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Executive Summary
The aims of this project are to provide improved 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 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.

Specifically, the project 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 services provided 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 mitigating 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 was a literature review, conducted as a series of
rapid evidence reviews, by habitat, to identify non-linear impacts which might occur in the UK. The
second phase was a national screening assessment on a prioritised set of thresholds identified from
the literature reviews. The screening assessment was conducted at national level, but with regional
differentiation of the impacts. To investigate indicative impacts, these were quantified for baseline,
and under 2 °C and 4 °C scenarios (independent of time), for a single climate model run. The third
phase was a case study assessment which focused on a subset of impacts in more detail, drawing on
climate data from 28 climate model projections provided by the UK Met 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 rapid evidence reviews were conducted on five broad habitat types: freshwaters, farmland,
peatlands, woodland, and marine and coastal margins. The reviews identified 37 potential impacts,
which were scored against a set of criteria to identify a shorter list to take forward. Following the
scoring, a list of 12 potential impacts were identified for the national screening assessment. Four of
these impacts were then further developed in case studies. The need to prioritise down the number
of thresholds for detailed analysis reflected resource constraints for the project rather than the
importance of the thresholds. Some potentially important thresholds were not taken forward for
assessment, such as temperature effects on salmonid fish in rivers.
The majority of these impact types had previously been identified in CCRA2. However, many only
received cursory mention, and had not been explored with respect to the potential for non-linear
responses, either in the magnitude of response, or the timing of when a response may occur. Where
previous studies cited in CCRA2 had quantified some impact, there was usually no indication of the
trajectory of change.
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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 environment may be compromised, and why?
The thresholds identified in the national screening assessment are summarised in Table ES1. Eleven
of the twelve thresholds relate to temperature, and of those, one relates to temperature + rainfall in
combination. The other is related to rainfall alone.
A variety of mechanisms govern how the thresholds are manifested. They include: physiological
controls acting at a species level (spawning of shellfish, impacts on milk yield of dairy cattle), climatic
limits on growth or survival of individual species (livestock parasites completing their life-cycle,
survival of the freshwater fish Vendace), competition mediated impacts on community assembly or
overall habitat climate envelope (zooplankton and phytoplankton communities 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 result. For example, the threshold water
temperature governing change in zooplankton community composition in lakes is already exceeded
in all regions of the UK.
The case studies show that the time at which the threshold is crossed can demonstrate considerable
variation across the UK over the course of this century. In general, 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 this study, at
least one part of the 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 societal end-points of value such as biodiversity are
summarised in Table ES1 for the screening assessment, and Table ES2 for the case studies. They cover
provisioning services (milk yield, lamb production, timber production, wheat yield, general crop yield,
fish & shellfish habitat range), regulating services (water quality, greenhouse gas emissions) and
cultural services (recreation), as well as biodiversity.
Impacts are quantified in monetary terms, where possible, to understand the relative magnitude of
threshold impacts, using both market and non-market valuation techniques. The impacts are
presented as annual figures so that impacts can be compared for representative years under current
conditions and in the future. It was not possible to calculate all impacts in economic terms, and some
are expressed as increased magnitude or frequency of exceeding a climate threshold, or a change in
an ecological variable. For example, the expansion of Pacific oyster is quantified as the viable area for
spawning and reproduction, since it was not feasible to value the economic impacts of its spread.
This study 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 those impacts 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.
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Economic impacts due to threshold exceedance varied from a few million to several billion (Tables ES1
and ES2). Impacts were in the tens of millions for temperature effects on milk 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 in the hundreds of millions are likely to occur for
temperature effects on algal blooms in lakes, and on 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 are almost ten
times greater than current day.

Is there a risk of irreversible change in the ecosystems affected, or substantial time lags in recovery?
Risk of irreversible change for each threshold is summarised in Table ES3. For some, exceedance is
short-lived, impacts are reversible and recovery can occur within days. An example being loss of milk
production in dairy cattle during hot days. For other thresholds, impacts occur within a calendar year,
but are unlikely to carry over to the next year. For example in annual crops where wheat yield is
affected by high temperatures during flowering and grain filling in spring and early summer. Other
impacts are effectively irreversible or can take many decades to recover. When topsoil is lost through
erosion, this is a permanent loss of the soil natural capital. When peatlands become degraded, it can
take many decades to restore natural function through re-wetting. In heavily gullied peatlands,
recovery to a fully functioning peatland actively sequestering carbon is highly unlikely. In woodland,
the effect of warming temperatures and drought on timber quality, and associated pests and diseases,
means that some of the tree species currently growing could lose part or all of their economic value.
In marine systems, range shifts or expansion of non-native species are very difficult to 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 shortfall, shown in Table ES3 and summarised
below (with more detail in the specific chapter sections):







In freshwaters, adaptation mainly hinges on nutrient management, which is the principal
contributing factor to algal bloom development and other related ecological effects. This
includes diffuse nutrients from catchments as well as from waste water discharge. There is
management of nitrogen use in Nitrate Vulnerable Zones, but not widely elsewhere, and the
interactions with climate are not widely acknowledged. There are currently no plans in place
that address risks from higher water temperatures.
In farmland and grassland, adaptation measures are not widely practiced or the challenge is not
currently deemed a major issue in the UK (e.g. temperature effects on milk production). Where
actions are in place (e.g. to improve soil health) it can be difficult to quantify the extent and
impact of existing adaptation.
For peatlands the area of restored peatland is less than the area moving to unfavourable
condition annually, and this is of concern.
In managed woodlands the forestry sector is slow to adapt, and there are considerable time
lags between changing the species mix of new plantings and the period when they become
commercially viable to harvest.
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In marine & coastal, although M. gigas is considered naturalised on the south west coast of
England at present, the level of risk posed by its potential invasion of native communities
elsewhere is poorly understood.

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?
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 occur afterwards 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 climate-relevant genotypes or altered species in
new woodland plantings, and moving to continuous cover forestry. All 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 manage 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 rivers. For example, riparian
shading can prevent excess warming and reduce algal blooms in 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 key issues:
1) the extent that adaptive actions can be effective for habitats already impacted by climate
change and compounding factors. For example, very degraded peatland will not re-wet; and
2) the degree of reliance on voluntary actions to achieve adaptation uptake and the temporal
and spatial scale for action required.
The issue of effectiveness and cost-effectiveness is important for prioritisation of action and allocation
of public funds. In this analysis, we provide evidence of risk at a habitat level with some 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, costs and benefits. For
example, in some lakes or rivers it may not be feasible to control nutrient inputs. If this is the case,
there may be little value in implementing adaptation options such as shading, or other restoration
measures. Conversely, action to restore peatlands is a crucial tool in meeting Net Zero targets for 2050
as well as adaptation, and has been shown to be cost effective for 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. For example, setting an appropriate regulatory baseline and
implementing activities to boost awareness among landowners and managers, supported by advice
and grants (as appropriate). In some instances, where land is very vulnerable to climate change,
including extreme weather events, land use change may be needed. In managed woodlands, the long
lead-in for adaptation to be effective, provides a greater challenge, while in marine habitats, adaptive
actions may need to be undertaken at an international scale.
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Table ES1. Thresholds and summary of impacts covered in national screening assessment, for baseline and under 2 °C and 4 °C scenarios (independent of time). Monetary figures refer to
cost of annual impacts for the UK in 2018 prices unless otherwise stated. Grey cells denote non-monetary assessment, see notes below table. Risk descriptors are listed in Appendix 2.

Broad
Risk
Climate
Habitat
descriptor hazard
Freshwaters Ne 13
Temperat
ure

Societal endpoint
Algal blooms
(lakes)

Threshold
17 °C (lake
water)

Mechanism
Phytoplankton
growth

Impact
Current
↓ recreation
£173m
including fishing,
biodiversity; ↑ water
treatment costs

2 °C
£295m

4 °C
£481m

Freshwaters Ne 13

Temperat Algal blooms
ure
(rivers)

17 °C (river
water)

Phytoplankton
growth

↓ recreation
including fishing,
biodiversity

0.5

0.9

2.0 #1

Freshwaters Ne 13

Temperat Fish habitat
ure

18 °C (lake
water)

Change in
dissolved
oxygen

↓ biodiversity,
recreational fishing

0.9

1.4

2.5 #1

Freshwaters Ne 13

Temperat Biodiversity
ure

14 °C (lake
water)

Zooplankton
composition

↓ biodiversity

3.2

3.7

4.9 #1

Farmland

Ne 8

Temperat Lamb
ure

9 °C (daily
mean)

Parasite
(Haemonchus
contortus)

↓ growth;↑ costs

£81m

£97m

£113m

Farmland

Ne 7

THI 74 (= 23 °C) Heat stress

↓ milk yield

£2.5m

£3.8m

£15.9m

Farmland

Ne 7

Temperat Milk
ure
Temperat Wheat
ure

£0m

£0m

£42m

Farmland

Ne 5, Ne 7 Rainfall

£8.1m

£6.5m

Soil erosion

32 °C / 35 °C

Floret fertility / ↓ wheat yield
grain filling

30 mm (daily
rainfall)

Soil loss

↓ soil fertility; ↓ crop £2.6m
yield; ↓ water quality;
↓ soil biodiversity; ↓
soil carbon
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Peatlands

Ne 1, Ne 5, Temperat GHG
Ne 6
ure
emissions

14.5 °C
(warmest
month)

Woodlands

Ne 7

Temperat Timber (oak,
ure,
other
Rainfall
broadleaved,
conifer)

200 - 300 mm
(climatic
moisture
deficit)

Coastal

Ne 17

Temperat Cod
ure

Coastal

Ne 17, Ne
18, Ne 19

Temperat Pacific oyster
ure

12 °C (sea
bottom
temperature)
825 days > 10.5
°C (sea bottom
temperature)

Outwith climate ↑ GHG emissions; ↓
envelope
peatland condition,
biodiversity, water
quality
Summer
↓ timber yield; ↓
drought affects wood quality
tree growth &
causes cracking
(shake)

3.5m
tCO2e;
£239m

3.6m
tCO2e;
£318m

4.0m
tCO2e;
£1,319m

-

Speciesspecific
risk

-

Reproductive
success

Δ distribution; ↓
landings

-

Range
shift

Range
shift #2

Exceeds
spawning
temperature

Δ distribution; ↓ & ↑ 47
impacts

103

205 #3

#1 Number of months exceeding the threshold
#2 Range shift northwards
#3 Viable area for Pacific oyster reproduction (‘000 km2)
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Table ES2. Thresholds and summary of impacts covered in case studies, for CMIP5 (global climate model ensemble) and PPE (UK Met Office model) projections under RCP8.5 pathway.
Monetary figures refer to cost of annual impacts for the UK in 2018 prices unless otherwise stated. Woodland economic assessment not conducted. Risk descriptors are listed in Appendix 2.

CMIP5
Risk
Broad
descri- Climate
Societal endHabitat
ptor
pressure
point
Threshold
Freshwaters Ne 13 Temperature Algal blooms 17 °C (lake
(lakes)
water)

Farmland

Ne 7

Temperature Milk

THI 74 (= 23
°C)

Peatlands

Ne 1,
Ne 5,
Ne 6

Temperature GHG
emissions

14.5 °C
(warmest
month)

Coastal

Ne 17, Temperature Pacific oyster 825 days >
Ne 18,
10.5 °C (sea
Ne 19
bottom
temperature)

Impact
↓ recreation
including fishing,
biodiversity; ↑
water treatment
costs
↓ milk yield

PPE

Baseline 2050s
£173m £263m

2080s
£332m

Baseline
£173m

2050s
£329m

2080s
£420m

£3.1m

£17.0m

£4.6m

£18.4m

£57.9m

3.5m
tCO2e;
£210m

5.1m
tCO2e;
£1,344m

7.2m
tCO2e;
£2,473m

-

-

-

£8.1m

↑ GHG emissions; 3.5m
↓ peatland
tCO2e;
condition
£210m

4.9m
5.1m
tCO2e;
tCO2e;
£1,286m £1,774m

Δ distribution

103

47

205 #1

#1 Viable area for Pacific oyster spawning and reproduction; climate scenario from CMIP5 projections
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Table ES3. Thresholds and risk of irreversible change

CCRA3 Risk
descriptor

Habitat

Ne 13

Risk of irreversible change

CCRA3 Adaptation
response

Freshwaters Temperature Algal blooms (lakes)

Medium-term, difficult to reverse

More action needed

Ne 13

Freshwaters Temperature Algal blooms (rivers)

Medium-term, difficult to reverse

More action needed

Ne 13

Freshwaters Temperature Fish habitat

Long-term, effectively irreversible

More action needed

Ne 13

Freshwaters Temperature Biodiversity

Long-term, effectively irreversible

Further investigation

Ne 8

Farmland

Temperature Lamb

Long-term, effectively irreversible

Further investigation

Ne 7

Farmland

Temperature Milk

Short lived, reversible

More action needed

Ne 7

Farmland

Temperature Wheat

Year-long, reversible

Further investigation

Ne 5, Ne 7

Farmland

Rainfall

Long-term, effectively irreversible

More action needed

Ne 1, Ne 5, Ne 6

Peatlands

Temperature GHG emissions

Long-term, effectively irreversible

More action needed

Ne 7

Woodlands

Temperature, Timber (oak, other
Rainfall
broadleaved, conifer)

Long-term, effectively irreversible

More action needed

Ne 17

Coastal

Temperature Cod

Long-term, effectively irreversible

Sustain current action

Temperature Pacific oyster

Long-term, effectively irreversible

Further investigation

Ne 17, Ne 18, Ne 19 Coastal

Climate
pressure

Societal end-point

Soil erosion

12

Contents
Executive Summary................................................................................................................................. 5
1

Introduction .................................................................................................................................. 18

2

Aims and objectives ...................................................................................................................... 19

3

Overview of thresholds and their application in this study .......................................................... 20
3.1

4

Threshold definition used ..................................................................................................... 20

Methods – Overview ..................................................................................................................... 22
4.1

Habitat / ecosystem definitions ............................................................................................ 22

4.2

Impact chains ........................................................................................................................ 22

4.3

Stages in the assessment ...................................................................................................... 23

4.4

Climate data – screening assessment ................................................................................... 25

4.5

Climate data – case studies................................................................................................... 26

4.6

Economic assessment methodology ..................................................................................... 26

4.7

Adaptation assessment methodology .................................................................................. 27

Literature review................................................................................................................................... 29
National Screening Assessment of threshold-based impacts, by NEA broad habitat .......................... 30
5

Freshwater .................................................................................................................................... 30
5.1

Summary - Freshwater .......................................................................................................... 30

5.2

Overview: Freshwater – national screening assessment ...................................................... 33

5.3

Temperature effects on phytoplankton blooms in lakes ...................................................... 35

5.3.1

Justification of threshold used in the assessment ........................................................ 35

5.3.2

Impacts on natural assets and the services they provide ............................................. 36

5.3.3

Ecosystem assessment – climate hazard thresholds .................................................... 36

5.3.4

Economic assessment – impact on goods and services ................................................ 37

5.3.5

Adaptation .................................................................................................................... 40

5.4

Temperature effects on phytoplankton blooms in rivers ..................................................... 48

5.4.1

Justification of threshold used in the assessment ........................................................ 48

5.4.2

Impacts on natural assets and the services they provide ............................................. 48

5.4.3

Ecosystem assessment – climate hazard thresholds .................................................... 49

5.4.4

Economic assessment – impact on goods and services ................................................ 50

5.4.5

Adaptation .................................................................................................................... 50

5.5

Temperature effects on fish habitat volume in lakes ........................................................... 55

5.5.1

Justification of threshold used in the assessment ........................................................ 55

5.5.2

Impacts on natural assets and the services they provide ............................................. 56
13

5.5.3

Ecosystem assessment – climate hazard thresholds .................................................... 56

5.5.4

Economic assessment – impact on goods and services ................................................ 57

5.5.5

Adaptation .................................................................................................................... 57

5.6

6

Temperature effects on zooplankton species composition in lakes..................................... 64

5.6.1

Justification of threshold used in the assessment ........................................................ 64

5.6.2

Impacts on natural assets and the services they provide ............................................. 64

5.6.3

Ecosystem assessment – climate hazard thresholds .................................................... 64

5.6.4

Economic assessment – impact on goods and services ................................................ 66

5.6.5

Adaptation .................................................................................................................... 66

Agricultural systems: Farmland and grasslands ............................................................................ 71
6.1

Summary – Farmland and grasslands ................................................................................... 71

6.2

Overview: Farmland and grasslands – national screening assessment ................................ 73

6.3

Temperature effects on parasite outbreaks in livestock. ..................................................... 74

6.3.1

Justification of threshold used in the assessment ........................................................ 74

6.3.2

Impacts on natural assets and the services they provide ............................................. 75

6.3.3

Ecosystem assessment– climate hazard thresholds ..................................................... 75

6.3.4

Economic assessment – impact on goods and services ................................................ 76

6.3.5

Adaptation .................................................................................................................... 77

6.4

Temperature effects on milk production .............................................................................. 81

6.4.1

Justification of threshold used in the assessment ........................................................ 81

6.4.2

Impacts on natural assets and the services they provide ............................................. 82

6.4.3

Ecosystem assessment – climate hazard thresholds .................................................... 82

6.4.4

Economic assessment – impact on goods and services ................................................ 84

6.4.5

Adaptation .................................................................................................................... 86

6.5

Temperature effects on wheat production .......................................................................... 91

6.5.1

Justification of threshold used in the assessment ........................................................ 91

6.5.2

Impacts on natural assets and the services they provide ............................................. 92

6.5.3

Ecosystem assessment – climate hazard thresholds .................................................... 92

6.5.4

Economic assessment – impact on goods and services ................................................ 93

6.5.5

Adaptation .................................................................................................................... 95

6.6

Rainfall effects on soil erosion. ............................................................................................. 98

6.6.1

Justification of threshold used in the assessment ........................................................ 98

6.6.2

Impacts on natural assets and the services they provide ............................................. 99

6.6.3

Ecosystem assessment – climate hazard thresholds .................................................... 99

6.6.4

Economic assessment – impact on goods and services .............................................. 102

6.6.5

Adaptation .................................................................................................................. 104
14

7

Mountains moors and heaths: peatlands ................................................................................... 111
7.1

Summary – Mountains moors and heaths: peatlands ........................................................ 111

7.2

Overview: Mountains moors and heaths: peatlands – national screening assessment..... 112

7.3

Temperature effects on greenhouse gas emissions in peatlands ...................................... 113

7.3.1

Justification of threshold used in the assessment ...................................................... 114

Inter-relationships between temperature and rainfall............................................................... 114
Threshold-related ecological responses ..................................................................................... 115
The role of contributing factors .................................................................................................. 116

8

7.3.2

Impacts on natural assets and the services they provide ........................................... 118

7.3.3

Ecosystem assessment – climate hazard thresholds .................................................. 118

7.3.4

Economic assessment – impact on goods and services .............................................. 123

7.3.5

Adaptation .................................................................................................................. 124

Woodlands .................................................................................................................................. 130
8.1

Summary –Woodlands ........................................................................................................ 130

8.2

Overview: Managed woodlands – national screening assessment .................................... 131

8.3

Temperature and drought effects on woodland ................................................................ 132

8.3.1

Justification of threshold used in the assessment ...................................................... 132

8.3.2

Impacts on natural assets and the services they provide ........................................... 133

8.3.3

Ecosystem assessment – climate hazard thresholds .................................................. 133

Impacts on selected tree species and interpretation of reduced timber quality ....................... 135
8.3.4

Economic assessment – impact on goods and services .............................................. 139

8.3.5

Adaptation .................................................................................................................. 139

8.4

Temperature influence on pests and pathogens ................................................................ 144

8.4.1

Justification of threshold used in the assessment ...................................................... 144

8.4.2

Impacts on natural assets and the services they provide ........................................... 145

8.4.3
Ecosystem assessment – climate hazard thresholds; and economic assessment –
impact on goods and services ..................................................................................................... 145
8.4.4
9

Adaptation .................................................................................................................. 145

Marine and Coastal margins ....................................................................................................... 153
9.1

Summary - Marine and Coastal margins ............................................................................. 153

9.2

Overview: Marine and Coastal margins – national screening assessment ......................... 154

9.3

Temperature impacts on cod fisheries ............................................................................... 156

9.3.1

Justification of threshold used in the assessment ...................................................... 156

9.3.2

Impacts on natural assets and the services they provide ........................................... 157

9.3.3

Ecosystem assessment – climate hazard thresholds .................................................. 157

9.3.4

Economic assessment – impact on goods and services .............................................. 158
15

9.3.5
9.4

Adaptation .................................................................................................................. 159

Temperature effects on naturalisation of the Pacific oyster Magallana gigas .................. 162

9.4.1

Justification of threshold used in the assessment ...................................................... 162

9.4.2

Impacts on natural assets and the services they provide ........................................... 163

9.4.3

Ecosystem assessment – climate hazard thresholds .................................................. 163

9.4.4

Economic assessment – impact on goods and services .............................................. 164

Expansion of settlement conditions ........................................................................................... 164
9.4.5

Adaptation .................................................................................................................. 165

Case studies ........................................................................................................................................ 170
10

Freshwater – Case study: Algal blooms in lakes ..................................................................... 170

11

Farmland and grasslands – Case study: Temperature impacts on milk production ............... 178

12

Peatlands – Case study: Temperature impacts on greenhouse gas emissions ...................... 186

13
Managed woodlands – Case study: Climatic moisture deficit and temperature impacts on
productivity (oak, broadleaves and conifers) ..................................................................................... 200
14
Marine and Coastal margins - Case study: Temperature effects on naturalisation of the Pacific
oyster Magallana gigas ...................................................................................................................... 209
15

References .............................................................................................................................. 214

16

Appendix 1 – Additional detail on methods, by habitat. ........................................................ 231

16.1

Freshwaters......................................................................................................................... 231

16.1.1

Literature search – Freshwaters screening assessment ............................................. 231

16.1.2

Prioritised impacts – Freshwaters screening assessment........................................... 231

16.1.3

Calculation methods – Freshwaters screening assessment & case study .................. 232

16.2

Farmlands and grasslands ................................................................................................... 233

16.2.1

Literature search – Farmlands and grasslands screening assessment ....................... 233

16.2.2

Prioritised impacts – Farmlands and grasslands screening assessment ..................... 233

16.2.3
study

Calculation methods – Farmlands and grasslands screening assessment and case
234

16.3

Peatlands............................................................................................................................. 234

16.3.1

Literature search - peatlands screening assessment .................................................. 234

16.3.2

Prioritised impacts - peatlands screening assessment ............................................... 235

16.4

Woodland............................................................................................................................ 236

16.4.1

Literature search - Woodland screening assessment ................................................. 236

16.4.2

Prioritised impacts – woodland screening assessment .............................................. 236

16.5

Marine and Coastal margins ............................................................................................... 237

16.5.1

Literature search – Marine and Coastal margins screening assessment .................... 237

16.5.2

Prioritised impacts – Marine and Coastal margins screening assessment ................. 238

16

16.5.3

Methods – Marine and Coastal margins screening assessment ................................. 238

Climate data - Present-day ocean temperatures ........................................................................ 238
Climate data - Future ocean temperatures ................................................................................ 239
Determining settlement threshold risk....................................................................................... 239
17

Appendix 2 – Natural Environment risk descriptors ............................................................... 240

17

1 Introduction
To inform the ASC’s Evidence Report for the third UK CCRA, the Adaptation Committee has
commissioned a range of research projects that aim to improve the evidence supporting, and impact
of, the CCRA. This project aims to produce new research on climate-driven threshold effects within
the natural environment, and the role of adaptation (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 responses. These are assumed to be either linear
or monotonic (i.e. non-linear 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 range 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 long-term land-use (drainage, accumulation of woody
biomass), long-term changes in climate (warming, drying) and stochastic events (drought, deliberate
or accidental fire-setting). Similarly, saltwater inundation of agricultural land may be a consequence
of past land reclamation, drainage-induced subsidence, long-term sea-level rise and a storm-surge.
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 evidence that climate driven forest disturbances are cancelling out production benefits in European
forests (Reyer et al, 2017).
The combined impact of multiple cumulative pressures and acute ‘trigger’ events is inherently difficult
to predict, yet it is of fundamental importance in projecting and adapting to the impacts of future
climate change. In particular, it may lead to threshold-type responses, leading to rapid change in
ecosystems, often resulting in undesirable impacts on society.
In CCRA2, the Adaptation Committee (AC) took a three-step 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 plans already in place to manage the risks, and

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 well-being. Through identifying and analysing the effect 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 chains, which take into account 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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Recent 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 thresholds and quantifying 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 for non-linear
interactions between 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 measures represent feasible 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). Quantifying 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 sustainability in the UK in the medium and long term. There is a
need to clearly set out the state of evidence on the possible effects of crossing these thresholds in the
natural environment, what is understood about the magnitude of their impacts, and what future
action and research needs to take place. This is an important next step to inform government,
business, and the public about future environmental and economic priorities.
The CCRA2 Evidence Report notes that ‘effective adaptation cannot be undertaken without careful
consideration of the cross-cutting nature of risks and synergies between adaptation activities’. This is
of particular relevance in the natural environment where changes in land use and management
resulting from climate change, or as an adaptation to climate change for a given 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
cross-cutting nature of risks and synergies is addressed throughout.

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

provide improved 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 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 systems 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 the ecosystems 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 thresholds 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 study we define a threshold as “the point at which a non-linear change in an ecosystem
component or property occurs as a result of change in a climate driver”. This draws on definitions in
Andersen et al. (2009) and Scheffer (2009). The threshold itself is the value for the climate variable
beyond which impacts become non-linear. The impacts of crossing the threshold are defined more
widely. In order to satisfy the required emphasis on the goods and services provided by ecosystems,
and acknowledging the highly inter-connected role of people in social-ecological systems, the
definition of impact includes non-linear changes in ecosystem services or on society as well as impacts
on biodiversity and ecosystem function per se.
This definition of a threshold does not restrict the analysis to strict interpretations of tipping points as
only applying to irreversible change, or situations which demonstrate significant hysteresis. The
threshold impacts assessed range from physiological effects on individual species, like the spawning
of Pacific Oyster (Magellana gigas) or declines in milk production of dairy cows, to impacts on
community-level changes in species composition (e.g. zooplankton communities in lakes), or the
habitat condition of blanket 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 to non-linear effects in ecosystems (Turner et
al. 2020). This causes difficulties in assessing future risk for a number of reasons. Firstly, the climate
models are better at predicting steady change in climate variables than they are at predicting
extremes. Secondly, there are inherent difficulties in estimating ecosystem responses to extremes,
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 suffering from 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 implicitly,
by having longer time frames embedded within the threshold metric itself, or by calculating the
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number of years in a ten-year period for which the threshold is exceeded. For example, peatlands use
a climate envelope based on a 30-year climate mean, while the spawning of Pacific oyster calculates
a frequency of spawning in a ten year period. However, not all of the thresholds do so.
The impact of crossing a threshold can be temporary, such as declines in milk production which
recover over periods of days, to longer term or (near) irreversible, such as species extinction.
Thresholds linked to policy targets were not considered relevant, i.e. if the ecological status of a water
body shifts from the class ‘Good status’ to the class ‘Moderate status’ in the EU Water Framework
Directive, that was not considered as crossing a threshold.
The nature of the thresholds vary, therefore the analysis approach has to be tailored to each individual
assessment. In some cases, additional processing is required to calculate the equivalent threshold in
a climate variable available from climate models, from the underlying driver which causes non-linear
change in an ecosystem. For example, the physiological threshold temperature for Pacific Oyster
spawning is based on sea bottom temperatures, requiring a conversion from sea surface temperatures
to sea bottom temperatures. In some analyses, this step is achieved within established models, in
other cases, such as the conversion from air temperature to lake water temperature for impacts on a
number of freshwater ecosystems, additional data was sourced to underpin the calculation.
The following schematic (Figure 1) illustrates how a simple temperature threshold is applied. The
lower panel shows how temperature increases linearly with time. At the point where an ecological
threshold is reached, some form of ecological 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 curvi-linear and the impact increases at a greater rate. At a
given point in time, depending on where the threshold lies, and due to climatic variation across the
UK, some or all of the regions in the UK may lie below or above, or may span the threshold. This
variation is represented by the blue box. Note that due to inter-annual variability in climate
parameters, a threshold based on a climate variable may be exceeded in some years and not others.

Figure 1. Schematic illustrating impacts above a temperature threshold.
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4 Methods – Overview
This section provides a brief summary of the methods used 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 / ecosystem definitions
The assessment was separated across the following ecosystem types to ensure balance across a
range of end-points, and to structure the evidence gathering at the initial review phase. These
ecosystem types broadly follow the UK National Ecosystem Assessment (Watson et al. 2011)
definitions of Broad Habitats, summarised in Table 1 below. These definitions were used to conduct
the initial literature reviews. 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.

Table 1. Ecosystem categories used in this assessment, broadly corresponding to UKNEA Broad Habitats.

Ecosystem type
Freshwaters
Farmland and
grassland

NEA Broad Habitat
Freshwaters and wetlands
Enclosed farmland, Semi-natural
Grasslands

Mountain moors
and heaths
Woodlands
Marine and
coastal margins

Mountain, moors and heaths

Definition
Lakes, rivers and streams, wetlands
Arable land and pasture, including
intensive and extensive grazing
systems
All peatlands

Woodlands
Marine and coastal margins

All woodlands
Marine and coastal margin habitats

4.2 Impact chains
Impact diagrams were constructed following a template (Figure 2) which includes the climate driver,
threshold, natural capital asset, ecosystem processes, functions or attributes, and endpoints which
reflect societal interest. These endpoints include the ecosystem services they provide, the social or
economic impacts and biodiversity. Current and potential adaptation options are included, with
arrows showing which parts of the chain it is possible to manage through adaptation. Some 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 surroundings, such as input of
elevated nutrient levels to lakes. Only the most important pre-disposing factors are identified in these
chains. In reality, multiple interacting factors govern the sensitivity to climate impacts for ecosystems
(Turner et al. 2020). In some chains, a sequence of impacts occurs in the ecosystem before there is an
impact on a societal end-point, represented in this diagram as function 1, function 2 etc. For example,
in farmland heavy rainfall leads to soil erosion, which in turn leads to reduced soil fertility, causing
lower crop yields.
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Figure 2. General schema for impact chains.

4.3 Stages in the assessment
Following the project structure, the work was undertaken in three main phases. 1) A review of the
evidence to identify thresholds, 2) A rapid assessment at national level to quantify selected impacts,
and 3) More detailed case study assessments of a subset of impacts. This process is summarised in
Figure 3. At each phase, the objectives of this report were considered. In particular, the assessment
considered adaptation options for each impact.

Figure 3. Schema showing the three stages of the assessment. In 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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Phase 1. Literature review: Rapid evidence reviews of the literature were conducted to assess
whether thresholds had 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 supplemented after 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 (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 unclear, or low potential impact). Those identified impacts
which scored 1, 2 or 3 were taken forward to the rapid assessment phase.

Phase 2. National screening assessment: The 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 scope. For each threshold, an impact
chain was created (see Figure 2 above), and the impacts were quantified as far as possible towards
the end of the chain. The assessment was national in scope, but separately calculated impacts at
regional level. Results were calculated for each climate area of the UK, using CCRA3 defined regions
(Figure 4), broadly equivalent to NUTS2 level regions. As this was a rapid assessment, the analysis used
climate data from a single model projection (HADGEM PPE model id 7 – see section 4.4), selected as
one following a pathway roughly in the middle of the range of ensemble members, from Lowe et al.
(2018). The assessment focused on the points at which the ensemble member reached 2 °C, and 4 °C.
In the national screening assessment, these are termed 2 °C and 4 °C scenarios respectively (see
section 4.4). With the requirement to conduct as many assessments as possible, right through to
valuation, it was not possible to incorporate the full complexity of factors influencing threshold
exceedance including the many potential interacting variables which also affect sensitivity to climate
drivers. In some assessments, the analysis approach we have taken incorporates many of these 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 geographical variation at fine scale in erosion risk across the UK and
scales future risk due to rainfall accordingly. In other assessments, the calculations were simplified to
the main impact pathway where it was not possible to incorporate other contextual information.

24

Figure 4. Defined regions of the UK used for calculation of regional variation in national screening and case study
assessments (Met Office Hadley Centre, 2018).

Phase 3. Case study analysis: One impact from each Broad Habitat was selected as a case study for
more detailed analysis. These were selected primarily on the basis of greater economic impact, and/or
on robustness of the underpinning evidence available for the assessment. The principle 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 data for the majority
of these analyses used all 28 projections from across the two families of ensembles available from
UKCP18 data at the time of analysis, PPE and CMIP5. The one exception was woodland, which
excluded one model ensemble member which did not have rainfall data at the time of analysis. The
data used is described in more detail in section 4.5. The case study assessments focused on the
trajectory towards a 4 °C world under a RCP8.5 concentrations pathway, looking at impacts during
baseline and at two time-points along that trajectory, the 2050s and the 2080s. Data for the trajectory
towards a 2 °C world was not available at the spatial or temporal resolution required for the majority
of these analyses, at the time this assessment was conducted.

4.4 Climate data – screening assessment
Climate data to run the national screening assessments were extracted from UKCP18 12 km
projections for 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 was the HADGEM3
Perturbed Physics Ensemble Model ID 7. Climate data were extracted for 10-year time-slices for the
following time periods:
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Baseline (2001-2010)
2 °C scenario (2025-2034), centred on 2031, the year in which PPE model i.d. 7 hits 2 °C
4 °C scenario (2060-2069), centred on 2064, the year in which PPE model i.d. 7 hits 4 °C

For some assessments, the baseline period was adjusted in order to match available ecosystem impact
or economic assessment data. The climate data used in the assessments differed for two habitats:
Marine and coastal – see section 16.5 for details; for woodlands – see section 8.3 for details.

4.5 Climate data – case studies
Climate data to run the case study assessments were extracted from UKCP18 60 km projections for a
RCP8.5 concentrations pathway. Two sets of projections were used: one set of 15 projections from
the new Met Office Hadley Centre climate model (HadGEM3-GC3.05) produced by generating a
perturbed parameter ensemble (PPE), and a set of 13 projections from models that informed the IPCC
5th assessment (CMIP5). Data from all 28 projections were extracted and used in each analyses where
possible. For each impact, results were analysed separately for the PPE ensemble and the CMIP5
ensemble. The marine and coastal assessments on cod and Pacific oyster used a different approach to
calculate sea surface temperatures – see section 16.5 for details. The case study analysis compared
the following time periods, unless specified otherwise:




Baseline (2000-2019)
2050s (2040-2059)
2080s (2070-2089)

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 ecosystem service assessment, which
quantifies 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 current climatic 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 non-market valuation methods to assess the
magnitude of impacts on ecosystem services in monetary terms. Market impacts refer to goods or
services traded on markets, such as agricultural products. Non-market goods and services are not
generally priced and require economic valuation techniques that use alternative methods to estimate
the value to society. Examples of non-market 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 services is detailed in each section of
the report.
The ecological and economic assessments were conducted for the screening assessment and the case
studies as visualised in Figure 5. The annual cost was calculated for the baseline period, and for two
subsequent scenarios (screening assessment) or time periods along a climate trajectory (case studies)
- see the methods sections above for the climate data for more detail.
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This study 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 those impacts 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 same reason, other factors which increase the susceptibility of ecosystems to nonlinear change (such as eutrophication combined with increasing water temperature for algal bloom
development) were also held constant. In reality, many of the associated preconditions or contributing
factors will also alter with climate change. Modelling such aspects requires dynamic models, and was
beyond the scope of this project. Non-linear change in one ecosystem function or service may induce
changes in others. Some of these interacting risks are explored in a separate research project
supporting CCRA3.

Figure 5. Schematic illustrating how ecological and economic assessments were carried out. Showing a) scenarios in the
screening assessment, and b) time periods in the case studies. For illustration, a notional example threshold is shown, where
baseline is below the threshold and subsequent impacts occur above the threshold.

4.7 Adaptation assessment methodology
Evidence on current adaptation measures and their efficacy was based on a search of the literature.
Actions outlined in the Government’s National Adaptation Programme (NAP) have been listed for
each habitat assessment to provide information on current status and plans. This involved extracting
information from the second NAP as well as Appendix A, ‘National Adaptation Programme action
updates’1, of the 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 framework from CCRA3 internal workshops was used as a template for presenting the
adaptation evidence, which includes sections on:

1

https://www.theccc.org.uk/wp-content/uploads/2019/07/Appendix-A-NAP-action-updates-2019.xlsx
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Nature of adaptation;
Current status and plans;
Benefits of adaptation since 2012;
Potential further action or investigation;
Case for action in the next 5 years;
Whether risk is managed by autonomous or planned adaptation;
Risks of lock-in;
Risk(s) interacting; and
Urgency scoring.

The urgency scores are based on the urgency categories used in the UK Climate Change Risk
Assessment 2017 Evidence Report. These classifications are:


More urgent – More action needed: New, stronger or different government policies or
implementation activities – over and above those already planned – are needed in the next
five years to reduce long-term vulnerability to climate change.



More urgent – Research priority: Research 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 current 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 urgent – Watching brief: The evidence in these areas should be kept under review, with
long-term monitoring of risk levels and adaptation activity so that further action can be
taken if necessary.

For each threshold, three key questions are asked:




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 afterwards to manage the impacts? and
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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Literature review
The rapid evidence reviews identified 37 thresholds in the 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 12 thresholds across the five broad habitats where enough evidence was available
to undertake some form of national screening assessment, and 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, focusing primarily on published and grey literature studies by
habitat, does not represent an exhaustive list of all possible threshold-based 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
assessment. Two examples illustrate the difficulty of this task. Roy et al. (2017) aimed to conduct a
horizon scanning exercise for potential pathogen and invasive alien 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 to detect regime shifts in UK marine ecosystems from long time-series data,
covering five organism groups (fish, infaunal benthos, marine benthos, plankton & rocky shore
invertebrates) from seven marine regions of the UK. From their analysis, they concluded that UK
marine communities may be dominated by gradual trends rather than sudden shifts. Some 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 salmonid fish in rivers.
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National Screening Assessment of threshold-based impacts, by NEA
broad habitat
5 Freshwater
5.1 Summary - Freshwater
The literature review assessed impacts on all Freshwaters including lakes, rivers and wetlands (but
excluding bogs and fens, which are covered under peatlands). This identified 18 potential impacts
(section 16.1.1), of which four were taken forward for the national screening assessment. All 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 lakes. Temperature effects
on salmonids are recognised as an important impact, but 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 composition, mediated by nutrients, although the temperature thresholds at which
these occur differ between systems. For example HABs form in lakes above 17 °C and lowland rivers
above 19 °C. As a consequence, many of the adaptation options are similar and centre on nutrient
management, but again there are variations in the most effective adaptation measures between the
impacts due to habitat-specific and impact-specific factors.

Temperature effects on algal blooms in lakes (Risk descriptor: Ne 13)
Where mean monthly water temperature exceeds a 17 °C threshold, in combination with elevated
nutrients (primarily phosphorus), there is increased incidence of algal bloom formation in lakes. This
leads to reduced water quality and negative impacts on a range of services including drinking water
production, recreation and biodiversity.
The overall ecological risk under a 4 °C 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 blooms are projected to
increase from £173 million at baseline to £295 million under a 2 °C scenario and £481 million under a
4 °C scenario.
Current adaptation measures focus on catchment-wide management of nitrogen and phosphorus,
applied in nitrate vulnerable zones, but not widely elsewhere. The contribution from waste water
discharge is also significant and should be managed through regulation and water company
planning. Chemical remediation has been trialled in a limited number of severely affected water
bodies, but not widely. Therefore the impact of current levels of adaptation on mitigating these risks
is low.
Urgency scoring - More urgent: more action needed – Capacity is available to reduce nutrient
loading and benefits from early action will be seen within the next five years. Further research may
be required for some measures which are not currently widely practiced (internal loading control,
aeration, artificial mixing, and shading).
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Temperature effects on algal blooms in rivers (Risk descriptor: Ne 13)
Above a monthly mean water temperature of 19 °C, and in combination with elevated nutrient
levels, there is an increased risk of algal blooms developing in lowland rivers. This leads to a decrease
in water quality, and impacts on the ecosystem services that depend on good water quality,
including recreation.
The overall ecological risk under a 4 °C scenario is projected to be low in Scotland, medium in Wales
and Northern Ireland and high in England. No economic assessment was conducted for this service.
Current adaptation measures focus on catchment-wide management of nitrogen and phosphorus,
applied in nitrate vulnerable zones, but not widely elsewhere. The 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 far. Therefore the impact of current levels of adaptation on mitigating these
risks is low.
Urgency scoring - More urgent: more action needed – Capacity is available to reduce excess nutrient
loading, and benefits from implementing this adaptation will be seen within the next five years.

Temperature effects on fish habitat volume in lakes (Risk descriptor: Ne 13)
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. We are already close to extinction of this species in the UK, which would result in
biodiversity loss and a loss in the ecosystem services these fish provide, including recreational
fishing.
Vendace 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 England. This may lead to
extinction of this species in the UK. No economic assessment was conducted for this service since
the conservation value of this species is not well understood.
Current adaptation measures focusing on catchment-wide management of nitrogen, phosphorus
and suspended sediment (including waste water discharge), or reduction in 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 grounds. Identification of new sites
within their future climate range, and the translocation of eggs, larvae and adults can be used to
establish refuge populations in high-quality sites. These approaches are also not widely applied and
the impact of current levels of adaptation at mitigating these risks is low. However, identifying lakes
that are still within thermal range for specific fish species is key as other adaptive measures will only
work if the thermal regime is suitable.
Urgency scoring - More urgent: more action needed – Capacity is available to reduce excess nutrient
loading, and benefits from implementing this adaptation will be seen within the next five years.

Temperature effects on zooplankton composition in lakes (Risk descriptor: Ne 13)
Above a monthly mean water temperature of 14 °C, changes in the community composition of the
zooplankton community are likely to occur. Changes at this trophic level potentially cascade
31

throughout food webs in complex ways, and therefore cannot be easily translated into impacts on
ecosystem services.
The ecological risk under a 4 °C 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 this service since it was not possible to translate changes in zooplankton community
into an associated change in ecosystem service provision.
Current adaptation measures focus on catchment-wide management of nitrogen and phosphorus,
applied in nitrate vulnerable zones, but not widely elsewhere. The contribution from waste water
discharge is also significant and should be managed through regulation and water company
planning. Chemical remediation has been trialled in a limited number of severely affected water
bodies, but not widely. Therefore the impact 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 benefits from early action will be seen within the next five years. Further research may be
required for some measures which are not currently widely practiced (internal loading control,
aeration, artificial mixing, and shading).
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5.2 Overview: Freshwater – national screening assessment
This section covers impacts in freshwaters including lakes, rivers and wetlands within the Broad
Habitat type defined in the UK National Ecosystem Assessment (UKNEA, 2011). Four out of eighteen
potential threshold-based impacts were taken forward in the national screening assessment. All four
thresholds were related to increasing water temperature: three of the impacts occur in lakes, with
increased incidence of algal blooms, reduction in the volume of thermally-suitable fish habitat, and
changes in the community composition of plankton. The fourth impact is increasing incidence of
algal blooms in rivers. Table 2 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 impacts identified in the literature review can be found in Section 16.1.

Table 2. Potential threshold-driven impacts in freshwaters. Evidence for each of these thresholds is provided in the text
below.

Climatemediated
stressor

Habitat

Threshold

Biophysical
response

Societal end- Aligned
point affected risk
descriptors

Temperature Lakes

17 °C monthly mean
lake water
temperature

Phytoplankton
composition,
biomass and
blooms

Drinking water, Ne 13
recreation
including
fishing,
biodiversity

Temperature Rivers,
streams

19 °C monthly mean
water temperature
of lowland rivers

Phytoplankton
composition,
biomass and
blooms

Recreation,
biodiversity

Ne 13

Temperature Lakes

18 °C monthly mean
lake water
temperature

Fish habitat
volume

Biodiversity,
recreational
fishing

Ne 13

Temperature Lakes

14 °C monthly mean
lake water
temperature)

Zooplankton
composition

Biodiversity

Ne 13

Across the UK there are approximately 42,000 lakes, and total river length is of the order of 280,000
km2. The distribution of these water bodies is highly variable among UK regions (Table 3), with an
especially large quantity of freshwater habitat in Scotland.

2

Based on data from UK Lakes Portal ( https://eip.ceh.ac.uk/apps/lakes/ ) and the Intelligent Rivers Network
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Table 3. Number of lakes and total river length in UK regions. n.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 not provided for Northern Ireland.

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*

1,857
671
1,593
2,071
1,649
2,105
1,878
2,693
275
1,391
20,289
3,242
2,085
22

Upland
river length
(km)
6,531
2,585
8,594
5,369
11,488
14,143
11,982
14,255
932
7,122
11,670
7,244
5,439
n.d.

England total
Wales total
Scotland total
Northern Ireland* total

14,792
1,391
25,616
22

75,879
7,122
24,353
n.d.

58,488
20,099
96,022
n.d.

134,368
27,221
120,374
n.d.

UK Total

41,821

107,555

174,948

282,504

Region

No.
Lakes

Lowland river
length (km)
12,022
8,943
8,823
8,507
5,090
1,271
10,537
3,256
40
20,099
43,445
26,632
25,945
n.d.

Total river
length
(km)
18,553
11,527
17,417
13,876
16,578
15,413
22,519
17,511
973
27,221
55,115
33,875
31,384
n.d.
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5.3 Temperature effects on phytoplankton blooms in lakes
Figure 6 below summarises the threshold and assessment chain. Lake temperatures are likely to warm
in line with air temperature, with associated increases in 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. More detailed assessment of this impact is
provided in a case study (section 10), which focuses on a wider set of climate projections.

Figure 6. Impact chain for temperature effects on phytoplankton blooms in lakes. Purple box shows social/economic or
biodiversity endpoint; Brown box shows potential adaptation measures.

5.3.1 Justification of threshold used in the assessment
Lake temperatures are likely to warm in line with air temperature, with associated increasing water
column stability as a result of thermal stratification in lake ecosystems. Warming stimulates the
growth of phytoplankton species 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; Elliott et al 2010, 2012; Richardson et al. 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 organic 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 loads (masses) 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 exceed those of other phytoplankton
above a water temperature of 25°C (Paerl & Huisman, 2008; Jöhnk 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 resultant concentrations), and lake morphology. Recent studies
by CEH (Carvalho et al. 2013; Van der Spoel 2019) suggest a water temperature of 17°C as a threshold
above which blooms are more likely to occur in the UK, assuming sufficient nutrients are available to
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 al. 2003), or the risk of shutting down entire
water bodies used for public drinking supply. Furthermore, 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 water sports and fishing) (Carvalho et al., 2013; Sanseverino et al 2016).

5.3.3 Ecosystem assessment – climate hazard thresholds
An empirical relationship between monthly mean lake water temperature and air temperature was
used to derive the air temperature threshold which corresponds with the water temperature
threshold of 17 °C (see Appendix 1). In this assessment the number of months with monthly mean air
temperatures exceeding a 14.7 °C threshold was calculated. The air temperature threshold differs
because water has a high specific heat capacity.
Lakes receiving high nutrient levels are more at risk of developing algal blooms. We defined a category
of ‘high risk’ of HAB development by quantifying the proportion of lakes in each region where the
likelihood of 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 SEPA3 to calculate which UK lakes were receiving excess nutrient (phosphorus)
inputs, and were, therefore, at risk of failing UK WFD water quality thresholds for total phosphorus
(May et al. 2019). The phosphorus thresholds are site-specific and based on depth, alkalinity and
altitude of individual lakes (WFD-UKTAG, 2016).
Below we show the average number of months per year (calculated over a decade) where mean
monthly air temperatures exceed 14.7 °C (Table 4). All UK regions show a projected increase in the
number of “hot months”, where monthly water temperature exceeds the threshold. Scotland
generally have a low incidence of such months. In contrast, “hot months” are projected to be
especially frequent in London, East and South East England, for the 4°C scenario. These screening data
suggest that under current climatic conditions, some areas such as East Scotland and North Scotland
are unlikely to experience an increased risk of cyanobacteria blooms in response to warming.
However, data from the ‘Bloomin Algae’ app4, show there are confirmed incidences in these areas
presently. Numbers of incidences recorded by the app. are generally higher in Scotland reflecting
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, water colour and flushing rate (the time water takes to pass through a lake)
3
4

Scottish Environment Protection Agency and database right 2015. All rights reserved
https://www.ceh.ac.uk/algal-blooms/bloomin-algae
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(Carvalho et al., 2011), which means blooms may still occur below a water temperature of 17 °C. There
will be some uncertainty around risk predictions in this screening assessment based 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.
Table 4. Average number of months per year where mean monthly water temperatures exceed a 17 oC threshold. Showing:
baseline 2001-2010 period, 2°C scenario and 4°C scenario. Single year values for 2003 shown for comparison with a known
‘hot year’. n.d. – No Data.

Region
North West England
North East England
Yorkshire and Humber

% lakes at high risk
No. of of HABs due to
lakes
excess P input
1,857
13
671
0

Baseline
2003 (2001-2010) 2 °C
2
1.1
2
2
0.5
1.2

4 °C
3.1
2.4

1,593

0

2

1.2

2.1

3.1

West Midlands
East Midlands
East of England
South West England
South East England
London
Wales
North Scotland
West Scotland
East Scotland
Northern Ireland

2,071
1,649
2,105
1,878
2,693
275
1,391
20,289
3,242
2,085
22

100
56
100
67
50
100
0
0
8
19
100

3
3
3
3
3
3
2
0
1
0
1

1.8
1.9
2.6
2
2.7
3.3
1.1
0
0.2
0
0.4

2.8
2.9
3.2
3
3.3
3.8
2.3
0
0.7
0.1
1.1

3.8
3.9
4.2
3.8
4.3
4.9
3.3
0.7
1.6
1.4
2.3

England total/average
Wales total/average
Scotland total/average
Northern Ireland
total/average
UK total/average

14,792
1,391
25,616

54
0
9

2.7
2.0
0.3

1.9
1.1
0.1

2.7
2.3
0.3

3.7
3.3
1.2

22

100

1.0

0.4

1.1

2.3

41,821

43.8

2.00

1.34

2.04 3.06

5.3.4 Economic assessment – 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 Pretty et al. (2003). The costs include impacts
on provisioning services such as water supply, regulating services linked to water and air quality, and
cultural services such as recreation and amenity, as well as direct impacts on biodiversity. We use the
same cost categories as Pretty et al., which are amongst only a small number of studies on the
economic costs of 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 estimates of the costs 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 best available 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 blue-green algal blooms in waterbodies of England and Wales between
1990-1999. Over this period 3,993 incidences were reported across 2,710 waterbodies. The economic
impacts from Pretty et al. (2003) for the period 1990-1999 relate only to England and Wales. These
were scaled to the UK by including Scotland and Northern Ireland, with values weighted by population.
The re-calculated costs for the period 2001-2010 for the UK and by impact category are given in Table
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 opportunities on waterbodies, such as water sports, which
total £50 million annually.

Table 5. Re-calculated annual costs of algal blooms from Pretty et al. (2003), scaled up to UK (£ million). Breakdown
provided by cost component.

Impact of algal bloom
Value of waterside properties
Value of water bodies for commercial uses

Value (£m)
14.9
1.5

Drinking water treatment costs (algal removal)

28.8

Drinking water treatment costs (nitrogen removal)

30.5

Clean up costs of waterways

1.5

Reduced value of non-polluted atmosphere

12.1

Reduced recreational and amenity value for water sports

50.6

Revenue losses for formal tourist industry

17.7

Revenue losses for fisheries
Ecological damage costs
Total

0.2
15.4
173.3

Impacts at baseline are 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 adaptation, and 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 (from Table 4) 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 of future 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 estimates, e.g. loss 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 represent 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 Pretty et al. (2003) as follows:
Step 1: Calculate annual baseline damages of algal bloom for 2001-2010 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 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.
Step 2: Using estimates of monthly mean lake water temperatures exceeding 17°C under future
temperature scenarios, calculate 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 outbreaks, we calculate the UK average change in number of months exceeded to
estimate the proportional increase in costs under 2°C and 4°C scenarios. We assume that baseline
damage levels (from Pretty et al. 2003) reflect the impact of contributing factors such as excess
nutrient levels, as well as existing levels of adaptation, and that these are held constant into the future.
Step 4: To derive regional estimates, a weighted risk for each region is calculated using a combined
weighting based on the population affected in each region (proportional weighting by population) and
the ecological risk score (weights: High = 3, Medium =2, Low =1). The population affected is critical
because most of the damage costs are linked to use (e.g. property values, drinking water, recreation,
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 in Table 6. Compared with outbreaks in the period 2001-2010,
threshold exceedance in a 2°C scenario implies that the number of outbreaks per year increases by
52%. For a 4°C scenario, the number of outbreaks is estimated to increase by 128%.

Table 6. The estimated change in algal bloom outbreaks in lakes in the UK due to temperature threshold exceedance

Baseline
(2001-2010)
UK average ratio of change in number of
months exceeding the threshold,
compared with 2001-2010 (& % change) -

2 °C scenario

4 °C scenario

1.52 (+52%)

2.28 (+128%)

The cost of algal bloom outbreaks under baseline, 2°C and 4°C scenarios is shown in Table 7. For the
baseline period, total costs in the UK are £173 million per year. The cost increases to £295 million
under 2°C scenario and to £481 million for a 4°C scenario. Most of these costs occur in England for
three reasons. 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 future. Third, 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.

Table 7. Baseline (current) and projected economic costs (£ million) of estimated change in algal bloom outbreaks in the
UK under 2 °C and 4 °C scenarios. Regional impacts are allocated from the UK total using combined population and
ecological risk weightings.

Cost (£ million)
Baseline
(2001-2010)

2 °C

4 °C

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

18.7
3.4
7.0
14.9
12.0
23.2
13.9
34.2
32.6
4.0
0.5
3.4
3.1
2.3

27.2
5.0
10.2
32.3
26.2
33.7
30.4
49.6
47.3
5.9
0.7
4.9
4.5
6.8

42.1
7.7
15.8
50.2
40.6
52.2
47.1
77.0
73.4
9.1
1.1
15.1
14.0
15.8

England total
Wales total
Scotland total
Northern Ireland total
UK total

160.0
4.0
6.9
2.3
173.3

271.4
6.1
10.4
7.0
295.0

423.9
9.5
31.4
16.5
481.3

Region

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 temperature can have 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 insufficient to deliver nutrient reductions necessary in the timescales
of our projections. For example, approaches to limit the “internal” supply of nutrients from lake bed
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sediments have been trialled with mixed success to control in-lake phosphorus concentrations (Spears
et al., 2018) and to reduce cyanobacteria abundance (Lürling 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, especially in deep stratifying lakes (Visser et al., 2016; Gibbs and
Howard-Williams, 2018). Biomanipulation of the fish community to release zooplankton from
predation has been demonstrated to reduce algal concentrations even at elevated phosphorus
concentrations, for 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 al., 2002; Mantzouki et al. 2016) to off-set
warming. There are some options to mitigate post-bloom 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
adaptation (to a changed climate) and mitigation (of climate impacts) approaches may increase
effectiveness. Adaptation approaches are summarised in Table 8.
Key adaptations that have been proposed to reduce the potential negative impact of agriculture on
waterways include:





smarter targeting of fertiliser type and application (NAP);
increased nitrogen use efficiency (Net Zero);
extending existing regulation to reduce on-farm emissions, for example through extending
Nitrogen Vulnerable Zones Key (Net Zero); and
encouraging low carbon farming practices such as using precision farming for crops, manure
planning, and using controlled release fertilisers (Net Zero).

As nutrient concentrations have a dominant effect on the maximum capacity of algal standing crop in
a lake (Carvalho et al., 2013), if nutrients are reduced, the impact of increased temperature on algal
blooms will be lessened, but not removed entirely due to legacy 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 µg/L total phosphorus in lake water. Nutrients could be
reduced through reducing run-off 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 risk of nutrients 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 develop, in-lake mitigation
measures and water treatment options may be able to mitigate against the impact.
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Table 8. Adaptation approaches for temperature impacts on algal blooms in lakes

Nature of
adaptation

Current status & plans

Benefits of
adaptation since
2012

Potential further action or
investigation

Case for action in the next 5
years

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

Agri-environment schemes and
rules for farmers are in place to
reduce instances of agricultural
nutrients running off into
watercourses. Rules apply to those
receiving funding under CAP pillar
1 and pillar 2 as well as those
within nitrate vulnerable zones.

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 reduced
(CCC 2019).

Delivering adaptation:

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.

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 (buffer strips,
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
decreases water pollution and
reduces the risk of lock-in;

Nutrient management guides such
as RB209 assist farmers in reducing
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
this is controlled by the Water
Environment (Diffuse Pollution)
(Scotland) Regulations 2008 and
the Water Environment (Controlled
Activities) (Scotland) Regulations
2011.

Advice: Where farmers recognise
the private benefits of precise
nutrient management, information
and advice can change behaviours
and drive autonomous adaptation.
Incentives: There are challenges to
internalising costs within a farm
business as well as allocating costs
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 to be taken out of

42

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

agricultural production
compensation may be required.

Building capacity:

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 launched in 2018/19.

5

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

Not currently widely practiced.

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

Not widely practiced, but some
examples of solar power
generation on lakes, e.g.
Langthwaite Reservoir in
Lancashire, and the Queen
Elizabeth II reservoir near
Heathrow.

N.A

N.A

There is huge scope 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
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, biomanipulation, aeration, mixing, and
floating solar panels.

therefore timely action is
important.
The new environmental land
management schemes in the UK
post-Brexit5 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 [2019-2023]. Changes to
regulation and advice provision
are also being developed as part
of Defra’s 25YEP.

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

Environmental Land Management Scheme in England, the Sustainable Land Management Scheme in Wales, 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 long
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 adaptation will be required to manage the risk. Adaptation benefits are largely for the public good, although there may be private interest, for
example for the water industry. Nutrient management can mitigate against the production of algal blooms. If nutrients become a limiting factor, algal
blooms may not be able to form despite an increase in temperature. However, it is unlikely that all nutrients would be prevented from reaching
watercourses. In these cases, water treatment options can help to reduce the impact of algal blooms.
Risks of lock-in
Land use change near the lake 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 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 reduced erosion risk due to buffer strips etc.
Urgency scoring
More urgent: more action 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 implanting this adaptation will be seen within the next five
years. Further research is urgently required to identify effective suites of mitigation measures which are not currently widely practiced (e.g. combinations
of: hydrological control, aeration and artificial 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?
Catchment-wide 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 vulnerable zones, 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 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 input rivers have received relatively little focus so far. Few, if any, studies have assessed
the effectiveness of these approaches to mitigate climate change effects on algal blooms in the UK.
In England, there has been an increase in the number of freshwater Sites of Special Scientific Interest
(SSSIs) in favourable condition: 47% in 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% in 2012 (CCC
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 of the impact of adaptation (minimal), however factors
beyond phytoplankton blooms, such as fish, macro-invertebrate, 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 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 be achieved. 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 the impacts?
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 considered the most effective way of preventing the
formation of algal blooms (Visser et al., 2016). This includes pathways from agriculture but also from
waste water discharges and attention should be given to effective regulation and water company
planning. Although 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 cyanobacteria, and shifting the
phytoplankton composition from cyanobacteria to diatoms and green algae (Visser et al., 2016).
Furthermore, wider application of fish biomanipulation approaches could be explored. However, the
economic burden of such approaches, i.e. the continuous 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 scenarios are there limits to adaptation?
The adaptation methods apply in most cases to the pre-conditions 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 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 to prevent
formation of algal blooms. There are also challenges due to tracing the source of diffuse pollution, and
establishing co-operation and joined up action at a catchment scale.
There may be limits to adaptation once severe phytoplankton blooms have established. 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 or re-introduction of fish (depending
upon the trophic level of the fish species in question). However, depending on local conditions, and
likelihood/frequency of the algal bloom re-establishing, restoration may not be appropriate. The
larger the lake, and more severe the algal bloom, the more challenging adaptation can be. Ultimately,
if the nutrient sources cannot be controlled, which may be the case in large parts of the UK, there is
little value in implementing other adaptation options.
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5.4 Temperature effects on phytoplankton blooms in rivers
Figure 7 below summarises the threshold and assessment chain. River water temperatures are likely
to warm in line with air temperature. Above a monthly mean water temperature of 19 °C 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.

Figure 7. Impact chain for temperature effects on phytoplankton blooms in rivers. Purple box shows social/economic or
biodiversity endpoint; Brown box shows potential adaptation measures.

5.4.1 Justification of threshold used in the assessment
In river ecosystems, river water temperatures are likely to warm in line with air temperature, which
in turn stimulate the growth of algal species capable of forming blooms (Bowes et al 2016; Charlton
et al. 2018). A monthly mean water temperature threshold of 19°C for impacts on rivers is described
in Bowes et al (2016). This 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 and reduce blooms (Salmaso
& Zignin 2010). Therefore, as a result of hydrological flushing, we expect that climate-driven bloom
formation would be most likely for lowland rivers, with slower flows. Bloom duration and magnitude
is governed by nutrient availability as 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 Ecosystem assessment – 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 average number of months per year with mean monthly air temperatures
above 19°C, 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 period (Table 9). All UK regions show an increase in the number of months
exceeding the threshold in a warming world.

Table 9. Average number of months per year where projected monthly mean air temperatures exceed a 19 oC threshold
in 2003, and under baseline, 2 °C and 4 °C scenarios. 2003 shown for comparison with a previous ‘hot year’. n.d. = No Data

Region

Number of months exceeding
temperature threshold
Lowland
Baseline
river length 2003 (2001- 2 °C
4 °C
(km)
2010)

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

12,022
8,943
8,823
8,507
5,090
1,271
10,537
3,256
40
20,099
43,445
26,632
25,945
n.d.

1
0
1
2
2
2
2
2
3
1
0
0
0
0

0.1
0
0.2
0.7
0.8
1.2
0.8
1.2
2.1
0.2
0
0
0
0

0.2
0
0.8
1.3
1.5
2.2
1.5
2
3.1
0.5
0
0
0
0

1.4
1
2
2.8
2.9
3.2
2.9
3.3
4.1
1.6
0.2
0.6
0.6
1

England total/average
Wales total/average
Scotland total/average
Northern Ireland
total/average
UK total/average

58,488
20,099
96,022

1.7
1.0
0.0

0.8
0.2
0.0

1.4
0.5
0.0

2.6
1.6
0.5

n.d.

0.0

0.0

0.0

1.0

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 months in a 2 °C scenario
and 2.6 months in a 4 °C scenario. Wales has fewer months exceeding the threshold, with 0.2 at
baseline, increasing to 1.6 months in a 4 °C scenario. Scotland and Northern Ireland do not exceed the
temperature threshold at baseline or in a 2 °C scenario, but do so in the 4 °C scenario.
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5.4.4 Economic assessment – 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 slower moving (i.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 from reservoirs 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 to shade channels provides a mechanism for reducing incident light and water
temperature. Trees and shrubs reduce summer mean and maximum water temperatures, on average,
by 2oC to 3oC in shaded areas (Woodland Trust, 2016), and this effect extends downstream. Therefore
this adaptation measure can be used to delay exceedance of the threshold. Managing flow conditions
by removing barriers and impoundments can also help reduce build-up of phytoplankton blooms in
particular areas. Adaptation approaches are summarised in Table 10.
NAP actions include:




Smarter targeting of fertiliser type and application in order to reduce the potential for
negative impact of agriculture on waterways;
Explore the potential for new innovative and sustainable fertilisers, such as bio-stimulants, to
improve nutrient use efficiency; and
Implement the Site Improvement Plans (SIPs), including actions arising from the climate
change theme plan we have developed for Natura 2000 sites.

Note that no plans are in place that consider adaptation to higher water temperatures in meeting
WFD targets. Net Zero pathways for agriculture include plans to reduce N2O emissions through
increased nitrogen use efficiency; hence reducing nitrate loss to water. Key actions included within
CCC (2020) include extending existing regulation to reduce on-farm emissions, for example through
extending Nitrogen Vulnerable Zones, and encouraging low carbon farming practices such as using
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 run-off from agriculture through 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 water. Measures 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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Table 10. Adaptation approaches for temperature impacts on algal blooms in rivers

6

Nature of
adaptation

Current status & plans

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

Agri-environment schemes are in
place to reduce instances of
agricultural nutrients running off
into watercourses. Rules apply to
those receiving funding under CAP
pillar 1 and pillar 2 as well as those
within nitrate vulnerable zones.

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
Nutrient management guides such
water has been
as RB209 assist farmers in reducing
enhanced
pollution risks.
towards a target
of nearly 5,000
The Reduction and Prevention of
miles by 2021
Agricultural Diffuse Pollution
(CCC 2019). There
(England) Regulations 2018 came
has been an
into force in April 2018 (CCC 2019).
increase in the
Monitoring data is gathered by the
Environment Agency. In Scotland this number of
freshwater sites
is controlled by the Water
of specific
Environment (Diffuse Pollution)
(Scotland) Regulations 2008 and the scientific interest
(SSSIs) in
Water Environment (Controlled
favourable
Activities) (Scotland) Regulations
condition but the
2011.

Potential further action or investigation

Case for action in the next 5
years

Delivering adaptation:

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

Regulation: 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 business
as well as allocating costs 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
river is to be taken out of agricultural
production, and used for riparian planting
or buffer strips, compensation may be
required.

Building capacity:

The new environmental land
management schemes in the UK
post-Brexit6 will apply from
2023, and are likely to include

Environmental Land Management Scheme in England, the Sustainable Land Management Scheme in Wales, and the developing schemes in Scotland and Northern Ireland
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River Basin Management Plans are
required by the Water Framework
Directive to ensure that all ‘defined
water bodies’ meet ‘good status’ by
2021, or by 2027 where this is not
possible (CCC 2019).
The National Environment
Programme includes schemes to
improve discharge from sewage (CCC
2019). This aims to reduce the risk of
eutrophication and improve the
quality of discharge water.

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

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

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 launched in 2018/19.
Riparian
planting to
shade
channels

Four year (2012-2016) Environment
Agency led climate change
adaptation project ‘Keeping Rivers
Cool’. Guidance manual from the
Woodland Trust (2016) on creating
riparian shade for climate change
adaptation.

There is huge scope 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 the economic
case as well as the public good aspect.

N.A

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.). Likewise capacity is available for
planting trees to shade rivers. Capacity is
therefore largely available, but action
depends on the incentives or regulation
in place, and should be targeted 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 to
be clearly built into design and
piloting [2019-2023]. Changes to
regulation and advice provision
are also being developed as part
of Defra’s 25YEP.

Building capacity:
Small changes in land
management can have a big
impact on nutrient runoff which
can then reduce algal blooms in
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 reduce
the instances of algal blooms;
preventing these from 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 adaptation will be required to manage the risk. Adaptation benefits are largely for the public good, although there may be some private interest,
for example for the water industry. Nutrient management can mitigate against the production of phytoplankton and algal blooms; if nutrients become a
limiting factor then algal blooms are unable to form despite an increase in temperature. However, it is unlikely that all nutrients would be prevented
from reaching the river, so this will not entirely eradicate the impacts of the threshold. Tree planting can reduce maximum river temperatures by 2-3oC in
shaded areas compared to open areas, therefore this mechanism will mitigate the impacts of the threshold, but only in shaded areas. However, no plans
in place currently that address risks from higher water temperatures.
Risks of lock-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 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 due to buffer strips etc.
Urgency scoring
More urgent: more action 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 adaptation will be seen within the next five
years.
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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 pre-conditions for algal bloom formation. Catchment-wide 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 vulnerable zones, but not widely elsewhere. Other management aspects such as
riparian planting to shade river 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 ecological status, has
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 blooms, such as fish, macro-invertebrate, 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
adaptation.

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 likelihood of preconditions
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 consider the dominant source of nutrients, e.g. waste water versus
agricultural diffuse pollution. Riparian planting can also be used to keep rivers below temperatures at
which algal blooms form.

In what scenarios are there limits to adaptation?
The adaptation methods apply in most cases to the pre-conditions 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 need to be considered
for management. Lack of incentives or regulation may limit adoption of adaptation actions (e.g.
nutrient management/buffer strips/riparian planting) by land owners, which would impact on the
ability to prevent formation of algal blooms. There are also challenges due to tracing the source of
diffuse pollution, and establishing co-operation and joined up action at a catchment scale.
There may be limits to adaptation once severe phytoplankton blooms have established. Depending
on local conditions, and likelihood/frequency of the algal bloom re-establishing, restoration may not
be appropriate. Ultimately, if the nutrient sources cannot be controlled, there is little value in
implementing other adaptation options. Targeted action is therefore critical.
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5.5 Temperature effects on fish habitat volume in lakes
Figure 8 below summarises the threshold and assessment chain. Increased air temperatures lead to
increased 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 lead to extinction of this species in the
UK, and to a loss in the ecosystem services these fish provide, including recreational fishing.

Figure 8. Impact chain for temperature effects on fish habitat volume in lakes. Purple box shows social/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 temperatures (Winfield et al 2004). 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. stronger thermal stratification) and temperature
driven-increases in plankton populations result in reduced deep-water oxygen concentrations. Coldwater fish species of conservation value, such as the vendace, cannot tolerate such changes, and so
they are excluded from areas with high temperatures and low oxygen (Stefan et al 2001, Elliott &
Bell 2011). Excessive phytoplankton growth can also result in the siltation of fish spawning areas, by
sinking plankton (Winfield et al 2008). Nutrient loading stimulates plankton growth, and can worsen
oxygen depletion and spawning ground siltation further. In addition, climate warming may facilitate
the expansion of non-native species that can compete with vendace for shared food resources (e.g.
Elliott et al 2015), and further increase the pressures faced by current populations. A threshold
mean monthly water temperature of 18°C represents a physiological constraint on the vendace,
above which it is unlikely to persist (Winfield et al 2004). Different fish species have different
physiological thresholds with respect to temperature, and 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
exceeded in the lakes where it currently persists, it may be driven to extinction. Such changes would
result in a loss of biodiversity, and would impact on recreational potential.

5.5.3 Ecosystem assessment – climate hazard thresholds
An empirical relationship between lake water temperature and air temperature was used to derive an
air temperature threshold from the monthly lake water temperature threshold of 18 °C (see
Supplementary Methods). Therefore, in this assessment the number of months with monthly mean
air temperatures exceeding a 15.6 °C threshold was calculated.
Below we show the average number of months per year with mean monthly water temperatures
exceeding 18 °C for each scenario period (Table 11). All UK regions show an increase in the number of
months exceeding the threshold in a warming world.

Table 11. Average number of months per year where monthly mean water temperatures exceed a 18 oC threshold, in
2003, baseline, 2°C and 4°C scenarios. Data for 2003 is shown for comparison with a previous ‘hot year’.

Region
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 (average of regions)
Scotland (average of regions)
Northern Ireland (average of
regions)
UK (average of regions)

Number of months exceeding threshold
Baseline
2003
2 °C
4 °C
(2001-2010)

Vendace
present

2
1
2
2
2
2
2
3
3
2
0
0
0
0

0.4
0.2
0.9
1.2
1.2
1.6
1.2
1.7
3
0.5
0
0
0
0.1

0.8
0.5
1.3
2.2
2.2
2.9
2.2
2.9
3.3
1
0
0
0
0.6

2.2
1.6
2.6
3.3
3.1
3.9
3.5
3.9
4.4
2.4
0.3
1.1
0.7
1.4

Present

2.1
2.0

1.3
0.5

2.0
1.0

3.2
2.4

Present

0.0
0.0

0.0
0.1

0.0
0.6

0.7
1.4

Present

1.5

0.9

1.4

2.5

Present

Present
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Vendace is only present in two regions: north west England and west Scotland. In north west England
the number of months exceeding the threshold increases from 0.4 at baseline to 0.8 in a 2 °C scenario
and 2.2 in a 4 °C scenario, resulting in a change from low ecological risk to high. In west Scotland,
temperatures only exceed the threshold in the 4 °C scenario, where risk increases from low to
medium.

5.5.4 Economic assessment – impact on goods and services
It was not possible to calculate an economic assessment for impacts on vendace, since the recreation
value and conservation value of this species are not sufficiently studied.

5.5.5 Adaptation
NAP actions include:



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

The Fisheries Bill [HL] 2019-217 has a climate change objective which seeks to ensure that:
a) the adverse effect of fish and aquaculture activities on climate change is minimised, and
b) fish and aquaculture activities adapt to climate change.
However, the provisions of the legislation are focused on sea fishing and there are no specific
adaptations listed that relate to rivers and lakes.
Local nutrient management can partially offset issues of oxygen depletion, though not temperature
increase. NAP actions to improve water quality and reverse the deterioration of groundwater are
relevant, namely:



Smarter targeting of fertiliser type and application in order to reduce the potential negative
impact of agriculture on waterways; and
Explore the potential for new innovative and sustainable fertilisers, such as bio-stimulants, to
improve nutrient use efficiency.

Net Zero pathways for agriculture also include plans to reduce N2O emissions through increase
nitrogen use efficiency; hence reducing nitrate loss to water. Key actions included within CCC (2020)
include extending existing regulation to reduce on-farm emissions, for example through extending
Nitrogen Vulnerable Zones, and 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 increased phytoplankton and
oxygen depletion. Nutrients could be reduced through reducing run-off from agriculture through
precision application, or by creating a buffer strip around fields and the lake to reduce loadings of
nutrients reaching the water. Measures such as 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.

7

https://services.parliament.uk/bills/2019-21/fisheries.html
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Approaches to limit the “internal” supply of nutrients from lake bed sediments can also be used to
mediate the effects of climate change, including chemical remediation to lock-up phosphorus.
Disruption of increasingly stable water columns through aeration and artificial mixing may also offset
temperature-driven bloom increases 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, more interventionist
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, post-extirpation, if the site conditions have become suitable
(e.g. through reduced nutrient 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 avoided (Winfield et al 2008, Waters et al., 2018). Adaptation approaches are
summarised in Table 12.
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Table 12. Adaptation approaches for temperature on suitable habitat for rare fish species

Nature of
adaptation

Current status & plans

Benefits of
adaptation since
2012

Potential further action or
investigation

Case for action in the next 5 years

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

Agri-environment schemes and
rules for farmers are in place to
reduce instances of agricultural
nutrients running off into
watercourses. Rules apply to
those receiving funding under
CAP pillar 1 and pillar 2 as well
as those within nitrate
vulnerable zones.

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 reduced
(CCC 2019).

Delivering adaptation:

Delivering adaptation:

Nutrient management guides
such as RB209 assist farmers in
reducing 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 this is
controlled by the Water
Environment (Diffuse Pollution)
(Scotland) Regulations 2008 and

8

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.

Implementing (or improving)
nutrient management practices will
have benefits within the next five
years in terms of the amount of
nutrients which reach
watercourses. However, further
adaptation such as land use change
(buffer strips, afforestation etc.)
Advice: Where farmers recognise the
may be required to have a greater
private benefits of precise nutrient
impact. Combining these land
management, information and
management changes with water
advice can change behaviours and
management practices (e.g. mixing
drive autonomous adaptation.
and aeration) may be able to delay
the threshold. Early action
Incentives: There are challenges
decreases water pollution and
internalising costs within a farm
business as well as allocating costs as reduces the risk of lock-in;
therefore timely action is
the source of numerous small
important.
pollution incidents are not easily
identifiable. Therefore grants may be
The new environmental land
required to assist farmers with
management schemes in the UK
nutrient management. If land near
post-Brexit8 will apply from 2023,

Environmental Land Management Scheme in England, the Sustainable Land Management Scheme in Wales, and the developing schemes in Scotland and Northern Ireland
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the Water Environment
(Controlled Activities) (Scotland)
Regulations 2011.

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

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

Building capacity:
There is huge scope 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 the
economic case as well as the public
good aspect.

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 launched in
2018/19.
Changing the
conditions within
the lake, for
example through
aeration or
artificial mixing.

Not currently widely practiced.

N.A

and are likely to include measures
to reduce diffuse nutrient pollution.
However, such adaptation options
need to be clearly built into design
and piloting [2019-2023]. Changes
to regulation and advice provision
are also being developed as part of
Defra’s 25YEP.

Building capacity:

Benefits can be realised within the
next five years as small changes in
land management can have a big
impact on nutrient runoff which can
Land management techniques to
then reduce algal blooms in
limit the amount of nutrients which
watercourses. Building capacity in
get in to watercourses are widely
practices such as aeration, mixing
available (e.g. wastewater
and covering will provide additional
treatment, precision application of
options where nutrient
nutrients, buffer strips etc.). Capacity
management is not sufficient to
is therefore largely available, but
prevent algal blooms, oxygen
action depends on the incentives or
depletion, and subsequent loss of
regulation in place. Increasing
fish species. As there could be a
capacity may be required for actions
long lead time in the development
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related to aeration, mixing, and
floating solar panels.

of these 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 adaptation will be required to manage the risk. In England, the risk from climate change is such that there may be no viable adaptation option.
Adaptation benefits are largely for the public good, although 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 all nutrients would be prevented
from reaching watercourses. In these cases, water treatment options such as aeration and mixing can help to reduce the impact of algal blooms and
improve oxygen conditions. However, there may be species in the water body which are unable to recover after the threshold has been crossed. If able
to relocate species to more suitable sites, the impact of the threshold can be avoided. There are no current plans in place to address increasing water
temperatures.
Risks of lock-in
Taking land out of production near the lake may create 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 in water quality possible 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 due to buffer strips etc.
Urgency scoring
More urgent: more action needed – planned 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 not currently widely practiced (aeration, artificial
mixing, etc.).
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What is the impact of current levels of adaptation at mitigating these risks?
Catchment-wide management of nitrogen and phosphorus diffuse sources and improved
management of point 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 number of surface water bodies in
England in high or good ecological status has fallen since 2012 (CCC 2019). These figures can be used
as an indication of the impact of adaptation (minimal), however factors 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 occurring, or afterwards to manage the impacts?
Management of nutrient sources and sediment loads can be applied to lakes supporting vendace
populations to reduce impacts on oxygen depletion (excess phytoplankton growth) and spawning
habitats (phytoplankton and sediment loads). Although not currently widely practiced, aeration,
artificial mixing, and chemical remediation could be used to reduce oxygen depletion and promote
fish habitat volumes, though an advanced assessment of the potential for unintended ecological
consequences is highly recommended. If the threshold is crossed, and nutrients are not a limiting
factor to algal blooms and oxygen depletion, water 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 most cases to the pre-conditions 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 have lakes that
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 owners, which would impact on the ability to prevent
formation of algal blooms. There may be species in the water body which are unable to recover after
the threshold has been crossed.
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5.6 Temperature effects on zooplankton species composition in lakes
Figure 9 below summarises the threshold and assessment chain. Increased air temperatures lead to
increased water temperatures. Above a monthly mean water temperature of 14 °C, changes in the
composition of the zooplankton community occur. Changes at this trophic level cannot be easily
translated into impacts on ecosystem services.

Figure 9. Impact chain for temperature effects on zooplankton species composition 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 (Bruel et al 2018). Warming water can
stimulate the growth of filamentous phytoplankton, including cyanobacteria (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
(Gyllström et al 2005). Changing nutrient loading can interact with these effects by influencing the
quantity and quality of food available to the grazers. A monthly mean water temperature threshold
of 14°C was derived for impacts on zooplankton composition (Bruel et al 2018).

5.6.2 Impacts on natural assets and the services they provide
Changes in zooplankton community composition affect biodiversity, and have the potential to impact
grazing pressure on phytoplankton, and thus water quality. Changes to the zooplankton community
can also alter higher trophic levels in aquatic systems.

5.6.3 Ecosystem assessment – climate 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 this assessment the number
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of months with monthly mean air temperatures exceeding a 12.0 °C threshold was calculated. The air
temperature differs from the water temperature threshold due to the higher specific heat capacity of
water – see Appendix 1 for the equation.
Below we show the average number of months per year with mean water temperatures exceeding 14
°C for each scenario period (Table 13). All UK regions show an increase in 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 England, the number of months exceeding the threshold increases from
3.7 at current day to 5.3 under a 4 °C 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 thresholds and
Northern Ireland increases from 2.7 to 4.7 months under the 4 °C scenario. 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 changes in zooplankton communities on wider ecosystem services
are difficult to assess.

Table 13. Average number of months per year where projected monthly mean water temperatures exceed a 14 oC
threshold for 2003, at baseline and under 2°C and 4°C scenarios. Data for 2003 shown for comparison with a previous ‘hot
year’.

Region
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 (average of regions)
Scotland (average of regions)
Northern Ireland (average of regions)
UK (average of regions)

Number of months exceeding threshold
Baseline
2003
2 °C
4 °C
(2001-2010)
3
3
3
3
3
4
4
4
4
3
2
3
2
3

3.3
2.8
3.3
3.4
3.6
4.2
3.8
4.4
4.6
3.3
1.2
2.4
1.8
2.7

3.6
3.3
3.6
4.1
4.1
4.5
4.3
4.5
4.9
3.7
1.9
3.2
2.4
3.6

4.7
4
4.8
5.1
5.3
5.8
5.6
5.9
6.7
4.9
3.3
4.1
3.8
4.7

3.4
3.0
2.3
3.0
3.1

3.7
3.3
1.8
2.7
3.2

4.1
3.7
2.5
3.6
3.7

5.3
4.9
3.7
4.7
4.9
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5.6.4 Economic assessment – impact on goods and services
It was not possible to calculate an economic assessment for impacts on zooplankton populations, due
to difficulties in translating changes in the respective zooplankton community into an associated
change in ecosystem service provision.

5.6.5 Adaptation
Climate-driven changes in community structure could offset the effects of restoration efforts.
Riparian planting 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 2oC to 3oC in shaded areas of rivers and small water bodies (Woodland Trust, 2016). 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 nutrients are limited, the impact of increased
temperature on algal blooms is lessened. Nutrients could be reduced through reducing run-off from
agriculture through precision application, or by creating a buffer strip around fields and lakes to reduce
loadings of pollutants reaching the water.
There is the potential for “top-down” management of zooplankton composition through fish
biomanipulation to reduce predation on species that have an important role in mediating water
quality, and to increase the availability of predation refuges for these species (Phillips et al 2015).
Furthermore, continued vigilance regarding the potential for introduction of non-native predators of
zooplankton (e.g. planktivorous fish like roach, Elliott et al 2015) is recommended. Adaptation
approaches are summarised in Table 14.
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Table 14. Adaptation approaches for temperature impacts on zooplankton composition in lakes.

Nature of
adaptation

Current status & plans

Local nutrient
management to
prevent nutrients
from entering the
lake – this could
include reducing runoff from agriculture
and enhancing
wastewater
treatment.

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

Benefits of
adaptation since
2012

There has been
an increase in the
number of
freshwater sites
of specific
Nutrient management guides such
scientific interest
as RB209 assist farmers in reducing
(SSSIs) in
pollution risks.
favourable
condition but the
The Reduction and Prevention of
proportion of
Agricultural Diffuse Pollution
surface water
(England) Regulations 2018 came
bodies in high or
into force in April 2018 (CCC 2019).
good ecological
Monitoring data is gathered by the
Environment Agency. In Scotland this status, has
reduced (CCC
is controlled by the Water
2019).
Environment (Diffuse Pollution)
(Scotland) Regulations 2008 and the
Water Environment (Controlled
Activities) (Scotland) Regulations
2011.
The National Environment
Programme includes schemes to
improve discharge from sewage (CCC
2019). This aims to reduce the risk of

Potential further action or
investigation

Case for action in the next 5
years

Delivering adaptation:

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.

Implementing (or improving)
nutrient management
practices will have benefits
within the next 5 years in
terms of the amount of
nutrients which reach
watercourses. However,
further adaptation such as land
use change (buffer strips,
afforestation etc.) may be
required to have a greater
impact. Combining these land
management changes with
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 lock-in; therefore timely
action is important.

Advice: Where farmers recognise
the private benefits 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 costs
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 to be taken out of

The new environmental land
management schemes in the
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eutrophication and improve the
quality of discharge water.

agricultural production
compensation may be required.

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 launched in 2018/19.

9

Building capacity:

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
N.A.
recent projects have been promoting
tree and shrub planting along river
banks to provide shading.

There is huge scope 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
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
aeration, mixing, and floating solar
panels.

UK post-Brexit9 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 [2019-2023].
Changes to regulation and
advice provision are also being
developed as part of Defra’s
25YEP.

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

Environmental Land Management Scheme in England, the Sustainable Land Management Scheme in Wales, and the developing schemes in Scotland and Northern Ireland
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zooplankton species. As there
could be a long lead time in the
development of these 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 adaptation will be required to manage the risk. Adaptation benefits are largely for the public good, although there may be some private interest,
for example for the 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 cases, water treatment options such as
aeration and mixing can help to reduce the impact of nutrient loading. However, there may be species in the lake which are unable to recover after the
threshold has been crossed.
Risks of lock-in
Taking land out of production near the lake 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 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 due to buffer strips etc.
Urgency scoring
More urgent: Research priority – further research is needed. Planned adaptation will be required, however, research may be needed to fill evidence gaps
of how changes in zooplankton community affects the wider ecosystem. Further research may also be required for some mitigation measures which are
not currently widely practiced (aeration, artificial mixing, shading etc.).
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What is the impact of current levels of adaptation at mitigating these risks?
Catchment-wide management of nitrogen and phosphorus diffuse sources and improved
management of point sources, often domestic sewage can partly 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 quality by reducing catchment nutrient sources are not
widespread enough to serve as adaptation for this pressure. It should 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 reducing light and water
temperature. Trees and shrubs reduce summer mean and maximum water temperatures, on average,
by 2oC to 3oC in shaded areas of rivers and small water bodies (Woodland Trust, 2016). Therefore this
adaptation measure can be used to reduce the risk from rising temperatures, although only in areas
which are shaded, and may not be feasible for some lakes. Actions involving aeration, artificial mixing,
and chemical remediation could also be used to reduce oxygen depletion.

In what scenarios are there limits to adaptation?
The adaptation methods apply in most cases to the pre-conditions necessary for increases in plankton
populations and oxygen depletion, 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
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 to prevent formation of algal blooms. There may be species in the water body which are
unable to recover after the threshold has been crossed. Where lakes are unsuitable for riparian
planting to increase shade and lower water temperatures there may 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 Habitat types as defined in the UK
National Ecosystem Assessment: Enclosed farmland and Semi-natural grasslands, referred to as
Farmland and Grasslands in the rest of this assessment.
The literature review identified five potential threshold-based impacts (section 16.2.1), of which four
were taken forward in the national screening assessment. Three were related to temperature:
increased parasite outbreaks in sheep, declines in milk production, and declines in wheat
production, and one impact was related to rainfall: increased soil erosion. Additional impacts linked
to flood risk were described, but not fully assessed in this project as they were the focus of a
separate CCRA3 research project on flooding. A case study focused in more detail on the losses to
milk production.

Temperature effects on lamb production (Ne 7, Ne 8)
An increase in the number of days where daily mean temperature exceeds a 9 °C threshold allows
sheep parasites to increase their life cycle more frequently, with health impacts for sheep and
economic costs to farmers.
Overall, at a UK level, annual costs to farmers from parasite infection of lambs are projected to
increase from £81 million per year at baseline to £97 million per year under a 2 °C scenario and £113
million per year under a 4 °C scenario.
Current adaptation measures focus on treatment of parasite infection. The NAP actions include
managing existing animal diseases, and lowering the risk of new animal diseases. However,
adaptation is not currently widely practiced, therefore, the impact of current levels of adaptation at
mitigating these risks is low. Raising awareness of the risks and impacts of parasite infection is key as
the adaptation response relies on the action of individual 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 on milk production (Ne 7)
Exceeding a temperature-humidity 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 level, annual costs to farmers are projected to increase from £2.5 million per year at
baseline to £3.8 million per year under a 2 °C scenario and £15.9 million per year under 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 heat stress is not considered to be a major issue in the
UK. However, milk producers are likely to pursue reactive adaptation to safeguard economic returns,
but this could be very capital-intensive.
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Urgency scoring - More urgent: more action needed - Action is needed to 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 effects on wheat production (Ne 7)
Exceeding a maximum daily temperature of 32 °C during anthesis (between May and mid-June) leads
to reduced number of grains in wheat, and exceeding a maximum daily temperature of 35 °C for at
least three consecutive days during the grain-filling period (from mid-June 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. The grain-filling
threshold is exceeded under a 4 °C scenario, in four regions in England. The regional pattern of
exceedance is important as these are key wheat producing areas. This results in lost wheat
production totalling £42 million in the UK, which represents 2% of the total value of wheat
production in 2018.
This is not currently a widespread issue in the UK, so adaptation actions are not yet in place. Further
research on plant breeding and the availability of longer-season or heat-stress resistant varieties for
widespread commercial use would avoid the impacts of exceeding the threshold. Awareness raising
will also be important in high-risk areas to inform planting decisions in due course.
Urgency scoring – More urgent: Research priority.

Rainfall effects on soil erosion (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 soil
fertility and reduced crop yields and economic 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 a 2 °C scenario, but dropping slightly to 11 million
tonnes under the 4 °C scenario due to reductions in intense rainfall in the areas with most arable
production in 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 2 °C scenario and £3.8 million under a 4 °C scenario. While economic losses are low,
soil is a finite resource and erosion leads to an irreversible loss of natural capital. The impacts on a
wider set of functions such as flooding and greenhouse gas emissions will greatly increase this cost
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 needed - Early action would have benefits and build
resilience as well as reduce the risk of lock-in. This 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 grasslands – national screening assessment
This section covers impacts on arable and livestock systems in both enclosed and unenclosed
farmland and grasslands. Four of the five potential thresholds were taken forward in the national
screening assessment. The impacts prioritised are shown in Table 15. The full list of potential
impacts identified in the literature review can be found in Section 16.2.

Table 15. Potential threshold-driven impacts in farmland and grasslands. Evidence for each of these thresholds is provided
in the text below.

Climatemediated
stressor
Temperature

Habitat
Grassland

Temperature

Farmland/
Grassland

Temperature

Arable
Farmland

Rainfall

Farmland/
Grassland

Threshold
Daily mean
temperature > 9 °C

Biophysical
response

Parasite
outbreaks in
sheep
TemperatureDecrease in milk
Humidity Index, THI yield per cow
> 74
Daily maximum
Decrease in
temperature > 32
wheat
°C (from 1 May to
productivity
15 June)
Daily rainfall > 30
mm, in
combination with
RUSLE analysis for
soil erosion
potential

Societal endpoint affected
Lamb
production

Aligned
risk
descriptors
Ne 7, Ne
8

Milk
production

Ne 7

Wheat
production

Ne 7

Soil erosion, loss Crop yield
of topsoil

Ne 5, Ne
7
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6.3 Temperature effects on parasite outbreaks in livestock.
Figure 10 below summarises the threshold and assessment chain. A longer season above the
developmental threshold of 9 °C daily mean temperature allows sheep parasites to more frequently
complete their life cycle, causing disease and illness in sheep. This in turn results in weight loss of
lambs and increased economic costs to farmers.

Figure 10. Impact chain for temperature effects on parasite outbreaks in sheep. Purple box shows 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 cause non-linear
increases in parasite outbreaks (Fox et al., 2015). Incidences of Fasciola hepatica (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 also been linked to increasing
temperatures under climate change (Caminade et al., 2015). An important parasite is Haemonchus
contortus, a parasitic nematode commonly linked to sheep farming, which has been the focus of
several studies. These suggest that warmer winters allow it to more frequently complete its life cycle
and have enabled a northward spread of its range into Wales and Scotland. Rose et al. (2015; 2016)
modelled survival, development and infection of Haemonchus contortus in 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 9 oC, which represents the development threshold for this
parasite.
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6.3.2 Impacts on natural assets and the services they provide
In parts of the UK where the climate allows the 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 the economic viability of sheep farming (Short et al., 2017).

6.3.3 Ecosystem assessment– climate hazard thresholds
For this analysis, the number of days with a daily mean temperature over 9 oC was calculated.
Results of the climate risk are shown in Table 16. 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 2 oC scenario, and 60 days under a 4 oC 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 increases by a similar
duration. In Northern Ireland, the development season increases from a baseline of 155 days by 40
days under a 2 oC scenario and 60 days under a 4 oC scenario.

Table 16. Number of days per year with daily mean temperature > 9 oC, by region. Average over ten year period for
baseline (2001 – 2010), for 2 oC and 4 oC scenarios.

Region
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

Baseline
(20012 °C
2010)

4 °C

157
142
162
176
179
192
194
197
213
165
116
142
124
156

187
171
188
204
204
217
222
222
233
197
150
174
155
196

217
201
220
237
237
253
258
260
270
228
178
203
183
215

England (average of regions)
Wales
Scotland (average of regions)
Northern Ireland

179.2
164.6
127.0
155.8

205.5
197.2
159.7
195.6

239.2
227.9
188.1
215.4

UK (average of regions)

165.3

194.4

225.7
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6.3.4 Economic assessment – impact on goods and services
We estimate monetary losses from parasite infection by adapting findings from Nieuwhof and
Bishop (2005) who calculated an £86 million loss per year to the Great Britain sheep industry in
2005. Nieuwhof and Bishop obtained this value using a bottom-up approach 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 9 oC 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 monetary losses from parasite infection at baseline in each region, we calculate the
per-lamb monetary loss in Nieuhof and Bishop, and scale losses regionally using the lamb population
in each region from the June 2017 Survey of Agriculture and Horticulture. Baseline economic 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).
For future years, we calculate the monetary loss in each region by estimating the percentage change
in number of warm days under 2 oC and 4 oC scenarios from baseline (Table 16). These are shown in
Table 17.
For the UK as a whole, at the baseline annual economic losses are already £81 m per year. This
compares to the total production value of sheep meat in 2018 at £1.2 billion in the UK, around 7% of
total production10. Under the 2 oC scenario, monetary losses increase to £97 m per year while under
the 4 oC scenario they total £113 m per year. In England, losses increase from £37 m per year at
baseline to £43 m and £50 m per year under 2 oC and 4 oC scenarios respectively. In Wales they
increase from £22 m per year to £27 m and £31 m per year, while in Scotland annual losses increase
from £16 m to £20 m and £23 m. In Northern Ireland they increase from £4.8 m to £6.1 m and £6.7
m per year. Projected economic costs of greater parasitic outbreak could thus cost up to 10% of the
value of lamb production under a 4 oC scenario.

10

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/860944/
agriaccounts-tiffstatsnotice-27jan20.pdf
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Table 17. Annual economic losses in lamb production by region. Average over ten year period for baseline (2001 – 2010),
2 oC and 4 oC scenarios.

Total no. lambs
(million)

Region

Monetary loss (£ million)
Baseline
2 °C
(2001-2010)

4 °C

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

5.4

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

4.9

23.0

27.4

31.8

-

-

-

-

-

-

-

-

-

-

-

-

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

17.3

81.4

97.4

113.2

London

1

Wales
North Scotland2
West Scotland
East Scotland

2

2

UK (total)

1 – London lambs data included in South East England; 2 – See 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 areas, and using new resources and techniques to treat
parasite infection. The timing of reproduction, housing and 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 no longer viable. Another adaptation would be to breed resistance in host species. These
adaptations could be something that decision makers should be looking at in order to determine
whether these are possibilities for future production post-threshold.
New vaccinations may be another way of mitigating against the impact of the threshold. The cost of
liver fluke in beef is estimated at £90 per calf (ADAS 2013). The cost of treating fluke in beef
youngstock is £3/head (taking into account the cost of flukicide treatment, as well as the labour to
administer this); therefore the cost benefit is £87 per calf (ADAS 2013). Similarly, the cost of fluke
per lamb is estimated at £6 per lamb, with the cost of flukicide treatment and labour to administer
this estimated as £0.44 per lamb; giving a net benefit of £5.60 (ADAS 2013). This demonstrates that
using vaccinations can reduce the risk of economic losses due to increased spread of parasites.
However, the cost benefit will vary based on whether a vaccination is available for the specific
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parasite, and how much this costs. If a vaccine for a particular parasite is available and 100%
effective, the impact of the threshold can be avoided.
Where land is very susceptible to parasites such as liver fluke, it may be that decisions are 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 and management of high-risk land though post-Brexit agrienvironment schemes or payment for public goods.
The NAP actions include:



Managing existing animal diseases; and
Lowering the risk of new animal 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 cross-government contingency plan for 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
manage parasite infection relies on improved awareness and action by land managers alongside
better models/forecasting/communication to the farm sector and innovations in disease treatment.
Adaptation approaches are summarised in Table 18.

What is the impact of current levels of adaptation at mitigating these risks?
Widespread adaptation is not widely practiced, therefore, the 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 thresholds occurring, or afterwards to manage the impacts?
Managing existing diseases by rotating worming, moving animals to ‘safe’ grazing, and changing
animal husbandry by altering timing of reproduction, housing and grazing are all management
options that 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 animal species 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 scenarios 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 production. 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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Table 18. Adaptation approaches to temperature impacts on parasites in sheep.

Nature of
adaptation

Current status & plans

Managing existing
animal diseases, e.g.
rotating worming,
moving animals to
‘safe’ grazing
Use of new
resources and
techniques to treat
parasite infection,
including new
vaccines

Relies on commercial good practice,
including effective use of disease
prediction services (NADIS 2019).

Changes in animal
husbandry, such as
altering timing of
reproduction,
housing and grazing

Change animal
species or
production system

Benefits of
adaptation
since 2012
N.A

Requires research into different
N.A
methods that could be used to treat
infection. The development of
vaccines for endoparasites and
ectoparasites are difficult to produce
and are not yet available (Skuce et al.,
2013).
These are readily available methods to N.A
farmers, although housing may
require additional investment.
Housing can create difficulties as
increasing the amount of time spent
indoors can result in an increase of
housing-associated parasites, whereas
increased time outside can result in
greater risks of pasture-borne
parasites (Fox et al., 2012; Skuce et al.,
2013)
This may have wide impacts on the
N.A
landscape of UK agriculture and diets.
No evidence of changes of this nature
to date.

Potential further action or
investigation

Case for action in the next 5
years

Delivering adaptation:
Assuming capacity is available, the
following steps can be taken to deliver
adaptation:
Regulation: Some regulatory action
can be taken to protect animal
welfare.
Advice: Distribution of information on
managing existing animal disease and
techniques to reduce risk.
Incentives: Capital grants can
incentivise housing which may help to
reduce risk of parasites from grazing.
Other changes in husbandry could also
be incentivised to promote action.
Incentives could be provided for high
risk land to be used for afforestation
or wetland creation

Delivering adaptation:
Providing the capacity is
available (required for
research/vaccines/breeding
resistance) benefits may be seen
from action taken in the short
term, as husbandry practices/
knowledge around managing
existing diseases can be
implemented quickly.
The new environmental land
management schemes in the UK
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 part
of the 25YEP. As such, action in
the next 5 years to build CC
adaptation to agriculture policy
is a priority

Building capacity:
There is huge 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

Building capacity:
New vaccines and breeding
resistance require forward
planning so starting this process
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Breeding resistance
in host species

Breeding for resistance to parasites is
possible, however work is still ongoing. Evidence from New Zealand
sheep shows that improvements can
be made over a 10 year period, with
reduced treatments required (Fox et
al., 2012; Abbott et al., 2012).

N.A

monitoring systems and 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 benefits 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 managed by reactive or planned adaptation?
Can be managed by reactive adaptation where farmers have the awareness and knowledge to use forecasting tools and make changes. However, there is
a high risk of parasite outbreaks in livestock being seen as a chronic disease and accepted as a seasonal effect. Adaptation strategies such as new
vaccinations and breeding resistance would require forward planning. If a vaccine for a particular parasite is available and 100% effective, the impact of
the threshold can be avoided. Coordination across the country would be required for these actions to be effective. It should also be noted that for high
impact diseases, isolation and control once detected is often carried out by Government.
Risks of lock-in
In the long term, parasites may restrict livestock breeds which can be 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 welfare. Conversely, housing large herds
indoors can facilitate use of technical manure-management approaches which reduce both water and air pollution.
Urgency scoring
More urgent: Research priority. Further investigation is needed to gather evidence of risks and look at potential adaptation options.
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6.4 Temperature effects on milk production
Figure 11 below summarises the threshold and assessment chain. Exceedance of the temperature
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
(section 11), which focuses on analysis of a wider set of climate projections.

Figure 11. Impact chain for temperature effects on milk production. Purple box shows endpoint social/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 heatwave in
the UK reportedly resulting in the death of thousands of intensively farmed chickens 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 THI of 74, milk yield is reduced. Researchers cited in Dunn et 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 in THI. Studies cited
within Mukherjee et al., (2012) also report varying impacts, with daily milk loss per unit of THI stated
as 0.25 litres (Argentina) and 0.29 +/- 0.04 kg (Sudan), and annual loss ranging from 31.4 +/- 12.2 kg
of milk/cow (Netherlands), to 100-168 kg (USA) and 59 to 103 litres (Australia). In the UK, Dunn et
al., (2014) found that at least one herd in south-west England experienced a 30% reduction in milk
yield during the 2006 heat wave. Using the A1B scenario from UKCP09, Dunn et al. (2014) predict
that the number of days where THI exceeds the threshold for the on-set of mild 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 THI and the 72 threshold can be breached at
temperatures as low as 22oC if the relative humidity is high (around 90%) (Ohnstad, 2012). Effects
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, 2017). Researchers cited in Dunn et al. (2014) suggest that the THI for onset of heat
stress in modern Holstein cattle could be as low as 65-69. Where the THI consistently exceeds 74
during the previous 4 days, milk production begins to decline (Linvill and Pardue, 1992; Polsky and
von Keyerslingk, 2017). Mukherjee et al., (2012) also found that THI has a significant nonlinear
negative effect on milk production. Based on Polsky and von Keyserlingk, (2017) and Linvill 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 production, increased temperatures also result in a decrease in conception
rates (Wolfenson and Roth, 2019). Higher temperature reduces the intensity and duration of
oestrous expression, which negatively impacts on the cow’s ability to display natural mating
behaviour (Orihuela, 2000); while most dairy cows are artificially inseminated, there is still a reliance
on identifying animals for breeding on the basis of behaviours. Media articles during the 2018
heatwave in the UK reported cows ‘aborting’ their calves due to the stress of the hot weather (BBC,
2018a) and ‘not milking’ as they should (BBC, 2018b).
The economic losses from heat stress can be substantial. In the US, annual economic losses range
from $1.7 to $2.4 billion. Of this, nearly $900 million is specifically from the dairy industry, arising
from decreased reproduction and milk production, alongside increased culling (St-Pierre et al.,
2003).

6.4.3 Ecosystem assessment – climate 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 to 23 oC. This is at the conservative end of the
0.2-0.9 kg/day range. The calculations underlying this threshold were as follows: The formula that
Dunn et al., (2014) use to calculate THI is: THI = (1.8T + 32) – (0.55 – 0.005RH) x (T – 26.8), where T =
temperature (oC) and RH = relative humidity (%). The average relative humidity (RH) of a UK summer
ranges from around 71% to 82% depending on location (Jenkins et al., 2008). Average RH in winter
ranges from 83% to 86% (Jenkins et al., 2008). Using the Dunn et al., (2014) calculation, and the
summer relative humidity values from Jenkins et al., (2008), THI reaches 74 at 23oC (at 71% RH) and
23.1oC (82% RH). For 82% RH, 26.7oC would induce moderate heat stress (THI of 80), and 32.7oC (at
82% RH) would lead to severe heat stress (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 exceeds 23 °C, the onset of mild heat stress, at an
average summer relative humidity of 75%, (equivalent to a THI of 74 using the equation of Dunn et
al. (2014)).

Hot-day temperatures already exceed the onset of mild heat stress in every UK region (Table 19),
varying from 1 day per year in North Scotland up to as much as 32 days in London, and 14 days in
some key milk-producing regions like South West England. Future maximum daily temperatures lie
predominantly within the ‘mild heat stress’ range (Polsky and von Keyerslingk, 2017). Across the UK
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as a whole, the number of days exceeding the threshold increases from 11 at baseline to 15 days
under a 2 oC scenario and more than triples to 36 days under a 4 oC scenario.
In England, the number of days exceeding the threshold 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 increases four-fold
to 27 days under a 4 oC scenario. In Scotland it increases from 1.6 days at baseline to 2.5 days and
7.6 days, while in Northern Ireland it increases from 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 1.1 million dairy cows, 61% of total
UK dairy cows, are located. 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% of UK total). In Scotland where incidence of temperature exceedance is
projected to be lower, 0.2 million cows (10% of UK total) are located.

Table 19. Average number of days per year where the daily maximum temperature exceeds THI = 74 for baseline (2001 –
2010), 2 oC and 4 oC scenarios, by region. Average of daily maximum temperature for the periods above the threshold, and
the equivalent THI. All data are average over ten year period.

Number of days
exceeding threshold

Region
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)

Baseline
(20012010)
5.8
4.6
10.2
15.9
18.2
21.8
14.2
20.6
32.3
6.9
1.0
2.0
1.8
2.5

2 °C

6.8
4.8
12.4
21.0
23.6
30.9
19.9
30.0
46.4
8.8
3.0
2.3
2.2
3.1

4 °C

20.2
19.0
36.4
52.1
56.0
68.2
53.3
69.2
84.5
27.7
5.4
8.4
9.1
13.0

Average temperature
above threshold
Baseline
(20012010)
24.3
24.2
24.4
24.7
24.9
24.9
24.5
24.9
25.3
24.3
23.4
23.8
23.4
23.9

2 °C

24.3
24.2
24.5
24.9
24.8
25.1
24.8
25.1
25.4
24.5
25.4
23.9
24.3
23.8

4 °C

25.3
24.9
25.4
26.0
26.1
26.2
25.8
26.1
26.6
25.3
24.5
24.5
24.5
24.6

THI equivalent
Baseline
(20012010)
76.2
75.9
76.3
76.8
77.1
77.2
76.6
77.2
77.8
76.2
74.8
75.3
74.8
75.5

2 °C

4 °C

76.2
76.1
76.5
77.1
77.0
77.4
77.0
77.5
78.0
76.6
78.0
75.5
76.3
75.4

77.8
77.2
78.0
79.0
79.0
79.3
78.5
79.2
80.0
77.8
76.4
76.6
76.5
76.7

16.0

21.8

51.0

24.7

24.8

25.8

76.8

77.0

78.7

6.9
1.6

8.8
2.5

27.7
7.6

24.3
23.6

24.5
24.5

25.3
24.5

76.2
75.0

76.6
76.6

77.8
76.5

2.5
11.3

3.1
15.4

13.0
37.3

23.9
24.4

23.8
24.7

24.6
25.4

75.5
76.3

75.4
76.8

76.7
78.0
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6.4.4 Economic assessment – 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 from the 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 (2017), dairy cows are defined as “female dairy cows over 2
years old with offspring”.
THI was converted to milk production losses per hot day by assuming milk is lost at the rate of 0.2
litres per cow per THI unit over 7411 (Ravagnolo et al, 2000).
Total milk production losses per region were calculated by multiplying the milk loss 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 2017/18 from Defra Farm Accounts. The amount of milk produced 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
Table 20. In total across the UK, estimated annual losses from reductions in milk production under
the baseline scenario total £2.5 million annually. These increase to £3.8 million under a 2 oC scenario
and to £15.9 million per year under a 4 oC scenario. England currently provides 90 % of UK milk
production. Therefore, absolute losses are highest in England with annual losses of £2.2 million at
baseline, rising to £3.3 million under a 2 oC scenario and to £13.5 million under a 4 oC scenario, with
the South West particularly heavily affected with £6.1 million in losses per year. In Wales, losses
increase from £225,000 at baseline to £340,000 and £15 million under 2 oC and 4 oC scenarios
respectively, in Scotland, losses increase from £16,000 to £81,000 and £197,000, while in Northern
Ireland they increase from £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 preceding section
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Table 20. Annual loss in milk production (litres) and annual economic losses (£), for baseline (2001 – 2010), 2 oC and 4 oC scenarios by region. Average over ten year period. – represents No
Data. See notes below table.

Baseline (2001-2010)
Dairy Breeding
Herd/cow
(millions)

Region

Milk Production Loss
(millions of litres)

2 °C

Monetary
Loss (£
million)

4 °C

Milk Production Loss
(millions of llitres)

Monetary
Loss (£
million)

Milk Production Loss
(millions of litres)

Monetary
Loss (£
million)

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

0.2

1.4

0.4

2.0

0.6

8.5

2.5

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

1.5

21.0

6.1

South East England

0.1

0.8

0.2

1.3

0.4

4.6

1.3

West Midlands

London

1

Wales
North Scotland2
West Scotland
East Scotland

2

2

-

-

-

-

-

-

-

0.3

0.8

0.2

1.1

0.3

5.3

1.6

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Northern Ireland

0.3

0.2

0.1

0.3

0.1

2.2

0.7

England (total)

1.1

7.6

2.3

11.3

3.3

46.0

13.5

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 England; 2 – See Scotland total
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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, increasing 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 year-round, combined with the use of fans and
sprinklers. Currently, only about 5% of UK dairy cattle are kept indoors all year round, although most
are housed in the winter (Dunn et al., 2014). There is a trend for dairy herds to increasingly be
housed inside to support intensive systems and robotic milking, however adaptation of these
systems, for example the introduction of fans and sprinklers, may be required.
Generally, indoor temperatures are 3-5oC higher than the external temperature in northern Europe;
however, the relative humidity varies (Dunn et al., 2014). Depending on the scale and sophistication
of the housing system, cooling through fans and water sprinklers can reduce the THI inside
compared to outside. However, techniques such as water sprinklers can increase the humidity,
meaning that temperatures need to be further 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 1.7oC, which resulted in a 0.79kg/day increase in yields over cows which were not exposed 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 others to rising 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:





Installing shade for grazing cattle, including tree plantations/agroforestry and roofed areas;
Installing fans and sprinklers in dairy herd housing;
Monitoring THI to inform farmers on when to house cattle based on likely impact on milk
production; and
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 production can be better managed where these adaptations 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 approaches are summarised in Table 21.
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Table 21. Adaptation approaches to temperature impacts on milk production.

Nature of adaptation

Current status & plans

Benefits of
adaptation
since 2012

Potential further action or
investigation

Case for action in the next 5
years

Year-round housing
and fans combined
with sprinklers.
Increasing airflow over
a cow has a dramatic
effect on evaporative
heat loss from the
skin. The results of
research from the USA
suggest that airflows
as low as 10 km/hour
can reduce respiration
rates in heat stressed
animals by as much as
50% (Ohnstad, 2012;
Mukherjee et al.,
2012).

Heat stress is not considered to be a major issue
in the UK so there are no significant adaptations
in place. However, recent (2018 and 2019)
heatwaves have raised the profile of the
challenges associated with heat stress.
Increasingly dairy herds are being housed year
round to support intensive production systems
and robotic milking – these offer some
protection against heat but additional adaptation
may be needed, e.g. fans combined with
sprinklers.
AHDB (2015) provide management guidance to
reduce heat stress, including providing access to
shade, ensuring buildings are adequately
ventilated, and wetting the heads and backs of
housed cattle.

N/A

Breed/genetic
selection

Not relevant to date. Studies from abroad
evidence a decline in milk production when THI
exceeded a threshold of 74 (Boonkum and
Duangjinda 2014). This was associated with
Holstein genetics, which is the dominant breed in
the UK.

N/A

Delivering adaptation:
Assuming capacity is
available, husbandry
practices (such as housing
livestock with fans and
sprinklers) can be adopted to
deliver adaptation.
Regulation: Some regulatory
action can be taken to
protect animal welfare.
Advice: Where farmers
recognise the private
benefits of avoiding heat
stress, information and
advice can change
behaviours and drive
effective reactive
adaptation.
Incentives: Capital grants can
incentivise infrastructure,
such as housing and fans, or
roofed areas and tree
plantations for grazing
cattle, to manage heat
stress.

Delivering adaptation:
There are likely to be benefits
from adaptation to heat
stress risk in dairy cows.
Adapting husbandry practices
such as housing cattle can
limit the impacts of
increasing THI as it prevents
the cattle from 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 breeds or using
genetic selection for heat
tolerance will prevent the
need for investment in
infrastructure.
The new environmental land
management schemes in the
UK post-Brexit will apply from
2023 but adaptation options

Building capacity:
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Supporting research on how
different breeds/genetics are
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 to
increase knowledge on the
impact that husbandry
practices can have on
productivity during higher
temperatures.

need to be built into design
and piloting [2019-2023].
Changes to regulation and
advice provision are also
being developed as part of
the 25YEP. As such, action in
the next 5 years to build CC
adaptation to agriculture
policy is a priority.
Building capacity:
Shared learnings and
increased knowledge 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 research
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 lock-in
of housing.
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Is risk managed by reactive or planned adaptation?
Milk producers are likely to pursue reactive adaptation to safeguard economic returns but this could be very capital-intensive, especially if a housing
approach is adopted. At the margins of heat stress, there 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 controlled conditions (e.g. housed); however
there are longer term considerations of this, such as lock-in, animal welfare, and increased pollution.
Risks of lock-in
Investment in housed systems does risk lock-in.
Risk(s) interacting
Housing large dairy herds can concentrate risks to water and air pollution, but can also facilitate technical manure management solutions to reduce both
water and air pollution compared with animals outside.
Animal welfare of housing large herds.
Urgency scoring
More urgent: more action needed - More action is required 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 production to continue in a different
format after the threshold; likewise research into heat stress tolerant breeds would provide an option for production to continue without extensive
changes to husbandry practices.
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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. Guidance is provided by organisations such as AHDB on
how to reduce heat stress in livestock. With heat stress 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 stress.

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 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 crossed. The impact on milk production once the threshold has been crossed
will be lessened where these actions have been taken up. Such management options make it
possible for milk production to continue, however, this could cause lock-in as cows may need to be
permanently housed with a heavy reliance on internal systems to cool the indoor environment. This
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 adaptation where a capital-intensive
housing approach is adopted.
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6.5 Temperature effects on wheat production
Figure 12 below summarises the threshold and assessment chain. Exceedance of the temperature
thresholds leads to reduced floret fertility and reduced grain filling, resulting in decreased wheat
production and costs to farmers.

Figure 12. Impact chain for temperature effects on wheat production. Purple 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
o
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 above 34 oC impact
on grain yield through accelerating leaf senescence; this early 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
(Semenov et al., 2014). At early grain filling, temperatures above 35 oC also 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 to 34 oC during flowering and
grain filling led to a 10% yield reduction per day of elevated temperature, 34 to 36 oC led to a 20%
yield reduction per day, and temperatures over 36oC led to a 30% yield reduction per day. Studies in
China found that just a single day exposed to increased temperatures in the 20 days before anthesis
resulted in a significant reduction of grain numbers. This was based on maximum daily temperature
exceeding 32 oC (Yang et al., 2017). Based on this evidence, we use a threshold of 32 oC for 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 above 35 oC reduced yield
during the grain filling period (Yang et al., 2017). Change in water availability was not an issue in this
study as the majority of grain is irrigated in China (Yang et al., 2017). Hlavacova (2017) concluded
from a European study that the magnitude of heat stress at anthesis has more impact on yield than
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 conducted in growth chambers under four
temperature regimes and the plants were watered every second day. Based on this evidence, we
use a threshold of 35 oC for impacts on grain filling.
As anthesis typically occurs between May and June in the UK (AHDB 2018), these months 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 exceed 32 oC, this will impact grain
numbers (Rebetzke, Not Dated). From June into July, three consecutive days with maximum daily
temperature above 35 oC 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 sensitive 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 difficult in view 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 could coincide with late frosts (Stratonovitch
and Semenov, 2015).

6.5.3 Ecosystem assessment – climate hazard thresholds
Therefore, the climate risk was calculated as follows. For anthesis, the number of days where
maximum daily temperature > 32 oC from May to mid-June. For grain filling, the cumulative number
of days where maximum daily temperature > 35 oC for at least three consecutive days, from midJune to end of July.
For the anthesis threshold, the climate models show no exceedance at baseline and only exceedance
for 2 days in total over a decade for one region (London) under the 2 oC scenario, with no
exceedance under the 4 oC scenario (data not presented in table form). This is not entirely surprising
as these are temperatures in May and early June.
For the grain-filling threshold, the climate models show no exceedance at baseline conditions or
under a 2 oC scenario. However, under a 4 oC scenario, the threshold is exceeded for around 3 to 8
days per decade in parts of central and southern England (Table 22). In the regions where
exceedances do occur, the threshold is only exceeded once 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, with the South East contributing a further 13% to production, followed by
production in the West Midlands adding another 10%12.

Table 22. Number of days per year (averaged over a decade) when daily maximum temperature exceeds the grain-filling
threshold, at baseline (2001-2010) and under 2 °C and 4 °C scenarios. Calculated for periods where threshold is exceeded
for at least three consecutive days (number of episodes per decade in brackets)

Region
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
Wales average
Scotland average
Northern Ireland average
UK average

Baseline
(20012010)
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.0
0.0
0.0
0.0
0.0

2 °C

4 °C
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0.3 (1)
0.3 (1)
0
0
0.3 (2)
0.8 (1)
0
0
0
0
0

0.0
0.0
0.0
0.0
0.0

0.2
0.0
0.0
0.0
0.1

6.5.4 Economic assessment – impact on goods and services
To calculate the production of wheat per region, we obtained total 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 by assuming that regions had the same yield of 7.8 tonnes/hectare13 given that
these areas share similar agro-climatic conditions and that UK wheat yields have remained largely
constant over the past 20 years14. Following this, we multiplied wheat yield by the land 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 estimated for the
2018 season
14

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/747210/
structure-jun2018prov-UK-11oct18.pdf
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growing winter wheat in each region to calculate regional production. A wheat price of £141 per
tonne was taken from DEFRA Farm Accounts 2017/18, which is close to the 10 year average price of
£148 per tonne for producer wheat prices in the 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 assessment on the grain
filling period, using the threshold of 35 oC (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 36 oC. Daily maximum temperatures did not reach 37 oC or
higher.
Annual wheat losses per region were calculated under 2 oC and 4 oC scenarios based on the number
of instances of threshold exceedance. These are shown in Table 23. Losses due to temperature
threshold exceedance are not expected to occur under a 2 oC scenario. Losses under a 4 oC scenario
do occur, but only once or at most twice per decade, in certain regions. However, 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 under a 4 oC
scenario.

Table 23. Average wheat losses per year for baseline (2001-2010), 2 oC and 4 oC scenarios.

Baseline

2°C

4°C

Region

Production Monetary Production Monetary Production Monetary Loss
Loss (
Loss (£
Loss
Loss (£
loss
(£ 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 Humber
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
Wales total
Scotland total
Northern Ireland total
UK total

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

0
0
0
0
0

300
0
0
0
300

42.2
0
0
0
42.2
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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 influence the developmental rate (Semenov et 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 heat-tolerance trait will likely be critical in order to
achieve high yield potential in southern and central Europe. If longer-season or heat-stress resistant
varieties, which maintain similar or higher yields than current varieties, are available for widespread
commercial use, the impact of the threshold exceedance can be avoided. This suggests the need for
early investment in R&D by the plant breeding companies. The 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 longer-term adaptation relies upon varietal
development, early intervention would allow farmers to access commercial 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 summarised in Table 24.

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 million 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 vegetables)15.

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; however, this decision by
farmers would be dependent on a range of other factors, such as weather, rotation, yield impact and
workforce availability, in addition to this threshold, which may not be the priority. Further research
on plant breeding and the availability of longer-season or heat-stress resistant varieties for
widespread commercial use would better insulate against the impact of the threshold.

In what scenarios are there limits to adaptation?
Reactive adaptation in the form of changing sowing dates may 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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Table 24. Adaptation approaches to temperature effects on wheat production.

Nature of
adaptation

Current status & plans

Longerseason
wheat
varieties
and
varieties
with
increased
heat-stress
resistance

Not currently an issue in
the UK but research
from other countries is
relevant to future
climate. Wang et al.,
(2015) studied wheat
flowering date in
eastern Australia. They
found that the flowering
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

Benefits of
adaptation
since 2012
N.A

Potential further action or
investigation

Case for action in the next 5 years

Delivering adaptation:
Regulation: N/A
Advice: Where farmers recognise the
private benefits of using heat tolerant
varieties, or changing planting times,
information and advice can change
behaviours and drive effective
reactive adaptation.
Incentives: Research funding can
incentivise research into plant
breeding of heat resistant varieties.

Delivering adaptation:
Given the research lead time to develop longer
season/heat-stress resistant varieties, action should be
taken sooner rather than later.
Changes to advice provision are also being developed as
part of the 25YEP. As such, action in the next 5 years to
build CC adaptation to agriculture policy is a priority.

Building capacity:
Scope for improving awareness of
future climate impacts and adaptation
responses available in the agriculture
sector.
Further research on the impact of
stress events at different growth
stages on yield as well as research to
identify heat-stress resistant varieties.

Building capacity:
Early research in plant breeding may be important for
the wheat crop in order to provide farmers with an
alternative and prevent yield losses. If the threshold is
reached, having longer-season or heat-stress resistant
varieties available will be beneficial to reduce yield
losses. The time taken to develop a new variety will
influence the benefits seen within the next 5 years;
therefore the sooner this process is started, the sooner
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 (including field
vegetables15.

Is risk managed by reactive or planned adaptation?
Growers will respond through reactive adaptation but research needs to be conducted well in advance of uptake, so an element of planned adaptation is
necessary. If longer-season or heat-stress resistant varieties, which maintain similar or higher yields than current varieties, are available for widespread
commercial use, the impact of the threshold can be avoided.
Risks of lock-in
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 Rainfall effects on soil erosion.
Figure 13 below 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 leads to decreased soil fertility and therefore
reduced crop yield and economic losses to the farmer.

Figure 13. Impact chain for rainfall effects on soil erosion. Purple box shows social/economic or biodiversity endpoint; Brown
box shows 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 important. Projections of rainfall increases under climate change have been linked to
increased rates of soil erosion. A study by Favis-Mortlock and Boardman (1995) suggested that a 7%
increase in precipitation could cause a 25% increase in soil erosion in the South-East of England. Soil
organic matter and soil structure influence water retention; with reduced water retention being a
leading factor in soil erosion (Jones, et al., 2009).
Soil erosion due to rainfall intensity is highly variable and is partly governed by interactions among
land management 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 large decreases in soil erosion. The timing of
rainfall can also play a part. Non-linear increases in soil erosion have the potential to occur in years
where intense rainfall occurs closely after tilling (Mullan et 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 erosion is complex and requires further research
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(Brown et 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 provide (e.g. including
carbon sequestration; water purification; and nutrient cycling) through the removal of valuable top
soils. Increased intensity of rainfall events at times where 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 assessment – climate hazard 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 for erosion potential was the 2015 RUSLE map of soil erosion
produced for Europe at 100m resolution (Figure 14) (Panagos et al. 2015). This shows which parts of
the UK currently 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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Figure 14. Map of current soil loss (t/ha/yr) for UK. Data extracted from RUSLE2015 European data (Panagos et al. 2015).

The number of days per year where heavy rainfall exceeded the daily threshold of 30 mm was
calculated for each region and period. Soil losses due to erosion were calculated 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 soil
type, topography and crop type, as well as management factors such as tiling. Contributing 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 a linear relationship
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 applied to the area under arable cultivation, derived from CEH
Landcover Map 2015. The assessment assumes land use and land management techniques are kept
constant.
The number of days with heavy rainfall per year are shown in Table 25. On average across the UK,
the number of heavy rain days increases from 1.1 at baseline to 1.4 under a 2 oC scenario and to 2.0
under a 4 oC scenario. In England the number of heavy 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
100

Scotland, from a baseline frequency of 1.9 days there is a slight decrease to 1.7 under a 2 oC
scenario, due to the projected changes in heavy rainfall in that climate scenario, but a doubling to
3.9 under a 4 oC scenario. In Northern Ireland, it increases from 0.5 at baseline and remains at 1.1 for
both the 2 oC and 4 oC scenarios. For any particular region, the projections are highly variable, with
values in a 2 oC scenario sometimes lower than baseline or higher than in a 4 oC scenario. In
particular, for England the south and east appear to experience fewer intense rainfall days under 4
o
C than under 2 oC.

Table 25. Number of days with heavy rain > 30 mm per year. Average over ten year period for baseline (2001 – 2010), 2
oC and 4 oC scenarios.

Region
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)

Baseline
(20012010)
2.2
1.2
0.3
0.1
0.1
0.1
0.4
0.4
0.3
2.9
1.8
3.3
0.7
0.5

2 °C
1.8
1.6
1
0.8
0.9
0.6
0.8
0.4
0.6
3.5
2
2.8
0.4
1.1

4 °C
4.2
0.9
0.6
0.4
0.4
0.3
1.3
0.5
0.9
4.8
3.1
7.6
1
1.1

0.6
2.9
1.9
0.5
1.0

0.9
3.5
1.7
1.1
1.3

1.1
4.8
3.9
1.1
1.9

Total soil losses (Table 26) at a UK scale increase from 4.2 million tonnes per year by approximately a
factor of three under a 2oC scenario, to 14 million tonnes per year, but to a lesser extent under a 4 oC
scenario to 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 intensity is projected to be lower in the 4 oC
scenario later this century than in the 2 oC 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. 2011; Graves et al. 2015).

101

Table 26. Annual tonnes of soil loss by region. Average over ten year period for baseline (2001 – 2010), 2 oC and 4 oC
scenarios.

Region
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

Arable
Area (ha)
153,101
186,768
604,082
430,869
855,947
1,197,457
649,703
610,152
5,667
94,794
62,362
79,296
518,989
91,212

England (total)
Wales (total)
Scotland (total)
Northern Ireland (total)
UK (total)

4,693,746
94,794
660,647
91,212
5,540,399

Total arable soil loss (t/yr)
Baseline
(2001-2010)
2 °C
4 °C
88,000
205,000
107,000
231,000
130,000
173,000
1,471,000
883,000
441,000
2,749,000
1,375,000
343,000
4,202,000
1,868,000
467,000
2,193,000
1,097,000
365,000
2,164,000
3,516,000
1,082,000
494,000
617,000
494,000
8,000
11,000
4,000
179,000
245,000
148,000
40,000
62,000
36,000
93,000
253,000
110,000
267,000
667,000
467,000
124,000
124,000
56,000
3,478,000
148,000
613,000
56,000
4,296,000

13,601,000
179,000
400,000
124,000
14,304,000

9,702,000
245,000
983,000
124,000
11,054,000

6.6.4 Economic assessment – impact on goods and services
In this assessment, we estimate monetary impacts from lost agricultural crop production as a result
of soil erosion. We acknowledge that there are many other impacts of soil erosion which are not
valued here. We start by obtaining estimates of soil erosion rates on arable land and calculating 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 globally (Panagos 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 that yields 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 increased siltation in
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 hold true 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 crops. We obtain average revenue per farm under the baseline scenario using Farm Business
Income data from the 2017 Farm Business Survey, conducted by Defra in England and the relevant
government departments in Scotland, Wales and Northern Ireland. We scale farm revenues 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 under the 2 oC and 4 oC scenarios, we
multiply the reduction in crop yield due to soil erosion by farm revenue. These are shown in Table
27.
Annual monetary losses from soil erosion due to heavy rainfall in the whole 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; 2015). Those authors estimated total
costs of soil degradation in England and Wales at £1.2 billion per year. However, only 20% 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 costs are associated
with loss of regulating services, including GHG emissions (49%), flood related costs (19%) and water
quality related costs (11%)). When broken down to just estimates of annual agricultural yield losses
due to erosion, the values of Graves et al. amount to £ 5.3 million per year for all agricultural land
cover types, and £3.6 million per year for arable and horticultural soil, so broadly consistent with the
estimates in this report.
Losses in crop yield due to soil erosion increase to £8.1 million per year under the 2 oC scenario due
to higher incidences of heavy rainfall events. Losses under a 4 °C scenario 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 losses 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 oC scenario. By contrast, farm losses due to soil erosion are estimated to decrease in
North West England and Scotland as soil erosion will be lower in a 2 oC scenario compared to the
baseline since climate model ensembles predict fewer heavy rainfall events in these areas.
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Table 27. Annual economic losses in crop production by region. Average over ten year period for 2 oC and 4 oC scenarios.
Baseline losses not calculated in this methodology. n.d. = no data.

Monetary Losses (£m/Year)

Region
North West England
North East England
Yorkshire and Humber
West Midlands
East Midlands
East of England
South West England
South East England
London1
Wales2
North Scotland3
West Scotland3
East Scotland3
Northern Ireland

Number
of Farms
2,436
1,216
4,330
4,199
5,265
7,361
6,472
4,799

Farm
Revenue
(£m/Year)
201
170
606
658
690
1,273
821
1,934

972

795

Baseline

2 °C

4 °C

0.07
0.08
0.2
0.3
0.2
0.2
0.7
0.8

0.06
0.1
0.7
2
1.7
1.1
1.3
0.8

0.1
0.6
0.4
1.0
0.8
0.6
2.2
1.0

n.d.

n.d.

n.d.

n.d.

35

0.01

0.02

0.02

England (total)
2.5
8.0
36,078
6,355
Wales (total)
n.d.
n.d.
972
n.d.
Scotland (total)
0.1
0.1
4,182
283
Northern Ireland (total)
0.01
0.02
795
35
UK (total)
2.6
8.1
6,673
1 No arable farms recorded in London; 2 No arable farm data for Wales; 3 See Scotland total

6.2
n.d.
0.3
0.2
6.5

6.6.5 Adaptation
Soil is a non-renewable resource and the basis for food, feed, fuel and fibre production and for many
critical ecosystem services (FAO, 2013). Soil degradation, through erosion, compaction and the
decline in organic matter, is caused by unsustainable land uses and management practices, and
exacerbated by extreme climate events. The actions set out for soil health in NAP2 (Defra, 2018) are
primarily focused on research and monitoring (with soil metrics yet to be derived) and the 25YEP
actions on soil health focus on better information and developing a soil health index. Defra (2017),
in response to CCRA2 recommendations, noted that soils are currently protected through outcomebased cross-compliance soils rules and the UK Forestry Standard’s Forests and Soils Guidelines, while
funding is provided to protect soil and water through UK agri-environment schemes. However, these
are good practice guides rather than discrete actions.
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Possible adaptation measures that are judged likely to reduce climate change to soils (POST, 2015)
include:








Organic matter (OM) addition to agricultural land;
Cover crops (or green manures);
Longer crop rotation and intercropping;
Non-inversion or reduced tillage to improve soil structure;
Tree planting in strategic areas to increase water infiltration and reduce erosion and run-off;
Buffer strips; and
Investment into research in improved soil management methods, in combination with
outreach initiatives to land managers, and monitoring.

Adapting soil and 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 reduce transport of
eroded material off-site. 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 impacts on wider 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 CCC (2015), 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 other soil biota, 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 organic carbon and soil erosion rates.
ADAS analysis of mitigation measures for water/soil estimate that, assuming 100% uptake of each
measure in England, the following reductions in soil loss can be achieved:






Establishing in-field grass buffer strips 3.6%
Riparian buffer strips 6.3%
Cultivating compacted tillage soils 3.6%
Cultivating land for crops in spring rather than autumn 2.1%
Establishing cover crops in the autumn 16.6%.

These estimates are based on England level uptake and impact but the impact is likely to vary
considerably locally, depending on the soil erosion risk. In Rickson et al., (2010) a range of impacts
are reported, reflecting this spatial variation in soils/rainfall and topography. Estimates of reduced
soil loss are as follows:







Winter cover crops 5-10%
Mulching 40-78%
In-field buffer strips 5-50%
Riparian buffer strips 5-84%
Agro-forestry 65%
Land use change of arable land to pasture 30-80%.
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Measures such as these can be implemented to mitigate the risk of soil loss and could be effective in
reducing the impact of crossing the 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
converting this to grassland or woodland. In these instances land use change may be the only viable
approach, e.g. to forestry or grassland (from 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 alone. As such, the ‘polluter pays’
principle applies whereby land managers can be required to change land use or management to
avoid erosion. In England, this could include a requirement for land users to prevent bare soil at all
times in order to obtain payments within the Environmental Land Managements scheme, which is
being developed by Defra. The requirements under Farming Rules for Water in England already
apply the polluter pays principle requiring farmers to take action to tackle soil erosion where it
impacts on water quality.

NAP actions include:




Incentivise good soil management practices that enhance soil’s ability to deliver
environmental benefits through future environmental land management schemes to ensure
soils are healthy and productive
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, knowledge exchange and incentive based
schemes e.g. future environmental land management schemes, they rely on voluntary uptake of
measures. This may or may not be sufficient to change behaviours and practices and restore
degraded soils to avoid thresholds being crossed e.g. permanent loss of 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. This methodology will be able to support in monitoring of soil
health and demonstrating any patterns in soil erosion. Adaptation approaches are summarised in
Table 28.

What is 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 health as part of environmental
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 impact of soil protection measures has been quantified (see sections
above), although this does not directly relate to rainfall events.
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Table 28. 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 the next 5 years

Improve soil
characteristics to
reduce erosion and
help reduce
transport of eroded
material off-site.

Relies on commercial
good practice or
voluntary uptake of
environmental land
management schemes.
In England, 0.55% of
agricultural land in
Countryside
Stewardship is under
management contracts
to improve soil
management (includes
woodland options)
(Natural England 2019).

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

Delivering adaptation:
Actions: record changes in soil levels
at some reference sites in commercial
production to act as an early warning
system; implement farming practices
which reduce soil erosion; prevent
bare soil cover wherever possible;
potential to change planting dates to
avoid periods of high rainfall
coinciding with bare soil.
Capacity is largely available for these
actions at present, however, uptake is
voluntary. Therefore adaptation may
require regulation or improved
incentives in order to stimulate the
required level of action to prevent the
threshold effect.
Regulation: Impacts of soil erosion are
mainly a public cost (e.g. flooding,
water treatment)
Advice: Where farmers recognise the
private benefits of avoiding soil loss,
information and advice can change
behaviours and drive effective
autonomous adaptation.
The new environmental land
management schemes in the UK postBrexit provide a basis for incentivising

Delivering adaptation:
Delivering adaptation within the
next 5 years will have the potential
to slow down the rate of soil loss.
Early action would increase
resilience of soil against erosion,
reduce the cost of many impacts
associated with soil loss (water
quality, flooding, lost natural
capital) and reduce the risk of lockin. Adaptation can be delivered
promptly as cropping systems
readily change.
The new environmental land
management schemes in the UK
post-Brexit will apply from 2023 but
adaptation options need to be built
into design and piloting [20192023]. Changes to regulation and
advice provision are also being
developed as part of the 25YEP. As
such, action in the next 5 years to
build CC adaptation to agriculture
policy is a priority.
Each year where no action is taken
will likely increase the cost of
adaptation, as well as shorten the
timeframe in which adaptation

Support research
and monitoring of
soil health

In England, some
actions are already
mandatory under the
polluter pays principle
e.g. under Farming
Rules for Water.
The 25YEP (HM
Government 2018)
states that Defra will
invest to help develop
‘meaningful metrics
that will allow us to
assess soil

N/A
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In-field
management.
Cropping – tramline
management, cover
crops (winter cover),
buffer strips, highdensity 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, agroforestry or forestry.

improvements and to
develop cost-effective
and innovative ways to
monitor soil at the farm
and national level’.
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).
Relies on commercial
good practice or
voluntary uptake of
environmental land
management schemes
(but note mandatory
Farming Rules for
Water to protect water
quality in England). In
England, 0.55% of
agricultural land in
Countryside
Stewardship is under
management contracts
to improve soil
management (includes
woodland options).
Ecological Focus Area
(EFA) measures include

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

relevant change in land management
– this is especially important for soil
erosion as action may be needed
elsewhere in the river system e.g.
reducing run-off, slowing river flow or
providing water storage, and 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 may
be required if agricultural land has lost
productivity.
Building capacity:
There is huge scope for improving
awareness of future climate impacts
and adaptation responses available in
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 soil
health supports wider environment
goals to promote understanding and
need for action by users will be useful
for building capacity.
Technologies for reducing soil erosion
are widely available, and therefore the
capacity is largely available, but action

needs to be carried out in order to
prevent the threshold effect.
Building capacity:
Benefits are available within a 5year 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 retaining soil
health, which will make soils less
susceptible to erosion. Action taken
now to improve understanding and
accessibility of technologies which
prevent soil erosion is important as
there is lock-in 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 to
crops which help to
take action and understanding how to
protect water courses
implement these methods to maintain
from DWPA (Posthumus
farm profitability.
et al., 2013). To achieve
net-zero, woodland
cover in the UK need to
increase from 13% to
around 17-19% by 2050
(CCC, 2020).
Is risk managed by reactive or planned adaptation?
The risk is managed by reactive adaptation where the erosion is significant and makes existing commercial production/system uneconomic but there is a
case to incentivise a change in land use or management where this is perceived to be uneconomic. Many erosion control measures result in short-term
negative economic returns, even if benefits will accrue is future years through soil retention and land productivity as well as land value; as such, farmers
are generally reluctant to implement erosion control measures without compensation (Posthumus et al., 2013). Education of the farmer about loss of
their own natural capital can be important to promote action here. There is therefore a need for targeted incentives to promote specific actions e.g. for
buffer strips, arable reversion, afforestation or investment in no/low till equipment. Nevertheless, there should be recourse to regulation where societal
impacts are high, this could include fines for sediment pollution.
Risks of lock-in
Permanent loss of soil and productive capacity of land.
Land use change to alternative activities could risk lock in.
Risk(s) interacting
Soil loss also pollutes rivers and lakes, transporting both nutrients sediment and agrochemicals into freshwater systems.
Soil erosion is a contributor to urban and other flooding.
Increased fertiliser use to compensate for lost soil fertility is a major interacting risk with wider implications for water quality and greenhouse gas
emissions.
Urgency scoring
More urgent: More action needed - Early action would have benefits and build resilience as well as reduce the risk of lock-in. This would be a no and low
regret adaptation. Beyond this, land use change to woodland or grassland may be required if agricultural land has lost productivity but would 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, changes to in-field management (e.g. tramline
management, using cover crops, buffer strips, high-density planting, sediment traps), and changes to
cultivation (e.g. min-till/no-till) could all be undertaken in advance to reduce the risk of the threshold
occurring. Where agricultural land has lost its productivity, land use change to other uses, such as
woodland or grassland may be required.

In what scenarios are there limits to adaptation?
There may be economic barriers to uptake – many erosion control measures result in negative
financial and economic returns and farmers are generally reluctant to implement erosion control
measures without compensation (Posthumus et al., 2013).
Where soil is substantially degraded, adaptation measures to protect soil will have little impact. In
these cases it is likely that more substantive action, e.g. land use change, is necessary to prevent soil
loss on high risk sites; although this would take land out of agricultural production.
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7 Mountains moors and heaths: peatlands
7.1 Summary – Mountains moors and heaths: peatlands
Peatlands are considered a cross-cutting habitat category that encompasses blanket bog and
ombrotrophic bogs, as well as lowland fens. The literature review identified four potential thresholds
across all peatland types (section 16.3.1). Of those, one impact was taken forward for the national
screening assessment: the effect of summer heat on the stability of blanket bogs. The threshold is a
long-term temperature average of the warmest month, which is considered to represent a proxy for
the combined effects of high summer temperatures and associated low rainfall on peat moisture
content. The case study focused on the temperature effects on peatlands in more detail.

Temperature effects on peatlands carbon balance (Ne 1, Ne 5, Ne 6)
A long-term average temperature of the warmest month of 14.5 °C defines the climate envelope for
peatlands, based on current extent. Exceeding this threshold can lead to drying and desiccation of
the peat leading to increased decomposition, damage to Sphagnum cover, damage to the soil
structure and exposure of bare peat and erosion. In turn this results in a consequent increase in
greenhouse gas emissions. Near-natural and rewetted peat are more resilient to these climatic
impacts than modified (grass and heather dominated) peatlands. With exceedance of the
temperature threshold, peatland changes to increasingly degraded condition categories, but the
underlying peat is assumed to remain, albeit with higher greenhouse gas emissions.
At a UK scale, currently there is 2,035,000 ha of peatland (excluding peatland under other land uses),
and of this 454,000 ha is in the poorest condition category: highly modified peatland. Under a 2 °C
scenario, an additional 53,000 ha shifts to the poorest condition category. This increases to an
additional 247,000 ha under a 4 °C scenario (around 12% of UK peatland area). These changes lead
to an additional 104,000 tCO2e and 500,000 tCO2e (tonnes of greenhouse gas emissions as CO2
equivalent) under a 2 °C and 4 °C scenario respectively.
The annual cost of peatland CO2e emissions due to climate change increases from £239 million at
current day to £318 million under a 2 °C scenario and £1.3 billion under a 4 °C scenario.
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 or re-establishment of key peat-forming
species, a functional acrotelm (the spongy upper layer of a peat-forming peatland, which can be lost
from degrading systems), and a resilient hummock-hollow topography. For 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 needed. Action is needed to prevent irreversible
damage. This would be a no and low regret adaptation. Restoring peatlands and transformational
change in land use in the uplands is both a mitigation and adaptation response.
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7.2 Overview: Mountains moors and heaths: peatlands – national screening
assessment
Peatlands are considered a cross-cutting 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 Wetlands. The literature review included all
peatlands and identified four potential thresholds across all peatland types, including lowland. Of
those, one impact was prioritised for national screening (Table 29), and is discussed in detail in the
next sections. The full list of potential impacts identified in the literature review can be found in
Section 16.3.
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 driver of change for
which there is evidence in the literature. A 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 peatland condition class to another.

Table 30 shows the extent of UK peatlands (blanket bog and deep peats in both uplands and
lowlands) within aggregated condition categories (based on 2013 data 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%.

Table 29. Potential threshold-driven impacts in mountains moors and heaths, peatlands.

Climatemediated
stressor

Temperature

Threshold
Habitat

Peatland

14.5 °C
(long-term
average
temperature of
warmest month)

Biophysical
response
Increase in
graminoid
abundance
and peatland
degradation

Societal endpoint
affected
Carbon
sequestration

Aligned risk
descriptors

Ne 1, Ne 5, Ne 6
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Table 30. Estimated area (ha) and condition category of UK blanket bogs and deep peat, by country (Based on 2013 data
reported in Evans et al. 2017, updated with data from UKCEH Edinburgh emissions inventory team) #. Isle of Man not
covered in this report, but figures retained to allow comparison with other data sources.

Region

England
Wales
Scotland
Northern
Ireland
Isle of Man
Total

Near natural
bog

Rewetted bog

Modified
(grass/heather
dominated)

Highly modified
(eroded and
domestic peatcut)

Total (excluding
afforested bog,
grassland and
arable on peat)

83,930
23,533
490,497

24,451
4,013
20,416

163,788
35,255
657,889

53,468
206
307,164

1,475,966

35,110

5,347

36,618

93,142

170,218

0
633,070

0
54,226

13
893,564

1
453,981

14

325,637
63,007

2,034,841

# Note this excludes afforested peatlands, and peat under intensive and extensive grassland and under arable. For further
description of each peat category see Evans et al. (2017). Re-wetted is treated as a separate category to differentiate
restored from near-natural, and because restoration to full ecological function can take decades. Grass 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 gas emissions in peatlands
The threshold and assessment chain are summarised in Figure 15. Above an average monthly
temperature of 14.5 °C, peatlands are considered to lie outside 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.

Figure 15. Impact chain for temperature effects on integrity of peatlands (blanket bog and deep peat). Purple 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 long-term average temperature of the warmest month of 14.5 °C defines the climate envelope for
UK peatlands, based on current extent (e.g. Gallego-Sala 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 CO2 have the potential 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 function. In
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 was warmed by 8 oC above ambient levels
for the study site, due to non-linear decline of Sphagnum mosses. Increased graminoid abundance
was observed in their 4 oC warming treatment, sufficient to indirectly affect Sphagnum growth
through competitive processes. Note that the high temperature thresholds from this study derive
from the experimental treatments used, and reflect short-term ecological responses. They may
therefore reflect potential effects seen in natural systems over longer periods in response to smaller
temperature increases.
A process-based modelling study taking a climate bio-envelope approach suggested that adverse
impacts on peat formation were likely to occur above a 30-year mean temperature of 14.5 oC for the
warmest month (Gallego-Sala & Prentice, 2013), and this is the threshold used in this assessment.
The impact chain for the resulting ecosystem impacts shown above (Figure 15) 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 focuses primarily on periods of extreme heat
and drought. These generally coincide, and are more likely to result in threshold-type ecosystem
changes where the intrinsic resilience of the peatland system has been degraded through other
forms of human pressure, notably land-use 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, notably their
capacity to form new peat. In particular, any pressure resulting in a loss of Sphagnum cover and an
increase in higher plant cover is likely to reduce peat formation and CO2 uptake, and may cause the
peatland to become a net CO2 source (e.g. Bragazza et al., 2016). Under more severe levels of
climate- or management-related 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 drought effects often co-occur, 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 different mechanisms 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 grasses and Calluna,
which may also be associated with increased area 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
114

sphagnum dominated peatland. These effects of drought become prevalent when water table levels
drop below 24cm (Jassey, et al., 2017). Drought is increasingly considered to be the most influential
factor on function, formation, and net CO2 exchange in peatlands. However, 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
CO2 sources (Lund, Christensen, Lindroth, & Schubert, 2012). This has implications for biodiversity in
upland areas, particularly birds (Pearce-Higgins & Yalden 2004; Pearce-Higgins 2011). A modelling
study showed that a fall in water tables will impact crane-fly (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 rainfall inputs is highly complex and cannot be simplified sufficiently for the purposes of a
national level screening assessment.
The assessment focuses on a temperature threshold – specifically the temperature of the warmest
month – on the basis that this has been shown to be a good predictor of blanket bog
presence/absence in a number of climate envelope modelling studies, both in the UK (Gallego-Sala
et al., 2010; Clark et al., 2010; Ferreto et al., 2019) and globally (Gallego-Sala and 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 and management (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 1000 to 1200 mm yr-1; 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 have the highest proportional
blanket bog cover in the world, is generally below 600 mm yr-1. Similarly, 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 resilience of 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 rainfall is likely to be through
summer drought, and that this is to a large extent correlated with high summer temperatures, we
have taken the long-term monthly temperature of the warmest month to be the most tractable
proxy for quantifying ecosystem impacts on peatlands at national scale.

Threshold-related 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 to
support or regulate societally important ecosystem services. To some extent these causal
relationships represent long-term responses to long-term pressures. These may operate linearly (i.e.
an incremental increase in one pressure will produce an equivalent incremental change in ecosystem
functions and services), non-linearly (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 and potentially in a threshold-type way to a combination of different
pressures) (Evans et al., 2014). However, acute climate-related effects such as droughts or fires
which introduce short-term perturbations are often the trigger which initiates ecological change
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 near-surface water holding capacity and inhibiting Sphagnum
recovery. Chronic long-term changes can thus act to reduce the resilience of the system to recover
from acute effects.
Non-linear and interactive relationships raise the possibility of threshold-type responses, and indeed
there is evidence for these types of change in historical and palaeo records. Examples include the
widespread loss of Sphagnum that resulted from atmospheric sulphur pollution during the 20th
century (Tallis, 1987), and the replacement of natural blanket bog communities by purple moor grass
(Molinia caerulea) which took place across large areas of South Wales, Northern and Southwest
England from the 19th century onwards, which is believed to result from a combination of
overgrazing, burning and atmospheric nitrogen pollution (Chambers et al., 2007; Hughes et al.,
2007). The role of extreme climate events as triggers of long-term 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 on enzymic processes (the so-called
‘enzymic latch’) which could in theory lead to sustained increases in decomposition. This concept has
been invoked as a potential trigger for long-term peat destabilisation (e.g. Worrall and Burt, 2004;
Fenner and Freeman, 2011; Brouns et al., 2014). However, it is important to note that periodic
droughts are a natural occurrence, and the persistence of many of the UK’s peatlands over millennia
strongly suggests that they are resilient to short-term perturbation under natural conditions.
Furthermore, other studies have suggested that increases in CO2 emission are limited to the period
of water table drawdown, with relatively rapid ecological recovery (e.g. Estop-Aragones and Blodau,
2012).
The evidence discussed above suggests clear potential for non-linear impacts of change in peatlands.
Evidence for irreversible ‘tipping point’ type threshold responses of peatlands to climate events is
more limited, but still suggests the potential for irreversible effects. Bragazza (2008) reported
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 mortality of Sphagnum.
Potentially irreversible degradation of peatlands can also occur 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 re-wet. In the longer term, loss of the surficial peat layer
(acrotelm - the spongy upper layer of a peat-forming peatland) can leave the denser, nutrientdepleted and less water-permeable ‘catotelm’ layer exposed, and also lead to the loss of
microtopography (hummock-hollow structures) that confer resilience and adaptation capacity to the
ecosystem, creating conditions unfavourable to Sphagnum recovery (Lindsay, 2010; Sherwood et al.,
2013). These single-layered, topographically simplified ‘haplotelmic’ bogs are characteristic of areas
that have been degraded by land-use pressures, 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 the long-term loss of water retention capacity
and increased runoff and erosion rates (Holden et al. 2012a).

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 land-use (e.g. drainage, burning 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) and Gallego-Sala 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 Ireland (Coll et
al., 2014), Scotland (Ferreto et al., 2019) and for the global blanket bog area (Gallego-Sala and
Prentice, 2013). However the bioclimatic envelope approach has been criticised as it does not take
account of the intrinsic resilience of existing peatlands or 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 related to 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. lightning, and 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 CO2 emissions (and other forms
of air pollution with potential to affect human health), elevated flood and erosion risk, and
decreased water quality. With regard to the role of managed burning, its impacts on the carbon
balance, water quality and biodiversity have been heavily debated (e.g. Yallop & Clutterbuck 2009;
Holden et al. 2012b; Brown et al., 2014; Davies et al. 2016; Ashby & Heinemeyer 2019; Marrs et al.,
2019; Baird et al., 2019) and remain somewhat uncertain. It has recently been argued that the
managed burning of blanket bogs for grouse production represents an effective form of mitigation
against climate change related wildfire risk (Marrs et al., 2018). According to this view, the
moderate loss of CO2 sequestration resulting from repeated prescribed burns (Marrs et al., 2018;
Garnett et al. 2010) could be considered less damaging in the long term than a zero-burn approach
that allows woody Callluna biomass to accumulate and thereby increases the risk of wildfires, which
could have more severe consequences in terms of peat carbon loss. However this argument
presupposes that Calluna-dominance is the natural endpoint of blanket bogs, which is not the case –
the dominance of Calluna in areas such as the Pennines (where the Marrs et al. study took place) is a
reflection of the land-use and atmospheric pollution history of the area, which have resulted in an
ecosystem that is unnaturally dry and denuded of its natural Sphagnum cover. A wet (or re-wetted)
peatland generally has an extensive and accumulating Sphagnum cover which restricts the amount
of Calluna or 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 underlying peat. The 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 available evidence suggests that peatlands in their natural condition (i.e. wet, with a
functional acrotelm and hummock-hollow topography) are likely to be fairly resilient to climate
change, as they have intrinsic capacity to withstand short-term climatic perturbations, as indeed
they have throughout the Holocene16. Peatlands that have been degraded through drainage, burnmanagement, overgrazing and air pollution often lack these resilience characteristics and are
vulnerable to climatic impacts including species change, carbon loss and erosion. Peatlands that are
currently in a marginal state (for example those with lowered water tables that retain some
16

The last ~11,000 years
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Sphagnum cover) may be particularly vulnerable to threshold-type changes in response to additional
climatic pressures, and are therefore a high priority for adaptation.

7.3.2 Impacts on natural assets and the services they provide
Exceeding the 14.5 °C temperature threshold can lead to drying and desiccation of the peat leading
to increased decomposition, damage to vegetation such as Sphagnum cover, damage to the soil
structure and exposure of bare peat and erosion. In turn this results in a consequent increase in
greenhouse gas emissions. Near-natural and rewetted peat are more resilient to these climatic
impacts than modified (grass and heather dominated) peatlands, due to their greater capacity to
retain water and to adjust to changing conditions, for example through surface movement (‘bog
breathing’). With exceedance of the temperature threshold, peatland changes to increasingly
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 their role 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 important part
of the water supply.

7.3.3 Ecosystem assessment – climate hazard thresholds
In this assessment we use the threshold of monthly mean temperature of 14.5 oC for the warmest
month, and assess the frequency that the threshold is exceeded over a decade. The assessment
focuses on carbon emissions resulting from exceedance of this temperature threshold. The broader
suite of ecosystem services delivered by peatlands (e.g. water filtration, biodiversity) are not
considered within the scope of this study.
Table 31 shows the number of years per decade when mean temperature of the warmest month
exceeded 14.5 oC. Under a 4 oC scenario, most areas of the UK will exceed the threshold for the
majority of years. For the UK as a whole, the threshold will be exceeded on average 5.6 years in ten
under a 2 oC scenario and 8.9 years in ten under a 4 oC scenario. In England and Wales the threshold
will be exceeded around six years out of ten under a 2 oC scenario, and nine years out of ten under a
4 oC scenario. Northern Ireland and Scotland show negligible exceedance under a 2 oC scenario, but
reach comparable levels of exceedance (seven to eight years out of ten) under a 4 oC 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 by land-use pressures 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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Table 31. Number of years per decade where the mean air temperature of the warmest month exceeds 14.5 oC (after
adjusting for typical elevation of blanket bog in each region).

Region
England
Wales
Scotland
NI
UK (average of regions)

2 °C
5.5
6
0.7
0
5.6

4 °C
9
9
7
8
8.9

For the rapid screening assessment, conversion factors were estimated for the likely change to
degraded habitat (Table 32), in discussion with peatland experts. These assume that for low
exceedance (1-4 years per decade) near-natural bog and rewetted bog retain high water tables and
are sufficiently resilient to avoid degradation. However, the modified grass- and heather-dominated
communities will have an increased risk of further 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 exceedance, taken
as > 4 years per decade (Bragazza, 2008), the assumption is that near-natural 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 will increase in the modified grass and heather dominated
category, with 20% converted to the highly modified category.

Table 32. Conversion factors to calculate change in habitat when the mean temperature of warmest month is exceeded.

No. yrs per decade
exceeding threshold

Proportion of habitat which shifts to a Highly
modified peatland category
Near
Modified
natural
(Grass/Heather
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 exceedance (Table 33), and the resulting total habitat area in each
condition category for each scenario (Table 34).
Across the UK as a whole (Table 33), under a 2 oC scenario, 53,000 ha becomes eroded (~ 2.6% of the
total UK blanket bog resource), while under a 4 oC scenario this figure is five times higher at 247,000
ha (~ 12% of the UK blanket bog resource). In England the area that becomes eroded increases by
43,000 ha under a 2 oC scenario but remains the same in this assessment under a 4 oC scenario, since
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the exceedance already falls into the high impact category. The 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 a 2 oC scenario, the eroded area dramatically increases to
182,000 ha under a 4 oC scenario. A similar pattern occurs in Northern Ireland when threshold
exceedance under a 4 oC scenario leads to the eroded area increasing by 11,000 ha.
In terms of total habitat area (Table 34), in Scotland which holds the largest peatland resource, the
area which is highly modified increases from 307,000 ha at baseline and under 2 oC to 489,000 under
4 oC scenario. In England the area highly modified almost doubles to 97,000 under a 4 oC scenario,
while in Wales the area increases substantially from 200 ha at baseline to 10,000 ha under a 4 oC
scenario. The increase in Northern Ireland is less substantial, rising from 93,000 ha to 104,000 ha
under a 4 oC 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 indicative of potential risks,
rather than as quantitatively accurate predictions of change. Nevertheless, they do suggest that
currently predicted changes in climate, particularly under the 4 °C scenario, could have societally
relevant impacts on blanket bog function. A shift towards more heavily modified peat condition
categories will be associated with an increase in CO2 emissions, further contributing to climate
change. Where gully erosion becomes established within previously intact blanket bogs, this may
become self-perpetuating 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 impacts on water quality and drinking water
supplies.

120

Table 33. Net change in habitat (ha) to highly modified peatland. Figures rounded to nearest ‘000.

England
Wales
Scotland
NI
UK (total)

Near
natural
-8,000
-2,000
0
0
-11,000

2 oC
4 oC
Rewetted
All
Near
Rewetted
All
Modified
bog
categories natural Modified
bog
categories
-33,000
-2,000
-44,000 -8,000
-33,000
-2,000
-44,000
-7,000
-400
-10,000 -2,000
-7,000
-400
-10,000
0
0
0 -49,000 -132,000
-2,000
-183,000
0
0
0 -4,000
-7,000
-500
-11,000
-40,000
-3,000
-53,000 -63,000 -179,000
-5,000
-247,000

Table 34. Area of peatland (ha) in aggregate condition categories. Baseline data adapted from Evans et al. 2017 (see Table 30), future projected impacts due to climate under 2 oC and 4 oC
scenarios. Figures rounded to nearest ‘000.

Baseline

England
Wales
Scotland
NI
UK

Near
Rewetted Highly
natural Modified bog
modified
84,000 164,000
24,000
53,000
24,000
35,000
4,000
0
490,000 658,000
20,000
307,000
35,000
37,000
5,000
93,000
633,000 894,000
54,000
454,000

2 oC

4 oC

Near
Rewetted Highly
Near
Rewetted Highly
natural Modified bog
modified natural
Modified bog
modified
76,000
131,000
22,000
97,000
76,000 131,000
22,000
97,000
21,000
28,000
4,000
10,000
21,000
28,000
4,000
10,000
490,000
658,000
20,000 307,000 441,000 526,000
18,000 490,000
35,000
37,000
5,000
93,000
32,000
29,000
5,000 105,000
622,000
854,000
51,000 507,000 570,000 715,000
49,000 701,000
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Finally, the loss of Sphagnum cover 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 higher temperature
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 a near-natural or rewetted condition. Any actions taken now to protect or restore bogs now should reduce their
vulnerability to climate change in future. Restoring the UK’s peatlands to reduce or offset GHG
emissions now, for example all soils to be sustainably managed by 2030 (Defra 25YEP) would
therefore have the additional benefit of reducing risk of climate change induced peatland
degradation in future. Peatlands are a key measure in achieving the Government’s net-zero target by
2050 e.g. to restore 50% of upland peat (CCC 2020). On 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 peatland habitat in the UK under 2 oC warming (Gallego-Sala &
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 well as 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 effective carbon sink.

Table 35 shows the impact of increased temperatures above the threshold on greenhouse gas
emissions (as t CO2 equivalent), taking into account current emissions from peatlands in four
condition categories (see Table 30). At UK level, annual emissions increase from 3.5 million tonnes at
baseline, by a further 104,000 tonnes under a 2 oC scenario and 501,000 tonnes under a 4 oC
scenario. In England, annual emissions increase from 551,000 tonnes at baseline by a further 84,000
tonnes in both scenarios. In Wales, annual emissions increase 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 4 oC scenario. Scotland has the largest contribution to UK annual emissions,
owing to its higher proportion 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 further 24,000
tonnes under a 4 oC 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 commitments to reduce UK mainland carbon emissions
under the Net Zero target; emissions from UK peatland soils have been estimated at 23 Mt CO2e yr-1
(Evans et al., 2017), which is around 4% of reported current UK greenhouse gas emissions (note that
most peatland 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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Table 35. Net GHG emissions from peatlands at baseline and under 2 oC and 4 oC scenarios (t CO2e). Estimates incorporate
emissions from UK peatlands in current condition categories at baseline and projected change in emissions due to climate
impacts. Figures rounded to nearest ‘000.

Annual economic cost of CO₂e emissions (£)
England
Wales
Scotland
NI

Baseline
551,000
78,000
2,480,000
412,000

2 oC
636,000
97,000
2,480,000
412,000

4 oC
636,000
97,000
2,853,000
436,000

UK

3,521,000

3,625,000

4,022,000

7.3.4 Economic assessment – impact on goods and services
The assessment focuses on valuing the greenhouse gas emissions, since robust methods for
quantifying the economic value of other ecosystem services linked to changes in peatland condition,
such as biodiversity, and water quality and storage, currently do not exist (Martin-Ortega et al.
2014; Glenk et al. 2018).
The economic cost of emissions is calculated using the UK non-traded price of carbon17, which
reflects the cost of achieving the UK’s carbon budget target. The future carbon price does not
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 order to derive a more robust valuation.
Representative prices for non-traded carbon for these years are shown in Table 36 below. The cost
of emissions is calculated by multiplying the CO2 equivalent emissions by the carbon price for that
year.

Table 36. Prices for non-traded carbon at relevant timescales for the national screening assessment

Time period
Non-traded carbon
value (2018 £/tCO2e)

2019
68

2031 (representing 2 °C)
88

2064 (representing 4 °C)
328

The annual cost of GHG emissions at UK level is £239 million for the current state of peatlands (Table
37). This amount rises by around £100 million under the 2 oC scenario, amounting to annual
emissions valued at £318 million by 2031. Although there is only a modest increase in greenhouse

17

Valuation of Energy Use and Greenhouse 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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gas emissions 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 stringent. By 2064 which corresponds to a 4
o
C scenario, the value of peatland emissions due to threshold exceedance increases markedly to
£1,319 million. This increase in impacts is driven by two main factors. Firstly, projected temperature
increases triggers nearly 400,000 tCO2e 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 per tCO2e, further reflecting stringent mitigation targets later in
the century.
These result in two important risks associated with thresholds in UK peatlands. First, high
temperatures risk triggering non-linear changes in greenhouse gas emissions from peatlands, which
will contribute to the stock of gases 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 cost-effectively reduce greenhouse gas emissions.
The risk assessment conducted in CCRA2 (Section 3.7.1) does not quantify changes in greenhouse
gas emissions driven by changes in UK climate. The analysis conducted here contributes new
evidence that climate change presents a risk to the functioning of UK’s natural assets and that this
will subsequently affect the UK’s ability to reduce its own emissions.

Table 37. Economic cost of GHG emissions at baseline and under 2 oC and 4 oC scenarios (£ million)

Annual economic cost of GHG emissions (£
million)
Baseline

2 oC

4 oC

Economic cost of additional
GHG emissions compared
with current day (£ million)
2 oC

4 oC

England
Wales
Scotland
NI
Isle of Man

5.3

8.6

31.9

3.3

26.7

168.7

218.3

935.8

49.6

767.0

28.0
<1.0

36.2
<1.0

143.1
<1.0

8.2
<1.0

115.0
<1.0

UK

239.4

319.0

1,319.3

79.6

1,079.9

37.4

56.0

208.5

18.5

171.0

7.3.5 Adaptation
For Chain 1 temperature effects, the analysis focuses on upland or lowland bog peatlands with the
threshold indicated by a likely change in vegetation communities and ecological condition associated
with a non-linear decline of Sphagnum mosses. The ability to withstand such changes is governed by
the initial condition of the peatland; ‘functioning peatlands are resilient ecosystems able to (up to a
trigger point) withstand pressure for change’ (Gallego-Sala & Prentice, 2013). If the effect is absolute
i.e. all peatlands cannot function under threshold high temperatures, there may be no adaptive
response, but the evidence suggests that they will be more resilient to climatic pressures if they are
in good condition, and may indeed be able to self-adapt (e.g. through changing their vegetation
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species mix) to continue functioning. 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.
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 re-establishment of key peat-forming species, most notably
Sphagnum, of a functional acrotelm, and of a resilient hummock-hollow topography. 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. Further no/low regret action in the next five
years is necessary to avoid irreversible damage and increased restoration costs in future. This should
not rely on voluntary action by land managers. Suggested actions are included in Table 38.
However there are barriers to widespread implementation of measures such as rewetting as this
currently relies on voluntary uptake of incentivised options e.g. through agri-environment schemes.
Even those peatlands that are under some element of protection, e.g. SSSIs and SACs, are
vulnerable; ECI (2013) estimated that only 35% of SSSI peatlands were in a “favourable” or
“unfavourable recovering” condition.
NAP actions are:
•
•

•
•
•

•

Maintain and expand current peatland restoration programmes in semi-natural habitat;
Develop new sustainable management measures to ensure that the topsoil is retained
for as long as possible and greenhouse gas emissions are reduced where peat cannot 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 effectiveness 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 Defra 25 Year Environment Plan (2018),
for all of England’s soils to be managed sustainably by 2030. This target includes the end of peat use
in horticultural products by 2030. The CCC report on policies for a Net Zero UK (2020) 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 tCO2e. 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 upland peat and 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, 2020). In Scotland, there is a target to restore 50,000
hectares of degraded peatland by 2020, and 250,000 hectares by 2030 under the Scottish
Government’s Climate Change Plan (Scottish Government, 2018). Adaptation approaches are
summarised in Table 38.
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Table 38. Adaptation approaches for temperature impacts on peatland carbon balance

Nature of
adaptation
Management
interventions
(e.g. reduced
grazing and/or
prescribed
burning)
Raise water
level/ Dam
construction

Maintain and
expand
current
peatland

Current status & plans

Benefits of
adaptation since
2012
Relies on voluntary uptake of
Local projects have
incentivised options, e.g.
made progress; for
through agri-environment
example MoorLIFE
schemes. Only 35% of SSSI
installed 4,000 dams,
peatlands are in a
planted 200,000 plug
“favourable” or “unfavourable plants, and laid 53km
recovering” condition (ECI
of geotextile
2013). The 25YEP has an
material to prevent
intention to restore vulnerable soil erosion (Moors
peatlands (upland and
for the future, 2015).
lowland) by 2030 and restore
The avoided carbon
75% of terrestrial protected
loss is estimated at
sites to favourable condition.
4.48 tonnes
CO2e/ha/yr (Maskill
Managed burning should not
et al, 2015). Around
be considered an effective
110,000 ha of UK
form of climate change
peatland have
mitigation (Baird et al., 2019). undergone some
form of restoration
between 1990 and
2013, of which
73,000 ha involved
re-wetting (Evans et
al., 2017)
£10 million peatland grant
N.A – the percentage
scheme commenced in 2018
of upland bogs in
to deliver projects covering
favourable condition
c.1% of peatland areas in
(SSSIs) has decreased

Potential further action or investigation

Case for action in the next
5 years

Delivering adaptation:
Providing the skills and equipment are available,
adaptation can be delivered by raising water
tables and changing management of peatland.
Regulation: Impacts of peatland degradation
are mainly a public cost (e.g. reduction in water
quality and increase in carbon emissions) and
some actions can be mandatory under the
polluter pays principles. Where prescribed
burning is associated with economic activities
such as grouse shooting, there is no economic
case to stop burning and regulation would be
required to stop this practice.
Advice: Where land managers recognise the
private and wider benefits of peat degradation,
information and advice can change behaviours
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 out
of agricultural production without incentives.
The new environmental land management
schemes in the UK post-Brexit provide a basis

Delivering adaptation:
Restoration is a process that
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 restoration improves
the potential of functioning
peat to self-adapt 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:
Raising awareness within
the next 5 years will bring
benefits as without
knowledge around this
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restoration
programmes
in seminatural habitat

England. The National Trust is from 19% in 2003 to for incentivising relevant change in land
topic, land managers may
also working to restore and
12% in 2018 (CCC,
management.
not readily take action.
manage peatlands (CCC,
2019).
2019). The UK Peatland
Building capacity:
Strategy, launched in 2018,
There is huge scope for improving awareness of
aimed to restore 1 million
future climate impacts and adaptation
hectares of degraded peatland
responses available regarding peatland. This
by 2020 and 2 million hectares
needs to be targeted spatially and focused on
by 2040 (Paul Watkiss
the economic case as well as the public good
Associates, 2019). The
aspect.
Peatland Code also looks to
Technologies for reducing peatland degradation
increase private funding
are widely available. However, capacity is
available to restore peatlands.
currently limited by the availability of the
The Scottish Government’s
contractor base for carrying out restoration. We
Climate Change Plan aims to
need to grow this contractor base to increase
restore 50,000 hectares of
the amount of restoration that can be carried
degraded peatland by 2020,
out. Action is also dependent on incentives and
and 250,000 hectares by 2030.
practicalities.
Further research into paludiculture, rearing
Prevent soil
The 25YEP aims to develop
N.A
animals on wetted land, and other uses of
erosion
new sustainable management
peatland which can maintain productivity and
measures to ensure that the
store carbon simultaneously may be beneficial
topsoil is retained for as long
(Paul Watkiss Associates 2019).
as possible.
Relies on commercial good
practice or voluntary uptake
of environmental land
management schemes.
Is risk managed by autonomous or planned adaptation?
Planned adaptation will be required where incentives are needed to restore peatlands/prevent degradation as benefits are generally for the public good
rather than the private good. Land use change may be associated with a loss of productivity (and therefore income), particularly in productive lowland
peatlands; hence autonomous adaptation is unlikely in these 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 lock-in
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Permanent and irreversible loss of 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 water quality and helps regulate downstream flow
Urgency scoring
More urgent – more action needed. Action is needed to prevent irreversible damage. This would be a no and low regret adaptation. Restoring peatlands
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 re-wetting (Evans et al., 2017). Rates of peat restoration have increased
since 2013 as a result of recent funding initiatives, notably the Scottish Government’s Peatland
Action programme and the Defra peat restoration fund, as well as a number of large peatlandfocused EU LIFE projects. Despite this, the percentage of upland bogs in favourable condition has
apparently decreased from 19% in 2003 to 12% in 2018 (CCC, 2019). However, it should be noted
that this only relates to designated sites.

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?
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 impacts of reaching 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, as
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 scenarios 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 not re-wet. Gully erosion also presents a
major challenge for peat restoration, because it fundamentally alters the topography and hydrology
of peatlands, which form in areas of low relief over millennia. Once the threshold has been crossed,
where peatland is currently degraded there is a risk of the peatland becoming irreversibly damaged,
at which point no adaptation can be undertaken to rectify this.
Many adaptation actions are currently largely implemented through voluntary actions within agrienvironment schemes, which can limit uptake. The Peatland Code highlights a number of restoration
options. Measures such as raising the water table and constructing dams require a catchment
approach, which may present coordination challenges.
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8 Woodlands
8.1 Summary –Woodlands
This section covers all UK woodlands. The literature review identified three potential thresholdbased impacts (section 16.4.1), of which two were taken forward in the national screening
assessment. The assessment focused on managed woodland stands, and separate analysis was
conducted for oak-dominated stands, other broadleaved woodland and coniferous woodland. The
first impact relates to combined effects of drought and 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 explored. The case study (section 14)
focused on the temperature and drought effects on woodland production in more detail.

Drought and temperature effects on productivity of managed woodlands (Ne 7)
Two climatic moisture deficit (CMD) thresholds were used to assess 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, Douglas-fir, oak, sycamore,
hornbeam).
Forest growth models show impacts range from slight, moderate, and to 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 greater in the south 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.
Current adaptation focuses on planting 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 climate-mediated. 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 seems comfortable to risk abiotic and biotic damage to crops
with an earlier/shorter felling intervention if necessary.
Urgency scoring - More urgent – more action needed. More action is needed on species selection
for future climate-proofing, and developing or selecting genotypes better adapted to future climate
stresses.

Temperature influence on pests and pathogens (Ne 7, Ne 9)
Warmer temperatures cause increased fecundity and voltinism (accelerating its life cycle stages) in
invertebrate pest species. A warmer climate, particularly mild winters, encourage range expansion
of tree pests and pathogens, leading to increased tree mortality, reduced timber quality and
consequent impacts on economic production. The 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 achieved through further monitoring
including: new methodologies from technology to citizen science: increasing woodland resilience
through moving to mixed species mixed age planting: and developing genomic tools to accelerate
the production of resilient tree varieties.
Urgency scoring - More urgent – more action needed. The risk is currently low, but stress and
disease/pest susceptibility, and therefore economic losses, will increase with wetter winters
followed by more frequent hot dry spring and summer climates.

8.2 Overview: Managed woodlands – national screening assessment
This section covers all UK woodlands. The literature review identified three potential thresholdbased impacts, of which two were taken forward in the national screening assessment. The
screening assessment for this habitat focuses on managed productive woodland in Britain’s forestry
sector: oak woodland, other broadleaved woodlands, and conifer woodlands. The impacts
prioritised in Table 39 represent an in-combination analysis of climate variables which have been
assessed using forestry growth, timber quality and economic models in this assessment. The full list
of potential impacts identified in the literature review can be found in Section 16.4.

Table 39. Potential threshold-driven impacts in woodlands

Climatemediated
stressor

Habitat

Woodland
(Managed
Temperature, oak, other
broadleaved
Rainfall
and conifer
woodland)

Temperature

Woodland

Threshold

3 years per
decade with
climatic moisture
deficit (CMD)
>200 mm drought
sensitive species
>300mm drought
tolerant species;

Varies depending
on pest &
pathogen species

Biophysical
response

Ecosystem
services
affected

Aligned
risk
descriptors

Biotic tree
stress, leaf
loss, cambium
cracks, growth
reduction in
following
years, abiotic
pest and
pathogen
infection

Carbon
sequestration,
timber quality

Ne 7

Biotic tree
stress, leaf
loss, growth
reduction in
following
years, pest
and pathogen
infection

Carbon
sequestration,
Ne 7, Ne 9
timber
quality,
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8.3 Temperature and drought effects on woodland
The thresholds and the assessment chain are summarised in Figure 16. 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 deficit of 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 value. The impact is lower yields, particularly
from young plantations, and lower economic returns on sale of wood. The factors governing
moisture stress are tree-species dependent, and also vary with soil type. More detailed analysis on
this impact is covered in the case study, which incorporates a broader set of climate data.

Figure 16. Impact chain showing the effect of increased temperature and summer drought on woodlands. Purple box
shows social/economic or biodiversity endpoint; Brown box shows potential adaptation measures

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 (ESC) - a forest site classification system (Pyatt
et al,. 2001) - called the climatic moisture deficit (CMD) index that reflects the maximum accumulated
monthly excess of evaporation (Et0) over rainfall (P) each year. Threshold values of CMD for production
vary according to the 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
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tolerant and has an upper CMD threshold of 180 mm, whereas the threshold for Scots 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 managed 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) occur in the south and east of the UK, with a significant proportion
of stands (~25%) on surface-water gley and ground-water gley soils. Climate change is thought to be
a driver of the decline due to:
 much warmer and drier summers, which exacerbates summer drought stress. Warmer
summers and drought combined cause a greater stress than the separate climatic impacts
alone, in many species of tree (Allen et al., 2015); and
 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 trees showing signs of decline (Denman et
al., 2014; Oosterbaan and Nabuurs, 1991) and associated mortality (Brown et al., 2016). Warmer drier
summers as well as wetter winters and extreme winter cold can all cause shake (cracks in the tree
stem) (Price, 2015; Savill et al., 1990), reduced canopy density (Brown et al. 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 pests (Ramsfield et al., 2016; Seidl et al., 2017)
and/or pathogens (Thomas et al., 2002). In combination, these impacts affect the 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, or just for pulp. Both affect the economic value of harvested wood.

8.3.3 Ecosystem assessment – climate 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 growth rates 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 embolism18, the
impacts of which can last for several years following the stress (Bigler et al., 2007, 2006). A further
impact is the damage to the quality of the wood which is often only apparent when the tree is
harvested (Price, 2015).
The screening assessment for woodland was 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 a 4 °C scenario. This differs from the approach used in
the other screening assessments, and is due to the use of forestry models to conduct the assessment.
18

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 characteristics 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 interactions with
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 change together 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 published standing volumes of different species across age classes according to
the regions of the National Forest Inventory (NFI) of Great Britain (Figure 17). Northern Ireland is not
included in this woodlands assessment.

Figure 17. Location of the National Forest Inventory (NFI) Regions
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The standing volumes of different species (NFI, 2013) described by the sample square data of Britain’s
National Forest Inventory (NFI) 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 made that the impact of climate
change on mature stands of oak and broadleaved yield will be small between 2020-2050. A yield
reduction was applied to conifer stands of 80-100% of current yield based on the ESC model, with the
spatial variation of yield impacted by 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, compared to the
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 the oak 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 dieback susceptible soil types (surface-water gley soils) by NFI region as climate change is
projected to progress. Broadleaved woodlands and conifer woodlands were assessed in a similar way.
For conifer stands we made an additional adjustment 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 from 50% in 2020 to 100% in 2050, under
the equivalent of the RCP8.5 emissions scenario (approximately associated with reaching a 2 °C
scenario in 2050). We have used two standard thinning interventions on the older age class volumes
of timber (over 80 years old) of 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 refuges for biodiversity.

Impacts on selected tree species and interpretation of reduced timber quality
The growth/damage risk classes relate to the frequency with which the climate threshold is
exceeded in a ten-year period, and therefore the magnitude of impact on different species. The
growth/damage classes are slight (S), moderate (M) and severe (X), as shown in Table 40.
A growth/damage risk class of “slight” may reduce the growth increment in the dry year with unusually
warm summer periods in one or two years per decade. This would impact forest ecosystem services
by reducing: biomass (lower carbon sequestration and timber production). Increasing the risk of
Elatobium abietinum (green spruce aphid) outbreak (Straw et al., 2005) and defoliation in spruce and
pine forest. Increasing the risk of powdery mildew (Dantec et al., 2015) on broadleaved trees
(particularly oak) in the one or two years following the drought.
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Table 40. Projected drought risk to nine commercial tree species for a 2 °C RCP4.5 scenario in 2050 compared to 19812010 baseline climate for 14 UK regions. Damage/growth reduction risk classes: S=Slight, M=Moderate, X=Severe.
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A damage class of “moderate” would similarly reduce the growth increment in the warm and dry
summer conditions occurring in two years per decade, causing the bark and cambium of a small
proportion of susceptible trees to crack (Green and Ray, 2009; Price, 2015). The 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 reduced value, as prices vary with species. The
cracking of 20% of Sitka spruce stems would reduce the value of the saw-mill quality wood but have a
lesser effect on pulp or fire wood. Oak is particularly prone to cracks in the tree stem - ‘shake’ - in dry
summers on silty and loamy clay textured soils (Price, 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 broadleaved 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 class of “severe” might occur when two or three (or more) very dry summers occur
sequentially or are interspersed in a decade, for example 2-3 extreme 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 leaf loss and shoot dieback, fungal
and bacterial infections, and in extreme cases bleeds from xylem embolism (Urli et al., 2013) as
tracheid cells cavitate reducing the water flow for transpiration to occur. Recent studies have placed
tree species on an isohydric – anisohydric gradient referring to the degree of stomatal control tree
species exert, which is related to the likelihood of embolism (Roman et al. 2015). The framework has
the potential to provide the means of improving tree choice in relation to soil types and
current/forecast climatic conditions (Martinez-Vilalta et al. (2014) also contains placements on the
gradient for 102 tree species) In addition to reduced productivity 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 increased 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. Biodiversity would be severely 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 that under a future 2 0C warming scenario, drier, warmer 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 England (Ray et al., 2010),
but may be offset in the next 30 years by an increased woodland carbon sink in north western
England and western Scotland (Ray, 2008). In the east and south of Scotland, and in north east and
east England a reduction in the carbon sink is likely. Under 4 0C warming 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., 2017). Below is a list of selected
species with comments on the likely effects of increasingly drier and warmer summers, and the
carbon sequestration impact of climate change:


Sitka spruce (Picea sitchensis) is 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 shallow soils of
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 risk will promote growth and
carbon sequestration in Sitka spruce stands.
Scots pine (Pinus sylvestris) will become increasingly prone to moderate drought damage
under a 2 °C scenario, even in the uplands of England, Wales, Northern England and regions
of Scotland. 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
(Ray et al, 2017). Similar impacts will occur in North England, and Wales.
Douglas-fir (Psuedotsuga menziesii) is 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 Douglas-fir from progeny trials, and also
select phenotypes exhibiting greater plasticity to drought conditions (B4est – H2020 project,
2018). In the wetter climates of south west England, Wales, and Scotland, Douglas-fir
woodland should remain a net carbon sink.
Western hemlock (Tsuga heterophylla) was once considered a ‘forest weed’ of no value due
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 robur and Q. petraea) are both widely used species in commercial broadleaved
woodlands being valuable timber species, and both are currently affected by die-back
(Thomas et al, 2002; Denman et al, 2014) that may be connected with a shift in seasonal
weather patterns. 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 range (Drobyshev et al., 2008). In 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 proportion of broadleaved
woodlands under the effects of climate change.
European beech (Fagus sylvatica) was badly affected by the drought years of 1976 and 2003
in the south of England (Mountford and Peterken, 2003). Recent work (Hacket-Pain et al.,
2016) suggests that provenances of beech across southern England may be particularly
sensitive to drier summers. This would cause a reduction in the growth and carbon
sequestration of beech woodlands in the south of England.
Common sycamore (Acer pseudoplatanus) has become more widespread in UK woodlands,
but is relatively drought sensitive, leading 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 birch (Betula pendula) occurs 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 2 °C scenario. Birch is a major broadleaved species in Scotland. This could
lead to a reduction in tree growth and the carbon sequestration of birch stands in England
and Wales, but less so in Scotland.
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The effect of the changing mean climate varies spatially across Britain and the effects vary among
different tree species. As summers become 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 hemlock). The main production conifer
species (e.g. Sitka Spruce, Scots pine, Douglas-fir) are generally suited to current site types. Sitka
spruce production is not possible in the south and east of England – except for some areas of the
south-west. Sitka spruce production in north and west in Britain is predicted to be less severely
impacted, and in the shorter term (to 2050) in the north and west will take advantage of warmer
summers and increase biomass. Even so, the stochastic nature of extreme drought will always be
present, particularly in north-eastern regions of Britain, and despite projected increases in yields, the
drought damage risk and associated wood quality impact remains. Scots pine production is largely
concentrated in the drier eastern parts of northern Britain and 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 south. Oak 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 1975-76 drought, following which stands of trees
suffered severe dieback in the New Forest over the following two decades (Mountford and Peterken
2003).

8.3.4 Economic assessment – impact on goods and services
No further economic analysis is reported on this impact.

8.3.5 Adaptation
Various silvicultural system responses to adapt stands to drought stress could be considered (see
Table 41). An option for drought stressed stands of trees on dry sites (in summer) would 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 selected final crop trees (Kerr et al., 2011). Adaptation
management might increase 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 shoots which are left to grow produce new branches on the
bole of the stem. This is the most valuable part of the tree for timber production, and epicormic
branching can reduce the proportion of high quality veneer and planks in oak. Similarly, for other
species, over-thinning a stand often encourages heavier branching with an effect of reducing the
value of wood from the stand. Average costs of moving to continuous cover forestry (CCR) are
estimated at £1,800 per ha (Davies & Kerr, 2011).

We estimate the projected economic impact of climate change on conifer wood quality in the UK to
be less severe. This is because Sitka spruce, Scots pine and other conifers are regularly planted on
upland site types less prone to the severe warmth and drought (in western uplands for spruce, and
central and eastern uplands for pine) than broadleaved trees in the lowlands (Petr et al., 2014).
However, under a 4 °C scenario (not explored in this analysis) the yield reduction of conifers could
be 20% (Petr et al., 2014). Adaptation approaches are summarised in Table 41.

139

Table 41. Adaptation approaches for temperature and drought stress in forest management

Nature of
adaptation

Current status & plans

Benefits of
adaptation

Increase frequency
of thinning
interventions

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 UK (Silva
Foundation, 2017)

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
Encourage mixed
species
(diversification)
through natural
regeneration after
thinning or by
planting different
species

This involves discussing plans with the country
forest authority office. Owners/agents and
woodland officers can use the forest classification
system (ESC) to better understand the options for
woodland species on the site under climate
change (Pyatt et al., 2001)

Improved sitespecies choice
appropriate to
future climate
projections

The diversification of stands reduces intraspecific competition. Mixing upper- and lowercanopy species helps reduce soil and woodland
floor temperature extremes – reducing
evaporation (Morecroft et al., 1998).
Mixed species stands have been shown to more
resistant to invertebrate defoliation (Jactel et al.,
2017) and more productive (Jucker 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
intervene earlier in
the rotation of
forest management
systems.

Building capacity:
Forest management
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

Continuous cover
forestry systems
(CCF)

Reducing stand density will reduce competition
Reduce competition
for water (Ford et al., 2017) but alter other micro- for resources
climate factors such as light and soil temperature.
Therefore, thinning should be done a little and
often, and so interventions will be more
expensive over the rotation.

and forest
operations
contractors. There
is still much inertia
in forest
management due to
lack of awareness of
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.

CCF provides more even microclimatic conditions. Maintain cooler
This occurs when the forest canopy is maintained woodland
through continuous thinning. Restocking glades
conditions in
after thinning can be through planting or natural
woodland glades for
regeneration. The system will promote more
the establishment
equitable microclimate for tree establishment
of cohorts
compared to clearfelled stands. Other ecosystem
service benefits include maintaining biodiversity,
maintaining soil nutrients, reducing soil loss,
reducing soil water evaporation, stabilizing
slopes, preventing soil compaction (Seedre et al.,
2018). Maintaining more continuous woodland
habitat should be encouraged through incentives.
On particularly sensitive woodland sites with thin
soils and southerly aspects, there is a danger that
complete harvesting of woodland will render the
site difficult to restore to woodland.
Is risk managed by reactive or planned adaptation?
Forest management is long-term and adaptive, with relatively little scope for reactive adaptation given the lifetime of even fast-growing tree
species. Incentives will be required to hasten forest adaptation and help secure more resilient woodlands that will help mitigate rising
greenhouse gas emissions. Many broadleaved woodlands have been under-managed for decades, and this has caused overstocking and high
competition for resources for growth in woodland stands. Oak in woodlands has increased over the centuries because of its higher value, and
the oak component of many oak woodlands should be reduced by mixing other broadleaved and conifer species. Conifer woods tend to be
more intensively managed on shorter rotations and in pure stands. There should be incentives to promote mixtures, to reduce the risk of pest
and pathogen impacts in single species, uniform age plantations.
Risks of lock-in
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There are high risks associated with selection of tree species for future climates, or management decisions on thinning taken currently due to
the long life-time and extended management cycles inherent in managed woodland. Choosing the wrong species now, or implementing the
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 risk of loss to woodland. Woodlands at risk in dry spring and summer climates and where access is encouraged
should have prominent warnings about the danger to people and the woodland habitat.
Urgency scoring
More urgent – more action needed. The risk of woodland loss is currently low, but loss will increase with, as projected, 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?
The forestry sector is very slow to respond 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 Classification (Pyatt et al., 2001) and 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 the consequences of abiotic damage are projected to be less
pronounced. Biotic damage from pests and pathogens is the main concern in production forestry.
Current research in the UK and Europe is focusing on adaptive traits and phenotypic plasticity to
select tree 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 management, the view is typically long-term and management is adaptive. Early felling
and replacement, and mixed species coupes are the most likely options to enhanced climate resilient
stands. There are more options for new plantations and restocking. The selection and use of more
tolerant tree species and mixed woodland types to increased frequency and duration droughts,
warmer temperatures, but also water-logging during winter months, in the future, will be required.
Testing the progeny of British provenances in trials to select better adapted tree lineages would
greatly help the selection of material for resilient woodlands. Research 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.
Fundamentally, however, a better matching of species requirements to the correct habitat and site
conditions will be essential for future planting schemes to make woodlands more resilient.

In what scenarios are there limits to adaptation?
Alternative tree species for commercial planting are potentially available, for any 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 limit the success of adaptation.
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8.4 Temperature influence on pests and pathogens
Figure 18 below summarises the threshold and assessment of 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 production.

Figure 18. Impact chain on temperature effects for fecund pest or virulent pathogens. Purple box shows social/economic
or biodiversity endpoint; Brown box shows potential adaptation measures.

8.4.1 Justification of threshold used in the assessment
While this report focuses on the impacts of abiotic-biotic 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 climate. Examples include the scolytoid pest European Spruce Beetle Ips
typographus attacking wind damaged and weakened trees, first recorded in the UK in 2018, but
increasingly likely to spread beyond current distribution boundaries (Seidl & Rammer 2017). A metaanalysis 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 Armellaria, including A. mellea (honey fungus) also increase
with drought stress severity.
Following the Temperature Summation Rule, some insect pests are particularly temperature
sensitive and an increase in warmth can affect voltinism, overwintering mortalities and flight
behaviours (Candolle 1855; Bentz and Mountain, 2016). Others might change their geographic
range, but with no further change in their biology. An example of an insect pest changing its biology
is the impact of the European Spruce Beetle, Ips typographus, in recent years on the European
continent, which has caused increasing damage to large areas of Norway Spruce. Ips typographus is
one of few well studied species; e.g. 144 degree days after 1st of April for one generation (Baier et
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al., 2007; Bentz & Jönsson, 2015), and models have been developed to assess outbreak risks (Baier
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 & Savopoulou – Soultani (2012) demonstrates that temperature accumulation
rules are often species-specific and can range from linear to non-linear responses (Damos and
Savopoulou-Soultani, 2012). Pest and pathogen impacts can increase tree mortality, sometimes
catastrophically and at a large scale, and negatively affect wood quality. Both can considerably
influence the economics of timber production, not only for reduced yield and production in the
longer-term, but in relation to increased management costs associated with pest and pathogen
outbreaks.

8.4.3 Ecosystem assessment – climate hazard thresholds; and 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 hazard thresholds 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 time, and diapausing, survival (undergoing a period of suspended
development) to increase voltinism, there are also potential negative impacts for instance 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 (Jactel et 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 defoliating invertebrates (Jactel et al., 2017,
2012; Ramsfield et al., 2016) has shown that the scale and severity of disturbance is reduced in
stands that have increased tree diversity (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 (climate and soil), based
on natural selection processes. Growth benefits (overyielding) have been demonstrated in mixed
stands (Mason and Connolly, 2020), compared to single species-single age stands. Also the wind
firmness of wind sensitive stands (e.g. Sitka spruce) may be improved when planted in a self-thinning
mixture on wet soils. Both of these benefits may provide an additional incentive for managing
mixed species and multi-aged stands in the future. Adaptation approaches are summarised in Table
42.

145

Table 42. 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 next 5 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 others, two
horizon scanning
exercises for invasive
macro-organisms were
carried out in 2013 and
2019 as expert opinion
exercises by the NonNative Species
Secretariat (NNSS),
although they were not
forest pest focused,
they picked up Emerald
Ash Borer and Asian
Chestnut Gallwasps
(ACGW). One similar
exercise aimed at micro
organisms and

The NNSS exercises
provided lists of
priority species,
although, due to the
parameters given,
forest pests were not
part of the “top 10”.
However, there was
awareness that
Dryocosmus kuriphilus
(ACGW) was likely to
invade the UK and it
did arrive in 2015.

Delivering adaptation:
Preparation can be conducted before
pathogens enter the country. Project
BRIGIT (https://www.jic.ac.uk/brigit/ )
is one such program and apart of the
BBSRC Bacterial Plant Disease
research programme, designed to
prepare for the threat posed by Xylella
bacteria to a wide range of plant
species.

Delivering adaptation:
Adaptation management is likely to
focus on an increase in mixed
species, multi-aged woodlands. The
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 and diseases.

Detection of new introductions can be
improved by new technologies
employed at the point of entry.
However, some new disease appears
endemic to the UK and emerges sue to
increasing stress on the trees. Thus
increased monitoring by professionals,
citizen science possibly guided by HS
will improve chances of to have an
early response.
In relation to mixed woodlands
providing associational resistance this
seems to apply at a range of levels
from genetic to species diversity.
However, there is scope for further

Tree breeding also has a major role
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 forest
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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Biosecurity
regulation

Silvicultural
management

pathogens highlighted
knowledge gaps. HS
does not capture
emerging diseases
native to the UK.
As of 2019 regulations
on the import of plants,
wood and wood
products has become
more stringent
restricting some species
or the areas they can be
imported from.
This combines with new
technology to detect
pests and disease at the
point of entry (e.g.
detection of pest and
pathogens funded
under the Tree Health
and Plant Biosecurity
Initiative (THAPBI)).
Most tree nurseries
have a biosecurity
policy.
Current silvicultural
practise varies widely
reflecting different
purposes from
recreational woodland
to timber production.
The PuRpOsE (THAPBI)
projects reports from a

research to optimise the effect by
identifying most effective species
combinations.

Avoid the introduction
of pests and
pathogens at the
borders and in the
field. Should a
recognised potential
pest/disease be
detected in the field
an eradication
protocol coordinated
will be put in place.
For instance, Asian
Longhorn beetle was
detected in 2012 in
Kent and eradication
measures, felling,
chipping and
subsequent
monitoring, were
successful.
We are not aware of
any systematic
assessment of the
efficiency of
alternative strategies
relative to each other.
There are numerous
studies of individual

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
have a special status in the public
conscience it would be important to
take this into account if such methods
are delivered at scale.

which is less productive than
phenotype Y.
Building capacity:
Decision support tools to help
practitioners consider and
recognise the potential risks from
pests and pathogens. Tree Alert and
the project Observatree have begun
the process and should be extended
to provide information about future
high risk abiotic and biotic impacts.

IPMs: Should the introduction of IPMs
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 an FR advisory service and
some Citizen Science initiatives. HS
should be repeated at intervals and it
stands to argue that a forestry focused
exercise could be warranted.
Methodologies should be reviewed.
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Tree breeding and
the of genomic
resources

forest manager’s
workshop involving all
backgrounds. Common
themes involved
managing increasing
climate pressure
through use of
improved provenances,
increased species
diversity, increased use
of conifers
(https://protectouroaks
.files.wordpress.com/20
19/05/summary-reportof-tree-healthworkshop-sept2018.pdf)
Selective tree breeding
has been practised for
many years. Beyond
optimising existing
forest species in the
face of introduced
pest/disease, the
production of hybrids
with species from the
native range of the
pest/disease is aimed to
introduce resistance
traits and less
commonly practised in
the UK (but see hybrid
Larch progeny trials),

strategies (Field et al
2019, in press).

Currently deployed we find web based
questionnaires, Delphi style expert
opinion elicitation and, although
rarely in environmental science and
not in pest/disease management, full
expert opinion elicitation in a
statistical framework to quantify
uncertainties.
Inspections at the border are largely
visual at this time, yet it is clear that
some pathogens/pests are cryptic at
certain life history stages or
asymptomatic for visual signs in some
host plants.

Selecting disease or
pest resistant lineages
or provenances within
species is along
established practise.
Hybridisation of
Castanea sativa
(European) and C.
crenata (Asian) or C.
dentata (American)
and C. crenata have
resulted in hybrids
with resistance to
chestnut blight
(Cryphonectria

Recent research has emphasised a
role of associational resistance, i.e.
trees in diverse stands are likely 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 to
improve tree species resistance and
where more than one pest/disease 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
elsewhere).

parasitica) (Chira et al.
2018). Chestnut blight
has recently recorded
from the UK. However,
success stories like this
are rare and the
creation and testing
takes considerable
time. Research in the
US is also trailing a
transgenic, resistant
version of C. dentata
Integrated pest
IPM is a broad term and We are not aware of
management (IPM)
we think here foremost the use of biocontrol
about the introduction
agents in forestry in
of natural enemies of
the UK
pest/disease to the UK. On the European
There is research into
continent a parasitic
less harmful, more
wasp of ACGW,
targeted and possibly
Torymus sinensis has
natural product
been introduced
pesticides, but they
widely supressing the
development and
pest populations
deployment is tightly
successfully.
regulated.
Cryphonectria
hypovirus-I is being
The use of biocontrol
developed to control
agents for forestry
chestnut blight.
pests is rare for the UK
An application for the
and comes with specific release of T. sinensis is
risks.
being considered.
Is risk managed by reactive or planned adaptation?

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.
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The statement on woodland health above largely applies to resilience to pest/disease. It is however important to consider woodlands with different
functions, considering the ecosystem service benefits that individual woodlands provide. At one extreme are timber producing monocultures where the
rigidity of one age cohort allows no reactive adaptation. The other extreme might be woodland for conservation and recreation, where natural selection
processes could promote adaptation although the adaptive potential and the development of a woodland through transition is generally unknown. The
genetic diversity in populations of particularly wind pollinated trees is characteristically high mainly due to potentially long pollen dispersal distances.
Such high genetic diversity provides the potential for selection to change phenotypic profiles of woodlands including disease resilience.
Risks of lock-in
Risks of lock-in related directly to those listed for woodland health. A strong component of resilience in woodland trees is being in the right place and
benefiting from optimal environmental conditions, such as water regime or soil type and chemistry. Changing abiotic conditions along a trajectory
causing increasing stress means even with optimisation management decisions today will impact future susceptibility should new pests or disease arrive
or arise.
Risk(s) interacting
The risks from pests and disease interact with abiotic factors such as climate change, but also other anthropogenic impacts where these increase tree
stress and thus susceptibility. Of particular interest are also the direction and relative importance of potential pathways for pest/disease 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 low, but loss, and
therefore stress and disease/pest susceptibility, will increase with 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, to date it is not clear for many pests or diseases whether threshold changes in
relation to climate change would occur. Currently we expect them to arise where:




Pests/diseases had previously restricted distributions, but climate change enables them to
establish in the UK
Tree condition changes in such a way that previously non-pathogenic, native organisms shift
life histories to cause disease symptoms
Climate change causes major changes in pest life-histories, e.g. voltinism, leading to a stepchange increase in abundance and damage caused

Most adaptation management currently aims at interception and early detection to prevent the
introduction and establishment of novel pest/disease organisms. Despite increased inspections at
the point of entry and restricting import origin, the rate at which new pest/disease organisms have
arrived in the UK has continued to increase reflecting increased international trade and in part
industrial practice (more wood products as packaging material) (Harrower et al. 2018). Horizon
scanning and Pest Risk Analyses allow the targeted use and development of interception methods
(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 applications, 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 management of invading non-native organisms (INNOs) to the UK tends 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 cases that involve disease vectors, management
could target vector species rather than the disease directly (e.g. 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 susceptibility of the trees. According studies to-date 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 partnership with
international organisations before these changes occur in the UK. These could involve pheromone
disruption or trapping strategies, but also natural enemies or entomopathogens.

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 develop, respectively.
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The UK is very active in monitoring for likely new invasive species and their status as potential pests
(Roy et al 2014). However, an equivalent exercise for pathogens identified 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 mostly be around control, or the lack thereof, in a community setting of
native UK species. It should be noted that 60% or so of UK forests are in private ownership and there
is no organised monitoring of impacts of pests and diseases, nor on silvicultural management and its
ability to adapt to these impacts.
Considering the potential change in life-histories of species native to the UK the information
predictions are mostly based on are again observations from warmer parts of their distributions on
the European continent, see for instance PRA’s in the UK Plant Health Register. This, however, does
not take account of local or regional adaptation of trees affecting susceptibility, where well adapted
trees in warmer European ranges can withstand higher pest/pathogen pressure, 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 or mal-adaptation to local environments
comes from experimental trials with local and introduced provenances (e.g. Sinclair et al 2015, Field
et al 2019). However, tree-herbivore relationships are complex and different feeding guilds of
insects respond to different tree traits that are affected by for instance warming temperatures (Field
et al 2019, unpublished data).
Monitoring potential pest and disease species abroad and within the UK will allow a focussing efforts
and resources. Thresholds are likely not to be crossed throughout the range at the same time and in
most case events 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 impacts affecting these habitats are not always separated
in the literature.
The literature review identified seven potential threshold-based impacts in marine and coastal
systems (section 16.5.1), of which three were taken forward in the national screening assessment.
Those impacts were: rising temperature effects on cod stocks, rising temperature on reproduction
and spread of the Pacific oyster Magallana gigas, and coastal flooding impacts on residential
properties. The case study focused in more detail on spread of the Pacific oyster.

Temperature impacts on cod stocks (Ne 17)
A sea-bottom temperature threshold of 12 °C defines the approximate distribution of cod. Above
this temperature, recruitment and abundance of cod decline, leading to economic impacts on
fisheries.
In the 2050s and 2080s, the analysis suggests that the area experiencing suitable temperatures for
cod will change. The distribution of cod will decline in UK waters, becoming restricted to Scottish
waters on the Atlantic; and will shift northwards in the North Sea.
No economic assessment was conducted due to uncertainty regarding the relationship between fish
stocks, catch quotas and catches by UK vessels.
Current adaptation: In 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 also anticipate future climate effects. However, 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 (CFP)19. The UK Fisheries Bill will instead control
management of fish stocks.
Urgency scoring – Less urgent – Sustain current action. UK decision-making is part of an
international process.

Temperature impacts on reproduction of the Pacific oyster Magallana gigas (Ne 17, Ne 18, Ne 19)
825 degree days above a sea-bottom temperature of 10.55 °C defines the spawning threshold for
the introduced Pacific oyster M. gigas. Above this threshold, M. gigas will successfully spawn, and
establish new populations. Once established M. gigas is able to persist at lower temperatures. The
main concern is for impacts on native ecosystems, with substantial negative impacts on a range of
other intertidal and subtidal communities. From an ecosystem services perspective, impacts are
mixed, with some positive impacts for water quality and potentially for coastal defence, but negative
impacts on beach use, intertidal rocky habitats and mussel beds.

19

https://ec.europa.eu/fisheries/cfp_en
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M. gigas is currently farmed around UK coasts, but for much of the UK temperatures are too low for
spawning (although this may vary depending on local conditions). The viable area for M. gigas
spawning and reproduction increases from 47,000 km2 at baseline, to 103,000 km2 in the 2050s and
205,000 km2 in the 2080s. The case study maps this range expansion. In the 2050s and 2080s, the
suitable range for spawning spreads 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 widespread expansion into Northern Ireland and Scotland for the
first time.

Current adaptation: There 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 costly. Farming 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 margins – national screening assessment
The literature review identified seven potential threshold-based impacts in marine and coastal
systems. Of those, two impacts were considered for development in the national screening
assessment (Table 43). The full list of potential impacts identified in the literature review can be
found in Section 16.5.
While threshold effects have been 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 drivers & impacts 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 of co-occurrence of drivers & ecosystem
service impacts. Climate change was one of the commonest co-occurring cause of regime shifts in
marine ecosystems worldwide, with specified impacts including increasing temperatures, ocean
acidification, and sea-level rise among others. Cultural services, biodiversity & primary production
the commonest cluster of ecosystem services affected. However, assessment of 24 recent marinerelated ecological resilience/regime shift publications (not restricted to UK temperate waters)
showed no specific examples of ecological thresholds in relation to climate-driven 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 long-term observational time series data for 5 biological
components (fish, infaunal benthos, marine benthos, plankton & rocky shore invertebrates) from 7
marine regions around the UK. The analysis tended to suggest that trends in UK marine communities
were dominated by gradual change rather than sudden shifts. Recent work has concluded on
impacts on other fin-fish, for example the Climefish project used IPCC climate change scenarios to
model the possible impacts on the mixed demersal fishery in the west of Scotland, highlighting
changes in abundance and distribution of a number of species. These data were not available at the
time of review.
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Table 43. Potential threshold-driven impacts in Marine and Coastal margins.

Climatemediated
stressor

Temperature

Temperature

Habitat

Threshold

Biophysical
response

Aligned
Societal endrisk
point affected
descriptors

Marine

Bottom
temperature
of 12 °C

Altered growth &
recruitment of
cod; Change in
Oxygen
concentration

Fisheries
(Cod)

Ne 17

Marine

825 degree
days above
bottom
temperature
of 10.55 °C

Changes at
species and
community level
(Oyster M. gigas)

Shellfisheries,
biodiversity

Ne 17, Ne
18, Ne 19
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9.3 Temperature impacts on cod fisheries
Figure 19 summarises the threshold and assessment chain. A sea bottom temperature above 12 °C
will lead to reduced cod abundance, or shifts in the range of cod away from UK waters, which may
lead to reduced cod catches in some UK fishing areas. A summary of the evidence behind the choice
of threshold is provided in the following section.

Figure 19. Impact chain for temperature effects on cod fisheries. Purple box shows social/economic or biodiversity
endpoint; Brown box shows potential adaptation measures

9.3.1 Justification of threshold used in the assessment
The threshold temperature used for assessing cod distribution is an annual average sea bottom
temperature of 12 °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 chains). The evidence base underlying this choice of
threshold is discussed below.
Shifts in cod distribution aligned to temperature change have been observed (Drinkwater, 2005;
Engelhard et al. 2014), or modelled (Núñez-Riboni et al. 2019; Voss et al. 2019) in a number of
studies, and this assessment follows a similar approach. However, the relationship between cod
distribution and temperature is highly complex, reviewed in Drinkwater (2005). Cod are primarily
found where annual mean bottom temperatures are 12 °C or less (Dutil 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 bottom-temperature
of 6 °C, is more-or-less stable at bottom temperatures of 7-8 °C and declines at bottom
temperatures above 8 °C (Drinkwater 2005). In an analysis of the North Sea cod stocks, those most
relevant to a UK assessment, Clark et al. (2003) estimated a 30% decrease in recruitment with the
highest level of sea surface temperature increase (0.026°C, annual mean). Other studies have
suggested that a sea surface temperature (SST) above 9-10oC can cause rapid ecosystem shifts, when
taking into account oxygen concentration. Reductions in oxygen concentration below 6.45-6.60
mg/L-1 in the North Sea caused changes in upper ocean chlorophyll, Calanoid mean size and
diversity, and Cod occurrence (Beaugrand, et al., 2008), and other studies have shown that cod
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fitness in the Baltic Sea was negatively impacted by oxygen reduction linked to SST (Hinrichsen, et
al., 2011). Brown, et al., (2016) predicted that by 2100 cod populations in the Irish and Celtic Sea
could completely disappear due to climate change. While experimental evidence suggests that the
ability of cod to extract oxygen from seawater is maximized at around 12°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 5 - 17°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 and it is clear that the scale of movement in all life-stages is far less
than the size of the International Council for the Exploration of the Sea (ICES) stock areas (e.g. for
the North Sea see Neat et al., 2015; Wright 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 exposed to the largest annual range where monthly bottom temperature often exceeds 12°C
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 impacting cod recruitment and
behaviour. Temperature effects on sensitive life-stages are likely to be more relevant to defining an
unsuitable thermal environment. While there have been many studies that have correlated
temperature and North Sea cod recruitment (O’Brien et al., 2001; Nicolas et al., 2014; Akimova et al.,
2016), the precise mechanisms operating are still not clear. There is some evidence of avoidance of
high temperatures by spawning cod, since they rarely spawn in temperatures >8°C (Righton et al.,
2010; Gonzalez-Irusta and Wright, 2016). An experiment by Van Der Meeren and Ivannikov (2006)
found that temperatures exceeding 9.6°C harmed the development of cod larvae. Temperature may
also affect the synchrony between cod spawning and zooplankton production. Huebert et al. (2018)
found that the growth rate of larval cod could be food-limited around the peak hatch time, and that
in-turn this was correlated with subsequent recruitment strength.

9.3.2 Impacts on natural assets and the services they provide
Where bottom temperature exceeds the threshold, cod will decline in the south leading to a net
shift in distribution northwards, or to areas which remain within favourable temperatures, with
implications for UK fisheries.

9.3.3 Ecosystem assessment – climate hazard thresholds
In the analysis, the period 2000-2019 is used as the present-day baseline period. The temperature
data was bias corrected against the NWS Ocean Reanalysis data (same resolution) using a reference
period of 2000-2019. Climate data for the assessment of impacts on cod followed the approach used
in the case studies, i.e. assessment against climatic conditions at baseline (2000 -2019), the 2050s
(2040-2059) and the 2080s (2070-2089). Section 16.5 explains how the climate data for the marine
assessment were sourced and used.
Sea-sea surface temperature and bottom temperatures were mapped for UK waters (
Figure 20a). This indicates how cod distributions are likely to change from current day through to the 2050s and 2080s
under a 4 °C scenario. The 12 °C isotherm of sea surface temperatures shows that this shifts northwards considerably, while
the bottom temperatures (

Figure 20b) also shift northwards. Thus the climate space for cod becomes restricted to Scottish
waters in the Atlantic and Scottish and northern parts of English waters in the North Sea, where
waters are deeper, and temperature does not exceed the threshold.
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a)

b)

Figure 20. Sea temperatures around UK under 4 °C warming trajectory, for three time periods: baseline (2000-2019),
2050s and 2080s. Data show a) sea-surface temperatures with 12 °C isotherm and b) bottom-temperature, shown to 350m
depth. Thick lines show outer extent of offshore planning regions for each country.

9.3.4 Economic assessment – impact on goods and services
No economic assessment was conducted due to uncertainty regarding the relationship between fish
stocks and catches by UK vessels. The imposition of catch quotas also makes a robust assessment of
the economic consequences of a northwards 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 fisherman currently. UK vessels landed
21,600 tonnes of cod into the UK in 2017, which had a value of £48 million, approximately 12% of the total value of UK
finfish landings in that year (Elliott & Holden, 2018). Of this, £42 million of landings were from vessels in Scotland and £6
million was landed by vessels in England. Most UK cod landings in 2017 were from the north east and north west North Sea
in areas where average temperatures are predicted to remain below 12 °C through to 2089 (based on

Figure 20). 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 in Table 44.

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 climate change. This action was led by the designation of Marine Protected Areas
(MPAs) and utilising conservation zones as a network of habitats to aid the movement of species
affected by climate change and decrease threats such as over-fishing. However, the design of MPAs
only has limited consideration of climate change impacts. Whilst the 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 will be included within these plans and if the long-terms
risks from climate change will be addressed. More 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 risk of 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 accordingly. Area restrictions
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 (Clarke et al., 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 longer term.
Regarding quotas, now that the UK has left the EU, it is no longer part of the EU Common Fisheries
Policy (CFP)19. While quotas are set at international negotiations in which the UK will participate, the
UK Fisheries Bill will instead control management of fish stocks. Within the Fisheries Bill, Defra
intends to discuss with the Devolved Administrations, Crown Dependencies and stakeholders any
additional fishing opportunities agreed from December 2020 onwards (at time of writing), using
zonal attachment methodologies to allocate quotas (Defra, 2018). The policies implemented under
this regulation will have an influence on stock levels and the ability to adapt to warmer sea
temperatures.
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Table 44. Adaptation approaches for temperature impacts on cod stocks.

Nature of
adaptation

Current status & plans

Designation of
Marine Protected
Areas

The area of marine protected sites
has risen by almost 69% to 1.7 million
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 condition is around 60%
(CCC, 2019).
Certification to the MSC Fisheries
Standard20 allows product to be sold
with the blue MSC label. The standard
addresses sustainable fish stocks,
minimising environmental impact and
effective fisheries management.
Not currently widely practiced.

Sustainable
exploitation of
existing cod stocks

Relocation of
fisheries

Benefits of
adaptation
since 2012
N/A

N/A

N/A

Potential further action or
investigation

Case for action in the next 5
years

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.

Delivering adaptation:
Based on the precautionary
principle, taking action within
the next 5 years will reduce the
risk of damage to cod stocks.

Building capacity:
Expanding the coverage of MPAs will
extend their role in delivering
ecological resilience. Networks of
MPAs respond better to climate
change and other stressors when
effectively managed e.g. assessment
of ecosystem vulnerability to climate
change, the reduction of
anthropogenic pressures affecting
adaptation capacity, and the
implementation of new management
options (Simard et al., 2016).

Is risk managed by autonomous or planned adaptation? In view of the existing pressures on cod stocks from fishing and climate and the management of
fishing grounds, planned adaptation is necessary to both protect the marine ecosystem and limit fishing. This should anticipate future climate effects,
including the natural movement of fish as seas warm.
20

https://www.msc.org/uk/what-we-are-doing/our-approach/what-is-sustainable-fishing
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Risks of lock-in
There is low risk of lock in as both designation of MPAs and adjustments to fishing regulations can be adjusted over time as needed. In the meantime,
action should enhance ecological resilience.
Risk(s) interacting
None
Urgency scoring
Less urgent – Sustain current action. The North Sea cod fishery is highly managed at EU level. Although quota management is not perfect, recent declines
in cod stocks have prompted more critical evaluation of the process. UK decision-making is part of an international process.

161

9.4 Temperature effects on naturalisation of the Pacific oyster Magallana gigas
Figure 21 summarises the threshold and assessment chain for naturalisation of the Pacific oyster,
Magallana gigas (previously Crassostrea) in the United Kingdom. Although legally cultivated, wild
Pacific Oysters are classified as an invasive non-native species in the UK (Herbert et al., 2012). Above
a threshold of 825 degree days in excess of 10.55 °C (bottom temperature), this leads to increased
spawning and subsequent settlement. Moreover, M. gigas’ optimal (sea bottom) temperature for
growth is 20 – 25 °C. Therefore, rising water temperatures will lead to faster growth and an expansion
of its current range. More detailed assessment of this impact is provided in a case study, which maps
the change in viable spawning and reproduction area for this species over time.

Figure 21. Impact chain for temperature effects on naturalisation of the Pacific oyster, Magallana gigas. Purple box shows
social/economic or biodiversity endpoint. Brown box shows potential adaptation measures.

9.4.1 Justification of threshold used in the assessment
The threshold for spawning of M. gigas is 825 degree days for a daily mean bottom temperature of
10.55 °C. Past an initiation threshold, ectotherm growth and development 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 such, development is best
estimated in a cumulative stepwise manner based on daily temperatures experienced. This can be
quantified by measuring “degree days”. For M. gigas, Mann (1979) determined a biological zero (T0)
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 occur. Here, we 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 oyster M. gigas is widely used as a farmed species in the UK. It was 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 warming trends have
changed this (e.g. Spencer et al., 1994). Summer temperatures in much of continental Europe now
facilitate spawning and settlement and wild M. gigas populations can be found in areas far away from
aquaculture sites. Currently, M. gigas’s naturalisation frontier is along England’s SE coast where it can
be found in high abundances forming extensive reefs (Thomas et al., 2016). Changes to spawning are
unlikely to affect farmed oysters directly, although increased temperatures may increase growth
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 assessment – climate hazard thresholds
In the analysis, the period 2000-2019 is used as the present-day baseline period. The temperature
data was bias corrected against the NWS Ocean Reanalysis data (same resolution) using a reference
period of 2000-2019. 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 baseline (2000 -2019),
the 2050s (2040-2059) and the 2080s (2070-2089). Section 16.5 explains 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 (2040 — 2059) and (2070 — 2089). We also quantified the
total viable area where thresholds are exceeded up to 2100. We limited all quantifications of suitable
habitat and area to 50 m that represents the maximum depth for M. gigas.
UK seawater temperatures are predicted to rise considerably over the coming decades (Table 45). On
average, temperatures at the seabed are estimated to increase by 0.9 °C by 2040 – 2049 and 2.0 °C by
2070 – 2089 in UK waters, with the largest increases taking place in the coastal waters of England and
Wales, although all parts of the UK are affected by the 2080s. These temperature increases will result
in settlement thresholds being exceeded at higher latitudes towards the end of the century resulting
in a northward shift of the potential settling grounds of M. gigas. Increased temperatures will also
push M. gigas towards its growth optimum of 20 - 25 °C bottom temperatures (King, 1977; Brown and
Hartwick, 1988; Shpigiel and Blaylock, 1991). Therefore, there will be direct impacts on farmed oysters
and the wider ecosystem impacted by wild settlement.

Table 45. Anomaly in bottom temperature (°C) (down to 50 m water depth) for 2050s and 2080s compared with baseline
period (2000 - 2019), under RCP8.5. Values in square brackets denote range with +/- 1 standard deviation over the time
period.

Area
England
Wales
Scotland
Northern Ireland
UK

2040 – 2059
1.0 [0.4; 1.6]
0.9 [0.4; 1.5]
0.6 [0.1; 1.1]
0.7 [0.2; 1.3]
0.9 [0.3; 1.4]

2070-2089
2.3 [1.8; 2.7]
2.2 [1.7; 2.7]
1.7 [1.3; 2.0]
1.8 [1.4; 2.3]
2.0 [1.6; 2.4]
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9.4.4 Economic assessment – impact 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 expansion of M. gigas.

Over the baseline period (2000 – 2019) 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 Scotland. Taken as a whole, this represents a 331 % increase in suitable
settlement area for the UK (Table 46). Greatest gains in suitable area were observed in England, which
was driven predominantly by 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.

Table 46. Mean viable area for oyster spawning and settlement for baseline (2000 – 2019), 2050s and 2080s, under
RCP8.5 (‘000 km2). Percentage change (compared to 2000 — 2019) are shown in brackets.

England
Wales
Scotland
Northern Ireland
UK

2000 - 2019
42.8
4.7
0.2
0
47.5

2040 - 2059
89.7
12.2
2.1
0.1
103.9 (118 %)

2070 – 2089
167
25.8
11.7
1.7
205 (333 %)

The greatest concerns for M. gigas naturalisation have been the potential for conflict with native
species and habitats. M. gigas can have adverse impacts on a range of habitats including musselbeds (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 mud flats (Trimble et
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 homogenisation. As an ecosystem engineer M. gigas can 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 particular concern where there is the potential for spread of M. gigas into 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 status. The greatest concern for impacts on
individual species has been with native bivalves such as mussels, cockles and the native oyster. The
blue mussel, Mytilus edulis, supports large fishery and mariculture enterprises in the UK (16,000
tonnes in 2017 (FAO statistics21), and M. gigas can almost completely replace it, reaching densities of
up to 2000 per m2 (Markert et al., 2013). Moreover, M. gigas can reduce the local carrying capacity
for nearby cultivated mussels (Wijsman et al., 2008), by competing for food resources in the water
21

http://www.fao.org/fishery/statistics/software/fishstatj/en
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column. More recently, there have been concerns over competition with the native oyster, Ostrea
edulis (Zwerschke et al., 2018), which is the focus of substantial restoration effort across Europe.
Pacific oyster expansion can negatively 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 of M. gigas on native species in the UK are negative, there is
recognition that M. gigas can have both positive and negative impacts on ecosystem services (listed
in Table 47). Positive benefits include improving water quality, some potential for improved 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, as well as indirect effects on production of other bivalves
discussed above.

Table 47. Positive (↑) and negative (↓) effects of M. gigas naturalisation on ecosystem goods and services

Regulating services
↑ Improve water quality
(nutrients, pollution,
pathogens)
↑ Buffers coastal erosion

Provisioning services
(direct & indirect impacts)
↑ Potential for wild spat
collection

Cultural services
↑ Improve tourism through
hand picking

↑ Opportunity for emerging
wild fishery

↓ Sharp shells may pose risk
to beach users

↑ Trophic subsidiaries for fish
and shellfish
↑Nursery ground for
commercial species
↓Reduce carrying capacity for
farmed bivalves
↓ Smother native bivalve
reefs (e.g. blue mussel, Mytilus
edulis)

9.4.5 Adaptation
Adaptation options are summarised in Table 48.
In England, there are several NAP actions around marine plans and climate change in aquaculture,
although none specific to oyster populations. Warming of seawater has led to the northwards spread
of non-native species in the UK, including the Pacific Oyster (Scottish Association for Marine Science,
2015). More general NAP actions include:
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The preparation of ten new Marine Plans for the whole of the English marine area which will
include horizon scanning to evaluate the potential longer term risks and opportunities from
climate change
Continue to establish Marine Conservation Zones to contribute to an ecologically coherent
network of Marine Protected Areas
Continue to support the Marine Climate Change Impacts partnership
Continue to collaborate with selected marine sectors through the ‘climate smart’ working
initiative to develop adaptive capacity
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

There are also several NAP actions around raising awareness of, managing, and eradicating non-native
invasive species, but again, these are not specific to M. gigas.
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 the added
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, 2010). However, it is very difficult to access subtidal populations of any species. Once
established, there are a number of possible mechanisms to prevent further spreading. One is 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. Alternatively,
control may be possible through voluntary actions via marine practitioners, e.g., those who gather
wild shellfish for commercial gain (Whelkers, Scallop divers) or through volunteer 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 eradication attempts have failed. The European-wide organisation NORA
Native Oyster Restoration Association are a strong pan-European body and are likely to target
removal of M. gigas from any sites that are earmarked for Native Oyster restoration.
In Scotland, a synthesis of evidence is currently underway, but has not reported at the time of
writing.

What is the impact of current levels of adaptation at mitigating these risks?
Currently the adaptation of M. gigas naturalisation in the UK is low as naturalisation is predominantly
limited to south east England.
Culling: - Two culling trials have been conducted in the UK. In Strangford Loch, Northern Ireland,
where abundances are very low (< 1 per m2) 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 where 40,000 oysters were removed was conducted in 2015. However,
resurveys of culled areas have not yet been conducted (McKnight and Chudleigh, 2015).
Exploitation: - A dredge fishery operates in the Blackwater Estuary, Essex for both M. gigas and O.
edulis. Handpicking of seed in the estuary also prevents widespread reef formation.
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Table 48. Adapting to temperature impacts on Pacific oyster, M. gigas

Nature of
adaptation

Current status & plans

Farm triploid stock
of M.gigas to
prevent damage to
native species

Not widely practiced

Eradication of
M.gigas

Culling trials have been conducted in
the UK: In Strangford Loch, Northern
Ireland, where abundances are very
low (< 1 per m2) 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 where 40,000
oysters were removed was conducted
in 2015. However, resurveys of culled
areas have not yet been conducted
(McKnight and Chudleigh, 2015).

Benefits of
adaptation
since 2012
N/A

N/A

Potential further action or
investigation

Case for action in the next 5
years

Delivering adaptation:
Regulation: some regulatory action
could be taken to protect species at
risk from M.gigas
Advice: distribution of information on
managing existing oyster populations
and any new species
Incentives: incentives (grants or
similar) could be provided to
encourage farming of triploid stock of
M.gigas.

Delivering adaptation:
Implementing adaptation
actions such as eradication or
farming to reduce populations
will reduce the impact that
M.gigas has on native species of
oyster. Unless action is taken on
an international scale, the
impacts may be limited.

Building capacity:
Increased awareness regarding
identification may be required, as well
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 required
elsewhere.

Building capacity:
Raising awareness so that
stakeholders are aware of the
challenges and how to mitigate
the risks of M.gigas within the
next 5 years will assist in
preventing established
colonisation of M.gigas.

Is risk managed by autonomous or planned adaptation?
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Planned adaptation would be required on an international scale due to the connected nature of marine environments and the high dispersal capacity of
M.gigas larvae. The eradication of M.gigas would be very labour intensive and needs to be conducted over successive years to ensure the removal of any
brood stock. Voluntary action may also help slow the spread of this species.
Risks of lock-in
Without adaptation actions there could be risk of M. gigas resulting in some sites losing conservation status or establishing into reefs which then cannot
be removed.
Risk(s) interacting
Improvements in water quality
Potential negative impact on biodiversity
Urgency scoring
More urgent – research priority. There is a need to conduct more research to assess the magnitude of impact of this invasive species and therefore the
need for additional action
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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?
Having pre-emptive rapid action plans in place for sites where M. gigas settlement will compromise
the sites conservation status, may prevent settlement turning into reefs that cannot then be removed.
Pre-emptively moving to triploid farming in areas anticipated to exceed settlement thresholds in the
future.
The adaptation response to the spread of M. gigas may be different in parts of the UK or 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 and M. gigas’s high dispersal capacity mean larvae can
easily cross geographical and geopolitical boundaries. This means as climate change advances, there
is a clear pathway for naturalisation into areas with no history of M. gigas cultivation. Moreover, any
management interventions enacted on anything but an international scale may be severely
compromised. For example, established populations in SW England are likely a result of immigration
from French, rather than neighbouring English, populations (Lallias et al., 2013).
Triploidy
As triploid oysters are sterile, they have been proposed as a potential alternative to prevent
spawning and settlement in M. 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 contain diploid cells (Allen et al., 1999). Therefore, switching to triploids may not
prevent naturalisation.
Triploid seed costs more than diploids and many farmers may be reluctant or unable to pay extra. In
addition, some food producers may wish to avoid using triploid stock as it may be termed
“genetically modified” with associated negative connotations with consumers.
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Case studies
10 Freshwater – Case study: Algal blooms in lakes
This case study builds on the screening assessment (Section 5.3) by 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 UK, and assesses the climate impacts in three clear time frames along the climate
projections, for baseline, the 2050s and the 2080s. Climate data used are projections from CMIP5 and
from PPE model ensembles (see Methods section 4.5). The threshold and main impacts are re-iterated
below.
Figure 22 summarises the threshold and assessment chain. Lake temperatures are likely to warm in
line with air temperature, with associated thermal 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.

Figure 22. Impact chain for temperature effects on phytoplankton blooms in lakes. Purple box 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 compromised, and why?
The climate threshold is a monthly mean lake water temperature of 17 °C, which equates to a
monthly mean air temperature of 14.7 °C. Exceedance of this threshold is likely to lead to an
increase in the incidence of algal blooms in lakes, although other factors such as nutrient inputs, lake
size, depth, and turnover time also play a role. The evidence supporting the threshold and impacts is
presented in the screening assessment, section 5.3.1.
Figure 23 plots the number of months each year that this threshold is exceeded, as an average
across UK regions. Over the baseline period for this analysis of 1990-1999, 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 when the models show a change in
exceedance (Figure 24). In north Scotland, model averages suggest that exceedance of more than
one month per year (below the UK average) does not occur 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 year (PPE) in 2100.

Figure 23. Time course of exceedance of water temperature threshold of 17 °C for algal blooms in lakes, under RCP8.5
pathway. Data are UK average across regions, showing number of months exceeding threshold per year from 1990 – 2100,
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) and 15 ensemble members for PPE (orange
symbols). For comparison, black line shows PPE ensemble id 7, used in the national screening assessment.
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Figure 24. Time course, by UK climate region, of exceedance of lake water temperature threshold of 17 °C in lakes, under
RCP8.5 pathway. Data show number of months exceeding threshold per year from 1990 – 2100, for two model families
CMIP5 and PPE. Each point represents the mean for a model family, comprising the following number of ensemble
members: CMIP5 (13), PPE (15).
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Exceedance of the climate threshold by region for current day, 2050s and 2080s is shown in Table
49. Threshold exceedance is greater in the PPE models, but in both cases increases substantially
from the baseline to the 2050s and further to the 2080s, approximately two-fold increase for CMIP5
by 2080s and three-fold increase for PPE by 2080s at UK level. In England, exceedance increases
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
and 5.0 months in the 2050s and 2080s respectively. In Wales, the PPE ensembles increase from 1.5
months at baseline to 4.8 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.

Table 49. Number of months per year where monthly mean water temperature exceeds 17 °C threshold for algal blooms
in lakes, by region of the UK, for current day, 2050s and 2080s under RCP8.5 pathway. Data are averages across 13
ensemble members for CMIP5 and 15 ensemble members for PPE.

Region
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

Country averages
England
Wales
Scotland
Northern Ireland
UK

CMIP5
Baseline
(1990-99)
1.5
1.2

2050s
(2040-59)
2.6
2.4

2080s
(2070-89)
3.6
3.4

PPE
Baseline
(1990-99)
1.1
0.7

1.7

2.9

3.7

1.5

3.6

4.5

2.1
2.2
2.7
2.5
2.8
3.0
2.1
0.4
0.8
0.7
1.1

3.3
3.3
3.8
3.6
3.9
4.0
3.1
1.1
1.9
1.5
2.2

4.1
4.1
4.6
4.4
4.7
4.8
4.0
1.9
2.8
2.4
3.2

2.0
2.3
2.8
2.5
3.0
3.2
1.6
0.1
0.4
0.2
0.9

3.9
4.1
4.3
4.3
4.5
4.6
3.7
1.4
2.4
2.0
3.1

4.8
5.0
5.3
5.3
5.6
5.7
4.8
3.0
3.9
3.5
4.4

2.2
2.1
0.6
1.1
1.8

3.3
3.1
1.5
2.2
2.8

4.1
4.0
2.4
3.2
3.7

2.1
1.6
0.2
0.9
1.6

3.9
3.7
1.9
3.1
3.4

5.0
4.8
3.5
4.4
4.6

2050s
(2040-59)
3.4
2.8

2080s
(2070-89)
4.5
4.1
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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?
The impacts of algal blooms on lakes are broad-ranging. They encompass impacts on provisioning
services such as water supply, regulating services linked to water and air quality, and cultural
services such as recreation and amenity, as well as direct impacts on biodiversity. Economic
assessment methods are outlined in the screening assessment (section 5.3)
The calculation of costs differs slightly from the approach in the screening assessment (section 5.3.4),
in that future costs (Steps 3 and 4) are estimated by ratio for each region, and then summed to derive
national totals. All steps for the case study analysis are described below for easy reference:

Step 1: Calculate annual baseline damages of algal blooms for 2001-2010 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 the level of consumer 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 exceeding 17°C under future
temperature scenarios, calculate 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 outbreaks, we calculated the ratio of change in number of months exceeded for each
region separately to the 2050s and the 2080s, relative to the baseline. We assume that baseline
damage levels (from Pretty et al. 2003) reflect the impact of contributing factors such as excess
nutrient levels, as well as existing levels 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. The national and UK
totals were then summed from the regional cost estimates.

The estimated economic impact for each region of the UK is shown in Table 50. In both sets of model
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 2080s. The difference in the
estimates reflects the hotter projections under PPE models. Economic 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 reasons. First, most waterbodies
susceptible to HABs are in England implying 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 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.

174

Table 50. Economic impact of algal blooms in lakes due to exceedance of lake water temperature threshold (£ million),
under RCP8.5 pathway, for baseline, 2050s and 2080s. Economic values derived from Pretty et al. (2003) and calculated
from data in Table 49 and Table 5. 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.

CMIP5 (£ million)
Region
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 total
Wales total
Scotland total
Northern Ireland
total
UK total

PPE (£ million)

Baseline
(1990-99)
13.7
4.1

2050s
(2040-59)
24.2
8.2

2080s
(2070-89)
32.7
11.3

Baseline
(1990-99)
10.0
2.3

2050s
(2040-59)
32.1
10.0

2080s
(2070-89)
42.6
14.4

11.4
15.2
12.7
20.4
17.1
31.4
31.9
8.2
0.2
2.6
2.1
2.5

19.7
23.8
19.6
28.7
24.9
43.5
42.4
12.4
0.5
6.1
4.6
5.1

25.6
29.6
24.4
34.7
30.2
52.5
50.9
16.0
0.9
9.1
7.2
7.3

10.4
14.9
14.3
22.1
17.7
35.2
35.7
6.5
0.0
1.5
0.6
2.1

25.5
29.4
25.0
34.3
30.6
52.9
51.2
15.4
0.7
8.3
6.4
7.4

32.4
36.6
30.8
42.2
37.9
64.7
62.8
19.7
1.5
13.4
11.1
10.4

157.8
8.2
4.9

235.0
12.4
11.3

291.9
16.0
17.1

162.6
6.5
2.1

291.0
15.4
15.3

364.4
19.7
25.9

2.5
173.3

5.1
263.7

7.3
332.3

2.1
173.3

7.4
329.0

10.4
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 characteristics of the lakes. In large parts of the UK, these preconditions 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. Once pre-conditions are met, lakes are likely to experience recurring algal blooms year on
year. Long-term monitoring of the outcomes of restoration via catchment management at Loch
Leven show that it can take decades for biogeochemical conditions to start to return 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 self-reinforcing stable, algae dominate state, which is then
difficult to reverse (Scheffer et al 1993, Ibelings et al 2007). The long-term 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 the impact of current levels of adaptation at mitigating these risks?
Recovery is dependent on a drop in lake water temperatures, which is difficult to achieve and needs
to be addressed through climate change mitigation measures. Addressing the pre-conditions that
make lakes more sensitive to the impacts of climate warming is therefore a key focus. This could
involve options such as:
1) management of 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 in-lake/reservoir technologies 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 through flocculation.
Catchment-wide 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 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 input rivers have received relatively little focus so far, and are likely to
be ineffective in large water bodies.
The falling number of surface water bodies in high or good ecological status, under the Water
Framework Directive (see section 5.3.5), suggest that current measures to reduce catchment level
nutrient inputs to waterbodies are minimal, 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 impacts?
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
practiced currently, aeration by artificial mixing, e.g. through fans or pumps installed in the water
body, and chemical remediation could also be 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 the pre-conditions 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 would impact on the ability to prevent formation of algal blooms.
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Once severe phytoplankton blooms have established, restoration activities may not be appropriate,
depending on local conditions, and the likelihood/frequency of the algal bloom re-establishing. The
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 focused on communicating and managing risks.
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11 Farmland and grasslands – Case 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 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 UK, and assesses the climate impacts in three clear time frames
along the climate projections, for baseline, the 2050s and the 2080s. Climate data used are
projections from CMIP5 and from PPE model ensembles (see Methods section 4.5). The threshold
and main impacts are re-iterated below.
Figure 25 summarises the threshold and assessment chain for the case study. Exceedance of the
temperature humidity index (THI) threshold leads to declines in milk yield per cow, resulting in
decreased milk production and costs to farmers.

Figure 25. Impact chain for temperature effects on milk production. Purple 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 threshold is a temperature-humidity 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 unit increase in 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 less than 0.7 of a unit). The evidence supporting the
threshold and impacts is presented in the screening assessment, section 6.4.1.
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Figure 26 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 2000-2019, the average number of days
exceeding the threshold is 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, with faster increases in exceedance in the PPE model ensembles.
There is considerable spatial variability in when the models show a change in exceedance (see Figure
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 CMIP5 outputs than for PPE. Exceedance
of the climate threshold by region for current day, 2050s and 2080s is shown in Table 51. Threshold
exceedance is greater in the PPE models, but in both cases increases substantially from the baseline
to the 2050s and even further to the 2080s, approximately three-fold increase by 2050s and six-fold
increase by 2080s at UK level. Therefore there is also substantial spatial variation in the level of
threshold exceedance, with threshold exceedance four to five times greater in England than in
Scotland.

Figure 26. Time course of exceedance of maximum daily air temperature threshold of 23 °C for milk production, under
RCP8.5 pathway. Data are UK average across regions, showing number of days per year from 1990 – 2100, for two model
families CMIP5 and PPE. Lines show 7-year 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).For reference, black line shows PPE model id 7, used in screening assessment.
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Figure 27. Time course, by UK climate region, of exceedance of daily maximum air temperature of 23 °C, number of days
exceeding threshold per year from 1990 – 2100, under RCP8.5 pathway. Data are from two model families CMIP5 and
PPE. Each point represents the median for a model family, comprising 13 ensemble members for CMIP5 (blue symbols) and
15 ensemble members for PPE (orange symbols).
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Table 51. Number of days per year where THI exceeds 74 (maximum daily air temperature exceeds 23 °C) threshold under
RCP8.5 pathway, by region of the UK, for baseline (current day), 2050s and 2080s. Values 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
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)

CMIP5
PPE
Baseline 2050s
2080s
Baseline 2050s
2080s
(2000-19) (2040-59) (2070-89) (2000-19) (2040-59) (2070-89)
4.1
3.3
5.4
11.1
12.0
14.3
11.9
15.0
18.9
8.2
0.2
0.4
0.9
2.1

15.4
11.8
19.4
28.3
30.3
38.1
29.5
37.5
44.5
23.1
1.4
3.4
3.7
6.9

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

2.0
1.9
6.7
12.0
17.9
23.3
13.3
20.4
27.1
5.4
0.1
0.3
0.2
1.5

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
15.1

57.3
54.8
79.2
95.2
104.6
110.0
103.5
111.7
116.4
75.6
15.6
29.0
30.8
48.5

10.7

28.3

47.5

13.8

53.6

92.5

8.2
0.5

23.1
2.8

40.2
6.8

5.4
0.2

31.6
5.7

75.6
25.1

2.1
7.7

6.9
20.9

15.2
36.0

1.5
9.4

15.1
39.0

48.5
73.7

When converted to the daily accumulated exceedance of THI units above the threshold, the
trajectory over time shows a much steeper increase (Figure 28), with the greatest change occurring
after the 2050s. There is also a greater divergence between the predictions from the two sets of
model ensembles, with PPE ensembles leading to much higher cumulative THI units than the PPE
ensembles.
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Figure 28. Time-course of cumulative exceedance of THI above threshold per year, from 1990 – 2100, under RCP8.5
pathway. Data are UK average across regions, for two model families CMIP5 and PPE. Lines show 7-year 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).

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 production Mukherjee et al., 2012; Polsky and von Keyerslingk, 2017), and decreased
conception rates (Wolfenson and Roth, 2019). For this assessment we focus on 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 units above the threshold) on each day. Total milk production losses per region were
calculated by multiplying cumulative THI exceedance above the threshold, by the milk loss per THI
unit, and by the number of cattle in each region.
The calculated time course of milk production losses is shown in Figure 29. This shows a steep
increase in total milk losses after the 2050s, with a much steeper rise projected when using the PPE
model projections. The estimated economic impact for each region of the UK is shown in Table 52.
At the UK level, impacts under baseline climate range from £3 – £4.5 million depending on the
model projections chosen. Under the CMIP5 ensembles, costs increase to £8 million by 2050s and to
£17 million in 2080s. The costs are much larger under the PPE projections reaching £18 million in
2050s and £57 million in 2080s.
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In England, economic impacts range from £13 million for CMIP5 to £45 million for PPE in 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 frequently in England 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 implies that by
2080 milk losses would total around 0.4% of total production value under CMIP5 and 1.3% under the
PPE projections. The regions most impacted include south west England, north west England, the
west Midlands, Wales and Northern Ireland (Table 52).

Figure 29. Time-course of loss of milk production (kg) for UK per year, from 1990 – 2100, under RCP8.5 pathway. Data are
for two model families CMIP5 and PPE. Lines show 7-period 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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Table 52. Economic impact of lost milk production due to exceedance of air temperature threshold (£ million), under
RCP8.5 pathway, for baseline, 2050s and 2080s.

Region
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 total
Wales total
Scotland total
Northern Ireland
total
UK total

CMIP5
Baseline
(2000-19)

PPE
2080s
Baseline
(2070-89) (2000-19)

2050s
(2040-59)

0.3
<0.1

0.8
<0.1

1.9
0.1

0.1
0.4
0.2
0.1
1.2
0.2
0.5
<0.1
<0.1
<0.1
0.1

0.3
1.0
0.5
0.1
3.1
0.6
1.3
<0.1
0.1
<0.1
0.4

2.5
0.5
<0.1
0.1
3.1

2050s
(2040-59)

2080s
(2070-89)

0.2
<0.1

1.1
<0.1

5.0
0.2

0.7
2.1
1.0
0.2
5.9
1.1
2.8
<0.1
0.2
<0.1
1.0

0.2
0.6
0.5
0.1
2.0
0.4
0.4
<0.1
<0.1
<0.1
0.1

0.7
2.5
1.6
0.4
7.7
1.5
2.0
<0.1
0.2
<0.1
0.8

2.5
7.3
4.0
0.8
21.8
3.6
7.4
<0.1
1.1
0.2
4.0

6.5
1.3
0.1
0.4

13.0
2.8
0.2
1.0

4.1
0.4
<0.1
0.1

15.4
2.0
0.2
0.8

45.2
7.4
1.3
4.0

8.1

17.0

4.6

18.4

57.9

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 quantified in 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 substantial time 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. Guidance is provided by organisations such as AHDB on
how to reduce heat stress in livestock. With heat stress becoming more apparent in recent years,
184

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 stress.

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 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 crossed. The 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 cause lock-in as cows may need to be
permanently housed with a heavy reliance on internal systems to cool the indoor environment. The
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, and occurs earlier, 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 where a capital-intensive
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 the current location of the sector in the south and west of England
and places economic constraints on haulage of a bulk fresh product.
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12 Peatlands – Case study: Temperature impacts on greenhouse gas
emissions
This case study builds on the screening assessment by applying 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 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 projections, for baseline, the 2050s and the 2080s. Climate data used
are projections from CMIP5 and from PPE model ensembles (see Methods section 4.5). The
threshold and main impacts are re-iterated below.
Exceedance 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 summarised in Figure 30.

Figure 30. Impact chain for temperature effects on peatland GHG emissions. Purple box shows endpoint social/economic
impacts or impacts on biodiversity; Brown box shows potential adaptation measures. The threshold is based on long-term
temperature of warmest month under the assumption that this encapsulates most associated drought effects. This is
caveated with the knowledge that the 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 functioning of key
systems within the natural environment may be compromised, and why?
The climate threshold is a 30-year mean temperature of 14.5 oC for the warmest month (GallegoSala & Prentice, 2013). The evidence supporting the threshold and impacts is presented in the
screening assessment, section 7.3.1.
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Exceedance of this threshold has been shown to lead to a decline in the ecological integrity of
peatlands, triggered by 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.
Figure 31 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 14.5 °C threshold is exceeded already during the baseline period for this
analysis (30-year mean, centred around 2004). In the CMIP5 model ensembles, the temperature
remains reasonably low, but starts to increase by the 2030s, while in the PPE model ensembles, the
temperature rises steadily from the baseline period, with the rate of rise steepening from the 2050s.
There is considerable spatial variability in the timing of when exceedance starts (see Figure 32, which
only shows regions where peat currently occurs). In Scottish regions, the threshold is not exceeded
until around the 2040s in the CMIP5 ensembles, but this happens much earlier in the PPE ensembles,
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 even at baseline in all climate datasets.

Figure 31. Time course of rolling 30-year mean temperature of the warmest month, under RCP8.5 pathway. A 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 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) and 15 ensemble members for PPE (orange
symbols). Black line shows trajectory of PPE model id 7 used in the screening assessment, for comparison.

187

Figure 32. Time course, by region, of rolling 30-year mean temperature of the warmest month, under RCP8.5 pathway. A
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 families CMIP5 and PPE. Each point represents the 30 year average of the median for 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 climate threshold by region for baseline (30 year mean centred on 2004), 2050s
(30 year mean centred on 2054) and 2080s (30 year mean centred on 2084) is shown in Table 53. As
an average across UK regions containing blanket bog, the threshold exceedance is similar for the
baseline period, at around 0.1 °C, but then is a factor of two higher in the PPE models compared
with CMIP5, rising to 1 °C in the 2050s and 2.5 °C in the 2080s for CMIP5, but 2.4 °C and 5 °C
respectively for PPE ensembles. This is driven by the faster rate of warming in PPE compared with
CMIP5. In English regions with blanket bog the pattern is similar, although exceedance is slightly
higher, rising to 2.8 °C for CMIP5 and 5.7 °C for PPE in the 2080s. In Wales, exceedance is somewhat
higher, rising above 4 °C in both sets of model outputs in the 2080s, 4.5 °C for CMIP5 and 5.9 °C 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 than 4 °C in the PPE
ensembles in the 2080s.

Table 53. Degrees above the threshold 30-year mean temperature of the warmest month (14.5 °C), by region of the UK,
for baseline, 2050s and 2080s, under RCP8.5 pathway. Values are the average per year across the 30 year period of the
median of 13 ensemble members for CMIP5 and 15 ensemble members for PPE. Data only shown for regions containing
blanket bog.

CMIP5
Baseline
(19902019)

2050s
(20402069)

North West England
North East England
Yorkshire and Humber
West Midlands
East Midlands

0.0
0.0
0.1
-

East of England
South West England
South East England
London
Wales
North Scotland
West Scotland
East Scotland
Northern Ireland
England (average of regions
with peat)
Wales
Scotland (average of regions
with peat)
Northern Ireland
UK (average of regions with
peat)

Region

2080s
(20702099)

PPE
Baseline
(19902019)

2050s
(20402069)

2080s
(20702099)

1.0
0.5
1.3
-

2.3
2.2
2.5
-

0.0
0.0
0.1
-

2.5
1.9
3.2
-

5.2
4.6
5.8
-

0.5
0.6
0.0
0.0
0.0
0.0

2.5
2.7
0.0
1.0
0.4
0.3

4.4
4.5
1.2
2.1
1.6
1.9

0.8
0.0
0.0
0.0
0.0
0.0

4.2
3.1
1.1
2.2
1.9
1.7

7.3
6.0
3.2
4.6
4.4
4.1

0.14

1.34

2.84

0.24

2.92

5.72

0.62
0.00

2.71
0.47

4.52
1.64

0.02
0.00

3.10
1.75

5.99
4.07

0.00
0.13

0.29
1.08

1.91
2.52

0.00
0.11

1.68
2.41

4.14
5.03
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These temperature changes result in a shift in the condition status of existing peatlands, following
the rule base defined in Table 54. Note that condition at baseline reflects the current day situation,
which includes the influence of current and historical land use decisions, management and
restoration, as well as climate influences. Exceedance by > 4 °C is expected to result in complete shift
from all condition categories to a highly modified state, based on observations from Bragazza (2008).
Extrapolating from Bragazza (2008), exceedance of > 2 °C is expected to result in a complete shift of
each condition category to the next category of poorer condition. Exceedance of less than 2 °C is
expected to result in a partial shift of modified peatlands to a highly modified state, and a partial
shift to the next condition category for near-natural and rewetted peatlands.

Table 54. Rule base for change in area of peatland condition categories under different levels of threshold exceedance

Condition category
Level of exceedance
above long-term
temperature
threshold (°C)
No exceedance
0 - 2 °C
2 - 4 °C
> 4 °C

Natural
No change
50% → Modified
100% → Modified
100% → Highly modified

Rewetted
No change
50% → Modified
100% → Modified
100% → Highly modified

Modified
No change
50% → Highly modified
100% → Highly modified
100% → Highly modified

Change in the extent of peatland within each condition category for the two sets of climate model
ensembles are shown in Table 55 and Table 56, and summarised visually in Figure 33. At UK level,
the area of highly modified peatland increases from around 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, where the entire peatland area becomes highly modified in both CMIP5 and PPE ensembles
by the 2080s, because the threshold exceedance rises above 4 °C in both cases (see Table 49).
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Table 55. Area of peatlands by UK country and by condition category, under RCP8.5 pathway, for baseline, 2050s and
2080s, for median of CMIP5 ensembles. For description of categories, see Table 30.

Baseline England
Wales
Scotland
NI
UK

Near
natural
Rewetted
84,000
24,000
24,000
4,000
490,000
20,000
35,000
5,000
633,000
54,000

Modified
164,000
35,000
658,000
37,000
894,000

Highly
modified
53,000
200
307,000
93,000
454,000

Total
Peatland
326,000
63,000
1,476,000
170,000
2,035,000

2050s

England
Wales
Scotland
NI
UK

42,000
245,000
18,000
305,000

12,000
10,000
3,000
25,000

136,000
28,000
584,000
39,000
787,000

135,000
35,000
636,000
111,000
918,000

326,000
63,000
1,476,000
170,000
2,035,000

2080s

England
Wales
Scotland
NI
UK

245,000
18,000
263,000

10,000
3,000
13,000

108,000
584,000
39,000
731,000

217,000
63,000
636,000
111,000
1,028,000

326,000
63,000
1,476,000
170,000
2,035,000

Table 56. Area of peatlands by UK country and by condition category, under RCP8.5 pathway, for baseline, 2050s and
2080s, for median of PPE ensembles. For description of categories, see Table 30.

Baseline England
Wales
Scotland
NI
UK

Near
natural
Rewetted
84,000
24,000
24,000
4,000
490,000
20,000
35,000
5,000
633,000
54,000

Modified
164,000
35,000
658,000
37,000
894,000

Highly
modified
53,000
200
307,000
93,000
454,000

Total
Peatland
326,000
63,000
1,476,000
170,000
2,035,000

2050s

England
Wales
Scotland
NI
UK

245,000
18,000
263,000

10,000
3,000
13,000

108,000
28,000
584,000
39,000
759,000

217,000
35,000
636,000
111,000
1,000,000

326,000
63,000
1,476,000
170,000
2,035,000

2080s

England
Wales
Scotland
NI
UK

0

0

0

326,000
63,000
1,476,000
170,000
2,035,000

326,000
63,000
1,476,000
170,000
2,035,000
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a) CMIP5 ensembles

b) PPE ensembles

Figure 33. Area of peatlands by UK country and by condition category, under RCP8.5 pathway, for baseline, 2050s and
2080s, for median of a) thirteen CMIP5 ensembles and b) fifteen PPE 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
resulting changes in the greenhouse gas balance. The assessment 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 not exist (Martin-Ortega et al. 2014; Glenk and Martin-Ortega, 2018).
Emissions are calculated from the CO2 equivalent emissions for each peatland category (adapted
from Evans et al. 2017), see Table 57. 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 underestimate of the likely emissions. The total peatland area is assumed to remain 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 estimates of carbon loss during the timescale of the scenario
assessments; this is more conservative – but arguably more realistic – than predictions that the
entire stock of carbon could be lost from peatlands that are no longer within their climate envelope
(Ferreto et al., 2019). Socio-economic 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 grazing pressures 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’s peatlands have withstood over 5000 years of climatic fluctuation, which 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 under-estimated 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.

Table 57. Emission factors for peatland condition categories (adapted from Evans et al. 2017).

t CO2e /ha/yr

Near
Modified
natural Rewetted (Grass/Heather Highly
bog
bog
dominated)
modified
0.01
0.81
2.08
3.55
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The economic cost of emissions is calculated using the UK non-traded price of carbon22, which
reflects the cost of achieving the UK’s carbon budget target, but not future changes in climate. Since
future carbon price changes over time, we take the 30-year average of the non-traded carbon price
for the future 2050 and 2080 time periods, and for baseline period we use the 2010 non-traded
carbon price. The non-traded carbon prices used are shown in Table 58 below. The cost of emissions
is calculated by multiplying the CO2 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 equilibrium with climate for each
period.

Table 58. Cost per tonne CO2 equivalent for carbon emissions

Year
2010
2040 - 2069
2070 - 2099

Cost per tonne
CO2e (£)
60
261
342

GHG emissions are summarised in Table 59, and visualised in Figure 34. Emissions from near-natural
peatlands and rewetted peatlands are negligible. This is because the emission factor for near-natural
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
million tCO2e at UK scale. This rises to around 5 million tCO2e in the 2050s and up to 5.1 million
tCO2e in the 2080s for the CMIP5 ensembles, and 7.2 million tCO2e for the PPE ensembles. Scotland
makes up the majority of these emissions (~65%), with emissions from English peatlands coming
next (~20%).

22

Valuation of Energy Use and Greenhouse 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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Table 59. GHG emissions (tCO2e) from peatlands by UK country and by condition category, under RCP8.5 pathway for
baseline, 2050s and 2080s, for median of a) thirteen CMIP5 ensembles and b) fifteen PPE ensembles.

a) CMIP5 ensembles
England

Wales

Near-natural Rewetted
Modified
Highly modified Total emissions
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
Baseline
2050s
2080s

200
-

3,300
-

73,300
57,300
-

700
125,900
223,700

77,500
183,200
223,700

Scotland Baseline
2050s
2080s

4,900
2,500
2,500

16,500
8,300
8,300

1,368,400
1,215,600
1,215,600

1,090,400
2,258,200
2,258,200

2,480,300
3,484,500
3,484,500

NI

Baseline
2050s
2080s

400
200
200

4,300
2,200
2,200

76,200
80,200
80,200

330,700
395,700
395,700

411,500
478,200
478,200

UK

Baseline
2050s
2080s

6,300
3,000
2,600

43,900
20,300
10,400

1,858,600
1,636,100
1,521,100

1,611,600
3,260,300
3,648,800

3,520,500
4,919,700
5,183,000

b) PPE ensembles
England

Wales

Near natural Rewetted
Modified
Highly modified Total emissions
Baseline
800
19,800
340,700
189,800
551,100
2050s
225,400
771,300
996,700
2080s
1,156,000
1,156,000
Baseline
2050s
2080s

200
-

3,300
-

73,300
57,300
-

700
125,900
223,700

77,500
183,200
223,700

Scotland Baseline
2050s
2080s

4,900
2,500
-

16,500
8,300
-

1,368,400
1,215,600
-

1,090,400
2,258,200
5,239,700

2,480,300
3,484,500
5,239,700

NI

Baseline
2050s
2080s

400
200
-

4,300
2,200
-

76,200
80,200
-

330,700
395,700
604,300

411,500
478,200
604,300

UK

Baseline
2050s
2080s

6,300
2,600
-

43,900
10,400
-

1,858,600
1,578,400
-

1,611,600
3,551,000
7,223,600

3,520,500
5,142,500
7,223,600
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a) CMIP5 ensembles

b) PPE ensembles

Figure 34. GHG emissions (tCO2e) from peatlands by UK country and by condition category, under RCP8.5 pathway, for
baseline, 2050s and 2080s, for median of a) thirteen CMIP5 ensembles and b) fifteen PPE ensembles.
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The costs of carbon emissions are summarised in Table 60 and in Figure 35. At UK level, annual
average costs rise from £210 million at baseline (present day), 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 due to the extensive peatland habitats located there. 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 mitigation targets later in the century.

Table 60. Annual cost of GHG emissions due to exceedance of 30-year mean temperature of warmest month threshold (£
million) under RCP8.5 pathway, for baseline, 2050s and 2080s. for median of a) thirteen CMIP5 ensembles and b) fifteen
PPE ensembles.

Region

England total
Wales total
Scotland total
Northern Ireland
total
UK total

CMIP5
PPE
Baseline
2050s
2080s
Baseline
2050s
2080s
(1990 - 2019) (2040-2069) (2070-2099) (1990 - 2019) (2040-2069) (2070-2099)
32.9
4.6
148.1

202.4
47.9
911.1

341.3
76.6
1,193.0

32.9
4.6
148.1

260.6
47.9
911.1

395.8
76.6
1,794.0

24.6

125.0

163.7

24.6

125.0

206.9

210.2

1,286.4

1,774.6

210.2

1,344.7

2,473.3

Figure 35. Annual cost of GHG emissions due to exceedance of 30-year mean temperature of warmest month threshold,
by country (£ million), under RCP8.5 pathway, for baseline, 2050s and 2080s. for median 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 that peatlands will be more resilient to climatic pressures if they are in good
condition, and may indeed be able to self-adapt (e.g. through changing their vegetation species mix)
to continue functioning, up 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 levels of adaptation at mitigating these risks?
Local projects are making progress with efforts to maintain peatlands; around 110,000 ha (5% of
total) of UK peatland are estimated to have undergone some form of restoration between 1990 and
2013, of which 73,000 ha involved re-wetting (Evans et al., 2017). Rates of peat restoration have
increased since 2013 as a result of recent funding initiatives, notably the Scottish Government’s
Peatland Action programme and Defra peat restoration fund, as well as a number of large peatlandfocused EU LIFE projects. Despite this, the percentage of upland bogs in SSSIs which 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, 2019). See also details in Table 38.

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?
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 reaching 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, and may be irreversible at worst. Adaptive
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 envelope suggests that the majority of England, Wales and Northern Ireland is
already above or close to the threshold. Active restoration of degraded peatland and sustainable
management of existing peatland will be a crucial component of working towards the Government’s
target of Net Zero by 2050 (CCC 2020). See also details in Table 38.

In what scenarios 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 not re-wet. Gully erosion also presents a
major challenge for peat restoration, because it fundamentally alters the topography and hydrology
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of peatlands, which form in areas of low relief over millennia. Mitigation 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 damaged, at which point no adaptation can be
undertaken to rectify this.
At present, many adaptation actions are largely implemented through voluntary actions within agrienvironment schemes, which can limit uptake. Measures such as raising the water table and
constructing dams require a catchment approach, which may present coordination challenges.

199

13 Managed woodlands – Case study: Climatic moisture deficit and
temperature impacts on productivity (oak, broadleaves and
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 selected the median performing ensemble to
run the analysis. The case study calculates the effect of future extreme warm and dry periods over
decadal periods on oak, broadleaved and conifer woodlands at a National Forestry Inventory (NFI)
regional scale.
Reduced moisture availability occurring above a climatic moisture deficit of 200 mm for droughtsensitive species and 300 mm for drought-tolerant species (occurring in ≥ 5 years in 10) has negative
impacts on tree growth. Warmer summers with a monthly mean of daily maximum temperature
above 25 °C have also been shown to reduce 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 impacts are summarised in Table 61 and Figure 36 below.

Table 61. Potential threshold-driven impacts in woodlands

Climatemediated
stressor

Temperature

Habitat

Threshold

Mean
decadal
Oak – other summer
broadleaved
month (June
and
conifer July August)
woodland
maximum
temperature
> = 350C
Climatic
Moisture
deficit (CMD)

Temperature
+ drought

>200 mm
Oak – other
drought
broadleaved
sensitive
and
conifer
species
woodland
>300mm
drought
tolerant
species;

Biophysical
response
Biotic tree
stress, leaf loss,
growth
reduction in
following years,
abiotic pest
and pathogen
infection
Biotic tree
stress, leaf loss,
cambium
cracks, growth
reduction in
following years,
abiotic pest
and pathogen
infection

Societal endpoint
affected

Aligned
risk
descriptors

Carbon
sequestration,
Ne 7
timber
quality,

Carbon
sequestration,
timber quality

Ne 7

200

Figure 36. Impact chain showing the effect of increased temperature and summer drought on oak woodlands. Purple box
shows social/economic or biodiversity endpoint; 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?
A monthly mean of daily maximum temperature above 25 °C and climatic moisture deficit of 200 mm
for drought-sensitive species and 300 mm for drought-tolerant species (occurring in ≥ 5 years in 10),
lead to impacts on tree growth and timber quality (Allen et al., 2015; Green and Ray, 2009). Allen et
al (2015) conclude: droughts will occur across the UK due to increasing climate variability. Phenological
changes under higher temperatures (longer growing season) can compensate little for the synergistic
impact of temperature and soil dryness during severe droughts as demonstrated in a study by
Dolschak et al. (2019) for beech (Fagus sylvatica). In this case study we consider three forms of timber
production as distinct categories in terms of both management and economic value for the UK timber
industry. These categories are: oak (Quercus robur & Q. petraea) other broadleaf, and conifer.
This case study focuses on the summer temperature and drought impacts. Here we use a combination
of the magnitude of predicted change in species suitability under 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) regions (Figure 17) 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 ensembles from 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 broadleaved 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 summer monthly mean maximum temperature > 25 °C;
and
- the number of years per decade the climatic moisture deficit (CMD) is greater than 200mm
and 300mm for drought-sensitive and drought-tolerant species respectively.

The CMD is the accumulated maximum excess of monthly potential evaporation over monthly
precipitation (Et0 – P) in mm, where Et0 was calculated using the Hargreaves model in the SPEI Rpackage.
We estimated the proportion of three broad woodland habitat types - oak, broadleaved and conifer
woodland using the published standing volumes of woodlands by age class described regionally
according to the National Forest Inventory (NFI). Oak monoculture is treated as its own class, since
single-species oak stands are managed differently to mixed broadleaf stands. Mature age classes of
oak and broadleaved woodland 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 conifer stands of
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 we assumed that the impact of climate change - extreme
years of heat and drought - would 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 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.
Trees respond to extreme heat or extreme drought in different ways. Oak and broadleaved trees
may shed leaves 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 xylem failure. 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 of 30 °C, causing
heat damage to species that are not adapted or acclimated to such high summer temperatures. For
drought sensitive species (non-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 proportion of damaged trees in a stand,
likely leading to mortality. Britain’s two most common conifer species (Sitka Spruce and Scots pine)
fall into this category. Douglas-fir is more drought tolerant and the threshold of 300 mm CMD was
applied. For broadleaved species the CMD of 300 mm was applied 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 and 300 mm thresholds in the south and east of Britain (Table
62a&b); East England, South-East England, South-West England, and East Midlands. In these regions
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. Table 62a&b also demonstrate a decreasing trend in the frequency of exceedance
moving north and west in Britain, with occasional exceedance occurring in the later decades of the
21st century as far north as East and North-East 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 21 (Table 63a&b). Exceedance frequency is greater than PPE projections for
the two southern and eastern regions: East England, South-East England, and is spread more evenly
through the decades. For South-West England and all the other more northerly regions the frequency
decreases considerably moving northwards within the UK.
A similar analysis was performed for temperature, using the summer monthly average maximum
temperature of the same selected locations in each forestry region (National Forest Inventory
regions), shown in Table 64 for a threshold temperature of 25 °C, using PPE. In East England and SouthEast England climate projections indicate 50% of years between 1991 - 2090 will have summer months
where the monthly average maximum temperature exceeds 25 °C. The PPE ensemble 3 projection
indicates a rapid increase in the frequency of decadal exceedance 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 21st century.
Table 65 shows the frequency by decade and NFI region, of monthly average maximum temperature
exceeding 25 °C, using CMIP5. Compared to Table 64, the CMIP5 ensemble projections indicate lower
temperatures and fewer years per decade of 25 °C exceedance. Compared to PPE projections the
CMIP5 member 21 indicates half the years exceeding 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 25 °C exceedance years through the century.

What are the resulting impacts on 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 broad-leaved trees. Conifers will be
less affected. In particular, East England, South East England, South West England and the Midlands
with larger stocks of oak and broadleaved woodlands are likely to experience 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 European beech occur across its range (HacketPain 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 1975-76 drought in Britain.
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Table 62. Frequency of CMD threshold exceedance by decade for the 14 National Forest Inventory regions of Britain for a) greater or equal to 200 mm b) greater or equal to 300 mm, for
PPE projections under RCP8.5 pathway. Data calculated from the UKCP18 PPE ensemble member 3.
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Table 63. Frequency of CMD threshold exceedance by decade for the 14 National Forest Inventory regions of Britain for a) greater or equal to 200 mm b) greater or equal to 300 mm, for
CMIP5 projections, under RCP8.5 pathway. Data calculated from the UKCP18 CMIP5 ensemble member 21.
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Table 64. Frequency of monthly average maximum temperature exceeding 250C by decade for the 14 National Forest Inventory regions of Britain, for PPE projections, under RCP8.5. Data
calculated from the UKCP18 PPE ensemble member 3

Table 65. Frequency of monthly average maximum temperature exceeding 250C by decade for the 14 National Forest Inventory regions of Britain, for CMIP5 projections, under RCP8.5. Data
calculated from the UKCP18 CMIP5 ensemble member 21
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Stressed trees will also be more vulnerable to pest and pathogen damage (Tubby and Webber, 2010):
oak dieback (England and Netherlands 1921 drought – Gibbs and Greig, 1997), beech decline (HacketPain et al. 2016), damage to conifers: bark beetles (Seidl et al., 2017), stem cracks (Green and Ray,
2009).
In summary, climate change projections indicate spatial and temporal variation across Britain. As
summers become warmer and drier in the south and east of England many species will reduce
biomass production. In East and South-East England, oak and broadleaved woodland is more
widespread than 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 less impacted by climate change.
Many conifer species in the north and west will benefit from warmer summers and produce an
increased percentage biomass. However, the stochastic nature of extreme drought will always be
present, and despite projected increased yields, the risk of drought damage and associated wood
quality impact remains.
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 are generally long-lived 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 maintain the woodland 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 timber quality 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 drought stress may
increase subsequent tree mortality for many years, e.g. 15 years for beech after the 1976 drought in
Lady Park Wood (Peterken 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 management planning. This takes the form of checking species
suitability in future climates using Ecological Site Classification (Pyatt et al., 2001), adjusting species
choice and making more use of mixed species woodland in planning. However, cascading effects in
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 consequences 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 better suited to the future climate (Saenz-Romero 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 management, the view is typically long-term and management is adaptive. In advance
of timber quality being impacted early felling and replacement are the most likely options for
climate risk stands. There are more options for new plantations and restocking. Tolerances of future
conditions of more frequent and longer droughts, warmer temperatures, but also water-logging
during winter months and spring varies between tree species, but also tree lineages (provenances)
within species. There may be scope to consider adaptive potential where periods of drought act as
drivers of selection that would leave the UK stock with more drought-tolerant genotypes. Seed
selection of pre-adapted provenances could also facilitate adaptation. Research in areas of assisted
diversification, provenance/progeny trials from UK populations, 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 (Cannon & Petit, 2019). Fundamentally, 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 species for 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 limit the speed of
adaptation.
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14 Marine and Coastal margins - Case study: Temperature effects on
naturalisation of the Pacific oyster Magallana gigas
This case study builds on the screening assessment by mapping impacts spatially, and showing the
trajectory of impacts over time. In contrast to the other assessments, the climate data for the
screening assessment and the case study are the same (see section 9.4).
Figure 37 summarises the threshold and impacts from naturalisation of the Pacific oyster, Magallana
gigas (previously Crassostrea), in the United Kingdom. Bottom temperatures where > 825 degree days
above 10.55 °C lead to increased spawning (see section 9.4.1), while growth rates are governed by an
optimum bottom temperature of 20 – 25 °C, leading to faster growth and an expansion of their current
range.

Figure 37. Impact chain for temperature effects on naturalisation of the Pacific oyster, Magallana gigas. Temperatures are
sea bottom-temperature. Purple box shows social/economic or biodiversity endpoint(s). Brown boxes 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 threshold for spawning of M. gigas is 825 degree days for a daily mean bottom temperature of
10.55 °C. M. gigas was 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 warming trends have changed this (e.g. Spencer et al., 1994). Summer
temperatures in much of continental Europe now facilitate spawning and settlement and wild M. gigas
populations can be found in areas far away from aquaculture sites. Currently, M. gigas’s naturalisation
frontier is along England’s SE coast where it can be found in high abundances forming extensive reefs
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(Thomas et al., 2016). This research indicates UK seawater temperatures are projected to rise
considerably over the coming decades. On average, temperatures at the seabed are estimated to
increase by 0.9 °C by 2040 – 2049 and 2.0 °C by 2070 – 2089 in UK waters (see Table 45 in Section
9.4.3), with the largest increases taking place in the coastal waters off England and Wales, although
all parts of the UK are affected by the 2080s (Figure 38, Figure 39). These temperature increases will
result in settlement thresholds being exceeded at higher latitudes towards the end of the century
resulting in a northward shift of the potential settling grounds of M. gigas. Increased temperatures
will also push M. gigas towards its growth optimum of 20 - 25 °C bottom temperatures (King, 1977;
Brown and Hartwick, 1988; Shpigiel and Blaylock, 1991).

Figure 38. Predicted bottom temperature (up to 350 m water depth) change in 2050s and 2080s compared to baseline
period (2000 - 2019), under RCP8.5. Black contour indicates maximum depth of M. gigas (50 m water depth).

Figure 39. Bottom temperature change compared to 2000-2019 baseline (up to 50 m water depth). Thin line shows
unsmoothed data, thick line data smoothed with a 10 year running mean). Insert shows marine country boundaries.
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We determined the proportion of years where these settlement thresholds are exceeded for the
baseline, 2050s and 2080s. We also quantified the total viable area where thresholds are exceeded up
to 2100. We limited all quantifications of suitable habitat and area to 50 m that represents the
maximum depth for M. gigas.

Expansion of potential settlement area
Over the baseline period (2000 – 2019) 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 Firth in Scotland. Our projections suggest a
considerable poleward expansion that encompasses much of the north coasts of England and west
coast of Scotland between 2070 — 2089 (Figure 40 and Figure 41Error! Reference source not found.).
Taken as a whole, this represents a 331 % increase in suitable settlement area for the UK (see Table
46 in Section 9.4.4). Greatest gains in suitable area were observed in England (124,000 km2 by 2100),
which was driven predominantly by large areas of the shallow North Sea around Dogger Bank.
Scotland saw the largest proportional increase in suitable area by the 2080s driven by large increases
in suitable habitat in the Inner Hebrides.

Figure 40. Number of years per decade settlement threshold is exceeded for M. gigas, for baseline, 2050s and 2080s,
under RCP8.5. Red 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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Figure 41. Area of viable seabed for spawning of M. gigas under RCP8.5. Thin line shows unsmoothed data, thick line data
smoothed with a 10 year running mean) for M. gigas settlement. Data calculated to 50 m depth range for M. gigas (refer
Figure 38 for this boundary). Insert shows country boundaries used 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 for M. gigas naturalisation have been the potential for conflict with native
species and habitats. M. gigas can completely transform intertidal systems (Ruesink et al., 2005). This
has the potential to compromise protected habitats (Herbert et al., 2016). For example, intertidal
rocky reefs and mudflats that can be transformed into oyster reefs are Annex 1 habitats of the EU
Habitats Directive. Some reefs are forming on England’s southern coast, e.g. in Kent (Herbert et al.
2012; 2016). Reef formation can also conflict with other commercially important bivalves. The blue
mussel, Mytilus edulis, supports large fishery and mariculture enterprises in the UK. M. gigas can
almost completely replace M. edulis, reaching densities of up to 2000 per m2 (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 oyster, O. edulis (Zwerschke
et al., 2018) that is undergoing massive restoration efforts across Europe.
The majority of impacts caused by this non-native species on biodiversity are negative (see Table
47). However, there is recognition that M. gigas also delivers a number of ecosystem goods and
services that directly impact human society, including both positive and negative aspects. Positive
benefits include improving water quality, improved 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, the only 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 a 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 adaptation at mitigating these risks?
Currently the adaptation of M. gigas naturalisation in the UK is low as naturalisation is predominantly
limited to SW England. Culling trials have been conducted in the UK. In Strangford Loch, Northern
Ireland, where abundances are very low (< 1 per m2) 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 conducted (McKnight and Chudleigh, 2015). Exploitation is another option and a dredge fishery
operates in the Blackwater Estuary, Essex for both M. gigas and O. edulis. Here, handpicking of seed
in the estuary also prevents widespread reef formation.

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?
Having pre-emptive rapid action plans in place for sites where M. gigas settlement will compromise
the sites conservation status, may prevent settlement turning into reefs that cannot then be removed.
Pre-emptively moving to triploid farming in areas anticipated to exceed settlement thresholds in the
future, may work as triploids are sterile. They 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 of M. gigas may be different in parts of the UK or over time as
our understanding, especially of impacts, improves.

In what scenarios are there limits to adaptation?
The connected nature of marine environments and M. gigas’s high dispersal capacity mean larvae can
easily cross geographical and geopolitical boundaries. Moreover, any management interventions
enacted on anything but an international scale may be severely compromised. For example,
established populations in SW England are likely a result of immigration from French, rather than
neighbouring English, populations (Lallias et al., 2013).
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 cells (Allen et al.,
1999). Therefore, switching to triploids may not prevent naturalisation. Triploid seed costs more
than diploids and many farmers may be reluctant/unable to pay extra. In addition, some food
producers may wish to avoid using triploid stock as it may be termed “genetically modified” with
associated negative connotations with consumers.
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16 Appendix 1 – Additional detail on methods, by habitat.
16.1 Freshwaters
16.1.1 Literature search – Freshwaters screening assessment
Evidence was gathered using a two-stage Web of Science (WoS) literature search. The original search
was conducted on the 25th October 2018, using the following search terms (for 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* OR non-linear 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 floodplain*) AND (climate* OR driver* OR stressor* OR
temperature OR rainfall OR drought) AND (threshold* OR non-linear OR tipping point OR
resilience OR stable state* OR regime shift*)
After removing all non-biological/ecological/environmental results (i.e. physical, chemical and
engineering), as well as non-European 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 ecological thresholds 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 biological impacts.

16.1.2 Prioritised impacts – Freshwaters screening assessment
Table 66 below summarises the prioritisation of 18 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 cases for the development 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
temperature effects on invasive species in lakes.

Table 66. Potential impacts in fresh waters. 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 effects unclear, or low potential impact.

Climate stressor

Habitat

Temperature

Lakes

Temperature

Lakes

Biophysical response

Ecosystem
services
affected
Phytoplankton
Drinking
water,
composition, biomass biodiversity,
recreation
and blooms
including fishing
Fish habitat volume
Biodiversity,
recreation
including fishing

Priority
score
1

1
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Temperature

Rivers,
streams

Temperature

Rivers

Temperature

Lakes

Temperature

Lakes

Climate change Lakes
(non-specific)
Climate change Wetlands,
(non-specific)
wet
grasslands
Climate change Freshwater
(non-specific)
(nonspecific)
Rainfall/Drought Wetlands,
wet
grasslands
Rainfall/Drought Rivers,
streams
Rainfall/Drought Rivers,
streams
Rainfall/Drought Rivers,
streams
Rainfall/Drought Lakes
Rainfall/Drought
Rainfall/Drought
Temperature
Temperature

Ponds
Rivers,
streams
Lakes
Wetlands,
wet
grasslands

Phytoplankton
Drinking
water,
composition, biomass biodiversity, recreation
and blooms
Impacts on salmonids Biodiversity, recreational
fishing
Zooplankton
Biodiversity
composition
Invasive
species Biodiversity
spread
Species abundance Biodiversity, natural capital
and composition
Habitat condition
Purification,
nutrient
retention, biodiversity

1

Fish climatic space

4

Biodiversity

1*
3
3*
4
4

Habitat
condition, Purification,
nutrient 4
ecosystem state
retention, biodiversity
Food web structure

Biodiversity

4

Flooding and drought

None specified

4

Habitat condition

Purification,
nutrient
retention
Habitat condition
Purification,
nutrient
retention, biodiversity
Habitat condition
Biodiversity
Water
quality, Drinking
water,
pollutants
biodiversity
CO2 emissions from Greenhouse gas emissions
lakes
Flooding
Biodiversity

4
4
4
4
4
4

* 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 from a 30-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 = (Tw - 0.6343) / 1.1107
Where Ta is monthly mean air temperature and Tw is monthly mean water temperature.
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16.2 Farmlands and grasslands
16.2.1 Literature search – Farmlands and grasslands screening assessment
Evidence was gathered for the two NEA broad habitats: Enclosed Farmland and Semi-natural
Grasslands. A two-stage Web of Science (WoS) literature search was used. The original search was
conducted on the 25th October 2018, using the following search terms (for studies covering the period
1998 to 2018):
(farmland* OR grassland* OR agricultur* OR soil* OR land use) AND (climate* OR driver* OR
stressor* OR temperature OR rainfall OR drought OR flood*) AND (threshold* OR non-linear
OR tipping point OR resilience OR stable state* OR regime shift*)
The search terms were subsequently modified to incorporate further descriptors 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 OR drought OR flood*) AND (threshold* OR non-linear 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 was reduced to 1,642 references. 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 literature. After
removal of irrelevant studies, 18 separate entries remained for further consideration.

16.2.2 Prioritised impacts – Farmlands and grasslands screening assessment
Table 67 below summarises the prioritisation of five 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 identifiable climatic variable, were excluded as not
relevant. This resulted in the selection of four cases for the development of causal chains for further
consideration.

Table 67. Potential impacts in farmland and grassland. 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 effects unclear, or low potential impact.

Climate stressor

Habitat

Climate Change
(Temperature)

Farmland/Grassland

Climate Change
(Temperature)

Farmland/Grassland

Climate change
(Precipitation)

Farmland/Grassland

Biophysical
response

Ecosystem
services affected
Livestock
Decrease in milk
economics and
production
welfare
Grazing livestock
Parasite outbreaks economics and
welfare
Economic and
Soil erosion
environmental
services of soil

Priority
score*
1

2

2
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Climate Change
(Temperature)

Farmland/Grassland

Decrease in wheat
productivity

Climate Change
(Precipitation)

Farmland/Grassland

Flooding of
agricultural land

Agricultural
economics
Crop production,
grazing livestock
and other
agricultural
economics

2

3

16.2.3 Calculation methods – Farmlands and grasslands screening assessment and case
study
Agricultural data on cattle numbers were obtained from the June 2017 Survey of Agriculture and
Horticulture, using the following data sources:






England: https://www.gov.uk/government/statistical-data-sets/structure-of-theagricultural-industry-in-england-and-the-uk-at-june - see “English geographical breakdowns county / unitary authority”
Scotland: https://www.gov.scot/publications/results-june-2017-scottish-agriculture-census/
Wales: https://gweddill.gov.wales/statistics-and-research/survey-agriculturalhorticulture/?lang=en
NI: https://www.daera-ni.gov.uk/publications/agricultural-census-northern-ireland-2017

16.3 Peatlands
16.3.1 Literature search - peatlands screening assessment
The following search terms were used in Web Of Science for peatlands and Mountain, Moors and
Heathlands, covering the period 1998 - 2018:
(peatland* OR moorland* OR heath*) AND (climate* OR driver* OR stressor* OR temperature OR
rainfall OR drought OR flood*) AND (threshold* OR non-linear OR tipping point OR resilience OR
stable state* OR regime shift*)
This search provided 348 hits; after excluding literature outwith temperate Europe and nonecological science areas, and 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 experts. After more detailed examination, 6 references were 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 climate-sensitivity, suggesting either that
the search terms used were 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 project team.
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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 are complex 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.g. in the Norfolk Broads, and it was recognised
this may affect plant communities in those habitats, the impacts on carbon sequestration and
existing carbon stocks are likely to be minimal. Some of the most rapid carbon-accumulating systems
are marine (e.g. Rogers et al. 2019), and other species tolerant of brackish conditions such as
Phragmites australis have 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 non-linear change.

Table 68 below summarises the prioritisation of four evidence chains considered for moorlands
mountains and heaths impacts. One chain on temperature effects on montane communities was
identified as potentially important, but was not developed in this assessment.

Table 68. Full table of potential impacts in peatland and mountain, moors and heathland areas. 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 effects unclear, or low potential
impact

Climate stressor

Temperature

Habitat

Biophysical response

Ecosystem services
affected

Priority
score

Peatland

Increase in
Graminoid
abundance and
peatland degradation

Carbon
sequestration, water
quality, Biodiversity

1

3

Drought

Peatland

Changes in plant
communities /soil
processes

Carbon
Sequestration, water
quality, flooding, fire
risk,
Biodiversity

Temperature

Montane

Negative impact on
plant communities

Biodiversity

3

Peatland

Negative impact on
plant communities

Biodiversity

4

Sea Level Rise
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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 birch* OR ash*) AND
(climate* OR driver* OR stressor* OR temperature OR rainfall OR drought OR flood*) AND
(threshold* OR non-linear OR tipping point OR resilience OR stable state* OR regime shift*)

The search produced 8,459 references, but only 89 if restricted to searching 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 sufficiently relevant for inclusion. A further reference (Seidl. R. et al. 2017) was added
following expert advice from the project team.

16.4.2 Prioritised impacts – woodland screening assessment
Table 69 below summarises the prioritisation of three 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 insufficiently developed to be easily assessed and of
relatively low potential impact.

Table 69. Full table of potential impacts in woodlands. 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 effects unclear, or low potential impact.

Climate
stressor

Habitat

Biophysical response

Temperature
& drought

Oak woodland;
Broadleaved
woodland;
Conifer
woodland

Stem cracking – loss of crown
density / needles – reduced ring
width growth, physiological
stress leads to biotic impact.
Introduction and spread of
fecund pest/ virulent
pathogens.

Temperature

Woodland
Increase in defoliating pests on
spruce and pine (e.g. Elatobium
abietinum)

Climate
change
(unspecified)

Unmanaged
Ancient & semi-

Decline in ecosystem function,
little regeneration, low

Societal endpoint affected

Priority
score

Productivity,
Carbon
sequestration

1

Productivity,
Carbon
sequestration

2

Biodiversity,
recreation

3*
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natural
woodland

resistance to extreme climatic
episodes

* Impacts not explored in this assessment

16.5 Marine and Coastal margins
16.5.1 Literature search – Marine and Coastal margins screening assessment
The following search terms were used in Web Of Science for Marine thresholds, covering the period
1998 - 2018:
(marine OR sea*) AND (climate* OR driver* OR stressor* OR temperature OR acidification)
AND (threshold* OR non-linear OR tipping point OR resilience OR stable shift* OR regime
shift*)
This search provided 15,707 hits, narrowed down to ca. 1000 hits, after narrowing down based on
geographical location. Titles and abstracts were searched manually for relevance, resulting in a short
list of 18 to examine in more detail. The list was supplemented by grey literature and expert
suggestions, including MCCIP report cards (MCCIP 2017) and CCRA reports (Kovats & Osborne 2016).

The following search terms were used in Web Of Science for Coastal margins thresholds, 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 drought OR sea-level OR flood*) AND
(threshold* OR non-linear OR tipping point* OR resilience OR stable state* OR regime shift*)
The search for coastal margins produced 3,792 hits, narrowed down to <500 after exclusion based
on geographic location. Titles and abstracts were searched manually for relevance, yielding 33
potentially useful references. The list was supplemented with grey literature.

The Marine and coastal margin lists were combined, yielding 12 references with sufficient relevance
to UK thresholds, summarised to seven threshold-based impacts. The relevant impact chains are
shown, with priority scores in Table 70.
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16.5.2 Prioritised impacts – Marine and Coastal margins screening assessment
Table 70 below summarises the prioritisation of seven evidence chains considered for Marine and
Coastal margins impacts.

Table 70. Full table of potential impacts in marine and coastal areas. 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 effects unclear, or low potential impact.

Habitat

Biophysical response

Societal endpoint affected

Priority
score

Temperature

Marine

Altered growth &
reproduction of cod;
Change in Oxygen
concentration

Fisheries (Cod),
Biodiversity

1

Sea Level Rise

Marine, Coastal
margins

Coastal Flooding

Unspecified

2

Temperature

Marine

Changes at species and
community level

Fisheries, carbon

2

Sea Level Rise

Marine, Coastal
margins

Habitat Condition

Fisheries

3*

Temperature

Marine

Harmful Algal Blooms
(HABS)

Ocean acidification

Marine

Changes at species and
community level

Water quality,
human health,
fisheries
recreation,
Carbon, water
quality, fisheries

Sea Level Rise/Storm
surge/River flows

Marine, Coastal
margins
(Estuaries)

Estuarine morphology

Unspecified

Climate stressor

4

4
4

* not assessed

16.5.3 Methods – Marine and Coastal margins screening assessment
Climate data - Present-day ocean temperatures
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/services-portfolio/access-toproducts/?option=com_csw&view=details&product_id=NORTHWESTSHELF_REANALYSIS_PHY_004_
009; for a detailed description see
http://resources.marine.copernicus.eu/documents/PUM/CMEMS-NWS-PUM-004-009.pdf). The
regional ocean model is the FOAM AMM7 (Forecasting Ocean Assimilation Model, 7km resolution
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 vertical profiles 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 the ERA-Interim atmospheric
reanalysis.

Climate data - Future ocean temperatures
Data from a non-assimilative North-West European Shelf simulation covering the time-period 2000 –
2099 (Tinker, personal communication) were used. The simulation was carried out with the
Metoffice AMM7 setup using the NEMOv3.6 model in configuration CO6 (see O’Dea et al., 2017 for
details). It has an average horizontal resolution of 7 km and was forced with a global MOHCHadGEM2-ES simulation using RCP8.5 (business as usual) climate forcing and run from 1972 to 2099.
In the analysis, the period 2000-2019 is used as the present-day baseline period. The temperature
data was bias corrected against the NWS Ocean Reanalysis data (same resolution) using a reference
period of 2000-2019. For the bias correction, a climatology of daily temperatures over a year was
calculated at each model grid point as the 7-day running mean of 2000-2019 daily temperatures for
both the NWS Ocean Reanalysis data and the future RCP8.5 North-West European Shelf simulation.
The offset between the two climatologies 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, the time period needed to achieve a given development stage will vary depending on the
experienced temperatures of an individual, and as such, development is best estimated in a
cumulative stepwise manner based on daily temperatures experienced. This can be quantified by
measuring “degree days”.
A single degree day is calculated as:

𝐷𝐷 = (𝑇 − 𝑇0 ) for 𝑇 > 𝑇0
Where DD is the number of degree days, T is the ambient bottom-temperature that the animal is
exposed to, and T0 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:
𝑑𝑎𝑦 365

𝑇𝑜𝑡𝑎𝑙 𝐷𝐷 = ∫
𝑑𝑎𝑦 1

(𝑇 − 𝑇0 ) 𝑑𝑡 for 𝑇 > 𝑇0
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17 Appendix 2 – Natural Environment risk descriptors
Risk Descriptor
1. Risks to terrestrial species and habitats from changing climatic conditions and extreme events,
including temperature change, water scarcity, wildfire, flooding, wind, and altered hydrology
(including water scarcity, flooding and 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 conditions, including
temperature change and water scarcity.
7. Risks to and opportunities for agricultural and forestry productivity from extreme events and
changing climatic conditions (including temperature change, water scarcity, wildfire, flooding,
coastal erosion, wind 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.Opportunities for agricultural and forestry productivity from new/alternative species becoming
suitable.
12. Risks to aquifers and agricultural land from sea level rise, saltwater intrusion
13. Risks to freshwater species and habitats from changing climatic conditions and extreme events,
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, including
ocean acidification and higher water temperatures.
18. Opportunities to marine 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 opportunities from climate change to natural heritage and landscape character.
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