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Executive Summary

The aims of this project are to providmproved evidence of possible climate risks in the natural
environment that do not follow linear patterns of change, assess the resulting impacts of these effects
on different areas of society (e.g. communities, industries, workforces), identify what taspec
society are most at risk, and assess the extent to which current and potential future adaptation
strategies can address the risk, either through preventing the threshold impact from occurring or
managing the impact when it does.

Specifically, the mject sets out to answer six questions:

1. What climate hazard thresholds represent points beyond which the effective functioning of
key systems within the natural environment may be compromised, and why?

2. What are the resulting impacts on the goods and sswiprovided to society from the natural
environment? What would be the quantified impact?

3. Is there a risk of irreversible change in the ecosystems affected, or substantial time lags in
recovery?

4. What is the impact of current levels of adaptation at natigg these risks?

5. What additional adaptation management options could be undertaken, either in advance to
reduce the risk of these thresholds occurring, or afterwards to manage the impacts?

6. In what scenarios are there limits to adaptation?

The project followed three phases. The first phase whtegature review, conducted as series of

rapid evidenceeviews by habitat,to identify nonlinear impacts which might occur in the UK. The
second phase wasrational screening assessmeanh a pioritised set of thresholds identified from

the literature reviews. The screening assessment eaglucted at national level, but with regional
differentiation of the impacts Toinvestigateindicative impacts, these were quantified for baseline,
and unde 2 °C and 4°C scenariog¢independent of time) for a single climate modeun. The third

phase was a case study assessment which focusedsobset ofmpacts in more detajldrawing on
climate data from 28 climate modgirojections provided by the UK kgt Office The case study
assessments calculated a timeline of impacts to the end of the century, and produced summaries of
impacts at baseline, the 2050s and the 2080s.

The apid evidence reviewsvere conducted onfive broad habitat types: freshwaters, rfaland,
peatlands, woodlandand marine and coastal margins. The revigdsntified 37 potential impacts,
which were scored against a set of criteria to identify a shorter list to take forwRallowing the
scoring, a list o2 potential impacts weréddentified for the national screening assessmefdurof
these impacts were then further developed in case studié® need to prioritise down the number

of thresholds for detailed analysis reflected resource constraints for the project rather than the
importance of the thresholdsSome potentially important thresholds were not taken forward for
assessment, such as temperature effects on salmonid fish in rivers.

The majority of these impadypeshad previously been identified in CCRA2. However, many only
received cursory mention, and had not been explored with respect to the potential fodimear
responses, either in the magnitude of response, or the timing of when a response may occur. Where
previous studiegited in CCRARad quantified some impacthere was usually no indication of the
trajectory of change.



The key findings relevant to each of the questions are summarised below.

What climate hazard thresholds represent points beyond which the effective functioning of key
systems within the natural avironment may be compromised, and why?

The thresholds identified in the national screening assessment are summarised in TaliéeES1.
of the twelve thresholds relate to temperature, and of those, one relates to temperature + rainfall in
combination.The otherisrelated torainfallalone

A variety of mechanisms govehlow the thresholds are manifestl. Theyinclude: physiological
controlsacting at a species levalgawning of shellfisimpacts on milk yield of dairy cattlelimatic
limits on gravth or survival of individual specid$ivestock parasites completing their légcle,
survival of the freshwater fish Vendacepmpetition mediated impacts on community assembly or
overall habitat climate envelopgooplankton and phytoplankton commuias in lakes, condition of
peatlands)

In many cases, all or parts of the UK currently exceed the identified threshold, and are already
experiencing greater ecological or economic impacts as a résuitexamplethe threshold water
temperature governinghange in zooplankton community composition in lakes is already exceeded
in all regions of the UK.

The case studieshowthat the time at which the threshold is crossedn demonstrateeonsiderable
variation across the UK over the course of this centlmygeneral, temperature thresholds are
exceeded first in the south and east of England, moving progressively west and north, with north
Scotland being the last to exceed the threshold. Across all the thresholds assessed in thiatstudy,
least onepart ofthe UK exceeds the threshold by the 2080s.

What are the resulting impacts on the goods and services provided to society from the natural
environment? What would be the quantified impact?

The impacts on goods and services, or other societatpernicks of \value such as biodiversity are
summarised in Table E&it the screening assessment, and Tabl2 fafthe case studiesThey cover
provisioning services (milk yield, lamb production, timber production, wheat yield, general crop yield,
fish & shellfishhabitat rang@, regulating services (water quality, greenhouse gas emissions) and
cultural services (recreation), as well as biodiversity.

Impacts are quantified in monetary termahere possibleto understand the relative magnitude of
threshold impacts using both market and normarket valuation techniques. The impacts are
presented as annual figures so that impacts can be compared for representative years under current
conditionsandin the future It was not possible to calculatdl impacts in econorniterms and some

are expressed ascreased magnitude or frequency of exceeding a climate thresloold change in

an ecological variablé-or example, thexpansiorof Pacific oyster is quantifieab theviable area for
spawning and reproduction, sinitewas notfeasibleto value the economic impacts of its spread.

This study does noaim to estimate the difference between economic impacts untieear versus
threshold behaviour. Instead, it aims to show the time course of impacts as they are projexted
develop under future climate trajectories, and to quantify those impacts under specified future
conditions or time points, assuming that current adaptation is held constant.appisach was taken

in order to identify shortfalls in adaptation andsngthe case studies, to show the likely timelines of
impact



Economic impactdue to threshold exceedanaaried froma few millionto several billion (Tables ES1

and ES2). Impacts were in the tens of millidmstemperature effects ormilk production timber
production, and wheat production, and for rainfall effects on soil erosion. The latter only counted
direct yield losses, whereas if associated effects on flooding, greenhouse gas emissions were counted
the impacts would be much greater. Impacts ire thundreds of millions are likely to occur for
temperature effects on algal blooms in lakesdon parasites in lambs. Impacts rise into the billions
towards the end of the century for temperature effects on greenhouse gas emissions from peatlands.

In the majority of impacts, the ecological or economic impact at least doubles from current day to the
2080s. In cases such as peatland carbon emissions, the economic impacts in the 2080s ateralmost
timesgreaterthan current day.

Is there a risk of irreersible change in the ecosystems affected, or substantial time lags in recovery?

Risk of irreversible change for each threshold is summarised in Tahlé&&Some exceedance is
shortlived, impacts are reversibland recovery can occur within daysn example beindoss of milk
productionin dairy cattle during hot day$-or other thresholds, impacts occur withisaendaryear,

but are unlikely to carry over to the next yeaorFexample in annual crops where wheat yield is
affected by high temperatures durirftpwering and grain filling in spring and early summer. Other
impacts areeffectively irreversibl®r can take many decades to recover. Whepsoil is lost through
erosim, this is a permanent loss of the soil natural capital. When peatlands become degraded, it can
take many decades to restore na#lh function through rewetting. In heavily gulliedpeatlands,
recovery to a fully functioning peatland actively sequesteriadan is highly unlikelyin woodland

the effect ofwarming temperaturesnd drought on timber quality, and associated pests and diseases,
means thatsomeof the tree species currently growingpuld lose part or all of their economic value

In marine sysgms, aenge shifts or expansion of narative species are very difficuti keep in check

What is the impact of current levels of adaptation at mitigating these risks?

In most habitats, current levels of adaptation exhibit a short&ihwnin Table EBSand summarised
below (with more detail in the specific chapter sections)

1 In freshwatess, adaptation mainly hingeson nutrient management, which is the principal
contributing factor to algal bloom developmenand other related ecologicaleffects This
indudes diffuse nutrients from catchments as well as from waste water disch@ingee is
management of nitrogemsein Ntrate VulnerableZones, but not widely elsewhereand the
interactions with climate are not widely acknowledgddhere are currentlyo plans in place
that address risks from higher water temperatures.

1 Infarmland and grasslanddaptationmeasures ar@ot widely practiced or the challenge is not
currentlydeemed a major issue in the UK (e.g. temgiure effects on milk production). Where
actions are in place (e.tp improve soil healthit can be difficult to quantify the extent and
impactof existing adaptation.

9 For peatlandsthe area of restored peatlands less than thearea moving to unfavourable
conditionannually, and this is of ocgern.

1 In managed woodland¢he forestry ctoris slow to adaptand there are considerable time
lags between changing the species mix of new plantings and the period when they become
commercially viable to harves



1 In marine &coastal, althoughM. gigas is considered naturalised on thseouth westcoast of
Englandat present, the level of riskosed by its potential invasion efative communities
elsewhere is poorly understood.

What additional adaptation management options could be undertaken, eitheridvance to reduce
the risk of these thresholds occurring, or afterwards to manage the impacts?

Additional adaptation measures fall into two categories, those that can be taken in advance to reduce
the risk of passing a threshold, and those that occugrafairds to manage impacts.

Actions identified in this analysis that can be taken in advance include; managing nutrient inputs to
lakes and rivers, rewetting of peatlands, considering clintatevant genotypes or altered species in

new woodland plantinggnd moving to continuous cover forestrill of these actions are well known

and already practiced in many places, but need scaling up significantly to manage the risks from the
threshold effects identified in this report.

Actions that can be taken to mage impacts subsequently include changing crop varieties or animal
breeds used in agricultural production and improving livestock housing and management, and
chemical remediation and temperature management of lakes and rivess. example riparian
shadirg can prevent excess warmingdreduce algal bloomi rivers

In what scenarios are there limits to adaptation?

A number of limits to adaptation are identified in future climate scenarios for the habitats covered in
this report. These relate to two kagsues:

1) the extent that adaptive actions can be effective for habitats already impacted by climate
change and compounding factofSorexample, ery degraded peatland will not +eet; and

2) the degree ofreliance on voluntary action® achieve adaptation ptake and the temporal
and spatial scale for action required.

The issue of effectiveness and cesfiectiveness is important for prioritisation of action and allocation

of public funds. In this analysis, we provide evideofaésk at a habitat level witbome spatial analysis

but the urgency scoring for adaptation is generic and more detailed analysis is needed to assess
priorities for adaption actions at a site level according to likely response, costbeefits. For
example,in somelakesor riversit may not be feasible to control nutrient inputs. If this is the gase
there may be little value in implementing adaptation options such as shadingther restoration
measuresConversely, action to restore peatlarida crucial tool in meeting Net Zetargets for 2050

as well as adaptatigrand has been shown to be cost effectioe upland peat in particular

Where action is both necessary and justified (as above), a mix of policy tools should be considered in
designing government interventions. Fexample, setting an appropriate regulatory baseline and
implementing activities to boosawarenessamong landowners and managers, supported by advice
and grants @s appropriat¢ In some instances, ivere land is veryulnerableto climate change,
includingextreme weather eventdand use change may be needdéd managed woodlands, the long
leadin for adaptation to be effective, provides a greater challenge, while in marine habitats, adaptive
actions may need to be undertaken at an international scale.



Table ESIThresholds andwemmary of impacts covered inational screening assessmerfor baseline and under 2C and £C scenario¢independent of time) Monetary figures refer to
cost ofannual impacts for the UK in 2018 prices unless otherwise stated. Grey cells derotenetary assessment, see notes below taBisk descriptors are listed in Appendix 2.

Broad Risk Climate |Societal end
Habitat descriptor |hazard |point Threshold Mechanism Impact Current |2 °C 4°C
Freshwaters|Ne 13 Temperat|Algal blooms |17 °C (lake Phytoplankton |[¢ r ecr e at i|E173m [£295m |£481m
ure (lakes) water) growth including fishing,
bi odiversi
treatment costs
Freshwaters|Ne 13 Temperat|Algal blooms |17 °C (river Phytoplankton [t r ecr eat i|0.5 0.9 2.0%
ure (rivers) water) growth including fishing,
biodiversity
Freshwaters|Ne 13 Temperat|Fish habitat |18 °C (lake Change in I biodiver0.9 1.4 2.5%
ure water) dissolved recreational fishing
oxygen
Freshwaters|Ne 13 Temperat|Biodiversity |14 °C (lake Zooplankton I bi odi vern32 3.7 4.9%
ure water) composition
Farmland |Ne 8 Temperat|Lamb 9 °C (daily Parasite I growt h; 1£81m £97m £113m
ure mean) (Haemonchus
contortug
Farmland |[Ne 7 Temperat|Milk THI 74 (= 23 °CHeat stress L mil k yi q€25m |£3.8m |£15.9m
ure
Farmland [Ne 7 Temperat|Wheat 32°C/35°C |Floretfertility/ |I wheat yi£0m £0m £42m
ure grain filling
Farmland [Ne 5, Ne 7|Rainfall |Soil erosion |30 mm (daily [Soil loss I\ soil f ernf£26m |£8.1m |£6.5m
rainfall) yield; | water quality;
I soil biodiversity;
soil carbon




Peatlands |Ne 1, Ne 5|Temperat|GHG 145°C Outwith climatejt GHG e mi §3.5m 3.6m 4.0m
Ne 6 ure emissions (warmest envelope peatland conditbn, |tCQse; tCQs; tCQe;
month) biodiversity, water |£239m |£318m |£1,319m
quality
Woodlands |Ne 7 Temperat|Timber (oak, [200-300 mm |[Summer L ti mber - Species |-
ure, other (climatic drought affects (wood quality specific
Rainfall |broadleaved, |moisture tree growth & risk
conifer) deficit) causes cracking
(shake)
Coastal Ne 17 Temperat|Cod 12 °C (sea Reproductive |A di str i b(- Range |Range
ure bottom success landings shift shift #
temperature)
Coastal Ne 17, Ne | Temperat|Pacific oyster |825 days > 10.§Exceeds A distri bua7 103 205%
18, Ne 19 |ure °C (sea bottom|spawning impacts
temperature) |temperature

#1 Number of months exceeding the threshold
#2 Range shift northwards

#3 Viableareafor Pacific oyster reproductiof * 0 02D

k m
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Table ESZThresholds and summary of impacts coveredase studiesfor CMIP5global climate model ensembleggnd PPEUK Met Office modelprojections under RCP8.5 pathway.
Monetary figures refer to cost of annual impacts for the UK in 2018 prices unless otherwise\Wtatdthnd economic assessment not condudiigk descriptors are listed in Appendix 2.

CMIP5 PPE
Risk
Broad descri |Climate Societal end
Habitat ptor pressure point Threshold Impact Baseline |2050s |2080s Baseline| 2050s 2080s
Freshwaters/Ne 13 |Temperature/Algal blooms|17°C (lake |1 r ecr e al|£l73n [£263n |£332m | £173n | £329m £420m
(lakes) water) including fishing,
bi odiver
water treatment
costs
Farmland |[Ne 7 |Temperature/Milk THI74(=23 |{ mi | k y|E3.Im |£8.1Im |£17.n | £4.6m £18.4m £57.9n
OC)
Peatlands |Ne 1, |Temperature|GHG 145 °C t GHG e m|3.5m 4.9m 5.1m 3.5m 5.1m 7.2m
Ne 5, emissions  |(warmest | peatland tCQe; |[tCQe; [tCOeE; tCQs; tCQe; tCQe;
Ne 6 month) condition £210m |£1,286m [£1,774m | £210m | £1,344n | £2,473n
Coastal Ne 17, |Temperature|Pacific oyster|825days> |A di st r i |47 103 205 - - -
Ne 18, 10.5 °C (sea
Ne 19 bottom
temperature)

#1 Viable area for Pacific oyster spawning and reproduction; climate scenario from CMIP5 projections
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Table ES Thresholds and risk of irreversible change

CCRARIsk Climate CCRAZ2daptation
descriptor Habitat pressure Societal endgpoint Risk ofirreversible change response
Ne 13 Freshwaters [Temperature |Algal blooms (lakes) |Mediumterm, difficult to reverse |More action needed
Ne 13 Freshwaters [Temperature |Algal blooms (rivers) |Mediumterm, difficult to reverse |More action needed
Ne 13 Freshwaters [Temperature [Fish habitat Longterm, effectively irreversible [More action needed
Ne 13 Freshwaters [Temperature |Biodiversity Longterm, effectively irreversible [Further investigation
Ne 8 Farmland |Temperature [Lamb Longterm, effectivelyirreversible |Further investigation
Ne 7 Farmland Temperature [Milk Short lived, reversible More action needed
Ne 7 Farmland |Temperature Wheat Yearlong, reversible Further investigation
Ne 5, Ne 7 Farmland |Rainfall Soil erosion Longterm, effectivelyirreversible [More action needed
Ne 1, Ne 5, Ne 6 |Peatlands [Temperature |GHG emissions Longterm, effectively irreversible [More action needed
Ne 7 Woodlands |[Temperature, [Timber (oak, other Longterm, effectively irreversible [More action needed
Rainfall broadleaved, conifer)
Ne 17 Coastal Temperature |Cod Longterm, effectively irreversible |[Sustain current action
Ne 17, Ne 18, Ne ]Coastal Temperature |Pacific oyster Longterm, effectively irreversible [Further investigation
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1 Introduction

To inform the ASC’'s Evi dence Addmapom Cammiteeltas t he t
commissioned a range of research projects that aim to improve the evidence supporting, and impact

of, the CCRAThis project aims to produce new research on clirdtigen threshold effects within

the natural environment, and the role of adaion (natural and human responses) in moderating the
threshold effects.

Current approaches and models to predict future climate change impacts are often based on simple
linear projections of climate variables, and ecological resporidesseare assumedbo be either linear

or monotonic (i.e. nodinear but unidirectional and predictable, e.g. exponential functions describing
responses to rising temperatures). In reality, natural ecosystems are subject to multiple interacting
pressures, operating on a rge of timescales, and may respond unpredictably to the accumulation of
these pressures, and to the superimposed effects of an extreme event. For example, a catastrophic
wildfire may result from a combination of logrm landuse (drainage, accumulation @foody
biomass), londgerm changes in climate (warming, drying) and stochastic events (drought, deliberate
or accidental firesetting). Similarly, saltwater inundation of agricultural land may be a consequence
of past land reclamation, drainageduced subidence, longerm sealevel rise and a stormurge.
Impacts of threshold crossing can be complex. For example, in woodland, the evidence of climate
driven disturbance dynamics shows complex interactions and feedbacks (Seidl et al. 2017), and there
is evicence that climate driven forest disturbances are cancelling out production benefits in European
forests (Reyer et al, 2017).

The combined impact of multiple cumul ative press
to predict, yet it is of indamental importance in projecting and adapting to the impacts of future

climate change. In particular, it may lead to threshtyigde responsesleading to rapid change in
ecosystemspften resulting in undesirable impacts on society.

In CCRA2the Adaptéion Committee (AC) took a thresep approach to assess the urgency of
additional action for each climate risk and opportunity, namely:

1) considering the magnitude of the risk now and in the future
2) taking into account policies and adaptation plan®atty in place to manage the riskad
3) considering the potential benefits of further action

Crossing of thresholds can, at worst, result in irreversible changes to the natural environment, loss of
natural capital, impairment of ecosystem functions and services, and negative consequences for
human wellbeing. Through identifying and analysing te#ect of crossing such thresholds, and
prioritising those which have the most impact on society, this project will help better assess the nature
of the risk (step 1 in the urgency method) the effectiveness of current adaptation strategies to manage
the risks (step 2 in the urgency method), and what the effects of further potential adaptations might
be (step 3 in the urgency method). In many cases, this kind of assessment can only be realistically run
by using integrated calculation chaim#hich take intcaccount change in the climate driver, associated
factors which contribute to sensitivity of the ecosystem to perturbation, impacts on the ecosystem,
and subsequent impacts on ecosystem services, or the benefits provided to humans by the
environment
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Recen work in the economics of climate change has highlighted the large potential economic costs
associated with crossing certain ecosystem thresholds (Diaz and Keller, 2016; Convery and Wagner,
2015). Understanding the possibility of crossing these threstasidsjuantifying the costs associated

with them could substantially alter the overall costs to the UK from climatic changes and create an
additional domestic case for mitigating greenhouse gases. Indeed, failure to account fineam
interactions betwen the climate, natural environment and the economy risks overlooking potentially
irreversible and costly events. Many of these effects are not accounted for in conventional models of
climate change impacts.

In addition, assessing which adaptation measuregresentfeasible means of avoiding crossing
thresholds is a crucial aspect for the CCC in developing recommendations for prioritising certain
measures and the timeframes within which adaptations can be most effectively employed (Benton et
al., 2017). Qantifying these effects both in terms of their expected physical magnitude and their
economic value is an important step in creating a basis to make timely and efficient investments to
ensure environmental and economic sustainabilityhia UK in the medimn and long termThere is a

need toclearlysetout the state of evidence on the possible effecteafssinghese thresholds in the
natural environment, what is understood about the magnitude of their impacts, and what future
action and research needs take place Thisis an important next step to inform government,
business, and the public about future environmental and economic priorities.

The CCRA2 Evidence Report notes that ‘effective
consideration othecrossc ut t i ng nature of risks and synergies
of particular relevance in the natural environment where changes in land use and management
resulting from climate changer as an adaptation to climate change fogiaen ecosystem service

can support or undermine the delivery of other ecosystem services and indeed other sectors. For this
reason, the assessment of risks, thresholds and adaptation actions in this project will ensure that the
crosscutting nature of r$ks and synergies is addressed throughout.

2 Aims and objectives
The aims of this project are to:

e provide improved evidence of possible climate risks in the natural environment that do not follow
linear patterns of change;

e assess the resulting impactd these effects on different areas of society (e.g. communities,
industries, workforces);

* identify what aspects of society are most at risk; and

* assess the extent to which current and potential future adaptation strategies can address the risk,
either through preventing the threshold impact from occurring or managing the impact when it
does.
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Specifically, the project sets out to answer six questions:

1. What climate hazard thresholds represent points beyond which the effective functioning of
key systens within the natural environment may be compromised, and why?

2. What are the resulting impacts on the goods and services provided to society from the natural
environment? What would be the quantified impact?

3. Is there a risk of irreversible change in thegystems affected, or substantial time lags in
recovery?

4. What is the impact of current levels of adaptation at mitigating these risks?

5. What additional adaptation management options could be undertaken, either in advance to
reduce the risk of these threshds occurring, or afterwards to manage the impacts?

6. In what scenarios are there limits to adaptation?

3 Overview of thresholds and their application in this study

3.1 Threshold definition used

In this studywe def i ne a t gointaswhioh adonlmear chande én an ecosystem
component or propertyoccursa s a r esult of c¢change ondefingioncih i mat e
Andersen et al. (2009) and Scheffer (200%je threshold itself is the value for the climate variable

beyond which impacts become ndinear. The impacts of crossing the threshold are defined more
widely. In order to satisfithe requiredemphasis on the goods and services provided by ecosystems,

and acknowledgingthe highly interconnected role of peopldn sociatecological systemsthe

definition of impact includeson-linear changes in ecosystem services or on soaetyell as impacts

on biodiversity and ecosystem functiper se

Thisdefinition of a thresholdloes not restrict the analysis girictinterpretations of tipping points as

only applying to irreversible change, or situations which demonstrate significant hysteresis. The
thresholdimpactsassessed range from physiologieffects o individual species, like the spawning

of Pacific OysterMagellana gigay or declines in milk production of dairy cows, itapacts on
communitylevel changesin species compositiole.g. zooplankton communities in lakgsor the
habitat condition of blaket bog.

There is increasing evidence that it is acute climate events (extremes) rather than chronic i.e. slow
steady average change in climate conditions which lead telinear effects in ecosystems (Turner et

al. 2020). This causes difficulties is@ssing future risk for a number of reasons. Firstly, the climate
models are better at predicting steady changeciimate variables than they are at predicting
extremes. Secondly, there are inherent difficulties in estimating ecosystem responses to extrem
because the resilience of the ecosystem needs to be taken into account, as well as the frequency and
the magnitude of the extremes experienced. As an example, peat bog vegetation can recover from a
severe drought or a fire as long as it is not suffgifiom excessive pressure from other factors such

as grazing or alteration to the natural hydrological regime. However, even a peat bog in good condition
is unlikely to be able to withstand frequent droughts or fires. Since frequent extreme events do not
occur at the moment, and are difficult to replicate at scale experimentally, there is very little evidence
on which to base an assessment of these impacts.

Some of the thresholds assessed in this study incorporate the likelihood of extreme events ymplicitl
by having longer time frameesmbedded withinthe threshold metric itself, or by calculating the
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number of years in a tegiear period for which the threshold is exceed&ar example, peatlands use
a climate envelope based on a-g8ar climate meaywhile the spawning of Pacific oyster calculates
a frequency of spawning in a ten year periétbwevernot all of the thresholdslo so.

The impact of crossing a threshold can be temporary, such as declines in milk production which
recover over periods of daygo longer termor (near) irreversible such asspecies extinction

Thresholds linked to policy targets were not considerddvant i.e. if the ecological status of a water

body shifts from the c¢cl ass *‘ GoodBJ§vater Franseworkt o t he
Directive, thatwasnot considered as crossing a threshold.

The nature of the thresholds vary, therefore thealysisapproach has to be tailored to eautdividual
assessmentin some cases, additionalocessings required to calculatéhe equivalentthresholdin

a climate variablavailable from climate modelf;om the underlying drivemwhich causes nofinear
change in an ecosystenror examplethe physiological threshold temperature fd?acific Oyster
spawring is based on sea bottom temperaturesguiring a conversion from sea surface temperatures

to sea bottom temperatures. In some analyses, this step is achieved within established models, in
other casessuch as the conversion from air temperature to lakater temperaturefor impacts on a
number of freshwater ecosystemadditional data was sourced to underpin the calculation.

The following schematiFigurel) illudrates how a simple temperature threshold is applied. The
lower panel shows how temperature increases linearly with tiethe point where an ecological
threshold is reachedome form ofecological impact occurs, represented in the top panel. Two simple
examples are shown, in R1 the impact increases in proportion to the rise in temperature above the
threshold, while in R2 the relationship is culimiear and the impact increases at a greater rate. At a
given point in timedepending on where the threshillies, anddue to climatic variation across the

UK, someor all of theregionsin the UKmay lie belowor above, or may spathe threshold This
variation is represented by the blue boklote that due to interannual variability in climate
parameters, altreshold based on a climate variable may be exceeded in some years and not others.

Impact
\
\
\
=
=
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A 4

Time

Figurel. Schematic illustrating impacts above a temperature threshold
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4 Methodsc Overview

This section provides a brief summary of the methosisd in the analysis. For each assessment
conducted on a potential impact, specific methods are provided in the write up for both the national
screening and the case studies. Where additional detail is needed, this is provided in Appendix 1.

4.1 Habitat / eceystem definitions

The assessment was separated across the following ecosystem types to ensure balance across a
range of engpoints, and to structure the evidence gathering at the initial review phase. These
ecosystem types broadly follow the UK Nationadgystem Assessment (Watson et al. 2011)
definitions of Broad Habitats, summarisedTiablel below. These definitions were used to conduct
the initial literature reviavs. Subsequent assessments focused on more tightly defined categories
within a Broad Habitat type, which were the focus of the threshold impacts taken forward for
assessment.

Tablel. Ecosystem categories used in this assessmbrdadly corresponding to UKNEA Broad Habitats

Ecosystem type | NEA Broad Habitat Definition

Freshwaters Freshwaters and wetlands Lakes, rivers and streamgetlands

Farmland and Enclosed farmland, Sematural Arable land and pasturéncluding

grassland Grasslands intensive and extensive grazing
systems

Mountain moors | Mountain, moors and heaths All peatlands

and heaths

Woodlands Woodlands All woodlands

Marine and Marine and coastal margins Marine and coastal margin habitats

coastal margins

4.2 Impactchains

Impact diagrams were constructed following a templéfgure2) which includes the climate driver,
threshold, natural capital asset, ecosystem processes, fumtis attributes, and endpoints which
reflect societal interestThese endpoints includde ecosystem services they providbe social or
economic impacts and biodiversitfCurrent and potential adaptation options are included, with
arrows showing whiclparts of the chainit is possible to manage through adaptati@ome impacts

are dependent on, or are influenced by, key predisposing factors. These may be physical factors such
as soil type, or may be linked to management of the ecosystem or its surr@ggdiuch as input of
elevated nutrient levels to lake®nly the most important prelisposing factors are identified in these
chains. In reality, multiple interacting factors govern the sensitivity to climate impacts for ecosystems
(Turner et al. 2020)n some chainsa sequence of impacts occurs in the ecosystem before there is an
impact on a societal endoint, representedn this diagram as function 1, function 2 ekor example,

in farmland heavy rainfall leads to soil erosion, which in turn leadedoced soil fertility, causing
lower crop yields.
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Climate (temp,

rainfall, drought, Threshold
etc.)

State / condition of State / condition of Ecosystem
ecosystem assets or ecosystem assets or service,
functions #1 functions #2, ... #n biodiversity

habitat management, etc.)

L ] L ]

Current & Potential Adaptation

[Predisposing factors (slope, soil type,

Figure2. General schema for impact chains.

4.3 Stages in the assessment

Following the project structure, the work was undertaken in three npkiases 1) A review of the
eviderce to identify thresholds?) Arapid assessment at national level to quantBlectedimpacts,

and 3) More detailed case study assessmentaafubset ofmpacts. This process is summarised in
Figure3. At eachphase the objectives of this report were considered. In particular, the assessment
considered adaptation options for each impact.

Literature review on Ecosystem Economic valuation
non-linear impacts, assessment ’ assessment
by habitat /
Climate (temp, 1 ‘
rainfall, drought, Threshold |[ ]|
etc.)
State / condition of State / condition of Ecosystem
ecosystem assets or ecosystem assets or service, .
functions #1 functions #2, ... #n biodiversity Adaptation
assessment

habitat management, etc.)

L] 1 L] L)

[ Current & Potential Adaptation

[ Predisposing factors (slope, soil type,

-

Case studies
] assessment using

climate model

ensembles

Figure3. Schema showinghe three stages of the assessmeiih annotated comments clockwise from top left: Black text
shows stage 1, blue text denotes stage 2, green text denotes stage 3.
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Phasel. literature review: Rapid evidence reviews of the literature were conductedatsess
whether thresholdshad been identified in the literature for each Broad Habitat type. The reviews
evaluated both published and grey literature in a structured way, described in Appendix 1 for each
Broad Habitat. The selected studies were supplemeratter discussion with experts outside of the
search team to ensure key studies were not missed. The list of thresholds were scored according to
their importance { = Clear biophysical or societal threshold, quantified; 2 = Clear biophysical or
societatthreshold, but not quantified; 3 = Possible biophysical or societal threshold, uncertain but with
high potential impact; 4 = Threshold effects unclear, or low potential impahbse identified impacts
which scoredL, 2 or 3 were taken forward to the rapassessmerphase

Phase2. National screening assessmenthe aim of the screening exercise was to conduct a rapid
assessment of as many of the potential threshold impacts as possible, in order to obtain an overview
of which impacts were more important, and their geographical scépe.each threshold, an impact
chain was created (sd€igure2 above), and the impacts were quantified as far as possible towards
the end of the chainThe assessment was national in scope, $eparately calculatimpacts at
regional level. Bsults were calculated for each climate area of the UK, using CCRA3 defined regions
(Figured), broadly equivalent ttNUTS2evelregions As this was a rapid assessment, the analysis used
climate data from a singlsmodel projection(HADGEMPPE model id 7 see sectiort.4), selectedas

one following a pathway roughly in the middle of the range of ensemble memfyera Lowe et al.
(2018) The assessment focused on the points at which the ensemble member rea8@iedrii £C.

In the national screeningassessment, these are termed°@€ and 4°C scenarios respectively (see
section4.4). With the requirement to conduct as many assessments as possible, right through to
valuation, it was not possibleo incorporate the full complexity of factors influencing threshold
exceedance including the many potential interacting variables which also affect sensitivity to climate
drivers. In some assessmerttse analysis approach we have taken incorporates nudiiyese factors
implicitly into the calculations. For example, the economic costs associated with algal blooms in lakes
incorporates levels of adaptation and observed eutrophication at baseline in the estimates. Soil
erosion risk takes into account geoghacal variation at fine scale in erosion risk across the UK and
scales future risk due to rainfall accordingly. In other assessmbetsalculationsvere simplified to

the mainimpact pathway where it was not possible to incorporate other contextuakimétion.
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Figure4. Defined regions of the UK used for calculation of regional variation in national screening and case study
assessments (Met Office Hadley Centre, 2018).

Phase3. Case study analysi©ne impact fromeach Broad Habitat was selected as a case study for
more detailed analysig hese were selected primarily on the basis of greater economic impadgrand
on robustness of the underpinning evidence available for the assessif@nprinciple focus for these
more detailed analyses was improved representation of the range of variability in the climate data.
However, for some impacts, the analysis method was also adapted. The climate daia rioajority

of these analyses used all p8ojectionsfrom across tke two families of ensembles available from
UKCP18 data at the time of analysis, PPE and CNilig5one exception was woodland, which
excluded one model ensemble member which did not have rainfall data at the time of an@ihesis.
data used is described imore detail in sectiomt.5. The case study assessments focused on the
trajectory towards a 4C worldunder a RCP8.5 concentrations pathwkoking at impacts durg
baseline and at two timgoints along that trajectory, the 2050s and the 2080s. Data fotréjectory
towards a2 °C world was not available at the spatial or temporal resolution required for the majority
of these analyses, at the time this assessmeas$ conducted.

4.4 Climate data; screening assessment

Climate data to run thenational screeningassessments were extracted from UKCP18 12 km
projectionsfor a RCP8.5 concentrations pathway. A single ensemble member was selected, roughly
mid-range of the set of ensembles (Lowe et al. 2018). The ensemble member used WMAXBEM3
Perturbed Physics Ensemble Model ID 7. Climate data were extracted-yealOme-slices for the
following time periods:
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1 Baseline (200:2010)
1 2°Cscenario20252034), centred on 2031, the year in which PPE model i.d. 7 s 2
1 4°Cscenario20602069), centred on 2064, the year in which PPE model i.d. 7 hils 4

For some asessments, the baseline period was adjusted in order to match available ecosystem impact
or economic assessment datéhe climate data used in the assessments differed for two habitats:
Marine and coastal see sectiorl6.5for details for woodlands-see sectior8.3for details

4.5 Climate data; case studies

Climate data to runhe case study assessments were extracted from UKCP18 60 km projections for a
RCP8.5 concentrations pathwawo sets ofprojectionswere used one setof 15 projections from

the new Met Office Hadley Centre climate modeladGEM35C3.0% produced bygenerating a
perturbed parameter ensembl@®PE)anda set of 13rojections from models that informed the IPCC

5th assessmer(CMIP5)Data from all 2&rojectionswere extracted and useid each analyses where
possible.For each impact,asults were angksed separately for the PPE ensemble and the CMIP5
ensembleThe marine and coastal assessments on cod and Pacific oyster used a different approach to
calculate sea surface temperaturesee sectiorl6.5for details. The case study analysis compared

the following time periods, unless specified otherwise:

1 Baseline (200@019)
1 2050s (204€2059)
1 2080s (207€2089)

4.6 Economic assessment methodology

The economic assessment conducted throughout this study quantifies the magnitude of changes in
the provision of ecosystem services where thresholds have been identified in monetary terms. The
economic assessment uses data derived directly from the ecanystevice assessment, which

guantifies annual physical changes in ecosystem services under current and future climate scenarios.
Accordingly, economic impacts are expressed in annual terms in order to compare the magnitude of
economic impacts under currectimatic condition with future conditions. The 2018 price level is

used throughout the report unless otherwise stated.

Throughout this study, we use a variety of market and-naarket valuation methods to assess the
magnitude of impacts on ecosystem siens in monetary terms. Market impacts refer to goods or
services traded on markets, such as agricultural products-iiarket goods and services are not
generally priced and require economic valuation techniques that use alternative methods to estimate
the value to society. Examples of norarket impacts in this study are the value of greenhouse gas
emissions from peatlands or lost amenity values and water treatment costs from algal blooms in
freshwaters. The methodology used to value each ecosystem eeridaletailed in each section of

the report.

The ecological and economic assessments were conductédefacreening assessment and the case
studiesas visualised ifrigure5. The annual cost was calculated for the baseline period, and for two
subsequentscenarios (screening assessmentjitme periods along a climate trajectofgase studies)

- see themethods sections above for the climate data for more detail.
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Thisstudy does not aim to estimate the difference between economic impacts under linear versus
threshold behaviour. Instead, it aims to show the time course of impacts as they are projected to
develop under future climate trajectories, and to quantify thosepatts under specified future
conditions or time points, assuming that current adaptation is held constant. This approach was taken
in order to identify shortfalls in adaptation and, using the case studies, to show the likely timelines of
impact. For the ame reason, other factors which increase the susceptibility of ecosystems to non
linear change (such as eutrophication combined with increasing water temperature for algal bloom
development) were also held constant. In reality, many of the associated qldimms or contributing
factors will also alter with climate change. Modelling such aspects requires dynamic models, and was
beyond the scope of this project. Ndinear change in one ecosystem function or service may induce
changes in others. Some of @ interacting risks are explored in a separatsearchproject
supporting CCRA3
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Figure5. Schematic illustrating how ecological and economic assessments were carriedstigwinga) scenarios in the
screening assessmerand b) timeperiodsin the case studies-or illustration, a notional example threshold is showhere
baseline is below the threshold and subsequent impacts occur above the threshold.

4.7 Adaptation assessment methodology

Evidence on current adaptationaasures and their efficacy was based on a search of the literature.
Actions out |l i ne d\atiormal AtaptationdoogrammiNAR mave’been listed for

each habitat assessment to provide information on current status and plans. This involvadtiagtr
information from the second NAP as well as Appen
u p d altoktlse’CCC 2019 Progress Report to Parliament. However, in many cases evidence on

more adaptive actions for future climate scenarios was lacking. Relevant evidence from other

climates has been used where no UK specific examples were available.

The framevork from CCRAZ3 internal workshops was used as a template for presenting the
adaptation evidence, which includes sections on:

1 https://www.theccc.org.uk/wpcontent/uploads/2019/07/Appendib-NARaction-updates2019.xIsx
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Nature of adaptation;

Current status and plans;

Benefits of adaptation since 2012;

Potential further action or investigation;

Casdor action in the next 5 years;

Whether risk is managed by autonomous or planned adaptation;
Risks of locln;

Risk(s) interacting; and

Urgency scoring.

The urgency scores are based on the urgency categories used in the UK Climate Change Risk
Assessmen2017 Evidence Report. These classifications are:

)l

More urgent—More action neededNew, stronger or different government policies or
implementation activitieg over and above those already plannedre needed in the next
five years to reduce loAgrm vunerability to climate change.

More urgent— Research priorityResearch is needed to fill significant evidence gaps or
reduce the uncertainty in the current level of understanding in order to assess the need to
additional action.

Less urgent Sustain cuent action:Current or planned levels of activity are appropriate, but
continued implementation of these policies or plans is needed to ensure that the risk
continues to be managed in the future. This includes any existing plans to increase or change
the current level of activity.

Less urgert Watching briefThe evidence in these areas should be kept under review, with
longterm monitoring of risk levels and adaptation activity so that further action can be
taken if necessary.

For each threshold, threkey questions are asked:

)l
)l

T

What is the impact of current levels of adaptation at mitigating these risks?

What additional adaptation management options could be undertaken, either in advance to
reduce the risk of these thresholds occurring, or afterwardsitmage the impactsa@nd

In what scenarios are there limits to adaptation?

The text around limits to adaptation considers physical and ecological, technological, informational,
social, and financial barriers.
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Literaturereview

The rapid evidence résws identified 37 thresholds irthe literature with relevance to UK habitats.

The full list of identified thresholds are provided in Appendix 1, by habitat. The scoring exercise led
to a selection of 2 thresholds across thi2ve broad habitats where enayh evidence was available

to undertake some form of national screening assessmamtl impacts were assessed as of high
magnitude or importance against the criteria described in the methods for Phase 1.above

Note that this structured approach, focusingrmarily on published and grey literature studies by
habitat, does not represent an exhaustive list of all possible thresha¢é:d impacts. It should also

be recognised that some impacts identified in the literature review could not be quantified because
of a lack of data, lack of a specified threshold, or insufficient evidence on which to base an
assessmenfTwo examples illustrate the difficulty of this task. Roy et al. (2017) aimed to conduct a
horizon scanning exercise for potential pathogen and ineasiien species impacts on biodiversity,
but concluded that substantial knowledge gaps hindered such an exercise. Meanwhile, in marine
systems which contain some of the classic examples of regime shifts, Spencer et al. (2011) used a
data-driven approach taletect regime shifts in UK marine ecosystems from long-semies data,
coveringfive organism groups (fish, infaunal benthos, marine benthos, plankton & rocky shore
invertebrates) fromsevenmarine regions of the UK. From their analysis, they concltogdUK

marine communities may be dominated by gradual trends rather than sudden $hiftse impacts

were not taken forward for assessment due to lack of time within the project. The main impact
falling into this category was temperature effects on saliddish in rivers.
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National Screening Assessmefithresholdbased impacts, by NEA
broad habitat

5 Freshwater

5.1 Summary Freshwater

The literature review assessatdpactson allFreshwatersncludinglakes, rivers and wetlandbift
excluding bogs anfitns, which arecovered under peatlandsThis identified 18 potential impacts
(section16.1.7), of which four were taken forward for theational screening assessnteAll four

were linked to temperature: algal blooms in lakes, algal blooms in rivers and streams, volume of
thermally-suitable fish habitat in lakes and zooplankton composition in lakesperature effects

on salmonids are recognised as an importantactpbut could not be assessed in this study due to
time limitations.A case study focused on one impact in more detail: algal blooms in lakes.

Many of the impacts on freshwaters have a similar underlying mechanism, i.e. temperature impacts
on plankton corposition, mediated by nutrients, although the temperature thresholds at which

these occur differ between systenSor example HABs form in lakes above@and lowland rivers
above 19°C. As a consequence, many of the adaptation options are similar ab@ oa nutrient
management, but again there are variations in the most effective adaptation measures between the
impacts due to habitaspecific and impaespecific factors.

Temperature effects oalgal blooms inakes (Risk descriptor: N8)

Where mearmonthly water temperature exceeds a 1€ threshold, in combination with elevated
nutrients (primarily phosphorus)here is increased incidence of algal bloom formation in lakes. This
leads to reduced water quality and negative impacts on a range oitserincluding drinking water
production, recreation and biodiversity.

The overall ecological risk under &G scenario is projected to be low in Wales, medium in Scotland
and high in England and Northern Ireland. At a UK level, the costs of algal lslmprejected to
increase from £17&illion at baseline to £29Million under a 2°C scenario and £48tillion under a

4 °C scenario.

Current adaptation measures focus catchmentwide management of nitrogen and phosphoyus
applied in nitrate vulnerable zones, but not widely elsewhd@itge contribution from waste water
discharge is also significant and should be managed through regulation and water company
planning.Chemical remediatiorhasbeen trialled in a limited numbesf severely affected water
bodies, but not widelyTherefore the impact of current levels of adaptation mitigating these risks
is low.

Urgency scoring More urgent: more action neededCapacity is available teducenutrient

loading and benefitfrom early actionwill be seen within the next five years. Further research may
be required for some measures which are not currently widely practiceeral loading control,
aeration, artificial mixingandshading.
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Temperature effects oalgal blooms imivers (Risk descriptor: Ne 13)

Above a monthly mean water temperature of 19 a@d in combination with elevated nutrient

levels there is an increased risk of algal blooms developiigwland rivers. This leads to a decrease
in water quality, and impets on the ecosystem services that depend on good water quality
including recreation

The overall ecological risk under 8@ scenario is projected to be low in Scotland, medium in Wales
and Northern Ireland and high in England. No economic assessmsrdomducted for this service.

Current adaptation measures focus catchmentwide management of nitrogen and phosphoyus
applied in nitrate vulnerable zones, but not widely elsewh@ilge contribution from waste water
discharge is also significant and should be managed through regulation and water company
planning.Other management aspects such as riparian planting to shade river channels have received
relatively little focus so faiTherefore the impact of current levels of adaptation mitigating these

risks is low

Urgency scoring More urgent: more action neededCapacity is available teduce excesnutrient
loading, and benefits from implementing this adaptation will be seghiwihe next five years.

Temperature effects ofish habitat volume in lakes (Risk descriptor: Ne 13)

Abovea threshold mean monthly lake water temperature of g increased phytoplankton and
lower dissolved oxygen lead to a decrease in the thermaltglsle habitat for rare fish species such
as the vendaceéNe are already clos® extinction of this species in the Ukhich would result in
biodiversity loss and loss in the ecosystem services these fish provide, including recreational
fishing.

Vendae only occurs in two UK regions, west Scotland and north west England. The ecological risk
under a 4°C scenario is projected to be medium in Scotland and high in Endlaisdnay lead to
extinction of this species in the UMo economic assessment wasidacted for this servicsince

the conservation value of this species is not well understood

Current adaptation measures focusing @ichmentwide management of nitrogemphosphorus

and suspended sedimefihcluding waste water discharge)r reductionin internal nutrient cycling

can be applied to lakes containing rare species, but are not widely applied. The provision of artificial
spawning substrates may help offset the siltation of spawning graudéstification of new sites

within their future clmate range and the translocation of eggsarvaeand adultscan be used to
establish refuge populations in higluality sites.These approaches are also not widely applied and
the impact of current levels of adaptation at mitigating these risks is awever,identifying lakes

that are still within thermal range for specific fish specgekey amther adaptive measurewill only

work if the thermalkegime is suitable

Urgency scoring More urgent: more action neededCapacity is available teduce excessutrient
loading, and benefits from implementing this adaptation will be seen within the next five years.

Temperature effects orooplankton composition in lakes (Risk descriptor: Ne 13)

Above a monthly mean water temperature of @, changes in the community composition of the
zooplankton community are likely to occur. Changes at this trophic level potentially cascade
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throughout food webs in complex ways, and therefore cannot be easily translated into impacts on
ecosystem services.

The ecological risk under &@ scenario is projected to be high in all UK regions, due to current day
temperatures being at or above the threshold already in most areas. No economic assessment was
conducted for thiservice since it was not possible tanslate changes in zooplankton community

into an associated change in ecosystem service provision

Current adaptation measures focus cetchmentwide management of nitrogen and phosphoyus
applied in nitrate vulnerable zones, but not widely elsewh@itge contribution from waste water
discharge is also significant and should be managed through regulation and water company
planning.Chemical remediatiohasbeen trialled in a limited number of severely affected water
bodies, but not widelyTherefore theimpact of current levels of adaptation at mitigating these risks
is low.

Urgency scoring More urgent:research priority- Capacity is available to prevent nutrient loading
and benefitdrom early actiorwill be seen within the next five years. Furthesearch may be
required for some measures which are not currently widely practiggdrfal loading control,
aeration, artificial mixingandshading.
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5.2 OverviewFreshwater national screening assessment
This section covers impacts in freshwaterdudinglakes riversand wetlandswithin the Broad
Habitat typedefined in the UK National Ecosystem Assessment (UKNEA, BOddput of eighteen

potential thresholdbased impacts were taken forward in the national screening assessment. All four
threshobls were related to increasing water temperature: three of the impacts occur in lakes, with

increased incidence of algal blooms, reduction in the volume of therraaitgble fish habitat, and
changes in the community composition of plankton. The fourthaots increasing incidence of

algal blooms in riverd.able2 summarises the climate hazard thresholds at which damage starts to
occur to the natural asset and the ecosystem services it provides, and lists those main impacts. The

full list of potential mpacts identified in the literature review can be found in Secfi6riL

Table2. Potential thresholddriven impacts in freshwatersEvidege for each of these thresholds is provided in the text

below.
Climate Habitat | Threshold Biophysical Societal end | Aligned
mediated response point affected | risk
stressor descriptors
Temperature| Lakes 17 °C monthly mean| Phytoplankton | Drinking water,| Ne 13
lake water composition, recreation
temperature biomass and including
blooms fishing,
biodiversity
Temperature| Rivers, | 19°C monthly mean| Phytoplankton | Recreation, Nel3
streams | water temperature | composition, biodiversity
of lowland rivers biomass and
blooms
Temperature| Lakes 18°C monthly mean| Fish habitat Biodiversity, Ne 13
lake water volume recreational
temperature fishing
Temperature| Lakes 14 °C monthly mean | Zooplankton Biodiversity Ne 13

lake water
temperature)

composition

Across the UK there aspproximately 42,000 lakes, and total river length is of the order of 280,000
knm?. The distribution of these water bodies is highly variable among UK rediab&8), with an

especially large quantity of freshwater habitat in Scotland.

2Based on data from UK Lakes Portatigs://eip.ceh.ac.uk/apps/lakes) and the Intelligent Rivers Network
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Table3. Number of lakes and total river length in UK regians.d. = No data. Data extracted from the UK Lakes Portal
(https://eip.ceh.ac.uk/apps/lakes/) and the Intelligent Rivers Network. Upland and lowland rivers differentiated as reaches
above or below 80 m elevation. *River length data maivided for Northerrreland

No. Upland Lowland river Total river

Region Lakes river length length (km) length
(km) (km)

North West England 1,857 6,531 12,022 18,553
North East England 671 2,585 8,943 11,527
Yorkshire and Humber 1,593 8,594 8,823 17,417
West Midlands 2,071 5,369 8,507 13,876
East Midlands 1,649 11,488 5,090 16,578
East of England 2,105 14,143 1,271 15,413
South West England 1,878 11,982 10,537 22,519
South East England 2,693 14,255 3,256 17,511
London 275 932 40 973
Wales 1,391 7,122 20,099 27,221
North Scotland 20,289 11,670 43,445 55,115
West Scotland 3,242 7,244 26,632 33,875
East Scotland 2,085 5,439 25,945 31,384
Northern Ireland 22 n.d. n.d. n.d.
England total 14,792 75,879 58,488 134,368
Wales total 1,391 7,122 20,099 27,221
Scotland total 25,616 24,353 96,022 120,374
Northern Ireland total 22 n.d. n.d. n.d.
UK Total 41,821 107,555 174,948 282,504
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5.3 Temperature effects on phytoplankton blooms in lakes

Figure6 below summarises the threshold and assessment chaike temperaturesra likely to warm

in line with ar temperature with associatedncreases in stratification of lakes. Above a water
temperature of 177C, and in combination with elevated nutrient levels, harmful algal blooms are more
likely to form, leading to a decrease in water quality and adverse effects on the range of ecosystem
services which are dependent on that water qualityore detailed assessment of this impact is
provided in a case studgection10), which focuses on a wider setdimate projections

T air Threshold
temperature 17°¢

J drinking
water,
recreation incl.
fishing,
biodiversity

™ water T blooms of
temperature phytoplankton/
& stability cyanobacteria

Nutrient loading,
water colour

Catchment-level nutrient management, aeration, artificial mixing, shading, chemical remediation and enhanced
water treatment, bio-manipulation of the fish community

{ water
quality

morphometry

[ Lake location and

Figure6. Impact chain for temperature effects on phytoplankton blooms in lakd2urple box shows social/economic or
biodiversity endpoint; Brown box shows potential adaptation measures.

5.3.1 Justification othreshold used in the assessment

Lake temperaturesra likely to warm in line withiatemperature with associatedncreasing water
column stability as a result of thermal stratification in lake ecosystems. Warming stimulates the
growth of phytoplanktonspecies capable of forming blooms, particularly favouring harmful algal
blooms of cyanobacteria, as does the improved underwater light climate that results from increased
water column stability (Paerl & Huisman 2008; Elleital 2010, 2012; Richardson at. 2018; Ho et

al. 2019). Increased availability of nutrients due to eutrophication can further enhance phytoplankton
growth with rising temperatures. Changing water colour also modulates the temperature effect in
different ways. It is indicative of orgi inputs that can both supply additional nutrients but also limit
the availability of underwater light. Since both nutrients and water colour are frequently quantified as
concentrations, it is important to recognise the importance of both total loadssgmes) of delivered
material and the flow volumes in which it is delivered. With reductions in flow, all else being equal,
we might expect concentrations to increase, for instance.
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Cyanobacterial growth rates frequently reach their maximum, or exceeetbbsther phytoplankton
above a water temperature of 2& (Paerl & Huisman, 2008pkhk et al 2008). However, the
temperature at which bloom formation occurs is often much lower due to other factors such as
nutrient availability (total loading and resulteconcentrations), and lake morphology. Recent studies
by CEH (Carvalho et al. 2013; Van der Spoel 2019) suggest a water temperatifeasfd threshold
above which blooms are more likely to occur in the UK, assuming sufficient nutrients are available
support primary production.

5.3.2 Impacts on natural assets and the services they provide

Blooms can bring about financial losses to the water industry, because of the costs of managing filter
blockages and taste and odour in drinking water (Pretty et &I3@r the risk of shutting down entire
water bodies used for public drinking suppRurthermore, blooms can be a risk to public and animal
health (Codd et al., 2005) and be unsightly, severely impacting upon recreational potential (site
closures for watr sports and fishing) (Carvalho et al., 20%8nseverin@t al2016).

5.3.3 Ecosystem assessmeqtlimate hazard thresholds

An empirical relationship between monthly mean lake water temperature and air temperature was
used to derive the air temperature thshold which corresponds with the water temperature
threshold of 17°C (seéAppendix ). In this assessment the number of months with monthly mean air
temperatures exceeding a 14°C threshold was calculatedhe air temperature threshold differs
becausewater has a high specific heat capacity.

Lakes receiving high nutrient levels are more at risk of developing algal bloondefivwed a category

of “high risk’ agbiantiffidgBhe praperton o jakesim éach begion where the
likelihoodof cyanobacterial blooms exceeding WHO thresholds was >60%, based on nutrient inputs
alone (Harrison et al. 2017). The underlying assessment made use of data from the Environment
Agency and from SEP# calculate which UK lakes were receiving excess enttijphosphorus)
inputs, and weretherefore, at risk of failing UK WFD water quality thresholds for total phosphorus
(May et al. 2019). The phosphorus thresholds are-sitecific and based on depth, alkalinity and
altitude of individual lakesSN/\FDUKTAG2016).

Below we show the average number of months per year (calculated over a decade) where mean
monthly air temperatures exceed 14°C {Table4). All UK regions show a projected increase in the
number of “hot mont hs”, where monthly water t e
generally have a low incidence of such months. Intcona s t , “hot mont hs” ar e
especially frequent in London, East and South East England, foi@keehario. These screening data

suggest that under current climatic conditions, some areas such as East Scotland and North Scotland

are unlikelyto experience an increased risk of cyanobacteria blooms in response to warming.
However, dat a f r om “tshow thereBareaanfinned indddenges @ 'thesa argas
presently. Numbers of incidences recorded by the app. are generally higheotiarfsicreflecting

increased recorder effort there, but nonetheless show that under current conditions, algal blooms are
already occurring in these low risk areas. This is because bloom risk in the UK is also affected by other
factors, such as alkalinity ater colour and flushing ratéhe time water takes to pass through a lake)

3 Scottish Environment Protdon Agency and database right 2024l rights reserved
4 https://www.ceh.ac.uk/algablooms/bloominalgae

36


https://www.ceh.ac.uk/algal-blooms/bloomin-algae

(Carvalho et al., 2011), which means blooms may still occur below a water temperaturéCofThére

will be some uncertainty around risk predictions in this screening assessheassd only on
exceedance of temperature and nutrient thresholds. Therefore, the projections of increased
frequency of algal bloom incidences in the future across the UK are plausible, and this assessment of
impact can be considered conservative.

Table4. Average number of months per year where mean monthly water temperatures exceed @ltfireshold Showing:
baseline 2002010 period, 2 scenario and°@ scenario. Single year values for 2003 shown for comparison with a known
WK 8 NI Mo DAR.R ¢

% lakes at high risk
No. of | of HABs due to Baseline

Region lakes | excess P input 2003 (20012010) 2°C 4°C
North West England 1,857 13 2 11 2 3.1
North East England 671 0 2 0.5 1.2 24
Yorkshire and Humber 1,593 0 2 1.2 21 3.1
West Midlands 2,071 100 3 1.8 28 3.8
East Midlands 1,649 56 3 1.9 29 39
East of England 2,105 100 3 2.6 3.2 42
South West England 1,878 67 3 2 3 3.8
South East England 2,693 50 3 2.7 3.3 43
London 275 100 3 3.3 3.8 49
Wales 1,391 0 2 1.1 23 33
North Scotland 20,289 0 0 0 0 0.7
West Scotland 3,242 8 1 0.2 0.7 16
East Scotland 2,085 19 0 0 01 14
Northern Ireland 22 100 1 04 11 23
Englandotal/average 14,792 54 2.7 1.9 27 3.7
Walestotal/average 1,391 0 2.0 1.1 23 3.3
Scotlandotal/average 25,616 9 0.3 0.1 03 1.2
Northern Ireland 22 100 10 04 11 23
total/average

UK total/average 41,821 43.8 2.00 1.34 2.04 3.06

5.3.4 Economi@assessmeng impact on goods and services

The economic impact of rising temperatures on incidences of algal blooms is calculated using
estimates of costs of freshwater eutrophication from Prettyal. (2003). The costs include impacts

on provisioning services such as water supply, regulatingcesninked to water and air quality, and
cultural services such as recreation and amenity, as well as direct impacts on biodiVéesitge the

same cost categories as Prety al, which are amongst only a small number of studies on the
economic costof freshwater eutrophication. The study uses a variety of methods to derive cost
estimates and focuses on different costs borne by eutrophication rather than detailed estimates for
single cost categories. Accordingly these figures represent estimateseotdkts of observed
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outbreaks. In addition, the study does not account for the possibility that some cost categories could
overlap and lead to double counting. Given the limited evidence of costs of eutrophication in the UK,
we use these figures as bestaglable evidence on the illustrative costs of algal blooms.

Pretty et al. (2003) estimate that the annual cost of algal bloom in the UK amounted to £114 million
based on the incidence of bltgreen algal blooms in waterbodies of England and Wales between
19901999. Over this period 3,993 incidences were reported across 2,710 waterbodies:oftwenic
impacts from Pretty et al. (2003) for the period 199899 relate only to England and Wales. These
were scaled to the UK by including Scotland and Northetarid, with values weighted by population.

The recalculated costs for the period 202D10 for the UK and by impact category are givehahle

5. Annual costs over this period amount to £173 million, with the combined impacts on drinking water
treatment costs of close to £60 million per year the largest cost category of algal bloom impacts. This
is followed by large impacts on recreation opportigs on waterbodies, such agter sports which

total £50 million annually.

Table5. Recalculatedannual costs of algal blooms from Pretty et al. (2003), scaled up to UK (£ millBréakdown
provided by cost component.

Impactof algal bloom Value(£m)
Value of waterside properties 14.9
Value of water bodies for commercial uses 15
Drinking water treatment cost&@lgal removal) 28.8
Drinking water treatment cost&itrogen removal) 305
Cleanup costs of waterways 15
Reduced value of nepolluted atmosphere 12.1
Reduced recreational and amenity value for water spo 50.6
Revenue losses for formal tourist industry 17.7
Revenue losses for fisheries 0.2
Ecological damage costs 154
Total 173.3

Impacts at baselinare assumed to have the same economic value as those reported in Pretty et al.
(2003), since this is based on observed incidences which includes the influence of other contributing
factors such as nutrient inputs, management etc. Current levels of adaptand the influence of
contributing factors are assumed constant over the assessment period. Impacts at UK level are
disaggregated to region based on a combined weighting of climate risk {fabihe4) and population,

since economic values are in most cases proportional to the population affected.

For future assessment periods, the economic cost at baseline is scaled according to future climate
risk, i.e. by ratio ofuture number of months exceeded divided by number of months exceeded at
baseline. This assumes that incidence of an algal bloom for 2 months has double the cost of an algal
bloom lasting for 1 month. This is likely to apply in many of the cost estimatedpss of recreation
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opportunity. However, we recognise that in some estimates the impacts may not scale directly with
duration. Impacts on biodiversity may be long lasting and increasingly severe with increasing
duration, while clean up costs may regent a single cost regardless of duration.

To adapt these values to estimate the cost of future algal bloom outbreaks driven by rising
temperatures, we adapt the estimates derived by Prettyl. (2003) as follows:

Step 1:Calculate annual baseline damages of algal bloom for-20Q0 baseline by adjusting for the
change in consumer prices over time. These equate to an increase of 2.8% per year based on the level
of consumer prices given by the Bank of England. This valaahen scaled to a UK total from the
England & Wales data reported in Pretty et al. (2003), as described above, using 2011 population data.

Step 2 Using estimates of monthly mean lake water temperatures exceedifi§ linder future
temperature scenarios;alculate proportional increase in the average number of months where the
water temperature threshold is exceeded, for each region.

Step 3 Using the assumption that the number of months of threshold exceedance drives the incidence
of algal bloom outbreak we calculate the UK average change in number of months exceeded to
estimate the proportional increase in costs un@®C and 4°Gcenarios. We assume that baseline
damage levels (from Pretty et al. 2003) reflect the impact of contributing factors sti@x@ess
nutrient levels, as well as existing levels of adaptation, and that these are held constant into the future.

Step 4 To derive regional estimatesa,weighted risk for eactegionis calculatedusing a combined
weighting based on thpopulation aféctedin each region (proportional weighting by population) and
the ecological risk score (weights: High = 3, Medium =2, LowTh#&)population affected is critical
because most of the damage costs are linked to use (e.g. property values, drinkingreatsation,
fishing, etc.)The regional weights are then used to disaggregate the final cost estimate.

Following the steps above, the estimated change in algal bloom outbreaks in the UK under future
temperature scenarios is shown ifable6. Compared with outbreaks in the period 262210,
threshold exceedance in &R scenario implies that the number of outbreaks per year increases by
52%. For a 4C scenario, the numbef outbreaks is estimated to increase R38%.

Table6. The estimated change in algal bloom outbreakslakesin the UK due to temperature threshold exceedance

Baseline

(200%2010) | 2 cocenario | 4 “Cscenario

UK average ratiof change in number o
months exceeding the thresholc
compared with 2002010 (& % change - 152 (+52%) 2.28 (+128%)

The cost of algal bloom outbreaks under baselift€; and 4C scenarios is shown Trable7. For the
baseline period, total costs in the UK are £173 million per year. The cost increases to £295 million
under 2C scenario and to £481 million for &4scenario. Most of these cosiscur in England for

three reasoms. First, most waterbodies susceptible to HABs are in England implying higher baseline
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ecological risk. Second, the incidence of temperature threshold exceedance is greater in England
increasing the risk of HABs in futufiehird, economic costs are concentrated in more built up regions
in England, such as the South East and Midlands, due to impacts on a greater number of people who

use the waterbodies.

Table7. Baseline (current) and projected ecomic costs (£ million) of estimated change in algal bloom outbreaks in the
UK under 2C and £C scenariosRegional impacts are allocated from the UK total using combined population and

ecological risk weightings

Cost (£ million)
Region Baseline 2°C 4°C
(2001-2010)

North West England 18.7 27.2 42.1
North East England 34 5.0 7.7

Yorkshire and Humber 7.0 10.2 15.8
West Midlands 14.9 32.3 50.2
East Midlands 12.0 26.2 40.6
East of England 23.2 33.7 52.2
South West England 13.9 30.4 47.1
South East England 34.2 49.6 77.0
London 32.6 47.3 73.4
Wales 4.0 5.9 9.1

North Scotland 0.5 0.7 1.1

West Scotland 3.4 4.9 15.1
East Scotland 3.1 4.5 14.0
Northern Ireland 2.3 6.8 15.8
Englandotal 160.0 271.4 423.9
Walestotal 4.0 6.1 9.5

Scotlandotal 6.9 10.4 31.4
Northern Irelandotal 2.3 7.0 16.5
UKtotal 173.3 295.0 481.3

5.3.5 Adaptation

Warming is synergistic with the effects of the primary stressor, nutrients (Rigosi et al. 2014; Richardson
et al. 2018). As nutrient concentrations have a dominant effect on the maximum capacity of algal
standing crop in a lake (Carvalho et al., 2013), adaptation that primarily focuses on nutrient

management will, therefore, reduce the size of the effect that temperaturehease on algal biomass.
This includes local management of nutrient loadings entering lakes through catchment management
or enhanced (tertiary) wastewater treatment processes. Mitigation measures may also be available

where catchment measures are insuffitcig¢o deliver nutrient reductions necessary in the timescales
projections. For

of our

exampl e,

approaches
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sediments have been trialled with mixed success to contrtzlke phosphorus concentratiofSpears

et al., 2018) and to reduce cyanobacteria abundanédifig et al., 2016). Disruption of increasingly
stable water columns through aeration and artificial mixing may also offer relief from the physical
effects of increased temperature, especiatlydeep stratifying lakes (Visser et al., 2016; Gibbs and
HowardWilliams, 2018). Biomanipulation of the fish community to release zooplankton from
predation has been demonstrated to reduce algal concentrations even at elevated phosphorus
concentrationsfor example in the shallow lakes of the Norfolk Broads (Phillips et al., 2015). If possible,
the manipulation of water residence time is a potential approach for reducing nutrient concentrations
(Spears et al., 2006) and cyanobacteria (Reynolds et al2; 208ntzoukiet al. 2016) to ofset
warming. There are some options to mitigate pbtom impacts by additional processes to make
drinking water safe; these incur increased water treatment costs.

All of these measures require more research to confirm their efficacy in more effectively mitigating
the effects of climate change and will be context dependent. It is likely that combinations of
adaptaion (to a changed climate) and mitigation (of climate impacts) approaches may increase
effectiveness. Adaptation approaches are summariséekhine8.

Key adaptationshat have been proposetb reduce the potential negative impact of agriculture on
waterwaysinclude:

1 smarter targeting of fertiliser type and applicatiGNAP);

9 increased nitrogen use efficien@\et Zerg;

1 extending existing regulation to reduce -farm emissions, for example through extending
Nitrogen Vulnerable Zondsey (Net Zergland

1 encouraging low carbon farming practices such as using precision farming for crops, manure
planning, and using controlled release fertilisé¥et Zerq.

As nutrient concentrations have a dominant effect on the maximum capacity of algal standing crop in
a lake (Carvalho et al., 201#)nutrients are reduced, the impact of increased temperature on algal
blooms will be lessened, but not removed entirely doelegacy phosphorus incorporated in lake
sediments. Carvalho et al. (2013), indicate that the likelihood for developing a bloom is greatly
minimised below a threshold of about 20 pg/L total phosphorus in lake water. Nutrients could be
reduced through redcing runoff from agriculture, for example through precision application, or by
creating a buffer strip around the field and the lake to reduce instances of pollutants reaching the
water.Measures such as these can be implemented to mitigate the risktoénts reaching the water
body, which would reduce the likelihood of algal blooms as the threshold is approached. If the
threshold is crossed, and nutrient levels are sufficient for algal blooms to develgikeimitigation
measures and water treatmermiptions may be able to mitigate against the impact.
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Table8. Adaptation approachefor temperature impacts on algal blooms in lakes

Nature of
adaptation

Local nutrient
management to
prevent nutrients
from entering the
lake—this could
include reducing
run-off from
agriculture and
enhancing
wastewater
treatment.

Current status & plans

Agrienvironment schemes and
rules for farmers are in place to
reduce instances of agricultural
nutrients running off into
watercoursesRules apply to those
receiving funding under CAP pilla
1 and pillar 2 as well as those
within nitrate vulnerable zones

Nutrient management guides sucl
as RB209 assist farmers in reduci
pollution risks.

The Reduction and Prevention of
Agricultural Diffuse Pollution
(England) Regulations 2018 came
into force in April 2018 (CCC 201¢
Monitoring data is gathered by the
Environment Agency. In Scotland
this is controlled by th&Vater
Environment (Diffuse Pollution)
(Scotland) Regulations 2088d
the Water Environment (Controlle
Activities) (Scotland) Regulations
2011

Benefits of
adaptation since

There has been an
increase in the
number of
freshwatersites of
specific scientific
interest (SSSIs) in
favourable
condition but the
proportion of
surface water
bodies in high or
good eological
status, has reducec
(CCC 2019).

Potential further action or
investigation

Delivering adaptation:

Regulation Restricting the land us
around lakes could help to preven
nutrients from entering the water.
This could include buffer strips for
agricultural production or
withholding thisland area for tree
planting.

Advice Where farmers recognise
the private benefits of precise
nutrient management, information
and advice can change behaviour
and drive autonomous adaptation

Incentives There are challengés
internalising costs within a farm
business as well as allocating cos
as the source of numerous small
pollution incidents are not easily
identifiable. Therefore grants may|
be required to assist farmers with
nutrient management. If land near
the lake is tdoe taken out of

Case for action in the next 5

Delivering adaptation:

Implementing (or improving)
nutrient management practices
to reduce the amount of
nutrients which reach
watercourses will have an
immediate benefit. However,
further adaptation such as land
use change (buffestrips,
afforestation etc.) may be
required to have a greater
impact. Combining these land
management changes with
water management practices
(e.g. chemical nutrient
management, mixing and
aeration) may be able to delay
the threshold. Early action
decreags water pollution and
reduces the risk of loek;
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The National Environment
Programme includes schemeas t
improve discharge from sewage
(CCC 2019). This aims to reduce
risk of eutrophication and improve
the quality of discharge water.

In England, the Water Environmel
Grant Scheme for improving the
water environment (administered
by the EA and NaturahBland,
supported by EAFRD, and part of
RDPE) was launched in 2018/19.

Changing the
conditions within
the lake, for
example,
increasing the
flushing rate during
summer.

Not currently widely practiced.

N.A

Shading the water
to prevent
warming, for
example this could
include solar
panels on top of
the lake.

Not widely practicedbut some
examples of solar power
generation on lakes, e.g.
Langthwaite Reservoir in
Lancashire, and th@ueen
Elizabeth Il reservonear
Heathrow

N.A

agricultural production
compensation may be required.

Building capacity:

There is huge scope for improving
awareness of future climate
change impacts and adaptation
response associated with nutrient
in watercourses. This needs to be
targeted spatially and focused on
the economic case as well as the
public good aspect.

Land management techniques to
limit the amount of nutrients which
get in to watercourses are widely
available (e.g. wastewater
treatment, precision application of
nutrients, buffer strips etc.).
Capacity is therefore largely
available, but action depends on
the incentives or regulation in
place. Increasing capacity may be
required for actions related to
internal loading control, bio
manipulation, aeration, mixing, an
floating solar panels.

therefore timely action is
important.

The new environmental land
management schemes in the U
postBrexif will apply from

2023 and are likely to include
measures to reduce diffuse
nutrient pollution. However,
suchadaptation options need to
be clearlybuilt into design and
piloting [20192023]. Changes ta
regulation and advice provision
are also being developed as pa
ofDe f R%YEPs

Building capacity:

Small changes in land
management can have a big
impact on nutrient runoff which
can then reduce algal blooms ir
watercourses as temperatures
increase. Building capacity in
mitigation practices such as
internal load control,
flocculation of cyanobacteria,
bio-manipulation, aeration,
mixing and coveringill help to

5 Environmental Land Management Scheme in EnglémedSistainable Land Management ScheimeéVales, and the developing schemes in Scotland and Northern Ireland
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provide additional options
where nutrient management is
not sufficient to prevent algal
blooms. As there could be a lon
lead time in the development of
these options, taking action to
review their effectiveness and
develop planning and
implementation procedures
should be a priority in the next
five years.

Is risk managed by autonomous or planned adaptation?

Planned adaptatiowill be required to manage the risk. Adaptation benefits are largely for the public good, although there may be privags, ifder
example for the water indstry. Nutrient management can mitigate against the production of algal blooms. If nutrients become a limiting factor, a
blooms may not be able to form despite an increase in temperature. However, it is unlikely that all nutrients would béepréeem reaching
watercourses. In these cases, water treatment options can help to reduce the impact of algal blooms.

Risks of lockn
Land use change near the lake may create lock in.

Potential loss of aquatic species if the threshold is crossed.

Risk(s)nteracting
Water quality reduction if algal blooms increase, but increase in water quality through adaptation options

Biodiversity losses from algal blooms
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Soil health will likely improve due to precision application of nutrients; there may also be gedumsion risk due to buffer strips etc.

Urgency scoring

More urgent: more action neededplanned adaptation will be required to reduce the impact of the threshold, with implementation needed above
levels already planned. Capacity is available to prematrient loading and benefits from implanting this adaptation will be seen within the next five
years. Further researdb urgentlyrequiredto identify effective suites ahitigation measuresvhich are not currently widely practiced.§. combinationg
of: hydrological controlaerationandartificial mixing chemical removal of nutrients and cyanobacteria; biomanipulation
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What is the impact of current levels of adaptation at mitigating these risks?

Catchmemwide management of nitrogen and phosphorus diffuse sources and improved
management of point sources, often domestic sewage, are the primary mechanisms for altering the
pre-conditions for algal bloom formation. These are applied in nitrate vulrierzones, but not widely
elsewhere. They have been trialled as a response to requirements for Water Framework Directive
compliance and for protecting species, but have not specifically been introduced to mitigate climate
change impacts. Other aspects suhchemical remediation have been trialled in a limited number

of severely affected water bodies, but not widely. Other management aspects such as riparian shading
of lakes and input rivers have received relatively little focus so far. Few, if any,sshadie assessed

the effectiveness of these approaches to mitigate climate change effects on algal blooms in the UK.

In England,here has been an increase in the number of freshw&iézsof Special Scientific Interest
(SSSis) in favourable condition%4 't 2018, compared to 42% in 2016 (CCC 2019). However, looking
at all surface water bodies in England, in 2017, only 16% of surface water bodies assessed under the
Water Framework Directive were in high or good ecological status, compared to 24% inCZDT2 (
2019). In Scotland, in 2014, 66% of all water bodies were classified as being in good or better condition,
with this rising to 83% when only looking at protected water bodies (Scottish Government, 2015).
These figures can be used as an indication efithpact of adaptation (minimal), however factors
beyond phytoplankton blooms, such as fish, maicneertebrate, macrophyte and diatom populations,
hydromorphology, and levels of heavy metals, pesticides, dissolved oxygen and other supporting
elements, wil be considered in these assessments so this is not a direct link to adaptation. It is clear
that more stringent nutrient targets will be necessary to account for the effects of climate change to
deliver necessary ecological responses, where this can Hievad. Current nutrient targets across

UK lakes do not include a climate change factor.

What additional adaptation management options could be undertaken, either in advance to reduce
the risk of these thresholds occurring, or afterwards to manage thwacts?

The measures discussed in the previous section could be applied much more widely to reduce the
likelihood of preconditions being favourable for algal bloom formation. Management of nutrient
sources to reduce the external nutrient input is consatethe most effective way of preventing the
formation of algal blooms (Visset al.,2016). This includes pathways from agriculture but also from
waste water discharges and attention should be givereffective regulation and watecompany
planning. Altlough not widely practiced, aeration, artificial mixing, and chemical remediation could
be used to reduce the impacts of algal blooms once they have formed. For example, in some lakes,
artificial mixing may be effective in preventing blooms of cyanobacteaiad shifting the
phytoplankton composition from cyanobacteria to diatoms and green algae (\Msar, 2016).
Furthermore, wider application of fish biomanipulation approaches could be explored. However, the
economic burden of such approaches, i.e. domtinuous mitigation of symptoms, will be high, and
unintended ecological consequences must be fully assessed before widespread application.
Therefore, such measures are, currently, likely to be unsustainable as a general approach
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In what scenars are there limits to adaptation?

The adaptation methods apply in most cases to the-goaditions necessary for algal bloom
formation, therefore they are to a large extent independent of the climate risk. However, the
geographical pattern of climate riskll dictate the number of water bodies that need to be considered

for management. Lack of incentives or regulation may limit adoption of adaptation actions (e.g.
nutrient management/buffer strips) by land owners, which would impact on the ability togmtev
formation of algal blooms. There are also challenges due to tracing the source of diffuse pollution, and
establishing caperation and joined up action at a catchment scale.

There may be limits to adaptation once severe phytoplankton blooms have issitath] Attempts to
restore the lake could include removing nutrients, artificial mixing, aeration, introduction of surface
feeders and plants which will take up nutrients, and removal enteduction of fish (depending
upon the trophic level of the fishpecies in question). However, depending on local conditions, and
likelihood/frequency of the algal bloom +establishing, restoration may not be appropriate. The
larger the lake, and more severe the algal bloom, the more challenging adaptation catirhately,

if the nutrient sources cannot be controllegthich may be the case in large parts of the thi€re is

little value in implementing other adaptation options.
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5.4 Temperature effects on phytoplankton bloomsivuers

Figure7 below summarises the threshold and assessment clRiirer watetemperatures ae likely

to warm in line with & temperature Above a monthly mean water temperature of 40 there is an
increased risk of algal blooms developing, with a resulting decrease in water quality, and impacts on
the ecosystem services that depend on good water quality.

™ air
temperature Threshold
19°C

M blooms of
phytoplankton/
cyanobacteria

Nutrient loading,
water colour

A water J, recreation

temperature

J water
quality

incl. fishing,
biodiversity

morphometry

l

River channel management, local nutrient management, shading, and enhanced water treatment

[River location and

Figure7. Impact chain for temperature effects on ptioplankton blooms in riversPurple box shows social/economic or
biodiversity endpoint; Brown box shows potential adaptation measures.

5.4.1 Justification of threshold used in the assessment

Inriver ecosystemgsriver watertemperatures ae likely to warm inihe with ar temperature which

in turn stimulate the growth of algal species capable of forming blooms (Betva&2016 Charlton

et al. 2018. A monthly mean water temperature threshold of°Cofor impacts on rivers is described

in Boweset al (2016). his temperature represents an important physical control on phytoplankton
growth, but many other factors interact with temperature to affect bloom occurrence and magnitude
in the field. Rapid flows can potentially flush algae from the river channel angedzlooms (Salmaso

& Zignin 2010). Therefore, as a result of hydrological flushing, we expect that ctinnaga bloom
formation would be most likely for lowland rivers, with slower flows. Bloom duration and magnitude
is governed by nutrient availabiligs well as water temperature and flow.

5.4.2 Impacts on natural assets and the services they provide

Blooms can bring about financial losses to the water industry, because of the costs of managing filter
blockages, water taste and odour. Furthermore, blooms can be a public health risk, and be unsightly,
impacting upon recreational potential.
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5.4.3 Ecosystenassessment climate hazard thresholds

In the absence of a relationship between air temperature and river water temperature, we assume
equivalence of air temperatures with water temperature for lowland rivers. Therefore, this
assessment calculates the aamge number of months per year with mean monthly air temperatures
above 19C, and summarises these data over UK regions.

Below we show the average number of months per year with mean water temperatures exceeding 19

°C for each scenario perig@able9). All UK regions show an increase in the number of months
exceeding the threshold in a warming world.

Table9. Average number of morits per yeawhere projected monthly mean air temperatures exceed a°@threshold

in 2003,and underbaseline,2 °C and £C scenarios2003 showrF 2 NJ O2 YLI NA a2y SAGK | LINBSJA 2 dza
Number of months exceeding
temperature threshdd
Lowland Baseline
Region river length) 2003 (200 2°C 4°C
(km) 2010)
North West England 12,022] 1 0.1 0.2 1.4
North East England 8943 O 0 0 1
Yorkshire and Humbe 8,823| 1 0.2 0.8 2
West Midlands 8,507 2 0.7 1.3 2.8
East Midlands 5,090, 2 0.8 1.5 2.9
East of England 1,271 2 1.2 2.2 3.2
South West England 10,537 2 0.8 15 2.9
South East England 3,256 2 1.2 2 3.3
London 40 3 2.1 3.1 4.1
Wales 20,099| 1 0.2 0.5 1.6
North Scotland 43,445 O 0 0 0.2
West Scotland 26,632 O 0 0 0.6
East Scotland 25,945 O 0 0 0.6
Northern Ireland n.d. 0 0 0 1
Englandotal/average 58,488| 1.7 0.8 1.4 2.6
Walestotal/average 20,099| 1.0 0.2 0.5 1.6
Scotlandotal/average 96,022| 0.0 0.0 0.0 0.5
Northern Ireland
totalfaverage nd.| 0.0 0.0 0.0 1.0
UKtotal/average 174,609| 1.1 0.5 0.9 2.0

England increases from an average of 0.8 months per year at baseline, to 1.4 montli€isceario

and 2.6 months in a 4C scenario. Wales has fewer months exceeding the threshold, with 0.2 at
baseline, increasing to 1.6 months in 2&C4scenario. Scotland and Northern Ireland do not exceed the
temperature threshold at baseline or in £@ scenario, but do so in the’@ senario.
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5.4.4 Economi@ssessment impact on goods and services

Economic analysis has not been possible for algal blooms in rivers/canals. Pretty et al. (2003) do not
differentiate between water body types in their analysis. There is evidence that slowengn@\e.
lowland) rivers and canals also suffer from algal blooms, and may be at equal risk to lakes and still
water. Not all of the costs in Pretty et al. (2003) are applicable to rivers and canals, for example
drinking water abstraction is primarily froneservoirs or groundwater rather than rivers. The type

and value of recreation is likely to be different in lowland rivers compared with lakes. Further work
would be required to provide a robust valuation of this impact.

5.4.5 Adaptation

Riparian planting teshade channels provides a mechanism for reducing incident light and water
temperature. Trees and shrubs reduce summer mean and maximum water temperatures, on average,
by 2°C to 3C in shaded areas (Woodland Trust, 2016), and this effect extends downsirearafore

this adaptation measure can be used to delay exceedance of the threshold. Managing flow conditions
by removing barriers and impoundments can also help reduce -opildf phytoplankton blooms in
particular areas Adaptation approaches are sumniggd inTablel0.

NAP actions include:

1 Smarter targeting of fertiliser type and application in order to reduce the potential for
negative impact of agriculture onaterways

91 Explore the potential for new innovative and sustainable fertilisers, such agtibialants, to
improve nutrient use efficiengyand

1 Implement the Site Improvement Plans (SIPs), including actions arising from the climate
change theme plan we ka developed for Natura 2000 sites.

Note that noplans are in place¢hat consider adaptation to higher water temperatures in meeting
WFD targetsNet Zero pathways for agriculture include plans to redue® Mmissions through
increased nitrogen use effiziey; hence reducing nitrate loss to watdtey actions included within
CCC (2020) include extending existing regulation to redudaram emissions, for example through
extending Nitrogen Vulnerable Zones, and encouraging low carbon farming practiceassusimg
precision farming for crops, manure planning, and using controlled release fertilisers. If nutrients are
limited, the impact of increased temperature on algal blooms is lessened. Nutrients could be reduced
through reducing ruroff from agriculturethrough precision application, or by creating a buffer strips
around fields and along rivers, or targeting waste water treatment works to reduce loadings of
nutrients reaching the waterMeasures such as these can be implemented to mitigate the risk of
nutrients reaching the water body, which would reduce the likelihood of algal blooms as the threshold
is exceeded.
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Tablel0. Adaptation approaches for temperature impacts on algal blooms in rivers

Nature of
adaptation

Local
nutrient
management
to prevent
nutrients
from

entering the
river —this
could include
reducing
run-off from
agriculture
and
enhancing
wastewater
treatment.

Current status & plans

Agrienvironment schemes are in
place to reduce instances of
agricultural nutrients running off
into watercoursesRules apply to
those receiving funding under CAP
pillar 1 and pillar 2 as well as those
within nitrate vulnerable zones

Nutrient management guides such
as RB209 assist farmers in reducin
pollution risks.

The Reduction and Prevention of
Agricultural Diffuse Pollution
(England) Regulations 2018 came
into force in April 2018 (CCC 2019)
Monitoring data is gathered by the
Environment Agencyn Scotland thig
is controlled by thaVater
Environment (Diffuse Pollution)
(Scotland) Regulations 2088d the
Water Environment (Controlled
Activities) (Scotland) Regulations
2011

Benefits of
adaptation since
2012

The 2015 River

Basin
Management
Plans confirmed
over £3 billion
investment over 6
years. Over 1,400
miles of surface
water has been
enhanced
towards a target
of nearly 5,000
miles by 2021
(CCC 2019There
has been an
increase in the
number of
freshwater sites
of specific
scientific interest
(SSSis) in
favourable
condition but the

Potential further action or investigation

Delivering adaptation:

Reguation: Restricting land use around
the river could help to prevent nutrients
from entering the water. This could
include buffer strips for agricultural
production or withholding this land area
for tree planting.

Incentives There are challenges
internalising costs within a farm busines
as well as allocating costs as the source
numerous small pollution incidents are
not easily identifiable. Therefore grants
may be required to assist farmers with
nutrient management. If land near the
river is to be takae out of agricultural
production, and used for riparian plantin
or buffer strips, compensation may be
required.

Building capacity:

Case for action in the next 5
years

Delivering alaptation:
Implementing (or improving)
nutrient management practices
will have benefits within the
next five years in terms of the
amount of nutrients which reack
watercourses. However, further,
adaptation such as land use
change (buffer strips, tree
planting etc.) may be required t
have a greater impact. Early
action decreases water pollutio
and reduces the risk of logk;
therefore timely action is
important. This should involve
some assessment of priority
sites where actions can be
effective and represnt best
value for money.

The new environmental land
management schemes in the U
post-Brexif will apply from
2023, and are likely to include

8 Environmental Land Management Scheme in EnglémedSustainable Land Management Schem#/ ales, and the developing schemes in Scotland and Northern Ireland
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River Basin Management Plaar®
required by the Water Framework
Directive to ens
water bodies’ me
2021, or by 2027 where this is not
possible (CCC 2019).

The National Environment
Programme includes schemes to
improve discharge from sewage C
2019). This aims to reduce the risk
eutrophication and improve the
guality of discharge water.

In England, the Water Environment|
Grant Scheme for improving the
water environment (administered by
the EA and Natural England,
supported by EAFRD, and paf
RDPE) was launched in 2018/19.

proportion of
surface water
bodies in high or
good ecological
status, has
reduced (CCC
2019).

Riparian
planting to
shade
channels

Four year (201:2016) Environment
Agency led climate change
adaptati on pRiver$ e
Cool "’ Gui dance
Woodland Trust (2016) on creating
riparian shade for climate change
adaptation

N.A

There is huge scope for improving
awareness of future climate change
impacts and adaptation response
associated witutrients in
watercourses. This needs to be targete(
spatially and focused on the economic
case as well as the public good aspect.

Where farmers recognise the private
benefits of precise nutrient managemen
information and advice can change
behaviours andirive autonomous
adaptation.

Land management techniques to limit th
amount of nutrients which get in to
watercourses are widely available (e.g.
wastewater treatment, precision
application of nutrients, buffer strips
etc.). Likewise capacity is availaide
planting trees to shade rivers. Capacity
therefore largely available, but action
depends on the incentives or regulation
in place and should be tajeted to areas
where the greatest benefit for water
quality is likely to be achieved.

measures to reduce diffuse
nutrient pollution. However,
such adaptation options need tq
be clearly built into dagn and
piloting [20192023]. Changes tq
regulation and advice provision
are also being developed as pa
of Defra’'s 25Y

Building capacity:

Small changes in land
management can have a big
impact on nutrient runoff which
can then reduce algal blooms ir
watercourses as temperatures
increase. Similar changes, e.g.
planting trees can also easily
create shade to help reduce
water temperatures. Actions
around nutrient management
and riparian planting can reduct
the instances of algal blooms;
preventing thesdrom occurring
in the first place is a better
course of action than trying to
mitigate the impacts once these
are present.
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Is risk managed by autonomous or planned adaptation?

Planned adaptatiomwill be required to manage the risk. Adaptation benedite largely for the public good, although there may be some private inte
for example for the water industry. Nutrient management can mitigate against the production of phytoplankton and algal, fiootngnts become a
limiting factor then algal lboms are unable to form despite an increase in temperature. However, it is unlikely that all nutrients would be prevent
from reaching the river, so this will not entirely eradicate the impacts of the threshold. Tree planting can reduce maxentemperatures by 23°C in
shaded areas compared to open areas, therefore this mechanism will mitigate the impacts of the threshold, but only imusresdddwever, no plans
in place currently that address risks from higher water temperatures.

Risks of lok-in
Taking land out of production near the river/ planting trees along the river bank may create lock in

Potential loss of aquatic species if the threshold is crossed

Risk(s) interacting
Water quality reduction if algal blooms increase, but increaseatemquality through adaptation options
Biodiversity losses from algal blooms

Soil health will likely improve due to precision application of nutrients; there may also be reduced erosion risk duertstiyosfetc.

Urgency scoring

More urgent: moreaction needed- planned adaptation will be required to reduce the impact of the threshold, with implementation needed above
levels already planned. Capacity is available to prevent nutrient loading, and benefits from implementing this adaptdimaenl within the next five
years.

53



What is the impact of current levels of adaptation at mitigating these risks?

There is currently no planning to reduce impacts of higher water temperatures. Current actions are
relevant to the preconditions for algal bloom formatior€atchmemwide management of nitrogen

and phosphorus diffuse sources and improved management of pources, often domestic sewage,

are the primary mechanisms for altering the grenditions for algal bloom formation. These are
applied in nitrate vulnerable zones, but not widely elsewhere. Other management aspects such as
riparian planting to shadevér channels have received relatively little focus so far.

There has been an increase in the number of freshwater sites of specific scientific interest (SSSIs) in
favourable condition but the proportion of surface water bodies in high or good ecologitas shas

reduced (CCC 2019). Over 1,400 miles of surface water has been enhanced towards a target of nearly
5,000 miles by 2021 (CCC 2019). These figures can be used as an indication of the impact of adaptation,
however factors beyond phytoplankton bloomsuch as fish, maciiavertebrate, macrophyte, and

diatom populations, hydromorphology, and levels of heavy metals, pesticides, dissolved oxygen and
other supporting elements will be considered in these assessments so this is not a direct link to
adaptaton.

What additional adaptation management options could be undertaken, either in advance to reduce
the risk of these thresholds occurring, or afterwards to manage the impacts?

Nutrient management could be applied much more widely to reduce the likelilbdgdeconditions
being favourable for algal bloom formation. Management of nutrient sources to reduce the external
nutrient input is considered the most effective way of preventing the formation of algal blooms (Visser
et al., 2016). This should considethe dominant source of nutrients, e.g. waste water versus
agricultural diffuse pollutionRiparian planting can also be used to keep rivers below temperatures at
which algal blooms form.

In what scenarios are there limits to adaptation?

The adaptationmethods apply in most cases to the prenditions necessary for algal bloom
formation, therefore they are to a large extent independent of the climate risk. However, the
geographical pattern of climate risk will dictate the number of water bodies that teebd considered

for management. Lack of incentives or regulation may limit adoption of adaptation actions (e.qg.
nutrient management/buffer strips/riparian planting) by land owners, which would impact on the
ability to prevent formation of algal bloomshdre are also challenges due to tracing the source of
diffuse pollution, and establishing @peration and joined up action at a catchment scale.

There may be limits to adaptation once severe phytoplankton blooms have established. Depending
on local condibns, and likelihood/frequency of the algal bloomestablishing, restoration may not

be appropriate. Ultimately, if the nutrient sources cannot be controlled, there is little value in
implementing other adaptation optiong argeted action is thereforeitical.
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5.5 Temperature effects ofish habitat volume in lakes

Figure8 below summarises the threshold and assessment chiagneased air temperatures lead to
increasel lake water temperatures. Above a threshold mean monthly lake water temperature of 18
°C increased phytoplankton and lower dissolved oxygen lead to a decrease in the thermally suitable
habitat for rare fish species, such as the vendace. This may leatiriotmn of this species in the

UK, and to a loss in the ecosystem services these fish provide, including recreational fishing.

D air Threshold
temperature 18°C

™ water
temperature
& stability

{ biodiversity,
recreational
fishing

™ phytoplankton, { fish habitat
Jr oxygen volume

Nutrient loading,
water colour

]

Catchment-level nutrient management, (aeration, artificial mixing, chemical remediation), adding spawning
habitat, translocation to new sites

Lake location and
morphometry

Figure8. Impact chain for temperature effects on fish habitat volume in lak&sirple box showsocial/economic or
biodiversity endpoint; Brown box shows potential adaptation measures.

5.5.1 Justification of threshold used in the assessment

The vendace is a freshwater fish species which is a relic of the last ice age and is highly sensitive to
elevated emperatures (Winfielet al2004). In the UK it is a rare species of conservation concern
(Waters et al. 2018). Increasing air temperatures will contribute to increasing water temperatures.
Coincident increases in water column stability (i.e. strongemtia stratification) and temperature
driverrincreases in plankton populations result in reduced degper oxygen concentrations. Celd
water fish species of conservation value, such as the vendace, cannot tolerate such changes, and so
they are excluded frm areas with high temperatures and low oxygen (Stefiaal 2001, Elliott &

Bell 2011). Excessive phytoplankton growth can also result in the siltation of fish spawning areas, by
sinking plankton (Winfieldt al2008). Nutrient loading stimulates planktgnowth, and can worsen
oxygen depletion and spawning ground siltation further. In addition, climate warming may facilitate
the expansion of nomative species that can compete with vendace for shared food resources (e.g.
Elliottet al2015), and further iorease the pressures faced by current populatighnghreshold

mean monthly water temperature of 28 represents a physiological constraint on the vendace,

above which it is unlikely to persist (Winfietlal2004). Dfferent fish species have different
physiological thresholds with respect to temperatussnd would need their own assessments.
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5.5.2 Impacts on natural assets and the services they provide

If the threshold defining the thermal habitat volume (its climate space) available for the vendace is
exceeckd in the lakes where it currently persistsirialy be driven to extinctiorSuch changes would
result in a loss of biodiversity, and would impaatrecreational potential.

5.5.3 Ecosystem assessmantlimate hazard thresholds

An empirical relationship betgen lake water temperature and air temperature was used to derive an
air temperature threshold from the monthly lake water temperature threshold of °C3(see
Supplementary Methods). Therefore, in this assessment the number of months with monthly mean
air temperatures exceeding a 156 threshold was calculated.

Below we show the average number of months per year with mean monthly water temperatures

exceeding 18C for each scenario periodigblell). All UK regions show an increase in the number of
months exceeding the threshold in a warming world.

Tablell. Average number of months per yearhere monthly mean water temperatures exceed a 48 thresholdjn

2003, baseline, T and 4C scenariosData for2003isa K2 6y F2NJ O2 YLI NRAaz2y GAGK | LINBJA 2 dz
Number of months exceeding threshold
Region Baseline . . V?ndar?te
2003 (2001:2010) 2°C 4°C prese

North West England 2 0.4 0.8 2.2 Present
North East England 1 0.2 0.5 1.6

Yorkshire and Humber 2 0.9 1.3 2.6

West Midlands 2 1.2 2.2 3.3

East Midlands 2 1.2 2.2 3.1

East of England 2 1.6 2.9 3.9

South West England 2 1.2 2.2 35

South East England 3 1.7 2.9 3.9

London 3 3 3.3 4.4

Wales 2 0.5 1 2.4

North Scotland 0 0 0 0.3

West Scotland 0 0 0 11 Present
East Scotland 0 0 0 0.7

Northern Ireland 0 0.1 0.6 1.4
Englandaverage of regions) 2.1 13 2.0 3.2 Present
Wales(average of regions) 2.0 0.5 1.0 2.4
Scotlandaverage of regions) 0.0 0.0 0.0 0.7 Present
Northern Ireland(average of 0.0 0.1 0.6 1.4

regions)

UK (average of regions) 15 0.9 1.4 2.5 Present
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Vendace is only present in two regions: north wésgland and west Scotland. In north west England
the number of months exceeding the threshold increases from 0.4 at baseline to 0.8Gsxnario

and 2.2 in a 4C scenario, resulting in a change from low ecological risk to high. In west Scotland,
temperatures only exceed the threshold in the°@ scenario, where risk increases from low to
medium.

5.5.4 Economi@assessment impact on goods and services
It was not possible to calculate an economic assessment for impacts on vesi@estherecreation
value andconservation value of this speciare not sufficiently studied

5.5.5 Adaptation
NAP actions include:

1 introduce a sustainable fisheries policy as we leave the Common Fisheries Policy and prepare
marine plans that include policies for chibe adaptation;and
T build ecologicatesilience on land, in our rivers and lakes and at sea.

The Fisheries Bill [HL] 2629’ has a climate change objective which seeks to ensure that:

a) the adverse effect of fish and aquaculture activities on climate chagenimised, and
b) fish and aquaculture activities adapt to climate change.

However, the provisions of the legislation are focusedsea fishingand there are no specific
adaptations listed that relate to rivers and lakes.

Local nutrient management can nppially offset issues of oxygen depletion, though not temperature
increase.NAP actions to improve water quality and reverse the deterioration of groundwaater
relevant, namely

1 Smartentargeting of fertiliser type and application in order to reduce pi@ential negative
impact of agriculture on waterwaysand

1 Explore the potential for new innovative and sustainable fertilisers, such asibiialants, to
improve nutrient use efficiency

Net Zero pathways for agriculture also include plans to redug® Wmissions through increase
nitrogen use efficiency; hence reducing nitrate loss to water. Key actions included within CCC (2020)
include extending existing regulation to reduce-fanm emissions, for example through extending
Nitrogen Vulnerable Zonespd encouraging low carbon farming practices such as using precision
farming for crops, manure planning, and using controlled release fertilisers. If nutrients are limited,
this can reduce the impact of nutrient loading and hence the impacts of increastaiéinkton and
oxygen depletion. Nutrients could be reduced through reducingafiirfrom agriculture through
precision application, or by creating a buffer strip around fields and the lake to reduce loadings of
nutrients reaching the waterMeasures suclas these can be implemented to mitigate the risk of
nutrients reaching the water body, which would reduce the likelihood of algal blooms and decreased
oxygen as the threshold is approached.

" https://services.parliament.uk/bills/20121/fisheries.html
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Approaches to | imit the * i rbédesedmanits’canslsopog usad too f
mediate the effects of climate change, including chemical remediation to-upckhosphorus.
Disruption of increasingly stable water columns through aeration and artificial mixing may also offset
temperaturedriven bloomincreases to some extent. Shading, for example through use of solar panels
is not considered appropriate for conserving these rare species. The manipulation of water residence
time is being explored as an approach for cyanobacterial control. However, imementionist
approaches such as artificial aeration, mixing and chemical remediation may have unintended
consequences on the fish population, and have not been trialled in this context.

It is possible to reintroduce fish to a site, p@sttirpation, ifthe site conditions have become suitable
(e.g. through reducechutrient loading, or to relocate fish to sites with more suitable ecological
conditions (Adams et al. 2014). If fish are relocated to a site with more suitable conditions, the impact
of the threshold can be avoideg@Vinfield et al 2008, Waters et al., 2018daptation approaches are
summarised irmmablel2.
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Tablel2. Adaptation approaches for temperature on suitable habitat for rare fish species

Nature of
adaptation

management to
prevent nutrients
from entering the
lake—this could
include reducing
run-off from
agriculture and
enhancing
wastewater
treatment.

Local nutrient

Current status & plans

Agrienvironment schemes and
rules for farmers are in place tc
reduce instances of agricultura
nutrients runring off into
watercoursesRules apply to
those receiving funding under
CAP pillar 1 and pillar 2 as wel
as those within nitrate
vulnerable zones.

Nutrient management guides
such as RB209 assist farmers
reducing pollution risks.

The Reduction and Prention

of Agricultural Diffuse Pollution
(England) Regulations 2018
came into force in April 2018
(CCC 2019). Monitoring data is
gathered by the Environment
Agency. In Scotland this is
controlled by thewater
Environment (Diffuse Pollution)

(Scotland) Ragations 2008&nd

Benefits of
adaptation since
2012

There has been an

increase in the
number of
freshwater sites of
specific scientific
interest (SSSIs) in
favourable
condition but the
proportion of
surface water
bodies in high or
good ecological
status, has reduceq
(CCC 2019).

Potential further action or
investigation

Delivering adaptation:

Regulation Restricting the land use
around lakes could help to prevent
nutrients from entering the water.
This could include buffer strips for
agricultural production or
withholding this land area for tree
planting.

Advice Where farmers recognise th
private berefits of precise nutrient
management, information and
advice can change behaviours and
drive autonomous adaptation.

Incentives There are challenges
internalising costs within a farm
business as well as allocating costg
the source of numerous small
pollution incidents are not easily
identifiable. Therefore grants may G
required to assist farmers with
nutrient management. If land near

Case for action in the next 5 years

Delivering adaptation:

Implementing (or improving)
nutrient management practices wil
have benefits within the next five
years interms of the amount of
nutrients which reach
watercourses. However, further
adaptation such as land use chang
(buffer strips, afforestation etc.)
may be required to have a greater
impact. Combining these land
management changes with water
management pratices (e.g. mixing
and aeration) may be able to delay
the threshold. Early action
decreases water pollution and
reduces the risk of loein;

therefore timely action is
important.

The new environmental land
management schemes in the UK
post-Brexif will apply from 2023,

8 Environmental Land Management Scheme in &mdjithe Sustainable Land Management Schem# ales, and the developing schemes in Scotland and Northern Ireland
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the Water Environment
(Controlled Activities) (Scotlanc
Regulations 2011

The National Environment
Programme includes schemes
to improve discharge from
sewage (CCC 2019). This aims
reduce the risk of
eutrophication and improve the
quality of discharge water.

In England, the Water
Environment Grant Scheme fol
improving the wéer
environment (administered by
the EA and Natural England,
supported by EAFRD, and part
of RDPE) was launched in
2018/19.

Changing the
conditions within
the lake, for
example through
aeration or
artificial mixing.

Not currently widely practiced.

N.A

the lake is to be taken out of
agricultural production
compensation may be required.

Building capacity:

There is hugscope for improving
awareness of future climate change
impacts and adaptation response
associated with nutrients in
watercourses. This needs to be
targeted spatially and focused on t
economic case as well as the publi
good aspect.

Land management techmiies to
limit the amount of nutrients which
get in to watercourses are widely
available (e.g. wastewater
treatment, precision application of
nutrients, buffer strips etc.). Capaci
is therefore largely available, but
action depends on the incentives ol
regulation in place. Increasing
capacity may be required for action

and are likely to include measures
to reduce diffuse nutrient pollution
However, such adaptation options
need to be clearly built into design
and piloting [20122023]. Changes
to regulation and advice provision
are also being developed aan of
Defra's 25YEP.

Building capacity:

Benefits can be realised within the
next five years as small changes if
land management can have a big
impact on nutrient runoff which car
then reduce algal blooms in
watercourses. Building capacity in
practices sah as aeration, mixing
and covering will provide additiona
options where nutrient
management is not sufficient to
prevent algal blooms, oxygen
depletion, and subsequent loss of
fish species. As there could be a
long lead time in the development
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related to aeration, mixing, and of theseoptions, taking action
floating solar panels. sooner rather than later will result
in options being available in a
timelier manner.

Isrisk managed by autonomous or planned adaptation?

Planned adaptatiowill be required to manage the riska England, the risk from climate change is such that there may be no viable adaptation op
Adaptation benefits are largely for the public gootthaugh there may be some private interest, for example for the water industry. Nutrient
management can mitigate against the production of algal blooms and oxygen depletion; however, it is unlikely that alsmwuatriidsh be prevented
from reaching watergurses. In these cases, water treatment options such as aeration and mixing can help to reduce the impact of algal blooms
improve oxygen conditions. However, there may be species in the water body which are unable to recover after the thredbedd tr@ssed. If able
to relocate species to more suitable sites, the impact of the threshold can be avdided: are no current plans in place to address increasing wate
temperatures.

Risks of lockn
Taking land out of production near the lake ntagate lock in
Potential loss of aquatic species if the threshold is crossed

Moving species out of the affected lake may create lock in

Risk(s) interacting
Water quality reduction if algal blooms increase and oxygen decreases, but increase iguaityrpossible through adaptation options

Biodiversity losses from oxygen depletion and habitat loss
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Soil health will likely improve due to precision application of nutrients; there may also be reduced erosion risk duertstidosfetc.

Urgency soring

More urgent: more action neededplanned adaptation will be required to reduce the impact of the threshold, with implementation needed above

levels already planned. Further research may be required for some mitigation measures which are notycwideyl practiced (aeration, artificial
mixing, etc.).
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What is the impact of current levels of adaptation at mitigating these risks?

Catchmemwide management of nitrogen and phosphorus diffuse sources and improved
management of pait sources, often domestic sewage can partly offset oxygen depletion. These are
applied in nitrate vulnerable zones, but not widely elsewhere.

There has been an increase in the number of freshwater sites of specific scientific interest (SSSIs) in
favourable condition however more widely in the countryside, the numbesaofface water bodies in
England in high or good ecological stabas fallen sinc@012 (CCC 2019). These figures can be used

as an indication of the impact of adaptation (minimal), howefaetors beyond fish habitat volumes

will be considered in these assessments so this is not a direct link to adaptation.

What additional adaptation management options could be undertaken, either in advance to reduce
the risk of these thresholds occurr@) or afterwards to manage the impacts?

Management of nutrient sources and sediment loads can be applied to lakes supporting vendace
populationsto reduce impacts on oxygen depletion (excess phytoplankton growth) and spawning
habitats (phytoplankton and sediment load#lithough not currently widely practiced, aeration,
artificial mixing, and chemical remediation could be used to reduce oxygeetephand promote

fish habitat volumes, though an advanced assessment of the potential for unintended ecological
consequences is highly recommendddthe threshold is crossed, and nutrients are not a limiting
factor to algal blooms and oxygen depletiavgter treatment options may be able to mitigate against

the impact.If able to relocate fish species to more suitable sites, the impact of the threshold can be
managed.

In what scenarios are there limits to adaptation?

The adaptation methods apply in mastses to the pre&onditions necessary for increases in plankton
populations, oxygen depletion, and sediment loading from catchments, therefore they are to a large
extent independent of the climate risk. However, the climate risk in areas known to haagethek

are otherwise suitable for vendace will dictate the number of water bodies that need to be considered
for management. Lack of incentives or regulation may limit adoption of adaptation actions (e.g.
nutrient management/buffer strips) by land ownemshich would impact on the ability to prevent
formation of algal bloomsThere may be species in the water body which are unable to recover after
the threshold has been crossed.

63



5.6 Temperature effects omooplankton species composition in lakes

Figure9 below summarises the threshold and assessment cha@meased air temperatures lead to
increased water temperatures. Above a monthly mean water temperature 86€14hages in the
composition of the zooplankton community occur. Changes at this trophic level cannot be easily
translated into impacts on ecosystem services.

™ air
temperature Threshold
14 °C

D water A community
temperature composition

/

A biodiversity

Nutrient loading,
water colour

]

Catchment-level nutrient management, aeration, artificial mixing, shading, chemical remediation

morphometry

[ Lake location and

Figure9. Impact chain for temperature effects on zooplankton species pasition in lakes Purple box shows
social/economic or biodiversity endpoint; Brown box shows potential adaptation measures.

5.6.1 Justification of threshold used in the assessment

Increases in water temperature, because of rising air temperatures, can lead to changes in the
species composition of the planktonic herbivore community (Beti@l 2018). Warming water can
stimulate the growth of filamentous phytoplankton, including cghacteria (Paerl & Huisman

2008), impacting upon food quality, and favouring different grazer species. Furthermore, warming
may enhance fish predation on grazers, and change which species dominate the community
(Gyllstbm et al2005). Changing nutrient lding can interact with these effects by influencing the
guantity and quality of food available to the grazers. A monthly mean water temperature threshold
of 14°C was derived for impacts on zooplankton composition (Bxual2018).

5.6.2 Impacts on natural asts and the services they provide

Changes in zooplankton community composition affect biodiveitgthave the potential to impact
grazing pressure on phytoplankton, and thus water qualifyanges to the zooplankton community
can also alter higher tropt levels in aquatic systems.

5.6.3 Ecosystem assessmeantlimate hazard thresholds
An empirical relationship between lake water temperature and air temperature was used to derive an
air temperature threshold (see Supplementary Methods). Therefore, in thesasgent the number
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of months with monthly mean air temperatures exceeding a ®2.¢hreshold was calculate@he air
temperature differs from the water temperature threshold due to the higher specific heat capacity of
water —see Appendix 1 for the equati.

Below we show the average number of months per year with mean water temperatures exceeding 14
°C for each scenario perioddblel13). All UK regions show an increaim the number of months
exceeding the threshold in a warming world. Current levels of impact are already potentially
substantial, with the threshold exceeded in all UK regions. Future projections suggest the level of
impact will increase further. In Ergld, the number of months exceeding the threshold increases from
3.7 at current day to 5.3 under a°€ scenario. In Wales the increase is from 3.3 at baseline to 4.9
under a 4°C scenario. Scotland increases from 1.8 to 3.7 months exceeding the thresinolds
Northern Ireland increases from 2.7 to 4.7 months under ti€ 4cenario. In all regions, current level

of ecological risk is high, apart from in Scotland at current day, and all regions show a high level of risk
under 4°C. The consequences of chaagn zooplankton communities on wider ecosystem services
are difficult to assess.

Tablel3. Average number of months per yeavhere projected monthly mean water temperatures exceed a°t4
threshold for2003,at baselineand under 2°C and 4CscenariosDataforn nno aK2 gy T2 NJ O2YLJ} NRa2y &G A
eSS NDR®

Number of months exceeding threshold

Region 2003 (2%351‘3?160) 2°C 4°C
North West England 3 3.3 3.6 4.7
North East England 3 2.8 3.3 4
Yorkshire and Humber 3 3.3 3.6 4.8
West Midlands 3 3.4 4.1 5.1
East Midlands 3 3.6 4.1 5.3
East of England 4 4.2 4.5 5.8
South West England 4 3.8 4.3 5.6
South East England 4 4.4 4.5 5.9
London 4 4.6 4.9 6.7
Wales 3 3.3 3.7 4.9
North Scotland 2 1.2 1.9 3.3
West Scotland 3 2.4 3.2 4.1
East Scotland 2 1.8 2.4 3.8
Northern Ireland 3 2.7 3.6 4.7
Englandaverage of regions) 3.4 3.7 4.1 5.3
Wales(average of regions) 3.0 3.3 3.7 4.9
Scotlandaverage of regions) 2.3 1.8 2.5 3.7
Northernlireland(average of regions) 3.0 2.7 3.6 4.7
UK (average of regions) 3.1 3.2 3.7 4.9
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5.6.4 Economi@assessment impact on goods and services

It was not possible to calculate an economic assessment for impacts on zooplankton poputaions
to difficulties intranslaing changes irthe respectivezooplankton community into an associated
change in ecosystem service provision.

5.6.5 Adaptation
Climatedriven changes in community structure could offset the effects of restoration efforts.

Riparianplanting to shade the edges of lakes provides a mechanism for reducing light and water
temperature. Trees and shrubs reduce summer mean and maximum water temperatures, on average,
by 2C to 3C in shaded areas of rivers and small water bodies (Woodlarsd, P016). However this
adaptation measure would not be feasible for the majority of lakes.

NAP actions include smarter targeting of fertiliser type and application in order to reduce the potential
negative impact of agriculture on waterways. If nutrierdre limited, the impact of increased
temperature on algal blooms is lessened. Nutrients could be reduced through reduchodf foom
agriculture through precision application, or by creating a buffer strip around fields and lakes to reduce
loadings opollutants reaching the water.

There is the -doweiht imalnaffemenrtt opf zooplankt on
biomanipulation to reduce predation on species that have an important role in mediating water
guality, and to increase the availabilibf predation refuges for these species (Philligsal 2015).
Furthermore, continued vigilance regarding the potential for introduction of-native predators of
zooplankton (e.g. planktivorous fish like roach, Elliettal 2015) isrecommended.Adaptation
approaches are summarisedTiablel4.
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Tablel4. Adaptation approaches for temperature impacts on zooplankton coitipo# lakes.

Nature of
adaptation

Local nutrient
management to
prevent nutrients
from entering the
lake—this could

and enhancing
wastewater
treatment.

include reducing run
off from agriculture

Current status & plans

Rules apply to those receiving
funding under CAP pillar 1 and pillg
2 as well as those within Nitrate
Vulnerable Zones

Nutrient management guides such
as RB209 assist farmensreducing
pollution risks.

The Reduction and Prevention of
Agricultural Diffuse Pollution
(England) Regulations 2018 came
into force in April 2018 (CCC 2019)
Monitoring data is gathered by the
Environment Agency. In Scotland tf
is controlled by thaVater
Environment (Diffuse Pollution)
(Scotland) Regulations 2088d the
Water Environment (Controlled
Activities) (Scotland) Regulations
2011

The National Environment
Programme includes schemes to
improve discharge from sewage (C|
2019). This aims taeduce the risk of

Benefits of
adaptation since

There has been
an increase in the
number of
freshwater sites
of specific
scientific interest
(SSSils) in
favourable
condition but the
proportion of
surface water
bodies in high or
good ecological
status, has
reduced (CCC
2019).

Potential further action or
investigation

Delivering adapation:

Regulation Restricting the land us
around lakes could help to preven
nutrients from entering the water.
This could include buffer strips for
agricultural production or
withholding this land area for tree
planting.

Advice Where farmers recodse
the private benefits of precise
nutrient management, information
and advice can change behaviour
and drive autonomous adaptation

Incentives There are challenges
internalising costs within a farm
business as well as allocating cos
as the source afiumerous small
pollution incidents are not easily
identifiable. Therefore grants may
be required to assist farmers with
nutrient management. If land near
the lake is to be taken out of

Case for action in the next 5

Delivering adaptation:

Implementing (or improving)
nutrient management
practices will have beneft
within the next 5 years in
terms of the amount of
nutrients which reach
watercourses. However,
further adaptation such as lan
use change (buffer strips,
afforestation etc.) may be
required to have a greater
impact. Combining these land
management changewith
water management practices
(e.g. mixing and aeration) may
be able to delay the threshold
Early action decreases water
pollution and reduces the risk
of lockin; therefore timely
action is important.

The new environmental land
management schemes the

67



eutrophication and improve the
guality of discharge water.

In England, the Water Environment|
Grant Scheme for improving the
water environment (administered by
the EA and Natural England,
supported by EAFRD, and part of
RDPE) was launathén 2018/19

Changing the
conditions within the
lake, for example
through aeration or
artificial mixing.

Not currently widely practiced.

N.A

Shading the water to
prevent warming, for
example with
surrounding trees or
covering the lake,
this could include
solar panels on top
of the lake.

Not widely practiced, although
recent projects have been promotin
tree and shrub planting along river
banksto provide shading.

N.A

agricultural production
compensation may be required.

Building capacity:

There is huge scope for improving
awareness of future climate
change impacts and adaptation
response associated with nutrient
in watercourses. This needs to be
targeted spatially and focused on
the economic case as well as the
public gad aspect.

Land management techniques to
limit the amount of nutrients which
get in to watercourses are widely
available (e.g. wastewater
treatment, precision application of
nutrients, buffer strips etc.).
Capacity is therefore largely
available, but actio depends on
the incentives or regulation in
place. Increasing capacity may be
required for actions related to
aeration, mixing, and floating sola
panels.

UK postBrexif will apply from
2023, and are likely to include
measures to reduce diffuse
nutrient pollution. However,
such adaptation options need
to be clearly built into design
and piloting [20192023].
Changes to regulation and
advice provision are also bein
develped as part
25YEP.

Building capacity:

Small changes in land
management can have a big
impact on nutrient runoff
which can then reduce nutrien
loading in watercourses.
Building capacity in practices
such as aeration, mixing and
covering will povide additional
options where nutrient
management is not sufficient
to prevent nutrient loading,
oxygen depletion, changes in
community composition, and
subsequent loss of

9 Environmental Land Management Scheme in EnglémedSustainable Land Management Schem#/ales, and the developing schemes in ScotlandNorthern Ireland
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zooplankton species. As thersg
could be a long lead time in th
development of thes options,
taking action sooner rather
than later will result in options
being available in a timelier
manner.

Is risk managed by autonomous or planned adaptation?

Planned adaptatiomwill be required to manage the risk. Adaptation benefits are largely for the public good, although there may be soménpenest
for example fotthe water industry. Nutrient management can mitigate against the production of algal blooms and some changes in community
composition; however, it is unlikely that all nutrients would be prevented from reaching watercourses. In these caseseatatent options such as
aeration and mixing can help to reduce the impact of nutrient loading. However, there may be species in the lake whiahlar® wecover after the
threshold has been crossed.

Risks of lockn

Taking land out of production near the &knay create lock in
Potential loss of aquatic species if the threshold is crossed

Risk(s) interacting

Water quality reduction if algal blooms increase, but increase in water quality through adaptation options
Biodiversity losses from algal blooms
Soil health will likely improve due to precision application of nutrients; there may also be reduced erosion risk duertstiyosfetc.

Urgency scoring

More urgent:Research priority-further research is needed. Planned adaptation will be requinesiyever, research may be needed to fill evidence g
of how changes in zooplankton community affects the wider ecosystem. Further research may also be required for somammggatices which are
not currently widely practiced (aeration, artificial rimg, shading etc.).
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What is the impact of current levels of adaptation at mitigating these risks?

Catchmemwide management of nitrogen and phosphorus diffuse sources and improved
management of point sources, often domestic sewage amtly offset oxygen depletion. These are
applied in nitrate vulnerable zones, but not widely elsewhere.

The declining number of surface water bodies in good or high condition in England since 2012 suggests
that current actions to maintain water qualityybreducing catchment nutrient sources are not
widespread enough to serve as adaptation for this pressiirghould be noted that WFD condition
categories are not based solely on nutrient concentrations in water however.

What additional adaptation management options could be undertaken, either in advance to reduce
the risk of these thresholds occurring, or afterwards to manage the impacts?

Riparian planting to shade the edges of lakes provides a mechanism for redubtngniigwater
temperature. Trees and shrubs reduce summer mean and maximum water temperatures, on average,
by 22C to 3C in shaded areas of rivers and small water bodies (Woodland Trust, 2016). Therefore this
adaptation measure can be used to reduce th& fiem rising temperatures, although only in areas
which are shaded, and may not be feasible for some laketsons involvingeration, artificial mixing,

and chemical remediation coullsobe used to reduce oxygen depletion

In what scenarios are therémits to adaptation?

The adaptation methods apply in most cases to theqoeditions necessary for increases in plankton
populations and oxygen depletion, therefore they are to a large extent independent of the climate
risk. However, the geographicaltpern of climate risk will dictate the number of water bodies that
need to be considered for management. Lack of incentives or regulation may limit adoption of
adaptation actions (e.g. nutrient management/buffer strips) by land owners, which would impact o
the ability to prevent formation of algal bloom$here may be species in the water body which are
unable to recover after the threshold has been crosséthere lakes are unsuitable for riparian
planting to increase shade and lower water temperaturegéhmay be limited options for adaptation.
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6 Agricultural systems: Farmland and grasslands

6.1 Summary Farmland and grasslands

Assessment of impacts on agricultural systems covers two Broad Habitatayplesined in the UK
National Ecosystem Assessmedhanclosed farmland and Sematural grasslands, referred to as
Farmland and Grasslands in the rest of this assessment.

The literature review identified five potential threshelchsed impactgsection16.2.1), of which four
were taken forward in theationalscreening assessment. Three were related to temperature:
increased parasite outbreaks in sheépclines in milk production, and declinesaiheat

production, and one impact was related to rainfall: increased soil erosion. Additional impacts linked
to flood risk weredescribed but notfully assessed in this project as they were the focus of a
separateCCRABesearch project on floodingA cag study focused in more detail on the losses to
milk production.

Temperature effects on lamb productiide 7, Ne 8)

An increase in the number of days where daily mean temperature exceeds theeshold allows
sheep parasites to increase their life ®ohore frequently, with health impacts for sheep and
economic costs to farmers.

Overall, at a UK levannualcosts to farmers from parasite infection of lambs are projected to
increase from £81 ition per yearat baseline to £9Million per yeaundera 2°C scenario and £113
million per yeaunder a 4°C scenario.

Current adaptation measures focus on treatment of parasite infection. The NAP actions include
managingexisting animal diseasgsnd bweringthe risk of newanimal diseases. However,
adaptaion is not currently widely practiced, therefqrine impact of current levels of adaptation at
mitigating these risks is laviRaising awareness of the risks and impacisaadsite infectioris key as
the adaptation response relies on the action of indial farmers.

Urgency scoring More urgent:research priority Further investi

gation is needed to gather evidence of risks and look at potential adaptation options.

Temperature effects omilk production(Ne 7)

Exceeding a temperatudeumidity index(THI)of 74 leads to a decrease in milk production of 0.2 kg
per cow per unit THI above the threshold, leading to economic losses for dairy farmers.

Overall, at a UK levannualcosts to farmers are projected to increase from £2ilion per year at
baseline to £3.8 million per year undar2°C scenario and £15tillion per yearunder a 4°C
scenario.

There are no adaptation plans specific to the impact of heat stress on livestock within the current
NAP. Current levels of adaptation are low as heasstis not considered to be a major issue in the
UK.Howevermilk producers are likely to pursue reactiagaptationto safeguard economic returns
but this could be very capitéhtensive.
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Urgency scoring More urgent: more actiomeeded- Action isneededto increase capability and put
adaptions in place (e.g. through housing systems with adequate fans and sprinklers). Research into
heat stress tolerant breeds could allow production to continue without extensive changes to
husbandry.

Temperature efficts on wheat productiofNe 7)

Exceeding a maximum daily temperature of°82during anthesis (between May and Adighe) leads
to reduced number of grains in wheat, and exceeding a maximum daily temperatur€©ff@bat
least three consecutive days ding the grairfilling period (from middune to end of July) results in
reduced grain size. This leads to lower wheat yields and economic losses to farmers.

The anthesis threshold is effectively not exceeded in the UK under any scenario. THéliggain
threshold is exceeded under £@ scenario, in four regions in Englaitie regional pattern of
exceedance is important as these are key wheat producing afdas results in lost wheat
production totalling £42 million in the UK, which represents 2% efotal value of wheat
production in 2018.

This is not currently a widespread issue in the UK, so adaptation actions are not yet irfFplaoer.
research on plant breeding and the availability of lorgeason or heastress resistant varieties for
widespread commercial use would avdige impacts of exceeding thtéreshold. Awareness raising
will also be important in highisk areas to inform planting decisions in due course.

Urgency scoring, More urgent: Research priority

Rainfall effects on sa@rosion(Ne 5, Ne 7)

Exceedance of a threshold daily rainfall of 30 mm leads to increased soil erosion, taking account of
additional risk factors (soil type, topography and land management). This leads to reduced soill
fertility and reduced crop yields ar@tonomic losses to farmers.

Projected soil losses due heavy rainfall increase from 4.2 million tonnes at baseline, increasing by a
factor of three to 14.3 million tonnes under &@ scenario, but dropping slightly to 11 million

tonnes under the £C scendo due to reductions in intense rainfall in the areas with most arable
productionin the south and east of the UK.

Soil erosion leads to relatively low impacts on crop yield. Annual production losses amount to £5.5
million under a 2C scenario and £3.8iltion under a £C scenario. While economic losses are low,
soil is a finite resource and erositgads to @ irreversibleloss of natural capitallhe impacts on a
wider set of functions such as flooding and greenhouse gas emissions will greatly itbieasst
estimate.

It is difficult to quantify the impact of the current levels of adaptation. Many farmers are improving
their soil management, but soil erosion is an ongoing concern.

Urgency scoring, More urgent: More action neededEarly action woull have benefits and build
resilience as well as reduce the risk of katkThis would be a no and low regret adaptation since
soil erosion results in substantial loss of natural capital.
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6.2 Overview: Farmland and grasslagastional screening assessment
This section covers impacts on arable and livestock systems in both enclosed and unenclosed
farmland and grasslandBour of the five potential thresholds were taken forward in the national

screening assessmenthe impacts prioritised are shownTiablel5. The full list of potential
impacts identified in the literature review can be found in Secfi6r2

Tablel5. Potential thresholddriven impacts in farmland and grasslandBvidence for each of these thresholds is provided

in the text below.

AL Biophysical | Societal end Altghese
mediated Habitat Threshold . risk
response point affected :
stressa descriptors
Temperature | Grassland Daly mean Parasite Lamb Ne7, Ne
temperature > 9 °C| outbreaks in production | 8
sheep
Temperature | Farmland/ | Temperature Decrease in mill Milk Ne 7
Grassland | HumidityIndex, THI yield per cow production
> 74
Temperature | Arable Daily maximum Decrease in Wheat Ne 7
Farmland temperature > 32 | wheat production
°C (from 1 May to | productivity
15 June)
Rainfall Farmland/ Daily rainfall> 30 Soil erosion, los{ Crop yield Ne 5, Ne
Grassland mm, in of topsaoil 7
combination with
RUSLE analysis fo
soil erosion
potential
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6.3 Temperature effects on parasite outbreaks in livestock.

Figurel0below summarises the threshold and assessment ciialonger season above the
developmental threshold d °Cdaily mean temperature allows sheep parasites to more frequently
complete their ife cycle, causing disease and illness in sh€&kysin turn results in weight loss of
lambs and increased economic costs to farmers.

™ air Threshold

temperature 9°C
/™ larval survival 1 intensityand
and frequency of J livestock J livestock
development of parasite health production

parasites outhreaks

Management and treatment of host livestock

Figure10. Impact chain for temperature effects on parasite outbreaks in she®urple boxshows social/economic or
biodiversity endpoint; Brown box shows potential adaptation measures.

6.3.1 Justification of threshold used in the assessment

Exceedance of critical temperature thresholds for parasite development may caudmean
increases in pasite outbreakgFoxet al.,2015) Incidences ofFasciolehepatica(liver fluke)

affecting cattle and sheep farming have increasingly been reported throughout Europe, including the
UK. The spread of this parasite and its associated diseases have aldmkedto increasing
temperatures under climate chang€aminadeet al.,2015) An important parasite islaemonchus
contortus,a parasitic nematode commonly linked to sheep farming, which has been the focus of
several studies. These suggest that warmertavmallow it to more frequently complete its life cycle
and have enabled a northward spread of its range into Wales and ScotlandetRdg2015; 2016)
modelledsurvival, development and infectiaf Haemonchus contortua sheep Although the full
life-cycle is complex to model, a proxy threshold most relevant to the UK is the number of days
above a daily mean temperature of@ which represents the development threshold for this
parasite.
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6.3.2 Impacts on natural assets and thexdces they provide

In parts of the UK where the climate allotie parasite can complete its life cycle within a year, this
causes a plethora of diseases that negatively impact the welfare of grazing sheep and consequently
the yield from sheep, and thecenomic viability of sheep farmir{@hortet al.,2017)

6.3.3 Ecosystem assessmemiimate hazard thresholds

For this analysis, the number of days with a daily mean temperature d@w8s calculated.

Results of the climate risk are shownTiablel6. As an average across the UK, the development
season for this parasite increases from 171 days in the baseline period by approximately 30 days
under a 2C scenario, and 60agls under a 4C scenario. In England and Wales, the development
season extends by a similar amount, starting from baselines of 179 days and 164 days respectively.
In Scotland, the development season is much shorter at baseline, 127 days, but increasésitgr
duration. In Northern Ireland, the development season increases from a baseline of 155 days by 40
days under a 2C scenario and 60 days under ¥@4scenario.

Tablel6. Number of days per year with daily mean temperature 3@, by region. Average over ten year period for
baseline (200X 2010), for 2C and #C scenarios

Baseline
(200 2°C 4°C
_ 2010)

Region

North West England 157 187 217
North East England 142 171 201
Yorkshire and Humber 162 188 220
West Midlands 176 204 237
East Midlands 179 204 237
East of England 192 217 253
South West England 194 222 258
South East England 197 222 260
London 213 233 270
Wales 165 197 228
North Scotland 116 150 178
West Scotland 142 174 203
East Scotland 124 155 183
Northern Ireland 156 196 215
Englandaverage of regions) 179.2 205.5 239.2
Wales 164.6 197.2 227.9
Scotland (average of regions) 127.0 159.7 188.1
Northern Ireland 155.8 195.6 2154
UK (average of regions) 165.3 194.4 225.7
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6.3.4 Economiassessmeng impact on goods and services

We estimate monetary losses from parasite infection by adapting findings from Nieuwhof and
Bishop (2005) who calculatedh £86 million loss per year to the Great Britain sheep industry in
2005. Nieuwhof and Bishop obtained this value using a bottprapproat based on the costs of
anti-helminthic treatment (medicine) and weight losses of lambs. We assume this represents the
monetary total loss at baseline.

To estimate changes in parasite infection due to the temperature threshold effect, we assume that
the number of days above®linearly increases the proportion/number of lambs infected. In
addition, we assume a linear relationship between the number of lambs affected by infection and
monetary losses (Nieuwhof and Bishop 2005).

To obtain the monetarjosses from parasite infection at baseline in each region,alautatethe

per-lamb monetary losg Nieuhof and Bishop, and scale losses regionally using thedapuation

in each regiorfrom the June 2017 Survey of Agriculture and Horticulture. Baseltonomic losses

using this approach total £81 million in 2017 which is similar to the value of £86 million estimated by
from Nieuwhof and Bishop (2005)

Forfuture years, we calculate the monetary loss in each region by estimating the percentage change
in number of warm days under’€and 4°Cscenarios from baselind éblel6). These are shown in
Tablel?.

For the UK as a whole, thte baseline annual economic losses are already £@Enyear This

compares to the total production value of sheep meat in 2018 at £1.2 billion in the UK, around 7% of
total productiort®. Under the 22C scenario, monetary losses increase to £9¥emyearwhile under

the 4°C scenario they total £113 per year In England, losses increase from £3penyearat

baseline to £43 m and £50 per yearunder 2°C and £Cscenarios respectively. In Wales they

increase from £22 rper yearto £27 m and £31 rper year while in Scotlandnnual lossescrease

from £16 m to £20 m and £23.rim Northern Ireland theyncrease from £4.8 m to £6.1 m and £6.7

m per year. Projecteda®nomic costs of greater parasitic outbreak could thus cost up to 10% of the
value of lamb production under4&°Cscenario.

10

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/860944/
agriaccountdiffstatsnotice-27jan20.pdf

76



Tablel7. Annual economic losses in lamb production by region. Average over ten year period for baselineq2000),
2°C and #C scenarios

Monetary loss (£million)

. Total no. lambs Baseline o o
Region (million) (20012010) 2°C 4 Cc
North West England 1.6 7.4 8.9 10.2
North East England 1.1 5.0 6.0 7.0
Yorkshire and Humber 1.1 5.4 6.2 7.3
West Midlands 1.2 54 6.3 7.3
East Midlands 0.7 3.1 3.6 4.1
East of England 0.2 0.8 0.9 1.0
South West England 1.6 7.5 8.5 9.9
South East England 0.6 3.0 3.4 4.0
Londort
Wales 4.9 23.0 27.4 31.8
North Scotland - - - -
West Scotlani - - - -
East Scotlarid - - - -
Northern Ireland 1.0 4.9 6.1 6.7
England (total) 8.0 37.6 43.8 51.0
Wales (total) 4.9 23.0 27.4 31.8
Scotland (total) 3.4 16.0 20.1 23.7
Northern Ireland (total) 1.0 4.9 6.1 6.7
UK (total) 17.3 81.4 97.4 113.2

1-London lambs data included in South East Englar®&ée Scotland total

6.3.5 Adaptation

Adaptation options include managing the grazing behaviour of host livestock to limit parasite spread,
for example moving animals to ‘safe’ grazing
parasite infection. The timing of reproduction, hougiand grazing could also be altered to try and
reduce the risk of parasites, and mitigate against the threshold effect. Longer term adaptation after
a threshold effect may include changing animal species or production systems where current
practice is nodnger viable. Another adaptation would be to breed resistance in host species. These
adaptations could be something that decision makers should be loakingorder to determine

whether these are possibilities for future production pdisteshold

New \accinations may be another way of mitigating against the impact of the threshioétostof
liver flukein beefis estimatedat £90 per calf (ADAR013).Thecostof treating fluke in beef
youngstockis £3/head(takinginto accountthe costof flukicidetreatment, aswell asthe labourto
administerthis); thereforethe costbenefitis £87 per calf (ADAR013).Similarly the costof fluke
perlambis estimatedat £6 per lamb, with the costof flukicidetreatment andlabourto administer
this estimatedas£0.44perlamb;givinga net benefit of £5.60(ADAR013).Thisdemonstrateghat
usingvaccinationsanreducethe risk of economidossesdueto increasedspreadof parasites.
However the costbenefitwill varybasedon whether a vaccinations availalle for the specific
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parasite,andhow muchthis costs.If a vaccinefor a particularparasiteis availableand 100%
effective,the impactof the thresholdcanbe avoided.

Where land is very susceptible to parasites such as liver fluke, it may be thsibde@re made to
conduct transformative adaptation, whereby the land is taken out of livestock production and

instead use this for woodland or wetland as a means of carbon storage. Incentives could be provided
to land owners/users to change the use andrmagement of highisk land though posBrexit agr
environment schemes or payment for public goods

The NAP actions include:

1 Managingexisting animal diseasgand
1 Loweringthe risk of newanimal diseases.

Actions within this include using the Public Health England invasive vector surveillance programme
to develop and update understanding of the status, distribution and abundance of potential vector
species; and enhancing the cragsvernment contingency ptefor dealing with invasive mosquitoes

to cover other veterinary and medically important insect vectors. However, the main focus within
NAP is on managing the risk of new invasive species. As such, the tools for livestock farmers to
manageparasite infectbn relies on improved awareness and action by land managers alongside
better models/forecasting/communication to the farm sectmd innovations in disease treatment.
Adaptation approaches are summarisedlablel8.

What is the impact of current levels of adaptation at mitigating these risks?

Widespread adaptation is not widely practiced, therefdhee impact of current levels of adaptation
at mitigating these risks is low. Existing actions taken by farmers as part of commercial best practice
will have some impact on mitigating the risks.

What additional adaptation management options could be undertaken, either in advance to reduce
the risk of these thesholds occurring, or afterwards to manage the impacts?

Managing existing diseases by rotating worming, moving asimat o saf e’ grazing, a
animal husbandry by altering timing of reproduction, housing and grazing are all management

options tha can be undertaken in advance. Research into the use of new vaccines to treat parasite
infections could also be undertaken to reduce the risk of this threshold occurring and to help

manage the impact. Breeding resistance in host species, or changing apegi&s or production

system, could be ways of managing the impacts of the threshold after it has been crossed. Likewise,

if a vaccine for a particular parasite is available and 100% effective, the impact of the threshold can

be avoided.

In what scenaios are there limits to adaptation?

Where an area is very susceptible to parasites such as liver fluke, adaptation actions may not be able
to mitigate the impacts of the threshold, and it may be that decisions are made to take the land out

of livestock prauction. The response to adaptation will be highly variable between individual farms
and there will not be a uniform response across a local.area
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Tablel8. Adaptation approaches toémperature impacts on parasites in sheep

Nature of

adaptation

Current status & plans

Benefits of
adaptation

Potential further action or
investigation

Case for action in th@ext 5

since 2012

species or
production system

landscape of UK agriculture and diet
No evidence of changes tfis nature

to date.

Managing existing | Reles on commercial good practice, | N.A

animal disease®.g. | including effective use of disease

rotating worming, prediction services (NADIS 2019).

moving animals to

‘“safe’ gr

Use of new Requires research into different N.A

resources and methods that could be used to treat

techniques to treat | infection. The development of

parasite infection, | vaccines for endoparasites and

including new ectoparasites are difficult to produce

vaccines and are not yet available (Skueeal.,
2013).

Changes in animal | These are readily available methods| N.A

husbandry, such as | farmers, although housing may

altering timing of require additional investment.

reproduction, Housing can create difficulties as

housing and grazing| increasing the amount of time spent
indoors can result in an increase of
housingassociated parasites, whereg
increasedime outside can result in
greater risks of pasturborne
parasites (Fogt al.,2012; Skucet al.,
2013)

Change animal This may have wide impacts on the | N.A

Delivering adaptation:

Assuming capacity is available, the
following steps can be takeno deliver
adaptation:

Regulation Some regulatory action
can be taken to protect animal
welfare.

Advice Distribution of information on
managing existing animal disease ar
techniques to reduce risk.

Incentives Capital grants can
incentivise housing whitmay help to
reduce risk of parasites from grazing
Other changes in husbandry could a
be incentivised to promote action.
Incentives could be provided for high
risk land to be used for afforestation
or wetland creation

Building capacity:

There is hge scope for improving
awareness of future climate impacts
and adaptation responses available
with regards to livestock parasites.
Research into new vaccines and
treatment options will increase the

ability for reactive adaptation. Better

Delivering adaptation:
Providingthe capacity is
available (required for
research/vaccines/breeding
resistance) benefits may be see
from action taken in the short
term, as husbandry practices/
knowledge around managing
existing diseases can be
implemented quickly.

The new environmentaghd
management schemes in the U
post-Brexit will apply from 2023
but adaptation options need to
be built into design and piloting
[2019-2023]. Changes to
regulation and advice provision
are also being developed as pa
of the 25YEPAs suchaction in
the next 5 years to build CC
adaptation to agriculture policy
is a priority

Building capacity:

New vaccines and breeding
resistance require forward
planning so starting this proces
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Breeding resistance
in host species

Breeding for resistance to parasites i
possible, however work is still en
going. Evidence from New Zealand
sheep shows that improvements can
be made over a 10 year period, with
reduced treaiments required (Fogt
al.,2012; Abbottet al.,2012).

N.A

monitoring systemsnd forecasting
would also reduce risk. Increased
research and monitoring would build
the capacity needed to deliver
adaptation. Coordination will be
required across the country in order
for actions to be effective.

early will be beneficial in order
to inform decision making, and
to see beefits in a timely
manner.

The ability to make changes
using new resources and
techniques may be a longer
process. However, action taken
sooner rather than later will
allow for informed decision
making. Action taken will need
to be coordinated across the
country for maximum impact.

Is risk managedby reactive orplanned adaptation?

Can be managed by reactive adaptation where farmers have the awareness and knowledge to use forecasting tools and makelaivange there is
a high risk oparasite outbreaks in livestoddeing seen as a chronic disease and accepted as a seasontlAdf@ptation strategies such as new
vaccinations and breeding resistance would require forward plantfiagzaccinefor a particularparasiteis availableand 100%effective,the impactof
the thresholdcanbe avoided.Coordination across the countryould be required for these actions to be effective. It should also be noted that for hi

impact diseases, isolation and control once detected is often carried out by Government.

Risks of lockn

In the long term, parasites may restrict livestock breeds wharbe reared in parts of the UK.

Risk(s) interacting

Housing large herds can concentrate risks to water and air pollution, as well as negatively impact on animal welfarel; drotesigy large herds
indoors can facilitate use of technical mansmanagement approaches which reduce both water and air pollution.

Urgency scoring

More urgent:Research priority. Further investigatimneeded to gather evidence of risks and look at poteatilaptation options.
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6.4 Temperature effects on milk production

Figurellbelow summarises the threshold and assessment chain. Exceedance of theré&tone
humidity index (THI) threshold leads to declines in milk yield per cow, leading to decreased milk
production and costs to farmers. This assessment is the subject of further analysis in a case study
(section11), which focuses on analysis of a wider set of climate projections

™ air

temperature Threshold THI 74

(=23°C)

4 milk yield (& .
Ik
N heat stress reproductive rc\t:I:::ltion
performance) P

Management of cattle housing to reduce heat stress, Breed/genetic selection towards heat tolerance

Figurell. Impact chain for temperature effects on milk productioRurple box shows endposicial/economic impacts or
impacts on biodiversity; Brown box shows potential adaptation measures.

6.4.1 Justification of threshold used in the assessment

Heatwaves can create problems for a range of livestock systems, with the 2019 summer haatwave
the UKreportedly resulting in the death of thousandsinfensively farmedhickens in one week

alone (The Independent, 2019). On top of direct losses, heat stress can result in decreased milk
production and reproductive performance in dairy herds.

Above a TH¥f 74, milk yield is reduced. Researchated in Dunret al.,(2014) found that in the
USA milk yield fell by between 0.2 kg/day and 0.9 kg/day for each point increase 8tuthiis cited
within Mukherjeeet al.,(2012) also report varying impacts, tvidlaily milk loss per unit of THI stated
as 0.25 litres (Argentina) and 0.29 8/04 kg (Sudan), and annual loss ranging from 3%.242t2 kg

of milk/cow (Netherlands), to 10068 kg (USA) and 59 to 103 litres (Australia). InikeDunret

al., (2014)found that at least one herd in soutliest England experienced a 30% reduction in milk
yield during the 2006 heat wave. Using the A1B scenario from UKCP0%ain@2014) predict

that the number of days where THI exceeds the threshold for theetrofmild heat stress could
increase to over 20 days per year in southern parts of England by 2100.

The comfort threshold for dairy cows is above 72 ditdl the 72 threshold can be breached at
temperatures as low as 22 if the relative humidity is high (arodi®0%)Ohnstad, 2012)Hfects
will vary based on cow breed and size, however generally 72 to 79 THI results in mild heat stress, 80
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to 90 results in moderate heat stress, and above 90 leads to severe heat stress (Polsky and von
Keyserlingk, 2017Reseachers cited in Dunet al. (2014) suggest that the THI for onset of heat
stress in modern Holstein cattle could be as low a683Vhere the THI consistently exceeds 74
during the previous 4 days, milk production begins to decliiev{ll and Parduel 992, Polsky and

von Keyerslingk, 201MWukherjeeet al.,(2012) also found that THhas asignificant nonlinear
negative effect on milk production. Based Balsky and von Keyserlingk, (2017) amill and
Pardue(1992 we apply a threshold THI of 74.

6.4.2 Impacts on natural assets and the services they provide

As well as reduced milk productioncreased temperatures also result in a decrease in conception

rates (Wolfenson and Roth, 2019). Higher temperature reduces the intensity and duration of
oestrouse x pressi on, which negatively impacts on the
behaviour(Orihuela 2000); while most dairy cows are artificially inseminated, there is still a reliance

on identifying animals for breeding on the basis of behaviddedia articles during the 2018

heatwave in the UK reported cows ‘aborting’ thei
2018a) and ‘not milking’ as they should (BBC, 2C

The economic losses from heat stress can be substantial. In the U8 asonomic losses range
from $1.7 to $2.4 billion. Of this, nearly $900 million is specifically from the dairy indastgg
from decreased reproduction and milk production, alongside increased cuiiRjdrreet al.,
2003).

6.4.3 Ecosystem assessmantlimate hazard thresholds

For this assessment, we use a decline in milk yield of 0.2 kg /day (Dunn et al. 2014) for each unit
increase in THI above a threshold of 74, which equates #€2this is at the conservative end of the
0.2-0.9kg/day range The calculations underlying this threshold were as follows: The formula that
Dunnet al.,(2014) use to calculate THI is: THI = (1.8T + @55-0.005RH) x (¥26.8), where T =
temperature fC) and RH = relative humidity (%). The average relative humidity (RH) of a UK summer
ranges from around 71% to 82% depending on location (Jeakals 2008). Average RH in winter
ranges from 83% to 86% (Jenkaisl.,2008). Using the Dunet al.,(2014) calculation, and the

summer relative humidity values from Jenkétsal.,(2008), THI reaches 74 at°€3(at 71% RH) and
23.1°C (82% RH). For 82% RH, ZBwould induce moderate heat stress (THI of 80), and’G3at

82% RH) would lead to severe hetress (THI of 90). The relationship between air temperature and
THI is partly dependent on Relative Humidity, but not strongly so, and we assume a constant
humidity value in this assessment (sensitivity analysis which varied the humidity by as much as 20%
showed a change in the THI of less than 0.7 of a unit). For this assessment we calculate the number
of days where daily maximum temperature exceed$@3the onset of mild heat stress, at an

average summer relative humidity of 75%cqivalent to a THIfo/4 using the equation of Dunn et

al. (2014)).

Hot-day temperatures already exceed the onset of mild heat stress in every UK réglial(9),

varying from 1 day per year in North Scotland up to as much as 32 days in London, and 14 days in

some key milkproducing regions like South West England. Future maximum daily temperatures lie
predominantly within the ‘ miyYedlingke@l?). AsrossteesliK’ r an g
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as a whole, the number of days exceeding the threshold increases from 11 at baseline to 15 days
under a 2C scenario and more than triples to 36 days undef@ dcenario.

In England, the number of days exceeding the thoéd increases from 16 days at baseline, to 21
days and 51 days. In Wales, it increases from 6.9 days at baseline to 8.8 days and incredales four
to 27 days under a 4C scenario. In Scotland it increases from 1.6 days at baseline to 2.5 days and
7.6 chys, while in Northern Ireland it increadesm 2.6 days to 3.1 days and 10 days. The
exceedance of temperature thresholds is important for the distribution of impacts in the UK given
dairy production is mainly concentrated in England where with 1.1lomidairy cows, 61% dbtal
UKdairy cowsarelocated. In Wales where there is also a significant increase in temperature
exceedance there are 0.25 million dairy cows (13% UK total), along with a further 0.4 million in
Northern Ireland (16%f UK total). In Scotland where incidence of temperature exceedance is
projected to be lower, 0.2 million cows (1@#UK total) are located.

Tablel9. Average number of days per year where the daily maximum temperature exceeds THlfor baseline (200L
2010), 22C and #C scenarios, by regiodverage of daily maximum temperature for the periods above the threshold, and
the equivalent THAIl data are average over ten year period.

Number of days Average emperature
exceeding threshold above threshold THI equivalent

Baseline Baseline Baseline

(200 2°C 4°C | (200 2°C 4°C | (200 2°C 4°C

2010) 2010) 2010)
Region
North West England 5.8 6.8 20.2| 243 243 253 76.2 76.2 77.8
North East England 4.6 4.8 19.0 24.2 24.2 24.9 75.9 76.1 77.2
Yorkshire and Humbe| 10.2 124 36.4| 244 245 254 76.3 765 78.0
West Midlands 159 21.0 521 247 249 26.0 76.8 771 79.0
East Midlands 182 236 56.0| 249 248 26.1 771 77.0 79.0
East of England 218 309 682 249 251 26.2 772 774 793

South West England 142 199 533| 245 248 258 766 770 785
South East England 206 30.0 692 249 251 261 772 775 792

London 32.3 46.4 845 25.3 254 26.6 77.8 78.0 80.0
Wales 6.9 88 27.7 243 245 253 76.2 766 77.8
North Scotland 1.0 3.0 5.4 234 254 245 748 780 76.4
West Scotland 2.0 2.3 8.4 23.8 239 245 75.3 755 76.6
East Scotland 1.8 2.2 9.1 234 243 245 748 763 765
Northern Ireland 2.5 3.1 13.0 23.9 23.8 24.6 75.5 75.4 76.7

England (average of | 16.0 21.8 51.0 | 247 248 258 76.8 77.0 787

regions)
Wales 6.9 8.8 277 | 243 245 253 76.2 76.6 77.8
Scotland (average of 1.6 2.5 7.6 236 245 245 75.0 76.6 765
regions)
Northern Ireland 25 3.1 13.0 | 239 238 246 75.5 754 76.7
UK (average of 11.3 154 373 | 244 247 254 76.3 76.8 78.0
regions)
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6.4.4 Economi@ssessment impact on goods and services

We estimate the monetary cost of lost milk production due to heat stress by obtaining data on
number of dairy cows per region frothe June 2017 Survey of Agriculture and Horticulture,
conducted by Defra in England and the relevant government departments in Scotland, Wales and
Northern Ireland. In line with Defra (2017qidy cows aral e f i n ferdale dairy cows over 2
yearsoldwi h of f spring”

THI was converted to milk production losses per hot day by assuming milk is lost at theQ&e of
litres per cow per THI unit oved? (Ravagnolo et aR000Q.

Total milk production losses per region were calculated by multiplying tHelos$ per hot day by
the number of hot days in each region to find regional losses per year.

The monetary value of production losses per year is calculated using a milk price of 29.6 pence per
litre in 2017/18from Defra Farm Account$he amount of millproduced in the UK was 14.7 billion
litres in 2017/18 which amounted to £4.3 billion in production value.

The estimated annual losses in milk output due to threshold temperature exceedance are shown in
Table20. In total across the UK, estimated annual losses from reductions in milk production under
the baseline scenario total £2.5ilfton annually These inrease to £3.8 iilion under a 2°C scenario

and to £15.9 million per year under #@ scenario. England currently provides 90 % of UK milk
production. Therefore, absolute losses are highest in England with annual losses ofli@2am
baseline, risig to £3.3 nillion under a 2C scenario and to £13.5 million under &Ascenario, with

the South West particularly heavily affected with £6.llion in losses per year. In Wales, losses
increase from £225,000 at baseline to £340,000 and £lliomunder 2°C and £C scenarios
respectivelyin Scotlandlosses increase from £16,000 to £81,000 and £197,000, while in Northern
Ireland they increasérom £70,000 to £81,000 and £656,000 respectively.

11 Applying a THI of 74, rather than 72 specified in Ravagnolo et al. (2000), see preeetiing
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Table20. Annual loss in mi production (litres) and annual economic losses (b),baseline (200%; 2010), 2°C and #C scenariofy region Average over ten year periogirepresentdNo

Data.See notes below table.

Baseline (2002010) 2°C 4°C

. Dalrﬁz:gle(:c:;:vg Milk Production Loss Monetary Milk Production Loss Monetary Milk Production Loss Monetary
Region (millions) (millions of litres) r;mf;’i (millions of lltres) nﬁﬁnsf) (millions of ltres) nL"cl’“Sjg
North West England 0.3 0.7 0.2 0.8 0.2 4.2 1.3
North East England <0.1 <0.1 <0.1 <0.1 <0.1 0.2 <0.1
Yorkshire and Humber <0.1 0.4 0.1 0.5 0.2 2.4 0.7
West Midlands 0.2 14 0.4 2.0 0.6 8.5 25
East Midlands 0.1 0.9 0.3 1.0 0.3 4.2 1.3
East of England <0.1 0.2 0.1 0.3 0.1 1.0 0.3
South West England 0.4 3.2 0.9 5.1 15 21.0 6.1
South East England 0.1 0.8 0.2 1.3 0.4 4.6 1.3
Londort - - - - - - -
Wales 0.3 0.8 0.2 11 0.3 5.3 1.6
North Scotland - - - - - - -
West Scotlani - - - - - - -
East Scotlartd - - - - - - -
Northern Ireland 0.3 0.2 0.1 0.3 0.1 2.2 0.7
Englandtotal) 1.1 7.6 2.3 11.3 3.3 46.0 135
Wales(total) 0.3 0.8 0.2 1.1 0.3 5.3 1.6
Scotland(total) 0.2 0.1 <0.1 0.2 0.1 0.7 0.2
Northern Ireland(total) 0.3 0.2 0.1 0.3 0.1 2.2 0.7
UK (total) 1.9 8.7 2.6 13.0 3.8 54.0 16.0

1-London cattle data included in South East EnglardS2e Scotland total

85



6.4.5 Adaptation

Management practices can be altered to reduce the risk of heat stress, including increasing water
intake, moving feeding times to cooler periods;rieasing the shade available, and decreasing

activity and movement (Polsky and von Keyserlingk, 2017). Other management approaches include
changing the system so that cows are housed all-yeand, combined with the use of fans and
sprinklers. Currenthygnly about 5% of UK dairy cattle are kept indoors all year round, although most
are housed in the winter (Duret al.,2014). There is a trend for dairy herds to increasingly be

housed inside to support intensive systems and robotic milking, however aiiapof these

systems, for example the introduction of fans and sprinklers, may be required.

Generally, indootemperatures are &°C higher than the external temperature in northern Europe;
however, the relative humidity varies (Duehal.,2014). Depeding on the scale and sophistication

of the housing system, cooling through fans and water sprinklers can reduce the THI inside
compared to outside. Howevetechnigues such as water sprinklers can increase the humidity,
meaning that temperatures need tcelfurther reduced in order for these to have positive impact. A
study in the USA found that the addition of sprinklers and fans reduced the body temperature of the
cow by 1.7C, which resulted in a 0.79kg/day increase in yields cows which were not egged to

fans or sprinklers (NADIS, 2016). Note that averaging effects on the temperature calculations in this
study will smooth out spatial variation in temperatures. In reality, even within the same region,
some farmers will be more exposed than othersiting temperature effects.

There are no adaptation plans specific to the impact of heat stress on livestock within the current
NAP.

Outside of the NAP, adaption options include:

1 Installng shadefor grazing cattle, including tree plantatidagroforesty and roofed areas;

1 Installing fans and sprinklers in dairy herd housing;

1 Monitoring THI to inform farmers on when to house cattle based on likely impact on milk
production; and

1 Research on how different breeds/genetics are affected by THI

The adaptations listed would be a way of mitigating against the effect of temperature by reducing
the amount of time that the cows are exposed to the heat. If the threshold is crossed, the impact on
milk productioncan be better manageahere these adaptabns have been taken up. Beyond the
threshold, management options make it possible for milk production to continue, although cows
may need to be permanently housed with a heavy reliance on internal systems to cool the indoor
environment. Adaptation approhes are summarised ifable21.
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Table21. Adaptation approaches to temperature impacts on milk production.

Case for action in th@ext 5
years

Potential further action or
investigation

Benefits of
adaptation
since 2012

Nature of adaptation

Current status & plans

selection

evidence a decline in milk production when TH
exceeded a threshold of /Boonkum and
Duangjind&2014) This was associated with
Holstein genetics, which is the dominant breed
the UK.

Yearround housing Heat stress is natonsidered tdbe a major issue | N/A
and fans combined in the UK so there are no significant adaptatior]

with sprinklers. in place However, recent (2018 and 2019)
Increasing airflow overl heatwaves have raised the profile of the

a cow has a dramatic | challenges associated with heat stress

effect on evaporatie | Increasingly dairy herds are being housed yea

heat loss from the round to support itensive production systems

skin. The results of and robotic milking-these offer some

research from the USA protection against heat but additional adaptatiq
suggest that airflows | may be needege.g. fans combined with

as low as 10 km/hour | sprinklers

can reduce respiration| AHDB (2015) provide management guidance t
rates in heat stressed | reduce heat stress, including providing acdess
animals by as much ag shade, ensuring buildings are adequately

50% (Ohnstad, 2012 | ventilated, and wetting the heads and backs of
Mukherjeeet al., housed cattle

2012).

Breed/genetic Not relevant to date. Studies from abroad N/A

Delivering adaptation:
Assumingcapacity is
available, husbandry
practices (such as housing
livestock with fans and
sprinklers) can be adopted
deliver adaptation.
Regulation Some regulatory
action carbe taken to
protect animal welfare.
Advice Where farmers
recognise the private
benefits of avoidindneat
stress information and
advice can change
behaviours and drive
effectivereactive
adaptation.

Incentives Capital grants cal
incentivise infrastructure
such as housing and fans, g
roofed areas and tree
plantations for grazing
cattle,to manage heat
stress.

Building capacity:

Delivering adaptation:

There are likely to be benefit
from adaptation to heat
stress risk in dairy cows.
Adapting husbandry practice
such as housing cattle can
limit the impacts of
increasing THI as it prevents
the cattlefrom being
exposed to the heat. If the
threshold is increasingly
exceeded in the next 5 years
already having these
adaptations in place will
greatly reduce the negative
impact on milk yield.
Providing capacity is
available, transitioning to
different breals or using
genetic selection for heat
tolerance will prevent the
need for investment in
infrastructure.

The new environmental land
management schemes in the
UK postBrexit will apply from
2023 but adaptation options
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Supporting research on how
different breeds/genetics ar¢
affected by THI could build
capacity and increase the
ability to deliver adaptation.
Sharing learnings following
the recent heatwaves would
also be beneficial in order tqg
increase knowledge on the
impact that husbandry
practices can have on
productivity durng higher
temperatures.

need to be built into design
and pilding [20192023].
Changes to regulation and
advice provision are also
being developed as part of
the 25YEPAs suchaction in
the next 5 years to build CC
adaptation to agriculture
policy is a priority

Building capacity:
Shared learnings and
increased kowledge will lead
to increased reactive
adaption through changing
husbandry practices to best
reduce heat stress. Acting
now means that farmers will
have the knowledge required
to prevent a negative yield
impact on milk from
increased THI. Early researc
into breed and genetic
selection will provide an
indication as to whether this
could be a viable adaptation
option. It would be valuable
to have this information
before changing husbandry
practices due to risk of logak
of housing.
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Is risk managed byeactiveor planned adaptation?

Milk producers are likely to pursue reactigdaptationto safeguard economic returns but this could be very cajniti@nsive, especially if a housing
approach is adopted. At the margins of heat streksré are likely to be production and animal welfare risks and information and advice will be
important to anticipate and minimise. The risk to production can largely be overcome if animals are kept in controlledre(elig. housed); however
there arelonger term considerations of this, such as latkanimal welfare, and increased pollution.

Risks of lockn
Investment in housed systems does risk otk

Risk(s) interacting
Housing large dairy herds can concentrate risks to water arpb#irtion, but can also facilitate technical manure management solutions to reduce |
water and air pollution compared with animals outside.
Animal welfare of housing large herds.

Urgency scoring

More urgent:more action needed More actionisrequired to increase capability and put adaptions in place (e.g. through housing systems with
adequate fans and sprinklers) to prevent negative impacts of reaching threshold. These adaptations will allow produstitnue io a different
format after the threshold; likewise research into heat stress tolerant breeds would provide an option for production to continue without extensiv

changes to husbandry practices.
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What is the impact of current levels of adaptation at mitigating thessks?

Current levels of adaptation are low as heat stress is not considered to be a major issue in the UK;
therefore the impact of adaptation is low. Guidance is provided by organisations such as AHDB on
how to reduce heat stress in livestock. With heaest becoming more apparent in recent years,
increasing adaptation may be seen in future years. In theory, basic adaptation actions such as
providing access to shade and building ventilation should be reasonably effective at mitigating the
risks of heat sess.

What additional adaptation management options could be undertaken, either in advance to reduce
the risk of these thresholds occurring, or afterwards to manage the impacts?

Installing shade for grazing cattle, installing fans and sprinklers infisidyhousing, and research

on how different breeds are affected by THI could all be undertaken in advance to reduce the risk of
the THI threshold being crossed. The impact on milk production once the threshold has been crossed
will be lessened where theseections have been taken uSuchmanagement options make it

possible for milk production to continue, however, this could causeiloals cows may need to be
permanently housed with a heavy reliance on internal systems to cool the indoor environment. Thi
need for infrastructure can be avoided if there is a transition to different breeds, or using genetic
selection for heat tolerance.

In what scenarios are there limits to adaptation?

Small scale farmers may not be economically equipped for adaptati@ne a capitaintensive
housing approach is adopted
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6.5 Temperaturesffects on wheat production

Figurel2 below summarises the threshold and assessment chain. Baoee of the temperature
thresholds leads to reduced floret fertility and reduced grain filling, resulting in decreased wheat
production and costs to farmers.

Threshold
1 air 32 ° C (anthesis)
35 ° C(grainfilling)

temperature

T floret fertility & no.
of grains; grain size

J wheat
production

J, wheat yield

Development of longer-season and heat-stress resistant varieties

Figure12. Impact chain for temperature effects on wheat productioRurple box shows social/economic or biodiversity
endpoint; Brown box shows potential adaptation measures.

6.5.1 Justification of threshold used in the assessment

Specified temperature thresholds are described for different growth stages. Temperatures above 30
°C at the time of anthesis can reduce floret fertility and therefore reduce the number of grains which
are developed (Stratonovitch and Semenov, 2015). Additionally, temperatures ab8Cerdpact

on grain yield through accelerating leaf senescence;ghify senescence reduces the amount of

light which is intercepted by the crop, thereby shortening the length of time associated with grain
filling (Wardlaw and Moncur, 1995). This early senescence can also be driven by drought stress
(Semenovet al.,2014) At early grain filling, temperatures above ®5also limit the grain weight

through affecting the development of the endosperm (Hawker and Jenner, 1993).

Rebetzke (Not Dated) found that maximum daily temperatures of 32 f&C3during flowering and

gran filling led to a 10% yield reduction per day of elevated temperature, 34 8¢ 36d to a 20%

yield reduction per day, and temperatures over@ded to a 30% yield reduction per day. Studies in
China found that just a single day exposed to increasetperatures in the 20 days before anthesis
resulted in a significant reduction of grain numbers. This was based on maximum daily temperature
exceeding 32C (Yangt al.,2017). Based on this evidence, we use a threshold 8€32r impacts

on anthesis (reproductive development in the flower, leading to negative effects on grain numbers).
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After anthesis, three consecutive days with maximum daily temperature abo% B8&duced yield
during the grain filling period (Yamgal.,2017). Change in water availability was not an issue in this
study as the majority of grain is irrigated in China (Y&trad.,2017). Hlavacova (2017) concluded

from a European study that the magnitude of heat stress at anthesis has more impact cthgreld

the duration for which the crop is exposed to higher temperatures, although plants exposed to high
temperatures for seven days did have lower grain numbers than those exposed to higher
temperatures for three days. These experiments were conductedointh chambers under four
temperature regimes and the plants were watered every second day. Based on this evidence, we
use a threshold of 3%C for impacts on grain filling.

As anthesis typically occurs between May and June in the UK (AHDB 2018), thése were used

for the calculation of temperature thresholds. In the 20 days leading up to anthesis (May and early
June), if there is one day where maximum daily temperatures exceé@,3Bis will impact grain
numbers (Rebetzke, Not Dated). From June duly, three consecutive days with maximum daily
temperature above 38C could have the potential to impact on grain filling (Hawker and Jenner,
1993; Yang et al., 2017).

6.5.2 Impacts on natural assets and the services they provide

Wheat crops are highly ssitive to temperature changes, with advances in wheat genetics over
previous years already being partly offset by changes in the European climate (Stratonovitch and
Semenov 2015). Therefore realising increases in yield potential is becoming more dliffieNt of
changes in local weather patterns, including temperature and rainfall effects, which creates a
challenge for feeding the increasing population.

Wheat is particularly sensitive to both extreme hot and cold temperatures in the reproductive stage,
although the magnitude of the effect will vary with cultivar. Temperature rises could increase the
number of occasions where anthesis coincides with high temperatures and water deficiency, as well
as accelerating plant development such that anthesis cooidcide with late frosts (Stratonovitch

and Semenov, 2015).

6.5.3 Ecosystem assessmantlimate hazard thresholds

Therefore, the climate risk was calculated as follows. For anthesis, the number of days where
maximum daily temperature > FZ from May to mielune. For grain filling, the cumulative number
of days where maximum daily temperature >°85for at least three consecutive days, from mid
June to end of July.

For the anthesis threshold, the climate models show no exceedance at baseline and only exceedance
for 2 days irtotal over a decadéor one region (London) under the°2 scenario, with no

exceedance under the®C scenarigdata not presented in table far). This is not entirely surprising

as these are temperatures in May and early June.

For the grairfilling threshold, the climate models show no exceedance at baseline conditions or
under a 2C scenario. However, under 8@ scenario, the threshold iseeded for around 3 to 8
days per decade in parts of central and southern Engl@atlé22). In the regions where
exceedances do occuhéd threshold is only exceedeuhce or twice per decade.

The regional concentration of these thresholds in central, eastern and southern England is significant
given that significant amounts of production are in these areas. The East Midlands produces 20% of
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total wheat in the UK, witlthe South East contributing a further 13% to production, followed by
production in the West Midlands adding another 8%

Table22. Number of days per year (averaged over a decadien daily maximum temperature exceeds thgrain-filling
threshold at baseline (2002010) and under 2C and £C scenariosCalculated for periods where threshold is exceeded
for at least three consecutive days (number of episodes per decade in brackets)

Baseline
(200%: 2°C 4°C

Region 2010)

North West England 0 0 0
North East England 0 0 0
Yorkshire and Humber 0 0 0
West Midlands 0 0 0.3(2)
East Midlands 0 0 0.3()
East of England 0 0 0
South West England 0 0 0
South East England 0 0 0.3
London 0 0 0.8(1)
Wales 0 0 0
North Scotland 0 0 0
West Scotland 0 0 0
East Scotland 0 0 0
Northern Ireland 0 0 0
Englandcaverage 0.0 0.0 0.2
Wales average 0.0 0.0 0.0
Scotland average 0.0 0.0 0.0
Northern Ireland average 0.0 0.0 0.0
UKaverage 0.0 0.0 0.1

6.5.4 Economi@assessment impact on goods and services

To calculate the production of wheat per region, we obtaibtatdl wheat production and land area
used for growing winter wheat in the UK from the June 2017 Survey of Agriculture and Horticulture.
The land area for spring wheat is extremely small so we excluded this from the analysis. We broke
this down by region bgssuming that regions had the same yield of 7.8 tonnes/hettaieen that

these areas share similar agecbmatic conditions and that UK wheat yields have remained largely
constant over the past 20 yeafsFollowing this, we multiplied wheat yield by tkeand area used for

12

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/850569/
regionalstatistics_overview_06dec19.pdf

13 This assumption is taken from Defra Farm Statistics June 2018 based on UK wheat yields estintiaged for
2018 season

14

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attaeht data/file/747210/
structurejun2018provUK-110ct18.pdf
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growing winterwheat in each regioto calculate regional productiolwheatprice of £141 per
tonne was taken from DEFRA Fakaotounts 2017/18which is close to the 10 year average price of
£148 per tonne for producer wheat pricestire UK according to the FAO.

In 2018, UK wheat production was 13.5 million tonnes, which translates to a total value of
approximately £1.9 billion in gross revenue.

Since thresholds were not exceeded for the anthesis period, we focus the assessmengaairthe
filling period, using the threshold of 3& (Hawker and Jenner, 1993). Estimated yield losses were
based on a loss of 20% for each day above the threshold (Rebetzke, Not Dated) for the daily
maximum temperature band of 34 to 3€. Daily maximum teperatures did not reach 3C or
higher.

Annual wheat losses per region were calculated und® and £2C scenarios based on the number

of instances of threshold exceedance. These are showalie23. Losses due to temperature
threshold exceedance are not expected to occur undeP@ &cenario. Losses under &Ascenario

do occur, but only once or at most twice per decaitlecertain regionsHowever, losses may be

high, with estimates up to £12 million a year for South East England and £19 million a year for East
Midlands for a single event. Per year, these losses total £42 million for England urter a 4
scenario

Table23. Average wheat losses per year for baseline (2a110), 2°C and 4#C scenarios

Baseline 2°C 4°C
Region ProductionMonetary|ProductionMonetary| Production Monetary Loss
Loss( Loss (£ Loss Loss (£ loss (E million)
thousands million) |(thousands million) | (thousands
of tonnes) of tonnes) of tonnes)

North West England 0 0 0 0 0 0
North East England 0 0 0 0 0 0
Yorkshire and Humbe 0 0 0 0 0 0
West Midlands 0 0 0 0 70 10.0
East Midlands 0 0 0 0 137 19.3
East of England 0 0 0 0 0 0
South West England 0 0 0 0 0 0
South East England 0 0 0 0 90 12.7
London 0 0 0 0 2 0.3
Wales 0 0 0 0 0 0
North Scotland 0 0 0 0 0 0
West Scotland 0 0 0 0 0 0
East Scotland 0 0 0 0 0 0
Northern Ireland 0 0 0 0 0 0
England total 0 0 0 0 300 42.2
Wales total 0 0 0 0 0 0
Scotland total 0 0 0 0 0 0
Northern Ireland total 0 0 0 0 0 0
UK total 0 0 0 0 300 422
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6.5.5 Adaptation

Adaptation through escape (i.e. using different varieties to avoid the period when heat stress is
greatest) is more widely practiced than adaptation through tolerance of the heat stress, in part due
to the wide range of genes and alleles which influetieedevelopmental rate (Semenet al.,
2014).Reactive adaptation can also be implemented by amending sowing dates to avoid the highest
temperatures occurring at sensitive growth stages.

Stratonovitch and Semenov (2015) state that a He#rance trait will likely be critical in order to
achieve high yield potential in southern and central Europp&ngerseasoror heat-stressresistant
varieties,whichmaintainsimilaror higheryieldsthan currentvarieties,are availablefor widespread
commercialuse,the impactof the thresholdexceedance&anbe avoided.Thissuggestshe needfor
earlyinvestmentin R&Dby the plant breedingcompaniesThe UK would benefit from research to
identify heat stress tolerant varieties suited to the climate as well as further research on the impact
of stress events on yield at different growth stages. As lotgyen adaptation relies upon varietal
development, early intervention would allow farmers to ass&€ommercial varieties in time for

future climate events.

No actions specific to the impact of heat stress on wheat productivity are recorded in the current
NAP. Approaches to adaptation are summarisetlahle24.

What is the impact of current levels of adaptation at mitigating these risks?

This is not currently a widespread issue in the UK, so adaptation actions are not widely in place. Defra
has awarded £5.5 mitlh of funding to four Crop Genetic Improvement Networks between 2018 and
2023; this includes the Wheat Genetic Improvement Network (WGIN). The aim of this funding is to
improve the productivity and resilience of the arable sector (including field vegeigble

What additional adaptation management options could be undertaken, either in advance to reduce
the risk of these thresholds occurring, or afterwards to manage the impacts?

Amending sowing dates can reduce the risk of this threshold occurring; howikigedecision by
farmers would be dependent on a range of otli@ctors, such as weather, rotation, yield impact and
workforce availabilityin addition to this threshold, which may not be the priority. Further research
on plant breeding and the availdiby of longerseason or heastress resistant varieties for
widespread commercial use woubgtter insulate againsthe impact of the threshold.

In what scenarios are there limits to adaptation?

Reactive adaptation in the form of changing sowing datey not be possible where farmers cannot
access land at certain times of year (e.g. flooding/weather conditions), or where other factors (such
as workforce availability etc.) limit the timing at which sowing can occur.

15 http://www.wgin.org.uk/about/GINs.php
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Table24. Adaptation approaches to temperature effects on wheat production

Nature of

adaptation

Current status & plans

Benefits of
adaptation

Potential further action or
investigation

Case for action in th@ext 5 years

Longer
season
wheat
varieties
and
varieties
with
increased
heatstress
resistance

Not currently an issue if

the UK but research
from other countries is
relevant to future
climate. Wanget al.,
(2015) studied wheat
flowering date in
eastern Australia. They
found that the floweing
time of wheat is
strongly controlled by
temperature and is
potentially highly
sensitive to climate
change. As a result of
phenological responses
to increasing
temperatures, current
wheat varieties may not
be suitable for future
climate conditions
Defra has awarded £5.5
million of funding to
four Crop Genetic
Improvement Networks
between 2018 and
2023; this includes the

Wheat Genetic

since 2012
N.A

Delivering adaptation:

Regulation N/A

Advice Where farmers recognise the
private benefits of using heat toleran
varieties, @ changing planting times
information and advice can change
behaviours and drive effective
reactiveadaptation.

Incentives Research funding can
incentivise research into plant
breeding of heat resistant varieties.

Building capacity:

Scope for improving awareness of
future climate impacts and adaptatio
responses available in the agriculturg
sector.

Further research on the impact of
stress events at different growth
stages on yield as well as research t
identify heatstress resistanvarieties.

Delivering adaptation:

Given the researclead time to develop longer
season/heatstress resistant varieties, action should bg
taken sooner rather than later.

Changes to advice provision are also being develope
part of the 25YEP. As sudgtion in the next 5 years to
build CC adaptation to agriculture policy is a priority

Building capacity:

Early research in plant breeding may be important for,
the wheat ¢op in order to provide farmers with an
alternative and prevent yield losses. If the threshold ig
reached, having longeseason or heastress resistant
varieties available will be beneficial to reduce yield
losses. The time taken to develop a new varigty
influence the benefits seen within the next 5 years;
therefore the sooner this process is started, the soong
benefits will be seen.
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Improvement Network
(WGIN). The aim of this
funding is to improve
the productivity and
resilience of the arable
sector (ncluding field
vegetable$.

Is risk managed byeactiveor planned adaptation?

Growers will respond through reactiaglaptationbut research eeds to be conducted well in advance of uptake, so an elemeplibohed adaptations

necessarylf longerseasoror heatstressresistantvarieties,whichmaintainsimilaror higheryieldsthan currentvarieties,are availablefor widespread
commercialuse,the impactof the thresholdcanbe avoided.

Risks of lockn
N/A

Risk(s) interacting
There may be impacts on businesses associated with agricultural production

Urgency scoring
More urgent: Research priority- new varieties may be required to overcome threshold effects; this will benefit from early research in this area.
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6.6 Rainfalleffects on soil erosion

Figurel3below summarises the threshold and assessment chain. Exceedance of the rainfall
threshold leads to increased soil erosion, particularly in areas where topographic and other
controlling factors lead to high erosion risk. Loss of soil lead&treased solil fertility and therefore
reduced crop yield and economic losses to the farmer.

N intense Threshold Daily
precipitation rainfall > 30 mm

P soil erosion - soil fertility { crop yield \ crop

production

Soil type,
topography, crop
type

]

Change of crop type, management of soils to improve water retention and reduce soil movement, increased use
of inorganic fertiliser

Figurel3. Impact chain for rainfall effects on soil erosioRurple box shows social/economic or biodiversity endpoint; Brown
box slows potential adaptation measures.

6.6.1 Justification of threshold used in the assessment

Rainfall intensity is the main climate variable considered to increase risk of soil erosion, although
increased wind speeds also play a role and recent research suggests that prolonged periods of
rainfall are also importanfrojections of rainfall increas under climate change have been linked to
increased rates of soil erosion. A study by FRastlock and Boardman (1995) suggested that a 7%
increase in precipitation could cause a 25% increase in soil erosion in theBasitaf England. Soil
organic natter and soil structure influence water retention; with reduced water retention being a
leading factor in soil erosiofdoneset al.,2009)

Soil erosion due to rainfall intensity is highly variable and is partly governed by interactions among
land man@ement regimes and climate. An increase in tilling due to changes in crop type combined
with increased rainfall intensity can lead to substantial increases in soil erosion; without tilling, an
increase in rainfall could lead to small increases, or largee@dses in soil erosion. The timing of

rainfall can also play a part. Ndinear increases in soil erosion have the potential to occur in years
where intense rainfall occurs closely after tillifpullanet al.,2012) The risk of soil erosion is highly
dependent on crop type, land management practices as well as underlying climatic, edaphic and
topographical factors. These factors often interact, with particular crops grown on specific soil types.
The influence of climate change on the risk of soil eroB@omplex and requires further research
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(Brownet al.,2016) In our analysis, a threshold value for heavy rainfall was defined as daily rainfall
greater than 30 mm.

6.6.2 Impacts on natural assets and the services they provide

Increased soil erosion reduces the economic and environmental services soils geogideluding
carbon sequestration; water purification; and nutrient cycjittgough the removal of valuable top
soils.Increased intensity of rainfall events at timgkere soils are not adequately protected (e.g.
just after tilling when there is no crop cover) could result in soil loss to the point where the land
loses its productive capacity, and therefore reductions in crop yield.

6.6.3 Ecosystem assessmantlimate hazed thresholds

High risk of soil erosion results from a combination of rainfall intensity, soil type and crop type. For
this regional assessment, we focus on change in rainfall intensity in combination with the potential
for soil erosion. The data source ferosion potential was the 2015 RUSLE map of soil erosion
produced for Europe at 100m resolutioRigurel4) (Panagos et al. 2015). This shows which parts of
the UK curently experience high levels of soil erosion, and takes into account the potential for
erosion (primarily governed by soil type, topography and land cover/land use) as well as rainfall
intensity.
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Figureld. Map of currentsail loss (t/ha/yr) for UK Dataextracted from RUSLE2015 European data (Panagos et al. 2015).

The number of days per year where heavy rainfall exceddedailythresholdof 30 mmwas

calculated for each region and period. Soil losses due to erosioncatrglated from RUSLE soil
erosion map above (Panagos et al. 2015), scaling per hectare values by the area of arable land in
each region. Therefore, losses at baseline incorporate all effects of contributing factors such as soll
type, topography and cropy/pe, as well as management factors such as tilldgntributing factors

were assumed to remain constant for the assessment period, with the only variable being rainfall.
Future values were scaled by the increase in days with heavy rain, assuming selaamship

between number of days of heavy rainfall and soil erosion losses. The corresponding losses of soil
are scaled from current day losses by the change in heavy rainfall, and the area of arable land cover
in each region. Soil losses per ha are &gplo the area under arable cultivation, derived from CEH
Landcover Map 2013 he assessment assumes land use and land management techniques are kept
constant.

The number of days with heavy rainfpér yearare shown inTable25. On average across the UK,
the number of heavy rain days increases from 1.1 at baseline to 1.4 unc& ac2nario and to 2.0
under a 4°C scenario. In England the number ot rain days increases from 0.6 at baseline to 0.9
and 1.1 respectively. In Wales with higher rainfall, it increases from 2.9 to 3.5 and 4.8 days. In
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Scotland, from a baseline frequency of 1.9 days there is a slight decrease to 1.7 uff@er a 2
scenarigdue to the projected changes in heavy rainfall in that climate scenlwiba doubling to

3.9 under a 4C scenario. In Northern Ireland, it increases from 0.5 at baseline and remains at 1.1 for
both the 2°C and £C scenariasFor any particular regiothie projections are highly variable, with
values in a 2C scenario sometimes lower than baseline or higher than ifGastenario. In

particular, for England the south and east appear to experience fewer intense rainfall days under 4
°C than under 2C.

Table25. Number of days with heavy rain > 30 mm per year. Average over ten year period for baseline {ZID), 2
°C and #C scenarios

Baseline
(200%
Region 2010) 2°C 4°C
North West England 2.2 1.8 4.2
North East England 1.2 1.6 0.9
Yorkshire and Humber 0.3 1 0.6
West Midlands 0.1 0.8 0.4
East Midlands 0.1 0.9 0.4
East of England 0.1 0.6 0.3
South West England 0.4 0.8 1.3
South East England 0.4 0.4 0.5
London 0.3 0.6 0.9
Wales 2.9 3.5 4.8
North Scotland 1.8 2 3.1
West Scotland 3.3 2.8 7.6
East Scotland 0.7 0.4 1
Northern Ireland 0.5 1.1 1.1
England (averagef regions) 0.6 0.9 1.1
Wales 2.9 3.5 4.8
Scotland (average of regions) 1.9 1.7 3.9
Northern Ireland 0.5 1.1 1.1
UK(average of regions) 1.0 1.3 1.9

Total soil lossesT@ble26) at a UK scale increase from 4.2 million tonnes per year by approximately a
factor of three under aZ scenario, to 14 million tonnes per year, but lesser extentinder a 4°C
scenario ® 11 million tonnes. This is due to the relative change in rainfall intensity in regions with
higher or lower arable area. Those with the largest arable area such as East of England and the East
Midlands are regions where the increase in rainfall intensigyrojected to be lower in the 4C

scenario later this century than in the’€ scenario. Our baseline figure of 3.6 million tonnes per

year for England and Wales is slightly higher than other estimates of 2.9 million tonnes per year
(Graves et al. 201 Graves et al. 2015).
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Table26. Annual tonnes of soil loss by region. Average over ten year period for baseline (22010), 2°C and #C

scenarios

Total arable soil loss (t/yr)
Arable Baseline
Region Area (ha) | (2001-2010) 2°C 4°C
North West England 153,101 107000 88,000 205,000
North East England 186,768 173000 231,000 130,000
Yorkshire and Humber 604,082 441000 1,471,000 883,000
West Midlands 430,869 343000 2,749,000 1,375,000
East Midlands 855,947 467,000 4,202,000 1,868,000
East of England 1,197,457 365000 2,193,000 1,097,000
South West England 649,703 1,08,000 2,164,000 3,516,000
South East England 610,152 494,000 494,000 617,000
London 5,667 4,000 8,000 11,000
Wales 94,794 148000 179,000 245,000
North Scotland 62,362 36,000 40,000 62,000
West Scotland 79,296 110,000 93,000 253,000
East Scotland 518,989 467000 267,000 667,000
Northern Ireland 91,212 56,000 124,000 124,000
England (total) 4,693,746 3,478p00 13,601,000 9,702,000
Wales (total) 94,794 148000 179,000 245,000
Scotland (total) 660,647 613000 400,000 983,000
Northern Ireland (total) 91,212 56,000 124,000 124,000
UK(total) 5,540,399 4,296,000 14,304,000 11,054,000

6.6.4 Economi@assessment impact on goods and services

In this assessment,avestimate monetary impacts from lost agricultural crop production as a result
of soil erosionWe acknowledge that there are many other impacts of soil erosion which are not
valued hereWe start by obtaining estimates of soil erosion rates on arable damdcalculating the
change in soil erosion between the baseline and warming scenarios.

Next, we determined the relationship between soil erosion and crop yields. Soil erosion has been
shown to reduce land fertility and lead to lower crop yields glob&gnégos et al, 2017). To

calculate the overall reduction in crop yield resulting from soil erosion, we use the findings from
Rickson et al (2010) who summarise the results of several studies on impacts of soil erosion on crop
yield in the UK and find thatields generally decline by 0.05% for every tonne of soil eroded on UK
farmland. We chose to focus on the impacts on crop production rather than other ecosystem
services that could be affected by soil erosion, including loss of soil carbon or incretdizoh $il

rivers, since productivity impacts are the most well understood impacts of soil loss in the UK.

We value losses due to the reduction in crop yield by assuming that yield is directly proportional to
farm revenues. We expect this assumption to hiolee if farm inputs and crop prices remain
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constant regardless of crop yields. As we are estimating losses arising from changes in crop yields,
we only examine farms classified by government surveys as producing cereals, oilseeds and other
general cropsWe obtain average revenue per farm under the baseline scenario using Farm Business
Income data from the 2017 Farm Business Surv@yducted by Defra in England and the relevant
government departments in Scotland, Wales and Northern Irel&ie scale farmevenues up to

the regional level using data on the number of farms in each region from the June 2017 Survey of
Agriculture and Horticulture.

To calculate the revenue loss due to soil erosion in each region undef@ard 2C scenarios, we
multiply the reduction in crop yield due to soil erosion by farm revenue. These are shdvabls
27.

Annual monetary losses from soil erosion due to heavy rainfall invtiwe of the UK are estimated

to be £2.6 million per year at baseline. The baseline losses are lower than, but the same magnitude
as, those presented by a similar study by Graves et al. (2011;.20idge authorgstimated total

costs of soitlegradationin England and Wales at £bRlion per year. However, only20% of the
estimated annual costs of soil degradation are associated with loss of provisioning services linked
with agricultural productivity (The remaining 80% of total annual degradation c@ses associated

with loss of regulating servicescludingGHG emission@9%), fbod related cost$19%9 and water
guality related cost$1199). When broken down to just estimates afinual agricultural yield losses
due toerosion the values of Graveg al. amount to £5.3million per yearfor all agricultural land

cover types, and £3.6 million per year for arable and horticultural smliiroadly consistent witlthe
estimatesin this report

Losses in crop yield due to soil erosion increase to £8libmper year under the 2Cscenario due

to higher incidences of heavy rainfall events. Losses undéCasdenario are lower, however, at

£6.5 million per year due to changes in the amount of intense rainfall in that model ensemble. Most
of these losss are in England, particularly in the Midlands, with farm revenues expected to decline
by £1.8 million in the West Midlands and £1.5 million in the East Midlands compared with baseline
under the 2°Cscenario. By contrast, farm losses due to soil eroaigestimated to decrease in

North West England and Scotland as soil erosion will be lower € &@nario compared to the
baseline since climate model ensembles predict fewer heavy rainfall events in these areas.
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Table27. Annual economic losses in crop production by region. Average over ten year periodP@ad £C scenarios

Baseline losses not calculated in this methodology. n.d. = no data.

Monetary LossegEm/Year)
Farm
Number Revenue Baseline 2°C 4°C
Region of Farms | (Em/Year)
North West England 2,436 201 0.07 0.06 0.1
North East England 1,216 170 0.08 0.1 0.6
Yorkshire and Humber 4,330 606 0.2 0.7 0.4
West Midlands 4,199 658 0.3 2 1.0
East Midlands 5,265 690 0.2 1.7 0.8
East of England 7,361 1,273 0.2 1.1 0.6
South West England 6,472 821 0.7 1.3 2.2
South East England 4,799 1,934 0.8 0.8 1.0
Londort
Waleg 972 n.d. n.d. n.d. n.d.
North Scotlané
West Scotlandl
East Scotlantd
Northern Ireland 795 35 0.01 0.02 0.02
England (total) 36,078 6,35 2.5 8.0 6.2
Wales (total) 972 n.d. n.d. n.d. n.d.
Scotland (total) 4,182 283 0.1 0.1 0.3
Northern Ireland (total) 795 35 0.01 0.02 0.2
UK (total) 6,673 2.6 8.1 6.5

1 No arable farms recorded in London; 2 No arable farm data for Wales; 3 See Scotland total

6.6.5 Adaptation

Soil is a nomrenewable resourcand the basis for food, feedljel and fibre production and for many
critical ecosystem services (FAO, 2013). Soil degradation, thesagton, compaction and the
decline in organic matteiis caused by unsustainable land uses and management practices, and
exacerbated by extreme climate evenihe actions set out for soil health in NAP2 (Defra, 2018) are
primarily focused on research and monitoring (with soil metrics yet to be deramtthe 25YEP
actions on soil health focus on better information and developing a soil health.ir2iefxa (2017),
in response to CCRA2 recommendations, noted thids are currently protected through outcome
based crossompliance soils rules and the UKiésiry Standard s
funding is provided to protect soil and water throughk agrenvironmentschemes. However, these

are good practice guides rather than discrete actions.

Forest s
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Possibleadaptationmeasures that are judgedely to reduce climate change to soils (POST, 2015)
include:

9 Organic matter (OM) addition to agricultural land;

Cover crops (or green manures);

Longer crop rotation and intercropping;

Noninversion or reduced tillage to improve soil structure;

Tree plantiig in strategic areas to increase water infiltration and reduce erosion andffun
Buffer strips; and

Investment into research in improved soil management methods, in combination with
outreach initiatives to land managers, and monitoring.

=A =4 =4 4 -8 A

Adaptingsoil ard agricultural management processes to improve soil characteristics, such as soil
organic matter, compaction, management of field boundaries, access points and adjacent water
courses, that encourage water retention, help to reduce erosion and help redacsptort of

eroded material offsite. As well as reducing erosion, improving soil characteristics is important for
conserving soil carbon as part of climate change mitigation, in addition to improving soil biodiversity,
which can have subsequent impactswider farmland biodiversity.

Adaptation can also include cultivation of crop species that support lower rates of soil erosion (e.g.
oilseed rape rather than maize or potatoes) in areas which are classified as at high risk of soil
erosion. As noted in CEE015), the area under high erosion risk crops, such as potatoes and sugar
beet, has reduced; however, maize production may be accelerating soil erosion in south west
England.

Early warning signs of soil degradation include fewer earthworms and othdxictai) lower water
infiltration capacity of the soil, evidence of channels or gullies in fields, decreased productivity of the
land, and shallower levels of topsoil than in previous years. Indicators for assessing progress include
monitoring soil organicarbon and soil erosion rates.

ADASanalysiof mitigation measuredor water/soil estimatethat, assumingl00%uptakeof each
measurein Englandthe followingreductionsin soillosscanbe achieved:

Establishingn-field grassbuffer strips3.6%

Riparan buffer strips6.3%

Cultivatingcompactedtillage soils3.6%

Cultivatinglandfor cropsin springrather than autumn2.1%
Establishingovercropsin the autumn 16.6%.

= =4 =4 -4 =4

Theseestimatesare basedon Englandeveluptakeandimpactbut the impactis likelyto vary
considerablyjocally,dependingon the soil erosionrisk.In Ricksoret al., (2010)a rangeof impacts
arereported, reflectingthis spatialvariationin soils/rainfallandtopography .Estimateof reduced
soillossare asfollows:

Winter covercrops5-10%

Mulching40-78%

In-field buffer strips5-50%

Riparianbuffer strips5-84%

Agro-forestry 65%

Landusechangeof arablelandto pasture30-80%.

=A =4 -4 4 -4 -4
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Measuressuchasthesecanbe implementedto mitigate the risk of soillossandcouldbe effectivein
reducingthe impactof crossinghe threshold.However it is likely that more substantive action, e.g.
land use change, is necessary to prevent soil loss on high risk sites. Likewise, if the threshold is
reached and productive capacity is lost, it may be possible to maintain value in the land through
convertirg this to grassland or woodlanbh theseinstancedand usechangemaybe the only viable
approach.e.g.to forestry or grasslandfrom cropping).

In practice, soil loss also pollutes rivers and lakes, affecting ecosystems, with secondary impacts on
flooding. These costs are greater than for lost productivity aloneAs such, the “poll ut
principle applies whereby land managers can be required to change land use or management to

avoid erosionln England,his could include a requirement for land uséo prevent bare soil at all

times in order to obtain payments withihe Environmental Land Managemersisheme which is

being developed by Defrahe requirements under Farming Rules for Water in England already

apply the polluter pays principle reqing farmers to take action to tackle soil erosion where it

impacts on water quality.

NAP actions include:

T I'ncentivise good soil management practices t|
environmental benefits through future environmental land managetrsahemes to ensure
soils are healthy and productive

9 Support research and monitoring to give us a clearer picture of how soil health supports our
wider environment goals

While these actions can be delivered through advice, knowleadghange and incenévbased
schemes e.duture environmental land management schem#ésy rely on voluntary uptake of
measures. This may or may not be sufficient to change behaviours and practicestmd
degraded soilso avoid thresholds being crossed e.g. permanesslof productive capacity.

As outlined in the 2019 Progress Report to Parliament (CCC, 2019), work is underway by
Government to develop a robust and flexible soil monitoring methodology which will be able to
answer policy questions on soil health. Thisthodology will be able to support in monitoring of soil
health and demonstrating any patterns in soil erosion. Adaptation approaches are summarised in
Table28.

What s the impact of current levels of adaptation at mitigating these risks?

It is difficult to quantify the impact of the current levels of adaptation. Many farmers are improving

the characteristics of soil to reduce erosion and promote good soil healthrasfaenvironmental

land management schemes and commercial good practice. There are also increases in the number of
hectares planted with catch or cover crops to protect the soil from erosion; however, the impact of
this has not been reported. The impadtswil protection measures has been quantified (see sections
above), although this does not directly relate to rainfall events.
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Table28. Adaptation approaches for rainfall impacts on soil erosion

Nature of

adaptation

Current status & plans

Benefits of adaptation
since 2012

Potential further action or
investigation

Case for action in th@ext 5 years

Improvesoil
characteristicdo
reduce erosion and
help reduce
transport of eroded
material offsite.

Relies on commercial
good practice or
voluntaryuptake of
environmental land
management schemes
In England, 0.55%f
agricultural landn
Countryside
Stewardships under
management contracts
to improve soill
managemen{includes
woodland option$
(NaturalEngland 2019).

In England, some
actions are already
mandatory under the
polluter pays principle
e.g. under Farming
Rules for Water.

Need to consider data
on alignment of AES
uptake or land use
change with high risk
area for soil erosion.

Support research
and monitoring of
soil health

The 25YEP (HM
Government 2018)
states thatDefra will
invest to help develop
‘“meaningf ul
that will allow us to
assess soll

N/A

Delivering adagation:

Actions:record changes in soil levels
at some reference sites in commercii
production to act as an early warning
system; implement farming practices
which reduce soil erosion; prevent
bare soil cover wherever possible;
potential to change plantig dates to
avoid periods of high rainfall
coinciding with bare soil.

Capacity is largely availalftar these
actions at present, however, uptake i
voluntary. Thereforadaptation may
require regulation oimproved
incentives in order to stimulatthe
required level of action to prevent the
threshold effect.

Regulation Impacts of soil erosion ar¢
mainly a public cost (e.g. flooding,
water treatment)

Advice Where farmers recognise the
private benefits of avoiding soil loss,
information and advice can chge
behaviours and drive effective
autonomous adaptation.

The new environmental land
management schemes in the UK pog

Brexitprovide a basi$or incentivising

Delivering adaptation:

Delivering adaptation within the
next 5 years will have the potentia
to slow down the rate of soil loss.
Early action would increase
resilience of sibagainst erosion
reduce the cost of many impacts
associated with soil loss (water
quality, flooding, lost natural
capital)and reduce the risk of loek
in. Adaptation can be delivered
promptly as cropping systems
readily change.

The new environmentdand
management schemes in the UK
post-Brexit will apply from 2023 bu
adaptation options need to be built
into design and piloting [2019
2023]. Changes to regulation and
advice provision are also being
developed as part of the 25YH&
such,action in the next 5 years to
build CC adaptation to agriculture
policy is a priority.

Each year where no action is takel
will likely increase the cost of
adaptation, as well as shorten the
timeframe in which adaptation
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improvements and to
develop coskffective
and innovative ways to
monitor soil at the farm
and nati ong
Defra is investing at
least £200,000 to help
develop soil health
metrics and test them
on farms across the
country. Two pieces of
research have been
funded to date (CCC,
2019).

In-field
management.
Cropping-tramline
management, cover
crops (winter cover),
buffer strips, high
density planting and
sediment traps.
Grassland-reduced
stocking density, use
of swales

Reduced cultivation
approach- no
till/min -till
(cropping)

Land use change
from arable to
grassland, agro

forestry or forestry.

Relies on commercial
good practice or
voluntaryuptake of
environmental land
management schemes
(but note mandatory
Farming Rules for
Water to protect water
quality in England)n
England 0.55% of
agricultural land in

In 2015/2016, 55,900
ha were planted with
cover or catch crops a
an EFA feature,
representing a 45%
increase from the
previous season
(Defra, 2017)

Countryside
Stewardshipgs under
management contracts
to improve soll
management (includes
woodland options).
Ecological Focus Area

(EFA) measures includ

relevantchangein land management
—this is especially important for soll
erosion as action mabe needed
elsewhere in the river system e.g.
reducing ruroff, slowing river flow or
providing water storageand because
in the short term the costs of
preventing soil erosion are greater
than the benefits accrued from
preventing it Capital grants can
incentivise infrastructure to manage
erosion.

Beyond the threshold, land use
change to woodland or grassland ma
be required if agricultural land has lo
productivity.

Building capacity:

There is huge scope for improving
awareness of future climate imptsc
and adaptation responses available i
the agriculture sector. This needs to
be targeted spatially and focused on
the economic case as well as the
public good aspect.

Research and monitoring of how soill
health supports wider environment
goals to promotaunderstanding and
need for action by users will be usef
for building capacity.
Technologies for reducing soil erosio
are widely available, and therefore th

capacity is largely available, but actiq

needs to be carried out in order to
prevent thethreshold effect.

Building capacity:

Benefits are available within a 5
year period in terms of many soil
erosion adaptations as annual
cropping systems readily change,
therefore there is a strong case for
action in the near term. Small
changes in land management can
have a big impact on retaing soll
health, which will make soils less
susceptible to erosion. Action take
now to improve understanding and
accessibility of technologies which
prevent soil erosion is important ag
there is lockin risk of losing
agricultural productivity and
reducing the area of agricultural
land.
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buffer strips and cover depends on the incentives provided t

crops which help to take action andinderstanding how to
protect water courses implement these methods to maintai
from DWPAPosthumus farm profitability.

et al.,2013). To achieve
net-zero,woodland
cover in the UKeed to
increase fronl3% to
around 1719% by2050
(CCC, 2020).

Is risk managed byeactiveor planned adaptation?

The risk is managed bgactiveadaptationwhere the erosion is significant and makes existing commercial production/system uneconomic but the
case to incentivise a change in land use or management where this is perceived to be unechfamierosion control measures resultshortterm
negative economic returneven if benefits will accrue is future years through soil retention and land ptivity as well as land value; as sufarmers
are generally reluctant to implement erosion contméasures without compensatigiPosthumuset al.,2013) Education of the farmer about loss of
their own natural capital can be important to promote actibere. There is therefore a need for targeted incentit@promote specific actions.g. for
buffer strips, arable reversion, afforestation or investment in no/low till equipment. Nevertheless, there should be rdooapelation where societal
impactsare high, this could include fines for sediment pollution.

Risks of lockn
Permanent loss of soil and productive capacity of land.
Land use change tternative activitiesouldrisk lock in.

Risk(s) interacting

Soil loss also pollutes rivers aladtes transporting both nutrients sediment and agrochemicals into freshwater systems.

Soil erosion is a contributor to urbamd otherflooding

Increased fertiliser use to compensate for lost soil fertility is a major interacting risk with wider inguigc&tr water quality and greenhouse gas
emissions.

Urgency scoring
More urgent: Moreaction needed Early action would have benefits and build resilience as well as reduce the risk-ifi.Idd¢ks would be a ho and low
regret adaptation.Beyondthis, land use change to woodland or grassland may be required if agricultural land has lost produatiwiould risk lock in.
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What additional adaptation management options could be undertaken, either in advance to reduce
the risk of these thresholds occurring, or afterwards to manage the impacts?

Actions such as improving soil characteristics, changesftelthmanagement (e.g. tramline
management, using cover crops, buffer strips, kdginsity planting, sediment traps), and changes to
cultivation (e.g. miill/no-till) could all be undertakemiadvance to reduce the risk of the threshold
occurring.Where agricultural land has lost its productivitgnd use change tother uses, such as
woodland or grassland may be required.

In what scenarios are there limits to adaptation?

There may be econoimbarriers to uptake-many erosion control measures result in negative
financial andeconomic returnsandfarmers are generally reluctant to implement erosion control
measures without compensatigfosthumuset al.,2013)

Where soil is substantially dexfled, adaptation measures to protect soil will have little imp#ct.
these cases it is likely that more substantive action, e.g. land use change, is necessaryrsgitve
loss on high risk sites; although this would take land out of agriculturaljotimsh.
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7 Mountains moors and heaths: peatlands

7.1 Summary Mountains moors and heaths: peatlands

Peatlands are considered a crasgting habitat category that encompasses blanket bog and
ombrotrophic bogs, as well as lowland fens. The literature reudewtified four potential thresholds
across all peatland typdsection16.3.1). Of those, one impact was taken forward for thational
screening assessmettie effect of summer heat on the stability of blanket bogs. The threshold is a
longterm temperature average of the warmest month, which is considered to represent a proxy for
the combined effects of high summer temperatures and associated low rainfpbammoisture
content. The case study focused on the temperature effects on peatlands in more detail.

Temperature effects opeatlandscarbon balancéNe 1, Ne 5, Ne)6

A longterm average temperature of the warmest month of 14Gdefines the climaterwelope for
peatlands, based on current extent. Exceeding this threshold can lead to drying and desiccation of
the peat leading to increased decomposition, damag8pbagnunctover, damage to the soil

structure and exposure of bare peat and erosion. Imtilnis results in a consequent increase in
greenhouse gas emissions. Nemtural and rewetted peat are more resilient to these climatic
impacts than modified (grass and heather dominated) peatlands. With exceedance of the
temperature threshold, peatlandnanges to increasingly degraded condition categories, but the
underlying peat is assumed to remain, albeit with higher greenhouse gas emissions.

At a UK scalecurrently there is 2,035,000 ha of peatland (excluding peatland under other land uses),
and of his 454,000 ha is in the poorest condition category: highly modified peatlardera 2°C
scenario, an additional 53,000 ha shifts to the poorest condition category. This increases to an
additional 247,000 ha under a°@€ scenario (around 12% of UK paatl area)These changes lead

to an additional 104,006CQGe and 500,00@CQe (onnesof greenhouse gas emissioasCQ

equivalen) under a 2°C and £C scenario respectively.

The annual cost of peatland e@emissions due to climate change increases from £239 million at
current day to £318 million under a°2 scenario and £1.3 billion under &Clscenario.

Current adaptation focuses on rewetting, which increases resilience of peatlands to fire and other
pressures. Further adaptation should involve other management interventions (e.g. changes in
grazing or burn management) that favour the survival eestablishment of key pegbrming

species, a functional acrotelm (the spongy upper layer of a-fueating peatland, which can be lost
from degrading systems), and a resilient hummboKkow topographyFor peatlands the area of
restored peatland is less than the area moving to unfavourable condition annually, and this is of
concern.

Urgency scoring More urgent —more action neededAction is needetb prevent irreversible
damage. This would be a no and low regret adaptation. Restoring peataddsansformational
change in land use in the uplandsboth a mitigation and adaptation response.
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7.2 Overview: Mantains moors and heaths: peatlangsational screening

assessment
Peatlands are considered a cramgting habitat category that encompasses blanket bog and
ombrotrophic bogs, included within the NEA broad habitat of mountain moors and heaths, as well as
lowland fens which in the NEA were included in Wetlaiid literature review included all
peatlands and identified four potential thresholds across all peatland types, including lowland. Of
those,one impact was prioritised for national screenifi@ble29), and is discussed in detail in the
next sections. The full list of potential impacts identified in the literature review can be found in
Sectionl6.3

The screening assessment focuses on blanket bogs and is conducted for impacts of temperature on
greenhouse gas emissions, using a temperature threshold as the main climatic €éidhhange for

which there is evidence in the literaturA.more detailed assessment is covered in a case study

which brings in a wider set of climate data, and applies improved estimates of the circumstances
under which change may occur from one peatlanddition class to another

Table30 shows the extent of UK peatlands (blanket bog and deep peats in both uplands and
lowlands) within aggregated condition categoriesga on 2013 da reported in Evans et al. 2017,
updated with data from UKCEH Edinburgh emissions inventory team). Scotland holds around 72% of
the UK peatland resource, and England around 16%, Northern Ireland 8% and Wales 3%.

Table29. Potential thresholddriven impacts in mountains moors and heaths, peatlands

Climate Threshold . : Societal end . :
. : Biophysical . Aligned risk
mediated Habitat point :
response descriptors
stressor affected
145°C Increase in Carbon
(longterm graminoid | sequestration
Temperature| Peatland average abundance Ne 1, Ne 5, Ne ¢
temperature of | and peatland
warmest month) | degradation
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Table30. Estimated area (ha) and condition category of UK blanket bogs and dsegt, by country(Based on 2013 data
reported in Evans et al. 2017, updated with data from UKCEH Edinburgh emissions inventdrysieashMan not
covered in this report, but figures retained to allow comparison with other data sources.

Modified Highly modified  Total (excluding
. Near naural (eroded and afforested bog
Region Rewetted bog | (grass/heather .
bog . domestic peat grassland and
dominated)
cut) arable on pea}
England 83,930 24,451 163,788 53,468 325,637
Wales 23,533 4,013 35,255 206 63,007
Scotland 490,497 20,416 657,889 307,164 1,475,966
Northern 35,110 5,347 36,618 93,142 170,218
Ireland
Isle of Man 0 0 13 1 14
Total 633,070 54,226 893,564 453,981 2,034,841

# Note this excludes afforested peatlands, and peat under intensivextedsive grassland and under arable. For further
description of each peat category see Evans et al. (2017yeRed is treated as a separate category to differentiate
restored from neanatural, and because restoration to full ecological function cke @ecadesGrass dominated
heathlands still retain some heathland species, compared with grassland sown or established on degraded peatland.
Domestic peat cut excludes commercial horticultural peat extraction.

7.3 Temperature effects on greenhouse gasissions in peatlands

The threshold and assessment chain are summaris€gyurel5. Above an average monthly
temperature of 14.5C, peatlands are considered to lie sigle of their climate envelope in the UK.
This results in damage to sphagnum cover and the ecological condition of peatlands, in turn this
leads to desiccation, gullying and erosion of the peat surface. This results in greater carbon
emissions.

Threshold
T air 145°C

temperature

J Sphagnum &
i ecological
yd condition

T Crespiration
J Water infiltration
“I* Fire risk

J» carbon sequestration
|, biodiversity
J water quality

Air pollution;
Management (grazing,
drainage, managed burning)

1

[ Management (raise water levels, reduce grazing, reduce prescribed burning) J

Figurel5. Impact chain for temperature effects on integrity of peatlands (blanket bog and deep peRtyple box shows
social/economic or biodiversity endpoint; Brown box shows potential adaptation measures. The screening assessment
focuses only on carbon sequestration (GHG emissions).
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7.3.1 Justification of threshold used in the assessment

A longterm average temperature of the warmest month of 14Gdefines the climate envelope for
UKpeatlands, based on current extent (e.g. Gall&gda et al., 2010). This is considered to represent
a proxy for the combined effects of high summer temperatures and associated low rainfall on peat
moisture content Elevated temperatures and Glave the ptential to increase vegetation
productivity, but will also increase carbon loss through respiration, potentially to a greater extent
(Brown, et al., 2016)Rising temperatures may also alter plant community structure and ifumcin

an experimental study, Dieleman et al. (2015) described three signs of regime shift in peatland
habitats under climate change, based on temperature manipulation experiments. They observed
significant reductions in carbon sequestration when peat wasmed by &C above ambient levels

for the study site, due to neotinear decline oSphagnunmosses. Increased graminoid abundance
was observed in their 2C warming treatment, sufficient to indirectly affeéphagnungrowth

through competitive processedlote that the high temperature thresholds from this study derive
from the experimental treatments used, and reflect shtatm ecological responses. They may
therefore reflect potential effects seen in natural systems over longer periods in responsealiers
temperature increases.

A processhased modelling study taking a climate Jgiovelope approach suggested that adverse
impacts on peat formation were likely to occur above ay8@r mean temperature of 14% for the
warmest month (Galleg&ala & Rentice, 2013), and this is the threshold used in this assessment.
The impact chaiffor the resulting ecosystem impacihown aboveKigurelb) is adapted and partly
extended from impact chains presented by Evans et al. (2014). Below we discuss in more detail
aspects of the threshold and ecological impacts.

Inter-relationships between temperature and rainfall
The literature on climate change impacts on peatlands focusesapity on periods of extreme heat
and drought. These generally coincide, and are more likely to result in thresfpEdecosystem
changes where the intrinsic resilience of the peatland system has been degraded through other
forms of human pressure, notgblanduse and atmospheric pollution. To a large extent, these
threshold responses are likely to be mediated through changes in the dominance of different plant
functional types, which play a fundamental role in the functioning of bog ecosystems, ntitaily
capacity to form new peat. In particular, any pressure resulting in a IdSphafgnuntover and an
increase in higher plant cover is likely to reduce peat formation andu@ke, and may cause the
peatland to become a net G®ource (e.g. Bragazeaal., 2016). Under more severe levels of
climate or managementelated disturbance, partial or complete loss of peat vegetation cover can
lead to severe carbon loss through a combination of peat oxidation, water and wind erosion.

Temperature and droug effects often ceoccur, since droughts tend to occur during long hot spells
in summer, although they can be compounded by low winter rainfall. Both temperature and drought
may significantly perturb peatland ecosystems in the UK. While they have diffasghanisms of
impact, the net effect on peatlands is similar, i.e. a shift to degraded peatland which is no longer
peat forming, typically characterised by a loss of sphagnum, an increase in grassisland

which may also be associated with increéiseea of bare peat.

During drought periods the abundance of graminoids and saprotrophic fungi in peatlands may
increase. This shift in plant and soil communities leads to greater levels of respiration compared with
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sphagnum dominated peatland. These eféeaf drought become prevalent when water table levels
drop below 24cnJassey, et al., 201 MDrought is increasingly considered to be the most influential
factor on function, formation, and net Gé&xchange in peatlandslowever, intact peatlands are
relatively resilient to occasional drought. If water tables are lowered significantly, and/or the
frequency and severity of droughts increases, then peatland habitats have the potential to become
CQsourceqLund, Christensen, Lindroth, & Schubert, 20T2)s has implications for biodiversity in
upland areas, particularly birds (Peatideggins & Yalden 2004; Peatd@ggins 2011). A modelling
study showed that a fall in water tables will impactroedly (tipulid) abundance and populations of
bird predators that feed on them including dunlin, red grouse, golden plover (Carroll et al. 2015).
While a threshold has been identified linked to drought, the link between water tables in peatlands
and rainfdl inputs is highly complex and cannot be simplified sufficiently for the purposes of a
national level screening assessment.

The assessment focuses on a temperature threshalpecifically the temperature of the warmest
month —on the basis that this hdseen shown to be a good predictor of blanket bog
presence/absence in a number of climate envelope modelling studies, both in the UK (&Gallago

et al., 2010; Clark et al., 2010; Ferreto et al., 2019) and globally (G&8i#gand Prentice, 2013). In
reality, climate impacts will also be associated with changes in rainfall, particularly summer drought,
and mediated through changes in internal ecosystem properties such as water table depth that are
also affected by factors such as landscape position asagagement (e.g. Carroll et al., 2015).

However, our understanding of the precise climatic conditions that limit peat bog formation are still
not fully resolved. For example, studies of UK blanket bog suggest a minimum value for blanket bog
occurrence of 100 to 1200 mm yt; Clark et al., 2010). However, blanket bogs are known to form in
other cool temperate areas where annual rainfall is well below the minimum thresholds cited in the
papers above (e.g. annual rainfall in the Falkland Islands, which hewngtmest proportional

blanket bog cover in the world, is generally below 600 mw $imilarly, blanket bogs are known to
occur in other warmer regions such as Spain, outside the apparent climate space of UK blanket bogs.

This suggests that the resiliemof peatlands to specific combinations of temperature and rainfall
depends on a complex set of physical properties and hydrological factors that are beyond the scope
of this assessment exercise. On the basis that the most direct impact of rainfallyisdike through
summer drought, and that this is to a large extent correlated with high summer temperatures, we
have taken the longerm monthly temperature of the warmest month to be the most tractable

proxy for quantifying ecosystem impacts on peatlaatisational scale.

Thresholdrelated ecological responses
The impact chain highlights the extent to which multiple anthropogenic pressures (including climate
change) interact to alter the state of the ecosystem, and subsequently its function and capacity
support or regulate societally important ecosystem services. To some extent these causal
relationships represent lonrterm responses to longerm pressures. These may operate linearly (i.e.
an incremental increase in one pressure will produce an etgriivincremental change in ecosystem
functions and services), ndimearly (i.e. ecosystem may respond to a greater or lesser extent
depending on the range over which a pressure changes), or interactively (i.e. the ecosystem may
respond unpredictably andgtentially in a thresholdype way to a combination of different
pressures) (Evans et al., 2014). However, acute clingdded effects such as droughts or fires
which introduce shorterm perturbations are often the trigger which initiates ecologicalrae
such as a shift in vegetation communities or a physical change in the peat structure. For example,
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Sherwood et al. (2013) showed that a combination of drainage then wildfire led to the exposure of
denser subsurface peat, reducing nearface water haling capacity and inhibitin§phagnum
recovery. Chronic lonterm changes can thus act to reduce the resilience of the system to recover
from acute effects.

Nonlinear and interactive relationships raise the possibility of threstypie responses, and deed

there is evidence for these types of change in historical and palaeo records. Examples include the
widespread loss ddphagnunthat resulted from atmospheric sulphur pollution during the"20

century (Tallis, 1987), and the replacement of natural kédibog communities by purple moor grass

(Molinia caeruleawhich took place across large areas of South Wales, Northern and Southwest

England from the 19century onwards, which is believed to result from a combination of

overgrazing, burning and atmosgtic nitrogen pollution (Chambers et al., 2007; Hughes et al.,

2007). The role of extreme climate events as triggers of-teng change is uncertain. However

there is strong evidence that periods of summer heat and drought can affect peat condition in the

short and medium terms. This is primarily associated with water table drawdown, which exposes

normally waterlogged peat to aerobic decomposition. Freeman et al. (2001) proposed that drought

events could effectively release environmental constraints oryeriz processes (the smlled

‘“enzymic latch’”) which could in theory | ead to s
been invoked as a potential trigger for lotegym peat destabilisation (e.g. Worrall and Burt, 2004;

Fenner and Freeman, 201Brouns et al., 2014). However, it is important to note that periodic
droughts are a natur al occurrence, and the persi
strongly suggests that they are resilient to shtatm perturbation under natural@nditions.

Furthermore, other studies have suggested that increases #e@{3sion are limited to the period

of water table drawdown, with relatively rapid ecological recovery (e.g. E&tagones and Blodau,

2012).

The evidence discussed above suggdsir gpotential for nodinear impacts of change in peatlands.
Evidence for irreversible “tipping point’ type t
more limited, but still suggests the potential for irreversible effects. Bragazza (2008)a@po

ecosystem scale, sustained (> 4 years) degradation of bogs in the Italian Alps following an extreme

hot and dry period in 2003. This was associated with the desiccation and mortaiphafjnum

Potentially irreversible degradation of peatlands césoaoccur if peat dries out to the extent that it

becomes hydrophobic (which can happen for example in eroding areas where bare peat is exposed)

as the structurally altered peat will not-wet. In the longer term, loss of the surficial peat layer

(acroteim - the spongy upper layer of a pe&irming peatland) can leave the denser, nutrient
depleted and lesswatqper meabl e ‘catotelm’” | ayer exposed, ar
microtopography (hummockollow structures) that confer resilience and adaptatiapacity to the

ecosystem, creating conditions unfavourableSpphagnunrecovery (Lindsay, 2010; Sherwood et al.,

2013). Thesesingleayer ed, topographically simplified ' har
that have been degraded by lanude pessures, and may be particularly susceptible to climate

change (Lindsay, 2010). The formation of subsurface pipes in degraded (especially drained) bogs may

also lead to a loss of climate change resilience due to thetlermg loss of water retention capdgi

and increased runoff and erosion raté$o{denet al. 2012&

The role of contributing factors
However, it is less clear whether peatlands can withstand periodic droughts if they are also
subjected to other pressures such as lamse (e.g. drainage uoning or heavy grazing) and
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atmospheric pollution, or whether even an undisturbed peatland will be able to withstand more
severe or frequent droughts resulting from climate change. Using a bioclimatic envelope modelling
approach, Clark et al. (2010) andllégceSala et al. (2010) suggested that blanket bogs might no
longer be able to form in more climatically marginal (warmer, dryer) regions of Eastern Scotland,
Northeast England and Southwest England. Similar findings have been obtained for Irelagid (Coll
al., 2014), Scotland (Ferreto et al., 2019) and for the global blanket bog area (GGslagamd

Prentice, 2013). However the bioclimatic envelope approach has been criticised as it does not take
account of the intrinsic resilience of existing peatlarmd the role of management in altering this
resilience, and is frequently dependent on the dataset used to parameterise the model (for example,
blanket bogs occur in Northern Spain, outside the apparent climate space of UK blanket bogs).

Issues relatedo burning and wildfire operate to some extent separately from the remainder of the
causal chain, and also because the causal relationships are somewhat disputed. Wildfires on
peatland are generally started by people rather than natural events e.g. lightand are therefore
linked to societal issues such as public access and exclusion. Where wildfires do occur, these have
severe impacts on the other societal outcomes as they lead to large@&sions (and other forms

of air pollution with potential taaffect human health), elevated flood and erosion risk, and
decreased water quality. With regard to the role of managed burriiagmpacts on the carbon
balance, water quality and biodiversity have been heavily debated (e.g. Yallop & Clutterbugk 2009
Holden et al. 201B8; Brown et al., 2014Pavies et al2016;Ashby & Heinemeyer 2018arrs et al.,
2019; Baird et al., 20)%nd remairsomewhat uncertain. It has recently been argued that the
managed burning of blanket bogs for grouse production represamtsffective form of mitigation
against climate change related wildfire risk (Marrs et al., 2018). According to this view, the
moderate loss of Cequestration resulting from repeated prescribed burns (Marrs et al., 2018;
Garnett et al. 2010) could be considered less damaging in the long term than-burerapproach

that allows woodyCalllunabiomass to accumulate and thereby increases the riskilolfires, which
could have more severe consequences in terms of peat carbon loss. However this argument
presupposes thaCallunadominance is the natural endpoint of blanket bogs, which is not the €ase
the dominance ofCallunain areas such as the Pa@nes (where the Marrs et al. study took place) is a
reflection of the landuse and atmospheric pollution history of the area, which have resulted in an
ecosystem that is unnaturally dry and denuded of its natBgttagnuntover. A wet (or ravetted)
peatland generally has an extensive and accumulating Sphagnum cover which restricts the amount
of Callunaor other woody biomass that can accumulate, while the high water table restricts the
extent to which any fires that do occur can burn into the underlyiegtpThe Marrs et al. (2018)

study has been challenged in a rebuttal by Baird et al. (2019). On the basis of these arguments we
would not recommend that managed burning be considered an effective form of climate change
mitigation.

Overall, the availablewidence suggests that peatlands in their natural condition (i.e. wet, with a
functional acrotelm and hummosehkollow topography) are likely to be fairly resilient to climate
change, as they have intrinsic capacity to withstand stemrn climatic perturbatns, as indeed

they have throughout the Holocetfe Peatlands that have been degraded through drainage,-burn
management, overgrazing and air pollution often lack these resilience characteristics and are
vulnerable to climatic impacts including species clemgrbon loss and erosion. Peatlands that are
currently in a marginal state (for example those with lowered water tables that retain some

% The last ~11,000 years
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Sphagnuntover) may be particularly vulnerable to threshdygbe changes in response to additional
climatic pressuresand are therefore a high priority for adaptation.

7.3.2 Impacts on natural assets and the services they provide

Exceedinghe 14.5 °Gemperaturethreshold can lead to drying and desiccation of the peat leading

to increased decomposition, damage to vegetatsuch asSphagnuntover, damage to the soll

structure and exposure of bare peat and erosion. In turn this results in a consequent increase in
greenhouse gas emissions. Naatural and rewetted peat armore resilient to these climatic

impacts than modifid (grass and heather dominated) peatlands, due to their greater capacity to
retain water and to adjust to changing condition
breathing’” ). Wi th exceedance cbahgedtdircredasgtymper at ur e
degraded condition categories, but the underlying peat is assumed to persist, albeit with higher

greenhouse gas emissions.

Peatland degradation will compromise the majority of ecosystem services that they provide, with
the greatest impacts on theiote as an active carbon sink and store of accumulated carbon, the
biodiversity they support, and their capacity to regulate the quantity and quality of water. This
includes drinking water supplies in regions such as the Pennines where they form an irhpartan
of the water supply.

7.3.3 Ecosystem assessmeantlimate hazard thresholds

In this assessment we use the threshold of monthly mean temperature oPC4d&r the warmest
month, and assess the frequency that the threshold is exceeded over a decadessEsement
focuses on carbon emissions resulting from exceedance of this temperature threShelroader
suite of ecosystem services delivered by peatlands (e.g. water filtratiogiveisity) are not
considered \ithin the scope of this study.

Table31shows the number of years per decade when mean temperature of the warmest month
exceeded 14.8C. Under a 4C scenario, most areas of the UK will exceed the threshoktidéor

majority ofyears. For the UK as a whole, the threshold will be exceeded on average 5.6 years in ten
under a 2C scenario and 8.9 years in tender a 4°C scenario. In England and Wales threshold

will be exceeded around six years out of ten under°@ 2cenario, and nine years out of ten under a
4°C scenario. Northern Ireland and Scotland show negligible exceedance un#érsaéhario, but

reach comparable levels of exceedance éseto eight years out of ten) under &@ scenario.

When the temperature threshold is exceeded, a proportion of the existing habitat is likely to change
to a degraded state. Peatlands that are already degraded byuaagressures are likely to be
particularly vulnerable to additional climate pressures, as discussed above. Where the temperature
threshold is exceeded for multiple years in a decade, the impacts will be greater.
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Table31. Number of years per decade where thesam air temperature of the warmest month exceeds 12@(after
adjusting for typical elevation of blanket bog in each region).

Region 2°C 4°C
England 5.5 9
Wales 6 9
Scotland 0.7 7
NI 0 8
UK (average of regions 5.6 8.9

For the rapid screening assessment, conversion factors were estimated for the likely change to
degraded habita{Table32), in discussion with peatland experts. Thassume that for low
exceedance (# years per decade) neaatural bog and rewetted bog retain high water tables and
are sufficiently resilient to avoid degradation. However, the modified geass heatherdominated
communities will have an increased rigkfurther degradation to a state where part of the modified
peatlands become actively eroding. It was estimated that 10% of the habitat in this condition at
baseline will shift to the highly modified category. Under high levels of threshold exceedakee, t
as > 4 years per decade (Bragazza, 2008), the assumption is thatates and rewetted bogs are
not sufficiently resilient to avoid change and 10% of the habitat at baseline will shift to the highly
modified category. The degradation rate willriease in the modified grass and heather dominated
category, with 20% converted to the highly modified category.

Table32. Conversion factors to calculate change in habitat when the mean temperature of warmest month is exceeded

Proportion of habitatvhich shiftsto a Highly
modified peatland category
Near Modified
No. yrs per decade | natural (Grass/Heathe
exceeding threshold bog dominated) Rewetted bog
Low exceedance 1-4 0 0.1 0
High exceedance >4 0.1 0.2 0.1

The following two tables show: the area of each habitat that shifts to the highly modified peatland
category as a result of threshold exceedaf(itable33), and the reslting total habitat area in each
condition category for each scenaribable34).

Across the UK as a whdEable33), under a 2C scenario, 53,000 ha becomes eroded (~ 2.6% of the
total UK blanket bog resource), while under @4scenario this figure is five times higher at 247,000
ha (~ 12% of the UK blanket bog resourteEngland the area that becomes eroded increases by
43,000 ha under a Z scenario but remains the same in this assessment undé€adenario, since
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the exceedance already falls into the high impact categd®he eroded area within this category is

likely to increase further with greater exceedance of the temperature threshold. In Wales, a similar
pattern emerges, with eroded area increasing by 9,000 ha in both scenarios. In Scotland where there
is no exceedance of the threshold under @2scenariothe eroded area dramatically increases to
182,000 ha under a % scenario. A similar pattern occurs in Northern Ireland when threshold
exceedance under a°€C scenario leads to the eroded area increasing by 11,000 ha.

In termsof total habitat areaTable34), in Scotland which holds the largest peatland resource, the
area which is highly modified increases from 307,000 ha at baseline and ut@eo 289,000 under
4°C scenario. In England the area highly modified almost doubles to 97,000 un8érsadnario,
while in Wales the area increases substantially from 200 ha at baseline to 10,000 ha uri@er a 4
scenario. The increase in Northern Ireland is less substansiglg from 93,000 ha to 104,000 ha
under a 4°C scenario.

Given that these predictions are based on a simple threshold response to a single climate variable,
and are based on spatially aggregated data, they should be treated as mglichpotential risks,
rather than as quantitatively accurate predictions of change. Nevertheless, they do suggest that
currently predicted changes in climate, particularly under tf€ 4cenario, could have societally
relevant impacts on blanket bog fuiimn. A shift towards more heavily modified peat condition
categories will be associated with an increase in €@flssions, further contributing to climate
change. Where gully erosion becomes established within previously intact blanket bogs, this may
becane selfperpetuating and effectively irreversible without major restoration interventions,
leading to high and sustained rates of carbon loss. Peat erosion will also lead to higher sediment
loadings to rivers and water supplies, with detrimental impactsvater quality and drinking water
supplies.
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Table33. Net change in habitat (ha) to highly modified peatlan€ A 3 dzZNB & NRdzy RSR (2 ySI NBai
2°C 4°C
Near Rewetted All Near Rewetted All

natural Modified bog categories| natural Modified bog categories
England -8,000  -33,00C -2,000 -44,00¢ -8,000 -33,00C -2,000 -44,00(
Wales -2,000 -7,000 -400 -10,00¢ -2,000 -7,000 -400 -10,00(¢
Scotland 0 0 0 0| -49,00C -132,00C -2,000 -183,00(
NI 0 0 0 0| -4,000 -7,000 -500 -11,00(¢
UK (total) | -11,000 -40,000 -3,000 -53000 -63,000 -179,000 -5,000 -247000

Ynnno

Table34. Area of peatland (ha) in aggregate condition categories. Baseline data adapted from Evans et al. 201T7gbk80), future projected impacts due to climate under2 and #C

scenariosCA 3dzZNBa NRBdzyRSR (2 ySIFNBad Wnnno
Baseline 2°C 4°C

Near Rewetted| Highly Near Rewetted | Highly Near Rewetted| Highly

natural | Modified | bog modified | natural | Modified | bog modified | natural | Modified | bog modified
England 84,000| 164,000 24,000 53,000( 76,000f 131,000 22,000 97,000 76,000{ 131,000f 22,000| 97,000
Wales 24,000 35,000 4,000 0| 21,000 28,000 4,000/ 10,000 21,000| 28,000 4,000| 10,000
Scotland 490,000{ 658,000 20,000/ 307,000| 490,000 658,000 20,000| 307,000{ 441,000| 526,000/ 18,000/ 490,000
NI 35,000, 37,000 5,000 93,000 35,000 37,000 5,000 93,000{ 32,000 29,000 5,000| 105,000
UK 633,000/ 894,000, 54,000| 454,000(622,000f 854,000/ 51,000/ 507,000/ 570,000/ 715,000, 49,000f 701,000
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Finally, the loss ddphagnuntover and expansion of shrub cover on drying bogs will increase

wildfire risks, representing a potential positive feedback whereby initial degradation and carbon loss

leads to an intensified risk of further degradation and carbon loss under future Higimgerature

and lower summer rainfall regimes. It should be noted however that our model assumes lower

susceptibility of blanket bogs to climate change impacts when they are in enagaal or re

wetted condition.Anyactions taken now to protect or resite bogs now should reduce their
vulnerability to climate change in future. Resto
emissions now, for examphdl soilsto be sustainably managed by 20@efra 25YERvould

therefore have the additional benefof reducing risk of climate change induced peatland
degradationinfuturePe at |l ands are a key measur -geroitangetdoyc hi evi r
2050e.g. to restore 50% of upland peat (CCC 2026)the other hand, severe climate change could

jeopardise the success of peat restoration measures, and thus make the achievement of net zero
emissions more difficult.

We note that the predictions made here can be considered conservative compared with studies
which suggest an 80% reduction of peatlanditettin the UK under 2C warming (Galleg8ala &

Prentice, 2013; Ferreto et al., 2019). Our more conservative approach recognises that blanket bogs
occur in other warmer regions such as Spain, outside the apparent climate space of UK blanket bogs,
as wellas some dryer areas such as the Falkland Islands and Eastern Patagonia. Even where
peatbogs start to fall out of the bioclimatic envelope, the bogs themselves are likely to persist in
some form, albeit one that emits carbon rather than being an effeataron sink.

Table35 shows the impact of increased temperatures above the threshold on greenhouse gas
emissions (as t G@quivalent), taking into account current emissions from peatlands in four

condition categories (se€able30). At UK level, annual emissions increase from 3.5 milliongsmat
baseline, by a further 104,000 tonnes under @2scenario and 501,000 tonnes under‘€4

scenario. In England, annual emissions increase from 551,000 tonnes at baseline by a further 84,000
tonnes in both scenarios. In Wales, annual emissiongséser from 80,000 tonnes at baseline, by a
further 19,000 tonnes in both scenarios. In Scotland and in Northern Ireland, exceedance only
happens under the 4C scenario. Scotland has the largest contribution to UK annual emissions

owing to its higher propdion of peatland area, and the relatively high proportion that is already
degraded increasing from 2.4 million tonnes at baseline by a further 372,000 tonnes. Annual
emissions from Northern Ireland increase from 411,000 tonnes at baseline by a furtfé024

tonnes under a 4C scenario. The step changes in emissions are a consequence of the low and high
severity levels used in this screening assessment. A more continuous impact is calculated in the case
study.

These emissions have implications for UK waments to reduce UK mainland carbon emissions

under the Net Zero target; emissions from UK peatland soils have been estimated at 23eMrE0
(Evans et al., 2017), which is around 4% of reported current UK greenhouse gas emissions (note that
most peatand emissions are not currently included in this total, although the government has
committed to include them within the next three years).
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Table35. Net GHG emissions from peatlandsbaseline and under 2C and #C scenaris (t CQe). Estimates incorporate
emissions from UK peatlands in current condition categories at baseline and projected change in emissions due to climate

Yannno

impactsCA 3dzNB3a NRdzyRSR (2 ySI NBai
Annual economi c siong &)t
Baseline 2°C 4°C

England 551,000 636,000 636,000
Wales 78,000 97,000 97,000
Scotland 2,480,000 | 2,480,000 2,853,000
NI 412,000 412,000 436,000

UK 3,521,000 | 3,625,000 4,022,000

7.3.4 Economic assessmeqtmpact on goods and services

The assessment focuses on valuing the greenhouse gas emissions, since robust methods for
guantifying the economic value of other ecosystem services linked to changes in peatland condition,
such as biodiversitygnd water quality and storage, currently dmt exist (MartinOrtega et al.

2014; Glenk et al. 2018).

The economic cost of emissions is calculated using theodd#traded price of carbof, which

ref |l

ects

t he

cost

achi

evi t he UK’ s

ng

account for future changes in climate. Since future carbon price changes over time, we have to make
some assumptions about the timing of impacts in ortiederive a more robust valuation.

Representative prices for nanaded carbon for these years are shownTiable36 below. The cost

of emissions is calculated by multijpplg the CO2 equivalent emissions by the carbon price for that

year.

Table36. Prices for notraded carbon at relevant timescales for the national screening assessment

Time period

2019

2031 (representing 2°C)

2064 (representing 4°C)

Nontraded carbon 68
value @018 £/tCQe)

88

328

The annual cost of GHG emissions at UK level is £239 million for the current state of pgatidohels
37). This amount rises by around £100 million under tR€ Zcenario, amounting to annual
emissions valued at £318 million by 2031. Although there is only a modest increase in greenhouse

7Valuation of Energy Use and Greenhouse Gas. Supplementary guidance td fre&sury Green Book on
Appraisal and Evaluation in Central Government. Department for Business, Energy and Industrial Strategy.

April 2019.
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gas emisions of 3% due to threshold exceedance only occurring in areas of England and Wales, the
value of emissions rises proportionally more. This is because the cost of greenhouse gas emissions
increases over time as emissions targets become more stringe@0@lywhich corresponds tod

°C scenario, the value of peatland emissions due to threshold exceedance increases markedly to
£1,319million. This increase in impacts is driven by two main factors. Firstly, projected temperature
increases triggers nearly @@00tCQGe more emissions in Scotland, where the costs of emissions
increase dramatically from £168 million to £935 million respectively. Secondly, the cost of emissions
rises substantially by 2064 to £328 g€Qe, further reflecting stringent mitigatio targets later in

the century.

These resulin two important risks associated with thresholds in UK peatlands. First, high
temperatures risk triggering nelinear changes in greenhouse gas emissions from peatlands, which
will contribute to the stock of gaes already in the atmosphere. Second, unlocking these emissions
later in the century would be costly in terms of the UK reaching emissions targets. Since these
emissions would need to be offset in other parts of the economy where marginal abatement costs
will be high, the increase in UK peatlands emissions due to exceedance of temperature thresholds
represent a future risk to the ability of the UK to cestectively reduce greenhouse gas emissions.

The risk assessment conducted in CCRA2 (Section Jéd hdt quantify changes in greenhouse
gas emissions driven by changes in UK climate. The analysis conducted here contributes new
evidence that <c¢climate change presents a risk to
will subsequently affedt he UK’ s abil ity to reduce its own emi

Table37. Economic cost of GHG emissions at baseline and undérand £C scenarios (fillion)

Economiccostof additional
Annual economic cost of GHG esi@ns (£ GHG emissions compared

million) with current day (8nillion)

Baseline 2°C 4°C 2°C 4°C

England 37.4 56.0 208.5 18.5 171.0
Wales 5.3 8.6 31.9 3.3 26.7
Scotland 168.7 218.3 935.8 49.6 767.0
NI 28.0 36.2 143.1 8.2 115.0
Isle of Man <1.0 <1.0 <1.0 <1.0 <1.0
UK 239.4 319.0 1,3193 79.6 1,0799

7.3.5 Adaptation

For Chain 1 temperature effects, the analysis focuses on upland or lowland bog peatlands with the
threshold indicated by likely change in vegetation communities and ecological condition associated

with anon-linear decline of Sphagnum moss&he ability to withstand such changes is governed by

the initial condition of the peatlang®? ¥ dzy OG A 2 Yy A y 3 LIS | dystemyaRlé to (uiNtba NB a A £ A
trigger point) withstand pressure for char{g&allegeSala & Prentice, 2013f the effect is absolute

i.e. all peatlands cannot function under threshold high temperatures, there may be no adaptive
responsebut the evidence suggsts that they will be more resilietd climatic pressures if they are

in good conditionand may indeed be able to selflapt (e.g. through changing their vegetation
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species mix) to continue functioninghis autonomous adaptation may nonetheless lead thange
in ecological condition (with significant vegetation change), or an adverse change in the amount and
type of ecosystem services provided by the peatlands.

The priority adaptive response for both these potential impact pathways should be to raise water
levels and to institute other management interventions (e.g. changes in grazing or burn
management) that favour the survival or-establishment of key pedbrming species, most notably
Sphagnumof a functional acrotelm, and of a resilient humméaMdlow topography. In the most

extreme areas of degradation (e.g. active erosion gullies) more substantial interventions such as dam
construction and active revegdian may be required.Further ro/low regret action in thenext five

yearsis necessary to avoid irreversible damage and increased restoration costs in future. This should
not rely on voluntary action by land managegsiggested actions are includedTiable38.

However there are barriers to widespread implementation of measures such as rewetting as this

currently relies on voluntary uptake of incentivised optiorg. ¢hrough agrenvironment schemes.

Even those peatlands that are under some element of protectomn SSSland SACsre

vul nerabl e; ECI (2013) estimated that only 35% o
“unf avourable recovering” condition.

NAP actions are:

. Maintain and expand current peatland restoration programmes in sgatural habitag

. Develop new sustainable management measures to ensure that the topsoil is retained
for as long as possible and greenhouse gas emissions are reducedpghemannot be
restored;

. Publish an England Peat Strategy;

. Support and develop the evidence base for the sustainable management of agricultural
peatlands;

. Improve the representation of peat soils in the greenhouse gas emissions inventory to
enable the effetiveness of emission mitigation action to be tracked more accurately;
and

. Continue to work with the horticultural industry to transition to peat alternatives.

There is also a target, mentioned within NAP 2, which reiterates the aspiration included in the

Natural Environment White Paper (2011) and restated in the (8r&ear Environment PIg2018),

for all of England’s soils to be managed sustair
in horticultural products by 2030. The CCC report olicies for a Net Zero UR020) references a

£10 million Peatland Grant which is being shared across four projects to restore over 6,000 hectares

of lowland and upland peat in England. This is anticipated to deliver estimated annual savings of

23,000 tC@e. The Scottish Government has also awarded £8 million for restoration projects since

2012 under the Peatland ACTION project (CCC, 2020). The peatland restoration target within the CCC
policies for a Net Zero UK report includes restoring 50% of uplandapeia?25% of lowland peat. The

cost of these restoration activities is estimated to be £1.6 billion for upland peat restoration and

£0.3 billion for lowland peat restoration (CCC, 20205cotland, there is a target to restore 50,000

hectares of degradedgatland by 2020, and 250,000 hectares by 2030 under the Scottish
Government ' s Climate ChangeAd&ptatonapréachestatei sh Gover
summarised irmable38.
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Table38. Adaptation approaches for temperature impacts on peatland carbon balance

Nature of

adaptation

Current status & plans

Benefits of
adaptation since

Potential further action or investigation

Casdfor action in thenext
5 years

Management
interventions
(e.g. reduced
grazing and/or
prescribed
burning)

Relies on voluntary uptake of

Raise water
level/ Dam
construction

incentivised options, e.g.
through agrenvironment
schemesOnly 35% of SSSI
peatlandsarein a

“f avour atavoerdble
recovering” ¢
2013). The 25YEP has an
intention to restore vulnerable
peatlands (upland and
lowland) by 2030 and restore
75% of terrestrial protected
sites to favourable condition.

Managed burninghould not
be considered an effeste
form of climate change
mitigation (Baird et al., 201p

Local projects have

2012

made progress; for
example MoorLIFE
installed 4,000 dams|
planted 200,000 plug
plants, and laid 53kn
of geotextile

material to prevent
soil erosion (Moors
for the future, 2019.
The avoided carbon
loss is estimated at
4.48 tonnes
CO2e/halyr (Maskill
et al, 2015). found
110,000 ha of UK
peatland have
undergone some
form of restoration
between 1990 and
2013, of which
73,000 ha involved
re-wetting (Evans et
al., 2017)

Delivering adaptation:

Providing the skills and equipment are availal
adaptation can be delered by raising water
tables and changing management of peatlang
Regulation Impacts of peatland degradation
are mainly a public cost (e.g. reduction in wat
guality and increase in carbon emissions) and
some actions can be mandatory under the
polluter pays principlesVhere prescribed
burning is associated with economic activities
such as grouse shooting, there is ho economi
case to stop burning and regulation would b
required to stop this practice.

Advice Where land managers recognise the
private and wider benefits of peat degradatior]
information and advice can change behaviour
and drive effective autonomous adaptation.
Incentives Upfront capital investments are
required for installing dams and raising the
water table, so capital grants can incentivise
infrastructure to manage degradation. Land
managers may also be hesitant to take land g
of agricultural production without incdives.
The new environmental land management

Maintain and | £10 million peatland grant N.A—the percentage| schemes in the UK peBrexitprovidea basis | the next 5 years will bring
expand scheme commenced in 2018 | of upland bogs in benefits as without
current to deliver projects covering | favourable condition knowledge around this
peatland ¢.1% of peatland areas in (SSSld)as decrease(

Delivering adaptation:
Restorationis a process thal
can take decades. As time
passes, and peat becomes
more degraded, it becomes
increasingly expensive to
introduce adaptation
actions to reverse or slow
this damage. The risk of
lock-in also means that
early action is beneficial.
Early respration improves
the potential of functioning
peat to selfadapt to climate
change, bringing further
benefits (Paul Watkiss
Associates, 2019).

Actions under ELMs, Tier 1
payment scheme include
maintaining water levels in
peat soils.

Building capacity:
Rasing awareness within

126



restoration
programmes
in semk
natural habitat

England. The National Trust i
also working to restore and
manage peatlands (CCC,
2019). The UK Peatland
Strategy, launched in(4.8,
aimed to restore 1 million
hectares of degraded peatlan
by 2020 and 2 million hectare
by 2040 (Paul Watkiss
Associates, 2009The
Peatland Code also looks to
increase private funding
available to restore peatlands
The Scottish
Climate Change Plan aims to
restore 50,000 hectares of
degraded peatland by 2020,
and 250,000 hectares by 203

from 19% in 2003 to
12% in 2018 (CC,
2019).

Prevent soil
erosion

The 25YEP aims tewklop
new sustainable managemen
measures to ensure that the
topsoll is etained for as long
as possible.

Relies on commercial good
practice or voluntary uptake
of environmental land

management schemes.

N.A

for incentivising relevanthangein land
management.

Building capacity:

There is hugscope for improving awareness (¢
future climate impacts and adaptation
respamses available regarding peatland. This
needs to be targeted spatially and focused on
the economic case as well as the public good
aspect.

Technologies for reducing peatland degradati
are widely availableHowever capacity is
currently limited by the availability of the
contractor base for carrying out restoration. We
need to grow this contractor base to increase

the amount of restoration that can be carried

out. Actionis also dependenbn incentives and
practicaities.

Further research into paludiculture, rearing
animals on wetted land, and other uses of
peatland which can maintain productivity and
store carbon simultaneously may be beneficig
(Paul Watkiss Associates 2019).

topic, land managers may
not readily take action.

Is risk managed by autonomous or planned adaptation?

Planned adaptation will be required where incentives are needed to restore peatlands/preventidégreas benefits are generally for the public gog
rather than the private good. Land use change may be associated with a loss of productivity (and therefore income)rigantiptdductive lowland
peatlands; hence autonomous adaptation is unlikelthiese situations. Mitigation can delay the threshold, however, once the threshold has been

crossed and peatland has been removed or irreversibly damaged, no adaptation can be undertaken to rectify this.

Risks of lockn
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Permanent and irreversible los$ peatland

Risk(s) interacting

Degradation of peatland leads to soil erosion and carbon emissions

Restoring peatlands/preventing degradation has positive impacts on biodiversity

Restoring peatlands/preventing degradation has a positive impact on watdity and helps regulate downstream flow

Urgency scoring
More urgent—more action neededAction is needetb prevent irreversible damage. This would be a no and low regret adaptation. Restoring peat
is both a mitigation and adaptation response.
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What is the impact of current levels of adaptation at mitigating these risks?

Local projects are making progress with efforts to maintain peatlands; around 110,000 ha of UK

peatland are estimated to have undergone some form of restoration between 1990 and 2013, of

which 73,000 ha involved +wetting (Evans et al., 2017). Rates oapeestoration have increased

since 2013 as a result of recent funding initiat
Action programme and the Defra peat restoration fund, as well as a number of large peatland

focused EU LIFE projects. Despits,tttie percentage of upland bogs in favourable condition has

apparently decreased from 19% in 2003 to 12% in 2018 (CCC, 2aM@@ver, it should be noted

that this only relates to designated sites.

What additional adaptation management options could hmdertaken, either in advance to reduce
the risk of these thresholds occurring, or afterwards to manage the impacts?

Up to a point, a functioning peatland which is in good condition will have some resilience to
temperature change and drought impacts. Téfere, improving the condition of peatlands can

reduce theimpacts ofreaching the threshold. Actions such as raising the water table, and
management interventions such as changes in grazing and burn management, can be taken to
reduce the loss of peatlanth the most extreme areas of degradation (e.g. active erosion gullies)
more substantial interventions such as dam construction and active revegetation may be required.
These actions could be taken in advance to reduce the risk of peatland being losudfioage

damage to peatlands is difficult and expensive to reverse at best, and may be irreversible at worst,
adaptive management responses will be far more effective if they can be undertaken before climate
thresholds have been crossed.

In what scenarig are there limits to adaptation?

Potentially irreversible degradation of peatlands can occur if peat dries out to the extent that it
becomes hydrophobic, as the structurally altered peat will nevet. Gully erosion also presents a
major challenge for @at restoration, because it fundamentally alters the topography and hydrology
of peatlands, which form in areas of low relief over millenface the threshold has been crossed
where peatland is currently degradéidere is a risk of the peatland becomimgeversibly damaged,

at which point no adaptation can be undertaken to rectify this.

Many adaptation actions are currently largely implemented through voluntary actions within agri
environment schemes, which can limit uptake. The Peatland Code higtdightmber of restoration
options. Measures such as raising the water table and constructing dams require a catchment
approach, which may present coordination challenges.



8 Woodlands

8.1 SummaryWoodlands

This section cover@l UKwoodlands. Thditerature review identified three potential threshold

based impact¢section16.4.1), of which two were taken forward in theational screening
assessmentThe assesment focused omanaged woodland standand separate analysis was
conductedfor oakdominatedstands, other broadleaved woodland and coniferous woodlarie

first impactrelates tocombinedeffects of droughand temperature (represented by climatic

moisture deficit above threshold level), for which the assessment was conducted using forest growth
models. The second impact relates to potential pest and disease impacts. It was not formally
assessed, but adaptation approaches for this impact were exgldihe case studfsection 14)

focused on the temperature and drought effects on woodland production in more detail.

Drought and temperature effects on productivity of managed woodléNes7)

Two climatic moisture deficit (CMD) thresholds were usedsteas growth and timber quality in a

range of commercial tree species: 200 mm for drought sensitive species (e.g. Sitka spruce, sycamore)
and 300 mm for more drought tolerant species (e.g. Scots pine, Déefiglaak, sycamore,

hornbeam)

Forest growth mdels showmpacts range from slight, moderatandto severe, depending on tree
species. Impacts on oak and beech are severe, along with other deciduous woodland species.
Impacts on conifers are mixed. All impacts vary geographically and are greatersiouth and east

of the UK. In west and north Scotland, climate change will lead to increased growth for Sitka Spruce,
but in eastern and southern Scotland more frequent drier summers will reduce growth and timber
quality.

Qurrent adaptationfocuses on @nting a more diverse range of species and in mixtures, selecting
more tolerant provenances suited to climate change, and managing pest and pathogen outbreaks,
which may be climatenediated Adaptation management planning in the forestry sector is slow.

The conifer production sector in UK forestry relies on shorter crop rotation than the broadleaved
woodland management sector and seeomnfortableto risk abiotic and biotic damage to crops

with an earlier/shorter felling intervention if necessary

Urgencyscoring- More urgent—more action neededMore action is needed on species selection
for future climateproofing, and developing or selecting genotypes better adapted to future climate
stresses.

Temperature influence on pests and pathogens (Ne 7, Ne 9)

Warmer temperaturegause increased fecundity and voltinigatcelerating its life cycle stagés)
invertebrate pest species. A warmer climate, particularly mild winters, encourage range expansion
of tree pests and pathogenkeading to increased tree miatity, reduced timber quality and
consequent impacts on economic productidine threshold varies depending on the pest or
pathogen species.

Current adaptation focuses on preventing the introduction and establishment of new pest/disease
organisms. However, the rate at which new pest/disease organisms have arrived in the UK has
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continued to increase. Future adaptation will generally be achig¢hexlighfurther monitoring
including new methodologies from technology to citizen scierioereasing woodland resilience

through moving to mixed species mixed age plantangl developing genomic tools to accelerate

the production of resilient tree variges.

Urgency scoring More urgent—more action needed. The risk is currently low, but stress and
disease/pest susceptibilitgnd therefore economic lossesijll increase withwetter winters
followed bymore frequent hot dry spring and summer climates.

8.2 Overview: Managed woodlandsational screening assessment
This section cover@l UKwoodlands. The literature review identified three potential threshold
based impacts, of which two were taken forward in treional screening assessmeithe
screening assessment for this habitat focusesmanaged productivevoodlandi n
sector: oakwoodland,other broadleaved woodlandsndconifer woodlandsThe impacts
prioritisedin Table39 represent ann-combination analysis of climate variablehich have been
assessed using forestry growth, timber quality and economic models in this assesshefll list
of potential impacts identified in the literature review can be found in Secti®A.

Table39. Potential thresholddriven impacts in woodlands

Britai

Climate Bioohvsical Ecosystem Aligned
mediated Habitat Threshold resl? ())/nse services risk
stressor P affected descriptors
Biotic ree
3 years per
. stress, leaf
decade with .
Woodland . . . loss, cambium
(Managed climatic moisture cracks, growth
deficit (CMD Do Carbon
Temperature, ook other ( ) reduction in sequestration Ne 7
; broadleaved| >200 mm drought following ©d L
Rainfall
. . . - timber quality
and conifer | sensitive species | years abiotic
woodlan est and
9 >300mm drought P
. pathogen
tolerant species; | . ]
infection
Biotic tree
stress, leaf
. .| loss, growth Carbon
Temperature| Woodland | on pest & . Ne 7, Ne 9
.| following fimber
pathogen species
years pest quality,
and pathogen
infection
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8.3 Temperature and droughaffects on woodland

The thresholds and the assessment chain are summarideidimel6. Temperature and low
precipitation together determine the drought indicator, climatic moisture deficit. Climatic moisture
deficit is the maximum annual accumulated excess of potential evaporation over rainfall. We set a
threshold of climatic moisture deftadf 300 mm which leads to seasonal water stress, reduced tree
growth and, more importantly for standing crops where yields are less affected, poor timber quality
due to shake (cracks in heartwood) that reduce timber valhe.impactis lower yields, partularly

from young plantations, and lower economic returns on sale of wood. The factors governing
moisture stress are tregpecies dependent, and also vary with soil tydere detailed analysis on

this impact is covered in the case stuashich incorporges a broadeset of climate data

)
A rainfall Threshold
\ ) CMD > 200 (sensitive spp.)
CMD > 300 (tolerant spp.)

E—

A air ™ C|.ImatIC I seasonal J- tree 4 economic
temperature moisture water growth; roductivit
P deficit stress timber quality P y
)

Soil type;
tree species

1

Change woodland management: increase species diversity, thin or fell stands to reduce water
demand

Figurel6. Impact chain showing the effect of increased temperature and summer drought on woodlaPdgple box
shows social/economic or biodiversity endpoint; Brown box shows potentialaitepmeasures

8.3.1 Justification of threshold used in the assessment

This screening assessment focuses on the impacts of summer drought stress. The thresholds use a
drought indicator from the Ecological Site Classification (ESIG)est siteclassification system (Pyaitt

et al,. 2001} called the climatic moisture deficit (CMD) index that reflects the maximum accumulated
monthly excess of evaporation gEbver rainfall (P) each year. Threshold values of CMD for production
vary according to th drought sensitivity of species. The pedunculate oak CMD threshold of 280 mm
indicates the upper limit of sites classed as suitable for oak production. Sitka spruce is less drought



tolerant and has an upper CMD threshold of 180 mm, whereas the threfdmoBtots pine is 260 mm.

To simplify the assessment, we assumed a general tolerance threshold for drought sensitive species
(200 mm) and relatively more drought tolerant species (300 mm), as the CMD thresholds likely to
impact the timber production of maaged forest stands.

In some regions oak woodlands are in decline and the valuable timber provided by oak stands is
threatened due to reduced timber quality from abiotic stress such as late frost and summer drought.
Areas affected by oak decline (OD) odauhe south and east of the UK, with a significant proportion
of stands (~25%) on surfaweater gley and groundvater gley soilsClimate change is thought to be
a driver of the decline due to:
0 much warmer and drier summers, which exacerbates summer ghbstress. Warmer
summers and drought combined cause a greater stress tharseparateclimatic impacs
alone, in many species of tréallen et al., 204); and
U small increases in winter seasonal rainfall, exacerbating periods of anaerobic conditions
during waterlogging that reduces root health and rooting depth

8.3.2 Impacts on natural assets and the services they provide

Climate change is now contributing to a proportion of oak treleswingsigns of declingDenman et
al., 2014; Oosterbaan and Nabuurs, 19819 associatedhortality (Brown et al., 2016Warmer drier
summersas well asvetter winters and extreme winter cold caall cause shake (cracks in the tree
stem)(Price, 2015; Savill et al., 199duced canopy density (Browhad. 2016) in some woodlands,
parks and other open situations.

Many tree species subjected to abiotic stress, such as extreme warmth and drought, extreme frost, or
waterlogging, succumb to secondary biotic impacts of p@tsnsfield et al., 2016; Seidladt, 2017)
and/or pathogengThomas et al., 2002)n combination, these impacts affetitg growth rate of trees,

and the wood quality. The former influences the time to harvest, impacting revenue, and the rate at
which carbon is sequestered. The latter governs the end point of harvested wood, e.g. whether it can
be used for veneer, planks, st for pulp. Both affect the economic value of harvested wood

8.3.3 Ecosystem assessmentlimate hazard thresholds

Above the threshold CMD of 200 mm for drought sensitive species and 300 mm for species more
tolerant of drought, the impacts on tree growtates and wood quality begin to occur.

The interaction of abiotic and biotic impacts of climate change on tree species normally causes a
reduction in the annual growth in younger trees. This is often the result of xylem emBblitia
impact of whichcan last for several years following the stréBggler et al., 2007, 20064 further

impact is the damage to the quality of the wood which is often only apparent when the gree i
harvested(Price, 2015)

Thescreeningassessment for woodlandvas only conducted for one climate projection, consistent
with a 2°C scenario, and reports impacts for 2050. Some extrapolation is made from these outputs to
provide a narrative for possible effects under &4scenario. This diffefom the approach used in

the other screening assessments, and is due to the use of forestry models to conduct the assessment.

8 Blockage of a water conducting pathway in a vascular plant by an air bubble; cause by dissolved air coming
out of solution under extreme tension
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The degree of impact varies according to species, and phenotypic variation (differences caused by site
and microsite charactetties on a genotype, and genotype x environment interactions) within a
species. Individual trees (and other organisms) are a product (phenotypes) of both the genetic code
present in DNA (the genotype) and the stimulus of the environment. Genotype intaractiith
environment lead to phenotypic variation in characteristics of individuals of the same species. In this
report, based on thresholds used within the models, we calculate the magnitude of predicted change
in species suitability under climate changgéther with the site types vulnerable to greater seasonal
changes in the soil water regime to estimate the proportion of oak, broadleaved and conifer woodland
that will be exposed to lower timber quality under climate change.

Our estimates use the publied standing volumes of different species across age classes according to
the regions of the National Forest Inventory (NFI) of Great Biffagurel7). Northern Irdand is not
included in this woodlands assessment.

58 Key to NFI Regions
o7 St 1 North West England
D5 A 9 2 North East England
AU 277 ) 3 Yorkshire and Humber
7 \i..? il o 4 East Midlands
’,‘i; i3, 11 7 5 East England
‘.,'l;QLQ LA 6 South East England and London
Sy 12 f bt 7 South West England
{ ooy 23 8 West Midlands
A L PR S 9 North Scotland
W< 3 Y 10 North East Scotland
O 11 East Scotland
YN 4 2 12 South Scotland
"t 28\ 57 13 West Scotland
P i T P, 7 14 Wales
e, PV | ﬁ\--;_\.,,—‘:
X - {7 6
g T

Figurel7. Location of the National Forest Inventory (NFI) Regions
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The standing volumes of different species (NF
National Forest InventoryNFl)according to the regions of the NFI are used in a forest production
model. The most mature age classes of broadleaved trees will have passed the point of maximum
mean annual increment (MMAI) and therefore an assumption is nthdethe impact of climate
change on mature stands of oak and broadleaved yield will be small betweer2P820 A yield
reduction was applied to conifer stands of-800% of current yield based dine ESGnodel, with the

spatial variation of yield impactkby climate change severity according to NFI region. For all three
woodland types we assume that the impact of climate change (extreme years) on tree stress causing
wood structural damage and biotic impacts could be large affecting wood quality, comizatied

small losses in yield. Therefore, the model adjusts the assortment of wood products according to the
degree of climate change exposure in each NFI region. The method follows the work of Tubby (pers
comm), providing economic data on the value of tlad timber resulting from the product assortment
likely from thinned or felled oak stands. The product assortment was adjusted to reflect the changing
proportion of stems of low, medium and high quality according to the proportion of stands on shake
and deback susceptible soil types (surfamater gley soils) by NFI region as climate chaisge
projected toprogress. Broadleaved woodlands and conifer woodlands were assessed in a similar way.
For conifer stands we made additionaladjustment to the rate of growth based on ESC. Due to the
shorter rotations of conifers their maximum rate of growth (maximum mean annual increment) would
occur during the period 2020 to 2050.

We assume a linear exposure gradient of climate change fravh i802020 to 100% in 2050nder

the equivalent of the RCP8.5 emissions scenario (approximately associatedeadthinga 2 'C
scenario in 2050). We have used two standard thinning interventions on the older age class volumes
of timber (over 80 years old)f 33% of the volume respectively in 2030 and in 2040, and we model
the felling of the remaining 34% in 2050. The size of stands in which thinning or felling is modelled has
been set at 10ha for oak and broadleaves leaving remaining areas as refugesifeesity.

Impacts on selected tree specasd interpretationof reduced timber quality
The growth/damage risk classes relate to the frequency with which the climate threshold is
exceeded in a teiyear period, and therefore the magnitude of impact on different species. The
growth/damage classes are slight (S), mode(d¢ and severe (X), ahown inTable40.

A growth/ damage risk class of “slight” may re
warm summer periods in one or two years percdde. This would impact forest ecosystem services
by reducing: biomass (lower carbon sequestration and timber production). Increasing the risk of
Elatobium abietinunfgreen spruce aphidjutbreak(Straw et al., 20059nd defoliation in spruce and

pine forest. Increasing the risk of powdery mildgidantec et al., 2015pn broadleaved trees
(particularly oak) in thene or two years following the drought.
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Table40. Projected drought risk to nine commercial tree species for &€2RCP4.5 scenario in 2050 compared to 1981
2010 baseline climate for 14 UK regiari3amage/growth reductionisk classes: S=Slight, M=Moderate, X=Severe.
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A damage class of moderate” would similarly re
summer conditions occurring in two years per decade, causing the bark and cambium of a small
proportion of suseptible trees to crackGreen and Ray, 2009; Price, 20I8)e cracks would reduce

the timber quality in conifers and broadleaved species; in broadleaved species it would reduce the
market value of the wood. It is difficult to estimate the redul value, as prices vary with species. The
cracking of 20% of Sitka spruce stems would reduce the value of thm#bguality wood but have a

lesser effect on pulp or fire wood. Oak is particularly prone to cracks in the tree-stesnh aik dzy’
sunmmers on silty and loamy clay textured s@isice, 2015)Within the stem of trees suffering star
shake and/or ring shake, cracks occur reducing the high timber value of oak to a lesser firewood value.
Other broadleaed and coniferous trees can also suffer shake. Shake in oak reduces the value of the
timber, particularly from wetter winters followed by dry summers.

A damage <cl ass of “severe’” mi ght occur when tw
sequentially o are interspersed in a decade, for exampl8 2xtreme hot and dry summers in a
decade. The drought conditions may cause rapid decline and senescence of a proportion of trees in a
woodland stand (e.g. ~20%). Drought of this severity would cause learidsshoot dieback, fungal

and bacterial infections, and in extreme cases bleeds from xylem emb@lsimet al., 2013)}s
tracheid cells cavitate reducing the watiow for transpiration to occur. Recent studies have placed

tree species on an isohydrecanisohydric gradient referring to the degree of stomatal control tree
species exert, which is related to the likelihood of embolism (Roman et al. 2015). The frdnt&aso

the potential to provide the means of improving tree choice in relation to soil types and
current/forecast climatic conditions (MartineZilalta et al. (2014) also contains placements on the
gradient for 102 tree species) In addition to reduced pretivity and biomass production, the dead

and dying trees would be liable to collapse. In publicly accessible woodlands and along roadsides this
would present a public hazard and would be expensive to manage. Increasingly, very dry spring
weather has incrased the likelihood of fire in some parts of Britain. Forest fires in western Scotland
and in the western Pennines have occurred frequently since 2010. The fire risk to forest stands is likely
to increase as a result of climate change. Biodiversitydhmibkeverely affected with a rapid increase

in deadwood species and reductions in facultative (e.g. mycorrhizal fungi) and obligate species
(Mitchell et al., 2019)

Climate change is expected to cause a shift in seasonal climates across Britain. The climate
projections show thatinder a future2 °C warming scenario, driwarmer summer, and wetter
winter conditions will become the norm. The change in climate may slightly reduce the carbon
sequestration function of woodlands. This is more likely in the south of En(fRaydet al., 2010)
but may be offset in the next 30 years by an increased woodland caibkrin north western
England and western Scotlaflay, 2008)In the east and south of Scotrand in north east and
east England a reduction in the carbon sink is likely. Un8€rwlarming scenario a reduction in the
woodland carbon sink is likely in Britain as a result of extreme heat and drought events damaging
forests(Allen et al., 2015; Hanewinkel et al., 2012; Seidl et al., 2BERw is a list of selected
species with comments on the likely effects of increasingly drier and warmer sumamekshe
carbon sequestration impact of climate change

1 Sitka spruceRicea sitchensiss a major commercial forest tree in the UK. Normally, it is not
commercially planted on sites where the total annual rainfall is less than about 1200 mm per
year. This limits the tree to regions north and west of a line between the Bristol Channel and
the River Tees. Within this spruce zone there will be a change in risk of drought damage
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from slight to moderate in Wales, North West England, North East England, Northern
Ireland, and Eastern Scotland. Indeed, Sitka spruce was badly affected on shad@& soi

steep slopes in eastern Scotland in the 2003 drought (Green and Ray, 2009). Sitka spruce is
confined to wetter climatic sites, so the species should remain a net carbon sink. In south
and west Scotland warmer growing conditions and low drought rilpremote growth and
carbon sequestration in Sitka spruce stands.

Scots pineRinus sylvestrjswill become increasingly prone to moderate drought damage
under a 2C scenario, even in the uplands of England, Wales, Northern England and regions
of Scothnd. Dothistroma needle blight is a major pathogen of Scots pine, and projected
climate change in Scotland will reduce growth and carbon sequestration in Scots pine stands
(Rayet al, 2017). Similar impacts will occur in North England, and Wales.

Douglasfir (Psuedotsuga menziesis considered a drought tolerant species, however the 2
°C scenario climate in England will cause a moderate risk of drought damage. Work is
underway to select more resistant genotypes of Doudilasom progeny trialsand also
select phenotypes exhibiting greater plasticity to drought conditions (B4E&020 project,
2018). In the wetter climates of south west England, Wales, and Scotland, Dfiuglas
woodland should remain a net carbon sink.

Western hemlocKTsugaheterophylld was once considered a
to its shade tolerance and capacity to regenerate in commercial woodlands. It has a minor
role as a timber species in Britain. However recent interest in this shade tolerant trait has led
to wider acceptance of the species to diversify woodlands. It is quite drought sensitive and
would be prone to severe risk of drought damage in England, leading to reduced growth and
reductions in carbon sequestration in affected stands.

Oak(Quercus robuand Q. petraed are both widely used species in commercial broadleaved
woodlands being valuable timber species, and both are currently affected Hyadle

(Thomaset al, 2002; Denmaet al, 2014) that may be connected with a shift in seasonal
weather pattans. Oak dieback is widespread in Europe and is thought to result from
changes in seasonal weather patterns as a result of climate change. Indeed growing season
drought produces climate stress in oak across its rgbgebyshev et al., 2008In Britain,

oak has gradually increased as a proportion of mixed woodland. More pure oak managed
woodland now occurs than in previous centuries. However, pure oak woods are not
naturally occurring and the species may need to be reduced as a prapoitioroadleaved
woodlands under the effects of climate change.

European beecfFagus sylvatigawas badly affected by the drought years of 1976 and 2003

in the south of Englan(Mountford and Peterken, 2003Recent worKHacketPain et al.,
2016)suggests that provenances of beech across southern England may be particularly
sensitve to drier summers. This would cause a reduction in the growth and carbon
sequestration of beech woodlands in the south of England.

Common sycamor@Acer pseudoplatanysas become more widespread in UK woodlands,

but is relatively drought sensitive, ldimg to a potential risk of moderate drought damage in
parts of England and a slight risk of damage in Scotland, Wales and Northern Ireland. This
could lead to a reduction in tree growth and the carbon sequestration of sycamore stands in
England.

Silver bich (Betula penduloccurs on drier heathland sites in Eastern England and South
East England, where it is likely to be moderately affected by drought under climate change
projected under a 2C scenario. Birch is a major broadleaved species in Scoflaisdcould

lead to a reduction in tree growth and the carbon sequestration of birch stands in England
and Wales, but less so in Scotland.

fore
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The effect of the changing mean climate varies spatially across Britain and the effects vary among
different tree species. As summetsecome warmer and drier in the south of England many species
of tree will reduce biomass production from little change in some species to a 50% reduction for
species that are sensitive to a dry climate (e.g. western heml®ble) main prodction conifer

species (e.g. Sitka Spruce, Scots pine, Dofiglase generally suited to current site types. Sitka
spruce production is not possible in the south and east of Englaxdept for some areas of the
south-west. Sitka spruce production iorth and westin Britain is predicted to be less sevigre
impacted, and in the shorter term (to 2050) in the north and wei#ttake advantage of warmer
summers and increase biomag&sien spthe stochastic nature of extreme drought will always be
present particularly in northeastern regions of Britaimnd despite projected increasényields, the
drought damage risknd associated wood quality impa&mains.Scots pine production is largely
concentrated in the drier eastern parts of northern Britaimd in East Anglia, and some forest stands
in the south of Britain (e.g. New Forest). Climate change is likely to start to limit Scots pine
production in more southerly areas, certainly after 2050s. Oak is concentrated in England and
particularly the southOak management may be affected by wetter winters and drier summers on
imperfectly draining soil types, where shake (Price, 2015) occurs and could become more serious.
European beech was badly affected by the 1:985drought, following which stands of &e

suffered severe dieback in the New Forest over the following two decades (Mountford and Peterken
2003).

8.3.4 Economi@ssessment impact on goods and services
No further economic analysis is reported on this impact.

8.3.5 Adaptation

Various silvicultural systenesponses to adapt stands to drought stress coulddmesidered gee
Table41). An option br drought stressed stands of trees on dry sites (in sumnven)d be to

reduce the density and basal area of the stand. This would reduce the competition for water in dry
summer conditions. As a rule, woodlands managed for timber are thinned at regular intervals to
reduce light competition for the best selecteddircrop treegKerr et al., 2011)Adaptation
management might inease the thinning frequency and/or the proportion of the stand removed.
This also comes at a cost, particularly for stands in which the tree species produce epicormic
branching in response to light. Epicormic showksch areleft to grow produce new brares on the
bole of the stem. This is the most valuable part of the tree for timber producéind,epicormic
branching cameducethe proportion of high quality veneer and planks in oak. Similarly, for other
species, ovethinning a stand often encouragésavier branching with an effect of reducing the
value of wood from the standiverage costs of moving to continuous cover forestry (CCR) are
estimated at £1,800 per ha (Davies & Kerr, 2011).

We estimate he projected economic impact of climate change on conifer wood quality in the UK to
be less severe. This is because Sitka spfmas pine and other conifers are regularly planted on
upland site types less prone to the severe warmth and drought (in wesigemds for spruce, and
central and eastern uplands for pine) than broadleaved trees in the lowid@ets et al., 2014)
However, under a 4 °C scenafimt explored in this analysif)e yield reduction of conifers could

be 20% (Petr et al., 2014). Adaptatiapproaches are summarisedliable41.



Table41. Adaptation approaches for temperature and drought stress in forest management

Nature of

adaptation

Increase frequency
of thinning
interventions

Current status & plans

Relies on voluntary uptake or through agreed
forest management plans with a (devolved
country) forest management grant scheme.
There is a huge volume of unmanaged or
undermanaged timber in the UfSilva
Foundation, 2017)

Benefits of
adaptation

Reduce competition
for water resources
on drier sites.
Promote natural
regeneration on
nutritionally poor
sites (increase
natural selection)

Following the felling
of forest stands,
determine suitable
replacement species
for the site
conditions under
climate change

This involves discussing plans with the country
forest authority office. Owners/agents and
woodland officers can use the forest classificati
system (ESC) to better understand the options
woodland species on the site under climate
change(Pyatt et al., 2001)

Improved site
species choice
appropriate to
future climate
projections

Encourage mixed
species
(diversification)
through natural
regeneration after
thinning or by
planting different

species

The diversification of stands reducesraat
specific competition. Mixing uppeand lower
canopy species helps reduce soil and woodlan|
floor temperature extremes-reducing
evaporation(Morecroft et al., 1998)

Mixed species stands have been shown to mor
resistant to invertebrate defoliatio(Uactel et al.,

2017)and more productivéJucker et al., 2014)

Improved resilience
of forest stands
through
diversification and
ecosystem function

Potential further
action or
investigation
Delivering
adaptation:
Forest adaptation
will take decades.
Forest managers
will be reluctant to
interveneearlier in
the rotation of
forest management
systems.

Building capacity:
Forest managemen
is a slow business,
and change can
occur only
gradually. This is
due to the limits of
resource available
to
owners/managers

Case for action in
the next 5 years

Delivering
adaptation:
Adaptation
management must
start now for
commercial
softwood and
hardwood
production. The time
lag towards an
adaptation
management
focused more
resilient forest
resource will take 50
years for softwoods
and 120 years for
hardwoods. So
action in 5 years
should be continual
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Reduce the stand
density and basal
area to reduce
competition for
water

Reducing stand density will reduce competition
for water (Ford et al., 201Mut alter other micre
climate factors such as light and soil temperatu
Therefore, thinning should be done a little and
often, and so interventions will be more
expensive over the rotation.

Reduce competition
for resources

Continuous cover
forestry systems
(CCF)

CCF prades more even microclimatic condition
This occurs when the forest canopy is maintain
through continuous thinning. Restocking glades
after thinning can be through planting or natura
regeneration. The system will promote more
equitable microclimate fotree establishment
compared to clearfelled stands. Other ecosyste
service benefits include maintaining biodiversity
maintaining soil nutrients, reducing soil loss,
reducing soil water evaporation, stabilizing
slopes, preventing soil compacti¢8eedre et al.,
2018) Maintaining more continuous woodland
habitat should be encouragethrough incentives|
On particularly sensitive woodland sites with th
soils and southerly aspects, there is a danger t
complete harvesting of woodland will render thg
site difficult to restore to woodland.

Maintain cooler
woodland
conditions in
woodland glades for
the establishment
of cohorts

and forest
operations
contractors. Thre
is still much inertia
in forest
management due tg
lack of awareness 0
the increasing
vulnerability of
many forest stands
and management
systems. Raising
awareness will bring
benefits, but the
pace of change will
be slow because of
the resource
limitations.

adaptation action
over 150 years.

Building capacity:
Petition the
commercial private
forestry sector to
build resilience into
their woodlands.
Resilience is and
should not simply
focus on the
commercial
perspective.

Is risk managed byeactiveor planned adaptation?
Forest management is loAgrm and adaptive, with relatively little scope fagactiveadaptation given the lifetime of even fagtowing tree
species. Incemies will be required to hasten forest adaptation and help secure more resilient woodlands that will help mitigate rising
greenhouse gas emissiodany broadleaved woodlands have been undenaged for decades, and this has caused overstocking and hi
competition for resources for growth in woodland stands. Oak in woodlands has increased over the centuries because af itslhégland
the oak component of many oak woodlands should be reduced by mixing other broadleaved and conifer species. Calsifenddo be

more intensively managed on shorter rotations and in pure stands. There should be incentives to promote mixtures, tdheedskef pest
and pathogen impacts in single species, uniform age plantations.

Risks of lockn




There are highisks associated with selection of tree species for future climates, or management decisions on thinning taken currémtly
the long lifetime and extended management cycles inherent in managed woodland. Choosing the wrong species now, or implémentin
wrong management regimes may affect future climate resilience.

Risk(s) interacting
There are interactions between abiotic and biotic impacts that together increase the likelihood of worsening woodland health.

Fire also poses an increasing riskost to woodland. Woodlands at risk in dry spring and summer climates and where access is encourg
should have prominent warnings about the danger to people and the woodland habitat.

Urgency scoring

More urgent—more action needed. The risk of woodlalaegs is currently low, but loss will increase witls projectedmore frequent hot dry
spring and summer climates.
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What is the impact of current levels of adaptation at mitigating these risks?

The forestry sector is very slow to pesd to the issues of climate change. The public sector is

perhaps more engaged in adaptation management planning. This takes the form of checking species
suitability in future climates using Ecological Site Classificé@patt et al., 2001and provenance

trials (Field et al. 2019), adjusting species choice and making more use of mixed species woodland in
planning. The private sector appears to be less concerned as Sitka spruce is better situated in the
north and west of Britain where theonsequences of abiotic damage are projected to be less
pronounced. Biotic damage from pests and pathogens is the main concern in production forestry.
Currentresearchin the UK and Europe figcusing on adaptive traits and phenotypic plasticity to
selecttree genotypes that are better suited to the future climate.

What additional adaptation management options could be undertaken, either in advance to
reduce the risk of these thresholds occurring, or afterwards to manage the impacts?

In woodland managem, the view is typically lorrgerm and management is adaptive. Early felling
and replacementand mixed species coupase the most likely options to enhanced climassilient
stands. There are more options for new plantations and restockimgsédlection and use of more
tolerant tree species and mixed woodland typesnoreasedrequency anddurationdroughts,
warmer temperatures, but also watdogging during winter monthsn the future,will be required.
Testing the progeny of British provemzes in trials to select better adaptéeke lineagesvould
greatly help the selection of material for resilient woodlandResearch in areas of assisted
diversification and building genetic resources will improve the ability to provide seed material a
wider range of phenotypic variance and tolerance to future conditions within native species.
Fundamentdy, however, a bettematching of species requirements to the correct habitat and site
conditions will beessentiafor future planting schemes to makeoodlandsmore resilient.

In what scenarios are there limits to adaptation?

Alternative tree species for commercial plantiaug potentially available, faxny climate conditions,
but it will take time to replace existing stock. Acceptance by foresters to adopt these species for
planting, and acceptance by timber users of different products may limisticees®f adaptation.
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8.4 Temperature influence on gts and pathogens

Figurel8below summariseghe threshold and assessmeaitt increased temperatures on pests and
pathogens. Warmer temperatures allow pests and pathogens to increase their life cycles faster and
expand their range, leading to increased tree mortality, reduced timber quality and consequent
impacts on economic pduction.

™ air

temperature

Threshold
Varies depending on pest
and pathogen species

/M survival, dispersal and
population growth of
pests & pathogens

( ‘N migration of
forest pests &
pathogens

M tree mortality; J, economic
J timber quality productivity

.

Plant health controls; sanitation felling of affected and adjacent stands; biological control

Figurel8. Impact chain on temperature effects for fecund pest or virulent pathogeRarple box shows social/economic
or biodiversity endpoint; Brown box shows potential adaptation measures.

8.4.1 Justification of thresHd used in the assessment

While this report focuses on the impacts of abiehtiotic related climate change impacts on forests

and forest trees, it should be recognised that some pests and possibly pathogens show strong
responses to change in the climatxamples include the scolytoid pest European Spruce Bipstle
typographusattacking wind damaged and weakened treéisst recordedin the UKin 2018, but
increasingly likely to spread beyond current distribution boundaries (Seidl & Rammer 2017).-A meta
analysis of drought related biotic tree damage suggests trunk associated damage will decrease, but
leaf and root related damage will increase with drought pressure (Jactel et al. 2012). The damage of
secondary agents such as the fungal genus ArmellarladingA. melleghoney fungusalsoincrease

with drought stress severity.

Following theTemperature Summation Rugome insect pests are particularly temperature
sensitive and an increase in warmth can affect voltinism, overwintering mortalities ghd fli
behaviourgCandolle 1855Beniz and Mountain, 2016)0thers might change their geographic
range, but with no further change in their biologyn example of an insect pest changing its biology
isthe impact of the European Spruce Beetfis typographusin recent years on the Europe
continent, whichhas caused increasimtamage tdarge areas of Norway Sprudpstypographuss
one of few well studied species; e.g. 144 degree days aftef April for one generatio(Baier et

144



al., 2007 Bentz & Jbnsson, 2015), and models have been developed to assess outbref&aisks
et al., 2007) However, stochastic impacts cannot be easily incorporated into the modelling approach
at present.

8.4.2 Impacts on natural assets and the services they provide

A review by Damos & Savopoule®oultani (2012demonstrates that temperature accumulation
rules are often speciespecific and can range from linear to ntmear responsegDamos and
SavopoulotSoultani, 2012) Pest and pathogen impacts can increase tree mortality, sometimes
catastrophically and at a laegscale, and negatively affect wood quality. Boéimconsideraby
influencethe economics of timber production, not only for reduced yield and production in the
longerterm, butin relation toincreased management costs associated with pest and pathogen
outbreaks.

8.4.3 Ecosystem assessmeantlimate hazard thresholgdand economic assessment

Impact on goods and services
No ecosystem or economic assessments for pests have been conducted in this analysis, but could be
explored for future work. Climate hazardresholds for pest/disease organisms are generally not
well known and where there are examples from elsewhere in the species range, e.g. European
Spruce Beetle, thresholds are idiosyncratic to pest and disease organisms. While there are a number
of positive correlates of population parameters and climate change related factors, namely
temperature and development timeanddiapausing, survivdlnderganga period of suspended
developmenj to increase voltinism, there amsopotential negative impacts fanstance from heat
waves or thermal shocks, and indirect impacts through natural enemies. The complex interplay
between abiotic stressors, trees and natural enemies means no general assessment particularly of
hazard thresholds has been made to date @ket al 2019).

8.4.4 Adaptation

Adapting trees, woodlands and forests to reduce the impacts of pests and pathogens is complex in
that different pests and pathogens will have different dispersal and epidemiological characteristics.
Considering pests in general, work on the impacts of lg#fog invertebrategJactel et al., 2017,

2012; Ramsfield et al., 201B8as shown that the scale and severity of disturbance is reduced in
stands that have increased trekversity (mixed species stands). Mixed stands are often managed as
continuous cover silvicultural systems, with the inherent advantages of small scale and frequent
natural selection of a cohort that should be better adapted to the site type (climatesait)d based

on natural selection processes. Growth benefits (overyielding) have been demonstrated in mixed
stands(Mason and Corwlly, 2020) compared to single specisingle age stands. Also the wind
firmness of wind sensitive stands (e.g. Sitka spruce) may be improved when planted ithensei
mixture on wet soils. Both of these benefits may provide an additional fiveefor managing

mixed species and muléiged standn the future. Adaptation approaches are summarisedable

42.
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Table42. Adaptation approaches to temperature impacts on woodland pests and pathogens

Nature of

adaptation

Current status & plans

Benefits of adaptation
since 2012

Potential further action or
investigation

Case for action in the nexa years

Awareness and
Horizon Scanning

Horizon scanning (HS)
exercises try and
predict emerging
disease and introduced
pests based on their
current distributions,
invasion histories,
potential pathways and
rank them by potential
impact.

Among otherstwo
horizon scanning
exercises for invasive
macro-organismsvere
carried outin 2013 and
2019as expert opinion
exercises by the dh-
Native Soecies
Scretariat(NNSS)
althoughthey were not
forest pest focsed,
they picked up Emerald
Ash Boreand Asian
Chestnut Gallwasps
(ACGW). One similar
exercise aimed at micrg

organisms and

The NNSS exercises
provided lists of
priority species,
although,due tothe
parameters given,
forest pests were not
part of th
However, there was
awareness that
Dryocosmus kuriphilus
(ACGW) was likely to
invadethe UKand it
did arrive in 2015.

Delivering adaptation:

Preparation can be conducted beforg
pathogens enterfie country. Project
BRIGIThttps://www.jic.ac.uk/brigit/)
is one such program and apart of the
BBSRC Bacterial Plant Disease
research programme, designed to
prepare forthe threat posedby Xylella
bacteria to a wide range of plant
species

Detection ofnew introductions can be
improved by new technologies
employed at the point of entry.
However, some new disease appear
endemic to the UK and emerges sue
increasing stress on the trees. Thus
increased monitoring by professional
citizen science possipbuided by HS
will improve chances of to have an
early response.

In relation to mixed woodlands
providing associational resistance thi
seems to apply at a range of levels
from genetic to species diversity.

However, there is scope for further

Delivering adaptation:
Adaptation management is likely tq
focus on an increase in mixed
species, multaged woodlands.He
commercial softwood forests
should also be managed to
encourage greater tree species
diversity. Birch, alder, willow and
other species enriching conifer
woodlands will help develop
resilient forest ecosystems with
predators and defences against
pests aml diseases.

Tree breeding also has a major rol
in the protection of forests against
pests and pathogens. Projects to
test genotypes across
environmental gradients in
common gardens that study
growth, resistance (pests and
pathogens), avoidance (frost
damage), to deliver increased fores
resilience are desperately needed,
Such trials would also inform the
trade-offs involved in choosing
material resistant to pest X but
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pathogens highlighted
knowledge gaps. HS
does not capture
emerging diseases
native to the UK.

Biosecurity As of 2019 regulations | Avoid the introduction
regulation on the import of plants,| of pests and
wood and wood pathogens at the
products has become | borders and in the
more stringent field. Shoull a
restricting some specie{ recognised potential
or the areasthey can be| pest/disease be
imported from. detected in the field
This combines with nev| an eradication
technology to detect protocol coordinated
pests and disease at th| will be put in place.
point of entry (e.g. For instance, Asian
detection of pest and | Longhorn beetle was
pathogens funded detected in 2012 in
under the Tree Health | Kent and eradication
and Plant Biosecurity | measures, felling,
Initiative (THAPBL)) chipping and
Mosttree nurseries subsequent
have a biosecurity monitoring, were
policy. successful.
Silvicultural Current silvicultural We are not aware of
management practise varies widely | any systematic

reflecting different
purposes from
recreational woodland
to timber production.
The PuRpOsE (THAPB

projects reports from a

assessment of the
efficiency of
alternative strategies
relative to each othe
There are numerous
studies of individual

research tooptimise the effect by
identifying most effective species
combinations.

Some of the methods referred to
under tree breeding (hybridisation,
adaptive diversification, transgenic
trees) might not be easily acceptable
by the public. Trees and woodlands
havea special status in the public
conscience it would be important to
take this into account if such method
are delivered at scale.

IPMs: Should the introduction of IPM
become more common establishing
minimum standards to assess risk
would be worthwhile On individual
cases ACRE would review and
recommend measures. Should
standards be established, templates
are available for alien species or the
plant risk register that could be
adapted

Building capacity:

Early detection in the field already
builds on arFR advisory service and
some Citizen Science initiatives. HS
should be repeated at intervals and i
stands to argue that a forestry focuse
exercise could be warranted.

Methodologies should be reviewed.

which is less productive than
phenotype Y.

Building capacity:
Decision support tools thelp
practitioners consider and

recognise the potential risks from

pests and pathogens. Tree Alert a
the project Observatree have begy
the process and should be extendg
to provide information about future
high risk abiotic and biotic impacts




forest ma n ¢
workshop invéving all
backgrounds. Common
themes involved
managing increasing
climate pressure
through use of
improved provenances,
increased species
diversity, increased useg
of conifers
(https://protectouroaks
files.wordpress.com/2(
19/05/summaryreport-
of-tree-health-

workshopsept
2018.pd)

strategies (Field et al
2019, in press).

Tree breeding and
the of genomic
resources

Selective tree breeding
has been practised for
many yearsBeyond
optimising existing
forest species in the
face of introducd
pest/disease, the
production of hybrids
with species from the
native range of the
pest/disease is aimed t
introduce resistance
traits and less
commonly practised in
the UK (but see hybrid

Larch progeny trials),

Selecting disease or
pest resistant lineages
or provenances within
species is along
established practise.

Hybridisation of
Castanea sativa
(European) and.
crenata(Asian) orC.
dentata (American)
andC. crenatdhave
resulted in hybrids
with resstance to
chestnut blight

(Cryphonectria

Currently deployed we find web base
guestionnairesPelphi style expert
opinion elicitation and, although
rarely in environmental science and
not in pest/disease management, ful
expert opinion elicitation in a
statistical framework to quantify
uncertainties.

Inspections at the border are largely
visual a this time, yet it is clear that
some pathogens/pests are cryptic at
certain life history stages or
asymptomatic for visual signs in som
host plants.

Recent researchas emphasised a
role of associational resistance, i.e.
trees in diverse stands aredily to
suffer less damage than in
monoculture.

New genomic resources for various
forestry species are rapidly becoming
available. A large amount of work is
necessary to apply such resources tq
improve tree species resistance and
where more than one pestidease is
threatening additional challenges
need addressing. However, applying
such resources will make classic
breeding and more intricate methods
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although such hybrids
are available
elsewtrere).

parasiticg (Chira et al.
2018). Chestnut blight
has recently recorded
from the UK However,
success stories like thi
are rare and the
creation and testing
takes considerable
time. Research in the
US is also trailg a
transgenic, resistant
version ofC. dentata

Integrated pest
management (IPM)

IPM is a broad term an(
we think here foremost
about the introduction
of natural enemies of
pest/disease to the UK.
There is research into
less harmful, more
targeted andpossibly
natural product
pesticides, but they
development and
deployment is tightly
regulated.

The use of biocontrol
agents for forestry
pests is rare for the UK
and comes with specifiq
risks.

We are not aware of
the use of biocontrol
agents in forestryri
the UK

On the European
continent a parasitic
wasp of ACGW,
Torymus sinenslsas
been introduced
widely supressing the
pest populations
successfully.
Cryphonectria
hypovirusl is being
developed to control
chestnut blight.

An application for the
releaseof T. sinensiss

being considered.

such as adaptive diversification more
precise and quicker to deliver.

IPMs

There are currently no protocols
(standard or specific) for the post
release monitoring and the
assessment of control efficiency.

Is risk managed by reactive or planned adaptation?




The statement on woodland health above largely applies to resilience to pest/diseaskowever importanto considerwoodlandswith different
functions consideing the ecosystem service benefits that individual woodlands provitlene extreme are timber producing monocultures where th
rigidity of one age cohort allows no reactive adaptatidine other extreme might be woodland for conservatiamd recreation, wherenatural selection

processes could promotadaptation although the adaptive potential and the development of a woodland through transition is generally unRin@wvn
genetic diversity in populations of particularly wind pollinated treeshigracteristically high mainly due to potentially long pollen dispersal distances
Such high genetic diversipyovidesthe potential for selection to change phenotypic profiles of woodlands including disease resilience

Risks of lockn
Risks of lockn related directly to those listed for woodland health. A strong component of resilience in woodlarglgrigeing in the right place and
benefiting fromoptimal environmentalconditions such as water regime or soil type and chemis@langing abiotic cdlitions along a trajectory

causing increasing stress means even with optimisation management decisions today will impact future susceptibility shoestsnar disease arrive
or arise

Risk(s) interacting
The risks from pests and disease interact waitiotic factors such as climate change, but also other anthropogenic impacts where these increase {

stress and thus susceptibility. Of particular interest are also the direction and relative importance of potential pathvpegt/flisease organisms,
which will change over time.

Urgency scoring
More urgent—more action needed. Again linked to woodland condition as described above. The risk of woodland loss is currently lssy,eénd lo
therefore stress and disease/pest susceptibility, will incrasisle more frequent hot dry spring and summer climates.
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What is the impact of current levels of adaptation at mitigating these risks?

As mentioned above, tdate it is not clear for many pests or diseases whether threshold chamges
relation to climate change would occur. Currently we expect them to arise where:

9 Pests/diseases had previously restricted distributions, but climate change enables them to
establish in the UK

1 Tree condition changes in such a way that previouslypathogenic, native organisms shift
life histories to cause disease symptoms

1 Climate change causes major changes in peshigftories, e.g. voltinism, leading to a step
change increase in abundance and damage caused

Most adaptationmanagement currenthgimsat interception and early detection tprevent the
introduction and establishment afovelpest/disease organisms. Despite increagepections at

the point of entry and restrictingmport origin,the rate at which new pest/disease organisms have
arrivedin the UK has continued to increase reflecting increased international trade and in part
industrial practte (more wood products as packaging materielarrower et al. 2018Horizon
scanning and Pest Risk Analyses allow the targeted use and developigerception method

(see UK Plant Health Register). Silvicultural methods and trials to identify resilience in individual
species exist, and results should be more widely implemented. The genomic knowledgebase is
increasing continuously, but applicatis, for instance in tree breeding programmes, need to
develop before they have broad impacts.

What additional adaptation management options could be undertaken, either in advance to reduce
the risk of these thresholds occurring, or afterwards to manage the impacts?

Post establishment managemeotinvading nomnative organisms (INNOSs) to the t#dds to
depend on the epidemiology of the organism, but felling with the aim to remove or isolate the
disease would be standard procedure. In some s#s& involve disease vectors, management
could targetvector species rather than the disease directlg.(Xylella).

Managing tree condition has been discussed in the sections above. However, using the disease
syndrome Acute Oak Decline as an example more research is needed for a functional understanding
of environmental conditions and the susceptibilitytbé trees. According studies-ate they might
involve managing soils in terms of nutrient input or drainage and planting strategies of future
woodland.

Where pests or potential pests show changes in life histories in their ranges outside,the UK
integrated pest management strategies could be developed potentially in partnevelttip
international organisationbefore these changes occur in the UK. These could involve pheromone
disruption or trapping strategies, but also natural enemies or entomopathagens

In what scenarios are there limits to adaptation?

At this time the main limit to adaptation is the lack of knowledge about physiological responses in
pest/disease organisms and more so about population responses in their community settings, i.e.
how the susceptibility of trees and control by natural enemies will devalegpectively
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The UK is very active in monitoring for likely new invasive speciethamdtatus agpotential pests

(Roy et al 2014). However, an equivalent exercise for pathogentfidd knowledge gaps rather

than a ranked list of organisms (Roy et al. 2017). For alien species entering the UK via classical
invasions from other continents or by range expansions or movement under changing climates, the
knowledge gaps would mosthe aroundcontrol, or the lack thereof, in a community setting of

native UK specie#t should be noted that 60% or so of UK forests are in private ownership and there
is no organised monitoring of impts of pests and diseases, rar silvicultural managemerand its
ability to adapt to these impacts.

Considering the potential change in Hfiéstories of species native to the UK the information

predictions are mostly based on are again observations from warmer parts of their distributions on
the Europeancontnent , see for instance PRA’s in the UK
not take account of local or regional adaptation of trees affecting susceptibility, where well adapted
trees in warmer European ranges can withstand higher pest/pathogesspre, while trees showing
higher stress levels might be impacted more if pressure from native pest/disease increases. Evidence
that insect abundance responds to levels of adaptation oradalptation to local environments

comes from experimental trials thilocal and introduced provenances (e.g. Sinclair et al 2015, Field

et al 2019). However, trekerbivore relationships are complex and different feeding guilds of

insects respond to different tree traits that are affected by for instance warming tempesilrield

et al 2019, unpublished data).

Monitoring potential pest and disease species abroad and within the UK will aftooussing efforts

and resources. Thresholds are likely not to be crossed throughout the range at the same time and in
most case eants will become apparent outside the UK range. However, additional research of the
importance of tree and environmental factors that might differ across ranges, would significantly
improve the ability to forecast future development in UK forests
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9 Marine and Coastal margins

9.1 Summary Marine and Coastal margins

This section covers impacts in two NEA Broad Habitats: Marine and Coastal Margins. These have
been combined because the pressures and impaffecting these habitatare not always separated

in the literature.

The literature review identified seven potential threshdildsed impacts in marine and coastal
systemgsection16.5.1), of which three were taken forward in thetionalscreening assessment
Those impacts wergising temperature effects on cod stocks, rising temperature on reproduction
and spread of the P oysterMagallana gigasand coastal flooding impacts on residential
properties.The case study focused in more detail on spread of the Pacific oyster.

Temperature impacts on cod stockie 17)

A seabottom temperature threshold of 12C defines the proximate distribution of cod. Above
this temperature, recruitment and abundance of cod decline, leading to economic impacts on
fisheries.

In the 2050s and 2080the analysis suggests thtite area experiencinguitable temperaturefor
codwill change The distribution of cod will decline oK watersbecoming restricted to Scottish
waters on the Atlantic; and will shift northwards in the North Sea

No economic assessment was conduatie to uncertainty regarding the relationship between fish
stocks,catch quotas and catches by UK vessels.

Current adaptationin view of the existing pressures on cod stocks from the management of fishing
grounds, planned adaptation is necessary to both protect the marine ecosystem and limit,fishing
which should alsarticipate future climate effectdHowever, this is likely to be contained within
existing stringent management of North Sea stocks. Now that the UK has left the EU, it is no longer
part of the EU Common Fisheries Policy (EFR)e UK Fisheries Bill wilkiead control

management of fish stocks.

Urgency scoring Less urgent Sustain current actionJK decisiormaking is part of an
international process.

Temperature impacts on reproduction of the Pacific oyster Magallana giga$7, Ne 18, Ne 19)

825 degree days above a skattom temperature of 10.58C defines the spawning threshold for
the introduced Pacific oysté¥l. gigas Above this thresholdyl. gigaswill successfully spawn, and
establish new populations. Once establisiMdgigasis able b persist at lower temperatures. The
main concern is for impacts on native ecosystemish substantiahegativeimpacts on a range of
other intertidal and subtidal communitieBrom an ecosystem services perspective, impacts are
mixed, withsomepositiveimpacts for water quality andotentially for coastal defence, but negative
impacts on beach use, intertidal rocky habitats and mussel.beds

19 https://ec.europa.euffisheries/cfp_en
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M. gigasis currently farmed around UK coasts, but for much of the UK temperatures are too low for
spawning(although this may vary depending on local conditiofi$)e viable area favl. gigas

spawning and reproduction increases from 47,00¢ &trbaseline, to @3,000km?in the 2050s and
205,000km? in the 2080s. The case study maps this range exparisiohe 2050sand 2080s, the
suitable rangdor spawningspreads northwards from southern England into most UK coastal waters.
It expands its mean viable settlement area by a factor of four in England, a factor of five in Wales,
and introduces the potential for widespad expansion intdNorthern Ireland and&cotland for the

first time.

Current adaptationThere is limited current adaptation. It is considered naturalised on the south
coast of England, but there are few options for preventing its spread. Removal is Easthing can
move to use of triploids to prevent spawning.

Urgency scoring More urgent— Research priority to assess the need and options for additional
action.

9.2 Overview: Marine and Coastal margimsational screening assessment

The literature review identified seven potential threshdldsed impacts in marine and coastal
systems. Of thosawo impacts were considered for development in the national screening
assessmentlable43). The full list of potential impacts identified in the literature review can be
found in Sectiorl6.5

While threshold effects havbeen demonstrated in marine and coastal systems worldwide, there

are relatively few in the UK or similar temperate waters. Two studies (Rocha et al. 2015; Osman et al.
2010) provide a general overview of literature on marine regimes in relation to dr&émnpacts on
ecosystem services. Rocha et al. (2015) reviewed the scientific literature for 13 types of marine
regime shifts and used networks to conduct an analysis -@afcooirrence of drivers & ecosystem

service impacts. Climate change was one of harmonest ceoccurring cause of regime shifts in
marine ecosystems worldwidevith specified impacts including increasing temperatures, ocean
acidification, and sedevel rise among other<Cultural services, biodiversity & primary production

the commonestluster of ecosystem services affected. However, assessment of 24 recentimarine
related ecological resilience/regime shift publications (not restricted to UK temperate waters)
showed no specific examples of ecological thresholds in relation to cldraten threshold effects

in UK temperate waters. A study by Spencer et al. (2011) tried to detect regime shifts in UK marine
ecosystems by statistically examining leéegn observational time series data for 5 biological
components (fish, infaunal benthos, nira& benthos, plankton & rocky shore invertebrates) from 7
marine regions arounthe UK. The analysis tended to suggest that trends in UK marine communities
were dominated by gradual change rather than sudden sh#féxent work has concluded on

impacts onother fin-fish, for example the Climefish project usi®C&limate changescenarios to

model the possible impacts on the mixed demersal fishery in the west of Scotland, highlighting
changes in abundance and distributioneohumber ofspecies These datavere not available at the

time of review
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Table43. Potential thresholddriven impacts in Marine and Coastal margins.

CAlimEts Biophysical Societal end Algise
mediated Habitat Threshold phy : risk
response point affected ,
stressor descriptors
Altered growth &
Bottom recruitmentof Fisheries
Temperature| Marine temperature cod; Change in (Cod) Ne 17
of 12°C Oxygen
concentration
225:28;32 Changes at
: Y species and | Shellfisheries| Ne 17, Ne
Temperature| Marine bottom . - .
community level | biodiversity | 18, Ne 19
temperature (OysterM. gigas
of 10.55°C ystevl- 99
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9.3 Temperature impacts on cod fisheries

Figurel9 summarises the threshold and assessment chaseabottom temperature above 12C

will lead to reduced cod abundance, or shifts in the range of cod away from UK waters, which may
lead to rediced cod catches in some UK fishing aréasummary of the evidence behind the choice
of threshold is provided in the following section.

Threshold
sea bottom
temperature 12 °C
1 sea
temperature

J» cod abundance /
A cod distribution

J- cod landings

L]

Change in fisheries management of cod stocks

Figurel9. Impact chain for temperature effects on cod fisherid2urple box showsocial/economic or biodiversity
endpoint; Brown box shows potential adaptation measures

9.3.1 Justification of threshold used in the assessment

The threshold temperaturesedfor assessing cod distributionas annual average sea bottom
temperature of12 °C.This is acknowledged as a proxy measure which broadly encompasses a
multitude of environmental factors which affect cod distributions (excluding direct human pressures
such as fishing effort and impacts on food chaifg evidence base underlying thisate of

threshold is discussed below.

Shifts in cod distribution aligned to temperature change have been observed (Drinkwater, 2005;
Engelhard et al. 2014), or modelldd(fiezRiboniet al. 2019 VVoss et al. 2099n a number of

studies, and this assessnidbllows a similar approach. Howevehgtrelationship between cod
distribution and temperature ikighlycomplex, reviewed in Drinkwater (2005). Cod are primarily
found where annual mean bottom temperatures are°@or lesgDutil and Brander, 2003)
Recruitment has a more complex relationship with sea bottom temperatures. Analysis of Atlantic
cod stocks shows that recruitment tends to increase with temperature up to a betéonperature

of 6°C, is moreor-less stable at bottom temperatures of8/°C ad declines at bottom

temperatures above 8 °C (Drinkwater 2005). In an analysis of the North Sea cod stocks, those most
relevant to a UK assessmeflark et al. (2003) estimated a 30% decrease in recruitment with the
highest level of sea surface temperatlincrease (0.02&, annual mean). Other studies have
suggested that a sea surface temperature (SST) abd@Cxan cause rapid ecosystem shifts, when
taking into account oxygen concentration. Reductions in oxygen concentration belove.6@5
mg/Ltin the North Sea caused changes in upper ocean chlorophyll, Calanoid mean size and
diversity, and Cod occurren¢Beaugrand, et al., 2008), and other studies have shimancod
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fitness in the Baltic Sea was negatively impacted by oxygen reduction link&dtidi&richsen, et

al., 2011)Brown, et al., (201&)redicted that by 2100 cod populations in the Irish and Celtic Sea
could completely disappear due to climate chang#hile experimentakévidence suggests that the
ability of cod to extract oxygeinom seawater is maximized at around°C{Colosimo et al. 2003),
electronic tags have demonstrated that adult cod in UK waters inhabit a wide range of bottom
temperatures (monthly average range- 57°C; Neat et al., 2015) and those subject to the highest
temperatures do not move to find cooler temperatures (Neat and Righton, 2007). Cod movements
have been studied extensively andsitlear that the scale of movement in all l§éages is far less

than the size othe International Council for the Exploratiaf the SeqlCE¥stock areas (e.g. for

the North Sea seBeat et al., 2015Wright et al., 2018). As a consequence, seasonal temperature
exposure appears to be more closely linked to the region they inhabit, e.g. cod in the southern North
Sea are exposkto the largest annual range where monthly bottom temperature often exceefl§ 12
while those in the deep north east never experience this temperature. There is still considerable
scientific debate as to how temperature and climate change is impactingecoditment and
behaviour. Temperature effects on sensitive-Btages are likely to be more relevant to defining an
unsuitable thermal environmentVhile there have been many studies that have correlated
temperature and Nort h & ala2004;dNetolas e al.r 201i4;tAkiraonatet a(.,O’ Br |
2016), the precise mechanisms operating are still not cl€aere is some evidence of avoidance of
high temperatures by spawning cod, since they rarely spawn in temperatuf€Righton et al.,
2010;Gonzaledrusta and Wright, 2016). An experiment¥gn Der Meeren and Ivannik¢2006)

found that temperatures exceeding 9€harmed the development of cod larvademperature may
also affect the synchrony between cod spawning and zooplankton produdtioabert et al. (2018)
found that the growth rate of larval cod could be fetighited around the peak hatch time, and that
in-turn thiswas correlated with subsequent recruitment strength.

9.3.2 Impacts on natural assets and the services they provide

Where bdtom temperature exceeds the thresholdpd will decline in the south leading to a net
shift in distribution northwardsor to areas which remain within favourable temperaturegth
implications for UK fisheries.

9.3.3 Ecosystem assessmeqtlimate hazardhresholds

In the analysis, the period 20019 is used as the preseday baseline period. The temperature

data was bias corrected against the NWS Ocean Reanalysis data (same resolution) using a reference
period of 20062019. Climate data for the assessmt of impacts orcodfollowed the approach used

in the case studies, i.e. assessment against climatic conditions at baselineZ@09}) the 2050s
(20402059) and the 2080s (2072D89). Section6.5explains how the climate data for the marine
assessment were sourced and used.

Seasea surface temperature and bottom temperatures were mapped for UK waters
Figure20a). Thisindicateshow cod distributions are likely to change from current day through to the 2050s and 2080s

under a £’C scenario. The FZ isotherm of sea surface temperatures shows that this shifts northwardsleaisi, while
the bottom temperatureg

Figure20b) also shift northwards. Thus the climate space for cod becomes restricted to Scottish
waters in the Atlantic and Sdah and northern parts of English waters in the North,Sdzere
waters are deeper, and temperature does not exceed the threshold
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2000 - 2019 2040 - 2059 2070 - 2089

)
Sea surface temperature (°C)

2000 - 2019 2040 - 2059 2070 - 2089
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Bottom temperature (°C)

Figure20. Sea temperatures around UK under@ warming trajectory, for three timgeriods: baseline (2002019),
2050s and 20809ata showa) seasurface temperatures with 1Z isotherm and b) bottoffremperature, shown to 350m
depth. Thick lines show outer extentodfshore planning regions for each country

9.3.4 Economi@ssessment impact on goods and services

No economic assessment was conducted due to uncertainty regarding the relationship between fish
stocks and catchdsy UK vesseld he imposition of catch quotas also makes a robust assessment of
the economic consequences of arthwards shift in cod difficult to quantify.

Although the effects of shifts in cod population due to climate change on the UK cannot be estimated, it is possible to
contextualise these potential impacts by examined how much cod is worth to UK fishenmmently. UK vessels landed
21,600 tonnes of codtimthe UK ir2017, which had a value of £48 milliapproximately 12% of the total value of UK

finfish landings in that yegElliott & Holden, 2018)0f this, £42 million of landings were from vesselSdotland and £6

million was landed by vessels in Englavidst UK cod landings in 2017 were from the north east and north west North Sea
in areas where average temperatures are predicted to remain bel€ #2rough to 2089 (based on

Figure20). Therefore the southern North Sea cod have already declined, although it is not yet clear
what the relative contributions of climate and fishing pressure were to this decline.
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9.3.5 Adaptation
Adaptation options are summarised Trable44.

What is the impact of current levels of adaptation at mitigating these risks?

In the first NAP, Defra committed to protecting and restoring marine habitats to increase their
resilience to climatehange. This action was led by the designation of Marine Protected Areas
(MPAs)and utilising conservation zones as a hetwork of habitats to aid the movement of species
affected by climate change and decrease threats such asfishéng.However, the degn of MPAs

only has limited consideration of climate charng®acts Whilstthe Marine and Coastal Access Act
(2009) sets out requirements for Marine Plans to take risks from climate change into account, to
date, it is not clear what specific actions Wi included within these plans and if the lotegms

risks from climate change will be addressktbre generally, the plans lack detail on the type of

risk assessed, the level of temperature rise and timeframe covered, and do not include clear actions.
Within Scottish waters it is the Scottish Government who has competence to manage fishing activity
and is considering its own approach towards adaption

What additional adaptation management options could be undertaken, either in advance to
reduce the riskof these thresholds occurring, or afterwards to manage the impacts?

Most practical adaptation options are already undertaken as part of sustainably managed fisheries
for example regular assessment of cod stocks and managing fisheries accoslieghgstrictions

on fisheries, such as closed areas may be of benefit where cod aggregate and where this behaviour
increases their accessibility to fishing. However, closures in areas where cod have already declined
may not lead to a local recovery (Clarkeakt 2015).

In what scenarios are there limits to adaptation?

If managed sustainably, the fishery should be able to adapt to changes in stocks, although this may
lead to reductions in quotas and landings, where necessary to conserve stocks in the éonger t

Regarding quotas, now that the UK has left the EU, it is no longer part of the EU Common Fisheries
Policy (CFP) While quotas are set at international netjations in which the UK will participatehe

UK Fisheries Bill will instead control management of fish std¢khkin the Fisheries BilDefra

intends to discuss with the Devolved Administrations, Crown Dependencies and stakeholders any
additional fisling opportunities agreed from December 2020 onwa(atstime of writing) using

zonal attachment methodologies to allocate quo{Befra, 2018)The policies implemented under

this regulation wilhave aninfluence on stock levels and the abilityadaptto warmer sea

temperatures.
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Table44. Adaptation approaches fotemperature impacts on cod stocks

Nature of

adaptation

Current status & plans

Benefits of
adaptation
since 2012

Potential further action or
investigation

Case for action in the next 5
years

Designation of
Marine Protected
Areas

The area of marine protected sites
has risen by almost 69% to 1.7 millio
hectares in the five years to 2018;
although limited information is
available on the condition of these
(CCC, 2019). The proportion of
designated coastal habits in
favourable condibn is around 60%
(CCC, 2019).

N/A

Sustainable
exploitation of
existing cod stocks

Certification to the MSC Fisheries
Standard® allows product to be sold
with the blue MSC label. The standa
addresses sustainable fish stocks,
minimising environmentampact and
effective fisheries management.

N/A

Relocation of
fisheries

Not currently widely practiced.

N/A

Delivering adaptation:

The precautionary principle should
apply, with actions undertaken on the
basis of available information, while
also advancing, strengthening and
deepening the associated knowledge
base.

Buildingcapacity:

Expanding the coverage of MPAs wi
extend their role in delivering
ecological resilience. Networks of
MPAs respond better to climate
change and other stressors when
effectively managed e.g. assessmen
of ecosystem vulnerability to climate
change, the reduction of
anthropogenic pressures affecting
adaptation capacity, and the
implementation of new management
options (Simarekt al.,2016).

Delivering adaptation:

Based on the precautionary
principle, taking action within
the next 5 years will ragte the
risk of damage to cod stocks.

Is risk managed by autonomous or planned adaptatiom?iew of the existing pressures on cod stocks from fishing and climate andetimegement of
fishing grounds, planned adaptation is necessary to both protect the marine ecosystem and limit fishing. This shoulgk duatigipalimate effects,
including the natural movement of fish as seas warm.

20 hitps://www.msc.org/uk/whatwe-are-doing/our-approach/whatis-sustainablefishing
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Risks of lockn
There is low riskf lock in as both designation of MPAs and adjustments to fishing regulations can be adjusted over time as needed. Imtithe,mea
action should enhance ecological resilience.

Risk(s) interacting
None

Urgency scoring
Less urgernt Sustain current a@n. The North Sea cod fishery is highly managed at EU level. Although quota management is not perfect, recent
in cod stocks have prompted more critical evaluation of the process. UK degiaking is part of an international process.

161



9.4 Temperature effects on naturalisation of the Pacific oystagallanagigas

Figure21 summarises the threshold and assessment chain for naturalisation of the Pacific oyster,
Magallana gigas(previouslyCrassostrepnin the United KingdomAlthough legally cultivated, wild
Pacifc Oysters are classified as an invasive-native species in the UK (Herbert et al., 20Rove

a threshold of 825 degree days excess 010.55°C (bottom temperature), this leads to increased
spawning and subsequent settlement. Moreovar® 3 bpHrhaé($ka bottom)temperature for
growth is 20-25 °C.Therefore, rising water temperatures will lead to faster groattd an expansion

of its current range. More detailed assessment of this impact is provided in a casewhidymaps

the change in \@ble spawning and reproduction area for this species over.time

Threshold
Bottom temperature: 825
degree days > 10.55 °C

1 Sea surface
temperature

‘4 production
/™ Range & ™ water quality
abundance J, recreation

A biodiversity

Change in conservation status; Changes to commercial and recreational
harvesting

™ Bottom

1 Spawning

temperature

Figure2l. Impact chain for temperature effects on naturalisation of the Pacific oyster, Magallana gigasple box shows
social/leconomic or biodiversity endpoiBrown box shows potential adaptation measures.

9.4.1 Justification of threshold used in the assessment

The threshold for spawning M. gigasis 825 degree days for a daily mean bottom temperature of
10.55°C.Past an initiation threshold, ectotherm growth addvelopment increases linearly with
temperature. Therefore, the time period needed to achieve a given development stage will vary
depending on the experienced temperatures of an individual, and as daghlopment is best
estimated in a cumulative stepsé manner based on daily temperatures experienddds can be
guanti fied by me d&srM.gigas Ban (1999 detreninatl a pidofical zere) (T

of 10.55 °C below which gametogenesis will not occur and a minimum number of 600 degree days
above this to induce spawning. Recruitment is dependent on larvae developing and settling out of
the water column which requires further degree days. Syvret et al., (2008) determined that an
additional 225 degree days are required for settlement to occaereHwe therefore base the risk of
wild settlement to be a product of a total of 825 (600 for spawning and 225 for settlement) degree
days above 10.55 °C.
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9.4.2 Impacts on natural assets and the services they provide

Pacific oysteM. gigasiswidely used as farmed species in the UKwas introduced to the NE Atlantic

under the premise that water temperatures were suitable for growth but too cold for successful

completion of its life cycle, and as such, naturalisation was not expected. Recent warminghtieads
changed this (e.gSpencer et al., 1994Summer temperatures in much of continental Europe now
facilitate spawning and settlement and whdl gigaspopulations can be found in areas far away from

aquaculture sites. Currentlg, ® I At au®Ra&A | i sati on front.i

be found in high abundances forming extensive reéfoMmaset al., 2016)Changes to spawning are
unlikely to affect farmed oysters directly, although increased temperatures may increagghgro

er

S

al ong

rates. There will be impacts on other services provided by this species where it spreads, including loss

of services from habitats or species affected by its spread.

9.4.3 Ecosystem assessmantlimate hazard thresholds
In the analysis, the period 208D19 is used as the presedny baseline period. The temperature

data was bias corrected against the NWS Ocean Reanalysis data (same resolution) using a reference
period of 20062019. Climate data for the assessment of impacts on Pacific oyster followed the

approach used in the case studies, i.e. assessment against climatic conditions at baselir2Q290)0
the 2050s (20442059) and the 2080s (2072D89). Sectiod6.5explains how the climate data for the

marine assessment were sourced and used.

We determined the proportion of years where these settlement thresholds are exceeded for the
baseline, and the following time periods (20402059) and (2076—2089). We alsquantified the
total viable area where thresholds are exceeded up to 2Y08 limited all quantificationsf suitable
habitat and area to 50 m that represents the maximum depthMogigas.

UK gawatertemperatures are predictetb rise considerably ovehe coming decaded éble45). On
average, temperatures at the seabed are estimated to increase RCBW2040-2049 and 2.0C by
2070—-2089 in UK waters, witthe largest increases taking place in the coastal waters of England and
Wales, although all parts of the UK are affected by the 20Bsse temperature increases wiisult
in settlement thresholds being exceeded at higher latituttegards the end of theentury resulting

in a northward shift of the potential settling grounds M gigas Increased temperatures will also
pushM. gigastowards its growth optimum of 2025 °Chottom temperaturegKing, 1977; Brown and
Hartwick, 1988; Shpigiel and Blaylot®91). Therefore, there will be direct impacts on farmed oysters
and the wider ecosystem impacted by wild settlement

Table45. Anomaly in bottom temperature 1C) (down to 50 m water deptHpr 2050s and 2080sompared with basehe
period (2000- 2019) under RCP8.%/alues in square brackets denote range withl+gtandard deviation over the time

period.
Area 2040¢ 2059 20702089
England 1.0 [04; 16] 2.3[1.8;2.9
Wales 09[0.4;1.5% 22[1.7;27
Scotland 0.6 [0.1;1.7] 1.7[1.3;2.0
Northern Ireland 0.7[0.2; 1.3 1.8[1.4;2.3
UK 0.9 [0.3; 1.4] 2.0[1.6; 2.4]
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9.4.4 Economic assessmentmpact on goods and services

Expansion of settlement conditions
No economic assessment was conducted for this impact, but we present an analysis of likely range
expansion for this species, and discuss the implications for native species and habitats, and ecosystem
services which might be affected by expansioMofigas.

Over the baseline period (2006R019) settlement thresholds were regularly exceeded as far north as
Cardigan Bay in Wales and the Wash estuary in England. Infrequent exceedance was observed as far
north as the Solway Firth in Scotlarthken as a whe, this represents a 331 % increase in suitable
settlement area for the UKTable46). Greatest gains in suitable area were observed in Enghamidh

was driven predminantlyby large areas of the shallow North Sea around Dogger Bank. Scotland saw
the largest percentage increase in suitable area, driven by large increases in suitable habitat in the
Inner Hebrides.

Table46. Mean viable area fooysterspawning andsettlementfor baseline (200@ 2019), 2050s and 2080s, under
RCP8.% W km?nPercentage change (compared to 2G0®019) are shown in brackets.

2000- 2019 2040- 2059 2070¢ 2089
England 42.8 89.7 167
Wales 4.7 12.2 25.8
Scotland 0.2 2.1 11.7
Northern Ireland 0 0.1 1.7
UK 47.5 103.9 (1187 205 (333%)

The greatest concerns fofl. gigasnaturalisation have been the potential for conflict with native
species and habitat4. gigascan have adverse impacts on a range of habitats including mussel

beds (Kochmann et al., 2008), marshes (Escapa et al., 2004), rocky shores (Krassoi et al., 2008),
seagrass beds (Wagner et al., 2012), polychaete reefs (Dubois et al., 2006) and mudnfibls €T

al., 2009). Whilst the resulting effect on overall biodiversity levels is not always negative the shift in
community structure can impact native food webs and trophic dynamics. The biggest concern for
regional biodiversity is habitat homogenisaii As an ecosystem enginddr gigascan completely
transform intertidal systems and reduce habitat heterogeneity across different substrates. For
example, there are extensive reefs of over 26.5 ha in The Netherlands (Fey et al., 2010). This may be
a paricular concern where there is the potential for spreadvbfgigasinto protected habitats. For
example, intertidal rocky reefs and mudflats are Annex 1 habitats listed in the EU Habitats Directive
and transformation may compromise their designation staflise greatest concern for impacts on
individual species has been with native bivalves such as mussels, cockles and the native oyster. The
blue musselMytilus edulis supports large fishery and mariculture enterprises in the UK (16,000
tonnes in 2017 (FA&atistics?), andM. gigascan almost completely replace it, reaching densities of

up to 2000 per ri(Markert et al., 2013). Moreovel. gigascan reduce the local carrying capacity

for nearby cultivated mussels (Wijsman et al., 2008), by competingdarfesources in the water

2 http://iwww.fao.org/fishery/statistics/software/fishstatj/en
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column. More recently, there have been concerns over competition with the native o3séea
edulis(Zwerschke et al., 2018), which is the focus of substantial restoration effort across Europe.
Pacific oyster expansion can maigely impact some bird species such as Dunlin, red knot, common
gull and oystercatcher which prefer mussels as a food source (Waser et al. 2016).

Whilst the majority of impacts d¥l. gigason native species in the UK are negative, there is
recognition that M. gigascan have both positive and negative impacts on ecosystem seflistes

in Table47). Positive benefits include improving water qualggme potential foimproved wave
attenuation with benefits for coastal defence, and the potential to harvest them for food. Negative
impact include reduced amenity value of beaches due to sharp shells on reefs causing a hazard to
swimmers, surfers and other beach users, as well as indirect effects on production of other bivalves
discussed above.

Table47. Positive (1) and negative @ ) effects of M. gigas naturalisation on ecosystem goods and services

Regulating services Provisioning services Cultural services
(direct & indirect impacts)
Improve water quality Potential for wild spat Improve tourism through
(nutrients, pollution, collection hand picking
pathogens)

Opportunity for emerging | Sharp shells may pose ris
Buffers coastatrosion wild fishery to beach users

Trophic subsidiaries for fist
and shellfish

Nursery ground for
commercial species

| Reduce carrying capacity fc
farmed bivalves

| Smother native bivalve
reefs (e.g. blue musseé¥ytilus
edulig

9.4.5 Adaptation
Adaptation options are summarisedTiable48.

In England, there are several NAP actions around marine plans and climate change in aquaculture,
although none specific to oyster populatioM§arming of seawater has led to the northwardsesud

of non-native species in the Ukcludingthe Pacific OysterScottish Association for Marine Science
2015) More general NAP actions include
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1 The preparation of ten new Marine Plans for the whole of the English marine area which will
include horibn scanning to evaluate the potential longer term risks and opportunities from
climate change

1 Continue to establish Marine Conservation Zones to contribute to an ecologically coherent

network of Marine Protected Areas

Continue to support the Marine Clima@hange Impacts partnership

Continue to collaborate with selected marine

initiative to develop adaptive capacity

1 Seafish will publish a climate change adaptation report describing the steps industry (fisheries
and aquaculture) are taking to respond to climate change, focussing on risks and opportunities
associated with climate change in the UK aquaculture sector

= =4

There are also several NAP actions around raising awareness of, managing, and eradicataityaon
invasive species, but again, these are not specifid.tgigas

The only proactive strategy to prevent spawning is to move to farming triploid oysters (Nell, 2002).
Triploids have an extra pair of chromosomes that render them sterile. They also have @@ add
benefit of being saleable all year round compared to diploids that are in poor condition after
spawning.

In early stages of naturalisation culling small populations, before reefs form, may be possible (Guy
and Roberts, 2010However,it is very diffcult to access subtidal populations of any speciesce
establishedthere are a number of possible mechanisms to prevent further spreading. @me is
implement widespread eradication schemes. This will be very labour intensive and need to be
conductedover successive years to make sure any remaining brood stock is reridtegdatively,
control may be possible through voluntary actions via marine practitioners, e.g., those who gather
wild shellfish for commercial gain (Whelkers, Scallop divers) ougiir@olunteer groups (e.g., the
marine conservation society), or rarely, where threatened, by the action of other shellfish fisheries
such as blue mussel growers. In other marine systems there have been bounties put on invasive
species where official eraghtion attempts have failed. The Europeaide organisation NORA

Native Oyster Restoration Association are a strongparopean body and are likely to target
removal ofM. gigasfrom any sites that are earmarked for Native Oyster restoration.

In Scotlanda synthesis of evidence is currently underway, but has not reported at the time of
writing.

What is the impact of current levels of adagtion at mitigating these risks?

Currently the adaptation dfl. gigasnaturalisation in the UK is low as naturalisation is predominantly
limited to south eastEngland.

Culling: - Two culling trials have been conducted in the UK. In Strangford Loch, Northern Ireland,
where abundances are very low (<pkr m? and settlemeh thresholds are rarely exceedgd
mechanical removal seems successful (Guy and Roberts, 2010). In southeast England, where extensive
reefs are found, a pilot trial where 40 oysters were removed was conducted in 2015. However,
resurveys of culled aredmve not yet been conducted (McKnight and Chudleigh, 2015).

Exploitation - A dredge fishery operates in the Blackwater Estuary, Essex forMbotjigasand O.
edulis.Handpicking of seed in the estuary also prevents widespread reef formation.
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Table48. Adapting to temperature impacts on Pacific oyster, M. gigas

Nature of

adaptation

Current status & plans

Benefits of
adaptation
since 2012

Potential further action or
investigation

Casdor action in thenext 5
years

M.gigas

the UK:In Strangford Loch, Northern
Ireland, where abundances are very
low (< 1perm?) and settlement
thresholds are rarely exceeded
mechanical removal seems successf
(Guy and Roberts, 2010). In southea
England, where extensive reefs are
found, a pilot trial where 4000
oysters were removed was conducte
in 2015. However, resurveys of culle
areas have not yet been conducted
(McKnight and Chudleigh, 2015)

Farm triploid stock | Not widely practiced N/A
of M.gigasto

prevent damage to

native species

Eradication of Culling trials have been conducted in N/A

Delivering adaptation:

Requlation some regulatory action
could be taken to protect species at
risk fromM.gigas

Advice distribution of information on
managing existing oyster populationg
and any new species
Incentivesincentives (grants or
similar) could be provided to
encouragdarming of triploid stoclof
M.gigas

Building capacity:

Increased awareness regarding
identificationmay be required, as wel
as promotion of effective means of
eradication.

Coordination will be required across
neighbouring populations as well as
on an international scale in order for
actions to be effective; therefore
capacity building may also be reqetr
elsewhere.

Delivering adaptation:
Implementing adaptation
actions such as eradication or
farming to reduce populations
will reduce the impact that
M.gigashas on native species 0
oyster. Unless action is taken o
an international scale, the
impacts nay be limited.

Building capacity:

Raising awareness so that
stakeholders are aware of the
challenges and how to mitigate
the risks ofM.gigaswithin the
next 5 years will assist in
preventing established
colonisation ofM.gigas

Is risk managed by autonomous or plannadaptation?
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Plannedadaptation would be required on an international scale due to the connected nature of marine environments and the higlaldispercity of
M.gigaslarvae. The eradication ®f.gigaswould be very labour intensive and needs to be conducted over successive years to ensure the removs
brood stockVoluntary action may also help slow the spread of this species.

Risks of lockn
Without adaptation actions there could be riskMf gigasresulting in some sites losing conservation status or establishing into reefs which then cg
be removed.

Risk(s) interacting
Improvements in water quality
Potential negative impact on biodiversity

Urgency scoring
More urgent—research prioty. There is a need to conduct more reseatelassess thenagnitude of impact of this invasive species and therefore th
need for additional action
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What additional adaptation management options could be undertaken, either in advat@esduce
the risk of these thresholds occurring, or afterwards to manage the impacts?

Having preemptive rapid action plans in place for sites wh&tegigassettlement will compromise
the sites conservation status, may prevent settlement turning intdg&eat cannot then be removed.

Preemptively moving to triploid farming in areas anticipated to exceed settlement thresholds in the
future.

The adaptation response to the spread\df gigasmay be different irparts of theUKor over time as
our understanding, especially of impacts, improves.

In what scenarios are there limits to adaptation?

Large dispersal capacity

The connected nature of marine environments aidgigaasigh dispersatapacity mean larvae can
easily cross geographical and gettical boundariesThis meanss climate change advancdkere

is a clear pathway for naturalisation into areas with no historilogjigascultivation. Moreover, any
management interventions enacted on anything but an international scale may be Bevere
compromised For example, established populations in SW England are likely a result of immigration
from French, rather than neighbouring English, populatiduadligs et al., 2023

Triploidy

As triploid oysters are sterile, they have been proposed patential alternative to prevent

spawning and settlement iNl. gigas.However there have been reports that triploid cells are not
stable, with reversion back to diploids over time. On top of this, triploids can have mosaic cells (up to
20%) that also cdain diploid cellsAllen et al., 1999)Therefore, switching to triploids may not

prevent naturalisation.

Triploid seed costs more than diploids and many farmers may be relumtamiable to pay extran
addition, somdood produceranaywish to avoid 8ing triploid stock as it may be termed

“genetically modified” with associated negative
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Case studies

10 Freshwater Case study: Algal blooms in lakes

This case study builds on the screening assess(B8eation 5.3y incorporating a wider set of climate
projections into the analysis, which come from the climate model outputs for a RCP8.5 concentrations
pathway (see Methods section). It shows the spatial variation in time course of threshold exceedance
across the UKand assesses the climate impacts in three clear time frames along the climate
projections, for basline, the 2050s and the 2080s. Climate data used are projections from CMIP5 and
from PPE model ensembles (see Methods seiBn The threshold and main impacts areiterated

below.

Figure22 summarises the threshold and assessmelmiin.Lake temperaturesra likely to warm in

line with ar temperature with associatedhermal stratification of lakes. Above a water temperature

of 17°C, and in combination with elevated nutrient levels, harmful algal blooms are more likely to
form, leading to a decrease in water quality and adverse effects on the range of ecosystem services
which are dependent on that water quality.

T air Threshold
temperature 17°¢

J drinking

N water P blooms of water,

J water R
temperature phytoplankton/ ) recreation incl.
i . quality .

& stability cyanobacteria fishing,
biodiversity

Lake location and
morphometry

Nutrient loading,
water colour

Catchment-level nutrient management, aeration, artificial mixing, shading, chemical remediation and enhanced
water treatment

Figure22. Impact chain for temperature effects on phytoplankton blooms in lak&urplebox shows social/economic or
biodiversity endpoint; Brown box shows potential adaptation measures.
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What climate hazard thresholds represent points beyond which the effective functioning of key
systems within the natural environment may be compromiseahd why?

The climate threshold is a monthly mean lake water temperature ¢fCl Wvhich equates to a
monthly mean air temperature of 14°C. Exceedance of this threshold is likely to lead to an
increase in the incidence of algal blooms in lakes, althatger factors such as nutrient inputs, lake
size, depth, and turnover time also play a rdlbe evidence supporting the threshold and impacts is
presented in the screening assessmesggtion5.3.1

Figure23plots the number of months each year that this threshold is exceeded, as an average
across UK regions. Over the baselireqd for this analysis of 1991999, the average number of
months exceeding the threshold is broadly similar in the two model families and ranges from 1.58
1.75. The trajectory of change differs between the model predictions, and they start to diverge
around 2020. The PPE model shows roughly linear increase in exceedance with time, while the
CMIP5 models increase only slowly until around 2035, at which point exceedance starts to increase
more rapidly. There is considerable spatial variability in whemibdels show a change in
exceedanceKRigure24). In north Scotland, model averages suggest that exceedance of more than
one month per year (below the UK average) doesatcur until around 2050. By contrast, in

London and south east England, the baseline period already shows exceedance for 3 months per
year, and this increases steadily in both model families to a maximum of 5 months per year (CMIP5)
or 6 months per yeafPPE) in 2100.

* CMIPS e PPE -
il T

~———7 per. Mov. Avg. (CMIP5) ~— 7 per. Mov. Avg. (PPE) - = ~ e
5 = = e -

= = -7 per. Mov. Avg. (CMIP5 90%ile) ~ — -7 per. Mov. Avg. (PPE 90%ile) e o~ s

PRANP'Y P
====7 per. Mov. Avg. (CMIP5 10%ile)  ----7 per. Mov. Avg. (PPE 10%ile) » .
- O
* —7 per. Mov. Avg. (model id 7) - & - 3
& ®

No. months > threshold, per year

‘0.~ 3
P e
1 ® M/ wnnwe™
/-’/ ,—-—_.-_/“JI\IF—‘\_,’
=slglig
0
1950 2010 2030 2050 2070 2080 2110

Figure23. Time course of exceedance of water temperature threshold of@7#or algal blooms in lakesinder RCP8.5

pathway. Data are UK average across regions, showingber of months exceeding threshold per year from 188000,

for two model families CMIP5 and PPE. Lines show median, 10 percentile (dotted line) and 90 percentile (dashed line) for
each model family, comprising 13 ensemble members for CMIP5 (bluelsyanid 15 ensemble members for PPE (orange
symbols). For comparison, black line sh®®& ensemble id 7, used in the national screening assessment.
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Figure24. Time course, by UK climate region, of exceedance of lake water tatpre threshold of 17 °C in lakeunder
RCP8.pathway. Data shownumber of months exceeding threshold per year from X9®000, for two model families
CMIP5 and PPE. Each point represents the mean for a model family, comprising the following nengsmnbie
members: CMIP5 (13), PPE (15).
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Exceedance of the climate threshold by region for current day, 2050s and 2080s is sfi@lstein

49. Threshold exceedancegseater in the PPE models, but in both cases increases substantially

from the baseline to the 2050s and further to the 2080s, approximatelyftdaincrease for CMIP5

by 2080s and threold increase for PPE by 2080s at UK level. In England, exceeuznecsés

from around 2 months per year at baseline up to 3.3 and 4.1 months per year in the CMIP5
ensembles, for the 2050s and 2080s respectively. In the PPE ensembles, exceedance increases to 3.9
and5.0months in the 2050s and 2080s respectively. Inéaslahe PPE ensembles increase from 1.5
months at baseline to 8.in the 2080s, while in Scotland, they increase from 0.2 months above the
threshold at baseline to 3.4 in the 2080s. Northern Ireland shows a broadly similar pattern of
exceedance to Wales.

Table49. Number of months per year where monthly mean water temperature exceed8CQ threshold for algal blooms
in lakes, by region of the UKor current day, 2050s and 208@mder RCP8.pathway. Data are averages across 13
ensanble members for CMIP5 and 15 ensemble members for PPE.

CMIPS PPE

Baseline  2050s 2080s Baseline 2050s 2080s
Region (199099) (204059) (207089) (199099) (204059) (207089)
North West Englanc 15 2.6 3.6 11 3.4 4.5
North East England 1.2 2.4 3.4 0.7 2.8 4.1
Eﬁﬁg’rre and 17 2.9 3.7 15 3.6 45
West Midlands 2.1 3.3 4.1 2.0 3.9 4.8
East Midlands 2.2 3.3 4.1 2.3 4.1 5.0
East of England 2.7 3.8 4.6 2.8 4.3 5.3
South West Englanc 2.5 3.6 4.4 2.5 4.3 5.3
South East England 2.8 3.9 4.7 3.0 4.5 5.6
London 3.0 4.0 4.8 3.2 4.6 5.7
Wales 2.1 3.1 4.0 1.6 3.7 4.8
North Scotland 0.4 1.1 19 0.1 1.4 3.0
West Scotland 0.8 1.9 2.8 0.4 2.4 3.9
East Scotland 0.7 15 2.4 0.2 2.0 3.5
Northern Ireland 1.1 2.2 3.2 0.9 3.1 4.4
Country averages
England 2.2 3.3 4.1 2.1 3.9 5.0
Wales 2.1 3.1 4.0 1.6 3.7 4.8
Scotland 0.6 15 2.4 0.2 1.9 3.5
Northern Ireland 1.1 2.2 3.2 0.9 3.1 4.4
UK 1.8 2.8 3.7 1.6 3.4 4.6
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What are the resulting impacts on the goods and servipegvided to society from the natural
environment? What would be the quantified impact?

The impacts of algal blooms on lakes are broabing. They encompass impacts on provisioning
services such as water supply, regulating services linked to water amabdityy, and cultural
services such as recreation and amenity, as well as direct impacts on biodiErsitpmic
assessment methods are outlined in the screening assessment (sB@jon

The calculation of costiiffersslightly from the approach in the screening assessni@attion5.3.4),
in that future costgSteps 3 and 4re estimated by ratio for each region, and then summed to derive
national totals All steps for the case study analysis are described below for easgmeé

Step 1:Calculate annual baseline damages of algal blooms for-200Q by adjusting for the change

in consumer prices over time, since the study by Pretty et al (2003) was undertaken. These equate to
an increase of 2.8% per year based on thellefeonsumer prices given by the Bank of England. This
value was then scaled to a UK total from the England & Wales data reported in Pretty et al. (2003), as
described above, using 2011 population data. Costs were then disaggregated to region based on a
combined weighting of population and climate risk (number of months exceeding the threshold).

Step 2 Using estimates of monthly mean lake water temperatures exceedifi§ linder future
temperature scenarios, calculate proportional increase in the averagaer of months where the
water temperature threshold is exceeded, for each region.

Step 3 Using the assumption that the number of months of threshold exceedance drives the incidence
of algal bloom outbreaks, we calculated the ratio of change in numbaromths exceeded for each
region separately to the 2050s and the 2080s, relative to the baseie assume that baseline
damage levels (from Pretty et al. 2003) reflect the impact of contributing factors such as excess
nutrient levels, as well as existitevels of adaptation, and that these are held constant into the future.

Step 4 The future damage costs were calculated for each region separately, by multiplying baseline
costs by the ratio of change in months exceeding the threshold, from Step 3.afibeai and UK
totals were then summed from the regional cost estimates.

The estimated economic impact for each region of the UK is shoWahile50. In both sets of mdel
ensembles, impacts increase substantially in the 2050s and are even higher in the 2080s. In England
the costs range from £291m for CMIP5 to £364m for PPE in the ZD@®slifference in the

estimates reflects the hotter projections under PPE madet®nomic impacts in Scotland, Wales

and Northern Ireland are much lower and range from £7m to £25m in the 2080s depending on the
model family Most of these costs occur in England for three reaseéirst, most waterbodies

susceptible to HABs are in Engldmplying higher baseline ecological risk. Second, the incidence of
temperature threshold exceedance is greater in England increasing the risk of HABs in future. Third,
economic costs are concentrated in more buift regions in England, such as the Sdtaist and

Midlands, due to impacts on a greater number of people who use the waterbodies.
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Table50. Economic impact of algal blooms in lakes due to exceedance of lake water temperature threshold (£ million)
under RCP8.5 pathwayor baseline, 2050s and 20808conomic values derived from Pretty et al. (2003) and calculated
from data inTable49 and Table5. N.B. Baseline impacts are taken from Pretty et al. (2003), and scaled to the UK, so are
the same for both models at UK level, although differ spatially when disaggregated down to region at baseline level.

CMIPS(£ million) PPHE million)

Baseline 2050s 2080s Baseline 2050s 2080s
Region (199099) (204059) (207089) (199099) (204059) (207089)
North West England 13.7 24.2 32.7 10.0 32.1 42.6
North East England 4.1 8.2 11.3 2.3 10.0 14.4
Yorkshire and
Humber 11.4 19.7 25.6 10.4 25.5 32.4
West Midlands 15.2 23.8 29.6 14.9 29.4 36.6
East Midlands 12.7 19.6 24.4 14.3 25.0 30.8
East of England 20.4 28.7 34.7 22.1 34.3 42.2
South West Englanc 17.1 24.9 30.2 17.7 30.6 37.9
South East England 31.4 435 52.5 35.2 52.9 64.7
London 31.9 42.4 50.9 35.7 51.2 62.8
Wales 8.2 12.4 16.0 6.5 15.4 19.7
North Scotland 0.2 0.5 0.9 0.0 0.7 1.5
West Scotland 2.6 6.1 9.1 1.5 8.3 13.4
East Scotland 2.1 4.6 7.2 0.6 6.4 11.1
Northern Ireland 25 5.1 7.3 2.1 7.4 10.4
England total 157.8 235.0 291.9 162.6 291.0 364.4
Wales total 8.2 12.4 16.0 6.5 154 19.7
Scotland total 4.9 11.3 17.1 2.1 15.3 25.9
Northern Ireland
total 25 51 7.3 2.1 7.4 10.4
UK total 173.3 263.7 332.3 173.3 329.0 420.4

Is there a risk of irreversible change in the ecosystems affected, or substantial time lags in
recovery?

Impacts depend to a large extent on contributing factors such as eutrophication (excess nitrogen and
phosphorus inputs) and physical characteristitthe lakes. In large parts of the UK, these-pre
conditions are already met, and algal blooms are being recorded in areas with relatively low climate
risk such as East Scotland (0.68 months per year exceeding the threshold from CMIP5 models) at
baseline. @ce preconditions are met, lakes are likely to experience recurring algal blooms year on
year. Longerm monitoring of the outcomes of restoration via catchment management at Loch

Leven show that it can take decades for biogeochemical conditions taetaturn to clean levels
(Carvalho et al. 2011; Spears and May, 2014; Steinman and Spears, 2020). Furthermore, in shallow
lakes, there is the possibility of shifts to a gelinforcing stable, algae dominate state, which is then
difficult to reverse (Sdffer et al 1993, Ibelings et al 2007). The lbewgn risks of warming for
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biodiversity are poorly understood, but some biodiversity recovery is possible where adaptation and
mitigation, for example through nutrient reduction, can be achieved.

What is theimpact of current levels of adaptation at mitigating these risks?

Recovery is dependent on a drop in lake water temperatures, which is difficult to achndveseds

to be addressed through climate change mitigation measurddréssing the preonditionsthat

make lakes more sensitive to the impacts of climate warming is therefore a key focus. This could
involve options such as:

1) managemenbf nutrient (nitrogen and phosphorus) delivery from the catchment by reducing
sewage inputs from urban areas, and minimising losses of nutrients from agricultural land (e.g. as
demonstrated in nitrate vulnerable zones),

2) use of idake/reservoir techntogies to enhance mixing and reduce the light available for algal
growth, or

3) geoengineering approaches to limit nutrient cycling of phosphorus between lake sediment and
the overlying water column and to remove algal blooms from surface waters thréoggufation.

Catchmemwide management of nitrogen and phosphorus diffuse sources and improved
management of point sources, often domestic sewage, are the primary mechanisms for altering the
pre-conditions for algal bloom formation. These are appliediirate vulnerable zones, but not

widely elsewhere. Other aspects such as chemical remediation have been trialled in a limited
number of severely affected water bodies, but not widely. Other management aspects such as
riparian shading of lakes and inputere have received relatively little focus so far, and are likely to
be ineffective in large water bodies.

The falling number adurface water bodies in high or good ecological stamsler the Water
Framework Directive (see sectid3.5), suggest that current measurés reduce catchment level
nutrient inputs to waterbodies arminimal, and not sufficient to achieve the adaptation required to
reduce this risk factor.

What additional adaptation management options could be undertaken, either in advance to
reduce the risk of these thresholds occurring, or afterwards to manage the imgacts

The measures discussed in the previous section could be applied much more widely to reduce the
likelihood of preconditions being favourable for algal bloom formation. Although not widely
practicedcurrently, aerationby artificial mixing e.g. throughdns or pumps installed in the water

body, and chemical remediation cousdsobe used to reduce the impacts of algal blooms once they
have formed.

In what scenarios are there limits to adaptation?

The adaptation methods apply in most cases to thegoaditions necessary for algal bloom

formation, therefore they are to a large extent independent of the climate risk. Lack of incentives or
regulation may limit adoption of adaptation actions (e.g. nutrient management/buffer strips) by land
owners, which wou impact on the ability to prevent formation of algal blooms.

176



Once severe phytoplankton blooms have establishredtoration activities may not be appropriate
depending on local conditions, atik likelihood/frequency of the algal bloom +establishingThe
larger the lake, and more severe the algal bloom, the more challenging adaptation can be.
Ultimately, if the nutrient sources cannot be controlled, there is often little value in implementing
other adaptation options, and efforts may best be focusadcommunicating and managing risks.
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11 Farmland and grasslang€ase study: Temperature impacts on

milk production
This case study builds on the screening assessment by incorporating a wider set of climate
projections into the analysis, which come from ttienate model outputs for a RCP8.5
concentrations pathway (see Methods section). It shows the spatial variation in time course of
threshold exceedance across the UK, and assesses the climate impacts in three clear time frames
along the climate projectiondor baseline, the 2050s and the 208@imate data used are
projections from CMIP5 and from PPE model ensen{sies Methods sectiod.5). The threshold
and maininpacts are reaterated below.

Figure25 summarises the threshold and assessment chain for the case &xdgedance of the
temperature humidity index (THI) threshokeblds to declines in milk yield per cow, resulting in
decreased milk production and costs to farmers.

N air

temperature Threshold THI 74

(=23°¢)

L milk yield (&
reproductive
performance)

P heat stress b milk

production

Management of cattle housing to reduce heat stress, Breed/genetic selection towards heat tolerance

Figure25. Impact chain for temperature effects on milk productioRurple box shows endpoint social/economic impacts or
impacts on biodiversity; Brown box shows potential adaptation measures.

What climate hazard thresholds represent points beyond which the effective functioning of key
systems within the natural environment may be compromised, and why?

The climate threshal is a temperaturehumidity index (THI) of 74 (equates to a daily maximum air
temperature of 23°C, at 75% Relative Humidity (Dunn et al. 2014)). Exceedance of this threshold
leads to a progressive decline in milk production, which is linear per uniiseria THI. The

relationship between air temperature and THI is partly dependent on Relative Humidity, but not
strongly so, and we assume a constant humidity value in this assessment (varying the humidity by as
much as 20% only influences the THI by lkas 0.7 of a unit)The evidence supporting the

threshold and impacts is presented in the screening assessisertipn6.4.1
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Figure26 plots the number of days per year across UK regions where THI exceeds 74 at 75%
humidity. Over the baseline period for this analysis of 20009, the average number of days
exceeding the threshol broadly similar in the CMIP5 and PPE ensembles and ranges from roughly
0-20. The trajectory of change differs between the model predictions, and they start to diverge
around 2020, witlfaster increases in exceedance in the PPE meastmbles

Thereis considerable spatial variability in when the models show a change in exceedanEg(see
27). In north Scotland, the median of model outputs suggest that exceedance does not occur until
around 2060. By contrast, in London and south east England, the baseline period already shows
exceedance, although exceedance is slightly lower in the CMIR&tsuhan for PPEExceedance

of the climate threshold by region for current day, 2050s and 2080s is sholabie51. Threshold
exceedance is greater in the PPE mlsedbut in bothcases increases substantially from the baseline
to the 2050s and even further to the 2080s, approximately tHiad increase by 2050s and $otd
increase by 2080s at UK level. Therefore there is also substantial spatial variatioheweticf

threshold exceedance, with threshold exceedance four to five times greater in England than in
Scotland.
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Figure26. Time course of exceedance of maximum daily air temperature threshold di2&r milk productionunder
RCP8.pathway. Data are UK average across regions, showingber of days per year from 19§@100, for two model

families CMIP5 and PPE. Lines shem@at moving average for median, 10 percentile (dotted line) and 90 percentile

(dashed line) forach model family, comprising 13 ensemble members for CMIP5 (blue symbols) and 15 ensemble members
for PPE (orange symbols).For reference, black line shows PPE model id 7, used in screening assessment.
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Figure27. Time courseby UK climate region, of exceedance of daily maximum air temperature of 23 °C, number of days
exceeding threshold per year from 19¢®100, under RCP8.5 pathwajpata are fromwo model families CMIP5 and

PPE. Each point represents thedianfor a modefamily, comprising 13 ensemble members for CMIP5 (blue symbols) and
15 ensemble members for PPE (orange symbols).

180



Table51. Number of days per year where THI exceeds 74 (maximum daily air temperature exceé@3 #8esholdunder
RCP8.pathway, by region of the UK, fobaseline ¢urrent day), 2050s and 2080%/alues are the average per year across

the 20 year period of the median of 13 ensemble members for CMIP5 and 15 ensemble members for PPE.

Region

CMIP5
Baseline 2050s

2080s

(2000-19) (204059) (207089)

PPE

Baseline 2050s
(2000-19) (204059) (207089)

2080s

North West England
North East England
Yorkshire and Humber
West Midlands

East Midlands

East of England
South West England
South East England
London

Wales

North Scotland
West Scotland

East Scotland
Northern Ireland

England (average of
regions)

Wales

Scotland (average of
regions)

Northern Ireland

UK (average of regions)

4.1 154
3.3 11.8
5.4 19.4
111 28.3
12.0 30.3
14.3 38.1
11.9 29.5
15.0 37.5
18.9 445
8.2 23.1
0.2 1.4
0.4 3.4
0.9 3.7
2.1 6.9
10.7 28.3
8.2 23.1
0.5 2.8
2.1 6.9
7.7 20.9

29.7
24.6
33.8
47.3
50.2
60.2
50.7
62.5
68.7
40.2

4.2

8.2

8.2
15.2

47.5

40.2
6.8

15.2
36.0

2.0
1.9
6.7

12.0
17.9
23.3
13.3
20.4
27.1

13.

5.4
0.1
0.3
0.2
15

8

54
0.2

15
9.4

19.6
16.4
35.3
51.6
65.6
75.5
59.9
74.8
84.2
31.6

3.3

7.3

6.7
151

53.6

31.6
5.7

15.1
39.0

57.3
54.8
79.2
95.2
104.6
110.0
108.5
111.7
116.4
75.6
15.6
29.0
30.8
48.5

92.5

75.6
25.1

48.5
73.7

When converted to thelaily accumulateéxceedance of THI units above the threshold, the

trajectory over time shows a mudteeper increaseHigure28), with the greatest change occurring
after the 2050s. There is also a greater divergence between the predictions from the two sets of
modelensembles, with PPE ensembles leading to much higher cumulative THI units than the PPE

ensembles.
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Figure28. Time-course of cumulative exceedance of THI above threshold per year, from 42900 under RCP8.5
pathway. Data areUK average across regioiig; two model families CMIP5 and PPE. Lines shgsai7moving average

for median, 10 percentile (dotted line) and 90 percentile (dashed line) for each model family, comprising 13 ensemble
members for CMIP5 (blue symbols) ancgtSemble members for PPE (orange symbols).

What are the resulting impacts on the goods and services provided to society from the natural
environment? What would be the quantified impact?

Exceedance of the air temperature threshold has two main impacts on dairy cows. It leads to a
decline in milk productioMukherjeeet al.,2012;Polsky and von Keyerslingk, 2p1anhd decreased
conception rates (Wolfenson and Roth, 2019). For this assedsmeefocus o declines in milk
production.

The method for calculating changes in milk yield differs in the case study from that in the screening
assessment, since it takes into account the amount of exceedance above the THI threshold (the
number of THI nits above the threshold) on each daytal milk production losses per region were
calculated by multiplyingumulative THI exceedance above the thresholdhleymilk loss per THI

unit, and by the number of cattle in each region.

The calculated time cage of milk production losses is showrFigure29. This shows a steep

increase in total milk losses after the 2050s, with a much steeper rise projected when usiPigEhe
model projections The estimated economic impact for each region of the UK is shoWatbie52.

At the UK level, impacts under baseline climate range from£85 million depending on the

model projectionschosen. Under the CMIP5 ensembles, costs increase to £8 million by 2050s and to
£17 million in 2080s. The costs are much larger under thepRipgctionsreaching £18 million in

2050s and £57 million in 2080s.
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In England, economic impacts range from fiiBion for CMIP5 to £4illion for PPEnN the 2080s.

The large share of costs in England reflects that 60% of cows are currently reared there and
threshold temperature exceedances tend to occur more frequentingland compared with other
regions. Economic impacts in Scotland, Wales and Northern Ireland range from £0m to £7m in the
2080s depending on the model family.

The magnitude of these impacts compared to current UK value of milk production implids/that

2080 milk losses would total around 0.4% of total production value under CMIP5 and 1.3% under the
PPBEprojections The regions most impacted include south west England, north west England, the
west Midlands, Wales and Northern Irelarichple52).
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Figure29. Time-course of loss of milk production (kg) for UK per year, from 182100 under RCP8.5 pathwayata are
for two model families CMIP5 and PPiBe& show #eriod moving average for median, 10 percentile (dotted line) and 90
percentile (dashed line) for each model family, comprising 13 ensemble members for CMIP5 (blue symbols) and 15
ensemble members for PPE (orange symbols).
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Table52. Economic impact of lost milk production due to exceedance of air temperature threshold (£ mjlliorler
RCP8.5 pathway, for baseline, 2050s and 2080s

CMIP5 PPE

Baseline 2050s 2080s Baseline 2050s 2080s
Region (200019) (204059) (207089)| (200019) (204059) (207089)
North West England 0.3 0.8 1.9 0.2 11 5.0
North East England <0.1 <0.1 0.1 <0.1 <0.1 0.2
Yorkshire and
Humber 0.1 0.3 0.7 0.2 0.7 2.5
West Midlands 0.4 1.0 2.1 0.6 2.5 7.3
East Midlands 0.2 0.5 1.0 0.5 16 4.0
East of England 01 0.1 0.2 0.1 04 0.8
South West Englang 1.2 31 59 2.0 7.7 218
South East England 0.2 0.6 1.1 0.4 15 3.6
London - - - - - -
Wales 05 13 2.8 0.4 2.0 74
North Scotland <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
West Scotland <0.1 0.1 0.2 <0.1 0.2 11
East Scotland <0.1 <0.1 <0.1 <0.1 <0.1 0.2
Northern Ireland 01 04 1.0 01 0.8 4.0
England total 25 6.5 13.0 4.1 15.4 45.2
Wales total 05 13 2.8 0.4 2.0 74
Scotland total <0.1 0.1 0.2 <0.1 0.2 13
Northern Ireland 01 04 1.0 0.1 08 4.0
total
UK total 3.1 8.1 17.0 4.6 184 579

Is there a risk of irreversible change in the ecosystems affected, or substantial time lags in
recovery?

Impacts on milk production are highly dynamic and change with temperature on a timescale of days
to weeks. Impacts on reproductive success, not quigatin this assessment, may have slightly

longer term implications, but only on a yearly timescale. Therefore, in terms of biophysical
responses of dairy cattle to temperature to elevated temperature there are no irreversible changes
and no substantialme lags in recovery.

What is the impact of current levels of adaptation at mitigating these risks?

Current levels of adaptation are low as heat stress is not considered to be a major issue in the UK;
therefore the impact of adaptation is low. Guidanc@ievided by organisations such as AHDB on
how to reduce heat stress in livestock. With heat stress becoming more apparent in recent years,
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increasing adaptation may be seen in future years. In theory, basic adaptation actions such as
providing access to slde and building ventilation should be reasonably effective at mitigating the
risks of heat stress.

What additional adaptation management options could be undertaken, either in advance to
reduce the risk of these thresholds occurring, or afterwards to nage the impacts?

Installing shade for grazing cattle, installing fans and sprinklers in dairy herd housing, and research
on how different breeds are affected by THI could all be undertaken in advance to reduce the risk of
the THI threshold being crossethe impact on milk production once the threshold has been crossed
will be lessened where these actions have been taken up. These management options make it
possible for milk production to continue, however, this could causeiloels cows may need to be
permanently housed with a heavy reliance on internal systems to cool the indoor environiment.

need for infrastructure can be avoided if there is a transition to different breeds, or using genetic
selection for heat tolerance. The risk is greater, andioeearlier, in the south and west of the UK

than it does in Scotland. Therefore these areas should prioritise adaptation measures.

In what scenarios are there limits to adaptation?

Small scale farmers may not be economically equipped for adaptation waneepitalintensive
housing approach is adopted. The option to relocate dairying further north is limited by the high
infrastructure costs associated with this enterprise and the scale of investment for new sites.
Processing capacity also reflects thereut location of the sector in the south and west of England
and places economic constraints on haulage of a bulk fresh product.

185



12 Peatlandg; Case study: Temperature impacts on greenhouse gas

emissions

This case study builds on the screening assessmeayiilying an improved rule base to apportion
habitat change from one condition class to another, based on the climate pressure. It also
incorporates a wider set of climate projections into the analysis, which come from the climate model
outputs for a RCPB.concentrations pathway (see Methods section). It shows the spatial variation in
time course of threshold exceedance across the UK, and assesses the climate impacts in three clear
time frames along the climate projections, for baseline, the 2050s an@@B6s. Climate data used

are projections from CMIP5 and from PPE model ensembles (see Methods geSYidihe

threshold and main impacts are-ieerated below.

Excedance of the threshold mean temperature of the warmest month leads to declines in
sphagnum cover and deterioration of the bog surface, which leads to increased peat oxidation and
increased greenhouse gas emissions. The threshold and impacts are sumrirefiggole30.

Threshold
1 air 14.5°C

temperature

J- Sphagnum &
ecological
condition

M peat oxidation I GHG emissions

Air pollution;
Management (grazing,
drainage, managed burning)

[ Management (raise water levels, reduce grazing, reduce prescribed burning) ]

Figure30. Impact chain for temperature effects on peatland GHG emissidPsrple box shows endpoint social/economic
impactsor impacts on biodiversity; Brown box shows potential adaptation meastihesthreshold is based on loteym
temperature of warmest month under the assumption that this encapsulates most associated drought effects. This is
caveated with the knowledge th#he climate envelope of peatlands is still poorly understood, and peatlands exist in either
warmer, or drier, areas of the world than its UK distribution would suggest.

What climate hazard thresholds represent points beyond which the effective functimnof key
systems within the natural environment may be compromised, and why?

The climate threshold is a 3@ar mean temperature of 14% for the warmest month (Gallego
Sala & Prentice, 2013Y.he evidence supporting the threshold and impacts is preskin the
screening assessmersgction7.3.1
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Exceedance of this threshatds been shown ttead to a decline in the ecological integrity of
peatlands, triggeredby a loss of Sphagnum cover, and an increase in bare, eroding areas, oxidation
of the exposed drying peat, and an increase in greenhouse gas emissions.

Figure31 plots the 30 year rolling mean temperature of the warmest month, showing the median
value from a suite of 28 climate ensemble members, and averaged across all UK regions. As a UK
average across regions, the 14Gthreshold is exceededreadyduring thebaseline period for this
analysis (3§ear mean, centred around 2004). In the CMIP5 model ensembles, the temperature
remains reasonably low, but starts to incredsghe 2030s, while in the PPE model ensembles, the
temperature rises steadily from the bds®e period,with the rate of risesteepeningrom the 2050s.

There is considerable spatial variabilityttie timing ofwhen exceedancetarts(seeFigure32, which
only shows regions where peat currently ocqurkScottish regions, the threshold is not exceeded
until around the 2040s in the CMIP5 ensembles, but this happens much earlierRPEensembles,

in the mid 2020s. In most parts of northern England and in Northern Ireland the threshold is not
exceeded at baseline, although rapidly becomes so. However, in Wales, Yorkshire & Humber and
South West England, the threshold is exceeded etdraseline in all climate datasets.
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Figure31. Time course of rolling 39ear mean temperature of the warmest monttunder RCP8.5 pathway 36yr mean
temperature of 14.5C is the threshold for declines in peatland intggi@raph is constructed with data from 1992100,

for two model families CMIP5 and PPE. Lines show median, 10 percentile (dotted line) and 90 percentile (dashed line) for
each model family, comprising 13 ensemble members for CMIP5 (blue symbols) asdrible members for PPE (orange
symbols). Black line shows trajectory of PPE model id 7 used in the screening assessment, for comparison.
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Figure32. Time course, by region, of rolling 3@ear mean temperature of the warmeshonth, under RCP8.5 pathway

30-yr mean temperature of 14.5 °C is the threshold for declines in peatland integrity. Graph is constructed with data from
1990¢ 2100, for two model familieEMIP5 and PPE. Each point represent8thgear average of themedianfor a model

family, comprising 13 ensemble members for CMIP5 (blue symbols) and 15 ensemble members for PPE (orange symbols).
Graphs for each region are shown in the same position, for comparison with other case studies.
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Exceedance of the climatareshold by region fobaseline (30 year mean centred on 2002050s

(30 year mean centredn 2054) and 2080s (30 year mean centred on 2084) is shoWhabie53. As
anaverage across UK regions containing blanket bog, the threshold exceedance is similar for the
baseline period, at around 0°C, but then is a factor of two higher in the PPE models compared
with CMIP5, rising to iC in the 2050s and 2°%& in the 2080%r CMIP5, but 2.4C and 5C
respectivelyfor PPE ensemble$his is driven by the faster rate of warming in PPE compared with
CMIP5In English regions with blanket bog the pattern is similar, although exceedance is slightly
higher, rising to 2.8C forCMIP5 and 5.7C for PPE in the 2080s. In Wales, exceedance is somewhat
higher, rising above 4C in both sets of model outputs in the 2080s, £5or CMIP5 and 5°€ for

PPE. Scotland and Northern Ireland do not show exceedance of the threshold at baseline, although
both show exceedance in the 2050s, and both show exceedance greater thain ¢he PPE

ensembles in the 2080s.

Table53. Degrees above the threshold 3@ear mean temperature of the warmest month (14°€), by region of the UK,
for baseline, 2050s and 2080snder RCP8.5 pathwayalues are the average per year across the 30 year period of the
median of 13 ensemble members for €61and 15 ensemble members for PPE. Data only shown for regions containing

blanket bog.

CMIP5 PPE

Baseline 2050s 2080s | Baseline 2050s  2080s

(1996 (2040 (2070 | (199G (2040 (2070
Region 2019) 2069) 2099) 2019) 2069) 2099)
North West England 0.0 1.0 2.3 0.0 2.5 5.2
North East England 0.0 0.5 2.2 0.0 1.9 4.6
Yorkshire and Humber 0.1 1.3 2.5 0.1 3.2 5.8
West Midlands - - - - - -
East Midlands - - - - - -
East of England - - - - - -
South West England 0.5 2.5 4.4 0.8 4.2 7.3
South East England - - - - - -
London - - - - - -
Wales 0.6 2.7 4.5 0.0 3.1 6.0
North Scotland 0.0 0.0 1.2 0.0 1.1 3.2
West Scotland 0.0 1.0 2.1 0.0 2.2 4.6
East Scotland 0.0 0.4 1.6 0.0 1.9 4.4
Northern Ireland 0.0 0.3 1.9 0.0 1.7 4.1
England (average of regiong 0.14 1.34 2.84 0.24 2.92 5.72
with peat)
Wales 0.62 2.71 452 0.02 3.10 5.99
Scotland (average of region| 0.00 0.47 1.64 0.00 1.75 4.07
with peat)
Northern Ireland 0.00 0.29 1.91 0.00 1.68 4.14
UK (average of regions with; 0.13 1.08 2.52 0.11 2.41 5.03

peat)
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These temperature changes result in a shift in the condition status of existing peatlands, following
the rule base defined ifiable54. Note that condition at baselinesflects the current day situation,
which includes the influence of current and historical land use decisions, management and
restoration, as well as climate influences. Exceedance biyCislexpected to result in complete shift
from all condition categaes to a highly modified state, based on observations from Bragazza (2008).
Extrapolating from Bragazza (2008xceedance of > ZC is expected to result in a complete shift of
each condition category to the next category of poorer condition. Exceeddressothan 2C is
expected to result in a partial shift of modified peatlands to a highly modified state, and a patrtial
shift to the next condition category for neaatural and rewetted peatlands.

Table54. Rule base for changm area ofpeatland condition categories under different levels of threshold exceedance

Condition category
Level of exceedancst
above longterm
temperature
threshold (°C) Natural Rewetted Modified
No exceedance No change No change No change
0-2°C 50% - Modified 50% - Modified 50% - Highly modified
2-4°C 100% - Modified 100% - Modified 100% - Highly modifiec
>4°C 100% - Highly modifiec100% - Highly modifiec100% — Highly modifiec

Change in the extent of peatland within each condition category for the two sets of climate model
ensembles are shown ifable55 and Table56, and summarised visually igure33. At UK level,

the area of highly modified peatland increases fromuard one fifth of the total at baseline to half

of the total in the 2080s for the CMIP5 ensembles, and all peatland becomes highly modified in the
2080s for the PPE ensembles. This pattern remains broadly the same for each UK country, except in
Wales, whee the entire peatland area becomes highly modified in both CMIP5 and PPE ensembles
by the 2080s, because the threshold exceedance rises abt@émboth cases (sdable49).
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Table55. Area of peatlands by UK country and by condition categamder RCP8.5 pathwayfor baseline, 2050s and

2080s,for median of CMIP5 ensembleSor description of categories, séable30.

Near Highly Total

natural Rewetted  Modified modified Peatland
Baseline England 84,00C 24,00C 164,00C 53,00C 326,00(
Wales 24,00C 4,000 35,00C 200 63,00C
Scotland 490,00( 20,00C 658,00( 307,00C 1,476,00(
NI 35,00C 5,000 37,00C 93,00C 170,00(
UK 633,00( 54,00C 894,00C 454,00( 2,035,00(
2050s  England 42,00C 12,00C 136,00C 135,00C 326,00(
Wales - - 28,00C 35,00C 63,00(
Scotland 245,00( 10,00C 584,00( 636,00C 1,476,00(
NI 18,00C 3,000 39,00C 111,00C 170,00(
UK 305,00C 25,00C 787,00C 918,00C 2,035,00(
2080s  England - - 108,00C 217,00C 326,000
Wales - - - 63,00C 63,00(
Scotland 245,00( 10,00C 584,00( 636,00C 1,476,00(
NI 18,00C 3,000 39,00C 111,00C 170,00(
UK 263,00( 13,00C 731,00C 1,028,00( 2,035,00(

Table56. Area of peatlands by UK country and by condition categamder RCP8.5 pathwayfpr baseline, 2050s and
2080s,for median of PPE ensembleSor description of categories, se&ble30.

Near Highly Total

natural Rewetted  Modified modified Peatland
Baseline England 84,00C 24,00C 164,00( 53,00C 326,00(
Wales 24,00C 4,000 35,00C 200 63,00(¢
Scotland 490,00C 20,00C 658,00( 307,00C 1,476,00(
NI 35,00C 5,000 37,00C 93,00C 170,00(
UK 633,00C 54,00C 894,00( 454,00( 2,035,00(
2050s England - - 108,00( 217,00C 326,00(
Wales - - 28,00C 35,00C 63,00(¢
Scotland 245,00( 10,00C 584,00( 636,00( 1,476,00(
NI 18,00C 3,000 39,00C 111,00C 170,00(
UK 263,00C 13,00C 759,00( 1,000,00( 2,035,00(
2080s England - - - 326,00 326,00(
Wales - - - 63,00C 63,00(¢
Scotland - - - 1,476,00( 1,476,00(
NI - - - 170,00C 170,00(
UK 0 0 0 2,035,00( 2,035,00(

191



a) CMIP5 ensembles
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b) PPE ensembles
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Figure33. Area of peatlands by UK country and by condition categargder RCP8.5 pathwayfor baseline, 2050s and
2080s for median of) thirteen CMIP5 ensembles and b) fift€d?E ensembles
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What are the resulting impacts on the goods and services provided to society from the natural
environment? What would be the quantified impact?

Exceedance of this threshold leads to degradation of peatlands with a consequent loss or decline of
many of the ecosystem services that peatlands provide, including a loss of carbon sequestration and
resultingchanges in the greenhouse gas balafidee asessment focuses on valuing changes in
greenhouse gas emissions, since robust methods for quantifying the economic value of other
ecosystem services linked to changes in peatland condition, such as biodiversity, water quality and
storage, currently do notyast (MartinOrtega et al. 2014; Glenk and MaHbDrtega, 2018).

Emissions are calculated from the £&Quivalent emissions for each peatland category (adapted

from Evans et al. 2017), s@able57. The emission factors used in this assessment do not
incorporate the effects of drainage in some areas of modified bog, which will lead to a slight under
estimate of the likely emissions. The total peatland area is assumexihtain unchanged, even

under the most extreme scenario where all peatland shifts to a highly modified category. The use of
emission factors also assumes that carbon loss from degraded peatlands will be gradual and
sustained, thus giving lower estimatesaairbon loss during the timescale of the scenario
assessments; this is more conservatiMaut arguably more realistie than predictions that the

entire stock of carbon could be lost from peatlands that are no longer within their climate envelope
(Ferretoet al., 2019). Socieconomic factors could also produce both positive and negative
feedbacks on climate change impacts. For example if grasslands expand into blanket bog areas, or
demand for UK food production increase, this could lead to increased gnamssures and

accelerated peat destabilisation. Conversely, widespread erosion and vegetation loss could result in
the removal of grazing, allowing bogs to stabilise and recover. Finally, it is important to note that
most of the UK’ stoogh@er 5000ayeads f clmatic #uctuation, tvhéch suggests
that they have a high level of intrinsic resilience, therefore it is possible that their capacity to
withstand climate change (at least when in good condition) may be vestimated by climate

envelope models and thresholds. Therefore this assessment must be considered indicative of
potential risks, with a high level of uncertainty, rather than as a projection of future change.

Table57. Emission factors for peatland calition categories (adapted from Evans et al. 2017).

Near Modified

natural Rewetted (Grass/Heather Highly

bog bog dominated) modified
t CO2e /halyr 0.01 0.81 2.08 3.55
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The economic cost of emissions is calculated using thedd#raded price ofcarbort?, which

reflects the cost of achieving the UK's carbon &b
future carbon price changes over time, we take they8@r average of the netraded carbon price

for the future 2050 and 2080 time periedand for baseline period we use the 2010 #ti@ded

carbon price. The noetraded carbon prices used are showrTiable58 below. The cost of emissions

is calculated ¥ multiplying the C@equivalent emissions by the carbon price for that time period.

This assessment reports annual greenhouse gas emissions for all UK periods for two time periods,
the 2050s and 2080s, assuming that ecological responses are in equilatiuciimate for each
period.

Table58. Cost per tonne C{equivalent for carbon emissions

Cost per bnne
Year COz2e (£)
2010 60
2040- 2069 261
2070- 2099 342

GHG emissions are summarised able59, and visualised iRigure34. Emissions from nearatural
peatlands and rewetted peatlands are negligibrhis is because the emission factor for Aeatural
peatlands is virtually zero, and rewetted peatlands have a relatively low emission factor and they
have a small area in the UK. Therefore the majority of emissions come from modified and highly
modified peatland categories. Even at baseline, emissions from these categories come to around 3.5
milliontCQe at UK scale. This rises to around 5 miltié@e in the 2050s and up to 5.1 million

tCQe in the 2080s for the CMIP5 ensembles, and 7.2 mitlde for the PPE ensembles. Scotland
makes up the majority of these emissigp$5%) with emissions from English peatlands coming

next (~20%)

22Valuation of Energy Use and Gné®use Gas. Supplementary guidance to the HM Treasury Green Book on
Appraisal and Evaluation in Central Government. Department for Business, Energy and Industrial Strategy.
April 2019.
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Table59. GHG emissions (tCO2e) from peatlands by UK country and by condition categuiyy RCP8.5 pathwalpr

baseline, 2050s and 2080®r median of a) thirteen CMIP5 ensembles and b) fiteen PPE ensembles.

a) CMIP5 ensembles

Nearnatural Rewetted Modified Highlymodified Totalemissions
England Baseline 800 19,800 340,700 189,800 551,100
2050s 400 9,900 283,100 480,500 773,900
2080s - - 225,400 771,300 996,700
Wales  Baseline 200 3,300 73,300 700 77,500
2050s - - 57,300 125,900 183,200
2080s - - - 223,700 223,700
Scotland Baseline 4,900 16,500 1,368,400 1,090,400 2,480,300
2050s 2,500 8,300 1,215,600 2,258,200 3,484,500
2080s 2,500 8,300 1,215,600 2,258,200 3,484,500
NI Baseline 400 4,300 76,200 330,700 411,500
2050s 200 2,200 80,200 395,700 478,200
2080s 200 2,200 80,200 395,700 478,200
UK Baseline 6,300 43,900 1,858,600 1,611,600 3,520,500
2050s 3,000 20,300 1,636,100 3,260,300 4,919,700
2080s 2,600 10,400 1,521,100 3,648,800 5,183,000

b) PPE ensembles
Near natural Rewetted Modified Highly modified Total emissions
England Baseline 800 19,800 340,700 189,800 551,100
2050s - - 225,400 771,300 996,700
2080s - - - 1,156,000 1,156,000
Wales  Baseline 200 3,300 73,300 700 77,500
2050s - - 57,300 125,900 183,200
2080s - - - 223,700 223,700
Scotland Baseline 4,900 16,500 1,368,400 1,090,400 2,480,300
2050s 2,500 8,300 1,215,600 2,258,200 3,484,500
2080s - - - 5,239,700 5,239,700
NI Baseline 400 4,300 76,200 330,700 411,500
2050s 200 2,200 80,200 395,700 478,200
2080s - - - 604,300 604,300
UK Baseline 6,300 43,900 1,858,600 1,611,600 3,520,500
2050s 2,600 10,400 1,578,400 3,551,000 5,142,500
2080s - - - 7,223,600 7,223,600

195



a) CMIP5 ensembles
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Figure34. GHG emissions (tG€) from peatlands by UK country and by condition categompder RCP8.5 pathwayor
baseline, 2050s and 2080fr median of a) thirteen CMIP5 ensembles and b) fifteen PPE ensembles.
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The costs of carbon emissions are summariselhlnle60 and inFigure35. At UK levelannual
averagecosts rise from £210 million at baselif@resent dy), to around £1.3 billion in the 2050s, at
which point the climate ensembles diverge. In the 2080s, costs in the CMIP5 ensembles total £1.7
billion, while in the PPE ensembles the costs total £2.4 billion. The majority of the costs occur in
Scotland dudo the extensive pedaind habitats locatedhere. Future costs increase partly due to

the increase in peatland area falling into the highly modified category, but also because future
carbon prices increase dramatically over time due to stringent mitgaérgets later in the century

Table60. Annual ost of GHG emissions due to exceedance of/88r mean temperature of warmest month threshold (£
million) under RCP8.5 pathway, for baseline, 2050s and 208)smedian of a) thirten CMIP5 ensembles and b) fifteen

PPE ensembles.

CMIPS PPE

Region Baseline 2050s 2080s Baseline 2050s 2080s

9 (1990- 2019) (20402069) (20702099)|(1990- 2019) (20402069) (20702099)
England total 32.9 202.4 341.3 32.9 260.6 395.9
Walestotal 4.6 47.9 76.6 46 47.9 76.6
Scotland total 148.1 911.1 1,193.( 148.1 911.1 1,794.(
z;ghe”‘"da”d 24.6 125.0 163.7 24.6 125.0 206.9
UK total 210.2 1,286.4 1,774.6 210.2 1,344.7 2.473.3
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M England total m Wales total

Figure35. Annualcost of GHG emissions due to exceedance of/8@r mean temperature of warmest month threshold,
by country (£ million) under RCP8.5 pathway, for baseline, 2050s and 2080snedian of a) thirteen CMIP5 ensembles

and b) fifteen PPE ensembles.
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Is there a risk of irreversible change in the ecosystems affected, or substantial time lags in
recovery?

The evidence suggests thpeatlandswill be more resiliento climatic pressures if they are in good
condition,and may indeed be able to selflapt(e.g. through changing their vegetation species mix)

to continue functioningup to a point This autonomous adaptation may nonetheless lead to a

change in ecological condition (with significant vegetation change), or an adverse change in the
amount and type of ecosystem services provided by the peatlands. Timescales for recovery can vary
considerably, ranging from decades to centuries, and true recovery may not be possible for
peatlands with extensive and deep gullying.

What is the impact of current level of adaptation at mitigating these risks?

Local projects are making progress with efforts to maintain peatlands; around 110, 5% lcd

total) of UK peatland are estimated to have undergone some form of restoration between 1990 and

2013, of which 73,008a involved rewetting (Evans et al., 2017). Rates of peat restoration have
increased since 2013 as a result of recent fundi
Peatland Action programme and Defra peat restoration fund, as well as a numlbeg®peatland

focused EU LIFE projects. Despite this, the percentage of upland B®8Sliswhich are in

favourable condition, according to UK reporting on habitat condition under Article 17, has decreased

from 19% in 2003 to 12% in 2018 (CCC, 2@&8)also details iTable38.

What additional adaptation management options could be undertaken, either in advance to
reduce the risk of these thresholds occurring, otefvards to manage the impacts?

Up to a point, a functioning peatland which is in good condition will have some resilience to
temperature change and drought impacts. Therefore, improving the condition of peatlands can
reduce the risks associated with réwaeg the threshold. Actions such as raising the water table, and
management interventions such as changes in grazing and burn management, can be taken to
reduce the loss of peatland. In the most extreme areas of degradation (e.g. active erosion gullies)
more substantial interventions such as dam construction and active revegetation may be required.
These actions could be taken in advance to reduce the risk of peatland being lost. However, damage
to peatlands is difficult and expensive to reverse at best, may be irreversible at worsfédaptive
management responses will be more effective if they can be undertaken before climate thresholds
have been crossed. However, this is difficult for much of the UK since temperature assessment
against the climate envepe suggests that the majority of England, Wales and Northern Ireland is
already above or close to the thresholktive restoration of degraded peatland and sustainable
management of existing peatland will be a crucial component of working towards the Gavme n t
target of Net Zero by 2050 (CCC 203 also details ifiable38.

S

In what scenarios are there limits to adaptation?

Potentially irreversible degradatiorf peatlands can occur if peat dries out to the extent that it
becomes hydrophobic, as the structurally altered peat will netvet. Gully erosion also presents a
major challenge for peat restoration, because it fundamentally alters the topography andlbgyr
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of peatlands, which form in areas of low relief over millenMéigation measures can delay the

point at which a climatic threshold is crossed, however, once the threshold has been crossed there is
a risk of the peatland becoming irreversibly damdgat which point no adaptation can be

undertaken to rectify this.

At present, nany adaptation actions are largely implemented through voluntary actions within agri
environment schemes, which can limit uptake. Measures such as raising the water table and
constructing dams require a catchment approach, which may present coordination challenges.
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13 Managed woodlands Case study: Climatic moisture deficit and
temperature impacts on productivitpdk, broadleaveand

conifers)
This case study builds on the screening assessment by incorporating a wider set of climate
projections into the analysis. It calculated climate moisture deficit separately from each set of model
ensembles (see Case Study Methods section), and then selbetededian performing ensemble to
run the analysisThe case studgalculateghe effect of future extreme warm and dry periods over
decadal periods on oak, broadleaved and conifer woodlat@sNational Forestry Inventory (NFI)
regional scale.

Reduced mistureavailabilityoccurring above a climatic moisture deficit of 200 mm for drought
sensitive species and 300 mm for drougblierant species (occurring 5 years in 10has negative
impacts on tree growthWarmersummers with a monthly mean of dailyaximum temperature
above 25 °@Gave also been shown teduce timber quality in certain tree species. In combination,
these effects result in reduced tree growth, but particularly lower timber quality, with impacts on
timber production. These impactseasummarised iffable61 and Figure36 below.

Table61. Potential thresholddriven impacts in woodlands

Climate Bioohvsical Societal end Aligned
mediated Habitat Threshold Py point risk
response :
stressor affected descriptors
Mean Biotic tree
decadal stress, leaf loss
Oak — other | summer growth Carbon
broadleaved | month (June | reduction in sequestration
Temperature it | followi Ne 7
and conifer| Ju y.August) 0 .ovylng years timber
woodland maximum abiotic pest quality,
temperature | and pathogen
>=38C infection
Climatic
Moisture Biotic ree
deficit (CMD) stress, leaf loss
cambium
Oak — other >200 mm cracks, growth
drought ion i Carbon
Temperature | broadjeaved senigi;’tive reduc'Flon . sequestration Ne 7
+drought |and  conifer . following years | S¢d L
woodland species abiotic pest timber quality
>300mm and pathogen
drought infection
tolerant
species;
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SR

A rainfall Threshold (> 5 years in 10)
\ ) CMD > 200 (sensitive spp.)
CMD > 300 (tolerant spp.)
 EE—
. N climatic N seasonal J tree .
™ air . J, economic
temperature moisture - water growth; roductivit
P deficit stress timber quality P y
|

Threshold
max temp Soil type;
5 25°C tree species

1

Change woodland management: increase species diversity, thin or fell stands to reduce water
demand

Figure36. Impact chain showing the effect of increased temperature and summer drought on oak woodldhaple box
shows social/economic or biodiversity endpoint; Brown box shows potential adapta@sures

What climate hazard thresholds represent points beyond which the effective functioning of key
systems within the natural environment may be compromised, and why?

Amonthly mean of daily maximum temperature above 2&f@climatic moisture deéit of 200 mm

for droughtsensitive species and 300 mm for drougblierant speciesdccurring in=5 years in 10),

lead to mpacts on tree growttand timber quality(Allen et al., 2015; Green and Ra@09). Allen et

al (2015) conclude: droughts will ocagaross the UKue to increasing climate variabilityhenological
changes under higher temperatures (longer growing season) can compensate little for the synergistic
impact of temperature and soilrgness during severe droughts as demonstrated in a study by
Dolschak et al. (2019) for beedfagus sylvatida In this case study we consider three forms of timber
productionas distinct categories in terms of both management and economic value fokhierber
industry. These categories are: o&kugercus robur & Q. petragather broadleaf, and conifer.

This case studipcuses on the summer temperature and drought impacts. Here we use a combination
of the magnitude of predicted change in species siilitgbunder climate change, combined with site
types vulnerable to greater seasonal changes in the soil water regime. The assessment is run at the
level of National Forest Inventory (NFI) regi@irigiurel?) and aggregated to climate regions.
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We first calculated climatic moisture deficit for all 23 ensembles in the PPE and the CMIP5 ensemble
set, and selected the median performing ensensbfeom PPE and CMIP5 to use in the woodland
modelling. PPE ensemble member 3 and CMIP5 ensemble member 21 projections from UKCP18 RCP
8.5 were selected to assess the projected trends in climate change that might increase abiotic impacts
on oak, mixed broddaved and conifer woodlands. For a reference location in each region (NFI
regions) we calculated:
- the change in mean decadal temperature;
- the number of years per decade the summermttdy mean maximum temperature 25 °C;
and
- the number of years per decade the climatic moisture deficit (CMD) is greater than 200mm
and 300mm for droughsensitive and droughtplerant species respectively.

The CMD is the accumulated maximum excess of monthly potential evaporation over monthly
precpitation (Et — P) in mm, where kivas calculated using the Hargreaves model in the SPEI R
package.

We estimated the proportion of three broad woodland habitat typesk, broadleaved and conifer
woodland using the published standing volumes of woodtabgl age class described regionally
according to the National Forest Inventory (NFI). Oak monoculture is treated as its own class, since
singlespecies oak stands are managed differently to mixed broadleaf stands. Mature age classes of
oak and broadleavedvoodland will have passed the point of maximum mean annual increment
(MMAI), and an assumption was made that the impact of climate change on oak and broadleaved
yield will be small under climate change. However, a yield reduction was applied to coaifds sif
80-100% of current yield (determined from expert opinion based on the Ecological Site Classification
yield model predictions from NFI regions in Britain) varying by climate change severity according to
NFI region. For all three woodland types welamed that the impact of climate changextreme

years of heat and droughtwould cause stress leading to wood structural damage, biotic impacts
and this study shows it could cause large affects and economic loss from low wood quality, compared
to smal losses in yield. Therefore, the model adjusts the assortment of wood products according to
the degree of climate change exposure in each NFI region.

Trees respond toxdremeheat or extreme drought in different ways. Oak and broadleaved trees
may sheddaves to reduce transpiration, although often in response to partial xylem embolism that
may affect the tree into the future for many years. Conifers may also shed needles, and in drought
stressed Sitka spruce the stem may crack due to embolism and xgilemne f The climatic thresholds
under which damage occurs are not precisely known. An average monthly maximum temperature
threshold of 25°C would require several daily maximum temperatures in excess % ,3fausing

heat damage to species that are notsguded or acclimated to such high summer temperatures. For
drought sensitive species (n@adapted to moisture stress), a maximum annual climatic moisture
deficit (CMD) of 200 mm would cause a proportion of trees in a stand to suffer stress and structural
damage. Successive years of high CMD would increase the proportiamafgedrees in a stand,

|l i kely |l eading to mortality. B r Bptueeiamd 'Scots pinglo mo st
fall into this category. Dougl&s is more drought tolerantand the threshold of 300 mm CMizas
applied. For broadleaved species the CMD of 300wasapplied to oak, beech and sycamore.
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A time series analysis of the UKCP18 from the PPE ensemble member 3 climate projection shows
high CMD exceedance of 200 mm afid 3nm thresholds in the south and east of Britdialfle

62a&b); East England, SouBast England, SouilVest England, and East Midlands. In these megio
CMD 200 mm is exceeded 85% of years and CMD 300mm is exceeded over 50% of years in the
century from 1991 to 2090, with a trend of increasing frequency of extreme events per decade into
the future. Table62a&b also demonstrate decreaingtrend in the frequency of exceedance

moving north and west in Britain, withccasionakxceedance occurring in the later decades of the
21 century as far north aBast and NortfEast Scotland. West Scotland and North Scotland remain
below the exceedance thresholds through the century

The same decadal frequency time series, for CMD 200 mm and 300 mm thresholds, was calculated for
CMPI5 ensemble member ZIable63a&b). Exceedance frequency is greater than PPE projections for
the two southern and eastern regions: East England, SBa#t England, and is spread more evenly
throughthe decades. For SouWest England and all the other more northerly regions the frequency
decreases considerably moving northwavdthin the UK

A similar analysis was performed for temperature, using the summer monthly average maximum
temperature of tre same selected locations in each forestry region (National Forest Inventory
regions), shown imable64for a threshold temperature of 2%, using PPE. In East Englamdi South

East England climate projections indicate 50% of years between- 2990 will have summer months
where the monthly average maximum temperature exceeds@5The PPE ensemble 3 projection
indicates a rapid increase in the frequency of decasdakedance after 2051 in the southern regions

of England. In northern England, Wales the frequency of exceedance will begin to rise above the
threshold after 2015, and in Scotland the temperature threshold will be exceeded very rarely through
the 22 century.

Table65 shows the frequency by decade and NFI region, of monthly average maximum temperature
exceeding 28C, using CMIP5. ComparedTable64, the CMIP5 ensemble projections indicate lower
temperatures and fewer years per decade of €5 exceedance. Compared to PPE projections the
CMIP5 member 21 indicates half the years exaag 25°C for the two southern regions of England,
and considerably fewer years of exceedance for regions further north and west. In northern England
and Scotland CMIP5 shows no°€5exceedance years through the century.

What are the resulting impacten the goods and services provided to society from the natural
environment? What would be the quantified impact?

Large parts of England will show reduced growth of oak and other Heza@d trees. Conifers will be

less affected. In particulaEast Englash South East England, South West England and the Midlands
with larger stocks of oak and broadleaved woodlaads likely toexperience widespread drought
causing physiological damage to trees (drought cracks and shake). The carbon sequestration service
of affected stands will also be reduced, since hotter drier summers reduce annular growth ring
increments, and this physiological impact has been shown to last over a decade. Recent studies have
shown that the extreme impacts of climate change on Europe&clbeccur across its range (Hacket

Pain et al. 2016), and this has been reported in the New Forest (Mountford & Peterken, 2003) and in
Lady Park Wood (Peterken and Mountford, 1996) following the 4@ 8rought in Britain.
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Table62. Frequency of CMD threshold exceedance by decade for the 14 National Forest Inventory regions of Britain for a) greated tw 2§0 mm b) greater or equal to 300 mrfor
PPE projectionander RCP8.5 pathwayata calculated from the UKCP18 PPE ensemble member 3

a) CMD >=200mm

South East South West East West Yorkshire & North East North West South East North East West North
Decade East England England England Midlands Midlands Humber Wales England England  Scotland  Scotland  Scotland  Scotland  Scotland
1991-2000 6 5 4 6 5 1 2 2 0 0 0 0 0 0
2001-2010 8 8 7 6 5 2 1 0 0 0 0 0 0 0
2011-2020 7 6 7 8 7 3 2 1 0 0 0 0 0 0
2021-2030 10 9 9 9 8 4 4 2 2 0 0 0 0 0
2031-2040 6 7 8 8 6 3 1 1 1 0 0 0 0 0
2041-2050 9 9 8 9 8 6 4 2 0 0 0 0 0 0
2051-2060 9 10 9 9 9 6 6 5 3 0 0 0 0 0
2061-2070 10 10 10 10 10 9 8 5 L) 1 2 2 0 0
2071-2080 10 10 10 10 10 10 10 9 7 2 4 4 0 0
2081-2090 10 10 10 10 10 10 10 9 7 2 5 5 0 0
Total 85 84 82 85 78 54 48 36 24 ) 1l 1l 0 0
b) CMD >=300mm

South East South West East West Yorkshire & North East North West South East North East West North
Decade East England England England Midlands Midlands Humber Wales England England Scotland Scotland Scotland Scotland Scotland
1991-2000 1 1 1 1 1 0 o] 0 0 0 0 0 0 0
2001-2010 3 4 2 2 1 0 ] 0 0 0 0 0 0 0
2011-2020 2 3 2 1 1 1 0 0 0 0 0 0 0 0
2021-2030 4 3 5 4 3 1 0 0 0 0 0 0 0 0
2031-2040 4 5 2 4 1 0 0 0 0 0 0 0 0 0
2041-2050 6 5 5 5 4 1 1 0 0 0 0 0 0 0
2051-2060 9 9 7 9 7 3 3 0 0 0 0 0 0 0
2061-2070 9 9 ] 9 9 5 6 3 2 0 0 0 0 0
2071-2080 10 10 10 10 10 10 8 6 4 0 0 0 0 0
2081-2090 10 10 10 10 10 8 8 4 3 0 1 1 0 0
Total 58 59 53 55 47 29 26 13 =) 0 1 1 0 0
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Table63. Frequency of CMD threshold exceedance by decade for the 14 National Forest Inventory regions of Britain for a) greateal do @90 mm b)greater or equal to 300 mmfor
CMIPS5 projectionsunder RCP8.5 pathwaipata calculated from the UKCP18 CMIP5 ensemble member 21

a) CMD >=200mm

East South East South West East West Yorkshire & North East North West South East North East West North
Decade England England England Midlands Midlands Humber Wales England England Scotland Scotland Scotland Scotland Scotland
1991-2000 10 8 3 3 1 1 1 0 0 1] 1] 0 0 0
2001-2010 10 10 8 6 4 6 1 0 2 0 0 0 0 0
2011-2020 7 6 1 2 0 0 0 0 0 4] 0 0 0 0
2021-2030 8 6 3 4 2 1 4] 0 1 0 0 0 0 0
2031-2040 10 10 0 2 0 0 0 0 0 0 0 0 1] 0
2041-2050 8 7 6 4 3 4 3 0 0 0 0 0 0 0
2051-2060 10 10 6 6 1 3 1 1 1 0 0 1 0 0
2061-2070 10 9 6 5 1 1 1 0 1 0 0 0 [} 0
2071-2080 10 10 7 7 1 1 1 0 0 0 0 0 0 0
2081-2090 10 7 7 6 3 3 1 1 1 0 0 1 0 0
Total 93 83 47 45 16 20 9 2 6 0 0 2 0 0
b) CMD >=300mm

East South East South West East West Yorkshire & North East North West South East North East West North
Decade England England England Midlands Midlands Humber Wales England England Scotland Scotland Scotland Scotland Scotland
1991-2000 6 3 3 1 0 0 4] 0 0 0 0 0 1] 0
2001-2010 8 7 3 4 0 1 0 0 0 0 0 0 0 0
2011-2020 4 3 1 0 0 0 0 0 0 0 0 0 0 0
2021-2030 4 3 2 2 0 1 0 0 0 0 0 0 0 0
2031-2040 7 5 0 0 0 0 0 0 0 0 0 0 0 0
2041-2050 5 4 3 3 0 0 0 0 0 0 0 0 0 0
2051-2060 6 5 4 3 0 1 0 0 0 0 0 0 0 0
2061-2070 8 5 3 2 1 0 0 0 0 0 0 0 0 0
2071-2080 8 8 3 1 1 0 0 0 0 0 0 0 0 0
2081-2090 7 6 3 3 0 1 0 0 0 0 0 0 0 0
Total 63 49 25 19 2 4 0 0 0 0 0 0 0 0
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Table64. Frequency of monthly average maximum temperature exceedin§@5by decade for thedlNational Forest Inventory regions of Britgifior PPE projectionsunder RCP8.®Data
calculated from the UKCP18 PPE ensemble member 3

Decade South East South West East West Yorkshire & North East North West South East North East West North
East England England England Midlands Midlands Humber Wales England England Scotland Scotland Scotland Scotland Scotland

1991-2000 2 1 4] 1 1] 0 [i] 0 0 0 0 ] 0 0
2001-2010 0 0 0 0 1] 0 ] 0 0 0 0 0 0 0
2011-2020 2 2 0 0 ] 0 ] 0 0 0 0 0 0 0
2021-2030 2 2 2 2 1 1 0 0 0 0 0 0 0 0
2031-2040 2 2 0 1 0 0 0 0 0 0 0 0 0 0
2041-2050 5 5 3 4 2 0 ] 0 0 0 0 0 0 ]
2051-2060 8 8 7 7 5 0 1 0 0 0 0 0 0 0
2061-2070 ] 9 7 8 6 2 2 2 2 1 1 1 0 0
2071-2080 10 10 10 10 10 8 7 3 4 0 0 0 0 0
2081-2090 10 10 10 10 10 8 8 4 6 0 0 0 0 0
Total 50 49 39 43 34 19 18 9 12 1 1 1 0 0

Table65. Frequency of monthly average maximum temperature exceedin§@by decade fathe 14 National Forest Inventory regions of Britaifor CMIP5 projectionsunder RCP8.®ata
calculated from the UKCP18 CMIP5 ensemble member 21

East South East South West East West Yorkshire & North East North West South East North East West North
Decade England England England Midlands  Midlands Humber Wales England England Scotland Scotland Scotland Scotland Scotland
1991-2000 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2001-2010 4 4 2 2 1 0 1 0 0 0 0 0 0 0
2011-2020 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2021-2030 2 2 2 1 1 0 1 0 0 0 0 0 0 0
2031-2040 3 3 0 0 0 0 0 0 0 0 0 0 0 0
2041-2050 2 2 0 0 0 0 0 0 0 0 0 0 0 0
2051-2060 4 4 3 2 2 1 1 0 0 ] 0 0 0 4]
2061-2070 5 5 2 2 1 0 0 0 0 0 0 0 0 0
2071-2080 & 6 3 2 2 1 1 0 0 0 0 0 0 0
Total 26 26 12 9 7 2 4 0 0 0 0 0 0 0
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Stressed trees will also be more vulnerable to pest and pathogen damage (Tublbieabdr, 2010):

oak dieback (England and Netherlands 1921 drougkibbs and Greig, 1997), beech decline (Hacket

Pain et al. 2016), damage to conifers: bark beetles (Seidl et al., 2017), stem cracks (Green and Ray,
2009).

In summaryclimatechange projedons indicatespatialand temporal variatioracross Britain As
summersbhecome warmer and drier in the sou#imd east oEngland many species will reduce

biomass productionin East and Soutkast England, oak and broadleaved woodland is more
widespread han conifer woodland, and these woodland types will be under severe drought stress
under projected climates of both PPE and CMIP5. The main production conifer species are generally
suited to current sites in the north and west of Britain and will be legmtted by climate change.

Many coniferspeciesn the north and west will benefit frorwarmer summers and produce an

increased percentage biomass. However, the stochastic nature of extreme drought will always be
present, and despite projected increasedlgs, therisk ofdrought damageind associated wood

guality impactremains.

No further economic analysis of these impacts is reported here.

Is there a risk of irreversible change in the ecosystems affected, or substantial time lags in
recovery?

Trees @e generally londived species; oak and broadleaved trees can live for hundreds of years.
Managed oak and broadleaved woodlands typically have a rotation length of a hundred years or
more (for oak). The continuity of woodland conditions through tree growth, thinning cycles and
harvesting to regeneration and a continuation of this cycle mairttagnwoodland ecosystem.
Managed woodlands in the south of England are likely to be adversely affected by climate change
due to more frequent and severe summer drought conditions and wetter milder winters, causing
reductions in yield and reductions in timbquality from drought cracking (Field et al. 2019; Sinclair
et al. 2015). Timber quality damage is irreversible, reducing timber value of stems at harvesting.
Although trees may recover from slight drought stress over several years, severe droughtnstyess
increase subsequent tree mortality for many years, e.g. 15 years for beech after the 1976 drought in
Lady Park WooPetrken and Mountford, 1996)

What is the impact of current levels of adaptation at mitigating these risks?

The forestry sector is very slow to respond to the issues of climate change. The public sector is
perhaps more engaged in adaptation managemdanhping. This takes the form of checking species
suitability in future climates using Ecological Site Classificé@patt et al., 2001)adjusting species
choice and making more use of mixed species woodland in planning. However, castfaditsgn
biodiversity and the susceptibility of exotic provenances to native disease strains are still being
assessed. The private sector appears to be less concerned as Sitka spruce is better situated in the
north and west of Britain where the conseques of abiotic damage are projected to be less
pronounced. Biotic damage from pests and pathogens is the main concern in production forestry.
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There is research also focusing on adaptive traits and phenotypic plasticity to select tree genotypes
that are beter suited to the future climate (Saefikomero et al. 2017).

What additional adaptation management options could be undertaken, either in advance to
reduce the risk of these thresholds occurring, or afterwards to manage the impacts?

In woodland managem#, the view is typically lonterm and management is adaptivie. advance

of timber quality being impactedagly felling and replacement are the most likely optidois

climate risk stands. There are more options for new plantations and restocking. faderaf future
conditions of more frequent and longer droughts, warmer temperatures, but also viegeing

during winter months and spring varies between tree species, but also tree lineages (provenances)
within species. There may be scope to considempéida potential where periods of drought act as
drivers of selectiothat would leave the UK stock with more drougbterant genotypes. Seed
selection of preadapted provenances could also facilitate adaptation. Research in areas of assisted
diversificaton, provenance/progeny trials from UK populatioasd building genetic resources will
improve the ability to provide seed material a wider range of phenotypic variance and tolerance to
future conditions within native specié€annon & Petit, 2019Fundanentally, however it will be a

better matching of species requirements to the correct habitat and site conditions to make the
stands more resilient for future planting schemes

In what scenarios are there limits to adaptation?

Alternative tree specieof commercial planting under any climate conditions are potentially
available, but it will take time to replace existing stock. Acceptance by foresters to adopt these
species for planting, and acceptance of different products by timber users may linsipdeel of
adaptation.
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14 Marine and Coastal margin€ase study: Temperature effects on
naturalisation of the Pacific oystglagallana gigas

This case studiuilds on the screening assessment by mapping impacts spatially, and showing the
trajectory of impacts over time. In contrast to the other assessmettis, climate data for the
screening assessment and tbase studyare the samdsee sectiord.4).

Figure37 summarises the threshold and impacts from naturalisation efRacific oysteflagallana
gigas(previouslyCrassostrerin the United KingdonBottom temperatures where > 825 degree days
above 10.55C lead to increased spawnifgpe sectior®.4.1), while growth rates are governed by an
optimum bottom temperature of 26-25°C, leading to faster growth and an expansion of their current
range.

Thermal optimum

20.25°C 4 Scope for

’l growth I

Threshold 4

825 degree days M water quality
above 10.25 °C .
. A wild 1 Growth
T Spawning settlement 4 1 recreation
A biodiversity

A 4

1 Sea temperature

“MErosion buffering
Conflict with conservation
\ designations )

Change to triploid commercial and recreational
farming. harvesting

Figure37. Impact chain for temperature effects onaturalisation of the Pacific oyster, Magallana giga§emperatures are
sea bottomtemperature. Purple box shows social/leconomic or biodiversity end)inBrown bors shows potential
adaptation measures.

What climate hazard thresholds represent pointgyond which the effective functioning of key
systems within the natural environment may be compromised, and why?

The threshold for spawning ®&. gigasis 825 degree days for a daily mean bottom temperature of
10.55°C.M. gigaswas introduced to the NEtlantic under the premise that water temperatures were
suitable for growth but too cold for successful completion of its life cycle, and as such, naturalisation
was not expected. Recent warming trends have changed this $pgncer et al., 1994 Summer
temperatures in much of continental Europe now facilitate spawning and settlement antfwgidjas
populations can be found in areas far away from aquaculture sites. Currandly, 3 nauradis@tidn
frontier is al ong En gfouadidhigs ab@h&ancesof@amirtg extehsve reefsi t
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(Thomaset al., 2016).This research indicategK gawater temperatures areprojected to rise
considerably over the coming decadé3n average, temperatures at the seabed are estimated to
increase by 0.9Chy 2040- 2049 and 2.0C by 20703- 2089 in UK wateréseeTable45 in Section
9.4.3, with the largest increases taking place in the coastal watdrEmjland and Wales, although
all parts of the UK are affected by the 20§Bgyure38, Figure39). These temperature increases will
result in settlement thresholds being exceeded at highétudes towards the end of the century
resulting in a northward shift of the potential settling groundshbf gigas Increased temperatures
will also pushM. gigastowards its growth optimum of 2025 °Chottom temperatures(King, 1977;
Brown and Hartwick1988; Shpigiel and Blaylock, 1991).
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Figure38. Predicted bottom temperature (up to 350 m water depth) chanige2050s and 2080sompared to baseline
period (2000- 2019) under RCP8.8lack contour indicates maximum depth of M. gigas (50 m water depth).
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Figure39. Bottom temperature change compared to 20e@019 baseline (up to 50 m water depthjhin line shows
unsmoothed data, thick line data smoothed wahLO year running meanhnsert shows marine country boundaries.
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We determined the proportion of years where these settlement thresholds are exceeded for the
baseline 2050sand2080s We also quantified the total viable area where thresholds are exceeded up
to 2100. We limited all quantification®f suitable habitat and area to 50 m that represents the
maximum depth foM. gigas.

Expansion gpotential settlementarea

Over the baseline period (2082019) settlement thresholds were regularly exceeded (>7/10 years)

as far north as Cardigan Bay in Wales and the Wash estuary in England. Infrequent exceedance (< 2/10
years) was observed as far north as the Solway Firtlsdatland. Our projectionsuggesta
considerable poleward expansion thabcompasses much of the north coasts of England and west
coast of Scotland between 20782089 Figured0andFigure41Error! Reference source not founy.

Taken as a whole, ihrepresents a 331 % increase in suitable settlement area for thisdd able

46in Sectior.4.4). Greatest gains in suitable area were observed in England0Q@&m? by 2100),

which was driven predominantlipy large areas of the shallow North Sea around Dogger Bank.
Scotland saw the largeptoportionalincrease in suitable area lbiye 2080driven by large increases

in suitable habitat in the Inner Hebrides.

2000 - 2019 2040 - 2059 2070 - 2089

#vrs in 10 settlement threshold exceeded

Figure40. Number of years per decade settlement threshold is exceeftedVl. gigas, for baseline, 2050s and 2080s,
under RCP8.5Red line indicates exceedance of 18 °C throughout the year. Black line is maximum depth of M. gigas (50 m
water depth). Insert shows marine boundary used for calculations.
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Figure4l. Area of viable seabefbr spawningof M. gigasunder RCP8.5Thin line shows unsmoothed data, thick line data
smoothed with a 10 year running mean) for M. gigas settlemata calculated to 50 m depth range for M. gigas (refer
Figure38for this boundary)lnsert showsountryboundaiesused for calculations.

What are the resulting impacts on the goods and services provided to society from the natural
environment? What would be the quantified impact?

The greatest concerns fofl. gigasnaturalisation have been the potential for conflict with native
species and habitats/. gigascan completely transform intertidal systertRuesink et al., 2005). This

has the potential to compromise protected habitatdefbert et al., 2016). For example, intertidal
rocky reefs and mudflats that can bnsformed into oyster reefs are Annex 1 habitafshe EU
Habitats DirectiveSome reef s are forming on England’s soutl
2012; 2018%. Reef formation can also conflict with other commercially important bivalves. The blue
mussel,Mytilus edulis,supports large fishery and maricultuenterprises in the UKM. gigascan

almost completely replac#. edulis reaching densities of up to 20@er m? (Markert et al., 2013)

and can also reduce the local carrying capacity for nearby cultivated mussels (Wijsman et al., 2008).
More recently, there has been concerns over competition with the native oyGtezduligZwerschke

et al., 2018) that is undergoing massive restoration efforts across Europe.

The majority of impacts caused by thisn-native speciesn biodiversity areegative(seeTable

47). Howeverthereisrecognitionthat M. gigasalsodeliversa number of ecosystem goods and
serviceghat directly impacthuman societyincluding both positive and negative aspe&ssitive

benefits include improving water quality, proved wave attenuation with benefits for coastal

defence, and the potential to harvest them for food. Negative impacts include reduced amenity

value of beaches due to sharp shells on reefs causing a hazard to swimmers, surfers and other beach
users.

Is there a risk of irreversible change in the ecosystems affected, or substantial time lags in
recovery?
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In early stages of naturalisation culling small populations, before reefs form, may be possible (Guy
and Roberts, 2010). However, once established, tHg way to prevent further spreading will be to
implement widespread eradication schemes. This will be very labour intensive and need to be
conducted over successive years to make sure any remaining brood stock is removed. An alternative
may be to establish commercial fishery which would serve as a cost effective way of reducing
populations while also maintaining the livelihood of coastal communities.

What is the impact of current levels of adagtion at mitigating these risks?

Currently the adaptation dfl. gigasnaturalisation in the UK is low as naturalisation is predominantly
limited to SW Englandulling trials have been conducted in the UK. In Strangford Loch, Northern
Ireland, where abundances are very low (get m?) and settlement thresholds are rarely exceeded
mechanical removal seems successful (Guy and Roberts, 2010). In southeast England, where extensive
reefs are found, a pilot trial was conducted in 2015. However, resurveys of culled areas have not yet
been comucted (McKnight and Chudleigh, 201EBxploitation is another optioand a dredgefishery

operates in the Blackwater Estuary, Essex for bétlyigasand O. edulisHere, handpicking of seed

in the estuary also prevents widespread reef formation.

What adlitional adaptation management options could be undertaken, either in advance to reduce
the risk of these thresholds occurring, or afterwards to manage the impacts?

Having preemptive rapid action plans in place for sites whtegigassettlement will conpromise
the sites conservation status, may prevent settlement turning into reefs that cannot then be removed.

Preemptively moving to triploid farming in areas anticipated to exceed settlement thresholds in the
future, may work as triploids are steriléhey have the added benefit of being saleable all year round
compared to diploids that are in poor condition after spawning.

The adaptation response to the spread\df gigasmay be different irparts of theUKor over time as
our understanding, especialbf impacts, improves.

In what scenarios are there limits to adaptation?

The connected nature of marine environments afidgigaa s@igh dispersatapacity mean larvae can
easily cross geographical and geopolitical boundatiésreover, any management inteentions
enacted on anything but an international scale may be severely compromiBed example,
established populations in SW England are likely a result of immigration from French, rather than
neighbouring English, populatiorisaflias et al., 2093

There have been reports that triploid cells are not stable, with reversion back to diploids over time.

On top of this, triploids can have mosaic cells (up to 20%) that also contain diploid\tefiset al.,
1999).Therefore, switching to triploids may tprevent naturalisation. Triploid seed costs more

than diploids and many farmers may be reluctant/unable to pay ektraddition, somdood
producersmaywi sh t o avoid using triploid stock as it
associated negate connotations with consumers.
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16 Appendix X Additional detail on methods, by habitat.

16.1 Freshwaters

16.1.1 Literature searclg Freshwaters screening assessment

Evidence was gathered usiagwo-stage Web of Science (WoS) literature search. The original search
was conductedn the 23" October 2018, using the following search ter(far studies covering the
period 1998 to 2018)

(lake* OR river* OR wetland* OR floodplain*) AND (climate* OR driver* OR stressor* OR
temperature OR rainfall OR drought) AND (threshold* ORinear OR tipping point)

Results of the search were scrutinised by the project team, and it was concluded that a number of key
sources had not been identified. To rectify this, the search terms were augmented, thus:

(lake* OR river* OR wetland* OR floodpfiAND (climate* OR driver* OR stressor* OR
temperature OR rainfall OR drought) AND (threshold* ORlinear OR tipping point OR
resilience ORtable state* OR regime shift*)

After removing all notbiological/ecological/environmental results (i.e. physicahemical and
engineering), as well as ndturopean results, this search yielded 460, potentially, relevant studies.
The titles and abstracts of these studies were then manually searched to assess whether they explicitly
dealt with issues of ecologicahresholds in fresh waters. After removal of irrelevant studies, 33
separate entries remained for further consideration. At this stage, one more study was removed as it
dealt only with physical (water temperature) change, and not subsequent biologicaltenpac

16.1.2 Prioritised impactg Freshwaters screening assessment

Table66 below summarises the prioritisation &8 evidence chains considered for freshwater impacts.
Impacts scored 1, 2, or 3 were included and assessed. Those scoring 4, or cases where climate change
impacts were not specifically related to an identifiable climatic variable, were excluded as not
relevant. This resulted in the selection of five casedHerdevelopment of causal chains for further
consideration. Two further cases were scored with the potential to develop causal chains, but were
not taken further within the scope of this project: temperature effects on salmonids in rivers, and
temperatureeffects on invasive species in lakes.

Table66. Potential impacts in fresh watersPriority scores: 1 = Clear biophysical or societal threshold, quantified; 2 = Clear
biophysical or societal threshold, but not quantified; 3 = Blesbiophysical or societal threshold, uncertain but with high
potential impact; 4 = Threshold effectsalear, or low potential impact

Climate stressor | Habitat Biophysical responsg Ecosystem service| Priority
affected score
Temperature Lakes Phytoplankton Drinking water,| 1
composition, biomasy biodiversity, recreation
and blooms including fishing
Temperature Lakes Fish habitat volume | Biodiversity, recreatior] 1
including fishing
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Temperature Rivers, Phytoplankton Drinking water,| 1
streams composition, biomasy biodiversity, recreation

and blooms

Temperature Rivers Impacts on salmonidy Biodiversity, recreationg 1*

fishing

Temperature Lakes Zooplankton Biodiversity 3

composition

Temperature Lakes Invasive specie| Biodiversity 3*

spread

Climate changeq Lakes Species abundanc Biodiversity, natural capitg 4

(non-specific) and composition

Climate changg Wetlands, Habitat condition Purification, nutrient| 4

(non-specific) wet retention, biodiversity
grasslands

Climate changeg Freshwater | Fish climatic space | Biodiversity 4

(non-specific) (non-
specific)

Rainfall/Drought | Wetlands, | Habitat  condition,| Purification, nutrient| 4
wet ecosystem state retention, biodiversity
grasslands

Rainfall/Drought | Rivers, Food web structure | Biodiversity 4
streams

Rainfall/Drought | Rivers, Flooding and drought None specified 4
streams

Rainfall/Drought | Rivers, Habitat condition Purification, nutrient| 4
streams retention

Rainfall/Drought | Lakes Habitat condition Purification, nutrient| 4

retention, biodiversity

Rainfall/Drought | Ponds Habitat condition Biodiversity 4

Rainfall/Drought | Rivers, Water quality,| Drinking water,| 4
streams pollutants biodiversity

Temperature Lakes CQ emissions from Greenhouse gas emission 4

lakes

Temperature Wetlands, Flooding Biodiversity 4
wet
grasslands

* Causal chains not able to be developed within the timeframe of this project

16.1.3 Calculation methods Freshwaters screening assessment & case study

The relationship between air temperature and water temperature was modelled froBd-year
dataset of air and water temperature for Loch Leven. For all impacts in lakes, projected monthly mean
air temperatures were converted to water temperature using the following relationship:

Ta= (T,-0.6343) / 1.1107

Where Tis monthly mean aitemperature and J'is monthly mean water temperature.
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16.2 Farmlands and grasslands

16.2.1 Literature searclg Farmlands and grasslands screening assessment

Evidence was gathered for the two NEA broad habitéisclosed Farmland and Senaitural
GrasslandsAtwo-stage Web of Science (WoS) literature seamels used The original search was
conducted on the 285October 2018, using the following search ter{fts studies covering the period
1998 to 2018)

(farmland* OR grassland* OR agricultur* OR soil* OH lzs®) AND (climate* OR driver* OR
stressor* OR temperature OR rainfall OR drought OR flood*) AND (threshold* diReaon
OR tipping point OR resilience @&bke state* OR regime shift*)

The search terms were subsequently modified to incorporate furthescriptors for agricultural
production as follows

(farm* OR pasture* OR grazing OR arable OR crops OR dairy OR cow* OR sheep OR livestock
OR agriculture* OR soil OR grass OR upland) AND (climate* OR driver* OR stressor* OR
temperature OR rainfall ORalrght OR flood*) AND (threshold* OR Horear OR tipping

point OR resilience OR stable state* OR regime shift*)

The search produced 12,550 references, but only 150 if restricted to searching the titles. After filtering
for geographic location, the list wareduced tol,642references. The titles and abstracts of these
studies were then manually searched for relevance to this study. The list was supplemented with
recommendations from experts familiar with the agricultural literature, and the grey literatiter
removal of irrelevant studies, 18 separate entries remained for further consideration.

16.2.2 Prioritised impactg Farmlands and grasslands screening assessment

Table 67 below summarises the prioritisation dive evidence chains considered for agricultural
impacts.Impacts scored 1, 2, or 3 were included and assessed. Those scoring 4, or cases where climate
change impacts were not specifically related to an ideatiif climatic variable, were excluded as not
relevant. This resulted in the selection of four cases for the development of causal chains for further
consideration.

Table67. Potential impacts infarmland and grasslandPriorityscores: 1 = Clear biophysical or societal threshold,
quantified; 2 = Clear biophysical or societal threshold, but not quantified; 3 = Possible biophysical or societal threshold,
uncertain but with high potential impact; 4 = Threshold effects unclearywopttential impact.

Climate stressor Habitat Sl Eice] E.C osystem SO
response services affected | score*
. . . Liv k
Climate Change Decrease in mill estoc_
Farmland/Grassland ) economics and 1
(Temperature) production
welfare
, Grazing livestock
Climate Change Farmland/Grassland Parasite outbreaks| economics and 2
(Temperature)
welfare
Climate change Economic and
L 9 Farmland/Grassland Soil erosion environmental 2
(Precipitation) . .
services of soil
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Climate Change Decrease in wheat| Agricultural
Farmland/Grassland - : 2
(Temperature) productivity economics
Crop production,
, . grazing livestock
Cllmat_e'Ch_ange Farmland/Grassland Flogdlng of and other 3
(Precipitation) agricultural land .
agricultural
economics

16.2.3 Calculation methods Farmlands and grasslands screerisgessmenand case

study
Agricultural data on cattle numbers were obtained from the June 2017 Survey of Agriculture and
Horticulture, using the following data sources:

1 England: https://www.gov.uk/government/statisticalata-sets/structureof-the-
agriculuralindustryin-englandandthe-uk-at-june-s ee “ Engl i sh geographic
county [/ unitary authority?”

1 Scotland: https://www.gov.scot/publications/resujane-2017-scottish-agriculturecensus/

1 Wales: https://gweddill.gov.wales/statistieand-research/surveyagriculturat
horticulture/?lang=en

1 NI https://www.daera-ni.gov.uk/publications/agriculturatensusnorthern-ireland-2017

16.3 Peatlands

16.3.1 Literaturesearch- peatlandsscreening assessment
The followingsearch terms were used in Web Of Science@atlands and Mountain, Moors and
Heathlands covering the period 19982018:

(peatland* OR moorland* OR heath*) AND (climate* OR driver* OR stressaen@ierature OR
rainfall OR drought OR flood*) AND (threshold* OR-lmm&ar OR tipping point OR resilience OR
stablestate* OR regime shift*)

This search provideB48hits; after excluding literature outwith temperate Europe and Ron
ecological science arsaand after manual searching of titles and abstracts, this provided a shortlist
of 21, supplemented with a further 2 studies from the grey literature, and studies suggested by
consultation with peatland experig\fter more detailed examinatio,referenceswere deemed
relevant for inclusion.

The number of studies which met the search criteria was rather small relative to the amount of
published studies that address some aspects of peatland clis&isitivity, suggesting either that
the search terms usedere overly restrictive, or that a high proportion of relevant studies did not
explicitly consider concepts such as tipping points or thresholds. Therefore we extended the
assessment below based on expert knowledge of the subject area within the pregot t
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16.3.2 Prioritised impacts peatlands screening assessment

The first three chains were deemed high priority and taken forward for more detailed consideration,
but subsequently only one was developed for the national screening assessment. Temperature and
drought effects are difficult to disentangle, and the valuation approaches to value multiple impacts
are still lacking for peatlands. A water table threshold was identified for biodiversity, but the models
to link climate with water tables in peatlands amengplex and have not been run at national scale to
our knowledge, and running such models was outside the scope of the screening assessment. While
sea level rise may affect lowland fen communities e.qg. in the Norfolk Broads, and it was recognised
this may d#fect plant communities in those habitats, the impacts on carbon sequestration and
existing carbon stocks are likely to be minimal. Some of the most rapid cadmumulating systems

are marine (e.g. Rogers et al. 2019), and other species tolerant ofishiamknditions such as
Phragmites australibave very high primary productivity. Therefore the existing carbon stocks in
low-lying coastal freshwater communities and their potential to sequester additional carbon are
unlikely to undergo notlinear change.

Table68 below summarises the prioritisation &ur evidence chains considered for moorlands
mountains and heaths impact©ne chain on temperature effects on montane communities was
identified as potentially important, but was not developed in this assessment.

Table68. Full table of potential impacts in peatland and mountain, moors and heathlanéas.Priority scores: 1 = Clear
biophysical or societal threshold, quantified; 2 = Clear biophysical or societal threshold, but not quantified; 3 = Possible
biophysical or societal threshold, uncertain but with high potential impact; 4 = Threshold effeletar, or low potential
impact

Ecosystem services Priority

Climate stressor Habitat Biophysical response affected score
Incregse_ln Carbon
Graminoid :
Temperature Peatland sequestration, water 1

abundance and

peatland degradatior quality, Biodiversity

Carbon
Changes in plant | Sequestration, water
Drought Peatland communities /soil | quality, flooding, fire 3
processes risk,
Biodiversity
Temperature Montane Negative |mpaf:'F on Biodiversity 3
plant communities
Sea Level Rise Peatland Negative impacbn Biodiversity 4

plant communities
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16.4 Woodland

16.4.1 Literature search Woodland screening assessment
Evidence was gathered for impacts in woodlands. The search was conducted in Web of Science (WOS),
for studies covering the period 1998 to 2018, using the following search terms:

(woodland* OR forest* OR tree*OR oak* OR pine* OR spruce* OR birclasiR AND
(climate* OR driver* OR stressor* OR temperature OR rainfall OR drought OR flood*) AND
(threshold* OR no#inear OR tipping point OR resilience OR stable state* OR regime shift*)

The search produce8l,459references, but only 89 if restricted gearching the titles. After filtering

for geographic location, the full list was reduced to 2,155 references. The titles and abstracts of
these were searched manually, leaving 22 candidate papers relevant to thresholds, from which five
were deemed suffieintly relevant for inclusiorA further reference (Seidl. R. et al. 2017) was added
following expert advice from the project team.

16.4.2 Prioritised impactg woodland screening assessment

Table69 below summarises the prioritisation tiree evidence chains considered for impacts on
woodland. Impacts scored 1, 2, or 3 were included and are assessed in the sections above. Any
scoring 4 were excluded as not relevant, or insidfity developed to be easily assessed and of
relatively low potential impact.

Table69. Full table of potential impacts in woodlandg$Priority scores: 1 = Clear biophysical or societal threshold,
quantified; 2 = Clear biophysial societal threshold, but not quantified; 3 = Possible biophysical or societal threshold,
uncertain but with high potential impact; 4 = Threshold effects unclear, or low potential impact.

Climate , , . Societal end Priori
Habitat Biophysical response . ty
stressor point affected score
Oak woodland; .
Stem cracking loss of crown .
Broadleaved ) . Productivity,
Temperature density / needles-reduced ring
woodland; . . . Carbon 1
& drought . width growth, physiological :
Conifer D sequestration
stress leads to biotic impact.
woodland
Introduction and spread of
fecund pest/ virulent
Temperature Woodland Carbon 2
Increase in defoliating pests on sequestration
spruce and pine (e.gelatobium
abietinum)
Climate iodi .
change Unmanaged | Decline in ecosystem function| Biodiversity, 3
(unspecified) | Ancient & semi little regeneration, low recreation
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natural resistance to extreme climatic
woodland episodes

* Impacts not explored in this assessment

16.5 Marine and Coastal margins

16.5.1 Literature searclt Marine and Coastal margiasreening assessment
The followingsearch terms were used in Web Of Sciencévfarine thresholds, covering the period
1998-2018:

(marine OR sea*) AND (climate* OR driver* OR stressor* OR temperature @iRadicid)
AND (threshold* OR nelmear OR tipping point OR resilience OR stable shift* OR regime
shift*)

This search providet5,707 hits, narrowed down to ca. 1000 hits, after narrowing down based on
geographical locatianTitles and abstracts were seaed manuallyor relevance, resulting in a short

list of 18 to examine in more detailhe list was supplemented by grey literature and expert
suggestions, including MCCIP report cdMECIP 2017) and CCRA reports (Kovats & Osborne 2016).

The followingsearch terms were used in Web Of ScienceCloastaimarginsthresholds, covering
the period 1998 2018:

(coastal* OR sand dune* OR shingle OR cliff* OR lagoon* or machair) AND (climate* OR
driver* OR stressor* OR temperature OR rainfall OR droughe@Rwel OR flood*) AND
(threshold* OR no#linear OR tipping point* OR resilience OR stable state* OR regime shift*)

The search for coastal margins produced@i92 hits, narrowed down to <500 after exclusion based
on geographic location. Titles and abstsaatere searched manually for relevance, yieldi8g 3
potentially useful referencedhe list was supplemented with grey literature.

The Marine and coastal margin lists were combined, yielding 12 references with sufficient relevance
to UK thresholds, summiged to seven thresholdased impactsThe relevant impact chairese
shown with priority scores inTable70.
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16.5.2 Prioritised impactg Marine and Coastal margins screening assessment
Table70 below summarises therjoritisation ofsevenevidence chains considered for Marine and
Coastal margins impacts.

Table70. Full table of potential impacts imarine and coastahreas Priority scores: 1 = Clear biophysical or societal
threshold, quanti#d; 2 = Clear biophysical or societal threshold, but not quantified; 3 = Possible biophysical or societal
threshold, uncertain but with high potential impact; 4 = Threshold effects unclear, or low potential impact.

Climate stressor Habitat Biophysicakesponse S(.)C'etal e | P
point affected score
Altered growth &
. reproduction of cod; | Fisheries (Cod)
Temperature Marine Change in Oxygen Biodiversity 1
concentration
Sea Level Rise Marine, (_Zoasta Coastal Flooding Unspecified 2
margins
Temperature Marine Changes at species an Fisheries, carbo 2

community level

Marine, Coasta

Sea Level Rise . Habitat Condition Fisheries 3*
margins
Water quality,

Temperature Marine Harmful Algal Blooms| human health, 4

P (HABS) fisheries

recreation,
Ocearacidification Marine Changes at_spemes an Car_bon_, watm_er 4
community level quality, fisheries

Sea Level Rise/Stor Marine, _Coasta : -

: margins Estuarine morphology| Unspecified 4
surge/River flows :
(Estuaries)

* not assessed

16.5.3 Methods¢ Marine and Coastal margissreening assessment

Climate data Presentdayoceantemperatures
Reanalysis ocean bottom temperature data covering the period 01/01/1992 to 31/12/2018 come
from the NWS (European North West Shelf) Ocean Reanalysis system (available from
http://marine.copernicus.eu/serviceportfolio/accessto-
products/?option=com_cswé&view=details&product id=NORTHWESTSHELF REANALYSIS PHY_ 004 _
009; for a detailed description see
http://resources.marine.copernicus.eu/documents/PUM/CMEMN®/SPUM-004-009.pd). The
regional ocean model is the FOAM AMM?7 (Forecasting Ocean Assimilation Modeksthuation
Atlantic Margin Model) setup of NEMO (Nucleus for European Modelling of the Ocean) version 3.6,
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together with the 3DVar NEMOVAR system (version 3) which assimilates observations. Assimilated
data are sea surface temperatures together with velttigafiles of temperature and salinity. Lateral
open boundary forcing comes from the GloSea5 global ocean reanalysis and at the Baltic margins
from the CMEMS Baltic reanalysis. Atmospheric forcing comes from thénERA atmospheric
reanalysis.

Climatedata- Futureoceantemperatures
Data from a norassimilative NortiVest European Shelf simulation covering the tipegiod 2000~
2099 (Tinker, personal communication) were used. The simulation was carried out with the
Metoffice AMMY7 setup using thlEM¥3.6mo d e | in configuration CO6 ( sc¢
details). It has an average horizontal resolution of 7 km and was forced with a globaFMOHC
HadGEMZES simulation using RCP8.5 (business as usual) climate forcing and run from 1972 to 2099.
In theanalysis, the period 206R019 is used as the preseday baseline period. The temperature
data was bias corrected against the NWS Ocean Reanalysis data (same resolution) using a reference
period of 20062019. For the bias correction, a climatology ofiéémperatures over a year was
calculated at each model grid point as thel@y running mean of 2002019 daily temperatures for
both the NWS Ocean Reanalysis data and the future RCP8.5\NegthEuropean Shelf simulation.
The offset between the two cliatologies was subtracted at each grid point over the time span of
the future simulation for each year.

Determining settlement threshold risk
Past an initiation threshold, ectotherm growth and development increases linearly with temperature.
Therefore, tke time period needed to achieve a given development stage will vary depending on the
experienced temperatures of an individual, and as subdvelopment is best estimated in a
cumulative stepwise manner based on daily temperatures experientleid. can bejuantified by
measuring “degree days”

A single degree day is calculated as:

00 Y Y EI'D Y,
Where DD is the number of degree dayss the ambientbottom-temperature that the animal is
exposed to, andy is a threshold temperature below which no evidence development/growth stage

occurring. As development stages have particular heat requirement development can be estimated
based on accumulated degree days over a given period

Y¢ 0@@ YUY QOAEI"D Y
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17 Appendix Z; Natural Environment risk descriptors

Risk Descriptor

1. Risks to terrestrial species and habitats from changing climatic conditions and extreme ev
including temperature change, water scarcityjldfire, flooding, wind, and altered hydrology
(including water scarcity, floodirend saline intrusion)

2. Risks to terrestrial species and habitats from pests and pathogens

3. Risks to terrestrial species and habitats from invasive species

4. Opportunities from new species colonisations in terrestrial habitats

5. Risk to soils from changing climatic conditions, including seasonal aridity and wetness.

6. Risks to natural carbon stores and sequestration from changing climatic conditiongingclu
temperature change and water scarcity.

7. Risks to and opportunities for agricultural and forestry productivity from extreme events ar
changing climatic conditions (including temperature change, water scarcity, wildfire, flooding
coastal erosionwind and saline intrusion).

8. Risks to agriculture from pests and pathogens

9. Risks to forestry from pests and pathogens

10. Risks to agriculture and forestry from invasive species

11.0pportunitiedor agricultural and forestry productivity from new/alternative species becom
suitable.

12. Risks to aquifers and agricultural land from sea level rise, saltwater intrusion

13. Risks to freshwater species and habitats from changing climatic cosditial extreme eventg
including higher water temperatures, flooding, water scarcity and phenological shifts.

14. Risks to freshwater species and habitats from pests, pathogens

15. Risks to freshwater species from invasives

16. Opportunities to freshwater species and habitats from new species colonisations

17. Risks to marine species, habitats and fisheries from changing climatic conditions, includi
ocean acidification and higher water temperatures.

18. Opportunities tanarine species, habitats and fisheries from changing climatic conditions

19. Risks to marine species and habitats from pests, pathogens and invasive species

20. Risks and opportunities to coastal species and habitats due to flooding

21. Risks and opportunities to coastal species and habitats due to coastal erosion.

22. Risk to regulating services provided by species and habitats, including pollination, water
quality, water regulation and urban cooling

23. Risks and opportunitiesoin climate change to natural heritage and landscape character.
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