ecosystem impacts of agricultural ammonia emissions. Journal
of Environmental Management, 165: 106-116. https://doi.org/10.1016/j.jenvman.2015.09.012

Beckett, K.P., Freer-Smith, P.H. & Taylor, G. (1998). Urban woodlands: their role in reducing the effects of
particulate pollution. Environmental Pollution, 99: 347-360. https://doi.org/10.1016/S0269-
7491(98)00016-5

Belletti, B., Garcia de Leaniz, C., Jones, J., et al. (2020). More than one million barriersfragment Europe’s rivers.
Nature, 588: 436—441. https://doi.org/10.1038/s41586-020-3005-2

Bertoldi, W., Gurnell, A.M. & Welber, M. (2013). Wood recruitment and retention: the fate of eroded treeson a
braided river explored using a combination of field and remotely-sensed data sources. Geomorphology,
180-181: 146-155. https://doi.org/10.1016/j.geomorph.2012.10.003

Bertoldi, W., Welber, M., Gurnell, A.M., Mao, L., Comiti, F. & Tal, M. (2015). Physical modelling of the combined
effect of vegetation and wood on river morphology. Geomorphology, 246: 178-187.
https://doi.org/10.1016/j.geomorph.2015.05.038

Beute, F., Davies, Z., de Vries, S., Glanville, J., Keune, H., Lammel, A., Marselle, M., O’Brien, L., Olszewska-Guizzo,
A., Remmen, R., Russo, A. & Andreucci, M.B. (2020). Types and characteristics of urban and peri-urban
blue spaces having an impact on human mental health and wellbeing. Report prepared by an EKLIPSE
Expert Working Group. UK Centre for Ecology & Hydrology, Wallingford, United Kingdom.

Bielinis, E., Jaroszewska, A., tukowski, A. & Takayama, N. (2020). The Effects of a Forest Therapy Programme
on Mental Hospital Patients with Affective and Psychotic Disorders. Int. J. Environ. Res. Public Health,
17(1): 118. https://doi.org/10.3390/ijerph17010118

Binner, A., Smith, G., Bateman, I, Day, B., Agarwala, M. & Harwood, A. (2017). Valuing the social and
environmental contribution of woodlands and trees in England, Scotland and Woales. Forestry
Commission Research Report, Edinburgh. i—iv+1— 112pp. FCRP027.pdf (forestresearch.gov.uk)

Black, A., Peskett, L., MacDonald, A., Young, A., Spray, C., Ball, T., Thomas, H. & Werritty, A.(2021). Natural flood
management, lag time and catchment scale: Results from an empirical nested catchment study. J Flood
Risk Management. 2021, 14 (e): 12717. https://doi.org/10.1111/jfr3.12717

Blyth, J., Evan, J., Mutch, E.S. & Sidwell, C. (1987). Farm woodland management. Farming Press Limited, Ipswich,
Sufford.

Boeckler, G.A., Gershenzon, J & Unsicker S.B. (2011). Phenolic glycosides of the Salicaceae and their role as anti-
herbivore defenses. Phytochemistry 72:1497-1509.

Bommarco R., Marini L. & Vaissiére B.E. (2012) Insect pollination enhances seed yield, quality and market value
in oilseed rape. Oecologia 169: 1025-1032.d0i:10.1007/s00442-012-2271-6

Bose, A.K., Sherrer, D., Camarero, J.J., et al. (2021): Climate sensitivity and drought seasonality determine post-
drought growth recovery of Quercus petraea and Quercus robur in Europe. Science of the Total
Environment, 784:147222. https://doi.org/10.1016/j.scitotenv.2021.147222

Bowditch, E.A.D., McMorran, R., Bryce, R. & Smith, M. (2019). Perception and partnership: Developing forest
resilience  on private estates. Forest Policy and Economics, 99: 110-122.
https://doi.org/10.1016/j.forpol.2017.12.004

Bowes, M., Charlton, M., Hutchins, M., Bachiller-Jareno, N. & Orr, H. (2019). Climate change and eutrophication
risk thresholds in English rivers. Environment Agency Report SC140013/R2.

Bowes, M.J., Ings, N.L.,, McCall, S.J., Warwick, A., Barrett, C., Wickham, H.D., Harman, S.A., Armstrong, LK,
Scarlett, P.M., Roberts, C., Lehmann, K. & Singer, A.C. (2012). Nutrient and light limitation of periphyton
in the River Thames: Implications for catchment management. Science of the Total Environment, 434:
201-212. https://doi.org/10.1016/j.scitotenv.2011.09.082

112


https://doi.org/10.1111/nph.14990
https://www.forestresearch.gov.uk/documents/311/FR_Poster_Changingclimateonnativetrees_QBIsCsV.pdf
https://www.forestresearch.gov.uk/documents/311/FR_Poster_Changingclimateonnativetrees_QBIsCsV.pdf
https://doi.org/10.1007/s11104-019-04173-z
https://doi.org/10.1016/j.jenvman.2006.07.007
https://doi.org/10.1016/j.jenvman.2015.09.012
https://doi.org/10.1016/S0269-7491(98)00016-5
https://doi.org/10.1016/S0269-7491(98)00016-5
https://doi.org/10.1038/s41586-020-3005-2
https://doi.org/10.1016/j.geomorph.2012.10.003
https://doi.org/10.1016/j.geomorph.2015.05.038
https://doi.org/10.3390/ijerph17010118
https://www.forestresearch.gov.uk/documents/6998/FCRP027.pdf
https://doi.org/10.1111/jfr3.12717
http://dx.doi.org/10.1007/s00442-012-2271-6
https://doi.org/10.1016/j.scitotenv.2021.147222
https://doi.org/10.1016/j.forpol.2017.12.004
https://doi.org/10.1016/j.scitotenv.2011.09.082

Official

Bratman, G.N., Hamilton, J.P., Hahn, K.S., Daily, G.C. & Gross, J.J. (2015). Nature experience reducesrumination
and subgenual prefrontal cortex activation. Psychological and cognitive sciences, 112(28): 8567-8572.
8567.full.pdf (pnas.org)

Braudrick, C.A., Dietrich, W.E., Leverich, G.T. & Sklar, L.S. (2009). Experimental evidence for the conditions
necessary to sustain meandering in coarse-bedded rivers. Proc. Natl. Acad. Sci. Unit. States Am.,
106(40): 16936—16941. https://doi.org/10.1073/pnas.0909417106

Brazier. R.E., Puttock, A., Graham, H.A., Auster, R.E., Davies, K.H. & Brown, C.M.L. (2021). Beaver: Nature’s
ecosystem engineers. Wiley Interdisciplinary Reviews: Water, 8(1): 1-29.
https://doi.org/10.1002/wat2.1494

Breau, C., Cunjak, R.A. & Peake, S.J. (2011). Behaviour during elevated water temperatures: can physiology
explain movement of juvenile Atlantic salmon to cool water? Journal of Animal Ecology, 80(4): 844-853.
https://doi.org/10.1111/j.1365-2656.2011.01828.x

Bridcut, E.E. (2000). A study of terrestrial and aerial macroinvertebrates on riverbanks and their contribution to
drifting fauna and salmonid diets in a Scottish catchment. Hydrobiologia, 427:83—-100.
https://doi.org/10.1023/A:1003927331472

Broadmeadow, M.S.). & Freer-Smith, P.H. (1996). Urban woodland and the benefits for local air quality. DOE
Research for Amenity tree Series No. 5. The Stationery Office, London.

Broadmeadow, S. & Nisbet, T.R. (2004). The effects of riparian forest management on the freshwater
environment: a literature review of best management practice. Hydrol. Earth Syst. Sci.,, 8: 286-305.
https://doi.org/10.5194/hess-8-286-2004

Broadmeadow, S., Thomas, H., Shah, N. & Nisbet, T. (2013). Opportunity mapping for woodland creation to
improve water quality and reduce flood risk in the River Tay Catchment: A pilot for Scotland. Forest
Research. Opportunity Mapping - Tay (forestry.gov.scot)

Broadmeadow, S.B., Jones, J.B., Landford, T.E.L., Shaw, P.J. & Nisbet, T.R. (2010). The influence of riparian shade
on lowland stream water temperatures in southern England and their viability for Brown Trout. River
Research and Applications, 27(2): 226-237. https://doi.org/10.1002/rra.1354

Broadmeadow, S. B., Thomas, H., Nisbet, T.R. & Valatin, G. (2018). Valuing flood regulation services of existing
forest cover to inform natural capital accounts. Forest Research.
Final_report_valuing flood_regulation_services_051218.pdf (forestresearch.gov.uk)

Broom, D.M., Galindo, F.A. & Murgueitio, E. (2013). Sustainable, efficient livestock production with high
biodiversity and good welfare for animals. Proc. R. Soc. 280(1771): 2013-2025.
http://doi.org/10.1098/rspb.2013.2025

Brown, K. (2013). Quantifying bottomland hardwood forest and agricultural grassland evapotranspiration in
floodplain reaches of a mid-Missouri stream. Master’s thesis, University of Missouri-Columbia.

Burgess-Gamble, L., Ngai, R., Wilkinson, M., Nisbet, T., Pontee, N., Harvey, R., Kipling, K., Addy, S., Rose, S.,
Maslen, S., Jay, H., Nicholson, A., Page, T., Jonczyk, J. & Quinn, P. (2018). Working with Natural
Processes, Evidence Directory. Environment Agency, Bristol. Heading 1 (publishing.service.gov.uk)

Burschel, P.& Huss, J. (1997). Grundrifs des Waldbaus, Pareys Sudientexte

Burton, V., Moseley, D., Brown, C., Metzger, M.J. & Bellamy, P. (2018). Reviewing the evidence base for the
effects of woodland expansion on biodiversity and ecosystem services in the United Kingdom. Forest
Ecology and Management, 430: 366-379. https://doi.org/10.1016/j.foreco.2018.08.003

Butt, K.R. & Lowe, C.N. (2004). Anthropic influences on earthworm distribution, Isle of Rum. European Journal
of Soil Biology, 40(2): 63-72. https://doi.org/10.1016/j.ejsobi.2004.04.001

Caborn, J.M. (1957). Shelterbelt and Microclimate. Forestry Commission Bulletin No.29.Department of Forestry,
Edinburgh University.

Caithness, F., Gillies, E. & Moir, H. (2020). Large Wood Structures Application in the Scottish Highlands. Poster
Presentation. River Restoration Conference.

Calder, I.R., Harrison, J., Nisbet, T.R. & Smithers, R.J. (2008). Woodland actions for biodiversity and their role in
water management. Woodland Trust Research Report. WoodsWater 5B (woodlandtrust.org.uk)

Cannell, M.G.R. & Milne, R. (1995). Carbon pools and sequestration in forest ecosystems in Britain. Forestry, 68:
361-378. https://doi.org/10.1093 /forestry/68.4.361

Carvell, C., Roy, D.B., Smart, S.M., Pywell, R.F., Preston, C.D, & Goulson, D. (2006) Declines in forage availability
for bumblebees at a national scale. Biological Conservation, 132(4): 481-489.
https://doi.org/10.1016/j.biocon.2006.05.008

Caslin B., John Finnan J., Johnston C., McCracken A., Walsh L. (2015) Short rotation coppice best practice
guidelines, Teagasc, Crops Research Centre, and AFBI, Agri-Food and Bioscience Institute. Short rotation
coppice willow best practice guidlines.pdf (afbini.gov.uk)

113


https://www.pnas.org/content/pnas/112/28/8567.full.pdf
https://doi.org/10.1073/pnas.0909417106
https://doi.org/10.1002/wat2.1494
https://doi.org/10.1111/j.1365-2656.2011.01828.x
https://doi.org/10.1023/A:1003927331472
https://doi.org/10.5194/hess-8-286-2004
https://forestry.gov.scot/publications/10-opportunity-mapping-for-woodland-creation-to-improve-water-quality-and-reduce-flood-risk-in-the-river-tay-catchment-a-pilot-for-scotland/viewdocument/10
https://doi.org/10.1002/rra.1354
https://www.forestresearch.gov.uk/documents/5499/Final_report_valuing_flood_regulation_services_051218.pdf
http://doi.org/10.1098/rspb.2013.2025
https://assets.publishing.service.gov.uk/media/6036c5468fa8f5480a5386e9/Working_with_natural_processes_evidence_directory.pdf
https://doi.org/10.1016/j.foreco.2018.08.003
https://doi.org/10.1016/j.ejsobi.2004.04.001
https://www.woodlandtrust.org.uk/media/1837/woodland-for-biodiversity-and-water-management.pdf
https://doi.org/10.1093/forestry/68.4.361
https://doi.org/10.1016/j.biocon.2006.05.008
https://www.afbini.gov.uk/sites/afbini.gov.uk/files/publications/Short%20rotation%20coppice%20willow%20best%20practice%20guidlines.pdf
https://www.afbini.gov.uk/sites/afbini.gov.uk/files/publications/Short%20rotation%20coppice%20willow%20best%20practice%20guidlines.pdf

Official

CCC (2020). Land-use: Policies for a Net Zero UK. Committee on Climate Change Copyright.

CCRA (2017). Chapter 3: Natural environment and natural assets. In UK Climate Change Risk Assessment 2017:
Evidence Report. Report prepared for the Adaptation Sub-Committee of the Committee on Climate
Change. London.

Chauvet, E., Ferreira, V., Giller, P.S., McKie, B.G., Tiegs, S.D., Woodward, G., Elosegi, A., Dobson, M., Fleituch, T.,
Graga, M.A.S., Gulis, V., Hladyz, S., Lacoursiere, J.0., Lecerf, A., Pozo, J.,, Preda, E., Riipinen, M.,
Risnoveanu, G., Vadineanu, A. Vought, L.B.-M. & Gessner, M.O. (2016). Chapter Three - Litter
Decomposition as an Indicator of Stream Ecosystem Functioning at Local-to-Continental Scales: Insights
from the European RivFunction Project. Advances in Ecological Research, 55: 99-182.
https://doi.org/10.1016/bs.aecr.2016.08.006

Chow, V.T. (1959). Open Channel Hydraulics. McGraw-Hill, New York.

Christen, B. & Dalgaard, T. (2013) Buffers for biomass production in temperate European agriculture: a review
and synthesis on function, ecosystem services and implementation. Biomass Bioenerg., 55:53—67.
https://doi.org/10.1016/j.biombice.2012.09.053

Clement, R.J., Jarvis, P.G. & Moncrieff, J.B. (2012). Carbon dioxide exchange of a Sitka spruce plantation in
Scotland  over five years. Agricultural and Forest Meteorology  153: 106-123.
https://doi.org/10.1016/j.agrformet.2011.07.012

Clifford, N. J., Thorne, C. R., Parker, C., Thorne, C., & Clifford, N. (2015). Development of ST:REAM: A reach-based
stream power balance approach for predicting alluvial river channel adjustment. Earth Surface
Processes and Landforms, 40(3): 403-413. https://doi.org/10.1002/esp.3641

Cole, L.J., Brocklehurst, S., Elston, D.A., & McCracken, D.l. (2012).Riparian field margins: can they enhance the
functional structure of ground beetle (Coleoptera: Carabidae) assemblages in intensively managed
grassland  landscapes? J. Appl. Ecol, 49(6):1384-1395. https://doi.org/10.1111/j.1365-
2664.2012.02200.x

Cole, L.J., Brocklehurst, S., Robertson, D., Harrison, W. & McCracken, D.I. (2015) Riparian buffer strips: Their role
in the conservation of insect pollinators in intensive grassland systems. Agriculture, Ecosystems &
Environment, 211:207-220. https://doi.org/10.1016/j.agee.2015.06.012

Cole, L.J., Brocklehurst, S., Robertson, D., Harrison, W.& McCracken, D.l.,, (2017) Exploring the interactions
between resource availability and the utilisation of semi-natural habitats by insect pollinators in an
intensive agricultural landscape. Agriculture, Ecosystems & Environment, 246:157-167.
https://doi.org/10.1016/j.agee.2017.05.007.

Cole, L.J., Stockan, J. & Helliwell, R. (2020). Managing riparian buffer strips to optimise ecosystem services: A
review. Agriculture, Ecosystems and Environment, 296: 106891.
https://doi.org/10.1016/j.agee.2020.106891

Collins, A.L., Hughes, G., Zhang, Y. & Whitehead, J. (2009). Mitigating diffuse water pollution from agriculture:
riparian buffer strip performance with width. CABI Reviews: Perspectives in Agriculture, Veterinary
Science, Nutrition and Natural Resources, 4(039). Mitigating diffuse water pollution from agriculture:
riparian buffer strip performance with width. (cabi.org)

Collins, A.L. & Walling, D.E. (2007). Sources of fine sediment recovered from the channel bed of lowland
groundwater-fed catchments in the UK. Geomorphology, 88: 120-138.
https://doi.org/10.1016/j.geomorph.2006.10.018

Collins, R. (2005) In the poo: can riparian buffers reduce microbial contamination of waterways? Water &
Atmosphere, 13(2): 2005. WA13-2-1june.indd (niwa.co.nz)

Collins, R., Mcleod, M., Hedley, M., Donnison, A., Close, M., Hanly, J., Horne, D., Ross, C., Bagshaw, C. &
Matthews, L.(2007).Best management practices to mitigate faecal contamination by livestock of New
Zealand  waters. New  Zealand Journal of Agricultural  Research, 50: 267-278.
https://doi.org/10.1080/00288230709510294

Cooper, M., Patil, S., Nisbet, T., Thomas, H., Smith, A. & McDonald, M. (2021). Role of forested land for natural
flood management in the UK: A review. Wires Water, 8(5). https://doi.org/10.1002/wat2.1541

Corenblit, D., Steiger, J., Gurnell, A.M. & Naiman, R.J. (2009a). Plants intertwine fluvial landform dynamics with
ecological succession and natural selection: a niche construction perspective for riparian systems.
Global Ecol. Biogeogr., 18(4): 507-520. https://doi.org/10.1111/j.1466-8238.2009.00461 .x

Corenblit, D., Steiger, J., Gurnell, A.M., Tabacchi, E. & Roques, L. (2009b). Control of sediment dynamics by
vegetation as a key function driving biogeomorphic succession within fluvial corridors. Earth Surface
Processes and Landforms, 34(13): 1790-1810. https://doi.org/10.1002/esp.1876

Correll, D.L. (2005). Principles of planning and establishment of buffer zones. Ecol. Eng., 24: 433-439.

114


https://doi.org/10.1016/bs.aecr.2016.08.006
https://doi.org/10.1016/j.biombioe.2012.09.053
https://doi.org/10.1016/j.agrformet.2011.07.012
https://doi.org/10.1002/esp.3641
https://doi.org/10.1111/j.1365-2664.2012.02200.x
https://doi.org/10.1111/j.1365-2664.2012.02200.x
https://doi.org/10.1016/j.agee.2015.06.012
https://doi.org/10.1016/j.agee.2017.05.007
https://doi.org/10.1016/j.agee.2020.106891
https://www.cabi.org/cabireviews/review/20093181597
https://www.cabi.org/cabireviews/review/20093181597
https://doi.org/10.1016/j.geomorph.2006.10.018
https://niwa.co.nz/sites/niwa.co.nz/files/import/attachments/buffer.pdf
https://doi.org/10.1080/00288230709510294
https://doi.org/10.1002/wat2.1541
https://doi.org/10.1111/j.1466-8238.2009.00461.x
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Gurnell%2C+Angela+M
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Tabacchi%2C+Eric
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Roques%2C+Lydie
https://doi.org/10.1002/esp.1876

Official

Coutts, A. & Tapper, N. (2017). Trees for a Cool City: Guidelines for optimised tree placement. Melbourne
Australia: Cooperative Research Centre for Water Sensitive Cities. Trees-for-a-cool-city_Guidelines-for-
optimised-tree-placement.pdf (watersensitivecities.org.au)

Cresswell, E.,, Thomson, W. & Gill, J.C. (1964). The effect of shelter and of tallow dressing of the fleece on
fattening Scottish Blackface lambs. Empire Journal of Experimental Agriculture, 32:51-54.

Cuffney, T.F., Wallace, J.B. & Lugthart, G.H. (1990) Experimental evidence quantifying the role of benthic
invertebrates in organic matter dynamics of headwater streams. Freshwater Biology, 23:281-299.

Cunningham, P. (2017). Grazing, Trees and Trout Workshop. Feed the Land. Wester Ross Fishery Trust.
https://www.wrft.org.uk/files/FeedthelLand_PeterCunningham%20(min%20size).pdf

Cushman, S. A, Max, T., Meneses, N., Evans, L. M., Ferrier,S., Honchak, B., Whitham, T. G. & Allan, G. J. (2014).
Landscape genetic connectivity in a riparian foundation tree is jointly driven by climatic gradients and
river networks. Ecological Applications, 24:1000-1014. https://doi.org/10.1890/13-1612.1

Dadson, S.J., Hall, JW., Murgatroyd, A., Acreman, M., Bates, P., Beven, K., Heathwaite, L., Holden, J., Holman,
I.P., Lane, S.N., O'Connell, E., Penning-Rowsell, E., Reynard, N., Sear, D., Thorne, C. & Wilby, R. (2017).
A restatement of the natural science evidence concerning catchment-based ‘natural’ flood
management in the UK. Proc. R. Soc. A, 473(2199). http://dx.doi.org/10.1098/rspa.2016.0706

Dal Ferro, N., Borin, M., Cardinali, A., Cavalli, R., Grigolato, S. & Zanin, G. (2019). Buffer strips in the low-lying
plain of Veneto region (Italy): Environmental benefits and efficient use of wood as energy resource. J.
Environ. Qual. 48(2): 280-288. https://doi.org/10.2134/jeq2018.07.0261

DeNicola, D. M., Hoagland, K. D. & Roemer, S. C. (1992). Influences of canopy cover on spectral irradiance and
periphyton assemblages in a prairie stream. Journal of the North American Benthological Society, 11:
391-404. https://doi.org/10.2307/1467560

Dent, L. & Robben, J. (2000). Executive summary. Oregon Department of Forestry Arial Pesticide Application
Project Final Report. www.oregon.gov/ODF/privateforests/docs/ChemAppExe cSum.pdf

Demal, L. & Fortin, M. (1987). Shading with Bank Side Trees to Control Cladophora. Canadian Water Resources
Journal, 12:43-51. https://doi.org/10.4296/cwrj1204043

Diaz Forerol., Kuusemets, V., Mand, M., Liivamagi, A., Kaart, T. & Luig, J. (2012). Influence of local and landscape
factors on bumblebees in semi-natural meadows: A multiple-scale study in a forested landscape.
Journal of Insect Conservation, 17:113-125. https://doi.org/10.1007/s10841-012-9490-3

Diaz Lira., C.M. (2005). Willow fodder blocks for growth and sustainable management of internal parasites in
grazing lambs. A thesis presented in partial fulfilment of requirements for the degree of Masters in
Veterinary Science at Massey University, New Zealand. Willow fodder blocks for growth and sustainable
management of internal parasites in grazing lambs (massey.ac.nz)

Dimitriou, G., Busch, S., Jacobs, P. & Schmidt-Walter, N. (2009) A review of the impacts of short rotation coppice
cultivation on water issues. Agriculture and Forestry Research 3, 59:197-206. A review of the impacts
of Short Rotation Coppice cultivation on water issues (thuenen.de)

Dineen, G., Harrison S.S.C., & Giller P.S. (2007). Diet partitioning in sympatric Atlantic salmon and brown trout
in streams with contrasting riparian vegetation. Journal of Fish Biology, 71(1): 17-38.
https://doi.org/10.1111/j.1095-8649.2007.01441 .x

Dittrich, R., Ball, T., Wreford, A., Dominic, H. & Spray, C.J. (2019). A cost-benefit analysis of afforestation as a
climate change adaptation measure to reduce flood risk. Flood Risk Management. 12(4): e12482
https://doi.org/10.1111/jfr3.12482

Dixon, S.J. (2013). Investigating the effects of large wood and forest management on flood risk and flood
hydrology. PhD thesis, University of Southampton.

Dixon, S.J., Sear, D.A., Odoni, N.A., Sykes, T. & Lane, S.N. (2016). The effects of river restoration on catchment
scale flood risk and flood hydrology. Earth Surface Processes and Landforms, 41(7): 997-1008.
https://doi.org/10.1002/esp.3919

Dodd, J.A., Newton, M. & Adams, C.E. (2016) The effect of natural flood management in-stream wood
placements on fish movement in Scotland, CD2015_02.

Dodds, W.K. & Gudder, D.A. (1992). The Ecology of Cladophora. J.Phycol. 28: 415-427. THE ECOLOGY OF
CLADOPHORA. (k-state.edu)

Dolloff, C.A. & Warren Jr, M.L. (2003). Fish relationships with large wood in small streams. American Fisheries
Society Symposium 37:179-193.

Donovan, R.G., Stewart, H.E.,, Owen, S.M., MacKenzie, A.R. & Hewitt, C.N. (2005). Development and application
of an urban tree air quality score for photochemical pollution episodes using the Birmingham, United
Kingdom, area as a case study. Environmental Science & Technology 39(17): 6730-6738.
https://doi.org/10.1021/es050581y

115


https://watersensitivecities.org.au/wp-content/uploads/2017/11/Trees-for-a-cool-city_Guidelines-for-optimised-tree-placement.pdf
https://watersensitivecities.org.au/wp-content/uploads/2017/11/Trees-for-a-cool-city_Guidelines-for-optimised-tree-placement.pdf
https://www.wrft.org.uk/files/FeedtheLand_PeterCunningham%20(min%20size).pdf
https://doi.org/10.1890/13-1612.1
https://royalsocietypublishing.org/doi/10.1098/rspa.2016.0706
https://royalsocietypublishing.org/doi/10.1098/rspa.2016.0706
http://dx.doi.org/10.1098/rspa.2016.0706
https://doi.org/10.2134/jeq2018.07.0261
https://doi.org/10.2307/1467560
http://www.oregon.gov/ODF/privateforests/docs/ChemAppExecSum.pdf
https://doi.org/10.4296/cwrj1204043
https://doi.org/10.1007/s10841-012-9490-3
https://mro.massey.ac.nz/bitstream/handle/10179/5219/02_whole.pdf
https://mro.massey.ac.nz/bitstream/handle/10179/5219/02_whole.pdf
https://literatur.thuenen.de/digbib_extern/bitv/dk042573.pdf
https://literatur.thuenen.de/digbib_extern/bitv/dk042573.pdf
https://doi.org/10.1111/j.1095-8649.2007.01441.x
https://doi.org/10.1111/jfr3.12482
https://doi.org/10.1002/esp.3919
https://www.k-state.edu/doddslab/journalarts/dodds%20and%20gudder%20j%20phycol%201992.pdf
https://www.k-state.edu/doddslab/journalarts/dodds%20and%20gudder%20j%20phycol%201992.pdf
https://doi.org/10.1021/es050581y

Official

Du, H., Song, X., Jiang, H., Kan, Z.,, Wang, Z. & Cai, Y. (2016). Research on the cooling island effects of water body:
A case study of Shanghai, China. Ecological Indicators, 67: 31-38.
https://doi.org/10.1016/j.ecolind.2016.02.040

Dudley, T. & D'Antonio, C. (1991). The Effects of Substrate Texture, Grazing, and Disturbance on Macroalgal
Establishment in Streams. Ecology, 72(1): 297-309. https://doi.org/10.2307/1938923

Dufour, S. & Rodriguez-Gonzalez, P.M. (2019). Riparian zone / riparian vegetation definition: principles and
recommendations. Report, COST Action CA16208 CONVERGES.
https://converges.eu/resources/riparian-zone-riparian-vegetation-definition-principles-and-
recommendations/

Dugdale, S.J., Franssen, J., Corey, E., Bergeron, N.E., Lapointe, M & Cunjak, R.A. (2015): Main stem movement
of Atlantic salmon parr in response to high river temperature. Ecology of Freshwater Fish, 25(3): 429-
445, https://doi.org/10.1111/eff.12224

Dugdale, S.J., Malcolm, I.A., Kantola, K. & Hannah, D.M. (2018) Stream temperature under contrasting riparian
forest cover: Understanding thermal dynamics and heat exchange processes. Science of The Total
Environment, 610-611: 1375-1389. https://doi.org/10.1016/].scitotenv.2017.08.198

Dugdale S.J., Malcolm ILA. & Hannah D.M. (2019) Drone-based Structure-from-Motion provides accurate forest
canopy data to assess shading effects in river temperature models. Science of The Total Environment,
678:326-340. https://doi.org/10.1016/j.scitotenv.2019.04.229

Durance, l., Bruford, M., Chalmers, R., Chappell, N., Christie, M., Cosby Jr, B., Noble, D., Ormerod, S., Prosser, H.,
Weightman, A. & Woodward, G. (2016). The Challenges of Linking Ecosystem Services to Biodiversity:
Lessons from a Large-Scale Freshwater Study. Advances in Ecological Research, 54: 87-134.
https://doi.org/10.1016/bs.aecr.2015.10.003

Dwyer, C., Conington, J., Corbiere, F., Holmgy, ., Muri, K., Nowak, R. & Gautier, J. (2016). Invited review:
Improving neonatal survival in small ruminants: Science into practice. Animal, 10(3): 449-459.
https://doi.org/10.1017/5S1751731115001974

Eadha Enterprises (2015) Designing an Aspen Agroforestry Scheme. Eadha Enterprises Report. Microsoft Word -
Designing an Aspen Agroforestry Scheme Feb 2015 (eadha.co.uk)

Edmondson, J., Stott, I, Davies, Z., Gaston, K.J. and Leake, J.R. (2016) Soil surface temperatures reveal
moderation of the wurban heat island effect by trees and shrubs. Sci Rep 6: 33708.
https://doi.org/10.1038/srep33708

Edwards, E.D. & Huryn, A.D. (1996). Effect of riparian land use on contributions of terrestrial invertebrates to
streams. Hydrobiologia 337:151-159. https;//doi.org/10.1007/BF00028516

Edwards-Callaway, L.N., Cramer, M.C., Cadaret, C.N., Bigler, E.J., Engle, T.E.,, Wagner, J.J. & Clark, D.L. (2020).
Impacts of shade on cattle well-being in the beef supply chain. Journal of Animal Science, 99(2):
skaa375. https://doi.org/10.1093/jas/skaa375

Egglishaw, H.J. (1967). The food, growth and population structure of salmon and trout in two streams in the
Scottish Highlands. Freshwater Salmon Fisheries Research, 38:1-32.

Eller, F. (2015) ImpaRT — Impact of hydraulic redistribution by trees on temperate floodplain forests. Project
report, Carlsberg internationalisation fellowship. ImpaRT - Impact of Hydraulic Redistribution by Trees
on Temperate Floodplain Forests | Carlsbergfondet

Elliott, J.M. (1973). The food of brown and rainbow trout (Salmo trutta and S. gairdneri) in relation to the
abundance of drifting invertebrates in a mountain stream. Oecologia, 12(4): 329-347.
10.1007/BF00345047

Elliot, J.M. & Elliot, J.A. (1995). The effectof the rate of temperature increase on the critical thermal maximum
for parr of Atlantic salmon and brown trout. Journal of Fish Biology, 45 (5): 917-919.
https://doi.org/10.1111/j.1095-8649.1995.tb06014.x

Elliot J.M. & Elliot J.A. (2010). Temperature requirements of Atlantic salmon Salmo salar, brown trout Salmo
trutta and Arctic charr Salvelinus alpinus: predicting the effects of climate change. Journal of Fish
Biology, 77(8): 1793-1817. https://doi.org/10.1111/j.1095-8649.2010.02762.x

Ellis C.J. & Tallis, J.H. (2001). Climatic control of peat erosion in a North Wales blanket mire. New Phytologist,
152(2):313-324. https://doi.org/10.1046/j.0028-646X.2001.00259.x

Ellis, C., Feltham, H., Park, K., Hanley, N. & Goulson D. (2016). Seasonal complementary in pollinators of soft-
fruit crops. Basic and Applied Ecology, 19: 45-55. https://doi.org/10.1016/j.baae.2016.11.007

Erdozain, M., Emilson, C.E., Kreutzweiser, D.P., Kidd, K.A., Mykytczuk, N. & Sibley, P. K. (2020). Forest
management influences the effects of streamside wet areas on stream ecosystems. Ecological
Applications, 30(4): e02077. https://doi.org/10.1016/j.scitotenv.2020.141968

116


https://doi.org/10.1016/j.ecolind.2016.02.040
https://doi.org/10.2307/1938923
https://converges.eu/resources/riparian-zone-riparian-vegetation-definition-principles-and-recommendations/
https://converges.eu/resources/riparian-zone-riparian-vegetation-definition-principles-and-recommendations/
https://doi.org/10.1111/eff.12224
https://www.sciencedirect.com/science/article/pii/S0048969717321952
https://www.sciencedirect.com/science/article/pii/S0048969717321952
https://doi.org/10.1016/j.scitotenv.2017.08.198
https://www.sciencedirect.com/science/article/pii/S0048969719317589
https://www.sciencedirect.com/science/article/pii/S0048969719317589
https://doi.org/10.1016/j.scitotenv.2019.04.229
https://doi.org/10.1016/bs.aecr.2015.10.003
https://doi.org/10.1017/S1751731115001974
http://www.eadha.co.uk/assets/0000/4062/Designing_an_Aspen_Agroforestry_Scheme.pdf
http://www.eadha.co.uk/assets/0000/4062/Designing_an_Aspen_Agroforestry_Scheme.pdf
https://doi.org/10.1038/srep33708
https://doi.org/10.1007/BF00028516
https://doi.org/10.1093/jas/skaa375
https://www.carlsbergfondet.dk/en/Forskningsaktiviteter/Forskningsprojekter/Internationaliseringsstipendier/ImpaRT%20Impact%20of%20Hydraulic%20Redistribution%20by%20Trees%20on%20Temperate%20Floodplain%20Forests
https://www.carlsbergfondet.dk/en/Forskningsaktiviteter/Forskningsprojekter/Internationaliseringsstipendier/ImpaRT%20Impact%20of%20Hydraulic%20Redistribution%20by%20Trees%20on%20Temperate%20Floodplain%20Forests
https://doi.org/10.1007/bf00345047
https://doi.org/10.1111/j.1095-8649.1995.tb06014.x
https://doi.org/10.1111/j.1095-8649.2010.02762.x
https://doi.org/10.1046/j.0028-646X.2001.00259.x
https://doi.org/10.1016/j.baae.2016.11.007
https://doi.org/10.1016/j.scitotenv.2020.141968

Official

Extence, C.A., Chadd, R.P., England, J., Dunbar, M.J.,, Wood, P.J. & Taylor E.D. (2013). The Assessment of Fine
Sediment Accumulation in Rivers Using Macro-Invertebrate Community Response. River Research and
Applications, 29(1): 17-55. https://doi.org/10.1002/rra.1569

Fabian Y., Sandau, N., Bruggisser, O.T., Aebi A., Kehrli P., |. Rohr, R.P., Naisbit, R.E. & Bersier, L.F. (2013) The
importance of landscape and spatial structure for hymenopteran-based foodwebs in an agro-
ecosystem. Journal of Animal Ecology 82:1203-1214. https://doi.org/10.1111/1365-2656.12103

Fabris, L., Malcolm, I.A., Buddendorf, W.B. & Soulsby, C. (2018) Integrating process-based flow and temperature
models to assess riparian forests and temperature amelioration in salmon streams. Hydrological
Processes, 32(6): 776—791. https://doi.org/10.1002/hyp.11454

Falk, S. (2017). Managing Woodland For Pollinators. Buglife 10.13140/RG.2.2.36065.43360. Woodland Pollinator
Sheet Final (buglife.org.uk)

Fan, Y., Miguez-Machon, G., Jobbagy, E.G., Jackson, E.F. & Otero-Casal, C. (2017). Hydrologic regulation of plant
rooting depth. Earth, Atmosphere and Planetary Sciences, 114(40): 10572-10577.
https://doi.org/10.1073/pnas.1712381114

Feld, C.K., Fernandes, M.R., Ferreira, M.T., Hering, D., Ormerod, S.J., Venohr, M. & Gutiérrez-Canovas, C. (2018)
Evaluating riparian solutions to multiple stressor problems in river ecosystems - A conceptual study.
Water Research, 139:381-394.

Ferrarini, A., Serra, P., Almagro, M., Trevisan, M. & Amaducci, S. (2017). Multiple ecosystem services provision
and biomass logistics management in bioenergy buffers: A state-of-the-art review. Renewable and
Sustainable Energy Reviews, 73:277-290. https://doi.org/10.1016/j.rser.2017.01.052

Forio, M.A.E., De Troyer, N., Lock, K., Witing, F., Baert, L., Saeyer, N.D., Risnoveanu, G., Popescu, C., Burdon, F.J.,
Kupilas, B., Friberg, N., Boets, P., Volk, M., McKie, B.G. & Goethals, P. (2020). Small Patches of Riparian
Woody Vegetation Enhance Biodiversity of  Invertebrates. Water, 12(11):3070.
https://doi.org/10.3390/w12113070

Fowler, D., Skiba, U., Nemitz, E., Choubedar, F., Branford, D., Donovan, R. & Rowland, P. (2004). Measuring
aerosol and heavy metal deposition on urban woodland and grass using inventories of 219Pb and metal
concentrations in soil. Water, Air and Soil Pollution, 4: 483-499.
https://doi.org/10.1023/B:WAF0.0000028373.02470.ba

Free, J.B. (1993).Insect pollination of crops. Academic Press, London, U.K.

Fulton, P., Gillespie, T., Fuentes, J. & Wang, D. (1998). Volatile organic compound emissions from young black
spruce trees. Journal of Geophysical Research, 103(25): 467—-477. https://doi.org/10.1016/S0168-
1923(97)00080-4

Gambrell, R.P. (1994) Riparian wetlands and water quality. J. Environ. Qual., 23: 883-891.

Garcia-Arias, A., Francés, F., Morales-de la Cruz, M., Real, J., Valles-Moran, F., Gar6fano Gémez, V. & Martinez-
Capel, F. (2014). Riparian evapotranspiration modelling: Model description and implementation for
predicting vegetation spatial distribution in semi-arid environments. Ecohydrology. 7(2): 659-677.
https://doi.org/10.1002/ec0.1387

Gardiner, B., Palmer, H. & Hislop, M. (2006). The principles of using woods for shelter. Forestry Commission
Information Note. [Archive] The principles of using woods for shelter - Forest Research

Garibaldi, L.A., Steffan-Dewenter, I., Winfree, R., Aizen, M.A., Bommarco, R., Cunningham, S.A., Kremen, C.,
Carvalheiro, L.G., Harder, L.D., Afik, O., Bartomeus, |., Benjamin, F., Boreux, V., Cariveau, D., Chacoff,
N.P., Dudenhoffer, J.H., Freitas, B.M., Ghazoul, J., Greenleaf,S., Hipdlito, J., ... & Klein, A.M. (2013). Wild
pollinators enhance fruit set of crops regardless of honey bee abundance. Science, 339(6127): 1608—
1611. https://doi.org/10.1126/science.1230200

Garner, G., Malcolm, I.A., Sadler, J.P. & Hannah, D.M (2014). What causes cooling water temperature gradients
in a forested stream reach? Hydrol. Earth Syst. Sci., 18:5361-5376. https://doi.org/10.5194/hess-18-5361-
2014

Garner G., Malcolm I.A., Sadler J.P., Millar C.P. & Hannah D.M. (2014). Inter-annual variability in the effects of
riparian woodland on micro-climate, energy exchanges and water temperature of an upland Scottish
stream. Hydrological Processes, 29(6): 1080-1095. https://doi.org/10.1002/hyp.10223

Garner G., Malcolm I.A., Sadler J.P. & Hannah D.M. (2017). The role of riparian vegetation density, channel
orientation and water velocity in determining river temperature dynamics. Journal of Hydrology, 553:
471-485. https://doi.org/10.1016/j.jhydrol.2017.03.024

Gascon, M., Zijlema, W., Vert, C., White, M.P. & Nieuwenhuijsen, M.J. (2017). Outdoor blue spaces, human
health and well-being: A systematic review of quantitative studies. Int. J. Hyg. Environ. Health, 220(8):
1207-1221. https://doi.org/10.1016/j.ijheh.2017.08.004

117


https://doi.org/10.1002/rra.1569
https://doi.org/10.1111/1365-2656.12103
https://doi.org/10.1002/hyp.11454
https://cdn.buglife.org.uk/2019/07/Woodland-Pollinator-Sheet-Final_0.pdf
https://cdn.buglife.org.uk/2019/07/Woodland-Pollinator-Sheet-Final_0.pdf
https://doi.org/10.1073/pnas.1712381114
https://doi.org/10.1016/j.rser.2017.01.052
https://doi.org/10.3390/w12113070
https://doi.org/10.1023/B:WAFO.0000028373.02470.ba
https://doi.org/10.1016/S0168-1923(97)00080-4
https://doi.org/10.1016/S0168-1923(97)00080-4
https://doi.org/10.1002/eco.1387
https://www.forestresearch.gov.uk/publications/archive-the-principles-of-using-woods-for-shelter/
https://doi.org/10.1126/science.1230200
https://doi.org/10.5194/hess-18-5361-2014
https://doi.org/10.5194/hess-18-5361-2014
http://dx.doi.org/10.1002/hyp.10223
http://dx.doi.org/10.1002/hyp.10223
https://doi.org/10.1002/hyp.10223
https://doi.org/10.1016/j.jhydrol.2017.03.024
https://doi.org/10.1016/j.ijheh.2017.08.004

Official

Gaywood, M., Stringer, A., Blake, D., Hall, J.,, Hennessy, M., Tree, A., Genney, D., Macdonald, I., Tonhasca, A.,
Bean, C., McKinnell, J., Cohen, S., Raynor, R., Watkinson, P., Bale, D., Taylor, K., Scott, J. & Blyth, S.
(2015). Beavers in Scotland: A report to the Scottish Government. Scottish Natural Heritage, Inverness.
Beavers in Scotland - A reportto Scottish Government | NatureScot

Geris, J., Dimitrova-Petrova, K. & Wilkinson, M. (2022). Establishing the potential influence of beaver activity on
the functioning of rivers and streams and water resource management in Scotland. Centre of Expertise
for Waters (CREW) report CD2020_02. Publications | CREW | Scotland's Centre of Expertise for Waters

Geris, J., Tetzlaff, D., McDonnell, J.J. & Soulsby, C. (2015).The relative role of soil type and tree cover on water
storage and transmission in northern headwater catchments. Hydrological Processes, 29(7): 1844-
1860. https://doi.org/10.1002/hyp.10289

Gill, S., Handley, A., Ennos, A. & Paulett, S. (2007). Adapting cities for climate change: the role of green
infrastructure. Built Environment, 33(1): 115-133. https://doi.org/10.2148/benv.33.1.115

Glova, G.J. & Sagar, P.M. (1994) Comparison of fish and macroinvertebrate standing stocks in relation to riparian
willows (Salix spp.) in three New Zealand streams. New Zealand Journal of Marine and Freshwater
Research, 28(3): 255-266. https://doi.org/10.1080/00288330.1994.9516613

Gonzalez del Tanago, M., Martinez-Fernandez, V., Aguiar, F.C., Bertoldi, W., Dufour, S., Garcia de Jalén, D.,
Garéfano-Gomez, V., Mandzukovski, D. & Rodriguez-Gonzdlez, P.M. (2021). Improving river
hydromorphological assessment through better integration of riparian vegetation: Scientific evidence
and guidelines. Journal of Environmental Management, 292: 112730.
https://doi.org/10.1016/j.jenvman.2021.112730

Gosling, R. (2014). Assessing the impact of projected climate change on drought vulnerability in Scotland.
Hydrology Research, 45(6): 806—816. https://doi.org/10.2166/nh.2014.148

Graf-Rosenfellner M., Cierjacks A., Kleinschmit B., Lang F., (2016) Soil formation and its implications for
stabilization of soil organic matter in the riparian zone,CATENA,Volume 139,2016,Pages 9-18, ISSN
0341-8162,
https://doi.org/10.1016/j.catena.2015.11.010
(https://www.sciencedirect.com/science/article/pii/S0341816215301594 )

Gurnell, A. (2014). Plants as river system engineers. Earth Surf. Process. Landforms, 39(1): 4-25.
https://doi.org/10.1002/esp.3397

Gurnell, A.M., Bertoldi, W. & Corenblit, D. (2012). Changing river channels: the roles of hydrological processes,
plants and pioneer fluvial landforms in humid temperate, mixed load, gravel bed rivers. Earth Sci. Rev.,
111(1-2): 129-141. https://doi.org/10.1016/j.earscirev.2011.11.005

Gurnell, A., Morrissey, |., Boitsidis, A., Bark, T., Clifford, N., Petts, G. & Thompson, K. (2006). Initial adjustments
within a new river channel: interactions between fluvial processes, colonizing vegetation, and bank
profile development. Environ. Manag., 38(4): 580-596. https://doi.org/10.1007/s00267-005-0190-6

Gurnell, A.M., Petts, G.E., Hannah, D.M., Smith, B.P.G., Edwards, P.J., Kollmann, J., Ward, J.V. & Tockner, K.
(2001). Riparian vegetation and island formation along the gravel-bed Fiume Tagliamento, ltaly. Earth
Surf. Process. Landforms, 26(1): 31-62. https://doi.org/10.1002/1096-9837(200101)26:1<31::AID-
ESP155>3.0.CO;2-Y

Gurney, W.S.C., Bacon, P.J., Tyldesley, G. & Youngson, A.F. (2008). Process-based modelling of decadal trends in
growth, survival, and smolting of wild salmon (Salmo salar) parr in a Scottish upland stream. Canadian
Journal of Fisheries and Aquatic Sciences, 65(12): 2606-2622. https://doi.org/10.1139/F08-149

Gregg R., Elias J.L, Alonso I., Crosher L.E.,, and Muto P. and Morecroft M.D. (2021) Carbon storage and
sequestration by habitat: a review of the evidence (second edition) Natural England Research Report
NERR094. Natural England, York. Carbon Storage and Sequestration by Habitat 2021 - NERR094
(naturalengland.org.uk)

Greig, S.M., Richardson, R. & Gibson J. (2006). A new impact assessment tool to support river engineering
regulatory decisions: SNIFFER Technical Report. Project No. WFD49.

Hall, R.L., Allen, S.J., Rosier, P.T.W., Smith, D.M., Hodnett, M.G., Roberts, J.M., Hopkins, R., Davies, H.N.,
Kinniburgh, D.G. & Goody, D.C. (1996). Hydrological effects of short rotation coppice. Institute of
Hydrology report to the Energy Technology Support Unit, ETSU.

Hall R.L., (2003). Shortrotation coppice for energy production: hydrological guidelines. Department of Trade and
Industry New and Renewable Energy Programme report. B/CR/00783/GUIDELINES/SRC URN 03/883.
[ARCHIVED CONTENT] (nationalarchives.gov.uk)

Hand, K.L & Doick, K.J (2019). Understanding the role of urban tree management on ecosystem services. Research
Note, Forest Research, Alice Holt, Farnham. Understanding the role of urban tree management on
ecosystem services - Forest Research

118


https://www.nature.scot/doc/beavers-scotland-report-scottish-government
https://www.crew.ac.uk/publications
https://doi.org/10.1002/hyp.10289
https://doi.org/10.2148/benv.33.1.115
https://doi.org/10.1080/00288330.1994.9516613
https://doi.org/10.1016/j.jenvman.2021.112730
https://doi.org/10.2166/nh.2014.148
https://doi.org/10.1016/j.catena.2015.11.010
https://www.sciencedirect.com/science/article/pii/S0341816215301594
https://doi.org/10.1002/esp.3397
https://doi.org/10.1016/j.earscirev.2011.11.005
https://doi.org/10.1007/s00267-005-0190-6
https://doi.org/10.1002/1096-9837(200101)26:1%3C31::AID-ESP155%3E3.0.CO;2-Y
https://doi.org/10.1002/1096-9837(200101)26:1%3C31::AID-ESP155%3E3.0.CO;2-Y
https://doi.org/10.1139/F08-149
http://publications.naturalengland.org.uk/publication/5419124441481216
http://publications.naturalengland.org.uk/publication/5419124441481216
https://webarchive.nationalarchives.gov.uk/ukgwa/20090609003228/http:/www.berr.gov.uk/files/file14960.pdf
https://www.forestresearch.gov.uk/publications/understanding-the-role-of-urban-tree-management-on-ecosystem-services/
https://www.forestresearch.gov.uk/publications/understanding-the-role-of-urban-tree-management-on-ecosystem-services/

Official

Hand, K.L., Doick, K.J. & Moss, J.L. (2019a). Ecosystem services delivery by large stature urban trees. Forestry
Commission Research Report. Forestry Commission, Edinburgh. Modelling the delivery of regulating
ecosystem services for large stature trees in the urban environment with i-Tree Eco
(forestresearch.gov.uk)

Hand, K.L., Doick, K.J. & Moss, J.L. (2019b). Ecosystem services delivery by small and medium stature urban trees.
Forestry Commission Research Report. Forestry Commission, Edinburgh. Modelling the delivery of
regulating ecosystem services for small and medium stature treesin the urban environme nt with i-Tree
Eco (forestresearch.gov.uk)

Hankin, B., Page, T., McShane, G., Chappell, N., Spray, C., Black, A. & Comins, L.(2021). How can we plan resilient
systems of nature-based mitigation measures in larger catchments for flood risk reduction now and in
the future? Water Security, 13:100091. https://doi.org/10.1016/j.wasec.2021.100091

Harper, D., Hulme, S., White, J. & Hall, J. (1997). Habitat heterogeneity and aquatic invertebrate diversity in
floodplain forests. Global Ecology and Biogeography Letters, 6: 275-285.
https://doi.org/10.2307/2997741

Hassan, R., Scholes, R. & Ash, N. (2005). Ecosystems and Human Well-being: Current State and Trends, Volume
1. The Millennium Ecosystem Assessment Series. Island Press, London.

Hastie, L.C., Cooksley, S.L., Scougall, F., Young, M.R., Boon, P.J. & Gaywood, M.J. (2003). Characterization of
freshwater pearl mussel (Margaritifera margaritifera) riverine habitat using River Habitat Survey data.
Aquatic Conserv. Mar. Freshw. Ecosyst. 13:213-224. https://doi.org/10.1002/agc.560

Hathway, E.A. & Sharples, S. (2012). The interaction of rivers and urban form in mitigating the Urban Heat Island
effect: A UK case study. Building and Environment, 58: 14-22.
https://doi.org/10.1016/j.buildenv.2012.06.013

He, Y., Jones, P.J. & Rayment, M. (2017) A simple parameterisation of windbreak effects on wind speed reduction
and resulting thermal benefits to sheep. Agric. Meteorol., 239: 96-107.
https://doi.org/10.1016/j.agrformet.2017.02.032

Heger A., Becker J.N., Vasconez Navas L.K., Eschenbach A., (2021), Factors controlling soil organic carbon stocks
in hardwood floodplain forests of the lower middle Elbe River, Geoderma, Volume 404, 2021,115389,
ISSN 0016-7061, https://doi.org/10.1016/j.geoderma.2021.115389
(https://www.sciencedirect.com/science/article/pii/S0016706121004699 )

Holmes, C.W. & Sykes, A.R. (1984). Shelter and climatic effects on livestock. Water and Soil Miscellaneous
Publication, 59:19-35.

Horton, A.)., Lazarus, E.D., Hales, T.C., Constantine, J.A., Bruford, M.W. & Goossens, B. (2018). Can riparian forest
buffers increase vyields from oil palm plantations? Earth’s Future, 6(8): 1082-1096.
https://doi.org/10.1029/2018EF000874

Hubble, T.C.T., Docker, B.B. & Rutherfurd, I.D. (2010). The role of riparian treesin maintaining riverbank stability:
A review of Australian experience and practice. Ecological Engineering, 36(3): 292-304.
https://doi.org/10.1016/j.ecoleng.2009.04.006

Hughes, F. (2003). The Flooded Forest: Guidance for policy makers and river managers in Europe on the
restoration of floodplain forests. The FLOBAR2 Project, University of Cambridge, Cambridge. flobar2.pdf
(cam.ac.uk)

Hughes, A.O. (2016). Riparian management and stream bank erosion in New Zealand. New Zealand Journal of
Marine and Freshwater Research, 50(2): 277-290. https://doi.org/10.1080/00288330.2015.1116449

IPCC, (2018). Summary for Policymakers. In: Global Warming of 1.5°C. An IPCC Special Report on the impacts of
global warming of 1.5°C above pre-industrial levels and related global greenhouse gas emission
pathways, in the context of strengthening the global response to the threat of climate change,
sustainable development, and efforts to eradicate poverty [Masson-Delmotte, V., P. Zhai, H.-O. Portner,
D. Roberts, J. Skea, P.R. Shukla, A. Pirani, W. Moufouma-Okia, C. Péan, R. Pidcock, S. Connors, J.B.R.
Matthews, Y. Chen, X. Zhou, M.Il. Gomis, E. Lonnoy, T. Maycock, M. Tignor, and T. Waterfield (eds.)]. In
Press. SR15_SPM_version report LR.pdf (ipcc.ch)

Jackson, F.L., Fryer,R.J., Hannah, D.M., Millar, C.P. & Malcolm I.A. (2018). A spatio-temporal statistical model of
maximum daily river temperatures to inform the management of Scotland's Atlantic salmon rivers
under  climate change.  Science of the Total  Environment, 612: 1543-1558.
https://doi.org/10.1016/j.scitotenv.2017.09.010

Jackson, F.L., Fryer, RJ., Hannah, D.M. & Malcolm, I.A. (2020). Predictions of national-scale river temperatures:
A visualisation of complex space-time dynamics. Hydrological Processes, 34(12): 2823-2825.
https://doi.org/10.1002/hyp.13761

119


https://cdn.forestresearch.gov.uk/2019/06/frrp031.pdf
https://cdn.forestresearch.gov.uk/2019/06/frrp031.pdf
https://cdn.forestresearch.gov.uk/2019/06/frrp031.pdf
https://cdn.forestresearch.gov.uk/2019/06/frrp032.pdf
https://cdn.forestresearch.gov.uk/2019/06/frrp032.pdf
https://cdn.forestresearch.gov.uk/2019/06/frrp032.pdf
https://doi.org/10.1016/j.wasec.2021.100091
https://doi.org/10.2307/2997741
https://doi.org/10.1002/aqc.560
https://doi.org/10.1016/j.buildenv.2012.06.013
https://doi.org/10.1016/j.agrformet.2017.02.032
https://doi.org/10.1016/j.geoderma.2021.115389
https://www.sciencedirect.com/science/article/pii/S0016706121004699
https://doi.org/10.1029/2018EF000874
https://doi.org/10.1016/j.ecoleng.2009.04.006
https://www.geog.cam.ac.uk/research/projects/flobar2/reports/final/flobar2.pdf
https://www.geog.cam.ac.uk/research/projects/flobar2/reports/final/flobar2.pdf
https://doi.org/10.1080/00288330.2015.1116449
https://www.ipcc.ch/site/assets/uploads/sites/2/2019/05/SR15_SPM_version_report_LR.pdf
https://doi.org/10.1016/j.scitotenv.2017.09.010
https://onlinelibrary.wiley.com/doi/10.1002/hyp.13761
https://onlinelibrary.wiley.com/doi/10.1002/hyp.13761
https://doi.org/10.1002/hyp.13761

Official

Jackson, F.L., David, M., Hannah, D.M., Ouellet, V. & Malcolm, L.A. (2021). A deterministic river temperature
model to prioritize management of riparian woodlands to reduce summer maximum river
temperatures. Hydrological Processes, 35(8): €14314. https://doi.org/10.1002/hyp.14314

Jaganmohan, M., Knapp, S., Buchmann, C.M. & Schwarz, N. (2016). The bigger, the better? The influence of
urban green space design on cooling effects for residential areas. Journal of Environment Quality, 45:
134-145. https://doi.org/10.2134/jeq2015.01.0062

James Hutton Institute (2019). Records from the past century show that Scottish rivers are warming. Factsheet.
River Temp Factsheet-Final.pdf (hutton.ac.uk)

JBA Consulting (2017). Flood management and woodland creation- Southwell Case study. Hydraulic Modelling
and Economic Appraisal report. Forest Commission. JBA Consulting Report Template 2015
(forestry.gov.scot)

Jeffries, R. & Sear, D.A. (2003). The Influence of Vegetation and Organic Debris on Flood-Plain Sediment
Dynamics: Case Study of a Low-Order Stream in the New Forest, England. Geomorphology, 51(1-3): 61-
80. https://doi.org/10.1016/50169-555X(02)00325-2

Jenkins T.A.R, Mackie E.D, Matthews R.W, Miller G.,Randle T.J., White M.E, (2018), F C Woodland Carbon Code:
Carbon Assessment Protocol (Version 2) Carbon Assessment Protocol (woodlandcarboncode.org.uk)

Jonsson, B. & Jonsson, N. (2011). Climatic Effects on Atlantic Salmon and Brown Trout. In: Ecology of Atlantic
Salmon and Brown Trout. Fish & Fisheries Series, vol. 33. Springer, Dordrecht.
https://doi.org/10.1007/978-94-007-1189-1_9.

Jordon M.W., Willis K.J.,, Harvey W.., Petrokofsky L. & Petrokofsky G. (2020) Implications of Temperate
Agroforestry on Sheep and Cattle Productivity, Environmental Impacts and Enterprise Economics. A
Systematic Evidence Map. Forests, 11(12):1321. https://doi.org/10.3390/f11121321

Jouraeva, V.A., Johnson, D.L., Hasset, J.P. & Nowak, D.J. (2002). Differencesin accumulation of PAHs and metals
on leaves of Tiliax euchlora and Pyrus calleryana. Environmental Pollution, 120:331-338.

Kay, A., Rudd, A., Fry, M., & Nash, G. (2019a). Climate change and fluvial flood peaks. Draft Final Report. Ecology
& Hydrology. Wallingford.

Kay, A.L., Old, G.H., Bell, V.A., Davies, H.N. & Trill, E.J. (2019b). An assessment of the potential for natural flood
management to offset climate change impacts. Environmental Research Letters, 14(4): 044017.
https://doi.org/10.1088/1748-9326/aafdbe

Keith, A.M., Brooker, R.W., Osler, G.H., Chapman, S.J., Burslem, D.F. & Van Der Wal, R. (2009). Strong impacts of
belowground tree inputs on soil nematode trophic composition. Soil Biol. Biochem., 41(6): 1060-1065.
https://doi.org/10.1016/j.s0ilbio.2009.02.009

Kelly, M., Krokowski, J. & Harding, J.P.C. (2016). RAPPER: A new method for rapid assessment of macroalgae as
a complement to diatom-based assessments of ecological status, Science of The Total Environment, 568:
536-545. https://doi.org/10.1016/j.scitotenv.2015.12.068

Kendall, D.A. & Smith, B.D. (1975). The pollinating efficiency of honeybee and bumblebee visits to field bean
flowers (Vicia faba L.). J. Appl. Ecol., 12:709-717.d0i:10.2307/2402083

Kennedy A.C. & de Luna L.Z. (2005). RHIZOSPHERE, Ed. Daniel Hillel, in Encyclopedia of Soils in the Environment.
Elsevier https://doi.org/10.1016/B0-12-348530-4/00163-6

Kerozoré, A.A., Willby, N.J & Gilvear, D.J. (2013). The role of lateral connectivity in the maintenance of
macrophyte diversity and production in large rivers. Aquatic Conserv. Mar. Freshw. Ecosyst., 23: 301-
315. https://doi.org/10.1002/agc.2288

Kerr, G. & Nisbet, T.R. (1996). The restoration of floodplain woodlands in lowland Britain. R&D Technical Report
W15.Environment Agency, Bristol.

EA_The_restoration_of floodplain_woodlands_in_lowlands_Britain.pdf (therrc.co.uk)

Kirkpatrick Baird, F., Stubbs Partridge, J. & Spray, D. (2021). Anticipating and mitigating projected climate-driven
increases in extreme drought in Scotland, 2021-2040. NatureScot Research ReportNo. 1228. NatureScot
Research Report 1228: Anticipating and mitigating projected climate-drive increases in extreme
droughtin Scotland, 2021-2040

Kitts, D.R. (2010). The hydraulic and hydrological performance of large wood accumulation in a low-order forest
stream. PhD, University of Southampton. https://eprints.soton.ac.uk/185791/

Kuglerova, L., Agren, A., Jansson, R. & Laudon, H. (2014). Towards optimizing riparian buffer zones: Ecological
and biogeochemical implications for forest management. Forest Ecology and Management, 334: 74—
84. https://doi.org/10.1016/j.foreco.2014.08.033

Kurylyk, B., MacQuarrie, K.T.B., Linnansaari, T., Cunjak, R.A. & Curry, R.A. (2015). Preserving, augmenting and
creating cold-water thermal refugia in rivers: Concepts derived from research on the Miramichi River,
New Brunswick (Canada). Ecohydrology, 8(6): 1095-1108. https://doi.org/10.1002/ec0.1566

120


https://doi.org/10.1002/hyp.14314
https://doi.org/10.2134/jeq2015.01.0062
https://www.hutton.ac.uk/sites/default/files/files/research/srp2016-21/River%20Temp%20Factsheet-Final.pdf
https://forestry.gov.scot/publications/584-flood-management-and-woodland-creation-southwell-case-study/viewdocument/584
https://forestry.gov.scot/publications/584-flood-management-and-woodland-creation-southwell-case-study/viewdocument/584
https://doi.org/10.1016/S0169-555X(02)00325-2
https://www.woodlandcarboncode.org.uk/images/PDFs/WCC_CarbonAssessmentProtocol_V2.0_March2018.pdf
https://doi.org/10.1007/978-94-007-1189-1_9
https://doi.org/10.3390/f11121321
https://doi.org/10.1088/1748-9326/aafdbe
https://doi.org/10.1016/j.soilbio.2009.02.009
https://doi.org/10.1016/j.scitotenv.2015.12.068
http://dx.doi.org/10.2307/2402083
https://doi.org/10.1016/B0-12-348530-4/00163-6
https://doi.org/10.1002/aqc.2288
https://www.therrc.co.uk/MOT/References/EA_The_restoration_of_floodplain_woodlands_in_lowlands_Britain.pdf
https://www.nature.scot/sites/default/files/2021-02/Publication%202021%20-%20NatureScot%20Research%20Report%201228%20-%20Anticipating%20and%20mitigating%20projected%20climate-driven%20increases%20in%20extreme%20drought%20in%20Scotland%202021-2040.pdf
https://www.nature.scot/sites/default/files/2021-02/Publication%202021%20-%20NatureScot%20Research%20Report%201228%20-%20Anticipating%20and%20mitigating%20projected%20climate-driven%20increases%20in%20extreme%20drought%20in%20Scotland%202021-2040.pdf
https://www.nature.scot/sites/default/files/2021-02/Publication%202021%20-%20NatureScot%20Research%20Report%201228%20-%20Anticipating%20and%20mitigating%20projected%20climate-driven%20increases%20in%20extreme%20drought%20in%20Scotland%202021-2040.pdf
https://eprints.soton.ac.uk/185791/
https://doi.org/10.1016/j.foreco.2014.08.033
https://doi.org/10.1002/eco.1566

Official

Kuyah, S., Oborn, I., Jonsson, M., Dahlin, S.A., Barrios, E., Muthuri, C., Malmer, A., Nyaga, J., Magaju, C.,
Namirembe, S., Nyberg, Y. & Sinclair, F.L. (2016). Treesin agricultural landscapes enhance provision of
ecosystem services in Sub-Saharan Africa. Int. J. Biodivers. Sci. Ecosyst. Serv. Manag. 12(4):255-273.
https://doi.org/10.1080/21513732.2016.1214178

Lafortezza, R., Carrus, G., Sanesi, G. & Davies, C. (2009). Benefits and well-being perceived by people visiting
green spaces in periods of heat stress. Urban Forestry & Urban Greening, 8(2): 97-108.
https://doi.org/10.1016/j.ufug.2009.02.003

Lane, S.N., Reid,S.C., Tayefi, V., Yu, D. & Hardy, R.J. (2008). Reconceptualising coarse sediment delivery problems
in rivers as catchment-scale and diffuse. Geomorphology 98: 227-249.
https://doi.org/10.1016/j.geomorph.2006.12.028

Lane, S.N, Tayefi, V., Reid, S.C., Yu, D. & Hardy, R.J. (2007). Interactions between sediment delivery, channel
change, climate change and flood risk in a temperate upland environment. Earth Surf. Process.
Landforms 32, 429-446. https://doi.org/10.1002/esp.1404

Lara, F.; Garilleti, R. & Calleja, J.A. (2007).Vegetacion de ribera de la mitad norte espafola. Monografias CEDEX;
M81.

Lara, F., Garilleti, R. & Calleja, J.A. (2012). Vegetacion de ribera de los rios y ramblas de la Espafia meridional
(peninsulay archipiélago). MAGRAMA

Lazzaro, L., Otto, S. & Zanin, G. (2008). Role of hedgerows in intercepting spray drift: evaluation and modelling
of the effects. Agriculture, Ecosystems and Environment, 123:317-327.

Leach,J.A. & Moore, R.D. (2014). Winter stream temperature in the rain-on-snow zone of the Pacific Northwest:
influences of hillslope runoff and transient snow cover. Hydrol. Earth Syst. Sci. 18: 819-838,
https://doi.org/10.5194/hess-18-819-2014

Li, Q. (2018). Shinrin-yoku: The Art and Science of Forest-Bathing. Penguin Random House, UK.

Lightbody, A.F., Kui, L., Stella, J.C., Skorko, K.W., Bywater-Reyes, S. & Wilcox, A.C. (2019). Riparian vegetation
and sediment supply regulate the morphodynamic response of an experimental stream to
floods. Frontiers in Environmental Science, 7:40. https://doi.org/10.3389/fenvs.2019.00040

Liski, A., Melville, N. & Metzger, M. (2018). Understanding the potential for co-ordinated private sector
investment in natural capital — lessons from the Spey Catchment. Valuing Nature Final Report. Full
report(sepa.org.uk)

Livingstone, D., Smyth, B.M., Lyons, G., Foley, A.M., Murray, S.T. & Johnston, C. (2022). Life cycle assessment of
a short-rotation coppice willow riparian buffer strip for farm nutrient mitigation and renewable energy
production, Renewable and Sustainable Energy Reviews, 158(2022): 112154, ISSN 1364-0321.
https://doi.org/10.1016/j.rser.2022.112154

Lowrance, R., Todd, R, Fail, J.,, Hendrickson, O., Leonard, R. & Asmussen, L. (1984). Riparian Forests as Nutrient
Filters in Agricultural Watersheds. BioScience, 34:374-377. https://doi.org/10.2307/1309729

Lowrance, R., Altier, L.S., Newbold, J.D., Schnabel, R.R., Groffman, P.M., Denver, J.M., Correll,D.L., Gilliam, JW.,
Robinson, J.L., Brinsfield, R.B., Staver, KW., Lucas, W. & Todd, A.H. (1997). Water Quality Functions of
Riparian Forest Buffers in Chesapeake Bay Watersheds. Environmental Management, 21(5): 687-712.
https://doi.org.10.1007/s002679900060

Lubini, V. & Sartori, M. (1994). Current status, distribution, life cycle and ecology of Rhithrogena germanica
Eaton, 1885 in Switzerland: preliminary results (Ephemeroptera, Heptageniidae). Aquatic Sciences
56(4): 388-397. https://doi.org/10.1007/BF00877184Lucey, ). (1993). The distribution of Margaritifera
margaritifera (L.) in southern Irish rivers and streams. J. Conch., 34:301-310.

Lyle, A.A. & Elliott, J.M. (1998). Migratory salmonids as vectors of carbon, nitrogen and phosphorus between
marine and freshwater environments in north-east England. Science of the Total Environment, 210-211:
457-468. https://doi.org/10.1016/50048-9697(98)00031-X

Lynch, J.J., Mottershead, B.E. & Alexander, G. (1980). Sheltering behaviour and lamb mortality amongst shorn
Merino ewes lambing in paddocks with a restricted area of shelter or no shelter. Applied Animal
Ethology, 6: 163-174. https://doi.org/10.1016/0304-3762(80)90067-X

Lyon, J. & Gross, N.M. (2005). Patterns of plant diversity and plant—environmental relationships across three
riparian corridors. Forest Ecology and Management, 204(2-3): 267-278.
https://doi.org/10.1016/j.foreco.2004.09.019

Macadam, C.R., England, J. & Chadd, R. (2022). The vulnerability of British aquatic insects to climate change.
Knowledge and Management of Aquatic Ecosystems, 423(3).
https://doi.org/10.1051/kmae%2F2022003

121


https://doi.org/10.1080/21513732.2016.1214178
https://doi.org/10.1016/j.ufug.2009.02.003
https://doi.org/10.1016/j.geomorph.2006.12.028
https://doi.org/10.1002/esp.1404
https://doi.org/10.5194/hess-18-819-2014
https://doi.org/10.3389/fenvs.2019.00040
https://www.sepa.org.uk/media/372004/vn_-business_investment_in_nc-_full_-report.pdf
https://www.sepa.org.uk/media/372004/vn_-business_investment_in_nc-_full_-report.pdf
https://doi.org/10.1016/j.rser.2022.112154
https://doi.org/10.2307/1309729
https://doi.org.10.1007/s002679900060
https://doi.org/10.1007/BF00877184
https://doi.org/10.1016/S0048-9697(98)00031-X
https://doi.org/10.1016/0304-3762(80)90067-X
https://doi.org/10.1016/j.foreco.2004.09.019
https://doi.org/10.1051/kmae%2F2022003

Official

Macdonald, A., Lapworth, D., Hughes, A., Auton, C., Maurice, L., Finlayson, A. & Gooddy, D. (2014). Groundwater,
flooding and hydrological functioning in the Findhorn floodplain, Scotland. Hydrology Research, 45(6):
755-773. https://doi.org/10.2166/nh.2014.185

Macdonald, J.S., Maclsaac, E.A., Herunter, H.E., (2003).The effectof variable-retention riparian buffer zones on
water temperatures in small headwater streams in sub-boreal forest ecosystems of British Columbia.
Can. J. For. Res., 33:1371-1382. https://doi.org/10.1139/x03-015

Maes, M.J.A., Pirani, M., Booth, E.R., Shen, C., Milligan, B., Jones, K.E. & Toledano, M.B. (2021). Benefit of
woodland and other natural environments for adolescents’ cognition and mental health. Nature
Sustainability, 4: 851-858. https://www.nature.com/articles/s41893-021-00751-1

Maclnnis, G. & Forrest, J.R.K. (2019). Pollination by wild beesyields larger strawberries than pollination by honey
bees. JAppl Ecol., 56: 824—832. https://doi.org/10.1111/1365-2664.13344

Magdaleno, F. & Martinez, R. (2013). Mapa de nacional de sectorizacién riparia. Area de Ingenieria Ambiental,
Centro de Estudios de Técnicas Aplicadas. https://vegetacionderibera.cedex.es/

Magdaleno, F. & Martinez, R. (2014). Evaluating the quality of riparian forest vegetation: The Riparian Forest
Evaluation (RFV) index. Forest Systems. 23(2):259-272.
https://www.researchgate.net/publication/264277471 Evaluating_the quality_of riparian_forest_ve
getation_The_Riparian_Forest Evaluation RFV_index

Maisonneuve, C. & Rioux, S. (2001). Importance of riparian habitats for small mammal and herpetofaunal
communities in agricultural landscapes of southern Québec. Agr. Ecosyst. Environ., 83(1-2): 165-175.
https://doi.org/10.1016/5S0167-8809(00)00259-0

Maitland, P.S. & Campbell, R.N. (1992). Freshwater Fishes of the British Isles. Collins New Naturalist, No. 75.

Malcolm, LA., Millidine, K.J., Glover, R.S., Jackson, F.L., Millar, C.P. & Fryer,R.J. (2019). Development of a large -
scale juvenile density model to inform the assessment and management of Atlantic salmon (Salmo
salar) populations in Scotland. Ecological Indicators, 96(1): 303-316.
https://doi.org/10.1016/j.ecolind.2018.09.005

Malcolm, IA., Soulsby, C., Hannah, D.M., Bacon, P.J., Youngson, B.A.F. & Tetzlaff, D. (2008). The influence of
riparian woodland on stream temperatures: implications for the performance of juvenile salmonids.
Hydrological processes, 22(7): 968-979. https://doi.org/10.1002/hyp.6996

Mallinger, R.E. & Gratton, C. (2015). Species richness of wild bees, but not the use of managed honeybees,
increases fruit set of a pollinator-dependent crop. J Appl Ecol, 52: 323-330.
https://doi.org/10.1111/1365-2664.12377

Malmgvist, B. (2002). Aquatic invertebrates in riverine landscapes. Freshw. Biol, 47: 679-694.
https://doi.org/10.1046/j.1365-2427.2002.00895.x

Marine Scotland (2018). Where should we plant trees to protect rivers from high water temperatures. Topic
Sheet Number 91. plant-trees.pdf (www.gov.scot)

Marshall, M.R., Ballard, C.E., Frogbrook, Z.L., Solloway, I., McIntyre, N., Reynolds, B. & Wheater, H.S. (2014).The
impact of rural land management changes on soil hydraulic properties and runoff processes: results
from experimental plots in wupland UK. Hydrological Processes, 28 (4): 2617-2629.
https://doi.org/10.1002/hyp.9826

Martinez Romero, R. (2013). STREAM model applied to Scottish baseline rivers. SEPA Technical note, Scottish
Environment Protection Agency.

Marusdkova, L. & Sallmannshofer, M. (eds.) (2019). Human Health and Sustainable Forest Management. Forest
Europe Liaison Unit, Bratislava. Forest _book_final WEBpdf.pdf (foresteurope.org)

Mason, C.F. & MacDonald, S.M. (1982). The input of terrestrial invertebrates from tree canopies to a stream.
Freshwater Biology, 12:305-311. https://doi.org/10.1111/j.1365-2427.1982.tb00624 .x

Mason-MclLean, L. (2020). Riparian buffers strips and their effectiveness as a natural flood management
measure. Submitted for the degree of Doctor of Philosophy. Heriot-Watt University. Department of
energy, Geoscience, Infrastructure and Society. http://hdl.handle.net/10399/4305

Matthews, K.B., Wardell-Johnson, D., Miller, D., Fitton, N., Jones, E., Bathgate, S., Randle, T., Matthews, R.,
Smith, P. & Perks, M. (2020). Not seeing the carbon for the trees? Why area-based targets for
establishing new woodlands can limit or underplay their climate change mitigation benefits. Land Use
Policy, 97:104690. https://doi.org/10.1016/j.landusepol.2020.104690

Mayer, M., Prescott, C.E., Abaker, W.E.A., Augusto, L., Cecillén, L., Ferreira, G.\W.D., James, J, Jandl, R,
Katzensteiner, K., Laclau, J.P., Langaniére, J., Nouvellon, Y., Paré, D., Stanturf, J.A., Vanguelova, E.l. &
Vesterdal, L. (2020). Tamm Review: Influence of forest management activities on soil organic carbon
stocks: A knowledge  synthesis. Forest Ecology and Management, 466:114061.
https://doi.org/10.1016/j.foreco.2020.118127

122


https://doi.org/10.2166/nh.2014.185
https://doi.org/10.1139/x03-015
https://www.nature.com/articles/s41893-021-00751-1
https://doi.org/10.1111/1365-2664.13344
https://vegetacionderibera.cedex.es/
https://www.researchgate.net/publication/264277471_Evaluating_the_quality_of_riparian_forest_vegetation_The_Riparian_Forest_Evaluation_RFV_index
https://www.researchgate.net/publication/264277471_Evaluating_the_quality_of_riparian_forest_vegetation_The_Riparian_Forest_Evaluation_RFV_index
https://doi.org/10.1016/S0167-8809(00)00259-0
https://doi.org/10.1016/j.ecolind.2018.09.005
https://doi.org/10.1002/hyp.6996
https://doi.org/10.1111/1365-2664.12377
https://doi.org/10.1046/j.1365-2427.2002.00895.x
https://www.gov.scot/binaries/content/documents/govscot/publications/factsheet/2019/11/marine-scotland-topic-sheets-freshwater/documents/where-should-we-plant-trees-to-protect-rivers-from-high-water-temperatures-updated-june-2018/where-should-we-plant-trees-to-protect-rivers-from-high-water-temperatures-updated-june-2018/govscot%3Adocument/plant-trees.pdf
https://doi.org/10.1002/hyp.9826
https://foresteurope.org/wp-content/uploads/2017/08/Forest_book_final_WEBpdf.pdf
https://doi.org/10.1111/j.1365-2427.1982.tb00624.x
http://hdl.handle.net/10399/4305
https://doi.org/10.1016/j.landusepol.2020.104690
https://doi.org/10.1016/j.foreco.2020.118127

Official

Mazzola, V., Perks, M.P., Smith, J., Yeluripati, J. & Xenakis, G. (2022). Assessing soil carbon dioxide and methane
fluxes from a Scots pine raised bog-edge-woodland. Journal of Environmental Management. 302(B):
117061. https://doi.org/10.1016/j.jenvman.2021.114061

McDonald P., Edwards, R.A., Greenhalgh, J.F.D. & Morgan, C.A. (1995). Animal Nutrition. Addison Wesley
Longman Limited, Harlow, UK

McDonald, A.G., Bealey, W.J., Fowler, D., Dragosits, U., Skiba, U., Smith, R.l. & Nemitz, E. (2007). Quantifying the
effect of urban tree planting on concentrations and depositions of PM10 in two UK conurbations.
Atmospheric Environment, 41(38): 8455—67. https://doi.org/10.1016/j.atmosenv.2007.07.025

McGlothlin, D., Jackson, W.J. & Summers, P. (1988). Groundwater geomorphic processes and riparian values:
San Pedro River, Arizona. In: Proceedings of a Symposium on Water-Use data for Water resource
Management, Tuscan AZ. Pp 537-545. Ame. Water res. Assoc., Tuscon, AZ.

McKenzie, N.A. (1996). The Riparian Woodland Ecotone. A literature review on aspects of the ecology of the
native riparian woodland and freshwater ecosystems. Scottish Native Woods.

McKergow L.A., Weaver D.M., Prosser |.P., Grayson R.B. & Reed A.E.G. (2003). Before and after riparian
management: sediment and nutrient exports from a small agricultural catchment, Western Australia,
Journal of Hydrology, 270(3-4): 253-272. https://doi.org/10.1016/50022-1694(02)00286-X.

McLennan, D., Auer, S.K.,, Anderson, G.J., Reid, T.C., Bassar, R.D., Stewart, D.C., Cauwelier, E., Sampayo, J.,
McKelvey, S., Nislow, K.H., Armstrong, J.D. & Metcalfe, N.B. (2019). Simulating nutrient release from
parental carcasses increases the growth, biomass and genetic diversity of juvenile Atlantic salmon.
Journal of Applied Ecology, 56(8): 1937-1947. https://doi.org/10.1111/1365-2664.13429

McWilliam, E.L., Barry, T.N., Lépez-Villalobos, N., Cameron, P.N. & Kemp, P.D. (2005) Effects of willow (Salix)
supplementation for 31 and 63d on the reproductive performance of ewes grazing low quality drought
pasture  during  mating. Animal  Feed  Science and  Technology, 119: 87-106.
https://doi.org/10.1016/j.anifeedsci.2004.11.013

Melcher, A., Dossi, F., Graf, W., Pletterbauer, F., Schaufler, K., Kalny, G., Fauch, H.P., Formayer, H., Trimmel, H.
& Weihs, P. (2016). Der Einfluss der Ufervegetation auf die Wassertemperatur unter
gewassertypspezifischer Bericksichtigung von Fischen und benthischen Evertebraten am Beispiel von
Lafnitz und Pinka. Osterr. Wasser- und Abfallw., 68:308-323. https://doi.org/10.1007/s00506-016-
0321-8

Monteiro, M.V., Handley, P., Morison, J.l.L. & Doick, K.J. (2019). The role of urban trees and greenspaces in
reducing urban air temperatures. Forest Research. FCRNO37. The role of urban trees and greenspaces
in reducing urban air temperatures (forestresearch.gov.uk)

Montesinos-Navarro, A., Valiente-Banuet, A. & Verdu, M. (2019). Mycorrhizal simbiosis increases the benefits
of plant facilitative interactions. Ecography, 42(3):447—-455. https://dx.doi.org/10.1111/eco0g.03926

Morison, J., Matthews, R., Miller, G., Perks, M., Randle, T., Vanguelova, E., White, M., & Yamulki, S. (2012).
Understanding the carbon and greenhouse gas balance of forests in Britain. Forestry Commission.
Understanding the carbon and greenhouse gas balance of forests in Britain — SRUC, Scotland's Rural
College

Moss, J.L., Doick, K.J., Smith, S. & Shahrestani, M. (2019). Influence of evaporative cooling by urban forests on
cooling  demand in  cities. Urban Forestry & Urban  Greening, 37: 65-73.
https://doi.org/10.1016/j.ufug.2018.07.023

Mupepele, A.C., Walsh, J.C., Sutherland, W.. & Dormann, C.F. (2016). An evidence assessment tool for
ecosystem services and conservation studies. Ecol. Appl, 26 (5): 1295-1301.
https://doi.org/10.1890/15-0595

Mupeyo, B., Barry, T.N.,, Pomroy, W.E., Ramirez-Restrepo, C.A., Lépez-Villalobos, N. & Pernthaner, A. (2011)
Effects of feeding willow (Salix spp.) upon death of established parasites and parasite fecundity. Animal
Feed Science and Technology, 164: 8-20.https://doi.org/10.1016/j.anifeedsci.2010.11.015

Murphy, F., Devlin, G. & McDonnell, K. (2014). Energy requirements and environmental impacts associated with
the production of short rotation willow (Salix sp.) chip in Ireland. GCB Bioenergy, 6: 727-39.
https://doi.org/10.1111/gcbb.12111

Musonda, K., Barry, T.N., McWilliam, E.L., Lépez-Villalobos, N., Pomroy, W.E. (2009) Grazing willow (Salix spp.)
fodder blocks for increased reproductive rates and internal parasite control in mated hoggets. Animal
Feed Science and Technology, 150:46—61.10.1016/j.anifeedsci.2008.08.003

Nakano, S., Miyasaka, H. & Kuhara, N. (1999). Terrestrial-aquatic linkages: riparian arthropod inputs alter trophic
cascades in a stream food web. Ecology, 80(7): 2435-2441. https://doi.org/10.1890/0012-
9658(1999)080[2435:TALRAI]2.0.CO;2

123


https://doi.org/10.1016/j.jenvman.2021.114061
https://doi.org/10.1016/j.atmosenv.2007.07.025
https://doi.org/10.1016/S0022-1694(02)00286-X
https://doi.org/10.1111/1365-2664.13429
https://doi.org/10.1016/j.anifeedsci.2004.11.013
https://doi.org/10.1007/s00506-016-0321-8
https://doi.org/10.1007/s00506-016-0321-8
https://www.forestresearch.gov.uk/documents/7125/FCRN037.pdf
https://www.forestresearch.gov.uk/documents/7125/FCRN037.pdf
https://dx.doi.org/10.1111/ecog.03926
https://pure.sruc.ac.uk/en/publications/understanding-the-carbon-and-greenhouse-gas-balance-of-forests-in
https://pure.sruc.ac.uk/en/publications/understanding-the-carbon-and-greenhouse-gas-balance-of-forests-in
https://doi.org/10.1016/j.ufug.2018.07.023
https://doi.org/10.1890/15-0595
https://doi.org/10.1016/j.anifeedsci.2010.11.015
https://doi.org/10.1111/gcbb.12111
https://doi.org/10.1016/j.anifeedsci.2008.08.003
https://doi.org/10.1890/0012-9658(1999)080%5b2435:TALRAI%5d2.0.CO;2
https://doi.org/10.1890/0012-9658(1999)080%5b2435:TALRAI%5d2.0.CO;2

Official

Nakano, S. & Murakami, M. (2001). Reciprocal subsidies: dynamic interdependence between terrestrial and
aquatic food webs. Proceedings of the National Academy of Sciences, 98(1): 166-170.
https://doi.org/10.1073/pnas.98.1.166

Natural England (2011). Green space access, green space use, physical activity and overweight. Report by Natural
England.

Neumann, R.B. & Cardon, Z.G. (2012). The magnitude of hydraulic redistribution by plant roots: a review and
synthesis of empirical and modelling studies. New Phytologist, 194(2): 337-352.
https://doi.org/10.1111/j.1469-8137.2012.04088.x

Ngai, R., Wilkinson, M., Nisbet, T., Harvey, R., Addy, S., Burgess-Gamble, L., Rose, S., Maslen, S., Nicholson, A.,
Page, T., Jonczyk, J. & Quinn, P. (2017). Working with Natural Processes-Evidence Directory Appendix 2:
Literature Review. Environmental Agency, Bristol. Working with natural processes to reduce flood risk
- GOV.UK (www.gov.uk)

Nicholson, A., O’Donnell, G., Wilkinson, M. & Quinn, P. (2019). The potential of runoff attenuation features as a
Natural Flood Management approach. Journal of Flood risk management, 13: e12565.
https://doi.org/10.1111/jfr3.12565

Nisbet, T. (2005). Water use by trees. Forest Research Information Note FCINO65. Forest Research, Surrey.
Forestry Commission Information Note: Water use by trees (forestresearch.gov.uk)

Nisbet, T., Silgram, M., Shah, N., Morrow, K. & Broadmeadow, S. (2011). Woodland for Water: Woodland
measures for meeting Water Framework Directive objectives. Forest Research Monograph, 4, Forest
Research, Surrey. Woodland for Water: Woodland measures for meeting Water Framework Directive
objectives (forestresearch.gov.uk)

Nisbet, T.R., Marrington, S., Thomas, H., Broadmeadow, S. & Valantin, G. (2015). Slowing the flow at Pickering .
Final report: Phase Il. http://www.forestry.gov.uk/fr/INFD-7ZUCQY#final2

O Dochartaigh, B.E., MacDonald, A.M., Archer,N.A.L., Black, A.R., Bonell, M., Auton, C.A. & Merritt, J.E. (2012).
Groundwater-surface water interaction in an upland hillslope-floodplain environment, Eddleston,
Scotland. NERC Open Research Archive. Microsoft Word - O Dochartaigh et al - BHS2012 (core.ac.uk)

Odoni, N.A. & Lane, S.N. (2010). Assessment of the impact of upstream land management measures on flood
flows in Pickering Beck using OVERFLOW. Contract report to Forest Research for the Slowing the Flow
at Pickering project. Durham: Durham University. Slowing the Flow at Pickering - Final Report - Appendix
12.2 (forestresearch.gov.uk)

Olde Venterink, H., Vermaat, J.E., Pronk, M., Wiegman, F., van der Lee, G.E.M., van den Hoorn, M.W., Higler,
L.W.G. & Verhoeven, J.T.A. (2006).Importance of sediment deposition and denitrification for nutrient
retention in  floodplain wetlands. Applied  Vegetation Science, 9(2): 163-164.
https://doi.org/10.1111/j.1654-109X.2006.tb00665.x

Ouimette, A.P., Ollinger, S.V., Lepine, L.C., Stephens, R.B., Rowe, R.J., Vadeboncoeur, M.A, Tumbler-Davila, S.J.
& Hobbie, E.A. (2020). Accounting for Carbon Flux to Mycorrhizal Fungi May Resolve Discrepancies in
Forest Carbon Budgets. Ecosystems 23: 715-729. https://doi.org/10.1007/s10021-019-00440-3

Pan, Y., Birdsey, R.A., Phillips, O.A. & Jackson, R.B., (2013). The Structure, Distribution, and Biomass of the
World's Forests. Annual Review of Ecology, Evolution, and Systematics 44(1):593-622.
https://doi.org/10.1146/annurev-ecolsys-110512-135914

Paradi I. & Baar J. (2006). Mycorrhizal fungal diversity in willow forests of differentage along the river Waal, The
Netherlands, Forest Ecology and Management, 237(1-3): 366-372.
https://doi.org/10.1016/j.foreco.2006.09.059.

Parker, C., Clifford, N., & Thorne, C. (2012). Automatic delineation of functional river reach boundaries for river
research and applications. River Research and Applications, 28(10): 1708-1725.
https://doi.org/10.1002/rra.1568

Parker, C., Thorne, C.R. & Clifford, N.J. (2014). Development of ST:REAM: a reach-based stream power balance
approach for predicting alluvial river channel adjustment. Earth Surface Processes and Landforms,
40(3): 403-413. https://doi.org/10.1002/esp.3641

Parkyn, S.M., Davies-Colley, R.J., Halliday, N.J., Costley, K.G. & Croker, G.F. (2003). Planted riparian buffer zones
in New Zealand: do they live up to expectations? Restor. Ecol, 11: 436-447.
https://doi.org/10.1046/j.1526-100X.2003.rec0260.x

Parkyn, S. (2004). Review of Riparian Buffer Zone Effectiveness. No. 2004-2005, Ministry of Agriculture and
Forestry, Wellington, New Zealand.

Parliamentary Office of Science and Technology (2016). Green Space and Health. POSTnote 538, October 2016:
House of Commons, London, UK.

124


https://doi.org/10.1073/pnas.98.1.166
https://doi.org/10.1111/j.1469-8137.2012.04088.x
https://www.gov.uk/flood-and-coastal-erosion-risk-management-research-reports/working-with-natural-processes-to-reduce-flood-risk
https://www.gov.uk/flood-and-coastal-erosion-risk-management-research-reports/working-with-natural-processes-to-reduce-flood-risk
https://doi.org/10.1111/jfr3.12565
https://www.forestresearch.gov.uk/documents/4967/fcin065.pdf
https://www.forestresearch.gov.uk/documents/959/FRMG004_Woodland4Water.pdf
https://www.forestresearch.gov.uk/documents/959/FRMG004_Woodland4Water.pdf
http://www.forestry.gov.uk/fr/INFD-7ZUCQY#final2
https://core.ac.uk/download/pdf/9697692.pdf
https://www.forestresearch.gov.uk/documents/1015/stfap_final_report_appendix12_2_Apr2011.pdf
https://www.forestresearch.gov.uk/documents/1015/stfap_final_report_appendix12_2_Apr2011.pdf
https://doi.org/10.1111/j.1654-109X.2006.tb00665.x
https://doi.org/10.1007/s10021-019-00440-3
https://doi.org/10.1146/annurev-ecolsys-110512-135914
https://doi.org/10.1016/j.foreco.2006.09.059
https://uwe-repository.worktribe.com/output/970849
https://uwe-repository.worktribe.com/output/970849
https://doi.org/10.1002/rra.1568
https://doi.org/10.1002/esp.3641
https://doi.org/10.1046/j.1526-100X.2003.rec0260.x

Official

Parrott, J. & MacKenzie, N. (2000). Restoring and managing riparian woodlands. Scottish Native Woods,
Aberfeldy.

Peredo Arce, A., Palt, M., Kail, J., Schletterer, M. (2022). Does riparian woody vegetation increase landscape
connectivity for adult EPTs in European continental streams? Freshwater biology (in revision).

Perks, M., Khomik, M., Bathgate, S., Chapman, S., Slee, B., Yeluripati, J., Roberts, D. & Morison, J. (2018).
Agroforestry in Scotland — potential benefits in a changing climate. ClimateXChange. Agroforestry in
Scotland — potential benefits in a changing climate (climatexchange.org.uk)

Perks, M., Nagy, L., Meir,P. & Auld, M. (2010). Carbon Sequestration Benefits of New Native Woodland Expansion
in Scotland. Scottish Forest Alliance. untitled (futurewoodlands.org.uk)

Peskett, L., MacDonald, A., Heal, K., McDonnell, J., Chambers, J., Uhlemann, S., Upton, K. & Black, A. (2020).The
impact of across-slope foreststrips on hillslope subsurface hydrological dynamics. Journal of Hydrology,
581:124427. https://doi.org/10.1016/j.jhydrol.2019.124427

Petersen, |, Masters, Z., Hildrew, A.G. & Ormerod, S.J. (2004). Dispersal of adult aquatic insects in catchments
of differing land use. Journal of applied ecology, 41(5): 934-950. https://doi.org/10.1111/j.0021-
8901.2004.00942 .x

Piotrowski, J.S., Lekberg, Y., Harner, M.J., Ramsey, P.W. and Rillig, M.C. (2008), Dynamics of mycorrhizae during
development of riparian forests along an unregulated river. Ecography, 31: 245-253.
https://doi.org/10.1111/j.0906-7590.2008.5262.x

Piégay, H. & Bravard, J.P. (1996).Response of a Mediterranean riparian forestto a 1 in 400-year flood, Ouveze
River, Drome-Vaucluse, France. Earth Surface Processes and Landforms, 22 (1): 31-43.
https://doi.org/10.1002/(SIC1)1096-9837(199701)22:1%3C31::AID-ESP677%3E3.0.CO;2-%23

Piégay, H., Gurnell, A.M., (1997). Large woody debris and river geomorphological pattern: examples from S.E.
France and S. England. Geomorphology, 19(1-2): 99-116. https://doi.org/10.1016/S0169-
555X(96)00045-1

Pitta, D.W., Barry, T.N., Lépez-Villalobos, N. & Kemp, P.D. (2005). Effects on ewe reproduction of grazing willow
fodder blocks during drought. Animal Feed Science and Technology, 120: 217-234.
https://doi.org/10.2527/jas.2013-7378

Pohle, I., Helliwell, R., Aube, C., Gibbs, S., Spencer, M. & Spezia, L. (2019). Citizen science evidence fromthe past
century shows that Scottish rivers are warming. Science of the Total Environment, 659: 53-65.
https://doi.org/10.1016/].scitotenv.2018.12.325

Poole, A.E., Bradley, D., Salazar, R. & Macdonald, D.W. (2013). Optimizing agri-environment schemes to improve
river health and conservation value. Agric. Ecosyst. Environ., 181: 157-168.
https://doi.org/10.1016/j.agee.2013.09.015

Powe, N.A. & Willis, K.G. (2004). Mortality and morbidity benefits of air pollution (SO2 and PM10) absorption
attributable to woodland in Britain. Journal of Environmental Management, 70(2): 119-128.
https://doi.org/10.1016/j.jenvman.2003.11.003

Powney, G.D., Harrower, C.A,, Barwell, L., Outhwaite, C. & Isaac, N.J.B. (2015). D1c Biodiversity and Ecosystem
Services - status of pollinating insects. Technical background document to. UK Biodiversity Indicators.
Defra/JNCC.) UK Biodiversity Indicators 2021. D1c — Status of pollinating Insects: Technical Background
Document (jncc.gov.uk)

Prieto, l., Armas, C. & Pugnaire, F.l. (2012). Water release through plant roots: new insights into its consequences
at the plant and ecosystem level. New Phytologist, 193(4): 830-841. https://doi.org/10.1111/j.1469-
8137.2011.04039.x

Pritchard C.E., Williams, A.P., Davies, P., Jones, D. & Smith, A.R. (2021). Spatial behaviour of sheep during the
neonatal period: Preliminary study on the influence of shelter. Animal, 15(7):100252
https://doi.org/10.1016/j.animal.2021.100252

Punchard, N.T., Perrow, M.R. & Jowitt, A.J.D. (2000). Fish habitat associations, community structure, density and
biomass in natural and channelised lowland streams in the catchment fo the River Wensum, UK. In,
Management and ecology of river fisheries, Cowx, I.G. (Ed.). Fishing News Books, Blackwell Scientific
Publications Ltd., Oxford, UK. https://doi.org/10.1002/9780470696026.ch11

Puttock, A., Graham, H.A., Cunliffe, A.M. & Elliot, M. (2017). Eurasian beaver activity increases water storage,
attenuates flow and mitigates diffuse pollution from intensively-managed grasslands. Science of the
Total Environment, 576: 430-443. https://doi.org/10.1016/].scitotenv.2016.10.122

Pywell, R.F., Heard, M.S., Woodcock, B.A., Hinsley, S., Ridding, L., Nowakowski, M. & Bullock, J.M. (2015).
Wildlife-friendly farming increases crop yield: evidence for ecological intensification. Proc Biol Sci.,
282(1816): 20151740. https://doi.org/10.1098/rspb.2015.1740

125


https://www.climatexchange.org.uk/media/3312/agroforestry-in-scotland-potential-benefits-in-a-changing-climate.pdf
https://www.climatexchange.org.uk/media/3312/agroforestry-in-scotland-potential-benefits-in-a-changing-climate.pdf
https://www.futurewoodlands.org.uk/assets/downloads/CFCSFAcarbonsequestration.pdf
https://doi.org/10.1016/j.jhydrol.2019.124427
https://doi.org/10.1111/j.0021-8901.2004.00942.x
https://doi.org/10.1111/j.0021-8901.2004.00942.x
https://doi.org/10.1111/j.0906-7590.2008.5262.x
https://doi.org/10.1002/(SICI)1096-9837(199701)22:1%3C31::AID-ESP677%3E3.0.CO;2-%23
https://doi.org/10.1016/S0169-555X(96)00045-1
https://doi.org/10.1016/S0169-555X(96)00045-1
https://doi.org/10.2527/jas.2013-7378
https://doi.org/10.1016/j.scitotenv.2018.12.325
https://doi.org/10.1016/j.agee.2013.09.015
https://doi.org/10.1016/j.jenvman.2003.11.003
https://data.jncc.gov.uk/data/3de3abe1-d7d1-417e-9684-1348dd8b9a5a/ukbi2021-techbg-d1c-a.pdf
https://data.jncc.gov.uk/data/3de3abe1-d7d1-417e-9684-1348dd8b9a5a/ukbi2021-techbg-d1c-a.pdf
https://doi.org/10.1111/j.1469-8137.2011.04039.x
https://doi.org/10.1111/j.1469-8137.2011.04039.x
https://doi.org/10.1016/j.animal.2021.100252
https://doi.org/10.1002/9780470696026.ch11
https://doi.org/10.1016/j.scitotenv.2016.10.122
https://doi.org/10.1098/rspb.2015.1740

Official

Quelch, P.R. (2001) Ancient Wood Pasture in Scotland: anillustrated guide to ancient wood pasture in Scotland.
Forestry Commission. Ancient Wood Pasture in Scotland (forestry.gov.scot)

Qiu, Q., Bender S.F.,, Mgelwa, A.S. & Hu, Y. (2022). Arbuscular mycorrhizal fungi mitigate soil nitrogen and
phosphorus losses: A meta-analysis. Science of The Total Environment, 807(1): 150857.
https://doi.org/10.1016/j.scitotenv.2021.150857

Quinn, J.M., Cooper, B.A., Stroud, M.. & Burrell, G.P. (1997). Shade effects on stream periphyton and
invertebrates: an experimentin streamside channels. New Zealand Journal of Marine and Freshwater
Research, 31:665-683. https://doi.org/10.1080/00288330.1997.9516797

Razauskaité, R., Vanguelova, E., Cornulier, T., Smith, P., Randle, T. & Smith, J.U. (2020) A new approach using
modeling to interpret measured changes in soil organic carbon in forests; the case of a 200 year pine
chronosequence on a podzolic soil in Scotland. Front. Environ. Sci, 8: 527549.
https://doi.org/10.3389/fenvs.2020.527549

Read, D.., Freer-Smith, P.H., Morison, J.I.L., Hanley, N., West, C.C. & Snowdon, P. (eds) (2009). Combating
climate change — a role for UK forests. An assessment of the potential of the UK’s trees and woodlands
to mitigate and adapt to climate change. The synthesis report. The Stationery Office, Edinburgh.

Reid, H.E., Brierley, G.J., McFarlane, K., Coleman, S.E. & Trowsdale, S. (2013). The role of landscape setting in
minimizing hydrogeomorphic impacts of flow regulation. Int. J. Sediment Res., 28(2): 149-161.
https://doi.org/10.1016/51001-6279(13)60027-X

Ricklefs, R.E. & Jenkins, D.G. (2011). Biogeography and ecology: towards the integration of two disciplines. Philos.
Trans. R. Soc. B, 366(1576): 2438—-2448. https://doi.org/10.1098/rstb.2011.0066

Roberts, W.M., Stutter, M.l. & Haygarth, P.M. (2012). Phosphorus retention and remobilization in vegetated
buffer strips: a review. J. Environ. Qual., 41: 389-399. https://doi.org/10.2134/jeq2010.0543

Robinson, M., Cognard-Plancq, A.L., Cosandey, C., David, J., Durand, P., Fuhrer, H.W., Hall, R., Hendriques, M.O.,
Marc, V., McCarthy, R., McDonnell, M., Martin, C., Nisbet, T., O’Dea, P., Rodgers, M. & Zollner, A. (2003).
Studies of the impact of forests on peak flows and baseflows: a European perspective. Forest Ecology
and Management, 186: 85-97. https://doi.org/10.1016/50378-1127(03)00238-X

Rogosic, J., Pfister, J.A., Provenza, F.D. & Grbesa, D. (2006).Sheep and goat preference for and nutritional value
of Mediterranean maquis shrubs. Small Ruminant Res 64: 169-179.
https://doi.org/10.1016/j.smallrumres.2005.04.017

Rood, S.B., Bigelow, S.G., Polzin, M.L., Gill, K.M. & Coburn, C.A. (2014). Biological bank protection: Trees are
more effective than grasses at resisting erosion from major river floods. Ecohydrology, 8(5): 772-779.
https://doi.org/10.1002/eco0.1544

Rose, S. & Rosolova, Z. (2015). Energy crops and floodplain flows. Environmental Agency report SC060092/R2.
Heading 1 (publishing.service.gov.uk)

Saraev, V. (2011). Health benefits of street trees. Forest Research, Research Agency of the Forestry Commission,
Edinburgh, UK.

Sasaki, T., Furukawa, T., Iwasaki, Y., Seto, M. & Mori, A.S. (2015). Perspectives for ecosystem management based
on ecosystem resilience and ecological thresholds against multiple and stochastic disturbances.
Ecological Indicators, 57: 395-408. https://doi.org/10.1016/j.ecolind.2015.05.019

Saunders, M., Tobin, B., Sweeney, C., Gioria, M., Benanti, G., Cacciotti, E. & Osborne, B.A. (2014). Impacts of
exceptional and extreme inter-annual climatic events on the net ecosystem carbon dioxide exchange
of a sitka spruce forest. Agricultural and Forest Meteorology < 184: 147-157.
https://doi.org/10.1016/j.agrformet.2013.09.009

Schultz, R.C., Collettil, J.P., Isenhart, T.M., Simpkins, W.W., Mize, C.W. & Thompson, M.L. (1995). Design and
placement of a multi-species riparian buffer strip system. Agroforest Syst, 29:201-226.
https://doi.org/10.1007/BF00704869

Schultz, R.C., Isenhart, T.M., Simpkins, W.W. & Colletti, J.P. (2004). Riparian forest buffers in agroecosystems —
lessons learned from the Bear Creek Watershed, central lowa, USA. Agroforestry Systems, 61:35-50.
https://doi.org/10.1023/B%3AAGF0.0000028988.67721.4d

Schumutz, S. & Sendzimir, J. (eds.) (2018). Riverine Ecosystem Management: Science for Governing Towards a
Sustainable Future. Aquatic Ecology Series 8. Springer. https://doi.org/10.1007/978-3-319-73250-3

Schiitz, K. E., Rogers, A. R., Poulouin, Y. A., Cox, N. R., & Tucker, C. B. (2010). The amount of shade influencesthe
behavior and physiology of dairy cattle. Journal of Dairy Science, 93(1): 125-33.
https://doi.org/10.3168/jds.2009-2416

Scott, S.J., MclLaren, G., Jones, G. & Harris, S. (2010). The impact of riparian habitat quality on the foraging and
activity of pipistrelle bats (Pipistrellus spp.). Journal of Zoology, 280(4): 371-378.

126


https://forestry.gov.scot/publications/565-ancient-wood-pasture-in-scotland
https://doi.org/10.1016/j.scitotenv.2021.150857
https://doi.org/10.1080/00288330.1997.9516797
https://doi.org/10.3389/fenvs.2020.527549
https://doi.org/10.1016/S1001-6279(13)60027-X
https://doi.org/10.1098/rstb.2011.0066
https://doi.org/10.2134/jeq2010.0543
https://doi.org/10.1016/S0378-1127(03)00238-X
https://doi.org/10.1016/j.smallrumres.2005.04.017
https://doi.org/10.1002/eco.1544
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/480799/Energy_crops_and_floodplain_flows_report.pdf
https://doi.org/10.1016/j.ecolind.2015.05.019
https://doi.org/10.1016/j.agrformet.2013.09.009
https://doi.org/10.1007/BF00704869
https://doi.org/10.1023/B%3AAGFO.0000028988.67721.4d
https://doi.org/10.1007/978-3-319-73250-3
https://doi.org/10.3168/jds.2009-2416

Official

Sepp K., Mikk, M., Mdnd M. & Truu, J. (2004). Bumblebee communities as an indicator for landscape monitoring
in the agri-environmental programme. Landscape and Urban Planning, 67: 173-183.
https://doi.org/10.1016/50169-2046(03)00037-9

Sheldrake, M. (2020). Entangled Life — How fungi make our worlds, change our minds and shape our futures.
Penguin Random House LLC, New York.

Sheridan, J.M., Lowrance, R. & Bosch, D.D. (1999). Management effects on runoff and sediment transport in
riparian forest buffers. Trans. ASAE, 42(1): 55-64.(16) (PDF) Management Effects on Runoff and
Sediment Transport in Riparian Forest Buffers (researchgate.net)

Sievers, M., Hale, R. & Morrongiello, J.R. (2017). Do trout respond to riparian change? A meta-analysis with
implications for restoration and management. Freshw Biol, 62: 445-457.
https://doi.org/10.1111/fwb.12888

Silos, I.P. (2017). Assessing the effectiveness of woodland creation for reducing agricultural diffuse pollution-
developing value ranges to create look-up tables. Short term scientific mission scientific report, COST
Association, Brussels.

Slowing the Flow Partnership (2016). Slowing the flow partnership briefing: Boxing Day 2015 flood event. Forest
Research technical report.

Smith, J., Westaway, S. & Whistance, L. (2018). Tree Fodder in UK Livestock Systems: Opportunities and Barriers.
Proceedings of the 4th European Agroforestry Conference. Agroforestry as Sustainable Land Use. 28-30
May, 2018. Nijimegen, The Netherlands.

Smout, T.C. (2003). People and woods in Scotland. A History. Edinburgh University Press, Edinburgh. People and
Woods in Scotland: A History on JSTOR

Smout, T.C., MacDonald, A.R. & Watson, F. (2007). A History of the Native Woodlands of Scotland, 1500-1920.
Edinburgh University Press, Edinburgh. A History of the Native Woodlands of Scotland, 1500-1920 on
JSTOR

Solomon, D.J. & Lightfoot, G.W. (2008). The thermal biology of brown trout and Atlantic salmon. Science Report.
Environment Agency, Bristol. Microsoft Word - report formatted.doc (publishing.service.gov.uk)

Sozanska-Stanton, M., Carey, P.D., Griffiths, G.H., Vogiatzakis, L.N., Treweek, J., Butcher, B., Charlton, M.B.,
Keenleyside, C., Arnell, N.W., Tucker, G. & Smith, P. (2016). Balancing conservation and climate change
a methodology using existing data demonstrated for twelve UK priority habitats. J. Nat. Conserv., 30:
76—-89. https://doi.org/10.1016/j.jnc.2016.01.005

Spanjer, A.R., Gendaszek, A.S., Wulfkuhle, E.J., Black, RW. & Jaeger, K.L. (2022). Assessing climate change
impacts on Pacific salmon and trout using bioenergetics and spatiotemporal expliit river temperature
predictions under  varying riparian conditions. PLOS  ONE, 17(5): e0266871.
https://doi.org/10.1371/journal.pone.0266871

Spray, C.J. (ed.) (2016). Eddleston Water. Interreg Project Report 2016. http://tweedforum-
org.stackstaging.com/wp-content/uploads/2018/08/Eddleston_Report_Jan_2017.pdf

Spriggs, T., Banks, M.K. & Schwab, P. (2005). Phytoremediation of polycyclic aromatic hydrocarbons in
manufactured gas plant-impacted soil. Journal of Environmental Quality, 34: 1755-1762.
https://doi.org/10.2134/jeq2004.0399

Stanley, D., Smith, K. & Raine, N. (2015) Bumblebee learning and memory is impaired by chronic exposureto a
neonicotinoid pesticide. Sci Rep 5: 16508. https://doi.org/10.1038/srepl16508

Stephens, W., Hess, T. & Knox, J. (2001). Review of the effects of energy crops on hydrology. Silsoe: Inst Water
Environment, Cranfield University. Energy crop hydrology report 3.PDF (cranfield.ac.uk)

Stockan, J.A., Langan, S.J., Friberg, N. Bergfur, J., Van de Weyer, R., McNicoll, D., Van Rensbergen & Stutter, M.
(unpublished). Fifteen years of the Tarland Catchment Initiative: Effects on Ephemeroptera and
Plecoptera. James Hutton Institute, Aberdeen.

Stockan, J.A., Langan, S.J. & Young, M.R. (2012). Investigating riparian margins for vegetation patterns and plant-
environment relationships in Northeast Scotland. Journal of Environmental Quality, 41(2): 364-72.
https://doi.org/10.2134/jeq2010.0518

Stockan, J.A., Baird, J., Langan, S.J., Young, M.R. & Lason, G.R. (2014). Effects of riparian buffer strips on ground
beetles (Coleoptera, Carabidae) within an agricultural landscape. Insect Conserv. Diver., 7(2): 172—-184.
https://doi.org/10.1111/icad.12043

Stratford, C., Miller, J., House, A., Old, G., Acreman, M., Duenas-Lopez, M.A., Nisbet, T., Burgess-Gamble,
L., Chappell, N., Clarke, S., Leeson, L., Monbiot, G., Paterson, J., Robinson, M., Rogers, M. & Tickner, D.
(2017). Do trees in UK-relevant river catchments influence fluvial flood peaks?: a systematic review. CEH
Project no. C06063. Centre for Ecology & Hydrology, Wallingford, UK.

127


https://doi.org/10.1016/S0169-2046(03)00037-9
https://www.researchgate.net/publication/237707390_Management_Effects_on_Runoff_and_Sediment_Transport_in_Riparian_Forest_Buffers
https://www.researchgate.net/publication/237707390_Management_Effects_on_Runoff_and_Sediment_Transport_in_Riparian_Forest_Buffers
https://doi.org/10.1111/fwb.12888
https://www.jstor.org/stable/10.3366/j.ctvxcrr4m
https://www.jstor.org/stable/10.3366/j.ctvxcrr4m
https://www.jstor.org/stable/10.3366/j.ctt1r2c68
https://www.jstor.org/stable/10.3366/j.ctt1r2c68
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/291741/scho0808bolv-e-e.pdf
https://doi.org/10.1016/j.jnc.2016.01.005
https://doi.org/10.1371/journal.pone.0266871
http://tweedforum-org.stackstaging.com/wp-content/uploads/2018/08/Eddleston_Report_Jan_2017.pdf
http://tweedforum-org.stackstaging.com/wp-content/uploads/2018/08/Eddleston_Report_Jan_2017.pdf
https://doi.org/10.2134/jeq2004.0399
https://doi.org/10.1038/srep16508
https://dspace.lib.cranfield.ac.uk/bitstream/handle/1826/3368/Review%20of%20the%20effects%20of%20energy%20crops%20on%20hydrology-2001.pdf?isAllowed=y&sequence=1
https://doi.org/10.2134/jeq2010.0518
https://doi.org/10.1111/icad.12043

Official

Stringer, A.P & Gaywood, M. (2016) The impacts of beavers Castor spp. on biodiversity and the ecological basis
for  their reintroduction to  Scotland UK. Mammal  Review. 46(4): 270-283.
https://doi.org/10.1111/mam.12068

Stutter, M., Wilkinson, M., & Nisbet T. (2020). 3D buffer strips: designed to deliver more for the environment:
Report. Environment Agency, Bristol. 3D buffer strips: designed to deliver more for the environment -
GOV.UK (www.gov.uk)

Stutter, M., Kronvang, B., O hUallachain, D. & Rozemeijer, J. (2019). Current insights into the effectiveness of
riparian management attainment of multiple benefits. Journal of Environmental Quality, 48(2): 236-
247. https://doi.org/10.2134/jeq2019.01.0020

Sutfin, N.A., Wohi, E.E. & Dwire, K.A. (2016). Banking carbon: a review of organic carbon storage and physical
factors influencing retention in floodplains and riparian ecosystems. Earth Surface Processes and
Landforms, 41:38-60. https://doi.org/10.1002/esp.3857

Syrjanen, J., Korsu, K., Louhi, P., Paavola, R. & Muotka, T. (2011). Stream salmonids as opportunistic foragers:
the importance of terrestrial invertebrates along a stream-size gradient. Canadian Journal of Fisheries
and Aquatic Sciences. 68(12): 2146-2156. https://doi.org/10.1139/f2011-118

Takata, K. & Hanasaki, N. (2020). The effects of afforestation as an adaptation option: a case study in the upper
Chao Phraya River basin. Environ. Res. Lett., 15:044020. https://doi.org/10.1088/1748-9326/ab7462

Tal, M., Gran, K., Murray, A.B., Paola, C. & Hicks, D.M. (2004). Riparian vegetation as a primary control on channel
characteristics in multi-thread rivers. In: Bennett, S.J., Simon, A. (Eds.), Riparian Vegetation and Fluvial
Geomorphology: Hydraulic, Hydrologic, and Geotechnical Interaction. Water Science and Application,
vol. 8. American Geophysical Union, Washington, DC.

Tal, M. & Paola, C. (2010). Effects of vegetation on channel morphodynamics: results and insights from
laboratory experiments. Earth Surf. Process. Landforms, 35(9): 1014-1028.
https://doi.org/10.1002/esp.1908

Tallis, M., Taylor, G., Sinnett, D. & Freer-Smith P. (2011). Estimating the removal of atmospheric particulate
pollution by the urban tree canopy of London, under currentand future environments. Landscape and
Urban Planning, 103(2): 129-38. https://doi.org/10.1016/j.landurbplan.2011.07.003

Tedersoo, L., Suvi, T. Jairus, T., Ostonen, I. & Pdlme, S. (2009). Revisiting ectomycorrhizal fungi of the
genus Alnus: differential host specificity, diversity and determinants of the fungal community. New
Phytologist, 182:727-735. https://doi.org/10.1111/j.1469-8137.2009.02792 .x

Theobald, M.R., Milford, M.C., Hargreaves, M.K.J., Sheppard, M.LJ., Nemitz, M.E., Tang, M.Y.S., Phillips, M.V.R.,
Sneath, M.R., McCartney, M.L., Harvey, M.F.J., Leith, M.L.D., Cape, M.J.N., Fowler, M.D., Sutton, M.M.A.
& Wisniewski, J. (ed.) (2001). Potential for Ammonia Recapture by Farm Woodlands: Design and
Application of a New Experimental Facility. The Scientific World Journal, 1: 791-801.
https://doi.org/10.1100/tsw.2001.338

Thomas, H. & Nisbet, T.R. (2006). An assessment of the impact of floodplain woodland on flood flows. Water
and Environment Journal, 21 (2): 114-126. https://doi.org/10.1111/j.1747-6593.2006.00056.x

Thomas, M.V., Malhi, Y., Fenn, K.M., Fisher, J.B., Morecroft, M.D., Lloyd, C.R., Taylor, M.E. & McNeil, D.D. (2011).
Carbon dioxide fluxes over an ancient broadleaved deciduous woodland in southern England,
Biogeosciences, 8:1595—-1613. https://doi.org/10.5194/bg-8-1595-2011

Thomas, S.M., Griffiths, S.W. & Ormerod, S.J. (2016). Beyond cool: adapting upland streams for climate change
using riparian woodlands. Global Change Biology, 22(1): 310-324. https://doi.org/10.1111/gcb.13103

Thompson, M.S., Brooks, S.J., Sayer, C.D., Woodward, G., Axmacher, J.C., Perkins, D.M. & Gray, C. (2018) Large
woody debris “rewilding” rapidly restores biodiversity in riverine food webs. Journal of Applied
Ecology, 55(2), 895-904. https://doi.org/10.1111/1365-2664.13013

Thompson, R. & Parkinson, S. (2011). Assessing the local effects of riparian restoration on urban streams. N. Z
J. Mar. Freshw. Res., 45(4): 625-636. https://doi.org/10.1080/00288330.2011.569988

Tockner, K., Malard, F. & Ward, J.V. (2000). An extension of the flood pulse concept. Hydrological Processes,
14:2861-2883. https://doi.org/10.1002/1099-1085(200011/12)14:16/17%3C2861::AID-
HYP124%3E3.0.CO;2-F

Tockner, K. & Stanford, J.A. (2002). Riverine flood plains: present state and future trends. Environmental
Conservation, 29:308-330. https://doi.org/10.1017/5S037689290200022X

Todd, V.L. & Williamson, L.D. (2019). Habitat usage of Daubenton's bat (Myotis daubentonii), common pipistrelle
(Pipistrellus pipistrellus), and soprano pipistrelle (Pipistrellus pygmaeus) in a North Wales upland river
catchment. Ecology and Evolution, 9(8): 4853-4863. https://dx.doi.org/10.1002/ece3.5085

128


https://doi.org/10.1111/mam.12068
https://doi.org/10.2134/jeq2019.01.0020
https://doi.org/10.1002/esp.3857
https://doi.org/10.1139/f2011-118
https://doi.org/10.1088/1748-9326/ab7462
https://doi.org/10.1002/esp.1908
https://doi.org/10.1016/j.landurbplan.2011.07.003
https://doi.org/10.1111/j.1469-8137.2009.02792.x
https://doi.org/10.1100/tsw.2001.338
https://doi.org/10.1111/j.1747-6593.2006.00056.x
https://doi.org/10.5194/bg-8-1595-2011
https://doi.org/10.1111/gcb.13103
https://doi.org/10.1111/1365-2664.13013
https://doi.org/10.1080/00288330.2011.569988
https://doi.org/10.1002/1099-1085(200011/12)14:16/17%3C2861::AID-HYP124%3E3.0.CO;2-F
https://doi.org/10.1002/1099-1085(200011/12)14:16/17%3C2861::AID-HYP124%3E3.0.CO;2-F
https://doi.org/10.1017/S037689290200022X
https://dx.doi.org/10.1002/ece3.5085

Official

Triska, R., Kennedy, V.C., Avanzino, R.J. & Reilly, B.N. (1983). Effects of simulated canopy cover on regulation of
nitrate uptake and primary production by natural periphyton assemblages. In: Fontaine, T.D.F. &
Bartell, S.M. (eds.), Dynamics of Lotic Ecosystems. Ann Arbor Science.

Tsiafouli, M.A., Thébault, E., Sgardelis, S.P., de Ruiter, P.C., van der Putten, W.H., Birkhofer, K., Hemerik, L., de
Vries, F.T., Bardgett, R.D., Brady, M.V., Bjornlund, L., Jérgensen, H.B., Christensen, S., D’ Hertefeldt, T,
Hotes, S., Gera Hol, W.H., Frouz, J., Liiri, M., Mortimer, S.R., Setdld, H., Tzanopoulos, J., Uteseny,
K., PiZl, V., Stary, J., Wolters, V. & Hedlund, K. (2015). Intensive agriculture reduces soil biodiversity
across Europe. Global Change Biology, 21(2): 973-985. https://doi.org/10.1111/gcb.12752

Turley, M.D., Bilotta, G.S., Krueger, T., Brazier, R.E. & Extence, C.A. (2015). Developing an improved
biomonitoring tool for fine sediment: Combining expert knowledge and empirical data. Ecological
Indicators, 54: 82-86. https://doi.org/10.1016/j.ecolind.2015.02.011

Ucar, T. & Hall, F.R. (2001). Windbreaks as a pesticide drift mitigation strategy: a review. Pest Management
Science, 57:663-675. https://doi.org/10.1002/ps.341

Uesugi, A. & Murakami, M. (2007). Do seasonally fluctuating aquatic subsidies influence the distribution pattern
of birds between riparian and upland forests? Ecological  Research, 22(2): 274-281.
https://doi.org/10.1007/s11284-006-0028-6

Urbanic, G., Politti, E., Rodriguez-Gonzalez, P., Payne, R., Schook, D., Alves, M.H., Andelkovi¢, A., Bruno, D.,
Chilikova-Lubomirova, M., Di Lonardo, S., Egozi, R., Gar6fano-Gomez, V., Marques, G., Gonzalez del
Tanago, M., Selman Giiltekin, Y., Gumiero, B., Hellsten, S., Hinkov, G., Jakubinsky, J., Janssen, P.,
Jansson, R., Kelly-Quinn, M., Kiss, T., Lorenz, S., Martinez Romero, R., Mihaljevié, Z., Papastergiadou, E.,
Pavlin Urbani¢, M., Penning, E., Riis, T., Sibik J., Sibikova M., Zlatanov, T., Dufour, S. (2022). Riparian
Zones—From Policy Neglected to Policy Integrated. Front. Environ. Sci. 10:868527.
https://doi.org/10.3389/fenvs.2022.868527

Vadeboncoeur, Y. & Power, M.E (2017). Attached Algae: The Cryptic Base of Inverted Trophic Pyramids in
Freshwaters. Annual Review of Ecology, Evolution, and Systematics, 48(1): 255-279.
https://doi.org/10.1146/annurev-ecolsys-121415-032340

Van de Weyer, R. (2014). Effects of season and canopy cover on the diet composition of Salmonids, in Tarland,
Scotland. MSc Dissertation. Campus Geel, Geel.

van Laer, E., Tuyttens, F.A., Ampe, B., Sonck, B., Moons, C.P. & Vandaele, L. (2015). Effect of summer conditions
and shade on the production and metabolism of Holstein dairy cows on pasture in temperate
climate. Animal, 9(9): 1547-1558. https://doi.org/10.1017/51751731115000816

Vandermeulen, S. (2017). Trees and shrubs influence the behaviour of grazing cattle and rumen fermentation.
PhD dissertation, Université de Liége. [PDF] Treesand shrubs influence the behaviour of grazing cattle
and rumen fermentation | Semantic Scholar

Vanos, J., Kalkstein, L.S., Sailor, D., Shickman, K. & Sheridan, S. (2014). Assessing the health impacts of urban
heat island reduction strategies in the cities of Baltimore, Los Angeles, and New York. Global Cool Cities
Alliance. http://dx.doi.org/10.13140/2.1.1474.1127

Vellidis G., Lowrance R., Gay P. & Wauchope R.D. (2002). Herbicide transport in a restored riparian forest buffer
system. Transactions of the ASAE, 45: 89—97. https://doi.org/10.13031/2013.21357

Venter, Z.S., Hjertager Krog, N. & Barton, D.N. (2019). Linking green infrastructure to urban heat and human
health risk mitigation in Oslo, Norway. Science of the Total Environment, 709: 136193.
https://doi.org/10.1016/].scitotenv.2019.136193

Vos, P.E., Maiheu, B., Vankercom, J. & Janssen, S. (2013). Improving local air quality in cities: to tree or not to
tree? Environmental Pollution, 183:113-22. https://doi.org/10.1016/j.envpol.2012.10.021

Wainhouse, D. & Inward, D.J.G. (2016). The influence of climate change on forest insect pests in Britain. Forestry
Commission Research Note FCRNO21, Forestry Commission. FCRN021.pdf (forestresearch.gov.uk)

Walklate, P.J. (1999). Drift Reduction by Vegetation. In: Forester, R (ed). Workshop on risk assessment and risk
mitigation measures in the context of the authorization of plant protection products. (WORMM) 27-29
September 1999.

Walling, D.E. (1999). Linking land use, erosion and sediment yield in river basins. In: Garnier J. & Mouchel JM.
(eds) Man and River Systems. Developments in Hydrobiology, vol 146. Springer, Dordrecht.

Walling, D.E., Collins, A.L. & McMellin, G.K. (2003). A reconnaissance survey of the source of interstitial fine
sediment recovered from salmonids spawning gravels in England and Wales. Hydrobiologia, 497: 91-
108. https://doi.org/10.1023/A%3A1025413721647

Wang, H., Maher, B.A. & Davison, B. (2019). Efficient removal of ultrafine particles from diesel exhaust by
selected tree species: implications for roadside planting for improving the quality of urban air.
Environmental Science and Technology, 53(12): 6906-6916. https://doi.org/10.1021/acs.est.8b06629

129


https://doi.org/10.1111/gcb.12752
https://doi.org/10.1016/j.ecolind.2015.02.011
https://doi.org/10.1002/ps.341
https://doi.org/10.1007/s11284-006-0028-6
https://doi.org/10.3389/fenvs.2022.868527
https://www.annualreviews.org/doi/abs/10.1146/annurev-ecolsys-121415-032340
https://www.annualreviews.org/doi/abs/10.1146/annurev-ecolsys-121415-032340
https://doi.org/10.1146/annurev-ecolsys-121415-032340
https://doi.org/10.1017/S1751731115000816
https://www.semanticscholar.org/paper/Trees-and-shrubs-influence-the-behaviour-of-grazing-Vandermeulen/9164919442c51d3dbb44672cb496e1ce91ece85b
https://www.semanticscholar.org/paper/Trees-and-shrubs-influence-the-behaviour-of-grazing-Vandermeulen/9164919442c51d3dbb44672cb496e1ce91ece85b
http://dx.doi.org/10.13140/2.1.1474.1127
https://doi.org/10.13031/2013.21357
https://doi.org/10.1016/j.scitotenv.2019.136193
https://doi.org/10.1016/j.envpol.2012.10.021
https://www.forestresearch.gov.uk/documents/6975/FCRN021.pdf
https://doi.org/10.1023/A%3A1025413721647
https://doi.org/10.1021/acs.est.8b06629

Official

Webster, J.R. & Benfield, E.F. (1986). Vascular plant breakdown in freshwater ecosystems. Annual Review of
Ecology and Systematics, 17:56-94. https://doi.org/10.1146/annurev.es.17.110186.003031

Wen Lo, H., Smith, M., Klaar, M., Woulds, C. (2021). Potential secondary effects of in-stream wood structures
installed for natural flood management: A conceptual model. Wires Water, 8(5): el546.
https://doi.org/10.1002/wat2.1546

Wenzel, R., Reinhardt-Imjela, C., Schulte, A. & Bélscher, J. (2014). The potential of in-channellarge woody debris
in transforming discharge hydrographs in headwater areas (Ore Mountains, South-eastern Germany).
Ecological Engineering, 71: 1-9. https://doi.org/10.1016/j.ecoleng.2014.07.004

White, M.P., Alcock, I., Grellier, J., Wheeler, B.W., Hartig, T., Warber, S.L., Bone, A., Depledge, M.H. & Fleming,
L.E. (2019). Spending at least 120 minutes a week in nature is associated with good health and
wellbeing. Sci Rep, 9: 7730. https://doi.org/10.1038/s41598-019-44097-3

Williams, R.D., Bangen, S., Gillies, E., Kramer. N., Moir, H. & Wheaton, J. (2020). Let the river erode! Enabling
lateral migration increases geomorphic unit diversity. Science of the Total Environment, 715: 1-15.
https://doi.org/10.1016/].scitotenv.2020.136817

Wilkinson, M., Eaton, E.L., Broadmeadow, M.S.J. & Morison, J.I.L. (2012). Inter-annual variation of carbon uptake
by a plantation oak woodland in south-eastern England. Biogeosciences Discussions 9(7): 9667-9710.
https://doi.org/10.5194/BG-9-5373-2012

Wilkinson, M., Addy, S., Quinn, P. & Stutter, M. (2019). Natural flood management: small-scale progress and
larger-scale challenges. Scottish Geographical Journal, 135: 23-32.
https://doi.org/10.1080/14702541.2019.1610571

Wipfli, M.S. (1997). Terrestrial invertebrates as salmonid prey and nitrogen sources in streams: contrasting old-
growth and young-growth riparian forests in southeastern Alaska, U.S.A. Canadian Journal of Fisheries
and Aquatic Sciences, 54(6): 1259-1269. https://doi.org/10.1139/f97-034

Wohl, E., Kramer, N., Ruiz-Villanueva, V., Scott, D.N., Comiti, F., Gurnell, A.M., Pi’egay, H., Lininger, K.B., Jaeger,
K.L., Walters, D.M. & Fausch, K.D. (2019). The natural wood regime in rivers. Bioscience, 69(4): 259—
273. https://doi.org/10.1093/biosci/biz013

Wohlleben, P. (2018). The Hidden Life of Trees. Greystone Books Ltd, British Columbia.

Woo, J., Yang, H., Yoon, M., Gadhe, C.G, Nim Pae, A., Cho, S. & Justin Lee, C. (2019).3-Carene, a Phytoncide from
Pine Tree Has a Sleep-enhancing Effect by Targeting the GABAa-benzodiazepine Receptors.
Experimental Neurobiology. 28(5): 593-601. https://doi.org/10.5607/en.2019.28.5.593

Woodland Trust (2017). Tree shelter for livestock — the benefits for sheep and beef farming. Woodland Trust.
benefits-of-tree-shelter-for-livestock.pdf (woodlandtrust.org.uk)

Wormell, P. (1977). Woodland insect population changes on the Isle of Rhum in relation to forest history and
woodland restoration. Scot Forestry, 31: 13-36.

Wren, E., Barnes, M., Janes, M., Kitchen, A., Nutt, N., Patterson, C., Piggott, M., Robins, J., Ross, M., Simons, C.,
Taylor, M., Timbrell, S., Turner, D., Down, P. The natural flood management manual (C802F). (2022).
CIRIA, ISBN: 978-0-86017-945-0.

Xenakis, G., Ash, A., Siebicke, L., Perks, M., & Morison, J.I.L. (2021). Comparison of the carbon, water, and energy
balances of mature stand and clear-fell stages in a British Sitka spruce forestand the impact of the 2018
drought. Agricultural and Forest Meteorology, 306: 108437.
https://doi.org/10.1016/j.agrformet.2021.108437

Yu, Z., Yang, G., Zuo, S., Jgrgensen, G., Koga, M. & Vejre, H. (2020). Critical review on the cooling effect of urban
blue-green space: A threshold-size perspective. Urban Forestry & Urban Greening, 49: 126630.
https://doi.org/10.1016/j.ufug.2020.126630

Zak, D., Stutter, M., Jensen, H., Egemose, S., Vodder Carstensen, M., Audet, J., Strand, J.A., Feuerbach, P,
Hoffmann, C.C., Christen, B., Hille, S., Knudsen, M., Stockan, J., Watson, H., Heckrath, G. & Kronvang, B.
(2019). An assessment of the multifunctionality of integrated buffer zones in northwestern Europe. J.
Environ. Qual. 48(2): 362—-375. https://doi.org/10.2134/jeq2018.05.0216

Zhang, X, Liu, X., Zhang, M., Dahlgren, R.A. & Eitzel, M. (2010). A review of vegetated buffersand a meta-analysis
of their mitigation efficacy in reducing nonpoint source pollution. J. Environ. Qual, 39(1): 76-84.
https://doi.org/10.2134/jeq2008.0496

130


https://doi.org/10.1146/annurev.es.17.110186.003031
https://doi.org/10.1002/wat2.1546
https://doi.org/10.1016/j.ecoleng.2014.07.004
https://doi.org/10.1038/s41598-019-44097-3
https://doi.org/10.1016/j.scitotenv.2020.136817
https://doi.org/10.5194/BG-9-5373-2012
https://doi.org/10.1080/14702541.2019.1610571
https://doi.org/10.1139/f97-034
https://doi.org/10.1093/biosci/biz013
https://doi.org/10.5607/en.2019.28.5.593
https://www.woodlandtrust.org.uk/media/1730/benefits-of-tree-shelter-for-livestock.pdf
https://doi.org/10.1016/j.agrformet.2021.108437
https://doi.org/10.1016/j.ufug.2020.126630
https://doi.org/10.2134/jeq2018.05.0216
https://doi.org/10.2134/jeq2008.0496

Official

Annex 1: Research and development

Research and development gaps highlighted in the Riverwoods technical science report are
summarised below for each of the section chapters. The review found more research is needed on the
role of river woodlands at a landscape and at catchmentscales, in general.

Healthy and resilient river systems (Chapter 2)

Maps of native riparian woodland and floodplain woodland structure and composition
(including tree species) for different regions and catchments and land use objectives are
required for national efforts for the restoration of healthy riparian corridors in Scotland.

Biogeographical studies for riparian vegetationin Scotland are needed to inform assessment
of ecological condition of riparian vegetation for Water Framework Directive purposes
including reference condition work.

Further work is needed to validate riparian vegetation indicators and establish their metrics
and relative weights. New versions of MImAS in SEPA need to integrate most up-to-date
scientific knowledge on riparian vegetation with morphological classification.

The establishment of demonstration sites will be very important forinvestors to see how river
woodland measures can be implemented on the ground. Morphological restoration and
natural flood management opportunities involving river wood types have been identified in
SEPA’s Pilot Catchments which include the River Nith (Ayrshire), River Dee (Aberdeen-shire),
RiverSouth Esk (Angus), Glazert Water (East Dunbartonshire) and River Leven (Fife). Examples
include i/ the River Nith in New Cumnock where overtwo km of restoration works has been
undertakento set back embankments to provide space for riparian woodland; ii/ the Pow Bum
(South Esk) where a two-stage channel has created space for large woody material and iii/
multiple initiatives on the Leven, to improve condition of the Back Burn, River Leven and Lyne
Burn. Some of the original opportunitiesreport are:

-Nith FINALREPORT (sepa.org.uk)

-Dee-final-report.pdf (sepa.org.uk)

-Restoration and flood management project River Sout Esk: Summary report (sepa.org.uk)

-Working togetherto improve our water environment - Glazer Water (sepa.org.uk)

Assessment of benefits for people (Chapter 3)

Clean water

The lack of data on ecological and chemical status of freshwaters in headwater streams is very
limiting and a significant evidence gap.

Building the evidence base on bank stability and its impact on sedimentloading within rivers
in Scotland, with and without riparian woodland, will be beneficial.

Tools are neededto help with design of river woodlands at a landscape scale and to identify
riparian bufferareasin a functional sense.

More evidence is needed of the effects of (sub-) catchment-scale of riparian buffer
management options to reduce nutrientand fine sediment pollution.

Further quantitative evidence of the effectiveness of targeted woodland creation for reducing
pesticide pollutionis required in the UK. This includes quantifying pesticide load reductionsin
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waterways by riparian woodland buffers and understanding how woodland age and species
structure influences effectiveness.

Management and design of riparian woodland buffers is required to consider pathways for
pollution swapping.

Further development of modelling tools in Scotland to allow for the assessment of riparian
woodlands on reducing coarse sediment delivery to watercourses. This includes root cohesion
parametersin modelling tools.

Further model development work is required to predict reductions of nutrients from river
woodlandsin waterways backed up with empirical evidence.

Further empirical data in Scotland would be beneficial, investigating the role of riparian and
floodplain woodlands in reducing soil erosion, retaining sediments and reducing sediment
loading in watercourses. This includes potentialroles in stabilising peat.

Further work is required on the design and management of riparian woodlands to maximise
benefits to control run-off and soil erosion and for different soiland slope combinations.

There are shortcomings of evidence in terms of the limited studies that have controls in either
space or time and especially with regard to absence of before intervention data for the
definitive Before-After-Control Impact (BACI) study design.

Climate action: adapting to water stress & drought

Betterunderstanding of the role of naturalfloodplain woodland in maintaining river low flows
in the UK.

Furtherreview work and field research on quantifying the benefits of different tree species on
maintaining soil moisture content on different types of soils.

Furtherresearchis required to understand if riparian and floodplain tree species can adapt to
droughtin Scotland.

There is little understanding of how hydraulic lifting and bioirrigation processes would work
in Europe, the UK and Scotland and thus no understanding of how to advise farmers on how
to incorporate these processes into agroforestry designsinthe UK. This is critical evidence to
help feedinto helpingland managers weigh up changesin their land management practices.

Climate action: alleviating flood risk

Building the evidence base on bank stability and its impact on sediment loading within rivers
in Scotland, with and without riparian woodland, will be beneficial.

Understanding how the type of riparian woodland, its placement in the catchment and the
catchment’s size affectits flood risk impact.

More modelparameterrangesare needed to represent woodland hydrological processes,and
properly assess flood risk impacts and to testthe upscaling of these tothe catchmentlevel.

Better understanding of the impact of floodplain woodlands during larger flood events across
a range of spatial scales and to improve flood modelling.

Better understanding the effectiveness of leaky barriers and large woody material at
mitigating flood peaks at larger catchment scales, and for larger flood events.

Furtherdevelopmentsinthe design and construction of leaky barriers are required.

Longer term monitoring is required to understand the impact of leaky barriers on reductions
of sedimentloadsin waterways and flooding.
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Climate action: carbon

Furtherresearch and field data is required to understand carbon storage on different types of
river systems in Scotland to include carbon stored inthe trees, soils and large woody material.

Further studies considering non-carbon Green House Gas emission impacts from changing
land-use involving woodland creation.

Clean air

Researchis neededtotransfer design forfarm woodlands and urban woodlands to design of
riparian woodlands, which takes account of the risks associated with pollution swapping from
air to water.

Further study is needed to determine impacts from riparian tree species in a riparian
woodland context next to watercourses and for modelling to integrate riparian woodland
networks on a larger spatial scale.

Sustaining soils

Further review work on quantifying the soil health benefits of river woodland is required in
the UK and Scotland.

Furtherresearchisrequired to understand river woodland mycorrhizae associations and their
role in delivering multi-benefits including soil biodiversity, soil carbon storage and diffuse
pollution control.

Further observation and modelling work to understand land and soil loss due to lack of
stabilising treesin the riparian zone, and its economic implications.

Conserve biodiversity and ecosystems

Thereis a need forimproved understanding of genetic diversity of foundation river woodland
species in Scotland, and the implications for sourcing trees for re-establishment of river
woodlands, and therefore creating a strategic network of tree nurseries with native riparian
species.

Maps of native riparian woodland and floodplain woodland structure and composition
(including tree species) for different regions and catchments and land use objectives are
required for national efforts for the restoration of healthy riparian corridors in Scotland.

Based on the national map of riparian woodland, tree nurseries for different tree spedies of
riparian and floodplain woodlands should be set up to fulfil the need of future tree planting
and river restoration projects.

Further field-based evidence with controls is required to quantify the effect of native
woodland expansion on biodiversity which includes river woodland networks.

Further work is required on the impact and land required to accommodate rewilding. This
includes understanding the interactions of large herbivores on river woodlands, theirimpact
on riparian woodlandsincluding ecosystem consequences and delivery of benefits.

There is a need to identify a suitable focal species model for river woodland habitat [bird or
bat/FWPM or aquatic invertebrate/lichen.

Further research and development on SEPA’s GIS analysis tool for determining space for
morphological dynamic (including riparian vegetation width) is required. This should include
validation of the sections identified by the GIS tool on site that allow for the prioritisation of
reaches underdifferentcriteria.

More researchis required to further our understanding of landscape-scale nutrient recycling
and to quantify the benefits that river and riparian species play within this (including fish).
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Good human health

More research to show specific health outcomesincluding psychological effectsin a European
contextand for river woodlands more specifically.

Furtherresearchis required to understand howbest to design urban blue -greeninfrastructure
involving river woodlands to optimise cooling for health benefits.

Further research is needed to understand the impact of wooded riparian zones in Scottish
cities on the urban heatisland effectand health benefits.

Furtherworkis needed to quantify the impact and potential savings for the NHS, including the
use of river woodland areas as part of green prescriptions providing more structured
healthcare.

Wild fish and angling

Further research is required to understand cooling, warming and insulating effects under
differentriparian canopies with or without the influence of groundwater discharge.

Furtherresearchis required to ascertain the extentto which temperaturesin largerrivers can
be managed through riparian tree plantingin smaller rivers through effects on advected heat.

Further work is required to assess variability in invertebrate productivity, drift and salmonid
diets between land-use types to better ascertain whether semi-natural riparian woodlands
are able to support greater abundances and biomass of salmonids than more intensively
managed land-use types. In arelated area, further work is requiredto understand the complex
interactions between food availability, competition (within and between fish species) and
growth.

Furtherresearchis required to understand the effects of large woody material on habitat and
on the production of different native fish species.

The development of predictive modelling work will be helpful to further understand how
modifying habitat during restoration involving large woody material influences ecological
interactions and subsequentimpact on fish distributions and abundances.

Sustain food production

Further work is required to understand the impact of livestock on different soils with
recommendations for management of livestock under trees in different geographic settings
(lowland, upland).

The impact of the nutritional and medicinal benefits of tree fodderfor livestock productivity
requires further quantification in Scotland.

Further research is needed to understand better the design of heterogenous landscapes (to
include river woodlands) to optimise crop pollination.

Clean energy: biomass production

Furtherworkin Scotlandis needed on understanding the benefits of short rotation coppice of
river woodlands and its impact on waterand soil quality.

Furtherevidence to supportthe use of Short Rotation Coppice and Short Rotation Wo odland
in purification/phytoremediation in final water treatment systems on farms, coupling
wastewater management with renewable energy in Scotland.

Scottish based review of viability of biomass market from river woodlands including
guantification of economic benefits to farm enterprises and assessment of local and regional
demandfor coppice and wood energy.
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Annex 2: Enabling effective delivery of Riverwoods

Developing a business case

River woodlands will provide multiple benefits in any one location, sometimes called “benefit
bundles”. Some of the benefits may be easierto quantify than others, and differentinvestors may be
interested in specificbenefits. The evidence of multiple benefits provided by particularlocations need
to be considered when river woodland restoration is packaged into investment ready projects. The
business case for each Riverwoods project needs to identify the potential benefits and beneficiaries.

For example, the floodplain woodland immediately upstream of Callander in Loch Lomond and
Trossachs National Park is:

1. Designatedasa flood storage area, reducing flood risk tothe community in Callander

2. Atourism hotspotin Loch Lomond and Trossachs National Park providing areas for picnicking,
wild swimming, angling, walking and cycling,

3. Provides food, shade and protection for young fish fry - the river is a Special Area of
Conservation for Atlantic salmon and three species of lamprey.

4. Anarearich in biodiversity with the wet woodland and pools supportingamphibians.

5. A carbon store provided by the woodland, associated wetlands and large woody material.

There is evidence thatriparian bufferzones combiningwoodland and wetland elements (also known
as integrated bufferzones) can provide multiple benefits over relatively smallsurface areas compared
with conventional grass buffers (Zak et al., 2019). This is of economic interest forfarmers, as it means
that environmental goals can be met without disproportionally sacrificing land for crop production.

Business views about river woodlands

Land owning businesses views

The needs and motivations of different types ofland ownerand businessesalso requires consideration
as these might differ substantially: e.g. sporting estates, compared with community owned
woodlands and othersmall-scale land/forest owners. The social acceptance orlandowner acceptance
of riparian woodland will be an important factor in driving plante d woodlands, especially considering
the ownership pattern. Surveys of land owner attitude on Highland estates found that riparian
woodlands are viewed as “Adaptive forests”. These are broadly categorised as those which exhibit
diversified structure and species mix, which includes encouraging naturalregeneration, planting small
areas of mixed broadleaf species, and creating new forest corridors along riparian areas. Productive
aims and management are notably absent from adaptive forest types, suggesting that adaptive forests
are considered a low priority and something that belongs in the past on these sites (Bowditch et al.
2019). This could affect landowner attitudes to creating new buffer areas. Another land owner view
communicated by an agency officer working with arable farmers is that wooded buffers are
unacceptable to arable farmers as it blocks their field drains. Further work is needed to understand
the views and attitudes of land owners alongside opportunity mapping based on technicalfactors and
ownership.

Whilst interviews with landowners confirm that there is good understanding from land managers
about carbon mitigation benefits and how it against alongside other objectives (e.g. Bowditch et al,
2019). There is a need for improvements in communication about benefits: location specific
information and how the benefits are measuredatalocal levelneed to be addressed (Bowditch E. Per
Comm).
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Non-land owning business views

Governance and business models to coordinate projects is another aspect to effective delivery of
Riverwoods. For example, through interviews with businesses, land managers and the river trust on
the Spey River in Scotland, Liski et al. (2018) found:

1. Businessesrecognise theimportance of natural capital to their business success, but this does
not currently translate into significant investment

2. Businessesare interested in diversifying and increasing theirinvestmentsin the environment,
but find it difficult to identify tangible returns on investment

3. There is broad support for increasing coordination of investment through an independent
business-led intermediary

4. Two potential business models for coordinated business investment were identified: a le vy
modeland a project-based model

5. Governmentand public sector supportare essentialto increase investment

Both business modelsin this study highlight the importance of an independentand trusted agency to
coordinate those wanting to invest, and the need for coordination and project management towork
with land managers to enable effective delivery of project on the ground. A comprehensive review of
investment mechanisms for natural capital projects has been undertaken by NatureScot (2021) #°
Furtherworkis needed to quantify and monetise specificbenefits from Riverwoodsto help determine
potentialinvestmentroutes. However, the review provides a helpful starting point.

Fisheries manager’s views

Fisheries managers work within Rivers Trusts and Salmon Fishery Boards in Scotland to manage rivers.
This includes managing the riparian zone working with riparian owners. Therefore, understanding the
views and attitudes of fisheries managers is key to successful delivery of Riverwoods.

Whilst there has not been research on the attitudes of fisheries managers to riparian woodland in
Scotland, Marine Scotland Fisheries Scientists are aware of a range of views from their work with
fisheries managers. Some fisheries managers are removing and thinning riparian woodland to open
up more light to theriver in order to increase food availability for salmon. Whilst others are planting
treesto increase shade for salmon. Some have undertaken fieldwork that supports the case for bank
side trees.

During the collation of evidence for this report we were directed to specific fishery managers who
were undertaking adaptive management with supporting studies to understand the impact of their
management. For example, Wester Ross Fishery Trust in the NW Scotland has found higher growth
rates of salmon parr and smolts in rivers with bankside trees ratherthan without ( Peter Cunningham,
pers. comms.). This is being linked to slightly higher nutrients and better food availability in these
waters. Biological productivity in Wester Ross is believed by the Fishery Trust to be primarily limited
by the availability of phosphorus (Cunningham, 2017).

The River Dee Trust is undertaking fieldwork on the inclusion of large woody material in rivers and its
impact on salmon fish spawning habitat. The 137 large wood structures which have beeninstalled in
the River Gairn and River Muickin Dee-side are relatively recentin nature and will develop increasing
complexity and ecological function over time. Edwin Third (Rivers Operation Manager for the River
Dee Trust) states that:

49 NatureScot Research Report 1260: Facilitating Local Natural Capital Investment: Literature Review
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“Already we are seeing these LWS’s creating suitable conditions for salmon spawning. 12 of the 40
structures installed on the Muick last year had salmon spawning adjacent to the new structures. These
structures have also created areas of deep water and good cover under the root plates. So LWS’s
provide a complexity of flows, depths and bed materials which is exactly what salmon require during
their complex life cycle. Although we are monitoring these structures it will take a few years for us to
beable to provide meaningful ecological data, (apart fromthe obvious physical changesto the stream,
which can be seen from the attached photo of one of the Muick LWS’s). My view, having worked on
theriver Dee for 25 years is that salmon are at crisis point, and our rivers are far from pristine, we need
to act now, monitorand then, if necessary, adaptourtechniques, do more of whatis shown to work,
and cutoutthingsthat don’t. We just don’t have the time to only do smalldemonstration projects and
monitorthem in great detail foryears”.

There is a balance to be struck between adaptive managementapproachesthatlearn through trialling
management change and scientific studies which ensure that there is scientific evidence based on
changesto fish productivity and survival at a population level.

Farmer’s views

Interviews with livestock farmersin the UK reveal that they recognise and value the shelter provided
by trees and that shelter provision was a key objective for many farmers, with trees required to
provide shelterfrom extremes of both cold and hot weatherand act as wind breaks. According to the
farmers, shelter reduces animal stress, which is linked to animal productivity which can lead to
economic gains. Some farmers reported that using shelter during lambing reduces lamb losses.
Riparian woodland was a component of shelter on the farms included in the survey, but their value
was not separated out (Woodland Trust, 2017). A Shropshire-based dairy farmer has described the
direct observed benefits of planting trees in awkward field corners (as well as in-field and hedgerow
trees) (Woodland Trust, 2015°°). The shelter provided helps to increase soil temperatures in early
spring and late autumn, extending the grass growing season, as well as helping to mitigate wind speeds
and the impact of hot, dry summers on pastures by improving crop water efficiency. As with most
dairy systems, access to high quality grazing is essential, as higher nutritional values can lead to
improvements in milk production. The farmer, Tim Downes explains how “Shelter from the trees now
means that water is retained on the grazed land, meaning the cows now have access to more
nutritious grazing because there is higher growth in the field.”

Participatory approaches to engaging people

The Scottish Land-use Strategy (2011-2016) initiated trials of participatory approaches to decision
making around ecosystem services at differentscales. Forexample, the Strathard Initiative>! in Stirling
provides an example of this evaluation based on community input on which services they value and
would provide future opportunity. It also provided simple to use evaluation tools for land managers
to help understand the impact of land management options on multiple benefits provided in the
catchment. The Aberdeenshire pilot 32 trialled participatory decision-making approaches at an estate
and regional scale. It found that making decisions about land use in a more integrated and
participatory way has clear benefits. However, the time and resources needed to workin such a way
should not be underestimated. Building the capacity of both local communities and organisations
(public and private) with regards to governance, knowledge and engagement is paramount if these

50 Woodland Trust (2015) Trees provide fodder and boost production case study

51 More information about the outputs of the Strathard Initiative can be found here: Strathard Initiative project
briefing July 2018 (sepa.org.uk)

52 For more information about this trial see article on Approaches for more integrated and participatory decision
making Ecosystem Services_web.pdf (hutton.ac.uk)
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approaches are to be mainstreamed. These approaches could be adapted for use in Riverwoods
initiative projects. Bowditch E. (Per. Comm.) recommendsfurther exploration of a range of techniques
to enable effective communication of benefits and delivery of river woodlands on the ground e.g.
toolkits, interactive engagement resources, peer-to- peer sharing of experience, gamification, peer
learning, and demonstration sites.

“Strathard - a landscape to live, work and play” is a partnership project which aimed to explore
engagement with all stakeholders to influence how the land, forest and water within the area are
managed. The project assessed many different opportunities for the people of Strathard to meetand
inform agencies responsible for land management how the landscape affects their lives and tell
decision makers exactly what the issues are for them.

An online mapping tool used to capture which parts of the landscape were most valued by the
residents and visitors, reveals that the water margins of Loch Ard and Loch Arketare the most prised
areas of the region.
(https://www.thecommunitypartnership.org.uk/project/strathard-a-place-to-live-work-play/)

Economic evidence

Stabilising riverbanks

An economicassessment of the economicvalue of the benefit that riparian wo odland buffers provide
by protecting adjacent plantation land from bank erosion has been undertaken in the Tropics. Using
satellite imagery and a model of river channel migration, Horton et al., (2018) found that the
cumulative economiclosses from land and soil loss from bank erosion are higher in the absence of a
forestbufferthan when abufferis leftintact.

The economic value of the benefits that riparian woodland buffers provide by protecting adjacent
productive agricultural land and soils from bank erosion has been undertakenin the tropics, but more
work needsto be done in the UKand Scotland.

Cooling town & cities

One study attempted to model the evaporative cooling provided by the trees in three UK urban areas
(Edinburgh, Wrexham and London) and how this translates into energy savings through increased air-
conditioning unit efficiency. Trees are shown to provide substantial urban cooling with an annual
valuation of £84 m estimated using the enthalpy-based approach, or ranging from £2.1 m to £22 m
using dynamic simulation programs; both for inner London case study. The latter savings arose from
a modelled 1.28-13.4% reduction in air-conditioning unit energy consumption (Moss et al., 2019)

Wild fish and angling

Wild fisheries and angling make a significant contribution to Scotland’s economy. In January 2015 the
Scottish Government, through Marine Scotland, commissioned PACEC to carry out an analysis of Wild
Fisheries in Scotland covering salmon, trout and coarse angling and netting activities (mainly for
salmon). Surveys estimated that 490,000 angler days were spent on salmon and sea trout fishing in
Scotland in 2014. When all species are included, the study estimate that there were 1.3 million angler
daysin total in Scotland. In summary, the Scotland-wide economicimpact assessment of wild fisheries
(including netting) indicates around £135m of angler expenditure, 4,300 full-time equivalent jobs and
£79.9m Gross Value Added (GVA) in 2014 — the monetary value of the contribution to the economy
made by an industry>3.

53 An Analysis of the Value of Wild Fisheries in Scotland (www.gov.scot)
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Alleviating flood risk

In a strategicassessment of theflood regulation services provided in GB from our existing forest cover,
Broadmeadow et al. (2018) used the JULES model and expert judgement to estimate the potential
additional volume of flood water stored in existing floodplain woodland compared to an alternative
grass cover. Usingan average rise in rise in water depth of 52 mm, retained by the hydraulicroughness
of floodplain woodland they estimate the current extent of Scottish floodplain woodland provide
potential flood storage capacity for over 13 million cubic meters, which based on the average cost per
m? for providing the same volume by constructing and operating a flood storage reservoir providesa
flood regulation service of £5.7 million peryear.

Design and restoration guidance

Healthy & Resilient River & Riparian ecosystems

Manual of river restoration techniques (RRC):
Manual of River Restoration Technigues | The RRC

Streamrestoration:
Stream Restoration | NRCS (usda.gov)

Material to considerin riparian restoration (CONVERGES):
Resources Archive - Converges

Sustainable Riverbank Protection - Reducing Riverbank Erosion (SEPA):
Bank Protection Guidance (sepa.org.uk)

Rivers by design: Rethinking developmentand river restoration (EA):

LIT8146 7024a9.pdf (publishing.service.gov.uk)

Stage zeroriver restoration:
Welcome | Stage Zero (stagezeroriverrestoration.com)

Riverine Ecosystem Management: Science for Governing Towards a Sustainable Future:
https://doi.org/10.1007/978-3-319-73250-3

Clean water

Measures to encourage the planting of riparian woodland buffers within agricultural and urban
landscapes offerthe greatest potential to benefit surface water ecology (Nisbet et al., 2011):
Woodland for Water: Woodland measures for meeting Water Framework Directive objectives
(forestresearch.gov.uk)

There are tools for identifying priority areas for strategic planting to target sources of pollution.
Mappingto define the risk factors, pollutant sources and potential woodland habitat network can help
guide site selection. In Scotland, constraintand opportunity mapping for woodland creation to deliver
water quality (as well as flood risk mitigation) has been developed for the River Tay Catchment by
Broadmeadow etal., 2013:

Opportunity Mapping - Tay (forestry.gov.scot)

SCIMAP is arisk mapping tool that uses landscape properties (rainfall, topography, landcover type and
hydrological connectivity) to determine the relative risk of surface erosion and delivery of sediment
to the river network. If sediment fingerprinting has identified a catchment contributing a lot of
sediment, SCIMAP can identify possible source areas within the catchment:

SCIMAP — Diffuse Pollution and Flood Water Source Mapping
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QUESTOR (QuUality Evaluation and Simulation TOol for River systems) is a daily river quality model which
combines river flow and water quality data. It uses chlorophyll-a as a surrogate for river
phytoplankton biomass. It is used to represent flows and chemical inputs to a network of river
channels and test management scenarios against a baseline river system. It was used to test the

effevctivness of planting riparian woodlands compared with other management solutions:

QUESTOR (Quality Evaluation and Simulation Tool for River Systems) - Catchment Management

Modelling Platform (ceh.ac.uk)

PSI (Proportion of Sediment-sensitive Invertebrates, and the more recent E-PSI, can be used to assess
the degree of deposited fine sediments on riverbeds. This metric, developed by Extence et al., (2011),

with further development (E-PSI) by Turley et al., (2015) is a useful diagnostic tool:
https://doi.org/10.1002/rra.1569
https://doi.org/10.1016/j.ecolind.2015.02.011

Practical guidance available in SEPA Riparian Vegetation guide and River Restoration Centre guide:

WAT-SG-44 (sepa.org.uk)
Manual of River Restoration Techniques | The RRC

Forest Research Guidance on using woodland for sediment control (2004)
26497 For (forestresearch.gov.uk)

Environment Agency guidance on designing 3D buffer strips — designed to deliver more for the

environment:
3D bufferstrips: designed to deliver more for the environment - GOV.UK (www.gov.uk)

Environment Agency report reviewing of the positive and negative effects of woodland on the water

environment Woodland for Water (2011):
Woodland for water- GOV.UK (www.gov.uk)

Climate action: alleviating flood risk

The design and management of riparian and floodplain woodland influences its effectiveness in

slowing flows. This has been summarised by Ngaiet al., (2017)
Working with natural processesto reduce flood risk - GOV.UK (www.gov.uk)

JULES Modelused for modelling floodplain woodlands:
Joint UK Land Environment Simulator (JULES) (jchmr.org)

Guidance foridentifying opportunities for natural flood management:
SEPA’s Natural Flood Management Handbook
SEPA’s Natural Flood Management Maps

Opportunity mapping layers for strategic planting of trees for natural flood management:

Opportunity mappingfor trees and floods - Forest Research
Forestry and Natural Flood Management - Forest Research

The Ciria Natural Flood Management Manual:
Item Detail (ciria.org)

Guidance onriver floodplains and natural flood management on farmed landin Scotland:

tn646.pdf (sruc.ac.uk)

Climate action: carbon

Woodland Carbon Code provides carbon calculator tools and guidance:
Home - UK Woodland Carbon Code
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Guidance on methods for biomass calculations are in the Carbon Assessment Protocol:
Carbon Assessment Protocol (woodlandcarboncode.org.uk)

Natural England carbon storage and sequestration by habitat — used for non- biomass calculations in
Woodland Carbon Code:
Carbon Storage and Sequestration by Habitat 2021 - NERR094 (naturalengland.org.uk)

The Farm Advisory Service information on woodland creation and carbon sales:
Woodland Creation and Carbon Sales | Farm Woodlands (fas.scot)

Clean air
Centre for Ecology and Hydrology have developedguidance for farm woodlands to benefit air quality:
https://www .farmtreestoair.ceh.ac.uk/

i-Tree Eco version 6 is a flexible software application designed to use data collected in the field from
single trees, complete inventories, or randomly located plots throughout a study area along with local
hourly air pollution and meteorological data to quantify forest structure, environmental effects, and
value to communities

i-Tree Eco | i-Tree (itreetools.org)

Sustaining soils

The UK Farm soils carbon code will consist of a set of formal protocols that allow farmersto quantify
and verify reduced greenhouse gas emissions and/or soil carbon capture as a result of adopting
regenerative farming practises:

Sustainable Soils News | All about Soil

Conserve biodiversity & ecosystems

Riparian woodland guidance: Parrott & McKenzie (2000). Restoring and Managing Riparian Woodland.
Scottish Native Woods, Perthshire:
OUT.pdf (environmentdata.org)

Council Directive 1999/105/EC on the marketing of forest reproductive material for tree nurseries:
EU Directive 1999/105/CE.

Council Directive 2000/60/CE Water Framework Directive:
Directive 2000/60/EC)

Good health

Tool to support urban planning of blue spaces:
https://bluehealth2020.eu/projects/decision-support-tool/

Tool to measure psychological well-being: POMS Test (Profile of Mood States):
Profile of Mood States 2nd Edition™ - PsycNET (apa.org)

Wild fish & angling

Keeping Rivers Cool: A guidance Manual. Creating riparian shade for climate change adaptation:
keeping-rivers-cool.pdf (woodlandtrust.org.uk)

Models are available for targeting riparian planting at a national or regionalscale and to inform local
design (Marine Scotland)
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A deterministic river temperature model to prioritize management of riparian woodlands to reduce
summer maximum river temperatures - Jackson - 2021 - Hydrological Processes - Wiley Online Library

Prioritisation maps for planting for temperature moderation in Scotland are shown here and can be
accessed via the NMPi(Scottish National Marine Plan Interactive) tool:

Scotland River Temperature Monitoring Network (SRTMN) — Riparian Woodland Prioritisation Scores
| Marine Scotland Information

This website provides links to allthe various mapping tools that we have made available through NMPi
look at outputsand tools: Scottish National Marine Plan Interactive (NMPi) | The European Maritime
Spatial Planning Platform (europa.eu)

Scotland River Temperature Monitoring Network:
Scotland River Temperature Monitoring Network (SRTMN) - gov.scot (www.gov.scot)

The National Electrofishing Programme for Scotland:
https://www.gov.scot/Topics/marine/Salmon-Trout
Coarse/Freshwater/Monitoring/ElectrofishingProgramme

Sustain food production

Managing woodland for pollinators:
Woodland Pollinator Sheet Final (buglife.org.uk)

Guidance on design and managementfor Aspen agroforestry:
Microsoft Word - Designing an Aspen Agroforestry Scheme Feb 2015 (eadha.co.uk)

Guide to developing a Woodland Grazing Plan for woodland owners, managers and farmers seeking
to manage woodland to achieve biodiversity and or cultural heritage objectives, using livestock as a
managementtool:

Scottish Forestry - Woodland Grazing Toolbox

Guidance onriver floodplain and natural flood managementin Scotland on farmed land:
https://www.sruc.ac.uk/media/5abn0xqgs/tn646.pdf

Wood pasture in Scotland:
ancient-wood-pasture-scotland.pdf (forestry.gov.scot)

Benefits of Agroforestry in Scotland and good practice advice and a case study:
Layout 1 (hutton.ac.uk)
Glensaugh Agroforestry Virtual Tour | The James Hutton Institute

The Farm Advisory Service provides advice and information on farm woodlands, including a dedicated
farm woodlands newsletter:
Home - Farm Advisory Service | Helping farmers in Scotland | Farm Advisory Service (fas.scot)

The Woodland Trust Croft Woodlands advisory team helps crofters, smallholders and common
grazings to create and manage woodlands:
Croft Woodlands - Woodland Trust - Woodland Trust

The Standards of Good Agricultural and Environmental Condition (GAECs) set Cross Compliance
baseline requirements for farmers to safeguard soils, habitats and landscape features on their
farmland:

Good Agricultural and Environmental Conditions (GAECs) 2022
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Clean energy

The Agriculture and Food Development Authority and Agrifoodsand Biosciences Institute provide best
practice guidance for short rotation willow coppice:
Short rotation coppice willow best practice guidelines.pdf (afbini.gov.uk)

The UK Forestry Standard guidance sets out the governments’ approach to sustainable forestry,
including standards and requirements, regulations and monitoring and reporting:
The UK Forestry Standard: The governments’ approach to sustainable forestry
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Annex 3: Evidence on cross slope and catchment woodlands

River woodlands are a component of catchment woodlands and could bisect cross-slope woods, but
cross slope and catchment woodlands are not river woodlands in themselves. The evidence for these
types is included here as delivery of clean water and natural flood management benefits is more
effective when in combination with woodland measures strategically placed within the catchment and
a catchmentapproach is very important. Green financialinvestors will be interested in this evidence.

Definitions

Cross-slope woodlands: the placement of smaller areas or typically belts of woodland across hill
slopes and includes all woodland types and species. It can be managed as either productive or
unproductive woodland (Ngaiet al., 2017).

Catchment woodlands: defined as the total area of all woodland within a catchment, comprising
general woodland cover of all types and species, including plantations, plus specific forms where
present, such as cross-slope, riparian and floodplain woodland (Ngai et al., 2017).

Clean water

Catchment woodland

There are numerous case-studies from the international literature that illustrate how afforestation
and land-use change from agriculture to forestry provides watershed protection and can safeguard
good water quality and essential drinking water supplies (Nisbet et al., 2011). For example, the
Drastrup Pilot Projectin the City of Aalborg in Denmark was a public funded body catchment project
involving the conversion of 900 ha of intensive agriculture into 500 ha of forest (naturalbroadleaved
woodland) and 400 ha of pasture. This led to a decrease in nitrate concentration in groundwater
decreased from less than 120 mg/l to less than 10 mg/| (in Nisbet et al., 2011). In the UK, model
simulations have been used to assess the effects of land use change scenarios on nitrate
concentrations. In the Slea catchment in East England, protection zone model scenario simulations
suggestareduction in nitrate concentrations from >100mg/| to below the regulatory 50 mg/ldrinking
limit (in Nisbetet al., 2011).

Limitations & gaps in research

Inthe UK, field work involving afforestation including native riparian woodland at the catchment scale
has focused on flood risk alleviation benefits without also quantifying the co-benefits. Long term
monitoring research work at a catchmentscale is requiredin Scotland to show the multiple benefits
of restructuring and land-use change for watershed protection. Evidence for the multi-functionality of
riparian woodland at the catchment scale is needed to inform and persuade regulators and land
managers to implement effective nature-based solutions and devote greater resources towards this
goal (Dittrich et al., 2019). The Glen Oykel study in Sutherland led by Forest Research provides an
opportunity for monitoring the long term effects of large-scale forest restructuring and land-use
change on water quality and ecology. Objectives include investigating land-use change on nutrients,
carbon and sediment transport.

Climate action: alleviating flood risk

Cross-slope woodlands

A cross-slope woodland is a woodland which is planted across a hill slope. It intercepts the flow of
wateras it runs down the hill reducing rapid runoff and encouraging infiltration and storage of water
in the soil. In the headwaters of the UpperSevernin mid-Wales in the Pontbren catchment, observed
data showed that soil infiltration rates were 67 times higher within woodland plots and shelterbelts
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planted on improved grassland compared with grazed pasture, which reduced run-off volumes by an
average of 78% compared to controlsites (Marshall et al. 2014). Peskettetal., (2020) found that cross-
slope woodland strips in the Eddleston Water Catchment, a tributary of the River Tweed in the Scottish
borders reduced soil moisture levels within the strips but not beyond 15 m downslope.

Both studies results provide evidence that cross-slope woodlands aid soil infiltration rates but this is
not evidence forflood alleviation. However, the measured data at Pontbren has beenused to develop
and parameterise a physics-based, distributed run-off generating model which incorporates water
use, soil infiltration and surface roughness processes. The field-scale modelling study suggested that
planting tree shelterbelts near the bottom of all improved grassland fields in a 6km? sub-catchment
might reduce peak flows by 13-48% for the largest storm seen in the study period (peak rainfall
intensity 54mmh-1) (in Dadson et al., 2017). For a hypothetical extreme storm with rainfall of 240mm
overtwo days, the simulated reduction in peak flows was 2—11%.

Strength of evidence (based on quality of studies): Moderate.

Science confidence rating: Medium confidence at local scale but low confidence at the catchment
scale due to the absence of measured data (Ngai et al., 2017).

Limitations & Gaps in Research: Experts agree that there is a high level of uncertainty in scaling up
(Dadson et al., 2017). Furtherwork is required in understanding:

i/ the effect of a targeted and integrated network of cross-slope woodland across a range of
catchmentsizesfor a range of flood events

ii/ the impact of cross-slope planting during a sequence of storm events

iii/ how the type of woodland, its placement in the catchment and the catchment’s size affect its
flood risk impact.

Catchment woodlands

There is strong empirical evidence to support the biophysical processes which enable trees to help
with flood alleviation. This includes canopy rainfall interception (Nisbet et al, 2005),
evapotranspiration (Brown, 2013), infiltration and soil water storage capacity (Marshall et al., 2014)
and provision of surface roughness (Chow, 1959). Catchment woodland can intercept, slow, store and
filter water due to these processes in play. Largest reductions in flood risk have been seen for small
eventsin small catchments, the extent of this reduction decreases as flood magnitude increases (Ngai
etal., 2017).

A systematic review (Stratford et al. 2017) on the influence of trees in flood peaks has shown that
overall, the evidence suggestsincreasing tree cover decreases flood peaks and that decreasing cover
increases flood peaks. Further distinction between observed and model-based studies and
comparative results between the two typesis less clear. Importantly, given the main summary, only
modelled results were found to provide significant evidence that increasing cover reduces food peaks.
The relative impacts of whetherchange in cover has variable impacts on the size of flood considered,
is difficult to quantify and robustly consider given the lack of suitable information reported in the
literature, but there is consistentand strong evidence thatincreasing cover reduces smallfloods.

Strength of evidence: Moderate
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Science Confidence Rating: Scientific experts have concluded a high to medium confidence in the
flood risk benefits of catchment woodland, because of the strong process understanding of the ways
that woodlands reduce flood risk (Ngai et al., 2017).

Limitations & Gaps in Research: Untilrecently established modelling software and techniques have
not been able to simulate the impact of significant changes in vegetation coverage on catchment
hydrological processes such as infiltration and run-off. Recent developments in modelling te chniques
including the modelling of complex pluvial and fluvial overland flow routes have enabled these
processesto be modelled effectively (JBA Consulting, 2017). Southwellis located in a significant flood
risk area and provides a good opportunity for assessing the effectiveness of woodland creation
approaches. Model simulations to include the establishment of 150 ha of mature conifer woodland
located in areas directly adjacent to key watercoursesin the upperHalam and Potwellcatchmentsin
England for medium and larger flood events (25-75 year return period floods) showed a decrease in
number of properties flooded. Further work includes applying the methodology to a wide range of
catchments to test the appropriateness of the approach, further testing of flood events and storm
durations. Also the methodology needs to be validated against observed data from woodland
creation.

Combination of natural flood management approaches

Although it is very unlikely that floodplain woodland on its own would be able to provide complete
protection for downstream towns or cities, it could make a valuable contribution alongside other
natural and engineered flood management interventions, like leaky dams that are immediately
effective. The increasing benefit overtime as the trees mature means that it contributes to improving
resilience to increasing flood risk due to climate change. Similarly, it could have an important role in
helping to manage the frequent, small-scale, flood problemswhere the high cost of constructing hard
defences cannot be justified. Despite the lack of robust empirical evidence and uncertainties at larger
scales for the impacts of NFM (Dadson et al., 2017), it is reasonable to assume that measures that
offersome new available storage, slow runoff velocities whilst providing a range of wider ecosystem
services (see Environment Agency, 2017) can be seen as positive for their other benefits (Wilkinson et
al. 2019).

The Slowing the Flow project in Pickering, North Yorkshire saw the installation of 167 large woody
debris dams within the Pickering Beck and River Seven catchments as part of a wider program of NFM
interventions with the aim of protecting this small rural town from a 1-in-25 year flood (Slowing the
Flow Partnership, 2016). These measures were guided by a modelling study (Odoni & Lane, 2010)
which had identified suitable locations for various NFM interventions, which included LWD dams,
riparian planting and restoration and the construction of two flood storage bunds. This project merits
particular attention, as shortly afterthe construction phase had finished there was alarge flood event
(Boxing Day 2015) which, while outside the scope of the two official reports into the proje ct, has
subsequently been analysed and it has been shown that the NFM measures putin place reduced the
peak flow by 15%—20% and did prevent flooding of a small number of downstreamproperties(Cooper
et al. 2021). Due to the variety of mitigation measures in place at Pickering it is difficult to determine
an individual measure's contribution to the peak flow reduction values.

The Belford Burn catchment (~6km2) in Northern England utilises observed data collected throughout
the NFM project's monitoring period (2007-2012) introducing catchment-wide water storage through
the implementation of runoff attenuation features (RAFs), including leaky dams, planting, sediment
traps and offline storage areas as a means of mitigating peak flow magnitudes in flood-causing events.
An experimental monitoring setup is introduced alongside an analytical approach to quantify the
impact of individual offline storage areas, which has demonstrated local reductions in peak flow for
low magnitude storm events. A physically based modelhas been created to demonstrate the impact
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of a network of offline storage areas to enable assessment of storage thresholds required to mitigate
design storm events, thus enabling design of an NFM scheme. The modelling results have shown that
peak flow can be reduced by more than 30% at downstream receptors, butit is difficult to know the
contribution of each of the measures, it is reiterated that the RAF approach promotes the use of a
network of features distributed throughout the catchment (Nicholson et al. 2019).
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