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PREFACE

The research reported here was conducted over the period 1 August 1999 to 28 February 2001.  A
consortium of nature conservation organisations in the UK and the Republic of Ireland, led by English
Nature, commissioned the MONARCH project.  These organisations recognised the need to develop
their ability to assess how climate change might impact on wildlife and geological features.  Eleven
governmental and non-governmental organisations funded the research:

• Countryside Council for Wales
• Dúchas The Heritage Service, National Parks and Wildlife (Republic of Ireland)
• English Nature
• Environment Agency
• Environment and Heritage Service (Northern Ireland)
• Joint Nature Conservation Committee
• National Trust
• National Trust for Scotland
• Royal Society for the Protection of Birds
• Scottish Natural Heritage
• World Wide Fund for Nature - UK

The research was co-ordinated by the Environmental Change Institute at the University of Oxford and
was implemented as a collaborative project by the following research institutions:

• ADAS
• British Trust for Ornithology
• Environmental Change Institute, University of Oxford
• Environmental Resources Management
• School of Geography and the Environment, University of Oxford

The MONARCH project is one of a series of sectoral and regional studies being undertaken within the
UK Climate Impacts Programme (UKCIP).  UKCIP was established by DETR in 1997, to provide a
research framework for the integrated assessment of climate change impacts.

This report represents the final results of the project.  An overview of the study’s aims and
methodology are provided in Chapter 1.  This should be read to ascertain how the detailed methods
and results reported in Chapters 2 to 7 relate to the overall research strategy.  Chapters 2 to 7 contain
methods and results for the main areas of research.  These chapters are self-contained with a summary
of key findings at the beginning of each chapter.  Chapter 8 draws together the results from Chapters 2
to 7 and compares them with conclusions from other relevant UKCIP studies.  Chapter 9 discusses
challenges for nature conservation policy development and future research priorities for assessing the
impacts of climate change on natural resources.
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Executive summary

Aims of MONARCH

There is widespread concern that the climate may change substantially in the future as a direct
consequence of human emissions of greenhouse gases.  The Intergovernmental Panel on Climate
Change recently reported that: “an increasing body of observations gives a collective picture of a
warming world and other changes in the climate system”.  By 2100 the global climate is expected to
warm by between 1.4 and 5.8°C (IPCC, 2001).  Even with stringent emission control strategies, there
is an acceptance that warming of the atmosphere will continue from past and present greenhouse gas
emissions.  These changes in climate will cause impacts on natural conservation resources and we must
begin now to prepare for climate change.

The principal aim of the MONARCH study was to evaluate the direct impacts of climate change on
the natural conservation resources of Britain and Ireland.  This was achieved through linking
established impact models to a national bioclimatic classification.  Impacts were assessed on critical
species, habitats and geomorphological features in terrestrial, freshwater, coastal and marine
environments.

The MONARCH methodology

The MONARCH methodology follows six stages:

1. Relevant data sets on climate, soils, geology, land cover and conservation sites were obtained and
incorporated into a common geographical information system (GIS).

2. A national framework for undertaking the impact assessment was developed.  This involved the
construction of a bioclimatic classification for Britain and Ireland using geo-statistical techniques.

3. An inventory of the key attributes of each bioclimatic class was created.  This was used to select a
set of species and geomorphological features for quantitative assessment with impact models.

4. Existing simulation models of species’ distribution and/or abundance were adapted for three
environments: terrestrial, freshwater and coastal.  For the marine environment a qualitative
assessment was undertaken.

5. The impact models were run with a range of future climate change scenarios.  Significant driving
forces, indicators of change and species/habitat vulnerability were identified.

6. The final results from the project were combined with those from other studies to determine
future research needs and priorities for policy development.

UKCIP98 climate change scenarios

Four climate change scenarios for Britain and Ireland have been developed for three time slices on
behalf of the United Kingdom Climate Impacts Programme (UKCIP), known as the UKCIP98
scenarios (Hulme and Jenkins, 1998).  MONARCH has focussed on the scenarios for the 2020s and
2050s.  An analysis of the UKCIP98 scenarios shows that:

• Increases in mean annual temperature, relative to 1961-90, range from 0.4 to 1.6°C by the 2020s
and 0.7 to 2.6°C by the 2050s.  The pattern of temperature change across Britain and Ireland
shows a north west to south east gradient, with the south east consistently warming by several
tenths of a degree Celsius more than the north west.

• Changes in total annual precipitation, relative to 1961-90, range from 0 to +7% by the 2020s and
-1 to +6% by the 2050s.  In winter precipitation increases in all regions with only a slight
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variation in magnitude across Britain and Ireland.  In summer precipitation always decreases in
the south by up to -22% for the High scenario in the 2050s, but either increases or decreases
slightly in the north.

• Probabilities can not be associated with the UKCIP98 scenarios, but the Medium-low and
Medium-high scenarios can be considered as equally likely and the Low and High scenarios may
be seen as capturing part of the tails of the distribution of possible climate outcomes for Britain
and Ireland.

The bioclimatic classification

The spatial variability of climatic variables of biological importance was investigated using principal
components analysis (PCA) and a hierarchical cluster analysis to create a bioclimatic classification for
Britain and Ireland.  Results show that:

• Seven principal components were produced from the PCA, which together explained nearly 97%
of the variation within the 89 bioclimatic variables of the data set.

• Examination of the relationships between the principal component factor axes and the original
bioclimatic data set indicated that factor 1 was related to rainfall variables, factor 2 to temperature
variables, factor 3 to wind speed variables and factor 4 to sunshine and evapotranspiration
variables.

• The hierarchical cluster analysis output was analysed to determine a suitable cut-off point.  This
resulted in the selection of a classification at the 21-class level.  These classes vary greatly in size
with the largest classes occurring in southern, eastern and central England and central Ireland.
The classes in upland areas of western Britain and Ireland tended to be smaller and more
fragmented.  The numbering of the classes reflects the variation within the class, with class 1
being more variable than class 21.

• The climatic characterisation of the bioclimatic classification showed that the coldest class is
located in the Cairngorm Mountains, whilst the warmest classes are found in south west England
and Wales and along the coast of southern and eastern England.  The wettest class covers parts of
western Scotland, whilst the driest classes are located in southern, eastern and central England and
eastern Wales.  The windiest class is focussed on Snowdonia and Skye, whilst the least windy
class is in central Ireland.

• The conservation characterisation of the bioclimatic characterisation showed that the classes in
the uplands tended to have a greater area designated, partly because they contained more habitats
of conservation importance.  Lowland classes also may be of conservation concern because of the
pressures on the habitats that they contain.

Terrestrial environments

The impacts of climate change on the distribution of suitable climate space for 33 plant, four insect,
two amphibian, one mammal and ten bird species associated with twelve habitats of conservation
concern were modelled.  Results show that:

• The response of plant species are highly variable, as some, such as Trollius europaeus and
Loiseleuria procumbens, could decline and others, such as Atriplex portulacoides and
Rhynchospora alba could expand.  This illustrates the individualistic response of species.

• As with plants, the insects with a northern distribution, Erebia epiphron and Coenonympha tullia,
could lose suitable climate space, while those with a southern distribution, Coenagrion puella and
Ochlodes venata, could gain it.  The amphibians showed a variable response with Bufo calamita
having a loss of suitable climate space, but a gain under the 2050s High scenario and Triturus
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cristatus showing little change, while Sciurus vulgaris shows a potential gain in suitable climate
space in southern England.

• The responses of bird species to climate change are also likely to be highly variable.  Some, such
as capercaillie and red-throated diver, are likely to decline while others, such as turtle dove,
yellow wagtail and reed warbler, may expand their ranges.  Several bird species may show a non-
linear response to climate change.  Examples include willow tit, nightingale and nuthatch which
show a positive response to moderate climate change but with severe climate change their
distributions may either contract significantly or become more fragmented in southern England.

• The degree to which species are able to realise these changes varies.  If their climate space is
contracting then this is more likely to happen than if they are expanding, as the latter is dependent
on migration and the availability of suitable habitat.

• Montane heaths and to a lesser extent upland hay meadows and pine woodland are seen as being
vulnerable to climate change.  Upland oak woodland, beech woodland and peat bogs could also be
susceptible due to species’ losses in southern and eastern England.  The species' response in other
habitats was much more variable and this may lead to changes in the species' composition of
habitats.

The effects of climate change on terrestrial geomorphological features focussed on karst environments
(predominantly limestone landscapes, outcrops and cave systems).  Results show that:

• General conceptual modelling was able to clarify the types of changes likely to occur to karst
geomorphology as a result of climate change.  However, detailed study of particular natural and
human influences on individual areas is required to understand site-specific impacts because of
the complexity of the behaviour of geomorphic systems.

• In those case study sites (the Burren, the Yorkshire Dales, the Cuilcagh karst and the Assynt
karst) where mean annual effective rainfall (rainfall minus evapotranspiration) is predicted to rise,
karst areas will see an increase (usually modest, < 10%) in dissolution rates.  This will produce an
increase in erosion of surface areas, and increased availability of dissolved calcium carbonate for
formation of speleothems and tufa deposits.  Where mean annual effective rainfall is predicted to
decrease (Mendip Hills karst area) dissolution rates will slow down (by up to 54%).

• Sensitive karst features such as tufas, speleothems and turloughs are likely to be most clearly
affected by climate change.  The impacts of climate change on geomorphological processes will
probably be less noticeable than effects from local human activities, although there may be
synergistic associations between the two.

Freshwater environments

Work on freshwater ecosystems has focussed on understanding how moisture sensitive habitats might
be affected not just by climate change, but also by changes in water availability.  Impacts were
assessed at the international (Britain and Ireland) scale using a simple water balance model and at the
local scale using a more sophisticated wetlands model.  The results show:

• Water availability (rainfall minus potential evapotranspiration) is likely to increase by up to 60
mm in winter (December to February) throughout Britain and Ireland. This could lead to
increased ponding and flooding. Raised bogs, wet heaths and coastal dune slacks could
particularly benefit.

• In summer there is likely to be a small increase in water availability in north west Ireland and
north west Scotland, little change in the area immediately south east of these regions, and a
decrease elsewhere with this being most severe (up to 110 mm decrease) in south east England.
This would lead to the drying of wetland habitats with changes in their species composition.
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• Raised bogs, wet heaths, coastal dune slacks, drought-prone acid grassland and beech woodland
could be adversely affected by the lower water availability in south east England and to a lesser
extent south east Ireland.  Some chalk grassland species which will lose suitable climate space in
the south east could be further affected by decreased water availability.

• A local-scale hydrological model for a site in East Anglia showed similar decreases in summer
water levels and this could result in the three modelled species experiencing suitable future
climate, but unfavourable hydrological conditions.

• It is important to combine the effects of predicted changes in climate on species, with those for
hydrology in order to understand the potential impacts of climate change on wetland habitats.

Coastal environments

Two aspects of the likely impacts of climate change on Britain and Ireland's over-wintering
waterbirds were studied: the direct effect of changes in climatic conditions on waterbird distribution;
and the indirect effect of rising sea levels on the availability and nature of their coastal habitat.
Results show that:

• Rising sea levels may affect the shape of estuaries generally, but in particular those in the south
east of Ireland and England due to negative vertical land movement since the end of the last ice
age.  Estuary morphology largely determines intertidal sediments that in turn influence the
abundance and availability of the invertebrate prey of waterbirds.  Hence the numbers of
waterbirds supported by an estuary can be expected to change with the predicted rise in sea level.

• Managed realignment of sea defences may result in more extensive intertidal flats at the expense
of marshes.  In such cases intertidal sediments are likely to become sandier, improving the habitat
quality for species such as oystercatcher but reducing it for species such as redshank and dunlin.
The two case studies suggest that detrimental changes in habitat quality may occur for most
species.  In some cases changes in estuary extent may be sufficient to compensate for this.  Loss
of salt and freshwater marshes due to coastal squeeze is likely to be a more serious problem for
waterbirds, in particular for those species that do not feed on the intertidal flats.

• Fluctuations of wader numbers on individual estuaries can be partly explained by between-winter
variation in weather conditions.  This indicates that long-term climatic trends are likely to have a
direct impact on waterbird distributions.

• The distributions of six of the seven studied species of non-estuarine wader present in
internationally important numbers have shifted northwards between 1984-85 and 1997-98.  The
distributions of two species also shifted eastwards and one westwards.  These distributional shifts
coincide with changes in regional weather patterns during this period.  Cold weather, rain and
wind increase the energy requirements of waders, decrease prey availability and lead to decreased
wader survival.  Therefore, warmer weather expected with climate change is likely to drive
further changes in wader distributions.

• Climate change is likely to lead to a continued northward and eastward shift in the distribution of
wader populations in Britain and Ireland.  As winters outside of Britain and Ireland become
milder a greater proportion of the East Atlantic Flyway populations of some species of wader may
over-winter further north and east on the continent of Europe.

Conceptual modelling was able to clarify the multitude of potential impacts of climate change on salt
marsh, sand dune, vegetated shingle, rocky coastal platform and seagrass beds around the British and
Irish coasts.  Results show that:

• Increases in sea level will encourage erosion of many salt marsh, sand dune and vegetated shingle
areas, especially if coupled with increases in storm activity.  Climate change is likely to introduce
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an additional stress on these coastal habitats, especially within the southern part of Britain and
Ireland where the highest rises in sea level are predicted to occur.

• Rocky coastal platforms will be affected in geomorphological terms by climate change only
where rock is soft and erodible and predicted sea level rise is high.  Impacts on seagrass beds are
less certain, but will be greatest in areas where predicted sea level rise is greatest and if increased
storm activity occurs.

• Coastal systems are dynamic and individual, thus they will not respond simply or homogeneously
to climate change and detailed predictions can only feasibly be made on a case by case basis.

• More data is required from monitoring on which impacts are likely to be most important and how
they are likely to interact.  There is also a lack of information on future changes in some key
climate variables which have a great impact on these coastal types, e.g. wind direction and
storminess.  Such gaps in knowledge hamper our ability to predict changes in geomorphology and
ecology.

Marine environments

A qualitative assessment of a range of sensitive benthic ecosystems was undertaken to identify future
research needs.  Results show that:

• Climate change will have a range of impacts upon benthic habitats around the British and Irish
coasts depending on the sensitivity of the habitats and the magnitude and nature of climate and
associated environmental changes.  The threats from climate change can be divided into direct
(increases in sea level, sea surface temperature and UV-B penetration) and indirect (changes in
storminess, wave climates, circulation and nutrient supply) impacts.  As yet only the direct ones
can be predicted with any degree of confidence.

• Sensitive benthic ecosystems (especially those within the intertidal and shallow subtidal zones)
will be affected most severely by sea level rise in southern parts of Britain and Ireland, which are
predicted to experience the greatest increases in net sea level.

• Sensitive benthic ecosystems will be affected by increases in sea surface temperatures where
species occur at the extremes of their temperature tolerance range.  For example, Modiolus
modiolus is a boreal species which reaches its southerly limit around Britain, and in presently
warm areas where it occurs (such as the Lleyn Peninsula and Humber Estuary) increases in sea
surface temperature may prove a serious problem.

• Out of the five habitats selected for more detailed study only Modiolus modiolus and Sabellaria
alveolata reefs will be affected by warming (Modiolus modiolus in a negative sense and
Sabellaria alveolata in a positive sense).  Maerl beds, Sabellaria spinulosa reefs and Serpula
vermicularis reefs are likely to be negatively affected by any increases in storm activity.  Where
habitats are already stressed by local human impacts and natural events the impacts of climate
change are likely to be felt more strongly.

• Lack of information on the likely changes in key variables (e.g. storminess and water circulation)
and on the environmental requirements of benthic habitats makes it difficult to make any more
general predictions on the nature and severity of climate change impacts on the marine
environments around Britain and Ireland.
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Research and policy recommendations

The research undertaken within the MONARCH study has highlighted a number of gaps in current
knowledge and data.  In particular there is a need for:

• Improved data sets for current conditions (particularly climatic, soils and habitat data for Ireland)
and predictive data for future changes in certain climatic variables (snow cover, storms, sea
surface temperatures and ocean circulation) are required.

• The links between different climatic forcing variables and atmospheric CO2 and the relative
impacts on species, habitats types and geomorphological systems needs to be explored in greater
detail.

• The sensitivity of a larger range of species than have so far been modelled needs investigating to
increase confidence in habitat predictions.  In addition, a means of classifying the response of
species and/or habitat types to climate change needs to be developed.

• Modelling work on the rates of species’ migration is required to further understanding on the
extent to which species will realise their potential future distributions.

• Monitoring and field experiments are needed to support the findings of the modelling work.

• In adapting conservation management to climate change there is a need to identify the range of
changes to habitat types and community composition that may be expected at a site level.  This
will include the adaptation of existing vegetation/habitat type/community classification systems to
cover non-native species and community compositions more typical of mainland Europe.

It is also clear from the analysis of the results of MONARCH that conservation policy and
management will be affected by the impacts of climate change.  In particular there is a need for:

• Nature conservation policies in the future must be more flexible and forward looking and
objectives must be set within a dynamic framework that can adjust to the changing distribution of
species and habitat types and to the rate of this change.

• International collaboration will be needed to assist in the conservation of some species and
discussions within the EU on the implications of climate change for conservation policy should be
encouraged.

• Biodiversity Action Plans and their equivalent in Ireland need to consider the implications of
climate change.  In particular the mechanisms for conserving species and habitat types (e.g.
habitat recreation) should consider the possibility that the species and habitat type will shift over
the next 50 years.

• Awareness of climate change impacts needs to be raised amongst policy makers, planners,
practitioners and the general public.

• The resilience of existing designated sites should be improved through management and buffer
zones to minimise other stresses on existing species and to provide opportunities for the
development of new communities.  To this end greater integration is needed of conservation aims
into other land use management and planning process, which themselves consider the
implications of climate change.  Optimum locations, sizes and shapes for new protected sites also
needs consideration.

• The effectiveness of species’ translocations, wildlife corridors and stepping stones needs further
research.  Consideration should also be given to the conservation of species ex situ, e.g. in
botanical gardens.

• The issue of non-native species, their potential spread, their contribution or threat to conservation
value and their rate and source of influx needs to be addressed.



Study aims and methods          1
___________________________________________________________________________

1 Study aims and methods
P.A. HARRISON, T.P. DAWSON, H.A. VILES, G.E. AUSTIN AND P.M. BERRY

1.1 Introduction

There is widespread concern that the climate may change substantially in the future as a direct
consequence of human emissions of greenhouse gases.  A comprehensive and up-to-date assessment
of the policy-relevant scientific, technical and socio-economic dimensions of climate change has
recently been published by the Intergovernmental Panel on Climate Change (IPCC, 2001).  They
concluded that: “an increasing body of observations gives a collective picture of a warming world and
other changes in the climate system.  There is now strong evidence that most of the warming observed
over the last 50 years is attributable to human activities.  Emissions of greenhouse gases and aerosols
continue to alter the atmosphere in ways that affect the climate system” (IPCC, 2001).  By 2100 the
global climate is expected to warm by between 1.4 and 5.8°C, unless vigorous controls on greenhouse
gas emissions are adopted (IPCC, 2001).  Even with stringent emission control strategies, there is a
continuing commitment to a warming of the atmosphere from past and present greenhouse gas
emissions due to response lags in the climate/ocean system (Schimel et al., 1996).  Hence, some climate
change is unavoidable.  These changes in climate will cause impacts on many physical and socio-
economic sectors in the future, including natural conservation resources, and the committed warming
means that we must begin now to prepare for climate change.

Nature conservation policy is an expression of society’s desire to protect and enhance wildlife.  The
UK and Irish governments have a range of international and national commitments to the
conservation of natural species, habitats and geological features.  However, currently these
conservation commitments do not take into account the potential impacts of climate change on natural
resources.  With increasingly clear evidence that anthropogenic modification of climate is occurring,
it is important to examine the impacts of climate change when formulating and implementing future
conservation policies.  Thus, there is a need for future policy development to be based on the best
possible scientific evidence and understanding of the implications of climate change for natural
resources.

A research framework for the integrated assessment of climate change impacts has been developed by
the UK Climate Impacts Programme (UKCIP) (McKenzie Hedger et al., 2000).  UKCIP was
established by DETR in 1997, and supports a range of studies on climate change impacts.  At a
regional level, a series of scoping studies have been undertaken to examine local-scale vulnerability to
climate change, and to encourage stakeholders within these areas to take account of the need for
climate change adaptation.  In addition, sectoral and integrated studies are considering climate change
impacts at a multi-regional or national level.  To enable the modular, regional and sectoral studies to
be synthesised and linked as needed, a common methodological framework has been funded by
DETR.  Guidance on handling risk and uncertainty is being developed for use in the programme, and
a methodology for costing the impacts of climate change is available.

The MONARCH study was conducted within the UKCIP framework.  In the study, the UKCIP98
climate change scenarios have been used, recourse has been made to the data sets available within the
programme, and expertise has been provided.  UKCIP’s contribution to the study is described in
Section 1.5.

Past UKCIP scoping studies have examined the threat of climate change to regional conservation
commitments in north west England (Shackley et al., 1998), south east England (Wade et al., 1999),
Scotland (Kerr et al., 1999), Wales (Farrar et al., 2000) and the East Midlands (Kersey et al., 2000),
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although these tend to be of a qualitative nature.  A further scoping study is currently underway in
Northern Ireland (Favis-Mortlock, pers. comm.).  Another recent UKCIP study, commissioned by
DETR and MAFF, reviewed the impacts of climate change on UK species and habitat conservation
policy (Hossell et al., 2000).  This study used a literature review and expert consultation to: review
climate impacts on species, habitats and current policy commitments; consider policy responses; and
recommend priorities for research and monitoring.  An Environmental Audit, commissioned by SNH,
examined past, present and future climate changes in Scotland and used expert opinion to explore the
likely consequences of these changes on animals, plants and ecosystems and possible human
responses to mitigate any adverse effects (Hill et al., 1999a).  Modelling work has also been
undertaken to investigate effects on individual species, such as Hill et al. (1999b), Sykes and Prentice
(1995) and Sykes et al. (1996), and as part of the NERC funded TIGER programme, e.g., the
Landscape Dynamics and Climate Change project (Huntley et al., 1995).  The RegIS integrated study,
commissioned by MAFF, DETR and UKWIR, investigated the combined implications of direct
climate change impacts on biodiversity and indirect effects from the agriculture, water and coastal
sectors for two regions in England (Berry et al., 2001).  Past studies on the impacts of climate change
in Ireland have been largely limited to effects on forest ecosystems (Cooper and Roche, 1991;
Goodale et al., 1998) and hydrology (Dooge et al., 1999; Kiely, 1999).  These past studies provide
valuable information on specific aspects of climate change impacts on nature conservation for
particular regions of Britain and Ireland.  However, larger scale studies are needed to quantify the
extent of the impacts of climate change on a broad range of key habitats and species at the
international scale.

Modelling natural resource responses to climate change (the MONARCH project) is an important first
step towards understanding the complex interactions between climate change and nature conservation
at the international scale.  It covers both Britain and Ireland; since species are not delimited by
country boundaries it is important to unite information sources and work within naturally defined
areas.

1.2 Aims

The MONARCH study aims to evaluate the impacts of climate change on the natural conservation
resources of Britain and Ireland through an integrated methodology linking established impact models
to a broad-scale bioclimatic classification.  Within this broad aim, four specific objectives have been
defined:

1. To investigate methods for dividing Britain and Ireland into regions with similar climatic
characteristics and to identify important conservation resources within each region.

2. To adapt simulation models so that climate change impacts on the distribution and abundance of
species in terrestrial, freshwater, coastal and marine environments can be studied.

3. To quantify the direct effects of climate change on critical species, habitats and geological
features within each environment.

4. To integrate results with those from similar studies to identify indicators of climate change and
challenges for future research and policy development.

1.3 Method

The following six step framework provides an overview of the project methodology:

1. Relevant data sets were obtained and incorporated into a common geographical information
system (GIS).  Data sets included the baseline (1961-90) climate, a set of climate change
scenarios (including projections of sea level rise), soils, geology, land cover and conservation
resources.
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2. A broad framework for undertaking the impact assessment was developed.  This involved the
construction of a bioclimatic classification for Britain and Ireland using geo-statistical techniques.

3. An inventory of the key attributes of each bioclimatic class was created, including protected site
networks, important habitats and species, and significant geological/geomorphological features.
This was used to select a set of species and geomorphological features for quantitative assessment
with impact models.

4. Existing simulation models of species’ distribution and/or abundance were adapted for three
environments: terrestrial, freshwater and coastal.  A qualitative assessment of the marine
environment was also undertaken.

5. The impact models were run with a range of future climate change scenarios.  Significant driving
forces, indicators of change and species/habitat vulnerability were identified from this work.

6. The final results from the project were combined with those from other studies to determine
future research needs and priorities for policy development.

1.3.1 Data

1.3.1.1 Climatic data

Baseline climate

A 1961-90 mean monthly climatology for Britain and Ireland at a resolution of 10 km x 10 km was
available from UKCIP for a suite of seven surface climate variables: mean, minimum and maximum
temperature, rainfall, sunshine, mean wind speed and potential evapotranspiration (Hulme and
Jenkins, 1998).  The climatology was constructed by the Climatic Research Unit, University of East
Anglia from observed station data distributed across the region.  The interpolation of the station data
to the grid used elevation as one of the predictor variables and, thus, the climate surface for each
variable reflects the mean elevation within each 10 km x 10 km grid square.

Site-based daily climatic data were used to analyse impacts on estuarine waterbirds (Chapter 6).
Temperature, wind and precipitation data were obtained from the British Atmospheric Data Centre
(BADC), the Natural Environment Research Council's Designated Data Centre for the Atmospheric
Sciences (http://www.badc.rl.ac.uk).  Data for stations within 5 km of 96 estuaries in Great Britain
and six in Northern Ireland were extracted for all years available between 1969 and 1998 inclusive.

Scenarios of climate change

The most sophisticated way of projecting future global climate, in response to the enhanced greenhouse
effect, is through the use of global climate models (GCMs).  These are highly complex computer models
which attempt to simulate the global climate system by solving a series of fundamental physical
equations.  Confidence in the ability of such models to project future climate has increased over the last
five years according to the recent IPCC third assessment report (IPCC, 2001).  Numerous GCM
experiments have been performed producing an array of possible future climates, known as climate
change scenarios.

A set of national-level climate change scenarios for Britain and Ireland was available from UKCIP
(termed the UKCIP98 scenarios; Hulme and Jenkins, 1998).  Four core scenarios have been
constructed: Low, Medium-low, Medium-high and High.  All four scenarios are based on two recent
transient experiments undertaken at the UK Hadley Centre for Climate Prediction and Research using
the HadCM2 GCM (Johns et al., 1997; Mitchell and Johns, 1997; Mitchell et al., 1995).  The two
experiments are GGa (1% p.a. increase in greenhouse gases – approximates to the IS92a emissions
scenario) and GGd (0.5% p.a. increase in greenhouse gases – approximates to the IS92d emissions
scenario).
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The four scenarios are:

• Low: constructed from the HadCM2 GGd experiment scaled to a low climate sensitivity of 1.5°C.
• Medium-low: constructed from the HadCM2 GGd experiment.
• Medium-high: constructed from the HadCM2 GGa experiment.
• High: constructed from the HadCM2 GGa experiment scaled to a high climate sensitivity of

4.5°C.

The four scenarios reflect uncertainties in future global warming rates attributable to different climate
sensitivities and greenhouse gas emissions scenarios.  Probabilities can not be attached to the four
scenarios, rather the Medium-low and Medium-high scenarios can be considered as equally likely and
the Low and High scenarios may be seen as capturing part of the tails of the distribution of possible
climate outcomes for Britain and Ireland (Hulme and Jenkins, 1998).  Each scenario has been
constructed for three time periods (the 2020s, 2050s and 2080s) based on an average of 30 years of
data.  In this study we focus on the scenarios for the 2020s and 2050s.  A summary of the global
climate changes for these time slices is given in Table 1.1.  The rise in annual-mean temperature over
Britain and Ireland is slightly smaller than for the global average due to the oceanic position (Hulme
and Jenkins, 1998).  Regional changes in climate across Britain and Ireland are described in Chapter
3.2.2.

Table 1.1:  Global climate changes for the four UKCIP98 scenarios in the 2020s and 2050s (Hulme
and Jenkins, 1998).  Values of CO2 for the Low and High scenarios are taken from the IPCC and are
not directly comparable with the others which are derived from the HadCM2 model.

2020s 2050s
∆T
(°C)

∆SL
(cm)

CO2

(ppmv)
∆T
(°C)

∆SL
(cm)

CO2

(ppmv)
Low 0.57 7 415 0.89 12 467
Medium-low 0.98 8 398 1.52 18 443
Medium-high 1.24 12 447 2.11 25 554
High 1.38 38 434 2.44 67 528

1.3.1.2 Soils data

Data on the available water-holding capacity (AWC) of the soil were available for Great Britain on a
5 km x 5 km grid from UKCIP.  These data were sourced from the Soil Survey and Land Research
Centre (SSLRC) for England and Wales and the Macaulay Land Use Research Institute (MLURI) for
Scotland.  The required soils variables did not exist for all of Ireland.  Hence, a soil map containing
information on soil names from the General Soil Map of Ireland (Gardiner and Radford, 1980a) was
digitised and a conversion routine was developed to estimate values of AWC.

The soil classification system used in Ireland was a modification of the system established by the
United States Department of Agriculture in 1938.  The categories used to create the map boundaries
for the General Soil Map of Ireland are based upon the great soil groups (Gardiner and Radford,
1980a).  The great groups are soils having the same kind, arrangement and degree of expression of
horizons in the soil profile.  They also have close similarity in soil moisture and temperature regimes
and in base status.  Only great soil groups are shown on the General Soil Map.  There are ten main
great soil groups occurring in Ireland.  These are brown earths, podzols, brown podzolics, grey brown
podzolics, blanket peats (zonal soils), gleys, basin peats, rendzinas, regosols and lithosols.

The first Generalised Soil Map of Ireland was published in 1969 but the information at that time was
not very reliable for many areas.  Some further detailed and reconnaissance surveying was undertaken
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and in 1980 a second edition of the Generalised Soil Map (1:575,000) was published, together with an
explanatory bulletin (Gardiner and Radford, 1980a, b).  This map was based on various sources of
information including field survey at various scales, aerial photographic interpretation and geological
maps.

The 1980 General Soil Map of Ireland was digitised and a soil information database constructed.  A
GIS was used to overlay the grid squares from the UKCIP climatic data sets for Ireland to produce a
spatially referenced database of soil types on the 10 km x 10 km grid.  A simplified model was then
used to estimate the soil water-holding capacity based upon the use of qualitative pedotransfer
functions (King et al., 1995).  The process used a number of rules and look-up tables for estimating
soil depth, texture class, packing density and soil structural condition from the dominant soil type
within each grid square.  Assuming a homogeneous soil horizon, estimation of AWC values were
defined from the following relationship:

Wh = Eh (Fw [Tx, St]) [1.1]

where Wh is the available water reserve in the horizon, Eh is the thickness of the horizon, and Fw is a
pedotransfer function based upon soil texture (Tx) and structure (St).

For those soil types having multiple texture classes, AWC was calculated for each texture class and a
mean value of AWC was used.  At the spatial resolution of the grid squares used, several soil classes
may be present within each cell.  Therefore, it is important to point out that the dominant soil type
may represent only a small percentage of the association as some soil associations may contain up to
11 classes, which can lead to errors in interpretation at local scales.  Furthermore, the estimated soil
depths derived from soil class are highly questionable but, in the absence of empirical data, they have
been shown to produce feasible results.

1.3.1.3 Geological data

Data on solid and drift geological types were obtained for Great Britain from the British Geological
Survey at the 1:625,000 scale.  Geological data for Ireland was digitised from the National Atlas of
Ireland (National Committee for Geography, 1979).

1.3.1.4 Land cover data

The ITE Land Cover Map of Great Britain which records 25 different cover types was obtained at the
1 km x 1 km spatial resolution.  This is derived from combined LandSat satellite imagery in both
summer and winter and has been estimated to have an accuracy of 80-85%, although in some cases
the vegetation types do not accord exactly with those that may be attributed by a field biologist
(Cherrill et al., 1995).

For Ireland, the CORINE land cover data set was utilised.  This originates from an initiative to map
the land cover throughout Europe using 44 standard classes.  Since the MONARCH project began, it
has also been extended to Great Britain.  The data were also derived from LandSat satellite imagery
(spring of 1989 and 1990) and are based on a minimum unit area of 25 hectares and a scale of
1:100,000.  For the project, the data were converted to the dominant land cover class per 1 km x 1 km
grid square.

1.3.1.5 Conservation data

Digitised boundary data for designated conservation sites were obtained from the respective country
agencies (English Nature, Scottish Natural Heritage, Countryside Council for Wales, Environment
and Heritage Service of Northern Ireland, Dúchas The Heritage Service of Ireland).
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These data comprised:

• All UK sites designated as Sites of Special Scientific Interest (SSSI) or Areas of Special Scientific
Interest in Northern Ireland (ASSI).

• Sites in both the UK and Ireland declared as National Nature Reserves.
• Sites in both the UK and Ireland designated under EU directives as Special Areas of Conservation

(SAC) or Special Protection Areas (SPA).
• Sites in the UK identified under the Ramsar Convention.
• National parks and natural heritage areas in Ireland.

All boundary data were collated and converted into a common format and projection to allow
comparison with other data sets.

Data on the habitats and geological features present in each UK designated site were also assembled
from the country conservation agencies.  However, no standardised system has been followed in the
different agencies, for example, some used the Phase 1 habitat survey whereas others used the
National Vegetation Classification.  Spatial data on the distribution of selected habitats of
conservation interest were also obtained from the Joint Nature Conservation Committee (JNCC) for
the UK and from Dúchas The Heritage Service for Ireland (Conaghan, 2001) as presence/absence of
each habitat per 10 km x 10 km grid square.

1.3.2 Bioclimatic classification

The MONARCH project aims to analyse climate change impacts on natural conservation resources at
the international (Britain and Ireland) scale.  In working at this broad-scale, however, consideration
must be given to the natural scale of the features being examined.  This is particularly important when
considering the effect of non-climatic features such as geology and geomorphology on the distribution
of natural resources.  However, impact study results need also to be expressed at the national level for
policy formulation and administrative regions for policy implementation.  It is necessary, therefore, to
devise a classification scheme, which can encompass these scales and allow information to be
aggregated in a systematic and meaningful way.

Thus, a bioclimatic classification of Britain and Ireland was developed.  This involved analysing the
spatial variability of climatic factors of biological importance using principal components analysis
and clustering algorithms.  The generation of the bioclimatic classification is described in Chapter 2.

The classes delimit areas of climatic similarity which can be used as a starting point for the impact
modelling.  Each of the bioclimatic classes was characterised by matching them to the current
distribution of protected conservation sites, for example Sites of Special Scientific Interest (SSSI) and
Special Areas of Conservation (SAC).  This inventory of key conservation resources was used to
identify a range of dominant, sensitive and threatened species and significant geomorphological
features to study with the impact models.  The characterisation of the bioclimatic classification is
described in Chapter 3.

1.3.3 Terrestrial environments

Changes in climate are an important driving mechanism for altering the distribution of species and,
therefore, the components of habitats.  Species respond individually to climate change resulting in
totally new distributions and habitat composition.  Impacts on the geographical distribution of a wide
range of species were investigated using the SPECIES model (Spatial Estimator of the Climate
Impacts on the Envelope of Species).  SPECIES uses a complex computer simulation program (neural
network) to characterise the current distribution of species in Europe and to estimate their potential re-
distribution under alternative climate change scenarios in Britain and Ireland.
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A number of integrated algorithms in SPECIES undertake a pre-processing of input climatic and soils
data to derive bioclimatic variables of relevance to species’ suitability.  The model integrates these
data to predict the distribution of species through the characterisation of bioclimatic envelopes.  The
model is trained using existing empirical data on the European distributions of species to enable a
wide climate space to be characterised which captures the climatic range of future scenarios.  Once a
network is trained and validated at the European scale, it is then applied at a finer spatial resolution in
Britain and Ireland.  The output from the trained neural network is a probability distribution map for
each species and each climate change scenario showing the likelihood of a species being present
across Britain and Ireland.  This is converted into a presence/absence map for comparison with
observed data.

The SPECIES model was originally developed as part of a jointly funded project between MAFF,
DETR and UKWIR “CC0337: Regional climate change impact and response studies in East Anglia
and North West England (RegIS)” (Berry et al., 2001).  This is a complementary study in the UKCIP
framework.  This version of the model (SPECIESv1) uses five bioclimatic inputs: mean soil water
availability for the summer half year, accumulated annual soil water deficit, absolute minimum
temperature estimated over a 20-year period, annual maximum temperature and growing degree days
above 5°C.  This version has been used in MONARCH to analyse impacts on plants, insects,
amphibians and mammals.  A new version of the model was developed in the MONARCH project for
bird species (SPECIESv2) because the original model became unstable when run with a new set of
bioclimatic input variables of direct relevance to birds.  This version uses six inputs: mean winter
rainfall, mean summer rainfall, mean summer temperature, mean summer water availability, growing
degree days above 5°C and absolute minimum temperature.  It also incorporates a more detailed
training and validation routine which nests high-resolution national data within the broad-scale
European data sets enabling the model to be more reliably applied at fine spatial scales.  SPECIESv1
and SPECIESv2 are described in greater detail in Chapters 4.2 and 4.3, respectively.

Changing climate will also affect nature conservation areas through impacts on geomorphological
processes.  The project has investigated the likely impacts of climate change on karst geomorphology
(predominantly limestone landscapes, outcrops and cave systems) using conceptual models.
Information on the ecology, hydrology, geology and geomorphology of five case study sites has been
collected and integrated into a bibliographical database.  A semi-quantitative assessment of the future
sensitivity of these locations to climate change has been investigated by examining linkages between
predicted changes in temperature, precipitation and atmospheric carbon dioxide and impacts on
geomorphological processes (e.g. dissolution of limestone, freeze-thaw weathering), hydrology (e.g.
fluvial erosion) and susceptible landforms (e.g. speleothems).  The work on karst geomorphology is
described in Chapter 4.4.

1.3.4 Freshwater environments

Wetlands are an ecologically important part of the British and Irish landscape covering almost 10% of
the land area.  They embrace a diverse range of habitats such as marshes, fens, bogs, wet grasslands,
floodplains and mudflats.  These ecosystems are important to many bird species, plant communities,
amphibians and aquatic invertebrates.  In particular, seasonal changes in water depth and availability
will be critical for the viability of some species.  Thus, climate change impacts on hydrology as well
as individual species’ distributions are critical for freshwater environments.

The work on freshwater environments follows a two-fold approach.  First, an overview of changes in
water availability on a 10 km x 10 km grid was undertaken at the international (Britain and Ireland)
scale.  This provides general information on the sensitivity of water levels to the climate change
scenarios.  This information was used to supplement the interpretation of the SPECIESv1 model runs
described in Chapter 4.2 for hydrologically-sensitive habitats, such as blanket and raised bogs, wet
heath and drought-prone acid grassland.  Results from this broad-scale water model are discussed in
Chapter 5.2.



8          Climate change and nature conservation in Britain and Ireland
___________________________________________________________________________

Second, a more sophisticated wetlands hydrological model was developed and calibrated against a
record of historical water level data for a single case study location (Upwood Meadows, East Anglia;
a wet meadow of significant conservation value).  Impacts on three wetland species, currently existing
at Upwood Meadows, were investigated by integrating results from the wetlands and SPECIESv1
models.  Results from the local-scale water model are discussed in Chapter 5.3.

1.3.5 Coastal environments

Estuaries form one of the most important parts of the biodiversity heritage of Britain and Ireland,
particularly due to internationally important populations of waterfowl supported by them in winter.
Many estuaries are protected as Special Protection Areas under the European Birds Directive, Special
Areas of Conservation under the Habitats Directive and as wetland sites designated under the Ramsar
Convention.  UK estuaries support around 17% of the estimated 17.5 million wildfowl which over-
winter in north west Europe and around 40% of the wintering waders of the East Atlantic Flyway.
Entire or nearly entire populations of certain species of swans, geese and waders as well as
internationally important numbers of several duck species make the UK their winter home.

Wildfowl and waders inhabiting estuaries are likely to be affected by changes in climate and sea level.
Rising sea levels will alter the shoreline and sediment composition of many estuaries.  Changes in the
shoreline will affect the area available for wildfowl, whilst the nature of sediments affects the
availability and species composition of the invertebrate fauna which support birds.  The suitability of
estuaries to waders and wildfowl is also affected by the winter severity of the climate.

The project has investigated impacts on key estuarine bird species using models based on estuary
shape and important climate variables.  High precision topographical Light Detection and Ranging
(LIDAR) data and projections of sea level rise from the ESCAPE model (Hulme et al., 1995) were
used to estimate changes in estuary shape.  These factors are combined in a set of models relating
estuary shape and climate to bird densities. The models were developed and tested using data from
two geographically widespread estuaries encompassing a range of morphological characteristics: the
Deben in Suffolk and the Duddon in Cumbria.  Predictions of sea level rise from the ESCAPE model
are described in Chapter 6.2.  The impacts of sea level rise and changes in climatic variables on
estuarine waterbirds are discussed in Chapters 6.3 and 6.4, respectively.

The UK’s non-estuarine coasts, and in particular those of Scotland, also hold internationally important
populations of several species of wader.  Observed changes in the distribution of waders on the UK’s
non-estuarine coasts between two one-off surveys during the winters of 1984-85 and 1997-98 have
been assessed in relation to winter weather.  The observed relationships between weather and changes
in wader distribution were used to discuss the impacts of climate change on non-estuarine birds in
Chapter 6.5.

The geomorphological sensitivity to climate change of important coastal habitats has also been
explored using a similar methodology to that previously described for karst features.  Work has
focussed on five coastal geomorphological features: sand dunes, salt marshes, vegetated shingle
coasts, seagrass beds and rocky coastal platforms.  Results from this work are described in Chapter
6.6.

1.3.6 Marine environments

The diverse marine environments surrounding Britain and Ireland provide habitats for a wide range of
species, many of which have great conservation value.  However, much less is known about marine
environments than those on land, and consequently future predictions are much harder to make.  An
important step in improving our research base was made in 1987 with the instigation of the Marine
Nature Conservation Review (MNCR) in the UK.  This has collected new data and brought together
existing data to provide a (still expanding) summary of information on biodiversity (see
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http://www.jncc.gov.uk/mermaid/ and http://www.marlin.ac.uk/ for further details).  A picture is
being created of the distribution of the habitats, communities and species and how they respond to
disturbances created by natural events and human activities.  A similar picture has been developed in
Ireland through the BIOMAR viewer (CD Rom) (Picton and Costello, 1997).  This information
provides a key resource for the MONARCH project.

For MONARCH, key areas of the shallow offshore zone around the coast, including estuaries, were
identified and priority habitats, including a range of sensitive benthic ecosystems, were selected for
study.  Information was collected on the geology, oceanography, sediments and ecology of the case
study habitats, i.e. Maerl beds, Serpula vermicularis reefs, Sabellaria alveolata reefs, Sabellaria
spinulosa reefs and Modiolus modiolus reefs.  An important aspect of this work was to identify areas
of further research that are necessary to provide a more solid basis for prediction and management.
Such research needs to include increased data collection on benthic and other marine habitats around
the entire British and Irish Seas as well as additional investigations of future trends in oceanographic
variables under climate change scenarios (ocean temperatures, currents, etc).  Work on marine
environments is described in Chapter 7.

1.3.7 Integration of impact model results

The impact models were used to investigate the effects of climate change over short and medium term
time scales through adoption of the UKCIP98 climate change scenarios for the 2020s and 2050s.
Results from the four environments are brought together in Chapter 8 and discussed in terms of their
relative sensitivity and vulnerability.  In order to clarify and prioritise potential climate change
impacts on the selected species and habitats, results on the extent of the change in distribution and/or
abundance of species and habitats was examined. The vulnerability of different species was assessed
in terms of their sensitivity to climatic changes and their ability to respond or adapt (through for
example migration).  Significant forcing variables driving the climate change impacts were also
identified from the bioclimatic classification and the impact models.  Conclusions from the
MONARCH simulations are also integrated with those from other relevant UKCIP studies in Chapter
8.

A number of studies are already complete or underway under the UKCIP framework.  These include
both research and scoping studies looking at the impacts of climate change.  Both types of projects
result in recommendations for further research and policy development.  This range of work, together
with the recommendations of this study, have been examined to identify and collate research priorities
for the impacts of climate change on natural conservation resources and challenges for policy
development.  These research and policy priorities are outlined in Chapter 9.

1.4 Project partners

Environmental Change Institute Dr. Paula Harrison, Dr. Pam Berry, Dr. Terry Dawson
University of Oxford (Co-ordination, terrestrial and freshwater environments)
1a Mansfield Road
Oxford
OX1 3TB

ADAS Ecology Group Dr. Jo Hossell, Dr. Alison Riding
Wolverhampton Research Team (Bioclimatic classification and policy needs)
Woodthorne
Wergs Road
Wolverhampton
WV6 8TQ
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British Trust for Ornithology Dr. Humphrey Crick, Dr. Mark Rehfisch, Graham Austin
The Nunnery (Coastal environments)
Thetford
Norfolk
IP24 2PU

School of Geography and the Environment Dr. Heather Viles
University of Oxford (Geomorphological features, marine environment)
Mansfield Road
Oxford
OX1 3TB

Environmental Resources Management Anna MacGillivray, Barnaby Briggs
8 Cavendish Square (Workshop, future research and policy needs)
London
W1M 0ER

1.5 Contribution of the UKCIP to the MONARCH study

One of the strengths of the MONARCH approach has been its broad geographical coverage, involving
devolved agencies from the UK (England, Scotland, Wales and Northern Ireland) together with
Ireland.  However, this also posed a major challenge: quantitative modelling studies require a large
amount of data which needs to be assembled and integrated from many different sources.  By acting
as a focal point for this data exchange, UKCIP has developed upon its remit to link the research
community with policy makers to ensure well-informed decision-making.  Extensive use has been
made of a GIS during MONARCH to process and integrate spatial and non-spatial data within the
study framework based upon sound scientific and geocomputing principles.  This GIS now provides
an important tool with which to visualise and explore the source data and results together with the
policy implications.

UKCIP Dr. Iain Brown, Christine Harford
12-16 St. Michael's Street (GIS, conservation characterisation
Oxford   of bioclimatic classification)
OX1 2DU
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2 Bioclimatic classification for Britain and Ireland
J.E. HOSSELL, A.E. RIDING, T.P. DAWSON AND P.A. HARRISON

Summary

A broad-scale framework for the MONARCH impact assessment was developed through the
construction of a bioclimatic classification for Britain and Ireland.  The spatial variability of 89
climatic variables considered to be of biological importance was investigated using principal
components analysis (PCA) and cluster analysis.

PCA was used to reduce the large number of relevant variables down to a manageable number by
objectively selecting new variables (principal components) that explain the greatest climatic variation
across Britain and Ireland.  The PCA resulted in the creation of seven principal components which
together explained 96.6% of the variation within the selected 89 bioclimatic variables.  The principal
component axes were rotated using a quartimax normalised type rotation in order to relate the new
“variables” to the bioclimatic variables.  Examination of the relationships between the principal
component factor axes and the original bioclimatic variable data set indicated that the first four factors
were related to rainfall amount, temperature, wind speed, and dryness/sunshine variables.

The seven PCA factors were weighted by the percentage variation they explained and used as inputs
to a cluster analysis program to classify the data into regions of similar bioclimate.  This produced 21
classes.  The largest classes were found in southern, eastern and central England and central Ireland,
whilst classes in upland areas of western Britain and Ireland tended to be smaller and more
fragmented.

2.1 Introduction

Climate is one of the key determinates of species’ distributions, particularly for plants.  As a result a
number of bioclimatic classifications have been developed to define areas of different vegetation
types (e.g. von Humboldt, 1867; Köppen, 1900; Holdridge, 1947).  More recent classifications of
climate space in Britain have focused either purely on climate variables across the whole country (e.g.
Gregory, 1975; White, 1981) or defined limited bioclimatic envelopes based on requirements of
particular species (e.g. Huntley et al., 1995).  However, there is no single classification for Britain and
Ireland based on bioclimatic variables.

One of the implications of climate change is that one of the limits to species’ distributions that had
previously been stable is now changing and with it will change the pattern of biological potential
across the country.  There is a need therefore to define the current pattern of bioclimate across Britain
and Ireland to provide a starting point for understanding the changes that may occur in the future.

2.2 Selection of climatic and bioclimatic variables

The choice of variables to include in the classification was directed towards choosing those that are
known to have an effect on the natural species and processes that are being examined within the
modelling part of this project.  To this end a selection was made of both climatic variables and derived
bioclimatic indices (Table 2.1).  A further consideration in the selection process was the information
available from the UKCIP98 climate change scenarios since this formed the source of the baseline
data for the work.
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The distinction between climate and bioclimate is key; a species does not respond necessarily just to
the level of a climatic variable within a fixed time period.  Instead it is the juxtaposition of weather
and climate conditions that will favour or restrict its success.  Some bird species, capercaille for
example, are known to be susceptible to heavy spring rainfall which restrict their breeding success
(Moss, 1986).  It is important, therefore, to include such variables in defining a classification that will
be used in relation to species distribution.  Extreme event variables, such as the minimum temperature
experienced are also important, since they can provide a limit to species’ distributions.

Table 2.1: Climatic and bioclimatic variables included within the classification.

Variable type Unit Number of variables
Mean monthly temperature °C 12 variables
Minimum monthly temperature °C 12 variables
Total monthly rainfall (PPT) mm 12 variables
Potential evapotranspiration (PET) mm 12 variables
Effective monthly rainfall (PPT-PET) mm 12 variables
Mean monthly wind speed m/s 12 variables
Mean monthly sunshine hours 12 variables
Sum of May and June rainfall mm 1 variable
Maximum temperature in the warmest month °C 1 variable
Growing degree days (>5°C) °C 1 variable
Absolute minimum temperature °C 1 variable
Absolute maximum temperature °C 1 variable

One of variables included in the classification that may be important for natural species is currently
defined by its timing in relation to the baseline breeding season (sum of May and June rainfall, which
is important for the survival of bird chicks).  Since the growing season is expected to change in the
future and bird species are already showing a response to this temperature change (e.g. Crick and
Sparks, 1999) it maybe misleading to include variables defined by the human calendar in
classifications that are then used in projections of future climate.  A consideration for the future
application of such classifications would be the use of variables defined by the start of the growing
season rather than by calendar month or week.  However, this also necessitates higher temporal
resolution for climate scenario data at either a weekly or daily time step.  Such data are not available
from the UKCIP98 scenarios.

2.3 Principal components analysis (PCA)

The first aim of the MONARCH project was to divide Britain and Ireland into areas based on climatic
and bioclimatic variables.  In order to reduce the number of variables to be included in this
classification, a PCA was undertaken to determine a reduced number of “variables” that explain the
variation across the study area.

PCA provides a means of creating new “variables” which capture the maximum amount of variability
within the existing data set.  This is achieved by the creation of new axes within the existing data
space, with the first positioned to capture the greatest spread within the data.  The second axis is then
defined orthogonally in relation to the first and the values for the second principal component for each
10 km x 10 km grid square are assessed from this axis.  Further axes are defined within the data space
until the variation within the data set explained by an axis drops below a predefined threshold as
measured by the axis’ eigenvalue.  For this analysis a standard threshold value of 0.7 was adopted.

The PCA resulted in the creation of seven principal components or factors, which together explained
96.6% of the variation within the 89 variables of the data set.  A quartimax normalised type rotation
was used to improve the discrimination between sets of variables (e.g. temperature, wind, rainfall) for
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each factor.  This discrimination is essentially achieved by examining the spatial layout of each of the
factor scores for each 10 km x 10 km grid square.  The factor axes of this plot are then rotated until
the pattern of factor scores on each axis is as diverse as possible, making it easier to identify
“clusters” of factor scores relating to the original bioclimatic variables.  The rotation does not alter the
amount of variation explained by the PCA or the relative locations of the points to each other;
however, it does change the actual co-ordinates of the points, that is, the factor scores.  Analysis of the
factor scores then provides an indication of the bioclimatic variables that contribute to each factor.

Table 2.2 shows the eigenvalues and percentage variation explained by each of the factors using this
rotation.  The eigenvalue is a measure of the number of original variables explained by the new factor.
For example, factor 1 explains the variation in just over 29 of the original 89 variables, i.e. 32.96%.
The first four components account for more than 90% of the variance within the data set.  The
climatic and bioclimatic variables explained by each of the factors are shown in Table 2.3.

Table 2.2:  Variance within the bioclimatic data set explained by each of the principal components of
the PCA.

Principal component Eigenvalue Variance explained (%) Cumulative variance (%)
1 29.33 32.96 32.96
2 25.14 28.25 61.21
3 13.63 15.31 76.52
4 13.44 15.11 91.63
5 1.83 2.06 93.68
6 1.64 1.85 95.53
7 0.92 1.04 96.57

Table 2.3:  Relationship between the principal component factor axes and the original climatic and
bioclimatic variable data set.  Variables are listed by the factor that explains a significant amount of
their variance.

Factor 1 Factor 2 Factor 3 Factor 4
Sum of May and June
rainfall

Growing degree days Mean wind speed (Jan-
Dec)

Monthly sunshine (Jun-
July)

Total monthly rainfall
(Jan-Dec)

Absolute minimum
temperature

PET (Feb-Nov)

Effective monthly
rainfall (Jan-Dec)

Minimum monthly
temperature (Jan-Dec)
PET (Feb-Apr & Oct)
Mean monthly temperature
(Jan-May & Oct-Dec)

Figure 2.1 shows the factor scores for each of the first four axes plotted across Britain and Ireland.
The contribution of the rainfall data to the first axis is apparent from the east-west gradient of the
scores.  The effects of temperature and sunshine produce a north-south gradient in the second and
fourth factor maps, respectively, whilst the effects of wind speed produce a continental/maritime
pattern in the third factor map.
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Figure 2.1:  Maps of factor scores for the first four principal components: (a) factor 1 related to
rainfall variables; (b) factor 2 related to temperature variables; (c) factor 3 related to wind speed
variables; and (d) factor 4 related to raindays and sunshine.

2.3.1 Data issues

Initially the PCA was run using baseline data from the UKCIP98 CD.  However, it was clear from
these factor maps that there was more information available in the climate data set over Britain than
Ireland.  In particular the high mountains of south west Ireland were not well distinguished in either
the factor 1 or 2 maps.  Enquires about the Irish data set and the density of stations used within the
UKCIP98 data revealed that only 35 stations were used to derive the data set in Ireland, whereas
approximately 100 were used in Northern Ireland.  The wind speed data were taken from an even
smaller number of stations.  In both cases no data were used for sites west of 8.9°W longitude.

Rainfall values across western Ireland are high over the Cork and Kerry Mountains and around
Connemara and these are not captured in the 10 km x 10 km UKCIP baseline climatology for Ireland.
To overcome this deficiency, baseline climatic data was requested from the Irish Meteorological
Service.  This was then used to revise the baseline climatic data set, particularly for rainfall where

(c) (d)

(a) (b)
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data was available from approximately 700 stations but also for other variables where more than the
original 35 sites were available.  Table 2.4 shows the number of sites for which data were obtained.
These data were interpolated to the UKCIP98 10 km grid.  The PCA and cluster analysis was then
rerun to produce the bioclimatic classification reported here.  It should be noted that the coverage of
actual data sites for some variables (particularly wind speed) is still low by comparison to the UK,
which means that the true variation of these variables within factors 2, 3 and 4 may not be apparent.

Table 2.4:  Number of meteorological stations for which data were obtained to improve the resolution
of the climatic baseline data set for Ireland.

Variable type Unit Number of variables Number of stations
Mean monthly temperature °C 12 variables 47
Minimum monthly temperature °C 12 variables 47
Mean monthly rainfall mm 12 variables 711
Mean monthly wind speed m/s 12 variables 13
Mean monthly sunshine hours 12 variables 32

2.4 Cluster analysis

Cluster analysis attempts to divide a data set into smaller, homogeneous and useful subsets (clusters
or classes) which have shared characteristics.  Data which are similar to one another form a cluster,
whereas dissimilar data are assigned to different clusters.  The output from the PCA gives values of
seven variables or factors that summarise major bioclimatic conditions for each of the 10 km x 10 km
grid squares over Britain and Ireland.  To classify these data into regions of similar bioclimate, the
“hclust” Hierarchical Clustering algorithm was employed within S-PLUS 4 (MathSoft, 1997).  The
hierarchical clustering approach was chosen because it allows scaling down to more detailed class
divisions to provide increased spatial resolution of differences within the study area.

Hierarchical clustering operates by proceeding sequentially from the first stage in which each case is
considered to be a single member ‘class’ to the final stage in which there is a single group containing
all cases.  At each stage in the analysis procedure the number of groups is reduced by one, by joining
together the two groups considered to be the most similar at that stage.  For this dataset of 3785 grid
squares the clustering procedure started by joining two squares into a class to create 3784 clusters; at
each step two classes were amalgamated until only one class remained containing all 3785 squares.
There are several different methods for defining the inter-class similarity.  In this analysis, the
similarity between classes was assessed using a measure of the maximum dissimilarity between
members of each class (known as compact linkage clustering; Venables and Ripley, 1994).
Dissimilarity is measured using the squared euclidean distance.

In order to determine the number of classes which best fits the data, the output from the whole
clustering analysis (i.e. all stages from 3784 classes to 1 class) was examined for large changes
between adjacent stages of the analysis.  This is based on the principle that a large change between  j
and j-1 class is indicative of a j class solution (Sharma, 1996).  For this analysis, the squared euclidean
distance between the two classes to be joined at each step was plotted against the corresponding
number of clusters to show how the similarity of joined classes changed with corresponding numbers
of classes.  Figure 2.2 shows this graph, plotted for the entire analysis and in more detail for class
solutions of between 2 and 50.  Typically there are stages of the analysis where merged classes are
fairly similar, and then a large step where the analysis has ‘run out’ of similar classes to merge and the
two classes joined are relatively dissimilar.  These jumps or ‘elbows’ on the graph can indicate
potential optimal number of classes for different “resolutions” of the classification (marked by arrows
on Figure 2.2).  This ‘nesting’ reflects the fact that the climate across Britain and Ireland could be put
into zones at several different spatial scales.
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A large step is seen when moving from a 9-class solution to an 8-class solution.  This solution
represents the main groupings of bioclimate across the study area but does not provide sufficient
detail for the analyses involved in the MONARCH project.  Another key step is observed when
moving from 21 classes to 20.  Investigation showed that the big ‘step’ observed at this stage was
caused by merging a class representing a large part of Ireland with one representing a large part of
England – quite obviously two very different bioclimatic areas.  This 21-class solution was chosen for
use in MONARCH as providing sufficient number of classes to discriminate between different
bioclimatic areas within the study area, without providing too much detail.

Figure 2.2:  Graphs showing dissimilarity between merged clusters for the whole analysis and in
greater detail for cluster solutions 2 to 50.

Figure 2.3 shows the results of this 21-class solution of the Hierarchical Clustering analysis.  The
order of the classes reflects the bioclimatic variation within each class, with class 1 being more
variable than class 21.  A summary of the geographical location and size of the 21 classes is given in
Table 2.5.
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Figure 2.3:  Bioclimatic classification of Britain and Ireland based on a PCA and cluster analysis of
89 bioclimatic variables.  Order of key reflects the grouping of the classes at the 9-class level.

Table 2.5:  Location and size of the 21 bioclimatic classes.

Class Size (number of
10 km grid cells)

Location Spatial variability

1 29 Inland from Cape Wrath, western Highlands of
Scotland around Glen Sheil, Borrowdale and
Keswick.

Several distinct clusters

2 244 Uplands of Northern Ireland, Wicklow, Sleive
and Galty Mountains in Ireland, Scottish border
uplands, Snowdonia, Black Mountains, west
Pennines and Dartmoor

Widespread class with
western mountain bias

3 36 Cairngorm mountains Distinct Scottish upland
class

4 187 West edges of the Scottish Highlands, western
Snowdonia and north of the Brecon Beacons,
Exmoor, Dartmoor

Widespread class on
western fringes of upland
areas
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Class Size (number of
10 km grid cells)

Location Spatial variability

5 211 East of Exmoor, west of the Black Mountains,
western edge of the Peak District, western edge
of Dumfries and Galloway, Kintyre and Inner
Hebridies, and northern fringe of Northern
Ireland.

Scattered class on upland
fringes largely bordering
the Irish Sea

6 65 Western Highlands, south and east Lake
District, and Southern Uplands

Several distinct upland
fringe clusters

7 1138 Lowland of central and southern England,
coastal north east and Cheshire Plain, and
eastern Scotland

Strong southern/lowland
bias but with isolated
outliers

8 242 Eastern fringes of the Cairngorms, Lammemuir
Hills, North York Moors, eastern Pennines,
Welsh borders

Relatively coherent north-
south running class with
eastern bias

9 200 North west and south east coast of Ireland, and
western-most coastal areas of Mull and Outer
Hebrides

Coherent band running
round central Ireland

10 135 South west England, south Wales coast,
Channel Islands and Isle of Man

Coherent class with a
south western UK coastal
bias

11 39 Scattered valleys/lowland areas in Inner
Hebrides, Ireland, west of Dartmoor and south
of the Brecon Beacons

Widely scattered locations

12 288 North east Scotland and Shetland, Lincolnshire
and Humberside, central and north Wales coast

Distinct north east coastal
bias but with scattered
western clusters

13 447 Central and north east Ireland away from the
coast and upland areas

Coherent central Ireland
class

14 101 Lowland areas of western Ireland Relatively coherent
western lowland class in
Ireland

15 68 Uplands on the south west tip of Ireland,
Connemara and fringes of the Blue Stack
Mountains

Relatively coherent
western Irish upland class

16 16 Carnedd Mountains in Wales, southern and far
western Grampians, Skye and the Western Isles

Small scattered class in
upland areas

17 92 Pennines and Cheviots and lower parts of the
Grampian Mountains

Relatively coherent upland
clusters throughout Britain

18 21 Upland fringes around Killarney and
Connemara and the Blue Stack Mountains

Three upland clusters in
Ireland

19 165 Coastal areas of southern England, Avon mouth
and East Anglia, Anglesey and the Llyen
peninsula

Scattered locations on
sheltered coasts

20 36 Inland from the coastal fringes of south west
England and southern Wales

Scattered locations just
inland from sheltered
western coasts

21 25 Valley areas in the Highlands and Southern
Uplands

Coherent north-south
cluster in central Scotland
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The largest classes are found in eastern, southern and central England and central Ireland.  The class
with the highest membership of squares is number 7, which is principally located away from the coast
in lowland areas of England and south east Scotland.  The most intricate mosaic of classes is found in
mountainous areas.  In particular classes 1, 16, 18 and 21 have low memberships with less than 1
percent of the squares in the study area found in each class (29, 16, 21 and 25 squares respectively).
Classes 1, 16 and 21 contain the some of the coldest minimum temperatures due to their high altitude
and exposed locations.  Whilst class 18 is also in an upland area, it is relatively mild due to its south
west Ireland location.

Some classes overlap between Britain and Ireland.  For example, class 5 borders the Irish Sea in much
of Northern Ireland, western Wales, scattered parts of western Scotland, western Lancashire, the Isle
of Man, and the eastern coast of Ireland.  Alternatively, two classes are unique to Ireland, class 15 and
class 18, both located in western and southern Ireland.

2.5 Discussion and conclusions

A bioclimatic classification for Britain and Ireland was developed using PCA and cluster analysis of
climatic and bioclimatic variables related to nature conservation elements.  The PCA resulted in the
development of seven new variables (or principal components) that explained over 96% of the
variability within the original bioclimatic data set.  The first four principal components were related to
rainfall amount, temperature, wind speed and dryness/sunshine bioclimatic variables.  The cluster
analysis of the PCA data set allowed 21 classes to be determined based on an assessment of the within
cluster variability, combined with a subjective assessment of level of classification detail required for
a nationwide study (spatial scale of observation).  The classes varied from relatively large
homogeneous classes in eastern, southern and central England and central Ireland to smaller
fragmented classes in the uplands of western Britain and Ireland.

There are considerable differences between the 21 classes in terms of their spatial variability.  Some
classes have a widely scattered spatial distribution (e.g. class 11) whilst others are distinct regions or
zones (e.g. class 13).  The widespread membership of some classes mean that they are represented
across the full latitudinal spread of the country.  A widely distributed class could be deemed to have a
lower climatic sensitivity than one that is spatially coherent.  However, in terms of the natural
resources within these classes a discretely distributed climate space may provide less of a restriction
to mobility than one that is widely distributed.

The 21 classes are characterised in terms of their bioclimatic and conservation characteristics in
Chapter 3.
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3 Characterising the bioclimatic classification
P.M. BERRY, P.A. HARRISON, J.E. HOSSELL, A.E. RIDING, H.A. VILES, I. BROWN
AND C. HARFORD

Summary

The characteristics of the bioclimatic classification of Britain and Ireland are described in relation to
present and future climate and natural conservation resources.  In terms of current climate, the coldest
class is located in the Cairngorm Mountains (number 3) whilst the warmest classes are found in south
west England and Wales (number 10) and along the coast of southern and eastern England (number
19).  The wettest class covers parts of western Scotland (number 1) whilst the driest classes are
numbers 7 and 19.  Class 7 has the highest membership of 1138 grid cells, and is predominately
located in southern and central England, eastern Wales and coastal parts of south east and south west
Scotland.  Class 16, the smallest class, is the windiest which is focussed on Snowdonia and Skye,
whilst the least windy class is number 13 (central Ireland).

The within class variation in current climate has also been examined, particularly with respect to the
largest classes in Britain and Ireland (7 and 13 respectively).  Despite their large membership and
wide spatial extent, both of these classes show relatively low within class variability across
temperature, wind and moisture based variables.

In terms of future climate, increases in mean annual temperature, relative to 1961-90, range from 0.4
to 1.6°C by the 2020s and 0.7 to 2.6°C by the 2050s based on the UKCIP98 scenarios.  Bioclimatic
classes located in the south east of Britain and Ireland will tend to experience consistently higher
temperature increases than those in the north west under climate change.  Changes in total annual
rainfall, relative to 1961-90, range from 0 to +7% by the 2020s and -1 to +6% by the 2050s.  In
winter, rainfall increases in all classes with only a slight variation in magnitude across the country.  In
summer, rainfall always decreases in the southern bioclimatic classes, but either increases or
decreases slightly in the northern and western classes.

Nature conservation resources have been summarised for the bioclimatic classes in terms of
geology/geomorphology, protected site networks and a selection of habitats of conservation interest.
The geology of Britain and Ireland is immensely diverse, although a simple separation can be made
between the old (pre-Carboniferous) and more resistant rocks to the north and west of a line drawn
between the Exe and Tees, and the weaker, younger sedimentary rocks which dominate the landscape
to the east and south of this line.  Bioclimatic classes 1-6, 8-18, 20-21 are dominated by landscapes to
the north and west of the Exe-Tees line, whereas classes 7 and 19 (and the lower parts of class 12)
contain the bulk of the landscape to the east and south of this line.

The proportion of area covered by protected site networks tends to be greatest for the smaller classes
situated in the uplands, particularly class 18 and to a lesser extent class 3.  The larger classes in the
lowlands, such as 7 and 13, contain a smaller proportion of designated sites.  The bioclimatic
classification was also characterised for fifteen selected habitats of conservation interest.  The greatest
number of these habitats is associated with classes 4, 5 and 7, with the first two representing more
upland areas.  The fewest occur in class 18 (which consists of just 21 grid squares) and thus size is an
important factor affecting this relationship.  Class 7, because of its large size, contains the highest
percentage of beech woodland, drought-prone acid grassland, lowland calcareous grassland and
coastal salt marsh.  Significant proportions of pine woodlands are found in class 1, blanket bog in
class 2, siliceous alpine and boreal grassland, tall herb ledge communities, montane heath and wet
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heath in class 4, pine woodland in class 6, upland oak woodland in class 7, upland hay meadows in
class 8, machair and coastal dune slacks class in 9 and raised bog in class 13.

The selected BAP habitats were used to identify a range of dominant, sensitive and threatened species
to study with the impact models.  These included 33 plant species, four insects, two amphibians, one
mammal, ten breeding birds and seventeen waterbirds.  Six geomorphological landscapes were also
selected for further study, with karst being selected as an example of a sensitive terrestrial habitat and
for the coastal environment five BAP priority coastal habitats were chosen.

3.1 Introduction

Britain and Ireland have a wide range of conservation resources covering natural features, habitats and
characteristic, rare and endangered species.  These are not uniformly distributed, but often their
location is a consequence of a combination of the natural influences of climate, geology and biology
in addition to effects from human activities.  It is important, therefore, to analyse their distribution and
to see how they are related to environmental variables in order to undertake effective conservation
planning and action.

The characteristics of the bioclimatic classification of Britain and Ireland are described in this chapter
in relation to present and future climate and natural conservation resources.  The conservation
attributes of each bioclimatic class have been determined in terms of the current distribution of
geological/geomorphological features, protected site networks and priority Biological Action Plan
(BAP) habitats.  These habitats have been used to identify a range of dominant, sensitive and
threatened species and geomorphological features to study with the impact models.

3.2 Current and future climatic conditions

Knowledge of the current and future climate of the bioclimatic classes helps in identifying those most
likely to experience the greatest change and it also helps to identify where their current climatic
conditions may be found in the future.  This is complemented by the species modelling which
indicates how the suitable climate space of the selected species could change, thus making it possible
to start to understand how habitats could be affected by climate change.

A range of climatic variables have been summarised for each of the 21 classes in the bioclimatic
classification for current climatic conditions and the four UKCIP98 climate change scenarios for the
2020s and 2050s (Low, Medium-low, Medium-high and High).

3.2.1 Current climatic conditions

The current climatic characteristics of the 21 classes are summarised in Table 3.1 for temperature,
rainfall, potential evapotranspiration (PET) and wind speed.  The coldest class is number 3 which is
located in the Cairngorm Mountains, Scotland.  The warmest class in terms of winter temperature is
number 10 (Cornwall and south west Wales) and in terms of summer temperature is number 19
(coastal parts of southern England, eastern England and north west Wales).  The wettest class is
number 1 which is located in western Scotland.  The driest class in terms of winter rainfall is number
7 which has the highest membership of 1138 grid cells and is predominately located in southern and
central England, eastern Wales and coastal parts of south east and south west Scotland.  In terms of
summer rainfall, the driest class is number 19.  There is not a large variation in PET values across the
region and the relative values are highly related to temperature.  The highest PET values are found in
the warmest classes, such as 10 and 19, and the lowest in the coldest classes, such as 3.  The windiest
class is number 16 which has the smallest membership of 16 grid cells and includes parts of
Snowdonia and the Isle of Skye, whilst the least windy class is number 13 in central Ireland.
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Table 3.1: Climatic characterisation of the classification for current (1961-90) climatic conditions.
Sum is summer, win is winter, ann is annual, max is maximum of mean monthly values, T is mean air
temperature in °C, R is rainfall in mm/day, PET is potential evapotranspiration in mm/day, and W is
mean wind speed in m/s.  Highest and lowest values are shown in bold.

Class Members sumT winT sumR WinR sumPET winPET annW maxW
1 29 11.2 1.4 6.2 10.0 2.5 0.1 6.3 7.7
2 244 12.9 2.9 3.1 4.5 2.9 0.2 5.3 6.2
3 36 10.0 -0.9 3.2 4.7 2.5 0.1 5.8 7.3
4 187 12.5 3.3 4.1 6.1 2.8 0.3 6.3 7.7
5 211 13.2 4.3 2.9 4.1 3.0 0.4 6.4 7.7
6 65 11.5 1.5 5.1 8.3 2.6 0.1 6.0 7.3
7 1138 15.0 3.8 2.0 2.2 3.5 0.3 4.7 5.4
8 242 12.6 2.2 2.5 3.1 2.9 0.2 5.1 6.0
9 200 14.1 5.4 2.3 3.7 3.2 0.5 5.8 6.9

10 135 15.2 6.1 2.2 3.7 3.6 0.6 5.7 6.6
11 39 13.0 4.2 3.9 6.6 2.9 0.3 6.2 7.4
12 288 12.8 3.7 2.0 2.7 2.9 0.4 6.3 7.4
13 447 14.0 4.7 2.2 3.1 3.1 0.3 4.5 5.2
14 101 13.9 5.1 2.5 4.3 3.1 0.3 5.6 6.5
15 68 14.0 5.3 2.6 4.5 3.2 0.4 5.8 6.8
16 16 12.3 3.4 5.9 9.1 2.8 0.4 6.8 8.3
17 92 11.5 0.8 2.9 3.8 2.8 0.1 5.3 6.4
18 21 13.2 4.5 2.9 4.8 3.0 0.3 5.9 7.0
19 165 15.6 5.0 1.8 2.5 3.7 0.4 5.1 5.9
20 36 14.6 4.8 3.2 5.2 3.4 0.4 5.7 6.8
21 25 10.9 0.7 3.8 6.8 2.5 0.1 5.9 7.2

3.2.2 Current bioclimatic conditions

There is a wide range in membership size between the classes (from 16 squares in class 16 to 1138 in
class 7).  An examination of the diversity of the bioclimate within classes has been undertaken.  A
number of bioclimatic variables were identified as being particularly relevant for modelling the
distributions of natural species:

• Growing degree days (>5°C)
• Absolute minimum temperature
• Summer moisture availability (the sum of June, July and August precipitation minus the sum of

June, July of August PET)
• Winter moisture availability (the sum of December, January and February precipitation minus the

sum of December, January and February PET)
• January wind speed

These variables were used to characterise both the nature of the 21 classes and the degree of
variability within them.  The degree of variability within each class for the five bioclimatic variables
is shown in Figure 3.1.  The charts summarise the mean and 95% Confidence Interval (error bars) for
each class so that differences in variability between classes can be observed.  The similarity between
classes can be seen from Figure 3.1 as the classes are sorted in ascending order for each variable of
interest.  This sorting of class by the variable mean allows a visual inspection of the differences
between classes and the identification of classes that may be similar.  The graphs can also be regarded
as a climate gradient and may illustrate how certain species, if restricted to classes at one end of the
gradient, are particularly susceptible to climate change.  In this respect it is interesting to note that
class 3, the coldest class, has significantly fewer growing degrees and a lower absolute minimum
temperature than its nearest classes (classes 21 and 17 respectively).  Species and habitats confined to
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this class may be particularly sensitive to changes in temperature in the future.  Similarly, classes 19
and 10 appear to be the two driest and warmest classes, where non-native species may be expected to
appear under climate change.

Figure 3.1:  Bioclimatic characterisation of the classification for current (1961-1990) climatic
conditions.  Error bars show the 95% Confidence Interval.

The variation within classes 7 and 13 has been explored in detail, as these are the largest two classes
in the classification.  The spatial variability of the five key bioclimatic variables within Classes 7 and
13 is shown in Figure 3.2.
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Figure 3.2:  Spatial variability within class 7 and class 13 with respect to five bioclimatic variables:
(a)  absolute  minimum  temperature;  (b)  growing  degree  days  >  5°C;  (c)  summer  precipitation;
(d) winter precipitation; and (e) mean annual wind speed.

(a) (b)

(c) (d)

(e)
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Class 13 squares occur only within Ireland, whilst Class 7 squares occur only within Britain.  The key
and colouring used encompass the full variation of the variable within the whole data set.  It is clear
from these maps that the values of the variables within each of these classes only represents a small
proportion of the total variation within the whole data set.  Moreover, further analysis of the different
stages of the clustering output show that both classes are relatively stable and are not subdivided until
the clustering reaches a much higher resolution.  For class 7 the division comes with the definition of
28 classes across Britain and Ireland, whilst class 13 is not divided until the 38-class level.  In both
cases the division still results in a large class and what "breaks off" are only a relatively small number
of squares.  For class 7 (1138 squares) this means a class of 1004 squares plus one of 134 squares.

3.2.3 Future climatic conditions

Projections of climate change for Britain and Ireland, based on the UKCIP98 core scenarios, suggest
increases in mean annual temperature, relative to 1961-90, ranging from 0.4 to 1.6°C by the 2020s
and 0.7 to 2.6°C by the 2050s.  Rates of warming vary from about 0.1°C per decade for the Low
scenario to about 0.3°C per decade for the High scenario.  The pattern of temperature change across
Britain and Ireland shows a north west to south east gradient, with the south east consistently warming
by several tenths of a degree Celsius more than the north west (Hulme and Jenkins, 1998).  Changes
in total annual rainfall, relative to 1961-90, range from 0 to +7% by the 2020s and -1 to +6% by the
2050s.  The patterns of rainfall change are less consistent than for temperature.  In winter, rainfall
increases in all regions with only a slight variation in magnitude across the country.  In summer,
rainfall always decreases in the south by up to -22% for the High scenario in the 2050s, but either
increases or decreases slightly in the north.

Changes in climatic variables for the UKCIP98 scenarios are summarised for three classes located in
different parts of the study region in Tables 3.2, 3.3 and 3.4.  The three classes are 1 (western
Scotland), 13 (central Ireland) and 19 (southern and eastern England) (see Figure 3.3).  Temperatures
increase by similar amounts in winter and summer under all climate change scenarios in all classes.
Changes in temperatures are slightly greater for the southern and eastern classes, e.g. class 19 (Table
3.4), than the northern and western classes, e.g. class 1 (Table 3.2).  By the 2050s High scenario
temperature values for class 1 as shown in Table 3.3, situated in the western Highlands, are
comparable to class 12 for the current climate which is located along the eastern coasts of Scotland
and England.  The coldest class situated in the Cairngorm Mountains (number 3) becomes comparable
to class 6 based in western Scotland and Cumbria.

Table 3.2:  Climatic characterisation of class 1 for the UKCIP98 climate change scenarios (located in
western Scotland).  Tmean is mean air temperature, rain is rainfall, PET is potential evapotranspiration,
windsp is mean wind speed, ann is annual, and max is maximum of mean monthly values.

UKCIP climate change scenariosClimatic
variables 2020LO 2020ML 2020MH 2020HI 2050LO 2050ML 2050MH 2050HI
Summer Tmean +0.5°C +0.9°C +1.1°C +1.3°C +0.7°C +1.2°C +1.6°C +1.8°C
Winter Tmean +0.5°C +0.8°C +1.2°C +1.3°C +0.8°C +1.4°C +1.8°C +2.1°C
Summer rain +1.6% +3.2% +3.2% +3.2% +1.6% +3.2% +1.6% +1.6%
Winter rain +2.0% +3.0% +4.0% +4.0% +2.0% +4.0% +3.0% +4.0%
Summer PET +4.0% +4.0% +4.0% +4.0% +4.0% +4.0% +4.0% +4.0%
Winter PET 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ann. windsp 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Max. windsp 0.0 0.0 0.0 0.0 +1.3% +2.6% 0.0 0.0
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Table 3.3:  Climatic characterisation of class 13 for the UKCIP98 climate change scenarios (located
in central Ireland).  Tmean is mean air temperature, rain is rainfall, PET is potential evapotranspiration,
windsp is mean monthly wind speed, ann is annual, and max is maximum of mean monthly values.

UKCIP climate change scenariosClimatic
variables 2020LO 2020ML 2020MH 2020HI 2050LO 2050ML 2050MH 2050HI
Summer Tmean +0.5°C +0.9°C +1.2°C +1.4°C +0.8°C +1.3°C +1.8°C +2.1°C
Winter Tmean +0.4°C +0.7°C +1.0°C +1.2°C +0.7°C +1.2°C +1.7°C +1.9°C
Summer rain +4.5% +4.5% +4.5% +4.5% +4.5% +4.5% 0.0 -4.5%
Winter rain +6.5% +9.7% +9.7% +12.9% +6.5% +12.9% +12.9% +12.9%
Summer PET 0.0 +3.2% +3.2% +3.2% 0.0 +3.2% +6.5% +6.5%
Winter PET 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ann. windsp 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Max. windsp 0.0 0.0 0.0 0.0 0.0 0.0 -3.8% -3.8%

Table 3.4: Climatic characterisation of class 19 for the UKCIP98 climate change scenarios (located in
southern and eastern England).  Tmean is mean air temperature, rain is rainfall, PET is potential
evapotranspiration, windsp is mean monthly wind speed, ann is annual, and max is maximum of mean
monthly values.

UKCIP climate change scenariosClimatic
variables 2020LO 2020ML 2020MH 2020HI 2050LO 2050ML 2050MH 2050HI
Summer Tmean +0.6°C +1.1°C +1.3°C +1.5°C +0.9°C +1.5°C +2.1°C +2.5°C
Winter Tmean +0.5°C +0.8°C +1.3°C +1.4°C +0.9°C +1.5°C +2.0°C +2.3°C
Summer rain -5.6% -5.6% -5.6% -5.6% -5.6% -5.6% -16.7% -16.7%
Winter rain +4.0% +4.0% +8.0% +8.0% +4.0% +8.0% +8.0% +12.0%
Summer PET +2.7% +5.4% +8.1% +8.1% +5.4% +8.1% +13.5% +16.2%
Winter PET 0.0 0.0 +25.0%* +25.0%* +25.0%* +25.0%* +25.0%* +25.0%*
Ann. windsp 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Max. windsp 0.0 0.0 0.0 +1.7% 0.0 +1.7% -1.7% -1.7%

*  Equivalent to an increase of 0.1 mm/day to a baseline value of 0.4 mm/day.

Figure 3.3:  Locations of bioclimatic classes 1, 13 and 19.

Class 19

Class 13

Class 1
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Summer rainfall decreases under all scenarios for the southern and eastern England class (number 19),
with percentage decreases reaching 17% by the 2050s High scenario.  Conversely, summer rainfall
increases slightly for the northern class (number 1).  Central Ireland (class 13) experiences either a
slight increase, no change or a slight decrease in summer rainfall depending on the severity of climate
change.  Winter rainfall increases under all scenarios and in all classes by up to 15%.  Summer PET
increases slightly in response to increases in temperature, whilst winter PET remains largely
unchanged.  Changes in mean wind speed are negligible in all scenarios and classes.  Changes in
rainfall, PET and wind speed are shown as percentages and should be interpreted with respect to
values for current conditions (see Table 3.1).

The changes in climate shown in Tables 3.2 to 3.4 are calculated from the difference between the
baseline and scenario values at the 10 km x 10 km spatial resolution.  An ‘unintelligent’ downscaling
method was used to interpolate the scenario values from the 2.5° latitude x 3.75° longitude global
climate model (GCM) grid onto the 10 km grid for Britain and Ireland by the Climatic Research Unit,
University of East Anglia.  This simple approach adds no real geographic detail to the climate change
derived from the GCM (Hulme and Jenkins, 1998).  However, it should be borne in mind that those
climatic variables presented as percentage differences would be affected by their magnitude under the
current climate.  For example, changes in rainfall for bioclimatic class 1 are slightly less than the
GCM change fields shown in Hulme and Jenkins (1998) because the baseline values for rainfall in
this highly mountainous class are very high.

3.3 Natural conservation resources

3.3.1 Geological and geomorphological features

Table 3.5 illustrates the range of geological and geomorphological features found within the 21
bioclimatic classes.

Table 3.5:  Geological and geomorphological characteristics of the bioclimatic classes.  Topography
defined as lowlands: less than 105 m, low hills: 105-210 m, high hills: 210 –600 m, mountains:
greater than 600m.  Sources: Collins and Cummins (1996); Goudie and Brunsden (1994).

Class Solid geology Topography Geomorphic zones Coastal
lowlands

1 Igneous and
metamorphic

Mountains,
plateaux and
valleys

Grampians None

2 Sedimentary and
igneous

High plateaux and
high hills

Pennines, Scottish S Uplands and
Grampians, NW Irish highlands,
dissected plateau and mountains of S
and C Wales, N Dartmoor

None

3 Igneous and
metamorphic

Mountains,
plateaux and
valleys

Grampians None

4 Sedimentary,
igneous and
metamorphic

Mountains,
plateaux and
valleys; high
plateaux and
valleys

Scottish NW Highlands, Grampians,
Hebrides, Welsh mountains and
plateaux, Dartmoor, Irish NW
highlands

None

5 Sedimentary,
igneous and
metamorphic

Lowlands to high
hills and plateaux

N Irish highlands, Hebrides, C Scottish
lowlands, Solway lowlands, Isle of
Man, S and W Wales lowlands, Bann
valley

Present
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Class Solid geology Topography Geomorphic zones Coastal
lowlands

6 Largely
metamorphic and
igneous

Mountains, high
plateaux and high
hills

Scottish NW highlands, Grampians,
Lake District, Scottish S Uplands

None

7 Dominantly
sedimentary

Lowlands to low
hills

Fens, East Anglia, Midland plateaux,
London Basin, Wessex downs, Mendip
Hills, Weald, Hampshire Basin,
Lancashire lowlands, Vale of York and
Trent, NE lowlands, Solway lowlands,
C Scottish lowlands

Present

8 Sedimentary and
igneous

High plateaux and
high hills

Pennines, Scottish S uplands,
Grampians, NW highlands, Welsh
border hills, N York moors

None

9 Sedimentary,
igneous and
metamorphic

Lowlands to high
hills

S Irish ranges and valleys, Leinster
upland, C lowlands, Co Down lowland,
NW highland, Ox mountains, Lower
Shannon lowlands, W uplands

Present

10 Igneous and
sedimentary

Lowlands to high
hills and plateaux

S Wales coastal lowlands, SW England Present

11 Igneous,
sedimentary and
metamorphic

High plateaux and
hills to mountains

S Wales mountains, Dartmoor,
Grampians, SW Irish ranges, W Irish
uplands

None

12 Sedimentary,
igneous and
metamorphic

Lowlands to low
plateaux and high
hills

E Yorkshire and Lincs scarps and
vales, Scottish Isles, Caithness
lowlands, NW highlands, Grampians,
Buchan lowlands, N and W Welsh
coastal lowlands

Present

13 Sedimentary and
igneous

Lowlands to some
high hills

Irish central lowlands, NE hills, Bann
valley, S central hills, SW ranges and
valleys, Leinster uplands

Minor

14 Mainly sedimentary Lowlands to high
hills

Irish NW highlands, lower Shannon
lowlands, SW ranges and valleys

Minor

15 Mainly
metamorphic and
sedimentary

High hills to
mountains

SW Irish ranges and valleys, W
uplands, NW highlands

None

16 Igneous Mountains N Wales mountains, and parts of
Scottish mountains

None

17 Igneous,
metamorphic and
sedimentary

High hills and
plateaux

Grampians, SW uplands/ Cheviots and
Pennines

None

18 Metamorphic and
sedimentary

High hills and
mountains

W Irish uplands, SW ranges and
valleys

None

19 Sedimentary Mainly lowlands Coasts of:  East Anglia, London Basin,
Weald, Hampshire Basin, Wessex
Downs, Severn Estuary, Anglesey and
NW coastal plain

Present

20 Sedimentary Mainly lowlands S Wales coastal lowlands, and parts of
SW England

Minor

21 Igneous and
metamorphic

Mainly mountains NW Scottish Highlands, Grampians
and S Uplands

None
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The geology of Britain and Ireland is immensely diverse, although a simple separation can be made
between the old (pre-Carboniferous) and more resistant rocks to the north and west of a line drawn
between the Exe and Tees, and the weaker, younger sedimentary rocks which dominate the landscape
to the east and south of this line.  Many of the 21 bioclimatic classes are highly spatially fragmented
and include a great diversity of geomorphological and geological features (such as classes 9, 13 and
14).  Key areas of upland in both Britain and Ireland are divided up into a series of bioclimatic classes
(most notably parts of the Grampians and the south west Ireland ranges occur in a large number of
classes).  Classes 1-6, 8-18, 20-21 are dominated by landscapes to the north and west of the Exe-Tees
line, whereas classes 7 and 19 (and the lower parts of class 12) contain the bulk of the landscape to the
east and south of this line.

3.3.2 Protected conservation sites

The area of designated sites in the UK and sites proposed for designation in Ireland as of the
beginning of 2000 (Figure 3.4) has been used to characterise the conservation resources of the
bioclimatic classes (Figure 3.5), using SSSIs for Great Britain, ASSIs for Northern Ireland and
proposed candidate SACs for Ireland.  This involved mapping and cross-tabulating the spatial
association of these data sets (in grid format) using a routine within the GIS.  With these categories
approximately 15% of England, 12% of Scotland, 11% of Wales, 6% of Northern Ireland and 13% of
Ireland is designated.

Figure 3.4:  Location of selected designated sites in Britain and Ireland (SSSIs for Great Britain,
ASSIs for Northern Ireland and proposed candidate SACs for Ireland).
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Figure 3.5:  Percentage area of each bioclimatic class containing selected designated sites.  Values do
not include the Isle of Man and the Channel Islands.

The characterisation has shown that several of the smaller classes, particularly 3 (found in the
Cairngorms) and 18 (western Ireland), are very significant for conservation, given that over 20% of
their area is designated.  This is also the case for class 6 (Scotland), the eighth smallest class.  They
are all situated in the uplands while the larger classes in the lowlands (e.g. numbers 7 and 13) seem to
contain a smaller proportion of designated sites.  However, this is partly a reflection of the pressure of
other land uses, which means that fewer sites are available for designation.  It is also a function of
upland areas containing many of the habitats of interest to conservation.  Some of the predominantly
coastal classes (e.g. class 19) also have a low percentage area designated, because of the
comparatively small area that the coastal priority habitats cover.  This may also be a result of the 10
km x 10 km grid squares extending offshore whilst SSSIs stop at the low-tide mark.  Class 5, for
example, which includes the Hebrides, parts of the western coast of Scotland and Wales and the
northern coast of Ireland has only 3.2% of its area designated.

The database on the SSSIs held by the UK Climate Impacts Programme also contains information on
the habitats within the sites.  This provides a potential research data source, which is much more
powerful than the area of designation used in this project, as it would enable the extent of the
protection of the priority habitats to be ascertained.  Nevertheless it would be time-consuming to
extract all the information into a readily useable form, especially given the large number of sites
involved.  Each bioclimatic class has been characterised in terms of selected habitats of conservation
interest in Section 3.4.1.
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3.4 Selection of habitats, species and geomorphological features for
modelling

3.4.1 Selection of habitats

Given the vast array of habitats in Britain and Ireland it was decided to focus on selected habitats of
conservation interest.  The following were chosen by a sub-group of the funders using the following
criteria:

1. In general, the habitats should have a reasonably widespread distribution, as very rare habitats will
be difficult to model satisfactorily.

2. The focus should be on habitats of conservation interest, so attention was concentrated on habitat
types listed in Annex I of the EU Habitats Directive and BAP priority habitats.

3. Reliable distribution data should be available.

4. The habitats should display a range of distribution patterns characteristic of the different
bioclimatic classes. Habitat types with contrasting upland/lowland, northern/southern and
western/eastern distributions were included.

The following habitats were chosen to form the basis of further analysis and most were used in the
modelling work on terrestrial environments (Chapter 4):

• Drought-prone acid grassland
• Beech woodland
• Blanket bog
• Tall herb ledge communities
• Lowland calcareous grassland
• Machair
• Montane heath (including siliceous alpine and boreal grasslands)
• Upland oak woodland
• Pine woodland
• Raised bog
• Coastal salt marsh
• Coastal dune slacks
• Upland hay meadows
• Wet heath

The bioclimatic classes were characterised in terms of the number of the above habitats of
conservation interest found in each class using a GIS linked to a spreadsheet (Figure 3.6).  It should
be noted that not all the habitats occur in each country.  Data were provided by the Joint Nature
Conservation Committee (JNCC) for the UK and by Dúchas for Ireland (Conaghan, 2001) in the form
of habitat presence and absence in 10 km x 10 km grid squares.  The relationship between these
habitats and BAPs and other habitat mapping systems has been tabulated by Jackson (2000).

A representative of all, but one, of these habitats is associated with classes 4, 5, and 7, whilst the
fewest number of habitats are associated with class 18.  Class 18 is a small western class in Ireland,
while class 7 by contrast is the largest class in Britain.  Not surprisingly the smallest class also has
comparatively few habitats associated with it (7), but not in relation to its small size.  More surprising,
class 19, which is relatively large, also only has seven habitats associated with it, but this is due to its
largely coastal location.
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Figure 3.6:  Number of the selected habitats of conservation interest associated with each bioclimatic
class.

The area of each habitat of conservation interest contained within the 21 classes was then calculated
(Figure 3.7).  Summary details for the geographic locations and bioclimatic characteristics (both
present and future) of these classes can be found in Sections 2.4 and 3.2, respectively.  Their main
habitat characteristics can be summarised as follows:

Class 1.  This is an important class for pine woodland (11.7%) and it has a number of higher upland
habitats associated with it.

Class 2.  This is the most important class for blanket bog, second most important for wet heath and it
also contains 16.7% of the upland hay meadows.

Class 3.  This is located in the Cairngorms and so it is important for siliceous alpine and boreal
grasslands, montane heath, pine woodland and tall herb ledge communities, containing over 10% of
each of these habitats, although it is not the most important for any of these given its relatively small
size.

Class 4.  This class is found on the western side of Britain and Ireland, including many upland areas
and is most important for siliceous and boreal grasslands (18.4%), tall herb ledge communities
(23.5%), montane heath (13.5%) and wet heath (15.0%).  It also contains over 10% of upland oak
woodland and coastal salt marsh.

Class 5.  This is a mixed coastal and upland class and it is the second most important class for
machair (24.7%) and it also contains 11.5% of the coastal dune slacks.

Class 6.  This is an essentially mountainous class, which has the greatest coverage of pine woodlands
(20.0%) and alpine and boreal grasslands (18.4%).  It is the second most important class for tall herb
ledge communities (17.6%).

Class 7.  This largely lowland class, because of its size and location, is most significant in terms of
beech woodland (86.6%), drought-prone acid grassland (62.5%), lowland calcareous grassland
(46.6%) and coastal salt marsh (17.1%).  It is the second most important class for coastal dune slacks
(15.3%).  It extends into the uplands in the north and so it is also the most important class for raised
bogs (20.9%) and upland oak woodland (17.0%).

Class 8.  This is a more eastern class including the eastern Highlands of Scotland, the Pennines and
some parts of the Welsh borders, so it is the most important class for upland hay meadows (37.9%).  It
is also important for pine woodland, upland oak woodland and raised bogs.
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Drought-prone acid grassland Siliceous alpine and boreal grassland Beech woodland

Blanket bog Tall herb ledge communities Lowland calcareous grassland

Machair Montane heath Upland oak woodland

Pine woodland Raised bogs Coastal salt marsh

Coastal dune slacks Upland hay meadows Wet heath

Figure 3.7:  Percentage of selected habitats of conservation interest in each bioclimatic class.
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Class 9.  This largely coastal Irish class is clearly the most significant for machair (43.2%) and coastal
dune slacks (26.7%).  It also contains 12.8% of the coastal salt marsh habitat.

Class 10.  This is found in south west England, coastal locations in Wales, the Channel islands and the
Isle of Man and the habitat with the highest percentage cover is coastal dune slacks (11.5%), although
there are several other classes with high percentages for this habitat.

Class 11.  This is a scattered class, with an upland bias, but because of its small size it contains a low
percentage of all the chosen habitats of conservation concern.

Class 12.  This is another coastal class found in central and northern Wales, north east England and
north east Scotland and thus the classes with the largest representation are coastal salt marsh and
coastal dune slacks.

Class 13.  This lowland Irish class is the most important class for raised bogs (42.1%) and is the
second most important for calcareous grassland due to the large areas of limestone in the centre of the
country.

Class 14.  This medium size class, which is found primarily in the west of Ireland, has a relatively low
percentage of all the habitats, with machair and blanket bog being the most important.

Class 15.  This western Irish class is relatively small and contains a low percentage of all the habitats,
with blanket bog (5.6%) being the most important.

Class 16.  All the habitat percentages are very low because of the class size; blanket bog occurs in 13
out of the 16 grid squares and wet heath in 12 grid squares.  It also contains over 5% of the tall herb
ledge communities.

Class 17.  This is an upland/highland class in Scotland and northern England and it is the second most
important class for upland hay meadows (24.2%), pine woodlands (16.7%) and montane heath
(11.6%).

Class 18. This is a relatively small class found in western Ireland and although it is not significant in
terms of the percentages of any of the habitats all the squares do contain blanket bog.

Class 19.  This coastal class in England and Wales is only important for coastal salt marshes (11.6%).

Class 20.  This is a small class found in the higher parts of south west England and parts of southern
Wales.  Its size means that it is not important in terms of the selected habitats, but nearly 70% of the
grid squares in the class contain upland oak woodland.

Class 21.  This small upland class runs north westwards through Scotland.  Despite its size it does
contain 8.8% of the siliceous alpine and boreal grassland and over 70% of the grid squares in this
class contain this habitat and blanket bog.

It should be remembered that this analysis does not take class size into account, but it has been
flagged where this is thought to be important.  It should also be remembered that, with classes or
habitats such as wet heaths with a wide spatial distribution, the species composition may vary in
different parts of the country and therefore it is important that conservation occurs in a broad range of
classes.  Conversely habitats, such as beech woodland or machair, focused in a few classes because of
their particular environmental requirements pose interesting challenges for conservation.

3.4.2 Selection of species

The habitats selected in 3.4.1 formed the basis of the selection of the species, although it was
recommended that machair, siliceous alpine and boreal grasslands and tall herb ledge communities
should not be considered further.  For each habitat a species list was devised using a species selection
protocol based on experience gained in the RegIS project and by the Scottish Natural Heritage
Environmental Audit (Hill et al., 1999):
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(i) Primarily plant species, but one higher order species should be included.

(ii) Criteria for the selection of species were:
• dominant and/or structurally important plant species (i.e. those that by their longevity and

persistence affect habitat change and the potential for invasion),
• indicator species and those sensitive to climate (e.g. at range margins), and
• priority (BAP) species, but extremely rare species should be avoided as they are difficult

to model.

(iii) Where possible plants with different strategies, particularly ruderals and stress-tolerators should
be included.

Separate species lists were drawn up for Scotland, England and Wales, and Ireland.  These lists were
amalgamated and shortened to produce a list of key habitats and associated plant, insect, mammal and
amphibian species for modelling (Table 3.6).  Results for these species are described in Chapter 4.2,
except for the wetlands habitat which is described in Chapter 5.2.  In addition, ten breeding bird and
seventeen estuarine waterbird species were selected for analysis (Table 3.7).  Results for these species
are discussed in Chapters 4.3 and 6.3, respectively.  Oystercatcher is considered in both chapters.

3.4.3 Selection of geomorphological features

Climate change will have an impact on most geomorphological processes and affect the development
of many landforms, but some landscapes will be particularly sensitive and show dramatic changes.
Landscapes may be particularly sensitive because they are highly dynamic and driven largely by
climatically-controlled geomorphological processes, or because they are close to some sort of
threshold where even a small change in controlling factors may lead to dramatic changes (Goudie,
1996).  Even if climate change does not produce dramatic changes in geomorphological processes,
small adjustments of the geomorphic system may be enough to pose a threat to certain rare or
sensitive species.  Bearing this in mind, and considering the diverse geomorphological characteristics
of Britain and Ireland, six types of landscape were chosen for further assessment of the impacts of
climate change.  In the terrestrial environment, karst landscapes were chosen as the crucial
geomorphological process operating in such landscapes (dissolution) is clearly controlled by climate
(in terms of runoff, temperature and carbon dioxide concentration) and they often contain species of
high conservation value.  In coastal environments, five UK Biodiversity Action Plan priority coastal
habitats were chosen to reflect landscapes of concern to conservationists for which future climate
change may pose additional problems.  These coastal habitats are: coastal sand dunes, salt marshes,
vegetated shingle coasts, seagrass beds and rocky coastal platforms.
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Table 3.6:  Habitat and species selection for Britain and Ireland.  Note all species are plants unless
otherwise indicated.

Habitat Species English name
Salt marsh

Coastal dune slacks

Wet heath

Montane Heath

Drought-prone acid grassland

Lowland calcareous grassland

Upland hay meadows

Blanket bog/
Active raised bog

Beech woodland

Upland oak woodland

Puccinellia maritima (R)
Atriplex portulacoides (R)
Blysmus rufus (R)
Equisetum variegatum
Epipactis palustris (R)
Bufo calamita
Erica tetralix (R)
Gentiana pneumonanthe
Carex bigelowii
Salix herbacea (R)
Loiseleuria procumbens
Erebia epiphron (R)
Silene otites (R)
Erodium cicutarium
Cirsium acaulon
Blackstonia perfoliata
Helianthemum nummularium
Geranium sylvaticum (R)
Trollius europaeus
Sanguisorba officinalis
Eriophorum vaginatum (R)
Andromeda polifolia
Rhynchospora alba (R)
Myrica gale (R)
Rubus chamaemorus (R)
Coenonympha tullia (R)
Sphagnum papillosum
Fagus sylvatica
Taxus baccata
Sanicula europaea
Blechnum spicant
Dryopteris aemula
Orthilia secunda

Common saltmarsh grass
Sea purslane
Flat sedge
Variegated horsetail
Marsh helleborine
Natterjack toad (amphibian)
Cross-leaved heath
Marsh gentian

Dwarf willow
Trailing azalea
Mountain ringlet (butterfly)
Spanish catchfly
Common storksbill
Stemless thistle
Yellow-wort
Common rock-rose
Wood cranesbill
Globe flower
Great burnet
Hare's-tail cotton grass
Bog rosemary
White-beaked sedge
Bog myrtle
Cloudberry
Large heath (butterfly)

Beech
Yew
Sanicle
Hard fern
Hay-scented buckler fern
Toothed wintergreen

Pine woodland Sciurus vulgaris
Linnaea borealis

Red squirrel (mammal)
Twinflower

Wetlands Potamogeton filiformis Slender-leaved pondweed
Species without association Ochlodes venata

Coenagrion puella
Triturus cristatus
Artemesia norvegica

Large skipper (butterfly)
Azure damselfly (insect)
Great crested newt (amphibian)
Norwegian mugwort

(R) - species modelled within the RegIS project but re-run to include Ireland.
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Table 3.7:  Selection of bird species for Britain and Ireland.

Bird species Latin name Associated habitat(s)
Breeding birds:
Willow tit Parus montanus Broadleaf woodland
Capercaillie Tetrao urogallus Pine and conifer woodlands
Oystercatcher Haematopus ostralegus Coastal habitats
Reed warbler Acrocephalus scirpaceus Reed beds
Nuthatch Sitta europaea Deciduous woodlands
Turtle dove Streptopelia turtur Agricultural habitats
Yellow wagtail Motacilla flava Grasslands
Nightingale Luscinia megarhynchos Dense scrub and woodlands
Snow bunting Plectrophenax nivalis Montane heath
Red-throated diver Gavia stellata No association

Waterbirds:
Shelduck Tadorna tadorna Estuaries
Wigeon Anas penelope Estuaries
Teal Anas crecca Estuaries
Mallard Anas platyrhynchos Estuaries
Pintail Anas acuta Estuaries
Oystercatcher Haematopus ostralegus Estuaries
Ringed plover Charadrius hiaticula Estuaries
Golden plover Pluvialis apricaria Estuaries
Grey plover Pluvialis squatarola Estuaries
Lapwing Vanellus vanellus Estuaries
Knot Calidris canutus Estuaries
Sanderling Calidris alba Estuaries
Dunlin Calidris alpina Estuaries
Bar-tailed godwit Limosa lapponica Estuaries
Curlew Numenius arquata Estuaries
Redshank Tringa totanus Estuaries
Turnstone Arenaria interpres Estuaries

3.5 Discussion and conclusions

The bioclimatic classification has been characterised with respect to current and future climate and
nature conservation resources (geomorphological features, designated sites and habitats of
conservation interest).  This was used as the basis for selecting species and features to study in greater
detail with climate change impacts models.

The climatic characterisation of the bioclimatic classification showed that the coldest class is located
in the Cairngorm Mountains, whilst the warmest classes are found in south west England and Wales
and along the coast of southern and eastern England.  The wettest class covers parts of western
Scotland, whilst the driest classes are located in southern, eastern and central England and eastern
Wales.  The windiest class is focussed on Snowdonia and Skye, whilst the least windy class is in
central Ireland.  The UKCIP98 climate change scenarios project the greatest increases in temperature
and the greatest decreases in summer rainfall in the southern and eastern bioclimatic classes.  In
northern and western classes increases in temperature are consistently less and summer rainfall either
increases or decreases slightly.  In winter, rainfall increases in all classes with only a slight variation
in magnitude across the country.  In general, annual mean temperature changes by between 0.7 and
2.6°C and total annual rainfall changes by -1 to +6% by the 2050s.

The classes have also been characterised in terms of their conservation attributes.  Size, not
surprisingly, was seen to play a role in affecting the relationship between the classes and the
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proportion of the habitats they contain.  In general, the classes in the upland areas have the most
habitats of conservation concern and, as a consequence, the greater area designated.  The lowland
classes are still important in that there are habitats for reasons of climate or geology, such as native
beech woodland, that are primarily confined to these areas.  The lower percentage of designated sites
in lowland regions may also mean that there are fewer, sympathetically managed semi-natural habitats
available for species’ migration in response to climate change.  This represents somewhat of a
dilemma in that the greater resource that needs sustaining is in the uplands, but the area needing
attention to enhance habitat availability and support species' movement is in the lowlands.  It could
also be argued that habitats of restricted distribution should also receive priority in that they may find
it hardest to respond to climate change.  However, as was suggested for wet heaths which have a wide
spatial distribution, the species composition may vary in different parts of the country and therefore it
is important that conservation occurs in a broad range of classes.
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4 Impacts on terrestrial environments
P.M. BERRY, D. VANHINSBERGH, H.A. VILES, P.A. HARRISON, R.G. PEARSON,
R.J. FULLER, N. BUTT AND F. MILLER

Summary

A number of plant, insect, amphibian and one mammal species of conservation importance were
chosen from the selected habitats of conservation interest for modelling changes in the availability of
suitable climate space using the SPECIESv1 model.  Changes were quantified in relation to five
bioclimatic variables for current climate and the UKCIP98 climate change scenarios.  Each species
showed an individualistic response, with some, such as Coenagrion puella and Rhynchospora alba,
experiencing a potential increase, others, such as the montane heath species Trollius europaeus and
Orthilia secunda, a decrease and some, such as Triturus cristsus and Sanicula europaea, little change.

This varying response of species makes it difficult to assess the impact of climate change on the
habitats they represent, but all the following general conclusions can be drawn:

• Salt marsh: the species modelled show a variable response with Blysmus rufus, a northern species,
losing climate space throughout Britain and Ireland, while Puccinellia maritima progressively
loses it from south east England.  Atriplex portulacoides could gain suitable climate space in the
northern regions.  It is important that these results are combined with those from work on coastal
processes, so that habitat availability can be taken in to account.

• Coastal dune slacks: these face a dynamic future, as Epipactis palustris has the potential to
expand its range, as could Bufo calamita under the 2050s High scenario, but only after current
areas cease to be suitable.  Equisetum variegatum, however, could progressively lose suitable
climate space.

• Wet heath: a dominant, Erica tetralix, appears to be unaffected by climate change and Gentiana
pneumonanthe remains stable in Great Britain, but with the potential to expand in Ireland.  This
habitat could be robust in terms of direct climate change impacts.

• Montane heath: all species show a loss of climate space, Erebia epiphron to the point of
extinction.  This is the most sensitive of the habitats modelled.

• Drought-prone acid grassland: both the species modelled, Erodium cicutarium and Silene otites,
have the potential to expand their suitable climate space, but this is thought to be a relatively
sensitive habitat and thus it is not certain to what extent these species represent the habitat
response.

• Lowland calcareous grassland: the three modelled species, Cirsium acaulon, Blackstonia
perfoliata and Helianthemum nummularium, only show a small response to climate change, with
some expansion in the northward limit of their climate space.

• Upland hay meadows: the two species modelled with a northern distribution, Trollius europaeus
and Geranium sylvaticum lose climate space, while Sanguisorba officinalis gains it.  This habitat
may, therefore, have a changing species’ composition.

• Blanket bog/active raised bog: the species which are currently widespread, Eriophorum
vaginatum, Myrica gale and Sphagnum papillosum show little change, although there is some loss
of suitable climate space in south east England and southern Ireland under the High scenarios.
Species with southern distributions gain suitable climate space whilst those with northern
distributions lose it.  This suggests that some elements of this habitat are sensitive to climate
change.
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• Beech woodland: Fagus sylvatica, the dominant, loses suitable climate space from southern and
parts of central England, while the two associated species, Taxus baccata and Sanicula europaea,
show little change under the climate scenarios.

• Upland oak woodland: the species modelled show that although Blechnum spicant is unaffected,
the other two, Dryopteris aemula and Orthilia secunda lose suitable climate space from the
southern parts of their distribution.  The species composition of the herb layer could change,
especially in southern areas, as species are lost or change in their competitiveness.

• Pine woodland: both species, Sciurus vulgaris and Linnaea borealis, lose suitable climate space,
so this is a potentially sensitive habitat.

Predictions of change in the breeding distributions of ten birds were also made for the current climate
and the UKCIP98 climate change scenarios using the SPECIESv2 model.  Changes were quantified in
relation to six bioclimatic variables and the model was trained on a combination of observed data
derived from the European and Britain/Ireland atlases of bird distribution.  The species of birds were
red-throated diver (Gavia stellata), capercaillie (Tetrao urogallus), oystercatcher (Haematopus
ostralegus), turtle dove (Streptopelia turtur), yellow wagtail (Motacilla flava), nightingale (Luscinia
megarhynchos), reed warbler (Acrocephalus scirpaceus), willow tit (Parus montanus), nuthatch (Sitta
europaea) and snow bunting (Plectrophenax nivalis).   The species were chosen to reflect a variety of
life history and ecological attributes.  All currently show a restricted distribution within Britain and
Ireland and may be at least partially limited in their distribution by climate.  With the exception of
oystercatcher, the present distributions were satisfactorily simulated both at the European and
Britain/Ireland scales.

The predicted responses to climate change showed considerable variation between species.  In some
cases individual species showed marked differences in their predicted responses to different climate
change scenarios.  The models suggest that of the species examined, capercaillie is the most
vulnerable to climate change.  This species is currently in serious decline in Britain and climate
change is predicted to exacerbate this decline.  The distribution of red-throated diver is also predicted
to contract with climate change.  Moderate climate change may have little effect on willow tit, but
more extreme changes are predicted to be unfavourable for this species, leading to major range
contraction in the south of Britain.  Moderate climate change may also be beneficial for nuthatch and
nightingale.  Both species are initially predicted to show some northward expansion but with severe
climate change the distribution may become more fragmented in the south of England.  Turtle dove,
yellow wagtail and reed warbler may also expand their current distribution away from south east
Britain but the models do not suggest that extreme climate change (i.e. the UKCIP98 High scenarios)
will be unfavourable to these species.

Four main cautions need to be made about the predictions presented here.  First, several species are
predicted to expand within Ireland, including several that are currently absent or only occasional
breeders there: willow tit, nuthatch, turtle dove, yellow wagtail and nightingale.  These results need to
be interpreted with caution because these species may not have the behavioural ability to colonise
Ireland.  For example, the first two of these species, willow tit and nuthatch, are sedentary residents in
Britain and, therefore, may have particular difficulty in colonising Ireland.  Second, the models took
no account of the present or future distribution of suitable habitat, so in some cases discrepancies
arose between observed and simulated distributions.  Some species, such as reed warbler, require very
specific habitat types and their future distribution will be affected by availability of habitat as well as
by climate change.  Third, populations and ranges of several species examined here are currently
changing, often for reasons unknown.  The models do not take the current trends into account and
assume a ‘steady state’ situation.  Fourth, it is possible that some species may adapt to climate change
and that the model parameters based on current relationships between distribution and climate will not
be relevant in the future.
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The impacts of climate change on ecologically important aspects of the geomorphology of terrestrial
areas have been studied with a focus on karst areas.  Karst environments in Britain and Ireland are
dominantly limestone terrains which contain characteristic dissolutional (limestone pavements, cave
networks) and constructional (tufa and speleothem) landforms, with well-developed underground
drainage networks.  A conceptual model of the impacts of climate change on karst areas shows a
number of key impacts.  Changes to mean annual effective rainfall (rainfall minus evapotranspiration)
will have a major effect on a number of geomorphological processes, and increasing air temperature
will influence the rate of geomorphologically important chemical reactions. The nature of climate
change impacts on karst will also depend on the individual environmental characteristics and human
impacts found in the area.  Karst areas in Britain and Ireland are very diverse in lithology,
environmental history and landforms and five case study areas were chosen for more detailed study,
i.e. the Burren in Ireland, the Cuilcagh karst in Northern Ireland, the Yorkshire Dales and the Mendip
Hills in England, and the Assynt karst in Scotland.   Each possesses a different array of potentially
sensitive components of the geomorphology, such as turloughs (seasonal lakes) in the Burren and tufa
deposits in the Yorkshire Dales karst.  Four of the sites (the Burren, the Cuilcagh karst, the Yorkshire
Dales and the Assynt karst) are predicted to experience increases in mean annual effective rainfall
which will cause increases in dissolution rates of between 1.5 and 9.5%.  The Burren is also predicted
to experience drier summer periods thus encouraging seasonal drying out of the turloughs.
Alternatively, the Mendips are predicted to show decreases in mean annual effective rainfall.  This
will reduce dissolution rates by up to 54% and thus lead to a reduction in the amount of dissolved
calcium carbonate available for re-precipitation as tufa and speleothem (although this is complicated
by increased evaporation which will favour precipitation of calcium carbonate out of solution).

Predicting the geomorphological consequences of climate change for karst areas is complicated by the
complex nature of the impacts and uncertainties about how the karst systems will respond.  More
monitoring of sensitive karst areas and processes is recommended.  In most cases the changes to
geomorphological processes indicated by the predictive work are relatively small scale, but the most
serious impacts could be on very sensitive components of the landscape, such as tufa, turloughs and
cave deposits.  Some of the karst areas are located at the margins of a range of bioclimatic classes and
more work needs to be undertaken on identifying the climatic future for these exact sites.

4.1 Introduction

Climate change is an important driving mechanism for altering the distribution of species and,
therefore, the species composition of habitats.  Given that the main objective of the MONARCH
project is to evaluate the direct impacts of climate change on the nature conservation resources of
Britain and Ireland, habitats of conservation interest were chosen as the basis for selecting species for
modelling (Chapter 3.4.1 and 3.4.2).  The SPECIESv1 model was used to investigate the effects of
climate change on the distribution of suitable climate space for 33 plant, four insect, two amphibian
and one mammal species of conservation importance, in order to assess the implications for
conservation measures and policy (Chapter 8).

Analyses were also undertaken to assess the potential of the SPECIES neural network model for
predicting changes in the distribution of ten bird species in response to the UKCIP98 climate change
scenarios.  Birds exhibit great diversity of behaviour and ecology.  It is to be expected, therefore, that
their responses to climate change will be extremely varied.  Detailed knowledge exists about the
habitat requirements, status and distributions of birds, both on British and European scales.
Therefore, for many bird species it should be possible to predict their responses to climate change
with a reasonable level of certainty.  Ten species were selected representing a variety of habitat
requirements, migrancy status and distribution patterns.  Each of these species currently shows a
restricted range within Britain and Ireland which may be linked with current climate.
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Climate change will also affect nature conservation sites through impacts on geomorphology.
Habitats are directly and indirectly affected by the geomorphological processes of weathering,
erosion, transport and deposition which release and move sediments and nutrients down slopes and
along rivers.  These processes will be affected by climate change, as well as the impacts of natural
events and human activities.  Furthermore, some sensitive landforms which support habitats are likely
to experience abrupt change as a result of climate change, such as failure of unstable slopes or erosion
of fragile tufa deposits.  Karst areas (which are landscapes shaped by dissolution of susceptible rocks,
usually limestone) are likely to be particularly responsive to climate change and have been studied in
detail here.

4.2 Impacts on plants, insects, amphibians and mammals

4.2.1 Method

The SPECIESv1 (Spatial Estimator of the Climate Impacts on the Envelope of Species) model was
used to simulate the impacts of climate change on the potential climatic suitability of individual
species.  SPECIESv1 was originally developed as part of a jointly funded project between MAFF,
DETR and UKWIR “CC0337: Regional climate change impact and response studies in East Anglia
and North West England (RegIS)”.  A detailed description of the model including the advantages and
disadvantages of this modelling approach are discussed in Berry et al. (2001).

The model uses a neural network to integrate bioclimatic variables for predicting the distribution of
species through the characterisation of bioclimatic envelopes.  A schematic of the model structure is
presented in Figure 4.1.  A number of integrated algorithms undertake a pre-processing of input
climate (temperature, rainfall and solar radiation) and soils (AWC) data to derive relevant bioclimatic
variables for input to the neural-network.  Five variables were used for plant, insect, amphibian and
mammal species:

• Mean soil water availability for the summer half year (May - September).
• Accumulated annual soil water deficit.
• Absolute minimum temperature expected over a 20-year period.
• Annual maximum temperature.
• Growing degree days above a base temperature of 5°C.

Training:

Current European species’
distributions

Change in UK and Ireland
species’ distributions

Figure 4.1:  Schematic representation of the SPECIES model.
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The model is trained using existing empirical data on the European distributions of species to enable a
wide climate space to be characterised which captures the climatic range of the future scenarios.
Observed European distributions were obtained from Hulten (1959), Meusel et al. (1965; 1978; 1992)
and Jalas and Suominen (1972-91) for plants, Gasc (1997) for amphibians, Tolman (1997) for
butterflies, and Morrison (1992) for mammals.  The presence and absence distributions of each
species are re-mapped to a 0.5° latitude x 0.5° longitude resolution (to match the climate and soils
data sets) and a kriging interpolation function is applied to provide a smoothed probability distribution
map.  The data are then randomly selected into three groups for training, validating and testing the
neural network prediction accuracy.  The use of a validation set is to ensure that the network is not
over-trained on the training data, thus losing its capability to generalise, whilst the test data is used for
independent verification of the prediction performance.

The performance of each network is statistically analysed using the Spearman Rank correlation
coefficient and the Kappa coefficient of agreement.  The kappa statistic is used to test the similarity of
spatially mapped data, where values less than 0.4 indicate poor agreement between the actual and
simulated distributions, 0.4 to 0.55 fair, 0.55 to 0.7 good, 0.7 to 0.85 very good and greater than 0.85
excellent agreement (Monserud, 1990).  Once a network is trained, validated and tested at the
European scale, it is then used to produce a map of the simulated distribution for current baseline
climate and to estimate the potential re-distribution of a species under alternative climate change
scenarios at a finer 10 km x 10 km spatial resolution in Britain and Ireland.

The output from the trained neural network is a probability distribution map of each species for each
climate change scenario showing the likelihood of a species being present across Europe and Britain
and Ireland.  A cut off value below which the level of probability is so low that the species is unlikely
to be present is calculated from the Kappa statistic.  The probability distribution is thus converted into
a presence/absence map by assuming that all areas with probabilities greater than the cut off value
contain presences.  Kappa statistics and probability cut off values are given in Table 4.1 for the
selected plant, insect, amphibian and mammal species.

4.2.2 Results

The outputs from the SPECIES model consist of simulated current distributions for Europe and
Britain/Ireland and potential future distributions for the latter area.  The current simulated
distributions for Britain and Ireland were compared with recorded distributions using the Atlas of
British Flora (Perring and Walters, 1982) for higher plants, Hill et al. (1992) for Sphagna, Hammond
(1983) for damselflies, Arnold (1995) for amphibians, and Arnold (1993) for mammals.

4.2.2.1 Salt marsh

Coastal salt marsh is a UK BAP priority habitat and occurs round the coast of Britain and Ireland, but
is particularly abundant on the west coast of Scotland.  In Ireland, however, they do not conform to
the “classic” salt marsh with a succession of vegetation zones related to their gentle gradient, rather
they have developed on a variety of substrates and circumstances (Curtis and Sheehy Skeffington,
1998).  It is associated with bioclimatic classes 1, 2, 4 to 16 and 18 to 21.  Its future is particularly
affected by sea level rise, which is already affecting parts of the coast of Britain and Ireland and some
parts of south east England could experience an increase of up to 75 cm under the UKCIP98 2050s
High scenario (see Chapter 6.2).  These areas are already experiencing a loss of salt marshes (Reed,
1988; Burd, 1992; Sweeney, 1997).  It was shown in the RegIS project that changes in coastal
processes, especially erosion, consequent upon climate change could exacerbate this loss under
certain scenarios, although widespread managed realignment could lead to a large expansion in salt
marsh and related intertidal habitats (Berry et al., 2001).  Other changes identified as possible
consequences of climate change are a decrease in desalinisation processes, increased pollution levels
and changes in nutrient cycling (Hossell et al., 2000).
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Table 4.1:  Kappa coefficient of agreement between observed and simulated distributions at the
European scale and probability cut off values for selected plant, insect, amphibian and mammal
species.  A Kappa statistic of close to zero indicates low agreement whilst statistics close to one
indicate very good agreement.

Habitat Species Kappa statistic Probability cut off value
Salt marsh

Coastal dune slacks

Wet heath

Montane Heath

Drought-prone acid
grassland
Lowland calcareous
grassland

Upland hay meadows

Blanket bog/
Active raised bog

Beech woodland

Upland oak woodland

Puccinellia maritima
Atriplex portulacoides
Blysmus rufus
Equisetum variegatum
Epipactis palustris
Bufo calamita
Erica tetralix
Gentiana pneumonanthe
Carex bigelowii
Salix herbacea
Loiseleuria procumbens
Erebia epiphron
Silene otites
Erodium cicutarium
Cirsium acaulon
Blackstonia perfoliata
Helianthemum nummularium
Geranium sylvaticum
Trollius europaeus
Sanguisorba officinalis
Eriophorum vaginatum
Andromeda polifolia
Rhynchospora alba
Myrica gale
Rubus chamaemorus
Sphagnum papillosum
Coenonympha tullia
Fagus sylvatica
Taxus baccata
Sanicula europaea
Blechnum spicant
Dryopteris aemula
Orthilia secunda

0.73
0.52
0.63
0.57
0.84
0.71
0.92
0.88
0.77
0.70
0.79
0.36
0.88
0.75
0.55
0.72
0.74
0.86
0.66
0.85
0.87
0.91
0.83
0.70
0.90
0.73
0.90
0.81
0.24
0.85
0.75
0.75
0.91

0.5
0.4
0.3
0.5
0.5
0.5
0.7
0.5
0.5
0.4
0.5
0.1
0.5
0.5
0.2
0.4
0.5
0.6
0.5
0.5
0.5
0.5
0.8
0.4
0.5
0.5
0.6
0.6
0.4
0.6
0.5
0.4
0.5

Pine woodland Sciurus vulgaris
Linnaea borealis

0.89
0.88

0.4
0.6

Species without
association

Ochlodes venata
Coenagrion puella
Triturus cristatus
Artemesia norvegica

0.85
0.77
0.62

see footnote

0.4
0.4
0.4

see footnote
Footnote: No kappa cutoff was used because of the difficulty of training on only 12 points in the European
distribution.

Salt marshes contain a succession of vegetation, the pattern depending on the age of the marsh, the
presence and size of mud banks, the salt tolerances of the plants and grazing pressures.  Three species
were modelled, Puccinellia maritima, Atriplex portulacoides and Blysmus rufus, as they all may be
dominant or locally dominant and they may be found in different parts of the marsh.  A. portulacoides
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may be found throughout the salt marsh, where there is little or no grazing, while P. maritima is
typical of the lower marsh, although the latter along with B. rufus may be found in the mid-marsh.

In order to obtain a more realistic simulated distribution for the salt marsh plants a coastal mask was
applied, such that all suitable grid squares that were not within 10 km of the coast were eliminated at
the final mapping stage.

Puccinellia maritima (Common salt marsh grass) is a pioneering plant and is therefore common on
the lower salt marsh, as part of the earlier stages of succession.  It occurs all round the coast of Britain
and Ireland and this is simulated by the model (Figure 4.2).  The climate scenarios show a loss of
potentially suitable climate space around the Thames estuary under the Low scenario for the 2020s
and this continues, until under the 2050s High scenario the coast from the Exe to the Humber is
unsuitable.

Atriplex portulacoides (Sea purslane) is a plant found around the coasts of England and Wales and the
southern and eastern coasts of Ireland, with several occurrences in Dumfriesshire.  The simulated
distribution picks this up very well in Great Britain, but also includes the west coast of Ireland, as far
north as Sligo, although actual records only extend to Galway Bay (Figure 4.3).

The 2020s Low scenario shows suitable climate space extending up the east coast of Britain to just
north of the Firth of Forth, while on the west coast it extends as far as Skye.  A large part of the coast
of the Republic of Ireland becomes suitable, as does the south east coast of Northern Ireland, with
only the northern part of Ireland remaining largely unsuitable.  In the 2050s Low scenario the greatest
expansion in suitable climate space is in Northern Ireland.  The 2020s High scenario sees almost all of
Irish coast becoming suitable.  In Scotland the coast to just beyond the Moray Firth on the east and
Ullapool on the west becomes suitable.  The 2050s High scenario shows almost all the coast and the
Hebrides as being suitable and thus almost the whole of Britain and Ireland represent suitable climate
space.

Blysmus rufus (Flat sedge) is at its southern limits in Wales and occurs from Pembrokeshire
northwards round to the Humber, occurring with greatest frequency in north west Scotland.  It is also
found around the coast in Ireland, from Kerry on the west coast to near Dublin on the east.  It has been
lost from a number of locations in Ireland since 1930, particularly on the east coast.  This distribution
is simulated well by the model (Figure 4.4).  Under all the climate change scenarios B. rufus retreats
northwards in its suitable climate space, especially on the west coast, so that under the 2020s and
2050s Low scenarios it potentially could still occur in Wales and parts of north west England, while
the distribution in Ireland is little changed.  The High scenarios, however, show that it would lose
suitable climate space in England by the 2020s except for part of the Northumberland coast.  In
Scotland this would be lost from the south west coast and in Ireland suitable climate space would
become more fragmented and focussed on the north coast.  By the 2050s the southern limit is
predicted to be from about Aberdeen round to Glasgow and it would be lost from Ireland.

The modelling suggests a variable response, with A. portulacoides gaining suitable climate space
enabling it to spread round the coast of Scotland and Ireland.  It could, however, be adversely affected
by the presence of grazing.  P. maritima is able to maintain itself except in parts of south and south
east England.  B. rufus, however, with its more northerly distribution would progressively lose
suitable climate space.  Work in RegIS (Berry et al., 2001) and on the conceptual modelling of
climate change impacts on salt marshes (Chapter 6.1.1.1), suggest that changes in coastal processes
may also have a detrimental effect in terms of altering habitat availability.

4.2.2.2 Coastal dune slacks

Coastal sand dunes are a UK BAP priority habitat and occur round the coast of Britain and Ireland.
They, like the salt marshes, are found primarily in bioclimatic classes 5, 7, 9, 10 and 12, but also in 4,
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8, 11 to 15, 19 and 20.  Dunes are a dynamic system and are dependent on the balance between
erosion and sedimentation.  It has been suggested that under climate change summer drought will lead
to the loss of pioneer species in low dune vegetation (Hossell et al., 2000), thus facilitating erosion,
but many pioneers are adapted to summer drought.  Dune slacks are frequently damp and the ground
water may reach the surface either permanently or just in winter.  An increase in future rainfall would
lead to increased flooding and greater presence of winter ponds.  These ponds are important for a
number of species including Bufo calamita.

Dune slacks have different vegetation from dune ridges, which depend on the presence of water,
which may be related to distance from the sea.  In many dune systems there are three types of plants
in relation to the water table (Chapman, 1976):

(i) Semi-aquatic, where the water table is never more than 0.5 m below the surface and is often
flooded, so aquatics and semi-aquatics occur.

(ii) Wet slacks where the water table is not more than 1 m below the surface.  Bryophytes and rushes
are typical.

(iii) Dry slacks where the water table is 1-2 m below the surface and grasses predominate.

Equisetum variegatum (Variegated horsetail) is a relatively rare species found in a variety of open
habitats extending from dune slacks to mountain ledges, but all are to some extent base-rich (Stewart
et al., 1994).  It is found in selected localities in the Pennines, Lake District and Cheviots, with
isolated occurrences elsewhere in England.  It is also found in Wales on Anglesey and around the
coast, the Grampians in Scotland and in scattered localities in Northern Ireland and the Republic of
Ireland, especially in the Bog of Allen area.  This scattered occurrence means that the simulated
distribution over predicts its suitability in Scotland for the baseline climate, such that all apart from a
central strip appears to be climatically suitable (Figure 4.5).  The same is true for much of northern
England, while it is predicted to occur in northern Wales and the Brecon Beacons, along the northern
coast of Ireland and to the north east of Dublin.  Some of this over prediction is a reflection of habitat
loss this century.

The 2020s Low scenario predicts a loss of suitable climate space at lower altitudes in northern
England, parts of south west Scotland and the north east coast of Northern Ireland.  This continues
under the 2050s Low scenario, such that suitable climate space is totally lost from Northern Ireland
and only a small area of Donegal remains suitable, while in the Southern Uplands, Pennines, North
York Moors and Lake District there are also losses.  This is continued for the 2020s and 2050s High
scenarios, such that the main focus is on north west Scotland, with occurrences at higher altitudes
elsewhere in Great Britain, while the area in Donegal maintains its suitability.  This suggests that E.
variegatum should be able to survive in parts of the Grampians without the need to migrate, but this
would leave it with a very restricted distribution.

Epipactis palustris (Marsh helleborine) is listed under the Wildlife (Northern Ireland) Order (1985).
It has a very patchy distribution throughout England and Wales, the south east Scottish coast, north
west Ireland and in a central band across Ireland.  It has been lost from many of its pre-1930 habitats
and this, together with its patchy distribution, leads to an apparent over prediction in the simulated
current distribution (Figure 4.6).  Under the 2020s Low scenario higher altitudes in England, Wales
and the Southern Uplands become suitable, as does the east coast of Scotland as far as the north of the
Moray Firth.  Its suitable climate space expands northwards under the 2050s Low, 2020s High and
2050s High scenarios, such that under the latter all the Scottish coast and the Hebrides and Orkneys
represent potentially suitable climate space, as does the whole of Ireland.  Parts of the Thames valley
and south east Essex, however, start to lose suitable climate space under this scenario, probably as a
response to increased soil moisture deficits.
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Bufo calamita (Natterjack toad) is a UK BAP priority species and is listed under the Wildlife and
Countryside Act, Schedule 5.  In Ireland it is protected under Section 23 of the Wildlife Act (1976).  It
is primarily associated with coastal and flood plain grazing marsh, lowland heath, open water, sand
dunes and salt marsh.  It exists at the north west edge of its range in Britain and there are three distinct
populations, east/south east England, Merseyside and Cumbria (Rowe et al., 1998), with another in
Kerry, south west Ireland.  It has declined in Britain during the 20th century due to habitat loss,
successional changes and the acidification of ponds (Beebee et al., 1990; Whilde, 1993; Denton et al.,
1997).  The number of known sites, however, rose between 1970 and 1990 from 21 to 40, excluding
those resulting from translocations, with more than 90% living in the vicinity of just five river
estuaries (Banks et al., 1994).

Its patchy distribution in Britain and Ireland makes it potentially difficult for the model to simulate.
However, it did capture the southern and Merseyside populations, but not those in Cumbria or Ireland,
although there are extra areas simulated in southern Wales and Cheshire (Figure 4.7).  Under the
2020s Low scenario there is a slight retraction in the southern and Merseyside areas, while suitable
climate space disappears from Wales, Kent and East Anglia.  The 2050s Low scenario shows that part
of the south Wales coast could potentially be suitable, as could parts of the south west coast of
England under the 2020s High scenario.  Under this scenario Merseyside and the original area on the
south coast cease to be suitable.  New areas of suitable climate space, however, occur in East Anglia,
around Oxford and in the south west.  All the new areas expand, under the 2050s High scenario, and
although there may be overlap with its current distribution in East Anglia, this is only after a long
intervening period of unsuitable climate.  This scenario also shows suitable climate space on parts of
the west coast of Ireland.

In Britain the highest density of B. calamita is currently found on the Irish Sea coast, where the
reproductive season starts and finishes earlier, but the first records of metamorphosis are at similar
times throughout the country (Beebee, 1985).  Climate change should enable the breeding season to
be advanced and there is evidence that natterjack toads are breeding earlier in response to warmer
winters (Beebee, 1995; Forchhammer et al., 1998).  Environmental factors also affect choice of
breeding pools with pH and sodium and sulphate levels being important on heathland, but on sand
dunes spawning is related to water temperatures on the previous day (Banks and Beebee, 1987).
Reproductive activity is associated with rainfall over a short period prior to spawning and occurs
preferentially following a spell of dry weather with maximum temperatures of at least 10°C on the
day before spawning and a series of preceding minimum temperatures of at least 5°C over two to four
preceding nights (Banks and Beebee, 1986).  A study of their reproductive success in a dune and a
heathland site showed that adult population density and toadlet production was higher by a factor of 5
and 2 to 9 respectively on the dune site (Banks and Beebee, 1988).  Mortality during development,
however, was affected by desiccation in dune slack and salt marsh pools and by predation in all pool
types, with Saprolegnia infestation at low temperatures being the main cause of the failure of spawn
to develop.  Metamorphic success was primarily determined by temperature and food supply and this
in its turn can affect adult toad population densities (Beebee et al., 1996).  Competition from Rana
temporia (Common frog) can inhibit the growth of tadpoles (Griffiths et al., 1991), but this can
depend on the conditions (Griffiths, 1991).

The modelling has shown that E. palustris has the potential to expand its range, as could B. calamita
under the 2050s High scenario, but only after current areas have ceased to be suitable.  E. variegatum,
however, could progressively lose suitable climate space.  Sand dunes therefore face an uncertain
future, especially as they will also be affected by other changes.  It has been conceptualised that
climate change will affect them by changing sediment supply and aeolian transport of sand (Chapter
6.6.1.2) and in the RegIS study it was shown that changes in coastal processes could lead to both
losses and gains in coastal habitats (Nicholls and Wilson, 2001).  The net result is often dependent on
the coastal defence strategy and whether dunes are allowed to move inland in the face of rising sea
levels.



52          Climate change and nature conservation in Britain and Ireland
___________________________________________________________________________

4.2.2.3 Wet heath

Wet heath is a widespread habitat and is associated with all of the bioclimatic classes.  Lowland wet
heath often occurs on gleyed and or peaty soils where drainage is impeded, although if it gets too wet
then mire may develop with Eriophorum spp and Sphagnum spp.  In the uplands, it can occur on acid
peaty soils and on thin oligotrophic peats and under climate change it is likely to expand at the
expense of dry heath because of possible projected increases in rainfall (Hossell et al., 2000).  It is
affected by grazing, afforestation, drainage, conversion to agriculture, poor management and nitrogen
deposition.

Erica tetralix (Cross-leaved heath) is one of the typical dominants (with grasses, sedges and
Sphagnum mosses) of wet heath habitat, with an upright growth form and tolerance to waterlogging.
It is found almost throughout Great Britain, though is absent from parts of central and southern
England and East Anglia.  The simulated distribution shows widespread occurrence (Figure 4.8),
which suggests that the current distribution pattern is limited by factors other than climate.  Under all
of the projected future climate scenarios, E. tetralix is given as widespread throughout England,
Scotland, Wales and Ireland.

Gentiana pneumonanthe (Marsh gentian) is a rare iteroparous long-lived perennial, typically
associated with E. tetralix in lowland heathland and damp acid grassland.  The population structure of
G. pneumonanthe is largely determined by local vegetation structure (Oostermeijer et al., 1994),
especially the proportion of bare soil surface and litter layer cover.  The actual distribution is much
less than the simulated current occurrence (Figure 4.9), which is widespread across central, southern
and northern England, western Wales and eastern and northern Scotland, due to land use changes
resulting in loss of its heathland habitat or ineffective management of remaining populations.  Under
the 2020s Low scenario the distribution throughout England, Scotland and Wales remains largely
unchanged, but suitable climate space would be found across much of Ireland.  This pattern is
maintained throughout the other scenarios with virtually no change across mainland Britain and a
progressive increase in climatic suitability across Ireland, where the current simulated distribution is
very small.  It is not known ever to have occurred in Ireland and so this raises the question of its
dispersal capabilities.  The development of G. pneumonanthe may also be affected by climate change.
Flowering is directly related to the plant’s age and performance in previous years, and more flowers
are produced in the two years following higher than average temperatures during the growing season
(Rose et al., 1998).

The robustness of the dominant E. tetralix to climate change suggests that this habitat could remain
structurally intact and the results for G. pneumonathe suggest that this species association could
remain intact.  It is not known the extent to which G. pneumonathe is representative of the other
species in the habitat.  Management, however, is also a key to the future of this habitat.

4.2.2.4 Montane heath

Montane heath primarily occurs in Scotland and so it is particularly associated with bioclimatic
classes 3, 4, 6 and 17.  It is found on the upper vegetated parts of mountains, along with grassland.  It
could be positively affected by high wind on ridges, which could restrict vegetation growth and by
more southerly species migrating to higher altitudes leading to a shift in habitat location.  It is also
affected by grazing, fires and atmospheric pollution.  In the Republic of Ireland it is found on most
mountains over 400 m and occurs in close association with areas of blanket bog (Conaghan, 2001).

Carex bigelowii is a sedge which is found primarily in north west Scotland, but also in parts of the
Southern Uplands, Lake District, Pennines and Snowdonia with isolated occurrences in Ireland, most
notable in the Kerry mountains.  The simulated current distribution shows a much more widespread
occurrence, particularly in Wales and Ireland (Figure 4.10).  Its current distribution is primarily
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restricted due to grazing pressures, but habitat availability or other environmental variables may also
be responsible for its distribution.

The 2020s Low scenario shows a loss of suitable climate space in much of Wales, southern Pennines
and western parts of Northern Ireland and this is continued for the 2050s Low scenario.  It is shown as
absent in the south west of the Republic of Ireland, possibly due to problems with the rainfall data.
The 2020s High scenario shows suitable climate space being very restricted in the Lake District and
Pennines, Northern Ireland and the Irish Republic.  The same is true for the 2050s High scenario, but
suitable climate space is lost from Northern Ireland and only one 10 km x 10 km grid square remains
for the Republic of Ireland.  Elsewhere it is very much confined to higher elevations, with only three
grid squares remaining suitable in the Pennines and two in the Cheviots.  In Scotland it is mostly
confined to the Highlands and islands, but parts of the Southern Uplands could remain suitable.

The 2020s High scenario in fact resembles the current distribution quite closely and so, if this was
taken as representing baseline climate, the 2050s High scenario, which shows an increase of 1.1°C
over the 2020s High, could represent a scenario between the 2050s Low (+0.89°C) or 2020s High
(+1.4°C).  Alternatively, it could simply mean that the species will not be affected until then.

An experimental study on the effect of temperature on biomass production and root/shoot biomass
ratios in Eriophorum vaginatum and C. bigelowii showed that warmer conditions enhanced biomass
production.  For the latter, 12°C was the optimal temperature for roots and 22°C (or possible more)
was optimal for shoots (Kummerow and Ellis, 1984).  Warmer temperatures will also increase
reproductive success.  A study of the sexual reproductive ecology of C.bigelowii, albeit in northern
Sweden and Iceland, showed that experimentally increased air temperature raised the fruit set and the
fruit weight in two out of the three seasons, and that reproductive success is mainly determined by the
weather (Stenstrom and Jonsdottir, 1997; Stenstrom, 1999).  Models of the possible impact of climate
change on C. bigelowii suggest that population growth rate following climate change might increase
significantly, with the rate of vegetative spread possibly more than doubling, while cyclical trends in
flowering and population growth decrease substantially (Carlsson and Callaghan, 1994).

Salix herbacea (Dwarf willow) is a low-growing shrub found primarily in the Grampians and
Highlands of Scotland, but also occurs in seven 10 km2 grid squares in the Southern Uplands, eight in
the Lake District, and one each in Snowdonia, the Black Mountain and Brecon Beacons.  In Ireland it
is found in several squares in Donegal and Galway, isolated squares in the south west and one in the
Galty Mountains.  There are also a number of pre-1930 records in the southern and eastern parts of
these areas.  The simulated current distribution generally shows it occurring in the right areas, but
records it as being found in many more squares, particularly in Wales where it is marked as present
throughout the uplands and in the north west part of Ireland (Figure 4.11).  This is quite reasonable, as
it does have a fairly wide climatic tolerance (Woodward, pers.comm.), but in these areas it may be
constrained more by biological factors, especially grazing.

The 2020s Low scenario shows a restriction in suitable climate space in Wales, northern England and
on the eastern margins of the distribution in north west Ireland.  This continues slightly for the 2050s
Low scenario in Wales, but elsewhere there is little change.  The 2020s High scenario shows a much
reduced distribution in Wales and in the Republic of Ireland, apart from Donegal, with only one
suitable grid square remaining in the south west, in the Wicklow Mountains.  It also shows almost all
of Scotland north of the Central Valley as having potentially suitable climate space.  The 2050s High
scenario shows a total loss of climate space from Wales, and only a few remaining areas in England
and Ireland.  In Scotland the distribution is a restricted version of the 2050s Low, with suitable
climate space being confined to the higher elevations in the Southern Uplands and north west,
although the offshore islands remain suitable.

Loiseleuria procumbens (Trailing azalea) is found in the north west of Scotland and the Cairngorms.
Like Linnaea borealis and Carex bigelowii its simulated distribution shows it occurring throughout
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Scotland, apart from the Central Valley area and the lower parts of Galloway (Figure 4.12).  In
England it is shown in the Cheviots, Pennines, Lake District and North York Moors and in Wales in
the higher parts of the Cambrian Mountains and the Mynydd Eppynt.  It is also simulated to occur in
Northern Ireland and the Irish Republic, particularly in Donegal.

It quickly loses suitable climate space in all but the highest parts of Wales under the 2020s Low
scenario and this disappears under the other scenarios.  In England it is successively lost from the
southern Pennines (2020s Low), Lake District and North York Moors (2020s High) and Cheviots
(2020s High).  In Scotland, suitable climate space all but disappears in the Southern Uplands by the
2050s High, when it is also very much more restricted to the higher elevations in the north west
Highlands and Grampians.  It rapidly loses suitable climate space in Ireland under the 2020s Low
scenario, but it is not until the 2050s High scenario that the whole country becomes unsuitable.

The over-simulation of the baseline distribution means that it is difficult to know how fast this species
will lose suitable climate space.  The modelling does suggest that, even under the 2050s High
scenario, there will be an overlap between this and its current distribution, except in north west coastal
areas and at lower elevations.

Erebia epiphron (Mountain ringlet) is UK BAP species of conservation concern and is listed under
the Wildlife and Countryside Act, Schedule 5.  It has a very patchy European distribution, being
primarily found in the mountains and this made it difficult for the model to train.  In Britain and
Ireland it is only found in the Lake District and Scotland and the simulated distribution shows it
occurring in one grid square in the Lake District and three in north west Scotland (Figure 4.13).
These are all in the right area, but present a much more restricted distribution.

The climate change scenarios show the Lake District and two of the Scottish locations remaining
suitable under the 2020s Low scenario.  The northernmost Scottish location, which is actually slightly
north of its current distribution, could also remain under the 2050s Low scenario, but there is no
suitable climate space under the High scenarios.  Overall, this species is highly sensitive to climate
change.

The restricted or patchy distribution of the montane species made it more difficult to model their
current distribution and thus to predict the effects of climate change.  The species modelled for this
habitat, along with Plectrophenax nivalis (Snow bunting; see Section 4.3.2.9), are currently at their
southern limit in Britain and are all sensitive to climate change.  E. epiphron might be totally lost.
Alternatively, C. bigelowii may benefit from the increased temperatures which could lead to increased
reproductive success, although growth of competing vegetation may also be enhanced which may
then result in a decline in the species.  Overall this is a very vulnerable habitat.

4.2.2.5 Drought-prone acid grassland

Drought-prone acid grassland is found in southern and eastern England and is part of the UK BAP
priority habitat, lowland dry acid grassland.  It is particularly associated with bioclimatic class 7, but
also occurs in classes 2, 4, 5, 8, 10, 11, 17, 19 and 20.  This habitat is related to geology being found
on acidic rocks, such as sandstone, gritstone, slates, acidic igneous rocks and superficial windblown
deposits, such as sand which usually occurs in the lowlands.  The soils are usually free-draining, but
nutrient poor, with a pH of between 4 and 5.5.  It is often associated with lowland heath and both are
affected by agricultural intensification, under-grazing leading to succession, over-grazing,
afforestation and recreation.  It is thought that it could be adversely affected by climate change
through increased leaching, while increases in temperature could lead to changes in community
composition and increased summer drought could favour ruderals and deep-rooted species (Hossell et
al., 2000).  The increased temperatures and the associated increases in soil nitrogen, however, could
encourage invasion into heathland.
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Erodium cicutarium (Common storksbill) is found throughout much of lowland England and Wales,
while in Scotland it is mainly found in the coastal lowland region, especially in the east.  It is similarly
found all round the coast in Ireland.  The simulated current distribution is generally good for England
and Wales, although it shows an absence in places around the coast (Figure 4.14).  In Scotland the
model over predicts its occurrence in the east, while in Ireland it is shown as only being present in the
south.

Under the 2020s Low scenario much of the rest of England and Wales becomes suitable and there is a
considerable expansion of suitable climate space in western Scotland and Ireland.  Parts of the east
coast of England and Scotland remain unsuitable.  The expansion trend continues under the 2050s
Low scenario, but it is noticeable that a greater area of the east coast of England from Suffolk
northwards into Scotland becomes unsuitable and that in Ireland too it is the east coast that remains
unsuitable.  Under the 2020s High scenario, apart from a small area of east Norfolk, the unfavourable
east coast area begins at the Humber but covers a much greater part of eastern Scotland, while the
west becomes the focus of the distribution of climate space.  In Ireland there is still an expansion in
suitable climate space, although parts of the east coast remain unsuitable.  The 2050s High scenario
shows almost the whole of Ireland as being suitable, while in Great Britain it is the north east coast of
England and eastern and north east Scotland that are unsuitable.

A study conducted under controlled environmental conditions to determine the effect of soil
temperature, soil moisture and depth of seed burial on the emergence of E. cicutarium showed that
emergence occurred from 5 to 30°C but was optimal at 5 to 15°C  (Blackshaw, 1992).  Emergence
also was optimal in moist soil with water contents of -0.03 to -0.28 MPa and progressively decreased
as soil moisture decreased.  Almost no germination was observed in warm (30°C), dry (-1.03 to -1.53
MPa) soils.  Increases in soil temperature therefore could favour emergence, but it could be adversely
affected by water stress.  E. cicutarium emerges in late spring and summer (Roberts, 1986), thus if it
emerged earlier with climate change it would experience a longer growing season.  Other work has
shown that plant size, leaf and bud numbers and fruit/plant biomass ratio are significantly lower under
drought conditions (Cox and Conran, 1996).  Similar experimental work on vegetative growth
predicted that the optimum mean daily temperature for growth is in the range 17 to 20°C (Blackshaw
and Entz, 1995).  It is possible, therefore, that it could be adversely affected

Silene otites (Spanish catchfly) is a IUCN, lower risk - near threatened species, UK BAP species of
conservation concern and Red Data Book - rare plant.  It is found only in Norfolk and Suffolk,
although it is widespread in southern and central Europe and has a more patchy distribution in France
and along the North Sea coast.  It can also be associated with lowland heathland.  In modelling this
species the maximum kappa statistic was 0.5949, when the probability of occurrence was 0.6, but this
showed it being absent from England.  The second highest kappa (0.5943) for a probability of
occurrence of 0.5 showed it present in Essex and so this kappa was used for simulating potential
future distributions (Figure 4.15).  Presences were also shown on both simulations for parts of
Northern Ireland, Donegal and west of Dublin.

Under the 2020s and 2050s Low scenarios suitable climate space could be found along the Thames
valley into London, although it is unlikely to occur in such an urban situation.  In Northern Ireland
and the Republic its distribution remains fairly stable.  The 2020s High scenario shows a considerable
expansion of suitable climate space northwards from the Thames to cover most of Essex and Suffolk,
parts of Norfolk and Cambridgeshire and an overlap with its current distribution.  The 2050s High
scenario continues this northward expansion to the Humber estuary, while eastwards it could expand
into the Midlands, with an outlier near Shrewsbury.  In Ireland the suitable climate space starts to
contract, especially in Donegal under the 2020s High scenario and this continues under the 2050s
High such that none remains near Dublin and only one grid square remains in Northern Ireland.

S. otites therefore has the potential to expand in England, but nothing is known about its migrational
ability and the main areas of acid grassland are in East Anglia.  E. cicutarium also has the potential to
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expand, especially in Ireland, although in Scotland suitable climate space will be lost from the east but
gained in the west.

The lowland dry acid grassland Habitat Action Plan aims at conservation, restoration and expansion
and there are a number of agri-environment schemes which will help in meeting some of these
objectives.  The modelling suggests that these two species are not threatened by climate change, but it
is not known the extent to which they are representative of the habitat as a whole.

4.2.2.6 Lowland calcareous grassland

Lowland calcareous grassland is a UK BAP priority habitat and is found in southern and eastern
England on shallow free-draining lime-rich soils and in most counties in the Republic of Ireland with
notable areas in the Burren region of north Clare and south east Galway and esker grasslands of
counties Offaly and Westmeath (Conaghan, 2001).  This habitat, like drought-prone acid grassland, is
particularly associated with bioclimatic class 7, but is also found in classes 2, 4, 5, 8, 9, 10, 12 to 15,
17, 19 and 20.  It used to be a much more widespread habitat in the past, but much has been lost over
the last 100 years due to agricultural improvement.  This still exerts a pressure and it can also be
affected by both over-grazing and under-grazing.  Sheep and rabbits are the two dominant species in
regard to the maintenance of lowland chalk grassland (they are each associated with different
chalkland species compositions), but various socio-economic and political factors have been reflected
in changes in grazing regime and habitat loss. More than 90% of remaining lowland calcareous
grasslands are today found in nature reserves or on MOD land.  Its future therefore is very much tied
in with land use, but climate change could lead to changes in soil moisture affecting soil microbial
and plant growth leading to decreased plant productivity, while increased decomposition could
increase plant productivity (Hossell et al., 2000).  The temperature increases could lead to an
increased range of grassland species, but this could be restricted by geology.  Work simulating the
impacts of climate change on limestone grasslands at Buxton and Wytham showed that fertile or
early-successional grasslands were more responsive, so land use practices and disturbance may be
important in affecting impacts (Grime et al., 2000).  Insects also could increase as changing C:N
ratios enhances the nutritive value of the plants.

Cirsium acaulon (Stemless or Dwarf thistle) is a perennial herb frequent and locally common across
south and south east England, southern Wales and as far north as Yorkshire.  It is absent from
Scotland and Ireland, although the simulated current distribution shows widespread occurrence across
most of southern and central Ireland, and indicates a more northerly distribution limit (extending into
northern Wales) than that of the actual distribution (Figure 4.16).  A greater occurrence in Cornwall is
also indicated, though the match between the two distributions is not unreasonable overall.  Under the
2020s Low scenario, there is an increase in the suitable climate space in northern parts of Ireland,
Wales and England and it also extends into southern and eastern Scotland.  The 2050s Low and 2020s
High scenarios indicate some loss of suitability from northern Ireland and southern Scotland.  Under
the 2050s High scenario, C. acaulon is absent from the southernmost part of Ireland and Cornwall, but
has extended its northern distribution limit further into Scotland.

A pasture species, C. acaulon, is favoured by low sward, surviving the close nibbling of rabbits.  The
rate of development of flower heads in this species increases with temperature, and flowering occurs
along temporal and latitudinal gradients – in June in southern, eastern and central England, but not
until early August further north (Hengeveld, 1990).  Reproduction is indirectly influenced by cloud
cover and rainfall governing the fruit temperature and allowing fungal infection.  The distribution of
C. acaulon is noteworthy for its clear definition (Pigott, 1968) which is largely determined by climate:
northern and north east limits are dictated by its sensitivity to low winter temperature and southern
limits by high summer temperature and drought in the unshaded and well-drained habitats it favours.

Blackstonia perfoliata (Yellow-wort) is a shade-intolerant annual very locally common in Wales,
locally common in Ireland, and common across parts of England.  The simulated current distribution
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shows a greater range of occurrence than the actual distribution for this species in England, but gives
it as completely absent from Ireland and northern Wales (Figure 4.17).  This may be due to factors
other than climate limiting suitable habitat availability.  Under the 2020s Low, 2020s High and 2050s
Low climate scenarios, its range is predicted to increase slightly both northwards and westwards.
Under the 2050s High scenario, however, a reduction in suitability is indicated, particularly in the
north and west of B. perfoliata’s range.  Temperature is not the determining factor under the 2050s
High scenario, but rather the reduction in rainfall in these areas.

Helianthemum nummularium (Common Rock-rose) is a prostrate undershrub currently found
commonly and frequently across Britain.  It is found at only one site in County Donegal, Ireland
(Curtis et al, 1985) and so is listed as a protected species under the Flora (Protection) Order (1999).  It
is a typical lowland calcareous grassland species, and also an age indicator - it is found generally in
chalk grassland areas that have remained undisturbed for up to 150 years.  The simulated current
distribution shows widespread occurrence across Britain and Ireland (Figure 4.18).  The simulations
under the future climate projections suggest a slight increase in its Scottish distribution (where it is
found on acid soils) under both the 2020s Low and 2050s Low scenarios, and a larger extension
westwards in Scotland under the 2020s High and 2050s High scenarios.

These three lowland calcareous grassland species will remain largely unchanged in their distribution
with regard to climate change, though there may be some extension in the north.  Current chalk
grassland conservation projects concentrate on grazing regime and scrub clearance; these factors are
likely to have more influence over lowland calcareous grassland distribution than climate change.

4.2.2.7 Upland hay meadows

Upland hay meadows are a UK BAP priority habitat and are usually found on the better soils in the
higher parts of England, Wales and Scotland and are largely associated with bioclimatic classes 2, 8,
and 17.  They are dependent for their continuation on a low intensity of inputs and the maintenance of
the cutting and grazing regime and much of their future depends on the response of agriculture to
climate change.  The habitat could also suffer from invasion by more southerly species (Hossell et al.,
2000).

Geranium sylvaticum (Wood cranesbill) is the subject of a Wildlife (Northern Ireland) Order, as it
currently only occurs in a few places on or near the coast of Northern Ireland.  In Great Britain it is
widespread in Scotland, as far as the Moray Firth, and in northern England, with isolated occurrences
on the Welsh Border and scattered former sites in Wales and England.  The simulated current
distribution is greater than the actual distribution, with occurrences predicted for much of upland
Wales, parts of Exmoor, all the Pennines and the Cleveland Hills (Figure 4.19).  It is also simulated to
occur north of the Moray Firth, but to be absent from the extreme north west of Scotland and the
islands.  It is predicted to occur in a wide north east to south west band across Northern Ireland
stretching into Galway and Donegal, with scattered occurrences further south in Ireland.  This
suggests that either the species is not in total climatic equilibrium at present or that factors other than
climate are affecting its distribution.

The 2020s Low scenario shows a loss of suitable climate space in Exmoor, the lower altitudes in
Wales and England and south west Scotland.  In Ireland the band of suitable climate space narrows
and several of the scattered localities in the south are lost.  The northern boundary in Scotland remains
almost static and this seems to represent its northern limit, as by the 2050s High scenario it starts to
retreat from here.  This loss of climate space continues, particularly in Ireland, for the 2050s Low
scenario.  The 2020s High scenario shows a total loss of suitable climate space in Northern Ireland
and the Republic, while in Wales it is confined to a small area in the north.  In England suitable
climate space only occurs at higher altitudes in the Pennines, Cheviots and Lake District and a retreat
to higher altitudes is also seen in Scotland.  Under the 2050s High scenario suitable climate space is
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lost from Wales and all but the highest parts of the Pennines and Cheviots.  In Scotland it could still
find suitable climate space in the higher parts of the Southern Uplands, Grampians and Highlands.

Trollius europaeus (Globe flower) is an uncommon species that is characteristic of upland hay
meadows in Britain, but in Ireland it occurs on lake shores and river banks (Curtis and McGough,
1988).  It is the subject of a Wildlife (Northern Ireland) Order and a Flora (Protection) Order 1999 in
the Republic of Ireland.  It occurs in the uplands of northern England, Wales and Scotland, with
several occurrences in Donegal.  There are a number of pre-1930 only records in the southern and
eastern parts of Britain and four in Ireland, although there are records of plants originating from
gardens occurring elsewhere.  This suggests that the loss of the species is not due to climatic factors.

The European simulated current distribution is good for most of Europe, but in Britain it extends the
distribution southwards into East Anglia and parts of central and southern England.  This is not
surprising given its eastern continental European distribution.  This suggests that factors other than
climate are responsible for its absence from these areas.  This extended southern distribution is picked
up by the simulated distribution for Britain and Ireland, which also over restricts the distribution to the
western side of northern England and Scotland (Figure 4.20).  The 2020s Low scenario, however,
shows that much of this eastern and southern area will be not be climatically suitable and this is even
more apparent under the 2050s Low scenario.  Under these two scenarios, there is little change in the
availability of suitable climate space in western Scotland, although parts of the Southern Uplands
become more suitable.  In Ireland potentially suitable climate space extends slightly to the south of its
current distribution.  The 2020s High scenario shows suitable climate space being restricted to the
higher parts of the Pennines and Lake District in England and to Snowdonia in Wales and isolated
areas in Ireland.  Much of the Scottish distribution is little changed from the Low scenarios.  The
2050s High scenario leads to the loss of suitable climate space from Wales and Ireland, but the
Pennines and Lake District remain suitable.  In Scotland the distribution starts to be restricted in the
higher parts of the Southern Uplands and the Highlands.

T. europaeus is pollinated by flies of the genus Chiastocheta and is thought to be self-incompatible
and thus there is concern about its survival where there are small, isolated populations (Bratteler and
Widmer, 1998).  Research into such populations in Switzerland has shown that they are not entirely
self-incompatible, but that the presence of pollinators still represents the key to their future success
(Bratteler and Widmer, 1998).  There is concern too because primary seed dormancy is overcome by
cold-stratification and these requirements will be less readily met in the future due to warmer winters.
Also it does not have a persistent seed bank, as shown in an experiment where after 16 months burial
85% of Primula veris seeds but only 8% of the T. europaeus seeds remained viable (Milberg, 1994).
It is dependent on the maintenance of traditional hay meadow management, as it is easily
outcompeted on abandoned pastures.

Sanguisorba officinalis (Great burnet) occurs almost entirely in England and Wales, where it can be
associated with flood meadows.  It is largely absent from southern England and northern Wales, but
there are a few occurrences in Scotland and Ireland.  In the latter it is the subject of a Flora
(Protection) Order 1999.  The simulated current distribution shows it occurring throughout lowland
England and Wales (Figure 4.21).  Its simulated current absence from the higher parts of these two
countries, and England in particular, does not match the actual distribution.  This may be because, in
Britain, it is at its northern most limits and this range margin is not simulated well by the climatic
variables.  It is modelled as being present throughout much of Ireland and the southern and eastern
parts of Northern Ireland, which again is an over prediction.

The climate change scenarios show it gradually gaining suitable climate space in the uplands of
England and Wales, until by the 2050s High almost all of the two countries are potentially suitable.
The same is true for Northern Ireland and the Republic of Ireland.  It is interesting to note that under
this last scenario suitable climate space is lost from the Isle of Thanet and around Canvey Island and
the significance of this is discussed in Chapter 5 alongside possible hydrological responses to climate



Impacts on terrestrial environments          59
___________________________________________________________________________

change.  S. officinalis also has suitable climate space in Scotland under the 2020s Low scenario in the
Central Valley and around part of the coast in Dumfries.  These areas extend under the 2050s Low
scenario and by the 2020s High much of the eastern coast up to the Moray Firth is potentially suitable.
The 2050s High shows this extending into the Shetlands and Orkneys.

MONARCH has shown that of the three characteristic species modelled, G. sylvaticum and T.
europaeus, which have northern distributions, would progressively lose suitable climate space, while
S. officinalis, which is a more southern species, could expand its range.  In Ireland it is favoured on
cut-away bogs and its spread would be associated with their expansion. These results suggest that this
habitat is sensitive to climate change.  The RegIS project concluded that management is also
important in influencing the future composition and biodiversity of upland hay meadows, but that the
dominant species modelled, Anthoxanthum odoratum and Cynosurus cristatus, would not be
adversely affected by direct climate change  (Berry et al., 2001).  This habitat, therefore, may undergo
changes in species composition consequent upon climate change, while sensitive agricultural
management practices could offset adverse indirect impacts.

4.2.2.8 Blanket and active raised bogs

Active raised bogs are one of Europe’s rarest and most threatened habitats and they are scheduled
under the Habitats Directive and lowland raised bogs, of which these are a part, are a UK BAP
priority habitat.  In the UK there has been a 94% decline in the area of active raised bogs since the
beginning of the 19th century.  They occur on low-lying level ground and in the lowlands are found
mostly on marine, estuarine or fluvial deposits or infilled glacial lakes.  They are acidic and nutrient-
poor, often with a water table near the surface.  Blanket bog is also scheduled under the Habitats
Directive and is a UK BAP priority habitat.  It occurs on peat and Britain and Ireland also hold a
significant proportion of the global resource for this habitat.  In Ireland it is thought to be primarily
associated with areas where the mean annual rainfall exceeeds 1250 mm, while raised bog is
associated with a mean annual rainfall of between 800 and 1200 mm (Conaghan, 2001).  It is
especially associated with bioclimatic classes 13, 7, 8, and 2 in decreasing order of importance.  It is
thought that higher temperatures and decreased summer rainfall, leading to drought, will increase peat
erosion, especially on stressed or degraded sites (Hossell et al., 2000).  In the south and east of
England the decline in pools and hollow habitats could lead to changes in species composition and, in
particular, the loss of hydrophilic insects.  In the north, however, increases in rainfall and warmer
temperatures could lead to increases in bog species.  Eriophorum vaginatum, Andromeda perfolia,
Myrica gale and Sphagnum papillosum are all typical bog plants, as is Erica tetralix (modelled as a
component of wet heath, described in Chapter 4.2.2.3), while Rhynchospora alba, Rubus
chamaemorus and Coenonympha tullia are uncommon.

Eriophorum vaginatum (Hare’s-tail cotton grass) occurs in Britain almost entirely north of a line from
the Humber to the Severn, although it is found on high ground in the south west, the New Forest and a
cluster on the borders of Hampshire/Surrey/Sussex.  In Ireland it is widespread, but more common in
the north and west.  This wide-ranging distribution leads to it being simulated as currently occurring
almost throughout Britain and Ireland, with isolated absence from northern parts of Ireland and
Scotland (Figure 4.22).  These areas remain very much the same under the 2020s and 2050s Low
scenarios.  However, under the 2020s High scenario suitable climate space starts to be lost from the
extreme north of Scotland, but more importantly in south west England.  This continues for the 2050s
High scenario, such that in England all of the south west and much of the southern, south east and
eastern coastal areas of East Anglia become unsuitable.  A similar loss is also seen in southern Ireland
and southern Wales.
Andromeda perfolia (Bog rosemary) is found almost exclusively in raised bogs and in Great Britain it
occurs in the higher and western parts of England and Wales.  In Scotland it is found in Dumfries and
the Central Valley, but it is not certain why it is absent elsewhere (Stewart et al., 1994).  It also occurs
in central Ireland and south of Lough Neagh and is the subject of a Wildlife (Northern Ireland) Order.
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At a number of sites it has not been recorded since 1930 and this is likely to be because of a loss of
habitat due to drainage, afforestation and peat cutting.

The simulated current distribution does not pick up the points in Ireland and rather over simulates its
occurrence in the Pennines and Southern Uplands.  It also shows suitable climate space in the
Grampians and Highlands (Figure 4.23).  This is despite a high kappa (0.90) being achieved at the
European level.  In Britain and Ireland this species is at its western limit in Europe and once again the
range margin does not seem to be adequately captured or perhaps the species is not in climatic
equilibrium.  Though the simulation indicates it should be more common in the north, it is obviously
absent from such blanket bog areas in Ireland and Britain despite the absence of factors inhibiting its
spread.  The simulation is so incongruous with the actual distribution that any conclusions must be
treated with extreme caution.

The climate change scenarios show quite a rapid loss of climate space, such that it would be absent
from Wales and all but the highest parts of the Lake District and Pennines under the 2050s Low
scenario.  It would be confined almost exclusively to the Grampians and Highlands under the 2020s
and 2050s High scenarios.  These latter two scenarios would provide no overlap with its current
distribution.

Rhynchospora alba (White-beaked sedge) is characteristic of bog pool communities and tends to be
found in shallower water around mire pool margins or spreading across smaller mires (Rodwell,
1991).  It dies back in winter, its perennating structures concealed in the old leaf base and is thus
sometimes missed.  The simulated current distribution is generally a good match with the actual
distribution, although the simulation suggests lower occurrence in Ireland and northern England
(Figure 4.24).  This in fact greatly underestimates actual occurrence in Ireland, underlining the need
for caution in the interpretation of predictions.  Under the 2020s Low scenario there is an extension of
suitable climate space across southern Ireland and southern England.  A similar response is found for
the 2050s Low scenario.  This increases in the 2020s High scenario so that most of Ireland and
England, and all of Wales are suitable.  Further increases are simulated for the 2050s High scenario so
that only the east of Scotland and north east England do not offer suitable climate space for R. alba.
This suggests that R. alba would do well under climate change, but the loss of its associated species
will mean changes in community and species composition.

Myrica gale (Bog myrtle) primarily occurs in bogs, wet heaths and fens in the western and northern
uplands of Great Britain though it is also found in scattered locations in lowland England, as well as
being widespread in the western and northern parts of Ireland.  It is often associated with oceanic
climates with at least 200 rain days in the year (Skene et al., 2000).  The modelling still needs to be
completed to include Ireland.  The simulated current distribution shows suitable climate space
throughout almost all of Britain and Ireland, except the extreme south west of England, west
Pembrokeshire, Anglesey, isolated locations in the Scotland Firth and around the southern Irish coast
(Figure 4.25).  Its actual distribution is probably more restricted than the simulated due to habitat
availability.  There is little change under the 2020s and 2050s Low climate change scenarios, but
under the High scenarios the western areas including Anglesey become more suitable, as do the
Scottish and most Irish locations.  Potentially suitable climate space, however, starts to be lost along
the east coast from Newcastle northwards and along the northern coast of Ireland.

Rubus chamaemorus (Cloudberry) is a low perennial herb with creeping rhizome which is rare in
northern Wales and western Europe, locally abundant on Scottish mountain moors and upland bogs
and in Denmark in raised bogs at sea level (Rose, 1981).  It occurs in one 10 km x 10 km grid square
in Northern Ireland, where it is the subject of a Wildlife (Northern Ireland) Order.  Its British
distribution closely corresponds with areas of low annual potential water deficit (Taylor, 1971).  This
arctic/sub-arctic herb is a constant of blanket mire and heath (Rodwell, 1991).  The simulated current
distribution matches the actual distribution very closely; this species is found throughout Scotland and
extending in to northern England and northern Wales (extending further south in the simulation).  It is
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confined to the far north of Ireland, although the simulated current distribution shows it as absent
from Ireland (Figure 4.26).  The 2020s Low scenario suggests that R. chaemaemorus will lose suitable
climate space in Wales and the north and north west of England, while remaining absent from Ireland
and southern England.  This trend continues through the 2050s Low and 2020s High scenarios, with
greater habitat loss indicated in the latter.  The 2050s High scenario shows a complete absence from
Ireland, Wales and most of England, and a reduced distribution in eastern and southern Scotland.

R. chaemaemorus, as an arctic/sub-arctic species, will be sensitive to changes in temperature and
unable to exist in many presently suitable habitats, under the future climate change scenarios.  Its
current and future distributions bear a close relationship to the absolute minimum temperature input
variable and late frosts are one of a number of factors thought to adversely affect seed set.  However,
early-flowering ramets produce more flowers with more ovules (Ågren, 1989) and therefore climate
change may have a beneficial effect on some aspects of its reproduction.  Overall it is likely to lose
climate space and as it is a key component of certain blanket mires and heaths, whole communities
will be affected and become altered in terms of species composition.

Coenonympha tullia (Large heath) is a UK BAP species of conservation concern, Wildlife and
Countryside Act, Schedule 5 and Wildlife (Northern Ireland) Order.  It is found in wet peat bogs with
basic vegetation comprising Eriophorum vaginatum and Erica tetralix, the latter being the major
nectar source for adults (Emmet and Heath, 1989).  The simulated current distribution gives a larger
range than the actual distribution which could be a result of habitat availability (Figure 4.27).  C.
tullia occurs throughout Scotland, with variable frequency, sparsely across northern England and
Wales and patchily throughout Ireland.  The simulation suggests a wider occurrence in Ireland, Wales,
Scotland and northern England, and also in Cornwall.

Under the 2020s Low scenario, loss of range from Cornwall and southern Ireland is predicted.  The
2050s Low scenario closely resembles the 2020s Low scenario, with suitable climate space predicted
across most of northern Ireland, Wales, Scotland and a large part of northern England.  This decreases
further in southern Wales under the 2020s High scenario, and suitable climate space in Ireland
becomes generally restricted to the north and south west.  There is also some loss in northern England.
The greatest loss is found under the 2050s High scenario where suitable climate space is restricted to
the very north west of Ireland, Wales and northern England, with some tracts of loss opening up
across parts of Scotland.  This model of suitable climate space is closely linked with that of R.
chaemaemorus, demonstrating the similarity of biophysical requirements and limitations of some
species in a community.

Sphagnum papillosum is one of the many constant Sphagna of these community types.  The simulated
distribution, which compares well with the actual distribution, gives a widespread occurrence of S.
papillosum across all of Ireland and much of Britain, but it is absent from East Anglia and part of
central England (Figure 4.28).  The 2020s Low scenario suggests an increase in occurrence across this
part of England, with only a small part of the eastern coastline and a central patch of unsuitable
climate space.  The 2050s Low and 2020s High scenarios both indicate a widespread distribution of
suitable climate space across all of Britain and Ireland, while under the 2050s High scenario there is
some loss from the southern coasts of Ireland, Wales and England, and also further inland in East
Anglia.

The results for blanket and raised bogs are variable in that those species which are currently
widespread, E. vaginatum, M. gale and S. papillosum show little change, although there is some loss
of suitable climate space in south east England and southern Ireland under the High scenarios.  R. alba
which has a more southern distribution gains suitable climate space in Britain and Ireland, although
much of the latter is the result of under-simulation of its current distribution, while the remaining
species with a northern distribution lose it.  This confirms previous views that this is a habitat that is
sensitive to both changes in rainfall and temperature.
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4.2.2.9 Beech woodland

Beech woodland is found in southern and eastern England and in southern Wales and thus it too is
particularly associated with bioclimatic class 7, but also classes 2, 4, 5, 19 and 20.  Beech woodlands
are broadly split into three types representing the range of soils and species composition; W12 Fagus
sylvatica-Mercurialis woodland is calcicolous woodland found only in southern England (although
there are a few outlier populations in Yorkshire that have been introduced) and represents 40% of the
habitat.  It is thought that beech woodland will be negatively affected under climate change by
dieback due to soil moisture stress and by the invasion of more drought tolerant species (Hossell et
al., 2000).  The effects of changes in the timing of budburst on beech and its response to increased
carbon dioxide levels is uncertain, but overall it is thought this species will decline.  The species
modelled are Fagus sylvatica, Taxus baccata and Sanicula europaea, the first being a canopy
dominant, while the others can form important sub-communities.

Simulated results for Fagus sylvatica under the baseline climate demonstrate the natural distribution
and not the actual distribution, which would include plantations and other plantings throughout many
areas in Britain and Ireland.  The network trained well, giving a simulated current distribution close to
the actual distribution (Figure 4.29), showing it occurring across the south and south west of England
and the south and north west of Wales, with some patches in north west England.  Beech is absent
from Ireland under the current simulation as well as under all four future climate scenarios.  The
2020s Low scenario suggests a northerly extension across central England and at lower elevations in
Wales.  Under the 2050s Low scenario, F. sylvatica's range has spread to most of central and southern
England, the coast of Wales and parts of southern Scotland.  The most notable feature, however, is the
progressive loss of suitable climate space in south east England.  At its smallest extent (2050s Low)
this covers a band about 15-20 km wide stretching from the north east Norfolk coast to south west of
London.  Under the 2020s High scenario this has widened and includes parts of Cambridgeshire,
Huntingdonshire and Hertfordshire.  An examination of the 2050s High scenario shows that F.
sylvatica may lose suitable climate space in parts of Kent and almost all of East Anglia, with a
southern boundary in eastern England approximating to a line from the Severn to the Humber.

This modelling indicates that F. sylvatica would generally be favoured by the increases in temperature
and rainfall in terms of range increases, but would lose some of its existing habitat in the far south
east of England.  Other work agrees, suggesting that drought limits the growth of this species under
current climate conditions (Prentice et al., 1991).  In the case of a Fagus woodland in Wales, repeated
droughts over 15 years caused the decline and death of much of the Fagus canopy (Peterken and
Jones, 1989; Peterken and Mountford, 1996); for the majority of Fagus in the woodland, growth rates
slowed down and recruitment was poor for a number of years (Peterken and Jones, 1987).

The simulated current distribution for T. baccata (Yew) bears little resemblance to the actual
distribution at the Britain and Ireland scale (Figure 4.30).  In particular, it fails to pick up the
distribution in south east England which is shown in the Atlas Flora Europaeae.  This is a pity as
south east England, based on the response of other species, could be a sensitive area for this habitat.
The simulation is very similar to that of Sykes et al., (1996).  The most likely explanation for the
discrepancy between the actual and simulated distribution is that the former is a relict of human
exploitation.  Nevertheless, all the simulations show very little change from the baseline.  This could
be interpreted as T. baccata having a good plasticity to climate change variables.  Ellenberg’s
ecograms also show that T. baccata is found on soils that approach the dryness limit (Ellenberg, 1988;
p. 46); it also shows that T. baccata  is found on a wide range of soil moisture levels which would
make it less susceptible to climate change effects.  It seems unlikely that climate change in the south
east of England could induce the population of T. baccata to move considering that the species is
present in southern Italy, Greece and Spain, despite this region having the greatest projections of
warming in the UKCIP98 scenarios (Hulme and Jenkins, 1998).
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Sanicula europaea (Sanicle) is a stress-tolerant perennial found throughout Britain and Ireland in
woods on richer soils, especially beech woods on lime-rich soils, and mixed ash and oak woods in
Ireland.  The network trained well and the simulated current distribution corresponds closely with the
actual distribution (Figure 4.31).  This species is frequent throughout most of England and Wales and
western Scotland, and is common across Ireland.  Under all of the climate change scenarios it occurs
across the whole of Britain and Ireland with no loss of suitable climate space.

It is, however, thought to be susceptible to summer drought (Inghe and Tamm, 1985) and to burial by
beech litter (Grime et al., 1988).  A long-term study (1943-1981) of Sanicula europaea on permanent
plots in a forest and a wooded meadow in eastern Sweden has shown a considerable variation in
flowering frequency, part of which seems to be caused by summer droughts depressing flowering in
the following season (Inghe and Tamm, 1985; Inghe and Tamm, 1988).  Also because of the large
reproductive effort expended in flowering it tends not to flower in the following year (Inghe and
Tamm, 1988).  This suggests that it could be particularly adversely affected in south east England and
although no persistent seed bank has been recorded a certain persistence of seedlings suggests that it
may exist.  This may enable it to recover after dry summers.

Beech woodland is therefore vulnerable to climate change because of its impact on the dominant
species, although the other modelled species do not appear susceptible to its direct impacts.  In south
east England, on the driest soils the dominance of F. sylvatica will decline and other, more drought
resistant species will increase their competitive ability.  The extension of Quercus spp. into habitats
vacated by Fagus is very possible and Sorbus aria and T. baccata could also expand (Paterson, 2000).

4.2.2.10 Upland oak woodland

Upland oakwood is a UK BAP priority habitat and this habitat is found in upland areas throughout
Britain and Ireland on thin base-poor soils over largely acidic rock types.  Upland oak woodland,
although absent from southern, central and eastern England, is associated with all bioclimatic classes.
With climate change it may suffer from dieback due to soil moisture stress, changes in the timing of
budburst and changes in species composition (Hossell et al., 2000).  The latter could include an
increase in more drought tolerant bryophytes and in species with more southerly distributions or from
lower altitudes.  Oak itself may be able to expand to higher altitudes and higher carbon dioxide
concentrations may increase plant vigour.  Uncertainties include: effects of changing competitive
abilities, decreased health of some species, loss of vernalisation and changing relationships with insect
pests.

Blechnum spicant (Hard fern) is found throughout almost all of Britain and Ireland, but is less
frequent in central and some southern parts of England and the Irish Republic.  As the model is
trained on the coarser scale European distribution data, it is simulated as currently occurring
throughout Britain and Ireland, except in the area around John O’Groats (Figure 4.32).  If a lower cut
off is used for the probability of occurrence then it would be shown as absent from large parts of non-
coastal southern and central England.  As it is, the two Low climate change scenarios show patterns
similar to the simulated current distribution, and for the High scenarios the whole of Britain and
Ireland represents suitable climate space.  Its distribution, therefore, does not appear to be affected by
climate change.

Dryopteris aemula (Hay-scented buckler-fern) is a UK BAP species of conservation concern.  It is
widely scattered in Great Britain, occurring in the Weald, south west England, Islay, Jura, Mull of
Kintyre and isolated locations elsewhere.  It is found throughout Ireland, but primarily in the west,
although it is now absent from many of its former locations in the centre.  The wide scatter means that
it is simulated to occur in England in the south west, at localities along the south coast, the east coast
north of the Wash and northern England in all but the highest areas of the Pennines and Lake District.
It is simulated throughout almost all of Wales and Ireland.  In Scotland it occurs all along the west
coast and from the Central Valley southwards, except for the Southern Uplands (Figure 4.33).
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The 2020s Low scenario shows that suitable climate space could be lost from the eastern most part of
the south coast and the eastern parts of the distribution in south west England and in Wales.  The
southern boundary in northern England does not change much, but higher elevations in the Pennines
and Lake District become suitable.  The same is true for the Southern Uplands in Scotland, where the
east coast up to and including the Moray Firth becomes suitable.  Ireland represents suitable climate
space throughout almost all the scenarios, the exception being one 10 km x 10 km grid square for the
2050s High scenario.  The 2050s Low and 2020s High scenarios continue these trends, particularly
with the expansion in Scotland, so that under the 2050s High scenario almost all but the highest parts
are suitable.  Under the latter scenario there is a slight loss of climate space from lower elevations in
the Pennines, southern Wales and the English/Welsh border region.  There is still plenty of overlap
between its current distribution and future climate space in south west England, Scotland and Ireland,
so it does not appear threatened by direct climate change impacts.

Orthilia secunda (Serrated wintergreen) is a northern and sub-montane creeping perennial,
conspicuous in winter and early spring.  It is rare and exists only in relict communities south of the
Scottish Highlands.  A relative of the heaths, it is frequently found in narrow rock crevices and humid
ravines and valleys at the southern extent of its distribution.  Even in the Highlands, where it is most
frequent, O. secunda is not often abundant.  It is currently restricted to northern Scotland, with a few
isolated locations in northern England and Northern Ireland where it is the subject of a Wildlife
(Northern Ireland) Order and one in Wales.  It is extinct in the Republic of Ireland.  The simulation
shows a more widespread distribution throughout southern Scotland, northern England and northern
and central Wales (Figure 4.34).

Under the 2020s Low scenario, there is some loss of suitable climate space in Wales and northern
England and none in Ireland.  The 2020s High scenario is closest to today’s actual distribution, with
O. secunda present only in northern Scotland and small populations in the higher parts of the Lake
District, Pennines and Southern Uplands.  The 2050s Low scenario gives a wider occurrence across
Scotland and northern England and also in northern Wales, but under the 2050s High scenario,
suitable climate space has receded to a smaller area of the Highlands and Grampians, and one gird
square in each of the Pennines and Southern Uplands.

In some of the southern populations flowering is currently infrequent and erratic, suggesting it does
not spread by seed in the present climatic conditions, and grazing and fire have probably restricted its
range on moorland (Stewart et al., 1994).  This suggests that although initially O. secunda would do
well, it will lose suitable climate space and eventually be unable to compete as effectively in the
warmer, drier conditions.

The species modelled for upland oak woodland show that although one, B. spicant, is unaffected, the
other two lose suitable climate space from the southern parts of their distribution.  The species
composition of the herb layer could change, especially in southern areas, as species are lost or change
in their competitiveness.  What is possibly more important is what happens to the dominant and the
application of the SPECIES model to Quercus robur (English oak) showed that it would continue to
find suitable climate space in Great Britain (Paterson, 2000).  It was not applied to Ireland, but given
its response in Great Britain it is unlikely to respond very differently here.

4.2.2.11 Pine woodland

Native mixed woodland, dominated by pine, used to be found over large areas of the Scottish
Highlands, but it has been reduced to about 1% of its former range.  Nowadays native pine woodland,
which is a UK BAP priority habitat, is only found in the Grampians and the northern and western
Highlands of Scotland and so it is associated with bioclimatic classes 1, 3, 4, 6, 8, 12, 17 and 21.  It is
found on infertile strongly leached podsolic soils and has a low diversity, although it contains a
number of uncommon and rare species, including Linnaea borealis.  It is currently affected by
fragmentation and poor regeneration as a result of grazing.  Based on the similarity of its distribution
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with that of Picea abies, there is concern that warmer winters will further affect its regeneration
ability (Sykes et al., 1996).  Climate change could lead to its spread to higher altitudes, aided by an
increased growth rate for Pinus sylvestris (Hossell et al., 2000).  It could, however, be adversely
affected by increased windthrow, as the less frozen soils provide less anchorage, loss of biomass
through increased temperatures and competition from less cold tolerant species.

Sciurus vulgaris (Red squirrel) is a IUCN, lower risk - near threatened and BAP priority species, and
is listed under the Wildlife and Countryside Act, Schedule 5 and Wildlife (Northern Ireland) Order
and is protected in the Republic of Ireland under the Wildlife Act (1976).  It is widespread in Europe,
but in Britain it is confined almost entirely to Scotland, northern England and higher parts of Wales
with scattered occurrences elsewhere.  In Ireland it is widely distributed, having been re-introduced in
the nineteenth century, and is found in a wide range of woodland habitats, although they are
increasingly associated with the large tracts of coniferous woodland (Hayden and Harrington, 2000).
The simulated current distribution is good for Scotland, but shows some occurrences in Northern
Ireland and in Donegal in the Republic (Figure 4.35).  The reasons for this are unclear.  In England,
however, it is shown as occurring in the Lake District, Pennines, part of Essex and Greater London,
with scattered localities elsewhere, while in Wales it is simulated in the higher areas.  In the Lake
District, Pennines and Wales its current absence could be due to a lack of suitable habitat.

Under the 2020s Low scenario there is a slight contraction in suitable climate space in the Southern
Uplands, Pennines, Lake District, Wales and Donegal.  There is a large expansion outwards from
Essex, particularly north westwards, with new scattered locations occurring along the south coast and
in the Cotswolds.  This trend continues with the 2050s Low and 2020s High scenarios.  Under the
latter, suitable climate space is lost from Northern Ireland and Donegal, but the southern coast of the
Republic starts to become suitable.  In England all but the highest areas from the Wash to the Severn
represent suitable climate space, as does southern and north west Wales.  The 2050s High scenario
shows suitable climate space in the higher parts of the Grampians, Highlands, Southern Uplands,
Pennines and Lake District, but in the case of the latter two areas they are being reached by the
expansion of suitable climate space from the south.  Much of the southern and central parts of the
Republic also represent suitable climate space.  This retreat in the north and concomitant expansion
from the south is a most unusual response that has not been seen with any other species.

Linnaea borealis (Twinflower) is a BAP priority species and is only found in eastern Scotland and
one place on the Pennines, although it used to be more frequent in Scotland.  It usually occurs in
pinewoods and old plantations, although at higher elevations it may be found in the shade of mountain
rocks (Stewart et al., 1994).  Its decrease is thought to be due to forest clearance and many of the old
plantations are reaching maturity (Pitkin, et al., 1995), so these populations may be under threat from
different management techniques.

The simulated current distribution shows that most of eastern and central Scotland, the Pennines,
North York Moors, Lake District and higher parts of Wales contain suitable climate space (Figure
4.36).  This mismatch between the simulated and actual distribution is likely to be the result of the
restricted habitat requirements of this species and the fact that pinewoods were lost from these areas
in the post-glacial period (Eyre, 1968).

The climate change scenarios show that climate space becomes progressively restricted to higher
elevations in each area, such that in Wales and the Lake District it is only found at one location each
for the 2020s High and there is none for the 2050s High.  In the Pennines and Southern Uplands there
is a very restricted availability of climate space for the 2050s High scenario and the main focus is on
the Grampians.
A study of the performance and survivorship of shoots showed that increasing light flux negatively
affected growth of L. borealis (Eriksson, 1988).  This is supported by an investigation in America of
the influence of stocking levels of Pinus ponderosa (Ponderosa pine) on understorey production.  It
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showed that although the total number of species declined as pine basal area increased, a few species,
such as L. borealis were found only under relatively dense pine canopies (Uresk and Severson, 1998).

Long-term plots in Swedish forests have shown that between 1984-6 and 1995-7 L. borealis has
increased significantly (Odell and Stahl, 1998).  The reasons for this are not known, as there have
been reports of widespread reproductive failure in L. borealis and an investigation of this in Scottish
populations has shown that a lack of pollen from outside the population is limiting reproductive
success (Wilcock and Jennings, 1999).  This is a particular problem for such a clonal herb with
isolated populations and long-term recovery could involve the translocation of different genotypes
from elsewhere into the population (Wilcock and Jennings, 1999).

The modelling suggests that native pinewood species (including capercaillie, Section 4.3.2.2) could be
adversely affected by climate change, but that S. vulgaris could be “rescued” in England by invasion
from the south, if the isolated populations were able to spread.  The Species Action Plan could help in
the maintenance of populations through decreasing the competitive effect of grey squirrels and
effecting the spread of S. vulgaris through translocation.  In Northern Ireland and the Republic the
future of this species looks insecure.  L. borealis also has the potential to be transferred into pine
plantations, particularly those on wetter sites, as it is susceptible to drought.

A forest succession model applied to a range of trees, including Quercus (oak), Fagus (beech) and
Picea (spruce), showed that with increased temperatures alone leading to drought P. sylvestris could
be favoured (Prentice et al., 1991).  The Habitat Plan objectives of regenerating and expanding the
current native pine woodlands should help by providing suitable habitat for these species and using
plants of a more southerly provenance should help overcome some of the adverse effects of climate
change.  It may thus be possible to maintain the dominant species in this habitat, but its total species
composition is likely to change.

4.2.2.12 Species not particularly associated with the above habitats

Ochlodes venata (Large skipper) is found throughout England and Wales except at higher altitudes
and in south west Scotland, but is absent from Ireland.  The simulated current distribution picks this
up very well, although it does predict it occurring around the Forth of Forth and Tweed valleys
(Figure 4.37).  It also predicts it occurring widely in Northern Ireland and the Republic of Ireland.  It
is quite possible that these areas are climatically suitable but that O. venata has not managed to
migrate across the Irish Sea.

Under the 2020s Low scenario suitable climate space spreads to higher altitudes and the three areas in
Scotland expand, as do the locations in Northern Ireland and the Republic of Ireland, such that it is
only the north west that remains unsuitable.  This trend continues for the 2050s Low scenario and
2020s High scenario when suitable climate space is also found around the Moray Firth.  Under the
2050s High scenario all of Wales and almost all of England, Northern Ireland and the Republic of
Ireland represent suitable climate space.  In Scotland this is found from the Central Valley
southwards, apart from the higher parts of the Southern Uplands, and along the eastern coast to the
north of the Moray Firth.

Coenagrion puella (Azure damselfly) is found throughout England, except in the extreme south east,
in Wales, parts of Scotland, most of the Republic of Ireland, except the extreme west, and in a few
locations in Northern Ireland.  The simulated distribution picks this distribution up fairly well,
although it tends to over predict the range margins (Figure 4.38).

Under the 2020s Low scenario the whole of Great Britain, south of the Central Valley, apart from the
highest parts of the Southern Uplands and the Pennines represents suitable climate space, as does the
Moray Firth.  Northern Ireland and all but the extreme north west in Ireland are also suitable.  This
changes little under the 2050s Low scenario, although parts of the western coast of Scotland become
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suitable.  The 2020s High scenario sees all of England and Wales and almost all of Scotland south of
the Central valley become suitable, as does a wide band round the coast up to the north of the Moray
Firth on the eastern coast and up to Skye on the western coast.  In Ireland it is just a small part of
Donegal and County Mayo that remain unsuitable and this continues in the former for the 2050s High
scenario.  Elsewhere there is suitable climate space, apart from the Cairngorms and north west
Scotland.

C. puella could also benefit by higher temperatures causing faster development rates of larvae, as
shown in an experiment by Pickup and Thompson (1990).  In addition, a study on the reproductive
success of females found that weather has an important effect on egg production, as females only
engage in reproductive activity on warm sunny days (Banks and Thompson, 1987).  Thompson (1990)
has developed a simulation model which describes, from field-estimated parameters, the effect of
daily survival rate and proportion of sunny days on the lifetime egg production of female C. puella.
This showed, amongst other things, that lifetime egg production increases with daily survival rate and
the proportion of sunny days.  Estimates of mean lifetime egg production per female in bad and good
summers in northern England ranged from 333 to 740.  The distribution, as well as the proportion, of
sunny days is also important, as the lifetime egg production decreases as the distribution of sunny
days becomes more clumped.  Lifetime egg production, however, is largely determined by chance, as
females who begin their mature adult life during a period of sunny weather can produce many times
more eggs than those whose mature adult life coincides with cloudy days.  A study of the dispersal
characteristics of seven odonates, including C. puella, between eleven ponds in Cheshire showed
comparatively high dispersal (Conrad et al., 1999).  This research suggests that C. puella would
benefit from climate change and that it has the potential to migrate providing there are suitable
habitats available.  It could, however, be adversely affected if the distribution of sunny days became
more clumped, but this information is not currently available from the scenarios.

Triturus cristatus (Great crested newt) is listed under the EC Habitats Directive and Wildlife and
Countryside Act, Schedule 5 and as a IUCN lower risk - conservation dependent and BAP priority
species.  The Species Action Plan suggests that there has been a 2% loss of colonies over five years.
It is widespread in England and the eastern half of Wales, but largely absent from the south west and
west respectively.  In Scotland it is widespread, but localised and it is absent from Ireland for
historical reasons.  The simulated current distribution picks up the western boundary well, but its
patchy occurrence in Scotland leads to an over prediction (Figure 4.39).  It is also simulated to occur
widely in Ireland.  The suitable climate space remains remarkably unchanged through all the
scenarios, which suggests that it is not sensitive to the degree of climatic changes predicted.

A study of the population dynamics of this species at a pond in southern England, showed that adults
migrated to the pond in spring on days when air temperature approached 5°C (Verrell and Halliday,
1985).  It is seen as responding to climate change by arriving at ponds earlier (Beebee, 1995).  A
study of the fate of dewponds on chalk downland in Sussex between 1977 and 1996 showed that all
newts declined over this period with destruction of ponds being the most common cause of T.
cristatus extinction.  However, at two sites the species disappeared following the establishment of fish
populations (Beebee, 1997).

An investigation into the suitability of new ponds in the Netherlands for amphibians showed that T.
cristatus was not particular in its requirements in terms of the variables measured - pond age,
topography of the surroundings, vegetation cover of water and bank, and electrical conductivity of the
water.  Feeding in T. cristatus does not seem to be adversely affected by low pH (4.5) (Griffiths,
1993), but at this pH embryos will fail to hatch (Griffiths and de Wijer, 1994).  The other British
newts (T. helveticus and T. vulgaris) achieved an 80% success rate at this pH, although low pH did
lead to a smaller size at hatching.  Temperature had no effect on survival of any of the embryos,
although time to hatching was two to four times longer at 12°C than at 17°C.
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The modelling seems to suggest that T. cristatus will be unaffected by direct climatic changes, but
could benefit from warmer temperatures, providing that there is adequate habitat available for
breeding.

Artemesia norvegica (Norwegian mugwort) is listed as a IUCN Vulnerable, UK BAP priority, Red
Data Book - rare species.  It is only found on three mountain summits in Scotland and, for the
purposes of training our model, in nine other grid squares in Norway.  This shortage of data meant
that it was impossible to calculate a kappa statistic and the model was run for about an hour to reduce
the standard error on the European data before applying it to the British situation.  It simulated two
occurrences, one off the Hebrides and the other in Ross and Cromarty District, the latter being about
correct (Figure 4.40).  This ceases to be suitable climate space under the 2020s Low scenario, but
although the other persists until the 2050s High scenario it does not overlap with its current
distribution.  This represents a species highly vulnerable to climate change.  It seems that little can be
done other than that which has been suggested by the Species Action Plan and even this may not
safeguard its future.

4.2.3 Discussion

The SPECIESv1 model performed well in simulating distributions for most of the 40 species.  It was
trained using European-scale data on the observed distribution of each species in order to capture the
range of future changes in climate for Britain and Ireland.  For most species this approach gave a
reasonable simulation of current suitability.  However, for some species training on rather coarse scale
European data (0.5° latitude x 0.5° longitude) resulted in a degree of over prediction when applied at a
finer resolution (10 km x 10 km) in Britain and Ireland.  The prediction accuracy of the model is also
reduced for distributions which are restricted, such as salt marsh species, or those which are patchy,
such as Erebia epiphron.  The difficulties mainly stem from trying to capture the range margins,
where subtle combinations of factors may operate, which may not be climatically related.

The outputs of the SPECIESv1 model are important in indicating where there could be suitable
climate space for species under the climate change scenarios.  They do not show future distributions,
as movement is required in order for these distributions to be realised.  If the results indicate a
retraction in the suitable climate space for a species, as is the case for the montane heath species and
some upland hay meadow species, then this is likely to be realised.  This may be with a certain time
lag, dependent on the ability of the species to withstand the stresses resulting from unfavourable
climate and the pressure from more suited competitors.  This loss in suitable climate space is
restricted to species with a northern distribution in Britain and Ireland and only Erebia epiphron
suffers a total loss.  Other species, such as some upland oak woodland and calcareous grassland
species start to lose significant suitable climate space just from the south of their range.  This suggests
that they are sensitive either to the predicted temperature increases and/or to the increased soil
moisture deficits.

Where a species is shown to have an expansion in suitable climate space then, in order for it to fulfil
this new potential, migration is required.  The success of this will depend on the migration ability of
the species involved and the availability of intervening habitat.  The insects modelled which could
expand their range, Ochlodes ventata and Coenagrion puella, could start to realise this, given their
potential mobility.  The latter has been shown to be able to disperse at least 860 m in a season
(Conrad et al., 1999), although this would not be sufficient to fill its potentially suitable climate space
in the time span predicted.  Silene otites and Cirsium acaulon are species with southern distributions,
which could experience a considerable increase in potential climate space, but nothing is known of
their dispersal abilities.  The latter, in particular, may be further constrained by habitat availability.
Species’ mobility is to be encouraged in order that they may realise their future climate space and
thought needs to be given as to how such movement can be facilitated.
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One feature of a number of species, such as Puccinellia maritima, Epipactis palustris, Sphagnum
papillosum and Sanguisorba officinalis, is the loss of potentially suitable climate space in the Thames
estuary region and Essex, particularly under the 2050s High scenario.  This is closely matched to the
changes for the soil moisture deficit input variable, which suggests that they are particularly sensitive
to this factor.  Eriophorum vaginatum, however, by the 2050s High scenario has lost suitable climate
space from all of south west England, much of the southern, south east and eastern coastal areas of
East Anglia, southern Ireland and southern Wales.  Fagus sylvatica, experiences a similar large loss of
climate space, but in this case it is from south east England.  These results suggest that these areas are
important in terms of climate change and that some species are sensitive to the changes in water
availability and this is explored further in Chapter 5.2.2.  In Ireland, the west coast and especially
Donegal appear important in providing suitable climate space for species, such as Bufo calamita,
Equisetum variegatum and Coenonympha tullia under the High scenarios.

Balanced against this are areas which become more suitable, as species with a northern range margin
expand their suitable climate space.  This is particularly true for Scotland and northern Ireland.  In
Scotland Sanguisorba officinalis¸ Ochlodes ventata and Coenagrion puella could become more
widespread, while in Ireland this could happen for Atriplex portulacoides and Gentiana
pneumomanthe (which, as it does not naturally occur in Ireland, would have to be introduced), with
Rhynchospora alba (though widespread already in Ireland) increasing in both countries.

There is also evidence from the literature for climate change having negative and positive effects on
species’ physiology and reproduction, with the effects often depending on the location within the
species’ range.  Cirsium acaulon, Bufo calamita and Carex bigelowii, for example, could all benefit
from increased reproductive success towards their northern range margins, while Erodium cicutarium
and Fagus sylvatica could suffer from drought stress, especially in the southern part of their range.

The SPECIES model outputs have shown that species’ response to climate change is individualistic in
detail and this can make it difficult to assess the impacts on habitats.  There can, however, be some
similarity of response due to species responding in a like manner to certain physical limitations or
biophysical requirements.  This assessment, however, is based on the assumption that the species
modelled can represent the habitat as a whole.  This assumption is more likely to be valid where
habitat dominants are included, as is the case with wet heath and beech woodland.  In wet heath the
continuation of Erica tetralix as a dominant should ensure that some form of heathland continues,
while the loss of Fagus sylvatica from beech woodland in southern areas of England means that here
there would be a total change in woodland type.  The proposed effects of loss of montane heath and
pine woodland species are also likely to be valid given the consistent loss of climate space for the
species modelled.  The two drought-prone acid grassland species, however, could both increase their
suitable climate space, but this is a habitat thought to be adversely affected by drought and such a
constraint is not picked up.  This may be because water shortage in this habitat tends to be severe in
the spring and early summer (Pigott et al, 1992), while the model uses summer water availability.  It
may also be that the species do not adequately represent the habitat response.

Two of the characteristic raised and blanket bog species, Eriophorum vaginatum and Myrica gale,
generally maintain their distributions, with three other species decreasing in suitable climate space,
while Rhynchospora alba could expand.  This typifies the variable response in the other habitats,
which suggests that in the future they could experience changes in their species composition.  This has
important implications for conservation, as habitats are seen as being composed of a largely consistent
set of species, but the exact composition will be different in the future.

This modelling has served to further emphasise that climate change will have both benefits and costs
for species and therefore for conservation.  Work, such as has been undertaken here, is important in
helping to identify the vulnerable species and habitats, so that appropriate action can be taken, but it
should be borne in mind that climate is only one of a number of factors that influences their
distribution and success.
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 (a)

(b) (c)

(d) (e)

Figure 4.2:  SPECIESv1  model  results  for  Puccinellia  maritima  (Common  saltmarsh  grass):
(a)  simulated  current  distribution  (1961-90);  (b)  2020s  Low  scenario;  (c)  2020s  High  scenario;
(d) 2050s Low scenario; and (e) 2050s High scenario.



Impacts on terrestrial environments          71
___________________________________________________________________________

 (a)
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 (d) (e)

Figure 4.3:  SPECIESv1 model results for Atriplex portulacoides (Sea purslane): (a) simulated
current distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low
scenario; and (e) 2050s High scenario.
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(b) (c)

(d) (e)

Figure 4.4:  SPECIESv1 model results for Blysmus rufus (Flat sedge): (a) simulated current
distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low scenario; and
(e) 2050s High scenario.
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(d) (e)

Figure 4.5:   SPECIESv1  model  results  for  Equisetum  variegatum  (Variegated  horsetail):
(a) simulated current distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d)
2050s Low scenario; and (e) 2050s High scenario.
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Figure 4.6:  SPECIESv1 model results for Epipactis palustris (Marsh helleborine): (a) simulated
current distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low
scenario; and (e) 2050s High scenario.
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(d) (e)

Figure 4.7:  SPECIESv1 model results for Bufo calamita (Natterjack toad): (a) simulated current
distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low scenario; and
(e) 2050s High scenario.
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(b) (c)

(d) (e)

Figure 4.8:  SPECIESv1 model results for Erica tetralix (Cross-leaved heath): (a) simulated current
distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low scenario; and
(e) 2050s High scenario.
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(b) (c)

(d) (e)

Figure 4.9:  SPECIESv1 model results for Gentiana pneumonanthe (Marsh gentian): (a) simulated
current distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low
scenario; and (e) 2050s High scenario.
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 (d) (e)

Figure 4.10:  SPECIESv1 model results for Carex bigelowii: (a) simulated current distribution (1961-
90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low scenario; and (e) 2050s High
scenario.
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Figure 4.11:  SPECIESv1 model results for Salix herbacea (Dwarf willow): (a) simulated current
distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low scenario; and
(e) 2050s High scenario.
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Figure 4.12:  SPECIESv1 model results for Loiseleuria procumbens (Trailing azalea): (a) simulated
current distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low
scenario; and (e) 2050s High scenario.
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(b) (c)

(d) (e)

Figure 4.13:   SPECIESv1  model  results  for  Erebia  epiphron  (Mountain  ringlet  butterfly):
(a) simulated current distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d)
2050s Low scenario; and (e) 2050s High scenario.
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(d) (e)

Figure 4.14:  SPECIESv1 model results for Erodium cicutarium (Common storksbill): (a) simulated
current distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low
scenario; and (e) 2050s High scenario.
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(b) (c)

(d) (e)

Figure 4.15:  SPECIESv1 model results for Silene otites (Spanish catchfly): (a) simulated current
distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low scenario; and
(e) 2050s High scenario.
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Figure 4.16:  SPECIESv1 model results for Cirsium acaulon (Stemless thistle): (a) simulated current
distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low scenario; and
(e) 2050s High scenario.
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 (d) (e)

Figure 4.17:  SPECIESv1 model results for Blackstonia perfoliata (Yellow-wort): (a) simulated
current distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low
scenario; and (e) 2050s High scenario.
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Figure 4.18:   SPECIESv1  model  results  for  Helianthemum  nummularium  (Common  rock-rose):
(a)  simulated  current  distribution  (1961-90);  (b)  2020s  Low  scenario;  (c)  2020s  High  scenario;
(d) 2050s Low scenario; and (e) 2050s High scenario.
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(d) (e)

Figure 4.19:  SPECIESv1 model results for Geranium sylvaticum (Wood cranesbill): (a) simulated
current distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low
scenario; and (e) 2050s High scenario.
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Figure 4.20:  SPECIESv1 model results for Trollius europaeus (Globe flower): (a) simulated current
distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low scenario; and
(e) 2050s High scenario.
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(d) (e)

Figure 4.21:  SPECIESv1 model results for Sanguisorba officinalis (Great burnet): (a) simulated
current distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low
scenario; and (e) 2050s High scenario.



90          Climate change and nature conservation in Britain and Ireland
___________________________________________________________________________

(a)

(b) (c)

(d) (e)

Figure 4.22:   SPECIESv1  model  results  for  Eriophorum  vaginatum  (Hare’s-tail  cotton  grass):
(a) simulated current distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d)
2050s Low scenario; and (e) 2050s High scenario.
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(d) (e)

Figure 4.23:  SPECIESv1 model results for Andromeda polifolia (Bog rosemary): (a) simulated
current distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low
scenario; and (e) 2050s High scenario.
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Figure 4.24:  SPECIESv1 model results for Rhynchospora alba (White-beaked sedge): (a) simulated
current distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low
scenario; and (e) 2050s High scenario.
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Figure 4.25:  SPECIESv1 model results for Myrica gale (Bog myrtle): (a) simulated current
distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low scenario; and
(e) 2050s High scenario.
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Figure 4.26:  SPECIESv1 model results for Rubus chamaemorus (Cloudberry): (a) simulated current
distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low scenario; and
(e) 2050s High scenario.
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Figure 4.27:   SPECIESv1  model  results  for  Coenonympha  tullia  (Large  heath  butterfly):
(a)  simulated  current  distribution  (1961-90);  (b)  2020s  Low  scenario;  (c)  2020s  High  scenario;
(d) 2050s Low scenario; and (e) 2050s High scenario.
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Figure 4.28:  SPECIESv1 model results for Sphagnum papillosum: (a) simulated current distribution
(1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low scenario; and (e) 2050s
High scenario.
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Figure 4.29:  SPECIESv1 model results for Fagus sylvatica (Beech): (a) simulated current
distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low scenario; and
(e) 2050s High scenario.
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Figure 4.30:  SPECIESv1 model results for Taxus baccata (Yew): (a) simulated current distribution
(1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low scenario; and (e) 2050s
High scenario.
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Figure 4.31:  SPECIESv1 model results for Sanicula europaea (Sanicle): (a) simulated current
distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low scenario; and
(e) 2050s High scenario.
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Figure 4.32:  SPECIESv1 model results for Blechnum spicant (Hard fern): (a) simulated current
distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low scenario; and
(e) 2050s High scenario.
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Figure 4.33:   SPECIESv1  model  results  for  Dryopteris  aemula  (Hay-scented  buckler  fern):
(a) simulated current distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d)
2050s Low scenario; and (e) 2050s High scenario.
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Figure 4.34:  SPECIESv1 model results for Orthilia secunda (Toothed wintergreen): (a) simulated
current distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low
scenario; and (e) 2050s High scenario.
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Figure 4.35:  SPECIESv1 model results for Sciurus vulgaris (Red squirrel): (a) simulated current
distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low scenario; and
(e) 2050s High scenario.
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Figure 4.36:  SPECIESv1 model results for Linnaea borealis (Twinflower): (a) simulated current
distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low scenario; and
(e) 2050s High scenario.
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Figure 4.37:  SPECIESv1 model results for Ochlodes venata (Large skipper butterfly): (a) simulated
current distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low
scenario; and (e) 2050s High scenario.
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Figure 4.38:  SPECIESv1 model results for Coenagrion puella (Azure damselfly): (a) simulated
current distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low
scenario; and (e) 2050s High scenario.
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Figure 4.39:  SPECIESv1 model results for Triturus cristatus (Great crested newt): (a) simulated
current distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low
scenario; and (e) 2050s High scenario.
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Figure 4.40:  SPECIESv1 model results for Artemisia norvegica (Norwegian mugwort): (a) simulated
current distribution (1961-90); (b) 2020s Low scenario; (c) 2020s High scenario; (d) 2050s Low
scenario; and (e) 2050s High scenario.
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4.3 Impacts on breeding birds

4.3.1 Method

The SPECIESv1 model was revised to simulate the impacts of climate change on the distribution of
ten breeding birds.  Alternative input bioclimatic variables were computed for bird distributions based
on information obtained from the British Trust for Ornithology.  The six following variables were
utilised:

• Mean winter precipitation (December, January, February).
• Mean summer precipitation (May, June, July).
• Mean summer temperature (May, June, July).
• Mean summer water availability, i.e. precipitation minus potential evapotranspiration (May, June,

July).
• Growing degree days above a base temperature of 5°C.
• Absolute minimum temperature expected over a 20-year period.

The data used to train the model at a European scale were drawn from The EBCC Atlas of European
Breeding Birds (Hagemeijer and Blair 1997).  In this atlas the distribution of birds is mapped at a 50
km x 50 km spatial resolution.  Data on distributions within Britain and Ireland were taken from The
New Atlas of Breeding Birds in Britain and Ireland: 1988-1991 (Gibbons et al., 1993).  These data
were available at a 10 km x 10 km spatial resolution.

Initially the neural network model was trained on European observed distributions following the
method developed for the original SPECIESv1 model.  Results for willow tit and nightingale
highlighted that this method was not robust for simulating climate change impacts on birds.  This was
because three of the input bioclimatic variables are precipitation-related and thus their values vary
greatly at different spatial resolutions.  This meant that the high extremes of precipitation in the
European climate data set were much lower than for corresponding locations in the Britain/Ireland
data set.  For example, winter precipitation in western Scotland is shown as 266 mm in the European
data set compared with 356 mm in the Britain/Ireland data set.  Hence, the neural network model was
predicting outside of its range of experience at the 10 km x 10 km resolution and the model became
unstable.

To overcome this problem, a revised training routine was developed based on nesting high resolution
observed bird distribution data for Britain and Ireland within the coarser resolution European data.   
The key advantage of this method is that both temperature and precipitation extremes for the current
climate and the UKCIP98 scenarios are captured within the training data set.  The availability of
observed bird distributions at the 10 km x 10 km resolution also means that validation of model
results can be undertaken at two scales for Europe and Britain and Ireland using the Kappa coefficient
of agreement.  This enables the model to be more reliably applied at fine spatial scales.

The SPECIESv2 model trained well for most species.  Details of the Kappa coefficient of agreement
between observed and simulated bird distributions at the European and Britain/Ireland scales are
given in Table 4.2.
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Table 4.2:  Kappa coefficient of agreement between observed and simulated bird distributions at the
European scale (0.5° latitude x 0.5° longitude) and the Britain/Ireland scale (10 km x 10 km).

Kappa coefficient of agreementBird species
Europe Britain and Ireland

Willow tit 0.85 0.75
Capercaillie 0.77 0.40*
Oystercatcher 0.66 0.75
Reed warbler 0.76 0.73
Nuthatch 0.82 0.77
Turtle dove 0.85 0.86
Yellow wagtail 0.81 0.74
Nightingale 0.85 0.74
Snow bunting 0.83 0.25*
Red-throated diver 0.75 0.70

* Observed distributions very sparse and scattered

4.3.2 Results

4.3.2.1 Willow tit

The simulated potential climate space of willow tit (Parus montanus) under the baseline climate
closely matches its distribution (Figure 4.41).  The former, however, extends into parts of England
where this species is not found, notably in the Fens and Somerset Levels areas.  This discrepancy
probably arises because suitable habitat (mature woodlands) is lacking or highly fragmented in these
areas.  The simulated climate space does not include parts of north east England where willow tit
breeds, but the reason for this is unclear.

Under the UKCIP98 Low climate change scenarios for the 2020s and 2050s the potential distribution
of willow tit does not change substantially (Figure 4.41; Table 4.3).  It shifts northwards, with areas of
expansion in northern Wales, central Scotland and the Scottish borders but areas of retraction occur in
coastal areas of southern England and southern Wales.  Similar changes occur with the 2020s High
scenario, but with a greater expansion in the north and a marked retraction in southern England,
leading to an overall reduction in potential climate space in Britain and Ireland.  With the 2050s High
scenario the potential distribution becomes restricted to northern England, northern Wales, Scotland
and Northern Ireland.  Under all four scenarios the potential climate space of willow tit includes areas
of Northern Ireland.

Willow tit prefers mature, damp, broadleaf woodland, nesting in cavities in dead wood and foraging
mainly on insects (Perrins 1979).  It is a resident, sedentary species and adults tend to defend the same
areas in consecutive years.  It is thought to be declining in Britain in terms of population size and
distribution (Gibbons et al., 1993; Crick et al., 1998; Vanhinsbergh et al., in prep; Siriwardena, 2001
(unpubl.)).  Losses have occurred throughout its British range (Gibbons et al., 1993).  The reasons for
its decline are unknown but could be linked to an increase in avian predators such as woodpeckers
(but see Siriwardena 2001 (unpubl.)), a reduction in the availability of deadwood due to forest
management, a reduction in mature broadleaf stands, interspecific competition from other birds, or a
reduction in the quality of woodland understorey due to an increase in grazing pressure
(Vanhinsbergh et al. in prep).

Although the potential climate space of willow tit is predicted to expand in some northern areas of
Britain under climate change, changes in its climate space will not necessarily be accompanied by
changes in its distribution, which will depend on the location and quality of woodland habitats.  The
expansion of willow tit in Scotland may be limited by the fact that many highland woods are heavily
grazed and consequently have a simple structure often containing little deadwood, which willow tits
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need for nesting.  The colonisation of Northern Ireland and areas off the west coast of Scotland is
unlikely given the sedentary nature of this species.

This study indicates that small changes in climate will have little effect on the potential climate space
of willow tit in Britain and Ireland.  More extreme changes in climate, however, are likely to be
unfavourable for this species, particularly for birds breeding in southern England.  The mechanisms
behind this are unknown but it is possible that an increase in summer temperature in southern areas
will dry out many woodlands, making them unsuitable for willow tit.  Although the current patterns of
willow tit decline are unlikely to be explained by climate change, a reduction in its climate space due
to more extreme changes in climate may interact with other factors to accelerate the rate of decline.
This is unlikely to be counteracted by a northward expansion in their range (see above).  Therefore,
climate change may have serious negative consequences for the willow tit population in Britain.

4.3.2.2 Capercaillie

The capercaillie (Tetrao urogallus) is confined in Britain to Scotland, mainly the eastern Highlands.
It occurs in most of its simulated potential climate space under the baseline climate, although its
actual distribution is more fragmented and covers a slightly larger area (Figure 4.42).  The patchy
distribution of capercaillie probably reflects the distribution of its habitat in Scotland, where it is
restricted to Caledonian pinewoods and conifer plantations (Gibbons et al., 1993).  The potential
climate space of capercaillie is reduced under all climate change scenarios and in the worst case
(2050s High) it almost disappears, with a reduction of almost 99% from its current distribution
(Figure 4.42; Table 4.3).

Capercaillie has declined in numbers in most of its European range since the mid-1970s (Cramp and
Simmons, 1980; Moss, 1994).  In Scotland the basic problem is one of low breeding success, though
deaths due to strikes on deer fences are also a contributory factor.  Several hypotheses have been
advanced to explain the poor breeding success in Scotland.  These include habitat loss as a result of
changes in silviculture, reduction in habitat quality as a result of over-grazing by deer, increased
predation, widespread pollution and changing weather patterns (Baines et al., 1994; Catt et al., 1994;
Moss 1994; Baines and Summers, 1997; Moss et al., 2000).

A recently published analysis by Moss et al. (2001) shows that breeding success since 1975 has
indeed been related to various aspects of weather and strongly suggests that increasingly protracted
spring warming has been a major cause of decline in the capercaillie in Scotland.  Capercaillie have
been more successful when temperatures have been relatively high in early April and this is thought to
have improved the state of nutrition of the hens and the ultimate survival of their chicks.  There has
been a trend of increasing delay in the warming of April temperature so this can be regarded as a
climate change effect.  Scottish capercaillie also reared more chicks in years when late May and early
June were warmer and drier but, unlike the pattern of April temperature, there has been no trend in
these weather variables since the mid 1970s (Moss et al. 2001).

The current study indicates that climate change will be highly detrimental for the Scottish capercaillie
population.  Given its current status and sensitivity to climate change, the outlook for the British
population of capercaillie is bleak.

4.3.2.3 Oystercatcher

There are some large discrepancies between the simulated potential climate space of oystercatcher
(Haematopus ostralegus) under the baseline climate and its actual distribution (Figures 4.43 and
4.44).  This is because the observed distribution is very patchy in Britain, Ireland and Europe, with a
coastal bias in some areas (e.g. Scandinavia) but also scattered occurrences in inland areas (e.g.
central Scotland and parts of central eastern Europe).  Patchy distributions are extremely difficult to
simulate successfully, but the SPECIESv2 model does succeed in simulating the core areas of
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occurrence with some degree of accuracy (the Kappa coefficient of agreement between simulated and
observed is 0.66 for Europe and 0.75 for Britain and Ireland).  The simulated distribution does not
include parts of East Anglia or western Scotland that have been colonised by oystercatcher, but
includes large sections of south west Ireland and south west England, where it is absent.   Given these
discrepancies, the interpretation of the models should be viewed with caution.

Changes in the potential climate space of oystercatcher are predicted to be small (<10%) under all
climate change scenarios (Figure 4.44; Table 4.3).  The 2050s Low scenario shows suitable climate
space in parts of inland East Anglia which are already occupied by this species.  Potential suitability
expands further in eastern England under the High scenarios, but it decreases in many parts of
Scotland and north east England.  The distributions under the High scenarios, especially that for the
2050s, are very different indeed from the current distribution and those predicted under the Low
scenarios.

Oystercatcher is primarily a bird of coastal habitats, but over recent decades it has spread increasingly
inland in some parts of Britain, and commonly breeds along river valleys and in agricultural areas
(e.g. Smith, 1983; Briggs, 1984).  The change in habitat use by oystercatcher may represent a
behavioural adaptation in response to increased predation in some coastal areas (e.g. Safriel, 1985)
and this may partly explain the poor fit between the simulated and observed distributions.

This study suggests that the distribution of oystercatcher may not be sensitive to changes in climate,
although, of those species studied, the model for oystercatcher was the least satisfactory.  The lack of
response of oystercatcher to climate change indicated here is surprising, given that they have
advanced their laying date in recent years (1971-1995, Crick et al., 1997).  This species may benefit
from changes in the carrying capacity of estuaries associated with sea level rise (see Chapter 6),
although the effects this will have at the population level are unclear.

4.3.2.4 Reed warbler

The simulated potential climate space of reed warbler (Acrocephalus scirpaceus) under the baseline
climate closely matches its distribution (Figure 4.45).  Its actual distribution is noticeably patchier,
probably due to its strong association with Phragmites beds, which have a patchy distribution.  The
potential distribution of reed warbler increases under all climate change scenarios and expands more
under the High than the Low scenarios (Figure 4.45; Table 4.3).  It expands in south west England,
coastal parts of Wales, northern England, the Scottish borders, central Scotland and Ireland.

As well as occupying more extensive reed beds, reed warbler is found in reed stands along the fringes
of waterways and gravel pits and it feeds mainly on insects.  Although there is little reliable
information on the numbers of reed warbler breeding in Britain and Ireland, its range has expanded in
recent decades, particularly in northern England and Wales, and it has colonised Ireland (Gibbons et
al., 1993).  It is not known whether this expansion is linked to climate change.  Reed warbler now
breeds regularly in Ireland and Scotland and may expand in these areas, as well as in other areas of
Britain, if potential climate space is available, especially as suitable habitat is likely to exist in many
areas that are not currently occupied.

4.3.2.5 Nuthatch

The simulated potential climate space of nuthatch (Sitta europaea) closely matches its distribution,
but the former covers parts of eastern England and Scotland where it is not found (Figure 4.46).  The
most likely explanation for this discrepancy is the fact that nuthatch is highly sedentary and high costs
of dispersal associated with these areas prevent it from settling (Matthysen and Currie, 1996; Bellamy
et al., 1998).
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Under the Low scenarios for the 2020s and 2050s, the potential suitability of nuthatch is predicted to
increase northwards and westwards in England and Wales, expand in Scotland and extend into Ireland
(Figure 4.46; Table 4.3).  Similar effects occur under the High scenarios but to a greater extent, with
potential climate space being found in the islands off the west coast of Scotland, including the Outer
Hebrides.  Under the 2050s High scenario, the area of potential suitability retracts markedly in south
east England and around the south coast.

Nuthatch breeds mainly in mature deciduous woodland and feeds on arthropods associated with tree
bark.  It is increasing in Britain in both population size and range (Gibbons et al., 1993; Crick et al.,
1998).  The reasons for this are unknown, but it is unlikely to be linked to an increase in habitat
availability (see Vanhinsbergh et al., in prep).  Crick et al. (1997) found that the average laying date
of this species became significantly earlier between 1971 and 1995, a period over which the climate
has changed (e.g. Jones and Hulme, 1997; Hulme 1999).  The productivity of this species has also
increased (Crick et al., 1998), but it is unknown whether this is due to climate change or other factors
and the effect at the population level is unknown.

This study suggests that in the short term, climate change will favour nuthatch and, given available
habitat, this species is likely to continue to increase in Britain.  It predicts the occurrence of potential
climate space for nuthatch in Ireland, but the colonisation of Ireland is unlikely given the sedentary
nature of this species.  Furthermore it is unclear whether there would be sufficient mature woodland to
support viable populations in many parts of Ireland.  Although the mechanisms determining the
suitability of different climates for nuthatch are unknown, milder winters are likely to benefit this
species as its breeding density is often related to winter food supplies (Nilsson 1987).  Under more
extreme, long-term changes in climate, nuthatch may be lost from south east England, but the large
populations in the south and west of England and Wales (Gibbons et al., 1993) are likely to remain.

4.3.2.6 Turtle dove

The simulated potential climate space of turtle dove (Streptopelia turtur) under the baseline climate
closely matches its distribution (Figure 4.47).  The majority of the area of simulated suitability is
occupied, but outlying populations in Scotland, western Wales and western England are below the
probability cut off level for deriving the presence/absence map (less than 0.3).  Under the Low climate
change scenarios for the 2020s and 2050s the potential climate space of turtle dove does not change
substantially (Figure 4.47; Table 4.3).  It expands slightly in south west England, Scotland and
Ireland.  Under the High scenarios it expands further westwards to cover most of south west England
and Wales (with the exception of central parts of Wales).  With the 2050s High scenario the potential
area of suitability covers a large proportion of Ireland.  Note that the species has seldom bred in
Scotland and Ireland in recent decades so caution must be exercised in assuming that it will colonise
these countries in the future.  As a migrant species, however, it may have greater capacity to colonise
than the highly sedentary species, such as nuthatch and willow tit.

Turtle dove is a long-distance migrant and breeds predominantly in agricultural areas, feeding on the
seeds of weedy plants (Murton et al., 1964; Calladine et al., 1997).  It is in severe decline in Britain
(Crick et al., 1998) and its distribution has contracted markedly in recent decades, particularly in the
western part of its range (Gibbons et al., 1993).    The reasons for this are unknown, but may be linked
to a reduction in the quality of its breeding habitat (Calladine et al., 1997) due to intensive grassland
management (reviewed by Vickery et al., 2000) and the use of herbicides in arable areas, or to
changing weather conditions or habitat quality on its wintering grounds.

This study indicates that climate change results in increases in the potential climate space of turtle
dove in Britain and Ireland, probably because of its affinity for a warmer, drier climate with little
rainfall.   This is consistent with a previous study on this species which predicted a northwards and
westwards expansion in its range with a 3°C rise in temperature, when controlling for habitat
variables (Gates et al., 1994).  The current contraction in the distribution of turtle dove is contrary to
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what might be predicted under climate change, indicating that factors other than climate are causing
its decline.  The rate of decline is high and it is unclear whether improvements in climatic conditions
will be sufficient to halt or reverse the current trend.

4.3.2.7 Yellow wagtail

The potential climate space of yellow wagtail (Motacilla flava) under the baseline climate closely
matches its distribution and virtually all of the simulated area is occupied (Figure 4.48).  Its
distribution is patchier than the potential climate space, perhaps due to local variation in habitat
availability, although its exact habitat requirements are poorly understood.    Notably, the simulated
area excludes parts of north east England and south east Scotland where it breeds.  A similar effect
was found for willow tit but the reasons for it are unclear.

Under the Low climate change scenarios for the 2020s and 2050s there will be little change in the
potential climate space of yellow wagtail (Figure 4.48; Table 4.3), with a slight expansion in Scotland
and around the southern and south west coast of England and southern Wales.  Under the High
scenarios the expansion in western coastal areas is more pronounced and the area of potential
suitability expands further in northern Wales and southern England.  Following an expansion in the
potential distribution in Scotland for the 2020s scenario, the High scenario for the 2050s results in a
reduction in climate space in Scotland and the Scottish borders but a substantial expansion inland is
predicted to occur in Ireland.

Yellow wagtail is a long distance migrant and feeds mainly on spiders and flies.  In recent decades,
the breeding range of yellow wagtail in Britain has contracted, particularly in southern Wales, coastal
areas of southern England and on farmland in south/south west England, becoming more concentrated
in the central and east Midlands (Gibbons et al., 1993).  The reasons for this are unknown.  The
replacement of grassland with arable land and the intensification of grassland management may
explain the losses of yellow wagtail from some areas (Chamberlain and Fuller 2000; Vickery et al., in
press), but factors operating on its wintering grounds may also be important.    

This study indicates that climate change will be largely beneficial for yellow wagtail in Britain and
Ireland, and increase the potential suitability of this species in many areas where outlying populations
already occur.  An expansion in the range of yellow wagtail due to climate change, however, would
be contrary to the current decline.

4.3.2.8 Nightingale

The simulated potential climate space of nightingale (Luscinia megarhynchos) under the baseline
climate closely matches its distribution (Figure 4.49).  However, the latter is patchier, probably due to
the patchy distribution of dense scrub or woodland which is the main habitat of this species in Britain
(Fuller et al., 1999).  Notably, its distribution extends further northwards than the simulated area
shown in the presence/absence map and this is reflected in the probability map.  The potential climate
space of nightingale extends northwards and westwards under all the climate change scenarios,
leading to an increase in the total area of suitability in Britain (Figure 4.49; Table 4.3).   Under the
2050s High scenario, south east England becomes unsuitable for nightingale according to the
presence/absence map although there is still a low probability of suitability for this region (ranging
from 0.1 to 0.5).

Nightingale is a long-distance migrant and males may exhibit a high breeding site fidelity (Cramp,
1988).  It is found predominantly in areas containing dense scrub or woodland and feeds mainly on
ground-dwelling invertebrates.  The expansion in the breeding range of nightingale under climate
change indicated here is consistent with a previous study by Wilson et al. (submitted) but is contrary
to an observed contraction in the breeding range of this bird in recent decades (Gibbons et al., 1993;
Fuller et al., 1999).  The reason why nightingale is declining in Britain is unknown but it could be
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linked to a reduction in habitat quality on its breeding grounds, or to changes in habitat or weather
conditions on its wintering grounds (reviewed by Fuller et al., 1999).

This study indicates that moderate or short-term changes in climate will benefit nightingale in Britain.
The response of this species to climate change will depend, however, on the factors limiting its
current distribution and the interaction between these factors and climate.  Even if nightingale
responds to improved climatic conditions e.g. through increased productivity or survival, this may
serve only to reduce the current rate of decline rather than halt or reverse it.  The response of
nightingale to climate change will also depend on its tendency to disperse.  Although potential
nightingale habitat is probably available in many parts of Britain (Fuller et al., 1999), high male site
fidelity in this species may limit its tendency to colonise new areas.  Thus, the potential range
expansion into coastal south west England, coastal Wales and Ireland (predicted under the High
scenarios) may not be realised.

Longer term and more severe changes in climate may have a negative effect on nightingale in south
east England. The mechanisms behind this are unclear, but it could be that warmer and drier
conditions in this area will reduce the suitability of soils for many insects on which nightingales feed.
Given that south east England is the first area to be occupied by nightingale when it arrives from
migration (Huin and Sparks, 2000) and forms the core of this species’ range in Britain (Fuller et al.,
1999) such effects could have a severe impact on the British nightingale population.

4.3.2.9 Snow bunting

The simulated distribution for snow bunting (Plectrophenax nivalis) shows it occurring in the North
West Highlands and Grampians in Scotland.  It also shows it in parts of Ireland, the Southern
Uplands, Lake District, Pennines and Wales, which are outside its normal range although the
probabilities for these areas are relatively low (Figure 4.50).  This is possibly not unreasonable in
climatic terms.  The four climate change scenarios show very similar patterns of potential climate
space - in each case this is centred on the western Highlands.  Under the Low scenarios and the 2020s
High scenario, the species is predicted to occur in Ireland, the Southern Uplands, Lake District and
Wales but with a very low probability.  The species is predicted to largely disappear from these
outlying areas under the 2050s High scenario.

Snow buntings breed on the highest parts of mountains, often near late snow beds, as these delay
insect emergence, leading to plentiful food on thawing, both at and outside the receding snow edge
throughout the summer.  These snow patches may decrease in frequency and duration with climate
change and the success of snow bunting depends on finding adequate food supplies.  At present late
lying snow can delay breeding and so decrease its success, as can fresh summer snow falls (Watson,
1996).  The numbers breeding and over-wintering have increased slightly since the 1960s (Watson
and Smith 1991, Thom 1986).  It has been suggested that numbers are dependent on long-term
climatic trends, with an increase in breeding populations after harsh winters because birds would be
attracted to the late-lying snow fields.  However, there appears to be no relationship between spring
snow cover and population size (Milsom and Watson 1994).  Nonetheless, numbers might well
decrease with increased temperatures, as they retreat further north to breed.  Also, they nest in open,
broken ground; such terrain, even at high altitudes, may be invaded by vegetation as the climate
becomes warmer.  Breeding snow buntings, therefore, could become more infrequent in the future,
especially as they lose suitable climate space.  Over-wintering snow buntings have a much greater
range and can be found around the coast of Britain and in parts of Ireland, but they too might decrease
in numbers, as over-wintering conditions further north become less severe.

4.3.2.10 Red-throated diver

The simulated distribution for red-throated diver (Gavia stellata) shows it occurring in north west
Scotland, including the Orkneys, Shetlands and Outer Hebrides, and north west Ireland (Figure 4.51).
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The simulated distribution fits the current distribution very well with two exceptions.  First, scattered
breeding records at the east of the Scottish range, south of the Moray Firth, are not predicted by the
simulation.  Second, the species is predicted to occur in parts of southern Ireland, outside its current
distribution, but at a low level of probability.

The four climate change scenarios show rather little change from the current distribution, with the
core of the range remaining firmly in north west Scotland.  One difference, however, is that the
species is predicted to occur in areas of western Ireland where it is currently absent, albeit with a
generally low probability.  Under the 2050s High scenario there is some fragmentation of climate
space notably in Orkney and to some extent in north west Ireland.

The first national survey of breeding red-throated divers in Britain was carried out in 1994 (Gibbons
et al., 1997).  It estimated that 46% of the population is in Shetland, 11% in Orkney and 43%
elsewhere.  Earlier surveys had suggested that in Shetland the numbers were stable or increasing
(Gomersall et al., 1984), but the more recent survey suggested that numbers have decreased here by a
third since 1983, that Orkney is probably stable and trends elsewhere are unknown.  It also showed
that breeding success was greater in Shetland than on the mainland.  If climate change were to affect
the suitability of Shetland and Orkney, the implications for the status of the species in Britain would,
therefore, be especially serious.  This study suggests that there may be some loss of climate space in
Orkney.  Large numbers over-winter on the coasts of Britain and Ireland, particularly on the east of
Britain, west of Scotland, north west of Wales and all round Ireland (Lack, 1986).  It is associated
with shallow inshore waters and sandy bays and the availability and character of these wintering areas
may be affected by sea level rise.

Table 4.3:  Number of grid cells indicating a presence for each bird species.  Note that the total
number of grid cells in Britain and Ireland is 3785.

UKCIP98 climate change scenariosBird species Base climate

2020s Low 2020s High 2050s Low 2050s High
Willow tit 1225 1279 926 1223 398
Capercaillie 81 56 15 33 1
Oystercatcher 1844 1669 1565 1599 1625
Reed warbler 980 1236 1850 1384 2445
Nuthatch 1533 1880 2540 2201 2694
Turtle dove 983 1101 1318 1168 2047
Yellow wagtail 1001 1169 1422 1277 1722
Nightingale 493 814 856 815 691
Snow bunting 19 45 42 48 33
Red-throated diver 369 397 347 383 305
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(a) (b)

(c) (d)

(e) (f)

Figure 4.41:  SPECIESv2 model results for willow tit (Parus montanus): (a) observed distribution;
(b) simulated current distribution (1961-90); (c) 2020s Low scenario; (d) 2020s High scenario; (e)
2050s Low scenario; and (f) 2050s High scenario.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.42:  SPECIESv2 model results for capercaillie (Tetrao urogallus): (a) observed distribution;
(b) simulated current distribution (1961-90); (c) 2020s Low scenario; (d) 2020s High scenario; (e)
2050s Low scenario; and (f) 2050s High scenario.
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(b)

Figure 4.43:  SPECIESv2 model results for oystercatcher (Haematopus ostralegus) at the European
scale: (a) observed distribution; and (b) simulated current distribution (1961-90).
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(a) (b)

(c) (d)

(e) (f)

Figure 4.44:  SPECIESv2 model results for oystercatcher (Haematopus ostralegus): (a) observed
distribution; (b) simulated current distribution (1961-90); (c) 2020s Low scenario; (d) 2020s High
scenario; (e) 2050s Low scenario; and (f) 2050s High scenario.
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(c) (d)

(e) (f)

Figure 4.45:  SPECIESv2 model results for reed warbler (Acrocephalus scirpaceus): (a) observed
distribution; (b) simulated current distribution (1961-90); (c) 2020s Low scenario; (d) 2020s High
scenario; (e) 2050s Low scenario; and (f) 2050s High scenario.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.46:  SPECIESv2 model results for nuthatch (Sitta europaea): (a) observed distribution; (b)
simulated current distribution (1961-90); (c) 2020s Low scenario; (d) 2020s High scenario; (e) 2050s
Low scenario; and (f) 2050s High scenario.



Impacts on terrestrial environments          123
___________________________________________________________________________

(a) (b)

(c) (d)

(e) (f)

Figure 4.47:  SPECIESv2 model results for turtle dove (Streptopelia turtur): (a) observed
distribution; (b) simulated current distribution (1961-90); (c) 2020s Low scenario; (d) 2020s High
scenario; (e) 2050s Low scenario; and (f) 2050s High scenario.
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(c) (d)

 (e) (f)

Figure 4.48:  SPECIESv2 model results for yellow wagtail (Motacilla flava): (a) observed
distribution; (b) simulated current distribution (1961-90); (c) 2020s Low scenario; (d) 2020s High
scenario; (e) 2050s Low scenario; and (f) 2050s High scenario.
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(c) (d)

(e) (f)

Figure 4.49:  SPECIESv2 model results for nightingale (Luscinia megarhynchos): (a) observed
distribution; (b) simulated current distribution (1961-90); (c) 2020s Low scenario; (d) 2020s High
scenario; (e) 2050s Low scenario; and (f) 2050s High scenario.
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(c) (d)

(e) (f)

Figure 4.50:  SPECIESv2 model results for snow bunting (Plectrophenax nivalis): (a) observed
distribution; (b) simulated current distribution (1961-90); (c) 2020s Low scenario; (d) 2020s High
scenario; (e) 2050s Low scenario; and (f) 2050s High scenario.
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(c) (d)

(e) (f)

Figure 4.51:  SPECIESv2 model results for red-throated diver (Gavia stellata): (a) observed
distribution; (b) simulated current distribution (1961-90); (c) 2020s Low scenario; (d) 2020s High
scenario; (e) 2050s Low scenario; and (f) 2050s High scenario.
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4.3.3 Discussion

Although the SPECIESv2 model used in this study is valuable in that it allows an objective
description of the potential climate space of birds across Britain and Ireland, the interpretation of the
model outputs should be viewed with caution for several reasons.

Many birds display strong associations with particular habitat types.  Habitat was not included in
training the SPECIES model because consistent data sets do not exist for the wider European region.
Thus, such associations are likely to lead to discrepancies between observed distributions and
simulated areas of potentially suitable climate.  It must also be borne in mind that predictions under
the different climate change scenarios only consider the effects of climate.  It is therefore likely that
the model may predict the presence of a species in an area where there is no suitable breeding habitat.
For example, the potential climate space of nuthatch spreads to the Outer Hebrides under the 2050s
High scenario, but this woodland species is extremely unlikely to occupy this area which is largely
devoid of trees.

The change in the distribution of a species will depend on the temporal and spatial changes in its food
supply or nesting habitat and the rate of these changes.  The availability of nesting habitat and food is
likely to alter for many birds under climate change.

The presence of birds may depend on their tendency to disperse.  Some species, such as nuthatch and
willow tit, are extremely sedentary and may occupy the same location in consecutive years.  High site
fidelity may reduce the tendency of a species to colonise new areas situated a long distance from its
current range or where suitable habitat is relatively isolated.  Many birds that breed in Britain are
absent from Ireland and this may partly be because they will not disperse across the Irish Sea.  The
population dynamics of a species will also determine how its distribution tracks changes in its
potential climate space.  If a species is in decline it may not necessarily expand its range in response
to an increase in its area of climatic suitability.  Improving climatic conditions may slow the rate of
decline but they may not necessarily halt or reverse it.   Similarly, a reduction in potential climate
space may cause a disproportionate decrease in an already declining species.

The modelling procedure described here assumes that the relationship between birds and climatic
factors is fixed.  It is possible, however, that birds will adapt to changing climatic conditions and this
could lead to changes in the levels of parameters describing their potential climate space.  If this
occurred then the predicted response under the climate change scenarios would be misleading
(although the simulations would probably err on the conservative side for the potential future
distribution).  Some important climate variables, which potentially influence some species, were not
available in the baseline climatology and climate change scenarios and hence could not be used in the
SPECIES model.  For example, snow cover influences over-winter survival in many resident birds
(Greenwood and Baillie, 1991; reviewed by Newton, 1998).

4.4 Impacts on karst geomorphological features

4.4.1 Background

Karst is a term given to landforms produced dominantly by solutional processes.  Within Britain and
Ireland such landforms are mainly developed on limestone, although they can also develop in other
soluble rocks, such as gypsum and rock salt.  Not all limestone outcrops in Britain and Ireland have
karst features developed on them (usually because they lack the purity and strength required).  Gunn
et al. (1998) claim that within Britain ‘there is probably a greater range of karst landforms than in any
area of comparable size in the world.’
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There are several notable karst areas in Britain and Ireland (Gunn, 1994; Waltham et al., 1997; Karst
Working Group, 2000), mostly developed on Carboniferous limestones (see Table 4.4).

Table 4.4:  Limestone karst environments in Britain and Ireland.

Geology Locations
Carboniferous limestone Yorkshire Dales, Peak District, North Wales, South Wales (Forest of Dean),

Mendip Hills, The Burren, Aran Islands, Cuilcagh
Jurassic limestone East Yorkshire, Lincolnshire, Cotswolds, Isle of Portland, West Scotland

(Applecross peninsula)
Cretaceous chalk Chalk downs
Dalradian North Scotland, Northern Ireland
Durness Durness / Assynt / Traligill
Silurian Wenlock area
Devonian South Devon and Quantocks
Permian East of Pennines, Magnesian limestone

Of these, the Carboniferous limestone areas are the most important in terms of karst geomorphology.
According to Gunn (1994) the five Carboniferous limestone karst areas in Britain ‘have similar
climates and roughly comparable altitudes’.  However, they differ in hydrogeology and
hydrogeochemistry, the history of landscape evolution and cave development, and the nature and
severity of human impacts.  Within Ireland, Carboniferous limestone is the most common rock
formation, underlying approximately half the country.  Over 75% of the limestone area is lowland
karst and the remainder is upland karst (Williams, 1970, Gunn, 1982).  The central plain area of
Carboniferous limestone has many karst features, especially west of the Shannon, such as turloughs.
However, amongst the Irish karst the Burren is undoubtedly the major area, as described by Cabot
(1999, p.192) ‘… there is no place to rival the Burren, Co. Clare – either in Ireland or in Britain –
where the legacy of largely naked Carboniferous limestone occurs in its purest and most extensive
form’.

Karst landscapes are influenced by three main factors: the geological setting, the influence of events
within the Quaternary (the last c. 1.8 million years), and recent processes (usually taken to cover
events within the Holocene or the last c. 10,000 years).  Typical landforms within karst areas are:

• Large scale, such as cave systems and poljes (large closed depressions).
• Medium scale, such as limestone pavements, gorges and dry valleys.
• Small scale, such as tufas, cave deposits (such as speleothem) and dolines.

Many of these landforms, especially those in the large scale category, have formed over thousands to
millions of years.  However, many small features (such as tufas and speleothem) are very sensitive to
changes in the geomorphological process-regime over the 10 to 100 year timescale.

Several types of human activity threaten karst landforms today and over the coming century:

• Direct destruction including quarrying (Gunn and Bailey, 1993), removal of limestone pavement
blocks for rockeries (Goldie, 1993a), construction of road cuttings, tunnels, and the breaking and
removal of cave speleothem.

• Dumping material in dolines which can block them and lead to underground pollution.
• Pollution from agriculture (Hardwick and Gunn, 1993), industry and urban runoff which can

infiltrate groundwater.
• Extraction of streamwater and extraction of groundwater which can lead to a reduction in

streamflow and have knock-on effects on tufa deposits (Goudie et al., 1993) and stream ecology.
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• Air pollution in terms of acid deposition which can accelerate and alter dissolution processes
(Trudgill and Inkpen, 1993).  According to Ford and Williams (1989) acid rain at pH 3 will
dissolve 50% more calcium carbonate (CaCO3) than ‘normal’ rainwater falling on bare rock.

• Climate change in terms of altered air temperature, rainfall regimes and the concentration of
atmospheric carbon dioxide (CO2).

These activities mainly threaten medium and small scale karst landforms, although quarrying leaves
large scars across the landscape equivalent in size to the largest surface karst landforms.
Investigations of the likely impacts of climate change must consider the complicating impacts from
these other threats, and focus on particularly sensitive karst landforms and landscapes.

4.4.2 Climate change influences on karst environments

4.4.2.1 Impacts on karst geomorphological processes

Karst landscapes are affected by a range of geomorphological processes all of which will be
influenced in some way by climate change.  The most important processes operating in karst
environments in Britain and Ireland are:

(i) Limestone dissolution by carbonated water, as expressed by the summary equation 4.1.
Dissolution occurs in all parts of the karst system, from bare rock surfaces to subsoil and cave
environments.

CaCO3  +  H2O  +  CO2               Ca+  +  HCO3
- [4.1]

(ii) Reprecipitation of CaCO3 (as equation 4.1 is reversible) in the form of speleothems, tufa deposits,
etc.  Reprecipitation can occur in all parts of the karst system, but in Britain and Ireland the major loci
of reprecipitation are freshwater streams and springs, lake shores and caves.

(iii) Freeze-thaw and wetting and drying weathering processes.  Both of these involve water and
temperature oscillations and are cyclic weathering processes which affect thinly bedded, porous rocks
in particular.  Such weathering processes mainly affect exposed bedrock at the earth’s surface, as cave
and subsoil environments are blanketed against large temperature changes.

(iv) Mass movements.  All slopes on the earth’s surface may be affected by mass movements, in which
material is moved downslope at fast or slow rates under the influence of gravity.  Mass movements
include landslides, mudflows and soil creep and are often initiated by heavy rainfall or tectonic
movements.  Mass movements affect bare rock and soil covered slopes.

(v) Fluvial erosion (corrasion).  The ability of flowing water to erode bedrock through the action of
mineral particles suspended in the water is well known.  This process may occur within surface
watercourses in karst areas, and also within cave streams.

All five of these geomorphological processes will be affected in direct and indirect ways by future
changes in climate as shown in Figure 4.52 and discussed in more detail below.
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Figure 4.52:  Conceptual model of the impacts of climate change on karst geomorphology.

Dissolution

Climate change will have the following direct effects on dissolution:

• Rising temperatures will affect the rates of the chemical reactions involved in the dissolution of
limestone, as summarised in equation 4.1.  Many reactions will be encouraged, but both the
dissolution of CO2 and CaCO3 in water are depressed as temperature rises.  Overall, unless there
are abrupt changes in vegetation cover, the temperature increases predicted under the UKCIP98
scenarios are unlikely to provide a major influence on karst dissolution rates and thus are ignored
in Figure 4.52.

• Increased CO2 concentration in the atmosphere will encourage limestone dissolution by providing
more CO2 which will drive the equilibrium in equation 4.1 towards the right hand side.
According to Trudgill and Inkpen (1993) the rise in CO2 predicted for the next 100 or so years
will produce insignificant increases in dissolution rates.

• Changes in rainfall and evaporation will affect runoff volumes, and thus control the amount of
H2O available for the dissolution reaction in different parts of the karst system.  Given the strong
control exerted by runoff on dissolution rate (see Ford and Williams, 1989) this is likely to be the
most important influence of climate change on karst dissolution.

Climate change will also have the following indirect effects on dissolution:

• Increased air temperature, CO2 levels and runoff volumes will influence vegetation cover and in
turn the production of organic acids and soil CO2.  More soil CO2 and acids will encourage further
limestone dissolution.
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Reprecipitation of CaCO3

Climate change will directly influence reprecipitation through the same mechanisms identified for
dissolution above.  Increased dissolution of limestone will lead to an increased dissolved load in karst
waters and thus an increased potential for reprecipitation of these dissolved ions at other points
within the environment (for example in cave systems or around tufa-depositing springs).
Furthermore, climate change will:

• Alter runoff regimes which will influence water flows in rivers, overland flow and subsurface
flow.  Increased turbulence and/or evaporation will promote degassing of CO2 and encourage
precipitation of dissolved CaCO3.

Climate change will also have indirect effects on reprecipitation as follows:

• Increased air temperature, CO2 levels and runoff volumes will influence the growth of freshwater
biota which play a role in the precipitation of tufas.

Freeze-thaw and wetting and drying weathering

Increased winter temperatures would reduce the occurrence of freeze-thaw cycles and thus decrease
the activity of freeze-thaw weathering.  On the other hand, drier summer conditions would encourage
more wetting-drying cycles on rock surfaces, thus facilitating weathering through wetting and drying
processes.  Indirectly, climate change may encourage the growth of lower plants and other organisms
on bare rock surfaces which will help protect them from the action of freeze-thaw and wetting and
drying.  However, some of these organisms are themselves capable of weathering limestone (Jones,
1965; Trudgill, 1985) although their action is usually quite slow and small scale.

Mass movements

Several papers have reported recently on the likely impacts of global warming on mass movement
occurrence in Britain (Goudie, 1996).  Collison et al. (2000) conclude, from a study of south east
England, that climate change will not have a significant effect on large landslides, and will reduce the
number of small landslides depending on the balance between evaporation and rainfall in the future.
Limestone areas possessing steep slopes, and combinations of permeable and impermeable beds (e.g.
parts of the Cotswolds Jurassic limestone escarpment) may be particularly vulnerable to mass
movement activity and if climate change in such areas produces more rain and less evaporation slope
failures may increase.

Fluvial erosion

Much of the British karst landscape is a fluviokarst landscape, i.e. it contains a mixture of ‘true’ karst
and fluvially sculptured valleys.  Furthermore, underground karst watercourses are also capable of
fluvial erosion where suitable sediment is available.  Future alterations in fluvial erosion as a result of
climate change are likely to be complex (see Tucker and Slingerland, 1997), but increases in effective
rainfall will cause increased runoff and the potential for higher rates of erosion.  Thus, some karst
streams (and importantly for this work, streams with tufa deposits) may experience higher flow and
erosion rates, producing erosion of bed, banks and in-stream tufa.  Higher winter flows and lower
summer flows are likely in the south and east, with higher flows all year in the north and west, thus
there is likely to be both spatial and temporal variability in increases in erosion.

4.4.2.2 Impacts on karst hydrology

In addition to the impacts that climate change will have on the geomorphological processes discussed
in Section 4.4.2.1, climate change is likely to affect the hydrological behaviour of karst systems.
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Karst hydrology involves a large component of underground flow through diffuse, fissured and
conduit aquifers, with resurgence of water onto the surface.  Changes in rainfall and evaporation will
influence the behaviour of these hydrological systems and affect the relationship between surface and
subsurface drainage.  Seasonally fluctuating karst features such as disappearing streams and turloughs
may be seriously affected.  In Ireland, the South Galway Flood Studies report investigated the likely
impacts of future climate change on flooding following intensive flooding in this karst area in 1994 to
1995.

4.4.2.3 Impacts on karst landforms

The impacts of climate change on karst geomorphological processes and hydrology, as documented in
the previous sections, will have consequences for sensitive landforms such as speleothem, tufa and
turloughs where changes in the process regime may cause erosion or alteration.  Thus, for example,
speleothems and tufa deposits may become eroded and cease deposition and turloughs may dry out.

4.4.3 Impacts of climate change on karst case study sites

The previous section conceptualised many of the different likely impacts that climate change may
have on the geomorphology of karst areas.  This section evaluates their relative importance and their
importance in relation to other, more direct, human impacts (such as quarrying and pollution) for five
case study sites.  It is clear that climate change will affect the balance of geomorphological processes,
and that this will result in impacts on sensitive landforms.  For example, fragile tufa deposits within
streams may be more prone to fluvial erosion, and sensitive cave speleothems may become subject to
dissolution and other forms of erosion.  In general, larger scale and less sensitive landforms such as
limestone pavements, dolines, dry valleys and gorges which have formed over the millennia are less
likely to be severely influenced by climate change – whereas direct human impacts, such as quarrying,
will continue to have serious consequences.

4.4.3.1 Case study sites

Five karst areas in four different bioclimatic classes, all with important conservation areas, have been
selected for more detailed study (Table 4.5).  In each case an assessment has been made of the
sensitivity of the karst geomorphology, bearing in mind the bioclimatic class in which the site occurs
and the predictions for climate change relevant to that class from the UKCIP98 scenarios for the
2020s and 2050s (Table 4.6).

As can be seen from Table 4.6 bioclimatic classes 2, 4 and 13 will experience increases in mean
annual effective rainfall (rainfall minus evapotransipration), although the High scenario for the 2050s
produces a more modest increase than the others.  Bioclimatic class 7 will experience a decrease in
mean annual effective rainfall under all scenarios.

Table 4.5: Details of the five karst case study sites.

Name Location Rock type Bioclimatic zone
The Burren County Clare, Ireland Carboniferous limestone 13
Cuilcagh County Fermanagh,

Northern Ireland
Carboniferous limestone 2

Assynt North Scotland Durness limestone
(Cambrian and Ordovician)

4

Mendip Hills South west England Carboniferous limestone 7
Yorkshire Dales North east England Carboniferous limestone 2



134          Climate change and nature conservation in Britain and Ireland
___________________________________________________________________________

Table 4.6:  Annual, summer and winter effective rainfall values (ER, mm) and mean annual
temperatures (T, °C) for the baseline climate (1961-90) and the UKCIP98 climate change scenarios
for the bioclimatic classes containing karst study sites.

Class Parameter Baseline 2020 Low 2020 High 2050 Low 2050 High
2 Annual ER

Summer ER
Winter ER
Annual T

869.6
15.7

394.4
7.6

886.1
12.5

407.8
8.1

910.8
9.0

424.9
8.9

889.6
11.8

411.3
8.4

888.0
-13.1
429.2

9.6
4 Annual ER

Summer ER
Winter ER
Annual T

1375.1
118.7
529.1

7.7

1396.6
119.4
541.8

8.2

1427.8
120.0
559.7

8.9

1402.5
119.0
546.1

8.4

1414.4
104.5
561.2

9.6
7 Annual ER

Summer ER
Winter ER
Annual T

112.7
-139.7
174.3

9.2

106.7
-156.3
185.1

9.7

103.2
-167.5
194.0
10.5

103.5
-157.1
186.5
10.0

51.2
-212.1
203.3
11.4

13 Annual ER
Summer ER
Winter ER
Annual T

407.6
-74.1
260.6

9.0

420.5
-79.0
272.9

9.5

445.9
-85.6
291.6
10.3

428.4
-79.1
278.7

9.8

419.3
-109.6
297.4
11.1

The Burren, Ireland

This Carboniferous limestone plateau, at between 200 and 300 m above sea level, covers some 367
km2 in north west County Clare.  An upland karst area, it was extensively glaciated from the north
east during the Pleistocene (especially during the last two glacial advances between c. 79,000 to
65,000 and 35,000 to 13,000 years ago respectively), and only the summit of Slieve Elva appears to
have remained ice-free during the last glaciation.  The karst stretches to the coast in the west and is
characterised by a wide range of landforms, including impressive limestone pavements, cave systems,
turloughs and dolines.  In terms of hydrology, there are several disappearing streams, one largely
permanent stream (the Caher), several seasonally flooded depressions (turloughs), a few permanent
lakes and over 150 springs (all mainly small).  Geomorphological and hydrological studies of the
Burren area have been made by Sweeting (1955), Tratman (1969), Williams (1966, 1970), Coxon
(1987a and 1987b) and Drew (1990) amongst others.  Biologically, the Burren is hugely important.
Although it covers c.0.5% of Ireland it holds 81% of the 900 native plant species and 22 of Ireland’s
orchid species occur here (Cabot, 1999).  Around 25% of the surface is covered by bare limestone,
with the remainder covered in relatively thin soils derived from glacial drift.

Estimates of dissolution rates of the Burren limestone range from 0.025 to 0.053 mm per annum (see
Williams, 1970) and annual effective rainfall is estimated by Drew (1990) as 908 mm.  In Table 4.6
annual effective rainfall for the average 1961-90 period is shown as 407.6 mm for bioclimatic class
13.

The most sensitive components of the Burren karst appear to be turloughs, the karst aquifer,
speleothem, limestone pavement surfaces and tufa.  There are six turloughs in the Burren according to
Coxon (1987a), several of which contain rare flora adapted to the fluctuating water levels (e.g. fen
violet which is listed in the Irish Red Data Book of vascular species – see Cabot, 1999).  Changes in
effective rainfall will influence the seasonal response of turloughs.  The karst aquifer here, described
by Drew (1990) as being dominated by rapid fissure and conduit flow, is also likely to be sensitive to
future fluctuations in effective rainfall.  Within the cave systems, of which the 11 km of galleries of
the Poulnagollum-Pollelva complex are the most impressive, there are some speleothems, including
gours (rimstone pools) and other forms.  Generally, however, repeated flooding has acted to limit
speleothem growth in many cave passages here.  Limestone pavement surfaces, which have been
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carved by glaciation and shaped further by sub-soil and sub-aerial limestone dissolution processes,
may also be sensitive to future changes in climate.  There are no major accumulations of tufa within
the Burren, although the lower Caher river, as it enters the sea exhibits interesting tufa accumulations
on its bed and many turloughs have extensive algal/carbonate crusts around them (Pentecost, pers.
comm.).

As shown in Table 4.6, the future climatic predictions for bioclimatic class 13 (of which the Burren is
a part) show increases in annual effective rainfall of between 12 and 39 mm (corresponding to the
2050 High and 2020 High scenarios, respectively).  Summer effective rainfall values (already in
deficit at present according to this classification) are predicted to decline by up to 36 mm (2050 High)
whilst winter effective rainfall values are predicted to rise by up to 37 mm (2050 High).  Mean annual
temperature increases from 0.5 to 2.1°C are also predicted (corresponding to the 2020 Low and 2050
High scenarios, respectively).  These predictions imply an increase in dissolution rates of between 3
and 9.5%, and a more pronounced drying out of turloughs in summer (especially under 2050 High
scenario).

The Cuilcagh karst, Northern Ireland

The Cuilcagh karst, in County Fermanagh contains ‘some of the finest karst scenery in the British
Isles’ (Gunn, 1982) but has received relatively little attention by geomorphologists and hydrologists.
It forms a triangular limestone shelf on the north side of the Cuilcagh Ridge, and is bounded in the
north east by an impressive scarp overlooking the Enniskillen lowlands (Williams, 1970).  The
surficial geomorphology is dominated by knoll-like topography with many small subsidence dolines,
with a lack of limestone pavements and turloughs.  There are five major underground drainage basins
in the area which have been mapped using water tracing techniques (Gunn, 1982), and the most
famous cave system here is the Marble Arch cave.  Marble Arch itself is greater than 4,500 m in
length and rates as the sixth largest cave in Ireland (Brown et al., 1999).

Sensitive components of the Cuilcagh karst include a nearby cave, Pollaraftra, which contains some
rare cave minerals which have never previously been reported from the temperate zone (Kelly and
Fogg, 1997).  Climate change may well have a deleterious effect on these as it may affect the
geochemical stability of the deposits.

As shown in Table 4.6, mean annual effective rainfall will increase by between 16 and 41 mm
(corresponding to the 2020 Low and 2020 High scenarios, respectively).  Summer effective rainfall
amounts decline under all scenarios (by 3 to 29 mm, under 2020 Low and 2050 High scenarios
respectively) and winter effective rainfall amounts increase from 13 to 34 mm (2020 Low and 2050
High respectively).  Mean annual temperature increases by between 0.5 and 2°C.  These predictions
imply an increase in mean annual dissolution rate of between 2 and 5% and potential (although
unquantified at present) impacts on cave mineral deposits.

The Assynt karst, Scotland

Unlike the major karst areas in Britain and Ireland, the small (c. 34 km2) Assynt karst is developed on
ancient Cambrian and Ordovician limestones and dolomites (Waltham et al., 1997).  The main karst
and caves are found in the Traligill and Allt nan Uamh basins.  Within the Assynt area, which is the
most recently deglaciated area within the British karst, the most obvious karst features are dolines, dry
valleys and springs.  Dolines and limestone pavements are scarce and the whole landscape counts as a
‘glaciokarst’.  The area has received some attention from geomorphologists and hydrologists (e.g.
Smart et al., 1986; Atkinson et al., 1995; Baker et al., 1995; Roberts et al., 1998).  The Traligill valley
‘contains Scotland’s finest karst scenery’ according to Waltham et al., (1997), and has some
impressive caves, the largest being the 2200 m of mapped passages within the Cnoc nan Uamh
system.  In the Allt nan Uamh valley there are ten caves which have been explored so far, two of
which are the most extensive systems in Scotland (Allt nan Uamh stream cave – with more than 1500
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m of mapped passages, and Uamh an Claonaite – with more than 2600 m of explored passages).  In
both valleys structural controls have been highly important in the development of the karst hydrology
and cave systems.  Although pavements are scarce here, they may be floristically important.

Sensitive components of the Assynt karst include speleothem within caves which have been used
extensively to provide palaeoclimatic information (e.g. Baker et al., 1995).  These may well be
vulnerable to climate change.

As shown in Table 4.6, bioclimatic class 4 (of which Assynt is a part) is currently characterised as the
wettest of the karst areas with over 1375 mm mean annual effective rainfall.  This is predicted to rise
by between 20 and 53 mm (for 2020 Low and 2020 High respectively).  The summer mean effective
rainfall will increase by a relatively small amount for all scenarios except 2050 High when it will
decrease by around 14 mm, whilst the winter levels will rise by 13 to 32 mm.  Mean annual
temperatures are predicted to rise by 0.5 to 1.9°C.  Mean annual dissolution rates should increase by
some 1.5 to 3.8% as a consequence of the increased effective rainfall.  Thus, it would appear that
there will be relatively minor changes in dissolution rates within the Assynt karst, and the speleothem
will not be vastly affected.

The Mendip Hills, England

The Mendip Hills lie to the south of Bristol and form a limestone plateau dissected by a series of dry
valleys, and underlain by a complex cave system (about 200 caves with a total length of c. 50 km are
known to exist).  Closed depressions and gorges are common landforms here, but limestone
pavements are absent and tufa deposits limited to small sites at Midsomer Norton, Rodney Stoke and
Wookey Hole according to Pentecost (1993).  Four main sandstone hills occur within the limestone
plateau influencing the water flow, and the area as a whole is classified as a ‘fluviokarst’. Both the
geomorphology and hydrology of the area have been well studied (e.g. Smith, 1975; Smith and
Newson, 1974; Ford and Stanton, 1968).  The Mendips contain the best example of deep phreatic
caves in Britain at Wookey Hole according to Waltham et al. (1997).  Unlike the other major karst
areas in Britain and Ireland, the Mendip Hills were not glaciated during the Pleistocene.

Sensitive components of the Mendip Hills karst include the cave systems, which have already
experienced some damage from local human activity.  The Mendips have been subjected to
considerable quarrying activity (Goldie, 1993b) and pressure from agriculture and cavers (Stanton,
1982).

As shown in Table 4.6, bioclimatic class 7, which includes the Mendips, is currently the driest of the
four classes under consideration here.  Mean annual effective rainfall is predicted to fall even further,
by 6 to 61 mm under the 2020 Low and 2050 High scenarios respectively, with intense declines (of
around 50% of current values) in summer effective rainfall and modest increases (between 11 and 29
mm) in winter effective rainfall.  Class 7 is also predicted to experience high rates of temperature rise
ranging from 0.3 to 2.2°C under the 2020 Low and 2050 High scenarios.  Thus, dissolution rates will
decline as less water is available for solution.  The predicted changes to rainfall imply a lowering of
dissolution rates of between 5 and 54% which will lead to a considerable reduction in the production
of speleothem, thus rendering them more vulnerable.  Furthermore, drying out of soils especially in
summer may well encourage instability on some of the steep slopes around some parts of the
Mendips.

The Yorkshire Dales, England

The Yorkshire Dales are one of the most impressive karst areas in Britain, with fine glaciokarst
landscapes and a series of large cave systems.  The topography is dominated by a near horizontal
mass of Carboniferous limestone.  Within this limestone are developed a whole gamut of karst
features, including large expanses of limestone pavement (roughly 50% of all British limestone
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pavement is in this area), sinks, gorges and dolines as well as an impressive range of tufa formations
(Pentecost, 1988).  According to Ward and Evans (1976) there are 219 individual limestone
pavements in North Yorkshire, covering an area of 421 ha.  Many of these pavements have huge
conservation importance, with Ward and Evans ranking four sites from the area within the top ten
most important sites on floristic grounds.  Webb (1995) reports that the Yorkshire pavements contain
a significant proportion of the British population of baneberry.  Pentecost (1993) records several
important British tufa sites here, including Gordale which at 7 m in height is one of the largest active
waterfall sites in Britain.  The extensive cave systems (greater than 1400 known caves with more than
300 km of mapped passages) contain almost half of Britain’s explored caves (Waltham et al., 1997)
including the longest (Ease Gill Cave system).  The scars (limestone cliffs) are also impressive
components of the landscape here, and Malham Tarn is internationally recognised as a Ramsar site.

Sensitive components of the Yorkshire Dales karst include the limestone pavements.  These have
already suffered from direct human activities (removal of rock) and acid rain and quarrying are also
thought to have affected vegetation and geomorphology here (Pentecost, 1992, Goldie, 1993b).
Climate change is likely to pose the greatest threat to tufas (which are already often subject to erosion
in many areas).

The Yorkshire Dales karst falls within class 2 of the bioclimatic classification and, as shown in Table
4.6, is predicted to experience an increase in annual mean effective rainfall of between 16 and 41 mm
(corresponding to the 2020 Low and 2020 High scenarios, respectively).  Summer effective rainfall
amounts decline under all scenarios (by 3 to 29 mm, under 2020 Low and 2050 High scenarios
respectively) and winter effective rainfall amounts increase from 13 to 34 mm (2020 Low and 2050
High respectively).  Mean annual temperature increases by between 0.5 and 2°C.  These predictions
imply an increase in mean annual dissolution rate of between 2 and 5%.  The increase in dissolution
rates will lead to more dissolved calcium carbonate within surface streams, and thus more potential
for tufa production (although the percentage increases are very small).

4.5 Discussion and conclusions

The SPECIESv1 model has shown the changing distribution of suitable climate space for a wide range
of habitats and a selection of their component species.  This has indicated the variable response of
species to climate change.  Those which are at their southern limits in Britain and Ireland lose suitable
climate space and this means that montane heaths and pine woodlands and to a lesser extent upland
hay meadows are adversely affected.  Calcareous grassland species also lose suitable climate space on
their southern range margins.  This could be offset to some extent by northward gains, although this
may be constrained by the availability of suitable geology.  These four represent the most vulnerable
habitats on the basis of the SPECIES modelling, although beech woodland could also be included in
this category, given that the dominant, Fagus sylvatica, would be similarly affected.  The other
habitats’ species have a less consistent response, with some species gaining and others losing suitable
climate space.  This suggests that these habitats could have a different species’ composition in the
future.

Species will need to respond to climate change and while some will lose climate space, others will
gain, thus necessitating migration if this is to be realised.  The extent of this realisation will depend
not only on their migration ability and habitat availability, but also on the other suite of factors which
influence their success in a given environment.  These have not been taken directly into account.
Given such a dynamic future for both individual species and their associated habitats it is important
that appropriate measures are taken, where possible, in order to safeguard vulnerable species and to
facilitate the movement of others.

The application of the SPECIESv2 model to breeding birds demonstrates that the distribution of many
birds in Britain and Ireland may be affected by climate change, but that the effects are likely to differ
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between species.  Of the ten species studied, short term and less severe changes in climate (i.e. 2020s
Low scenario) had a positive effect on the potential climate space of five species and a negative affect
on two species (capercaillie and red-throated diver), whereas the distributions of oystercatcher and
willow tit remained relatively stable.  The model for oystercatcher was the least satisfactory of those
developed due to its extremely patchy observed distribution.  More severe long term changes in
climate (i.e. 2050s High scenario) were predicted to lead to a contraction in the potential area of
suitability of nightingale and nuthatch in south east England, and a large reduction in the area of
willow tit in southern England.  Based on the total change in potential climate space in Britain and
Ireland, the most sensitive species to climate change were capercaillie (negatively affected), and reed
warbler and turtle dove (predicted to benefit).

The extent to which bird populations will track changes in climate space is likely to depend on many
different factors including their ability to disperse, their habitat and food requirements (and how these
are influenced by climate change) and their population status and dynamics.  For some species,
improvements in climatic conditions may help to reverse or slow down current population declines,
but for other species, such as the capercaillie, the outlook is gloomy.  Further research is needed to
explore the relationships between climate change and associated changes in food resources and
habitats so that we can have a better understanding of the consequences it may have for birds.

An analysis of the SPECIES results by region/country (Table 4.7) reveals that Ireland has the greatest
potential for receiving species as a consequence of climate change.  This is partly an artefact of the
modelling process in that already common storksbill (Erodium cicutarium), reed warbler
(Acrocephalus scirpaceus) and turtle dove (Streptopelia turtur) occur in Ireland and yellow wagtail
(Motacilla flava) and natterjack toad (Bufo calamita) are found in the Republic of Ireland, but none
were simulated as having suitable climate space under current baseline climate.  The species gaining
suitable climate space in Ireland therefore are nuthatch (Sitta europaea) and nightingale (Luscinia
megarhynchos).  It is uncertain whether they would realise this given the need to disperse across the
Irish Sea, as nuthatch is sedentary and nightingale males exhibit high site fidelity.

A failure to simulate precisely the current distribution would also account for some gains and losses.
For example, reed warbler in Scotland, and nightingale in Wales represent apparent gains, as at
present there are a few isolated occurrences in each country.  The same applies for the natterjack toad
in East Anglia, although the gain in Wales represents a new potential area, as does the north west for
turtle dove.  The current distribution of Spanish catchfly (Silene otites) is in East Anglia, but its spread
into all other regions represents gains in suitable climate space.  Another species to apparently have
the potential to expand to new regions/countries is beech (Fagus sylvatica), but as this is planted
throughout Britain its gain here and in Scotland is rather artificial.

The country with the most species (12) losing suitable climate space is Wales and once again this is
partly due to the model simulating suitable climate space for species, such as trailing azalea
(Loiseleuria procumbens) and twinflower (Linnaea borealis), which do not currently occur there.
These species, therefore, represent apparent rather than real losses. The higher loss in Wales is largely
a function of the number of upland species modelled with their southern limits in this country, but it
does highlight its apparent sensitivity to climate change.  The species which gain climate space are
nightingale, which already has an isolated occurrence in the country and natterjack toad, which would
need to disperse quite a distance from its current locations in southern England.

England could lose suitable climate space for two species, mountain ringlet (Erebia epiphron) and
bog rosemary (Andromeda perfolia).  Again all these are species at their southern distributional limits.
As no species were modelled that are currently only found on the continent there are no new species
for England.  Regionally there is little difference in the numbers of species gaining and losing suitable
climate space, although there are more potential losses than gains, apart from the Midlands which
might only lose one and gain two.
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Table 4.7:  Species lost or gained by English region and country from the MONARCH modelling.

Region/
Country

Species Lost Scenario Species Gained Scenario

SE Common salt marsh grass 2050s High
Willow tit 2050s High
Oystercatcher 2050s High
Globe flower 2050s Low

SW Wood cranesbill 2020s Low Natterjack toad 2020s High
Globe flower 2020s Low
Willow tit 2050s High
Large heath 2050s High

E. Anglia Common salt marsh grass 2050s High Spanish catchfly 2020s Low
Natterjack toad 2020s Low Natterjack toad 2020s High
Globe flower 2050s Low
Willow tit 2050s High

Midlands Globe flower 2020s High Spanish catchfly 2020s Low
Beech 2020s Low

NW Natterjack toad 2020s High Turtle dove 2050s Low
Bog rosemary 2050s High Nightingale 2050s High
Mountain ringlet 2050s Low

NE Variegated horsetail 2050s High Spanish catchfly 2050s High
Bog rosemary 2050s High Beech 2020s High
Serrated wintergreen 2050s High Nightingale 2020s High

Wales Flat sedge 2050s High Nightingale 2020s Low
Natterjack toad 2020s Low Natterjack toad 2050s Low
Carex bigelowii 2020s High
Dwarf willow 2050s High
Trailing azalea 2050s Low
Wood cranesbill 2050s High
Globe flower 2050s High
Bog rosemary 2050s Low
Cloudberry 2050s High
Serrated wintergreen 2020s High
Twinflower 2050s High

Scotland Mountain ringlet 2020s High Beech 2050s Low
Norwegian mugwort 2050s High Reed warbler 2050s Low

Turtle dove 2020s Low
N. Ireland Flat sedge 2050s High Common storksbill 2020s Low

Carex bigelowii 2050s High Reed warbler 2020s High
Wood cranesbill 2020s High Nuthatch 2020s Low
Trailing azalea 2050s High Turtle dove 2050s High

Yellow wagtail 2050s High
Republic Flat sedge 2050s High Natterjack toad 2050s High
of Ireland Trailing azalea 2050s High Reed warbler 2050s Low

Wood cranesbill 2020s High Nuthatch 2020s Low
Turtle dove 2020s Low
Yellow wagtail 2020s High
Nightingale 2050s High

Only two species totally lose suitable climate space in Scotland, mountain ringlet and Norwegian
mugwort (Artemesia norvegica), although a number of others experience a decrease in their suitable
climate space.  The three apparently finding new suitable climate space are beech, reed warbler and
turtle dove, but the former is already planted and the other two already have isolated occurrences in
the country.
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The review of five case study karst areas shows likely regional variability in the impacts of future
climate change.  Most areas will show an increase in mean annual effective rainfall which is a vital
variable for karst geomorphology, as it controls dissolution rates and will also affect soil moisture and
the behaviour of seasonal lakes (turloughs).  The greatest increases in absolute terms are predicted to
occur in the Assynt karst area in Scotland.  Nevertheless, because this area experiences high rainfall
already the percentage increase in dissolution rate is less noticeable than for the two Irish karst areas
of the Burren and Cuilcagh which will see increases in dissolution of 3 to 9.5% and 2 to 5%
respectively.  Even these values are relatively modest however, as karst dissolution rates in Britain
and Ireland are only around 0.05 mm per year, thus an increase of under 10% will produce little
visible effect in all but the most sensitive parts of the karst system.  The Mendips is found within
bioclimatic class 7, where mean annual effective rainfall is predicted to decrease.  Here, dissolution
rates could decline quite considerably (by up to 54% under the 2050 High scenario) leading to
possible slowing in the production of speleothem and tufa.

Predicting the future for karst geomorphology is complicated as several different facets of the
predicted climate change are likely to impact upon karst processes in different ways, and more
monitoring and modelling studies are needed in order to clarify what the key alterations will be.  For
example, reductions in mean effective rainfall should reduce dissolution rates and thus lead to a
reduction in the amount of dissolved calcium carbonate available for re-precipitation as tufa.  On the
other hand, increased evaporation will favour precipitation of calcium carbonate out of solution, thus
potentially enhancing tufa formation.  Each tufa-depositing area is likely to respond differently to
these changes, depending on the situation.  Monitoring the condition of tufa-depositing waters over
the next 10 years or so would be a very useful start to providing more data on their likely response to
climate change.

Some caution should be expressed over the validity of the climatic predictions for the different areas,
as several of the karst areas appear to lie at the margins of a range of bioclimatic classes.  Further
work needs to be undertaken to ensure that the bioclimatic classification is meaningful for these karst
areas.
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5 Impacts on freshwater environments
T.P. DAWSON, P.M. BERRY AND E. KAMPA

Summary

Many wetland habitats and species are of national and international significance for conservation.  It
is, therefore, important to understand how they might be affected not just by climate change as was
discussed in Chapter 4, but also by changes in water levels.  This was investigated at two scales.  At
the international (Britain and Ireland) scale precipitation (PPT) minus potential evapotranspiration
(PET) was calculated for current (baseline) and future climate scenarios, in order that the difference in
the future levels of water availability from the baseline could be calculated.  These anomalies showed
that there was an increase in water availability, of up to 60 mm in winter (December to February) in
all parts of Britain and Ireland, which could lead to increased flooding and prolonged surface water.
In summer (June to August), however, only the extreme north west of Ireland and north west Scotland
would experience a small increase.  Elsewhere PPT-PET would be less than at present (by up to 110
mm in south east England), leading to lower water levels.  This would have a drying effect
particularly important for wetland habitats, which could lead to changes in species and habitat
composition.

Combining the outputs of the SPECIES model with those of the PPT-PET model showed that the
seasonal changes could be regionally significant to certain habitats.  Raised bogs, wet heaths, coastal
dune slacks, drought-prone acid grassland and beech woodland could all be adversely affected by the
lower water availability in south east England.  The first three could also gain slightly from the
increase in north west Scotland and Co. Donegal, Ireland.  Some chalk grassland species which will
lose suitable climate space in the south east of England could be further affected by decreased water
availability.

At the local scale a semi-empirical hydrological model was developed based on climate and dipwell
data for Upwood Meadows National Nature Reserve in Huntingdonshire.  The model was run using
current climate data and the results compared with the dipwell records of water level.  As a reasonable
degree of fit was obtained it was re-run using the climate change scenarios.  The predicted water
levels in the soil for the future scenarios are not significantly different from the simulated baseline
values.  However, summer minimum levels of water in the soil are lower, especially under the 2050s
High scenario, where water levels decreased by up to 30-50 cm in certain summer periods.  Under the
other climate change scenarios, summer water levels decrease by between 5 and 20 cm.  No
significant change to the maximum winter water levels was noted.  This complements the type if not
the exact magnitude of changes predicted by the broad-scale model.

The potential impact of climate change on three species found at Upwood Meadows were modelled
using SPECIES and their response to different water levels generated by the local-scale model were
assessed.  This showed that they should still find suitable climate space in this part of England, but the
hydrological model showed that the water levels in summer might be outside their preferred levels.  It
is important therefore in wetlands to take hydrological changes into account when considering the
potential impact of future climate.

5.1 Introduction

Freshwater ecosystems are important as areas of recreation, as sources of water for domestic and
industrial use, and as habitats for a rich assemblage of species, including some that are threatened or
endangered.
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Although there is considerable uncertainty about the impacts of climate change on freshwater species,
several studies have indicated that projected climate change will have important impacts on
freshwater fisheries and aquatic ecosystems (US EPA, 1995).  The uncertainties highlight the
importance of further research and long-term monitoring to separate the impacts of changing climate
from natural population fluctuations.  For example, changes in the variability and extremes of climate
may have more serious consequences on the abundance and distribution of fish species than changes
in mean conditions alone (Katz and Brown, 1992).  However, predictions of climate data relating to
changes in future climate variability are not complete at this time.

Changes in water quality, as well as changes in hydrological regimes, are likely to occur as a result of
climate warming.  Increases in water temperature in streams and rivers reduce oxygen content and
increase biological respiration rates and thus may result in lower dissolved oxygen concentrations,
particularly in summer low-flow periods in England (IPCC, 1996).  Although temperature increases
may stimulate photosynthesis via increased nutrient cycling and thus prevent dissolved oxygen
declines during the day, sharp night-time declines could occur.  Summer dissolved oxygen
concentrations in lakes, particularly more eutrophic lakes, also may decline, and areas of anoxia may
increase because of increased respiration rates in a warmer climate (IPCC, 1996).  With an
intensification of the hydrologic cycle, floods would be more likely due to more intense rainfall.
Droughts may be more severe due to increased evaporation and drier soils.  The degree to which
water quantity and quality will be affected will be region specific.

Changes in survival, reproductive capacity, and growth of freshwater fish and the organisms and
habitats on which they depend result from changes in water temperature, mixing regimes, and water
quality.  Fish, including shellfish, respond directly to climate fluctuations, as well as to changes in
their biological environment (predators, prey, species interactions, disease).  Although this
multiforcing makes it difficult to establish causal relationships between changes in the physical
environment and the responses of fish or shellfish stocks, some effects are clear.  These effects
include changes in the growth and reproduction of individual fish, as well as the distribution and
abundance of fish populations (Cushing, 1982; Sheppard et al., 1984).  In terms of abundance, the
influence occurs principally through effects on recruitment (how many young survive) but in some
cases may be related to direct mortality of adult fish.

Fish are influenced not only by temperature and salinity conditions but also by fluvial mixing and
transport processes (e.g. mixing can affect primary production by promoting nutrient replenishment of
the surface layers; it also can influence the encounter rate between larvae and prey organisms).
Ichthyoplankton (fish eggs and larvae) can be dispersed by the currents, which may carry them into or
away from areas of good food production, or into or out of optimal temperature or salinity conditions
which may ultimately determine whether they are lost to the original population (US EPA, 1995).  In
small lakes, particularly those that do not stratify or are more eutrophic, warming may reduce habitat
for many cool-water and cold-water fish because deep-water thermal refuges are not present or
become unavailable as a consequence of declines in dissolved oxygen concentrations (IPCC, 1996).

Climate is only one of several factors that regulate fish survival.  In theory, a model could account for
global warming impacts along with other impacts without understanding them, but long-term
empirical data on the environment and distribution of many aquatic species is lacking, hence this
chapter focuses on wetland hydrology and plant species.

Wetlands are an ecologically important part of the British and Irish landscape covering almost 10% of
the terrestrial land area.  They embrace a diverse range of habitats such as marshes, fens, bogs, wet
grasslands, floodplains and mudflats.  Wildlife support is a particularly important aspect of British
and Irish wetlands regarding several plant communities, breeding and wintering birds, amphibians and
invertebrates.  Despite their ecological importance, however, these habitats are diminishing in area
and integrity for a number of reasons including groundwater abstraction, drainage, agricultural
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improvement and lack of appropriate management (Jefferson and Grice, 1998).  Thus, their
conservation has become an action of utmost importance.

In the light of global climate change, wetland protection is likely to become even more crucial (IPCC,
1992).  Wetland plants, in particular, which comprise 20% of all nationally rare and 40% of nationally
scarce vascular plants in the UK (Jefferson and Grice, 1998) are vulnerable to climate change.  Their
vulnerability is due to the delicate balance between rainfall, temperature and evapotranspiration that
controls them.  Nonetheless, little attention has been given so far to the impact of different climate
change scenarios on wetland vegetation by conservationists or policy makers.

In this context, the MONARCH study aims to investigate the potential impacts of the UKCIP98
climate change scenarios on specific wetland plants in Britain and Ireland taking into account both
their climatic suitability and their water level requirements.  A number of research approaches to
investigating climate impacts on wetlands have been investigated which have incorporated empirical,
semi-empirical and physical modelling techniques.  This research provides information on the
potential impacts of climate change on the seasonal variability of pond levels, and associated effects
on those species whose breeding and life-cycle patterns depend upon it.

5.1.1 Status of wetlands in Britain and Ireland

In England and Wales, wetlands used to occur extensively, but their area has been reduced gradually
by the processes of drainage and agricultural improvement, particularly during periods of high
agricultural returns.  In the past, this had been reinforced by government policies (Armstrong et al.,
1995).  A similar pattern has been seen in Ireland where about a third of the unique turloughs, which
are a priority habitat under the EU Habitats Directive, have been drained as have about 94% of raised
bogs.  Although lakes which cover 2% of the country (Government of Ireland, 1999) have hardly
changed in area.  Under these conditions, plant species, which are entirely dependent upon water for
their existence, became localised in isolated outposts of wet habitats of high conservation value
(Feltwell, 1992).

Recently, awareness over the importance of wetlands has arisen due to an enhanced appreciation of
their many positive ecological and environmental functions and the values that society places on them
(Williams, 1990).  These include hydrological, chemical and biological functions, as well as socio-
economic and non-consumptive benefits.

Increasingly it is also being recognised that wetland conservation must take account of the
hydrological background of each site, if it is to progress beyond the over-optimistic design of
conservationists or developers.  Once the hydrology of a site is understood, it is possible to make
informed decisions about its likely response to outside pressures, ranging from peripheral drainage to
climate change, and about management practices to counteract these threats and maintain their
conservation value (Gilman, 1994a).

5.1.2 Hydrological signature of wetlands

In general, the pattern of wetland groundwater levels in Britain and Ireland takes the form of a
relatively high and constant water level in winter and spring followed by a decline in early summer.
This reaches a minimum in late summer and is followed by a rise during autumn, the winter level
being attained around mid-winter (Godwin, 1931).  The hydrological signature of each wetland type is
the result of the balance between inflows and outflows of water, the soil contours and the subsurface
conditions.  It can have dramatic seasonal and inter-annual variations according to climate and
antecedent conditions, yet it remains the major determinant of wetland function (Mitsch and
Gosselink, 1993).
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There will be periods when either rainfall or evaporation, together with the change in storage,
dominate the water balance, e.g. in the summer when water levels are below the ground surface and
surface flow is zero.  Water is stored by wetlands and released slowly over dry periods as
groundwater discharge and evapotranspiration partly because of the gentle topographic and hydraulic
gradients and partly because of the texture of the soil and the resistance to flow provided by emergent
vegetation.  The storage of water on a wetland site takes the form of open water bodies and the
retention of water in the unsaturated and saturated zones of the soil (Gilman, 1994a).

During the summer months there may be periods of several days without rain, during which the water
table falls from day to day.  In this case, much of the decline in the water table may be attributed to
transpiration demand.  Over the daylight hours plant roots extract water from both saturated and
unsaturated zones and water is re-distributed at night to restore a quasi-equilibrium above the water
table, the net effect being a decline in the water table (Gilman, 1994b).  In hydrological terms,
evaporative losses are generally considered as a combined process of evaporation from water surfaces
and transpiration from plants, which is arguably the most critical and complex component of the water
balance and unfortunately, the most difficult to measure (Gilman, 1994b).

The hydrologic conditions of a wetland affect many abiotic factors including soil anaerobiosis and
nutrient availability and, in turn, they determine the flora and fauna that exist at the site (Mitsch and
Gosselink, 1993).  Mitsch and Gosselink (1993) argue that ‘hydrology is probably the single most
important determinant of the establishment and maintenance of specific types of wetlands and wetland
processes’.  The science of investigating this two-way relationship between wetland plants and
hydrology is termed ‘eco-hydrology’ (Heathwaite, 1995).

5.1.3 Eco-hydrology: the impacts of hydrology on wetland ecosystems

The development of different plant communities at a given wetland site depends on its hydrological
signature, water table and depth variation over many years (Gowing et al., 1998a).  The composition
of a plant community may be significantly changed by minor shifts in the water regime.  The timing
of variations of both water and oxygen available in the root zone with respect to key life-stages is a
critical factor, for example, plants may tolerate water-logging in December but not in March or April,
which can result in extinction.  Soil wetness can, therefore, have a considerable influence on the
competitive balance between species, depending on their relative tolerances (Treweek et al., 1997)
and is very important with respect to the climate change scenarios.  The importance of the plant-water
relationship has also been recognised for wetland restoration projects.  Only after ecological
objectives have been interpreted into water level requirements, is it possible to design the hydrological
operations necessary to achieve the desired degree of wetness (Armstrong et al., 1995).

Many studies try to establish correlations between water tables and plant distributions, but the range
of conditions occupied by particular species or communities may be wide and inconsistent between or
even within sites (Wheeler, 1999).  Previous studies have identified water table limits for certain
communities but they also recognise several uncertainties involved.  Thus, trends can be identified but
researchers hesitate to make exact statements of appropriate water regimes, as they may be simplistic
and inaccurate.  Characteristically, the measurement of water tables may be appropriate when they are
high but when they sink below the main rooting zone, soil moisture content may be more important
for plant growth (Newbold and Mountford, 1997).  These studies have all pointed to the difficulty in
relating species distribution to water table behaviour with any degree of accuracy.  Many hydrological
studies have been made against a background of considerable and on-going water management
practices, thus the assumption of an equilibrium state between vegetation and water table is
questionable (Wheeler, 1999).

The most discriminating variables for the occurrence of plant communities are mean, highest and
lowest groundwater levels and inundation during the growing season (Wheeler, 1999).  The critical
factors suggested to be the most salient for plant distributions include the amplitude of the fluctuation
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and the cumulative period of time for which a particular water level is exceeded.  Notably in a study
of fen vegetation, the cumulative period of time for which a particular water level was exceeded
provided a sensitive characterisation of hydrological regimes with regard to the fen’s vegetation
composition.  Nonetheless, it was concluded that soil fertility and vegetation management might also
influence species’ distributions in the fen (Wheeler and Shaw, 1995).

Concerning the seasonality of water level changes, little is known about its effect upon wetland plants.
Although a well-established body of research exists on this issue on agricultural crops, information
available on wild plants is scant and relates mainly to community responses.  As far as plant species
response to seasonal water inundation is concerned, wetland plants are broadly divided into truly
aquatic plants, sedges and dry species (Newbold and Mountford, 1997).

5.1.4 Hydrology and climate change

There have been a few studies to date on the impacts of climate change on hydrology in Britain and
Ireland with many of these focusing on river flows rather than wetlands.  Arnell and Reynard (1996)
investigated potential climate change impacts on river flows in Great Britain.  The simulated annual
runoff showed a potential increase of over 20% in the wettest scenarios and a decline by over 20% in
the driest scenarios by 2050.  The percentage change in average annual runoff was estimated to be
largest in the drier areas of southern and eastern England.  In general, the range in flows through the
year would, under most scenarios, become greater, with higher flows in winter and lower flows in
summer (Arnell and Reynard, 2000).

The effect of climate change on groundwater recharge has also been considered (Arnell, 1994).  The
recharge of groundwater generally occurs in the winter once the soil moisture levels have been
replenished (Whitehead, 1997).  A reduction in summer rainfall and an associated increase in
evaporation (due to higher temperatures) are likely to result in longer periods of soil moisture deficits,
hence, the recharge season will be reduced.  The effects of climate change on recharge will depend on
the extent to which this reduction is offset by increased recharge during wetter winters.  However,
monitoring over the last few years has shown that higher rainfall alone does not necessarily result in a
higher recharge, as rain falling in intense events may contribute rapidly to surface flow rather than
infiltrate to groundwater (Arnell and Reynard, 2000).  A fundamental limitation to quantitative
analysis of these processes continues to remain that hydrological models of groundwater recharge are
still poorly developed.  There are relatively few physically realistic models which can simulate
accurately the effects of changes in climatic variables on water quantity and quality (Arnell and
Reynard, 2000).

5.1.5 Modelling wetland ecosystems in the MONARCH study

Recognising the limitations of existing models, a hybrid approach to investigating freshwater wetland
ecosystems was adopted.  The SPECIES modelling techniques were used to model the current
distributions and future climatic suitability of selected wetland plants (see Chapter 4).  However, as
was discussed in the previous section, the distribution of wetland plants and other species are not
constrained by their climatic requirements alone, but also by the dominant water regime due to the
nature of their habitats.  To examine if both their climatic requirements and water level preferences
will potentially be met under climate change, two broad approaches to modelling water levels were
evaluated.  At the international (Britain and Ireland) scale, a physical modelling approach was
investigated.  However, this was superseded by a simple empirical water balance model because the
former approach proved only to be applicable in regions with isolated hydrology.  A more rigorous
model was developed for local-scale analysis which, whilst not consistent with the large-scale
research approach associated with MONARCH, enabled the integration of historical water level
records and the determination of climate change impacts on a specific wetland of conservation
importance.  The qualitative and quantitative predictions of the broad-scale and local-scale water level
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models were then integrated with the SPECIES outputs to assess climate change impacts on selected
wetland species.

5.2 Impacts on wetland environments at the Britain and Ireland scale

5.2.1 Model description and results

The impacts of climate change on water levels in wetland habitats were investigated using an
adaptation of a methodology proposed by Larrondo-Petrie and France (1995).  This method takes
account of observations from previous studies which have shown that evapotranspiration estimates in
wetlands are lower than expected (Hulme, 1996).  The evapotranspiration model of Larrondo-Petrie
and France (1995) assumes that the surface is covered with shallow water, termed ‘ponding’, and
there may be partially submerged vegetation.  Changes in water level on evapotranspiration are
captured in the calculation of a constant used to calibrate the water level impacts, based upon
vegetation type.  If vegetation is completely submerged then evapotranspiration equals the
evaporation of an open water surface, i.e. transpiration does not contribute to the evapotranspiration of
the area.  If the plant is partially submerged evapotranspiration is a linear interpolation of the
evaporation of the pond and the transpiration of the vegetation.  If the water level is in the soil layer,
then evapotranspiration depends on the soil water availability and vegetation class as normal.

This evapotranspiration model was integrated into a water balance model based on a two-layer
‘bucket’ system to infer changes in the water level of seasonal wetlands.  The model allows the
precipitated water balance to increase above the soil water capacity level instead of assuming a
surface run-off process.  Hence, the model is only applicable to regions where there is no topography
and, thus, no horizontal hydrological distribution, i.e. isolated hydrology.  The model was applied
using the current (1961-90) climatic data on the 10 km x 10 km spatial grid.  It was iterated over
several years to identify those regions where the seasonal dynamics of the water balance model were
in equilibrium.  These regions, for which the model can be used to evaluate seasonal dynamics of
isolated wetland ecosystems (those systems which potentially do not depend upon water supplies from
streams or river networks), are presented in Figure 5.1.  A typical range of outputs for the model is
shown in Figure 5.2.  Figures 5.2(a) and 5.2(b) show two examples of a theoretical wetland predicted
from the model with different temporal characteristics with the latter having a shorter ponding season
than the former.  Figure 5.2(c) is an example of a wetland where the sub-soil water availability is
completely depleted, resulting in a soil water deficit.  Figure 5.2(d) shows a theoretical system
whereby ponding never occurs.

Figure 5.1:  Locations in Britain and Ireland where the physical ponding model is stable.
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(a)

(b)

(c)

(d)

Figure 5.2:  Example seasonal hydrographic outputs from the physical ponding model.
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Analysis of the results highlighted two problems with this approach:

1. For much of Britain and Ireland, the seasonal water balance was not in equilibrium.  From Figure
5.1, it can be seen that the model could only be applied to eastern and central England and coastal
parts of Wales, southern England and eastern Scotland.  In the other areas there is obviously a
considerable horizontal flux of water, which the model does not take into consideration, which
can be attributed to stream and river networks and topographic effects.

2. The idealised hydrographs from the model (Figure 5.2) could not be interpreted meaningfully
because the physical variables from which model outputs were derived (soil type, etc) were based
upon mean properties determined for each 10 km x 10 km grid square.  It was, thus, difficult to
relate these to any actual representation of a wetland hydrology.

Inclusion of horizontal water flows can only be developed realistically at a catchment-scale.  Thus, it
would have been difficult to refine the model for applicability at the Britain and Ireland level.  Hence
it was decided to adopt a simpler approach based upon the difference between precipitation (PPT) and
potential evapotranspiration (PET).

Monthly differences in water levels using the PPT - PET approach were produced for all 10 km x 10
km grid squares in Britain and Ireland for the current (1961-90) climate and the UKCIP98 climate
change scenarios.  For each month, the values for current climate were subtracted from the future
scenario values to produce monthly PPT - PET anomalies.  Examples of these results for four
different regions in Britain and Ireland under the High climate change scenario for the 2050s are
shown in Figure 5.3.  This shows that in Lancashire and Essex the PPT - PET anomaly could fall
below the baseline in March and rise above it in October.  This means that between these months the
water availability would be less than at present.  For Galway, this period is much shorter, from mid-
June to the end of September, and the decrease is much less (11 mm maximum as opposed to 44 mm
for Essex and 24 mm for Lancashire).  In the Scottish Highlands, however, water levels under the
2050s High scenario could fall very slightly (by about 5 mm) below current levels between February
and June.  This could be due to greater PET resulting from higher winter and spring temperatures.

These monthly values were summed for the winter (December to February inclusive) and summer
(June to August inclusive) periods for spatial interpretation (Figure 5.4).  This shows that in winter
under the UKCIP98 scenarios all areas have an increase in the amount of water available compared
with the baseline.  In summer there is a strong south east to north west trend in anomalies in both
Britain and Ireland.  The greatest difference (up to 110 mm) between current and the 2050s High
scenario occurs in south east England.  The greatest difference (up to 70 mm) in Ireland is also in the
south east, but about half of this may be offset by increased winter levels.  Over much of central and
southern England the increases in winter will not compensate for the deficits in summer, although in
south west England the summer deficits are only slightly greater than the winter increases.  The same
is true of much of south west and central Ireland.  In central north western parts of Ireland, north east
England and south west Scotland the two are more or less balanced.  In the rest of Scotland south of
the Great Glen fault, although there is still a slight decrease in summer water availability it is more
than compensated for by the winter increase.  North of the Great Glen fault and in Co. Donegal and
the extreme north west of Northern Ireland the summer anomaly is positive and therefore overall there
will be greater water availability (by up to about 40 mm).  These seasonal differences will have
important implications for habitats and species, as will the net annual changes which will start to
affect habitat wetness and flooding regimes.

The spatial heterogeneity of most of the bioclimatic classes mean that it is difficult to link these
changes to particular classes, but part of classes 1, 4, 5, 6, 16 and 21 would experience an increase in
water availability in both seasons.  The model suggests, however, that classes 7 and 19 would be
particularly affected by the decrease in water availability.
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Figure 5.3:  Precipitation (PPT) - potential evapotranspiration (PET) anomalies for the 2050s High
climate change scenario.

Figure 5.4:  Summer and winter PPT - PET anomalies for the 2050s High climate change scenario.

5.2.2 Integration with SPECIES model results

The outputs of the PPT-PET model for Britain and Ireland have important implications for several
habitats of conservation concern, as vegetation patterns are sensitive to small changes in water level
(Schouten et al., 1990).  In much of southern and central England and Wales and also in south east
Ireland the net effect of climate change is a decrease in water availability.  Impacts on several habitats
and species, which may be affected by changes in water availability, in addition to direct climatic
effects were simulated using the SPECIESv1 model in Chapter 4.2.  These include three habitats
(blanket and raised bogs, wet heath and drought-prone acid grassland) and several species within
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other habitats.  Integrating the results from the PPT-PET model would mean that blanket and raised
bogs would start to dry out in southern and central England and Wales and south east Ireland,
although Eriophorum vaginatum and Myrica gale can tolerate a certain level of dryness (Newbold and
Mountford, 1997).  Wet heaths in south east England could also be expected to dry out and change
into drier heath, which would be more suitable for species such as Erica cinerea (Bell heather) instead
of Erica tetralix (Cross-leaved heath).  The north west of Scotland and Ireland, however, could
experience raised water levels which could further the development of these habitats.

Drought-prone acid grassland is primarily found in southern and eastern England and thus it would be
particularly affected by the decreases in water availability modelled for these areas.  This could lead
to the expansion of ruderals and deep-rooted species and shifts in species composition.  Coastal dune
slacks were also seen to be sensitive to changing water availability as this would affect the frequency
and persistence of temporary pools which are important breeding grounds for amphibians.  Again in
south east England and East Anglia these could be lost or decrease thus affecting species like Bufo
calamita and Triturus cristatus.  The populations of Bufo calamita in Co. Kerry could also be affected
by a slight decrease in water availability.  In the north and west of Britain and Ireland, however, they
could find increased habitat availability, although for the former there would be no overlap between
this and its current distribution and suitable climate space would be lacking.

Another coastal dune slack species, Epipactis palustris also started to lose suitable climate space in
south east England and it too could be affected by the modelled water deficits.  Fagus sylvatica is the
species apparently most affected by loss of suitable climate space from south east England and as it is
drought sensitive the decrease in summer water availability will exacerbate its situation.  Chalk
grassland species, such as Cirsium acaulon, which are primarily found in this area could be affected
likewise.

In addition, one species specifically associated with wetland habitats was selected for modelling.
Potamogeton filiformis (Slender-leaved pondweed) is an aquatic, macrophyte growing in rivers,
streams and lakes.  P. filiformis with Potamogeton pectinatus can form the hybrid Potamogeton x
suecicus, which is widespread in Britain and in recent years has been discovered at widely scattered
localities in Ireland (Preston et al., 1999).  P. filiformis currently occurs on Anglesey and around the
Scottish coastal region, including the islands.  It also occurs in several places in Northern Ireland,
especially round Loch Neagh and in the Republic it is found in scattered locations in the centre and
western coast and is associated with Lough Ree.  The simulated distribution using the SPECIESv1
model did not show any occurrences for Ireland.  It was thought that this could be due to localised
rainfall amount at the higher spatial resolution in Ireland being greater than those for comparable
locations in the European training data set.  This meant the model was trying to predict outside of its
range of experience.  As rainfall is an important variable for wetland species, it was re-run using the
SPECIESv2 model developed for use with breeding birds (Chapter 4.3.1).  This showed it occurring
very widely in Scotland and on higher land in the Lake District, Pennines and Wales (Figure 5.5).  It
is also shown as occurring in Northern Ireland and Co. Donegal, with more restricted occurrences
elsewhere in Ireland.  This over prediction is probably not a consequence of suitable water availability
in these locations but a lack of suitable habitat.

Under the 2020s Low scenario there is reduced climate space in England and Wales, with the higher
areas remaining suitable.  In Northern Ireland suitable climate space is largely lost from the southern
part of the country, while in the Republic all areas are reduced and those in the south west are lost.
The 2050s Low scenario shows a loss of suitable climate space from the Central Valley area, with
further reductions elsewhere in Britain and Ireland.  Under the 2020s High scenario there are only
scattered areas of suitable climate space in the Republic of Ireland, Northern Ireland and Wales, while
in England the higher parts of the Pennines, Lake District and Cheviots remain suitable.  In Scotland a
retraction of climate space to higher altitudes occurs and this trend is continued for the 2050s High
scenario, such that suitable climate space only remains in the higher parts of Scotland, part of the
Shetlands, the Pennines, Lake District and Cheviots.  Very little of this overlaps with its current
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distribution and thus climate change could pose problems for this species, unless it can find suitable
habitats at higher altitudes.

(a)

(b) (c)

(d) (e)

Figure 5.5:   SPECIESv2  model  results  for  Potamogeton  filiformis (Slender-leaved  pondweed):
(a)  simulated  current  distribution  (1961-90);  (b)  2020s  Low  scenario;  (c)  2020s  High  scenario;
(d) 2050s Low scenario; and (e) 2050s High scenario.
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The PPT-PET model, however, shows that there would be increased water availability in north west
Scotland in both summer and winter.  This could lead to a slight habitat increase, but this would not
be enough to offset the losses due to the retraction of suitable climate space.

The integration of results from the SPECIES and PPT-PET model shows that it is important therefore
to explore the hydrology of wetland species further.  This was done by developing a site-based model
of changes in water levels and using the SPECIES model to ascertain the potential distribution of
certain wetland species under the UKCIP98 climate change scenarios.

5.3 Impacts on wetland environments at the local scale

To investigate the impact of climate change on the eco-hydrology of wetlands at the local scale, a
semi-empirical methodology was developed.  The method, which requires a record of historical water
levels, has been applied to Upwood Meadows National Nature Reserve (NNR), Huntingdonshire, East
Anglia.  This is a wet meadow of significant conservation value and can be considered an isolated
aquatic system (non-distributed).  The SPECIESv1 model was used to predict the direct climate
impacts on the following wetland species: Sanguisorba officinalis, Ophioglossum vulgatum and
Ranunculus scleratus, which are all presently established at Upwood Meadows.  Results from
SPECIESv1 were combined with those from the semi-empirical wetlands model, so that the impacts
of both climate and hydrology could be assessed.

5.3.1 Case study site

Upwood Meadows NNR is a Wildlife Trust Reserve and a Site of Special Scientific Interest.  It is
located in bioclimatic class 7 and according to Table 3.1 it experiences low rainfall in both summer
and winter and Figure 5.4 shows it would experience a water deficit in summer.  This means that it is
an important site for investigating how it may be affected by climate change.  It consists of three
fields on poorly drained boulder clay, surrounded by a largely intact hedge network with two
ecologically important ponds (Figure 5.6).  The site is managed for grass and is characterised by a
well structured clay soil of ridge and furrow topography (Massen, 1996).  Upwood Meadows is a rain-
dominated system with no artificial water level management (D. Gowing, pers. comm.), therefore
complex factors such as surface through-flow, groundwater recharge and periodic manipulation are
not considered in the hydrological modelling.  The site has a long record of water levels recorded at
five dipwells during the period January 1986 to May1998 (Figure 5.7).

Using records from the nearest climatological station of Monks Wood, 4.5 miles to the south west, the
area has an average annual rainfall of just under 560 mm and lies in a region having the lowest rainfall
in the country (Massen, 1996).  In Huntingdonshire, the average potential evaporation exceeds
average rainfall from April to August inclusive resulting in an average annual potential soil moisture
deficit of 177 mm.  This makes it the area experiencing the greatest potential water deficit in Britain
with the exception of the southern East Anglian coast and the Thames estuary (Massen, 1996).

Ecologically, it can be considered a neutral wet grassland of National Vegetation Classes (NVC) MG5
(on higher ridges) and MG9 (lower furrow regions), with some intermediate hydrological
communities of MG4 (Table 5.1).
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Figure 5.6:  Map of Upwood Meadows (after Massen, 1996).  The location of the five dipwells at
Bentley Meadow is indicated with black squares.
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Figure 5.7:  Water level readings from the five dipwells at Bentley meadow, Upwood.

Table 5.1:  Main characteristics of the dominant plant communities of the ridge and furrow system at
Upwood Meadows (after Newbold and Mountford, 1997).

NVC
Vegetation
Type

Habitat Soil type Water
requirements

Flooding
regime

Management

Alopecurus
pratensis-
Sanguisorba
officinalis
grassland
(MG4) ‘Flood
Meadows’

River flood-
plains in central
and southern
England

Alluvial with
neutral or
calcareous
reaction

Soils moist to
very locally
damp. Free-
draining
above, or
sometimes
waterlogged at
depth

Winter
flooding-
occasionally
persisting
into the
spring

No fertiliser. Shut
up for hay from the
flooding onward.
Mown in July and
the aftermath
grazed from August
onward

Cynosurus
cristatus-
Centaurea
nigra
grassland
(MG5) ‘Old
grazed hay
meadows’

Widespread in
lowland Britain,
especially in the
clay farmland
of English
Midlands. Often
on ridges of
ridge-and-
furrow

Circum-neutral
brown soils
but over a
wide range

Soils moist.
Where soil
particles are
finer, drainage
may be
impeded with
water-logging
in furrows/
hollows

Normally
non-standing
water.
Standing
water in
winter is
normally
associated
with other
types

No (or minimal)
improvement for
farming. Shut up
for hay from April-
June, when cut and
the aftermath
grazed through to
next spring

Holcus
lanatus-
Deschampsia
cespitosa
grassland
(MG9)
‘Tussock wet
meadows’

Very common
in lowland
Britain, in
meadows and
pastures

Circum-neutral
gleyed brown
earths,
especially
where these
are infertile

Soils
permanently
moist to damp,
and with
consequent
poor aeration

Periodically
inundated as
in the furrows
of ridge and
furrow not
flooded
deliberately

Stimulated by light
to quite heavy
grazing, but can be
eliminated by an
intensive mowing
regime
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5.3.2 Wetland model description

The site-specific wetland model is based on the relationship between historical water level records
and climatic variables.  It adopts a standard approach to hydrological impacts assessment involving
the development of a modelling method, the perturbation of an existing time series of meteorological
data, and the running of the hydrological model with the unperturbed and perturbed meteorological
data (Arnell and Reynard, 2000).

A water balance for a wetland site can be expressed in the form:

PPT + Gin  + Qin = AET + Gout + Qout + DV [5.1]

where PPT is precipitation, Gin is the groundwater inflow, Qin is the surface inflow, AET is actual
evaporation from the wetland, Gout is the groundwater outflow, Qout is the surface outflow and DV is
the change in water storage or volume, usually seen as a change in water level or the water table
(Gilman, 1994b).

Therefore, soil water storage or AET can be calculated as follows:

DV=PPT-AET [5.2]

AET=PPT-DV [5.3]

if it is assumed that Gin + Qin + Gout + Qout = 0, i.e. lateral flow processes balance or the system is
isolated.

To create the time series of AET, it is necessary to calculate the difference in water storage as a
function of PPT, which is available as a monthly time series.  The monthly water storage can be
calculated by subtracting the water level of each month from the water level of the next and
multiplying the difference by the specific yield of the soil, i.e.

DV = S * Dht [5.4]

where DV is the change in the total soil moisture storage, S is a soil property called specific yield and
Dht is the monthly difference in the elevation of the water table.  The release of water on a falling
water table is from both the capillary fringe (which is part of the saturated zone) and from the
unsaturated zone, therefore the specific yield represents an integral of soil properties between the
water table and the ground surface.  Hence, it is a function of the elevation of the water table (Gilman,
1994).

The specific yield (S) is equal to 1 when the water table is on or above the ground surface (ponding).
In all other cases, S has a value between 0 and 1 depending on the nature of the soil.  In those
circumstances where the balance indicates that AET is greater than PET, it is assumed that AET
equals PET.  AET is set to PET for water levels above ground level and below ground level to a depth
of –20 cm.  Below –20 cm it is expected that there will be an approximately linear relationship
between the ratio AET/PET and the height of the groundwater table.

5.3.3 Wetland model results

The site-specific wetland model was run for current climatic conditions and results were compared
with the water level data recorded at dipwell 3 in Upwood Meadows (Figure 5.8).  The observed time
series of water levels was simulated with a reasonable degree of fit, although at certain periods the
model predicted lower water levels than the maximum measurable depth of the borehole (89 cm).
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The model was then run with data from the UKCIP98 climate change scenarios.  The relationship
between AET, PET and the estimated water tables was assumed to hold for a perturbed water level
series under the 2020s and 2050s future climate scenarios.  This was determined from an investigation
of the differences between the current and scenario PET data supplied by UKCIP.

Results for four future climate scenarios are plotted against the simulated and measured baseline
water levels in Figure 5.9.  The predicted water levels using the future scenario data are not
significantly different from the simulated baseline values.  However, summer minimum levels are
lower, especially under the High scenario for the 2050s, where water levels have decreased by up to
30-50 cm in certain summer periods.  Under the other climate change scenarios, water levels decrease
by between 5 and 20 cm during the summer period.  No significant change to the maximum winter
water levels was noted.

Figure 5.8:  Simulated and observed water levels for dipwell 3 (1986-1997) at Upwood Meadows
using the site-specific wetland model.  Note that at certain periods the model predicts lower water
levels than the maximum measurable depth of the borehole (89 cm).

5.3.4 Integration with SPECIES model results

Three plant species were selected for modelling: Sanguisorba officinalis (Great Burnet),
Ophioglossum vulgatum (Adder’s Tongue) and Ranunculus sceleratus (Celery-leaved buttercup).  The
three species were selected for their varying response to hydrology as observed from their water level
requirements (Newbold and Mountford, 1997) and for being representative of different vegetative
communities on the case study site.  The impacts of the UKCIP98 climate change scenarios on the
potential climatic suitability of these species was simulated using the SPECIESv1 model just for
Britain due to the location of the study site.  All the species, however, are present in Ireland, but with
a reduced frequency.

Sanguisorba officinalis is a declining perennial of damp grassland, common only in central and
northern England (British Wildlife Guide, 2000) and characteristic of lowland grassland, mainly MG4
(Rodwell, 1998).  Ophioglossum vulgatum thrives in damp, undisturbed grassland, and is an
occasional of MG5, which has drier preferences than MG4 or MG9.  Ophioglossum vulgatum is
widespread in Britain, but seldom common (British Wildlife Guide, 2000).  At Upwood Meadows, it
is currently rare and inhabits areas of unimproved grassland (Massen, 1996).  Ranunculus sceleratus
is an annual found mainly in southern England and favours wet grazing meadows and marshes
(British Wildlife Guide, 2000), constituting part of the NVC community MG13 (Rodwell, 1998).
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(a)

(b)

(c)

(d)

Figure 5.9:  Estimated water levels for dipwell 3 at Upwood Meadows for four UKCIP98 climate
change scenarios using the site-specific wetland model: (a) 2020s Low; (b) 2020s High; (c) 2050s
Low; and (d) 2050s High.
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Sanguisorba officinalis was modelled for upland hay meadows and the results were presented in
Chapter 4 (see Section 4.2.2.7), but the other two species (Ophioglossum vulgatum and Ranunculus
scleratus) were run specifically to integrate with the wetlands model when applied to the site of
Upwood Meadows, Huntingdonshire.  Thus, the model was only run for Britain for these latter two
species.

Ophioglossum vulgatum (Adder’s tongue fern) occurs throughout England, although with a greater
frequency of occurrence in the south and east.  It is also found in scattered localities in Wales and
along the west, and to a lesser extent the east, coast of Scotland.  The scattered occurrence of this
species means that the simulated distribution shows it occurring almost throughout Britain, except the
higher parts of the Highlands and Cairngorms (Figure 5.10).  Under the climate change scenarios
these areas progressively become suitable, so that under the 2050s High scenario all of Britain apart
from one or two grid squares represent potentially suitable climate space.

Ranunculus scleratus (Celery-leaved buttercup) is currently present across almost all of England
south of a line from the Ribble to the Humber and east of the Severn, while in the north it is absent
from the higher ground.  In Wales and Scotland it is primarily present in coastal areas.  This
widespread distribution means that the simulated distribution shows it as present throughout the whole
of Britain, apart from the higher parts of Scotland (Figure 5.11).  Under the Low scenarios for the
2020s and 2050s suitable climate space occurs throughout England and Wales and only the higher
altitudes in the Highlands of Scotland are excluded.  This situation is even more pronounced for the
High scenario for the 2020s, although a very small part of the Essex coast becomes unsuitable.  The
High scenario for the 2050s shows that, as for Sanguisorba officinalis, there is suitable climate space
throughout almost all Britain, except that more of the Essex coast, part of the Thames valley
extending into London and the north Kent coast become unsuitable, possibly due to increasing soil
moisture deficit.

The outputs from the SPECIESv1 model for the three plants show them all gaining suitable climate
space in the north of Britain, such that under the 2050s High scenario almost all the country could be
suitable.  Climatically, therefore, these species should not be adversely affected by climate change.
When, however, these results are combined with those of the hydrological modelling for Upwood
Meadows (Figure 5.9) then it can be seen that summer minimum water levels are predicted to be
lower than at present, even though annual values do not change greatly.  This suggests that in summer
these plants may experience greater water stress, with the water table possibly falling below their
ideal range.  Newbold and Mountford (1997) gave an indication of the preferred water levels of a
range of species and those for the modelled plants are shown in Table 5.2.

Table 5.2:  Water level requirements of the modelled plants (from Newbold and Mountford, 1997).

Species NVC communities Water level requirements (cm)

Dry extreme Preferred Wet extreme
Sanguisorba officinalis MG4 -60 -30 to -20 ?
Ophioglossum vulgatum MG5 -100 -50 to -20 +5
Ranunculus sceleratus MG13 -20   -5 to +20 +40

When the preferred water levels of the three species are compared with the recorded dipwell data
(Figure 5.9) it can be seen that these levels are not reached much of the time, particularly in summer.
However, Newbold and Mountford (1997) did caution that the species may have a wider range of
requirements than those inferred by their individual readings and the figures may need to be revised.
Acreman and Jose (2000) also suggest that these levels are not reliable or transferable outside the
areas where the data were recorded.
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(a)

(b) (c)

(d) (e)

Figure 5.10:   SPECIESv1  model  results  for  Ophioglossum  vulgatum  (Adder’s  tongue  fern):  (a)
simulated  current  distribution  (1961-90);  (b)  2020s  Low  scenario;  (c)  2020s  High  scenario; (d)
2050s Low scenario; and (e) 2050s High scenario.
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(a)

(b) (c)

(d) (e)

Figure 5.11:    SPECIESv1  model  results  for  Ranunculus  scleratus  (Celery-leaved  buttercup):
(a)  simulated  current  distribution  (1961-90);  (b)  2020s  Low  scenario;  (c)  2020s  High  scenario;
(d) 2050s Low scenario; and (e) 2050s High scenario.
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In the future these species may experience greater and more frequent water deficits.  Ranunculus
sceleratus is the most sensitive to low water levels and thus it is anticipated that this will be the first to
be adversely affected by any increase in summer drought.  Initially this would be mediated through
changes in its competitive ability, but in time it could lead to its loss from the site.  In contrast, it is the
best suited to coping with winter flooding and thus the future composition of the site will depend on
the balance of these two “extremes” and the ability of species to adapt to them.  A species such as
Ophioglossum vulgatum with a wider tolerance range of water levels could increase in importance in
the future.

An indication of the possible limiting effect of increased soil moisture deficit is shown in the
SPECIES results under the 2050s High scenario when two species, Sanguisorba officinalis and
Ranunculus sceleratus, start to lose suitable climate space around the Thames estuary.  This area is in
the region with the maximum summer PPT - PET anomaly (Figure 5.4).  This also reinforces the
hydrological modelling which suggests that water levels, particularly under this scenario may be
sufficiently low to adversely affect some wetland plants and to lead to changes in species
composition.  In the RegIS project, Epipactis palustris (Marsh helleborine) and Valeriana dioica
(Marsh valerian) showed a similar loss of climate space (Berry et al., 2001) and this suggests that
wetlands in parts of south east England and East Anglia could be particularly affected.

The synthesis of modelling results on the potential climate space of species with their site-specific
hydrology shows the importance of taking both factors into account, where possible, when examining
wetlands.  Although the broad-scale climate space may appear to be suitable for a species, the water
table regime may indicate significant seasonal stresses.  This work suggests that the species
composition of wetlands will change in the future in response to changing climate and hydrology and
that a knowledge of the water level requirements of species is an important component of
understanding possible future habitat composition.

5.4 Discussion and conclusions

The potential impact of climate change on wetlands depends not just on the response of species to
changing climatic inputs, but also on the response of the total hydrological system to these inputs.  It
is, therefore, important to try and capture these, but to do so at an international (Britain and Ireland)
level is fraught with difficulties, because of the problems of data availability and the modelling of
these variables and their responses.  Most workers, therefore, have focused on river flows rather than
trying to address the hydrological pathways and stores that may affect wetlands.

The two-fold approach in MONARCH has not been without its difficulties.  At the Britain and Ireland
scale the physical model, based on a simple two-layer bucket approach, was inadequate because it was
dependent on hydrological isolation with no horizontal water movement.  While this may be assumed
in some circumstances it is site specific and too divorced from reality.  A simple empirical water
balance (PPT-PET) model was then applied which provided a broad-scale picture of the changes in
water availability relative to baseline climate.  These results corresponded with those for river flow
(Arnell and Reynard, 2000) in that in winter there will be more water available in all regions of
Britain.  This could lead to increased flooding and if this is on a regular basis it could lead to a
marginal increase in wetland habitats such as fens.

In summer there is a strong south east to north west gradient with the area in Britain north of the Great
Glen fault experiencing a slight increase in water availability, as will the extreme north west of
Northern Ireland, Co. Donegal and part of Co. Mayo.  In these regions not only will wetland habitats
be safe from these indirect impacts of climate change, but they will have to adapt to higher water
levels and/or more prolonged flooding.  Also other habitats will become wetter, such that the
composition of heathland could change from dry towards wet heath.  For areas experiencing a net
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decrease, then the opposite will apply with summer drought being more frequent and severe.  This
will increase the stress on habitats such as drought-prone acid grasslands and beech woodlands.

The results from the hydrological modelling can be combined with those from SPECIES to help
identify species and habitats which may experience sufficient change in water levels to cause
difficulties.  At the moment the only widely available data on water level requirements is that
published by English Nature (Newbold and Mountford, 1997), which as has already been discussed
are subject to certain limitations.  Thus it is only possible to undertake a qualitative evaluation of the
vulnerability of species.

The SPECIES modelling showed that although many raised bog species may suffer an overall loss of
suitable climate space (Chapter 4.2.2.8), nevertheless the suitable areas are in the north and west
where water levels are likely to be maintained.  Wet heaths should not lose the dominant Erica
tetralix (Chapter 4.2.2.3), but changing water availability in the south east of England and to a lesser
extent in Ireland could lead to the drying of heathland and to E. tetralix being outcompeted.
Modelling for drought-prone acid grasslands (Chapter 4.2.2.5) showed that Erodium cicutarium and
Silene otites would not be adversely affected by climate change.  S. otites is found in East Anglia,
where water deficits are likely to be high, so it may experience some constraints, although migrating
north westwards with its climate space would start to alleviate such stress.  Work on the effect of the
1995 drought suggested that drought stress has an important effect on grasslands by enabling deeper-
rooted plants to increase (Buckland, 1997).  Alternatively, a comparison at Drayton, North Wyke and
Wytham showed that the only significant difference in the herbs was that annuals and biennials
increased more than perennials (Morecroft et al., in prep).

In beech woodlands Fagus sylvatica was predicted to suffer a progressive loss of suitable climate
space in south east England and by the 2050s High scenario this included almost all of East Anglia
(Chapter 4.2.2.9).  It is particularly sensitive to drought and thus the fact that much of its distribution
coincides with the area of greatest decrease in water availability reinforces the possible decline in this
species.  It has been suggested that in the south east, on the driest soils of Fagus sylvatica-Mercurialis
perennis woodland, the dominance of Fagus will decline and other, more drought resistant species
will increase their competitive ability.  The extension of Quercus spp. into habitats vacated by Fagus
seems inevitable, with Sorbus aria and Taxus baccata also increasing (Paterson, 2000).

In coastal dune slacks (Chapter 4.2.2.2), and other habitats, temporary ponds which are important for
the breeding of amphibians could expect a differential response with, on the basis of the hydrological
work, areas in the north west of Britain and Ireland experiencing an increase in their numbers and
persistence.  The High climate change scenarios in southern and eastern England show new climate
space for Bufo calamita, but these are areas likely to be experiencing increasing water deficits in
summer, but slightly increased water levels in winter.  The overall consequences for B. calamita will
depend on whether timing of breeding can be brought forward sufficiently such that these ponds can
be used before they dry up.  The Merseyside and Cumbrian populations, although apparently losing
suitable climate space, could benefit in the short-term from a possible increase in availability of
temporary ponds.  Another dune slack species, E. palustris, starts to lose suitable climate space under
the 2050s High scenario in parts of the Thames valley and south east Essex, probably as a response to
increased soil moisture deficits.  The hydrological balance therefore could play an important part in
this habitat.

Several other species, such as Sanguisorba officinalis (found in upland hay meadows) and E.
vaginatum (found in raised bogs) also started to lose suitable climate space from south east England.
If this is in response to decreased soil moisture then the suggested decrease in water availability in this
area from the hydrological model reinforces their potential loss.

At the local level the use of historical water level data enabled the construction of a much more
detailed, dynamic water balance for a wetland site.  However, this type of data is not widely available,
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is site-specific and is time consuming to process, thus limiting the wide-scale applicability of this
approach.  Nevertheless, the model did provide a good simulation of current hydrological conditions
at Upwood Meadows, thus making it possible to apply the climate change scenarios.  For the 2050s
High scenario, the model predicted little change in winter water levels and a decrease in summer
water levels, but this was not as severe as suggested by the broad-scale model.  It is possible therefore
that the latter needs calibrating, but at the moment little data are readily available.

The broad-scale model shows the potential impact of climate change on water availability.  The
seasonal outputs show distinct regional variations, with all areas becoming wetter in winter, but large
variations in summer and on the net annual effect.  All these will have important implications for
species and habitats, as water is such a fundamental resource.

The combining of the modelling of potential climate space of species with site-specific hydrology
shows the importance when examining wetlands of taking both factors into account where possible, as
although the broad-scale climate space may appear to be suitable, the water table regime may indicate
significant seasonal stresses.  This work suggests that the species composition of wetlands will change
in the future in response to changing climate and hydrology and that a knowledge of the water level
requirements of species is an important component of understanding possible future habitat
composition.
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6 Impacts on coastal environments
G.E. AUSTIN, M.M. REHFISCH, H.A. VILES AND P.M. BERRY

Summary

The impacts of climate change on estuarine and non-estuarine waterbirds and coastal geomorphology
have been modelled.  The assessments take account of changes in both important climatic variables
and sea level.  Projections of relative (net) sea level rise and coastal vulnerability were estimated by
combining the UKCIP98 projected changes in sea level with data on vertical land movement using the
ESCAPE model.  Under all climate change scenarios the area that could experience the greatest
increase in net sea level (up to 78 cm by the 2050s) is south east England and the area with the least
increase (up to 13 cm by the 2050s) is western Scotland.

Global climate change may affect Britain and Ireland's over-wintering waterbirds in a variety of ways.
Two aspects of its likely impact have been studied: the direct effect of changes in climatic conditions
that could affect waterbird distribution; and the indirect effect of rising sea levels on the availability
and nature of their coastal habitat.

Rising sea levels may affect the shape of estuaries generally, but in particular those in the south east
of Ireland and England due to their history of land claim for agriculture.  Estuary morphology largely
determines intertidal sediments that in turn influence the abundance and availability of the
invertebrate prey of waterbirds.  Hence the numbers of waterbirds supported by an estuary can be
expected to change with the predicted rise in sea level.  Managed realignment of sea defences may
result in more extensive intertidal flats at the expense of marshes.  In such cases intertidal sediments
are likely to become sandier, improving the habitat quality for species such as oystercatcher but
reducing it for species such as redshank and dunlin.  Our two case studies suggest that detrimental
changes in habitat quality may occur for most species.  In some cases changes in estuary extent may
be sufficient to compensate for this.  Loss of salt and freshwater marshes due to coastal squeeze is
likely to be a more serious problem for waterbirds, in particular for those species that do not feed on
the intertidal flats.  This includes most species of wildfowl together with waders such as golden plover
and lapwing.

Fluctuations of wader numbers on individual estuaries can be partly explained by between-winter
variation in weather conditions.  This indicates that long-term climatic trends are likely to have a
direct impact on waterbird distributions.  Comparison of the MONARCH work with research
undertaken elsewhere suggests that a regional approach, or one based on a winter bioclimatic
classification, would be more efficient for predicting these changes than the site-based approach used
here.

The distributions of six of the seven studied species of non-estuarine wader present in internationally
important numbers have shifted northwards between 1984-85 and 1997-98.  The distributions of two
species have also shifted eastwards and one westwards.  These distributional shifts coincide with
changes in regional weather patterns during this period.  Six species fared best in areas with the
greatest decrease in the days of frost, and days of snow and sleet, a broadly similar relationship to that
of estuarine waterbirds that have moved eastwards since the 1980s with increasingly warm winters.
Decreasing mean rainfall was beneficial for three species and decreasing mean wind speed was
beneficial for one species.  Cold weather, rain and wind increase the energy requirements of waders,
decrease prey availability and lead to decreased wader survival.  Extrapolating from the wader-
weather relationships, the UKCIP98 climate change scenarios would lead to the expectation of a
continued change in the distribution of non-estuarine wader populations in Britain and Ireland.  Also
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that the observed decline in Britain's internationally important non-estuarine wader populations will
be exacerbated if the northwards shift in distribution continues.  As winters outside of Britain and
Ireland become milder a greater proportion of the East Atlantic Flyway populations of some species
of wader may over-winter further north and east on the continent of Europe.  The projected increase in
rainfall would be expected to negatively affect waders and could have implications for the size of
their populations at the flyway scale.  The projected change in mean wind speed is unlikely to have a
major effect on wader populations although increases in gale-force winds may do so.  Waders over-
wintering on non-estuarine coasts appear to be excellent indicators of climate change.

Conceptual models have been built of how future climate change will affect the geomorphology of
salt marshes, coastal sand dunes, vegetated shingle, rocky coastal platforms and seagrass beds.  Other
local human impacts, coupled with the natural dynamics of these systems, will also undoubtedly be
important and will condition their response to climate forcing.  In most of these coastal systems
geomorphic and ecological processes are highly interlinked, thus changes in flora and fauna will have
a knock-on effect on sediment movement (and vice versa).  For each coastal type, four or five case
study sites were chosen for more detailed study because of the difficulty of making general
predictions about complex and highly individual systems.  Output on sea level rise from the ESCAPE
model, alongside predictions of some key climatic variables (e.g. wind speed and air temperatures)
have been used to investigate the severity of impacts resulting from climate change.  Future changes
for some key climatic variables, for example wind direction and storm frequency, were not available.
For salt marshes, sea level rise and changes in storminess are likely to be key influential elements of
climate change, and marshes in southern and eastern England are likely to be the most vulnerable.
For coastal sand dunes, sea level rise, winds and storminess are the key variables, and dunes along the
northern Norfolk coast are predicted to experience the largest rise in sea level.  Rocky coastal
platforms will be affected by sea level rise and increases in air temperature and those on soft materials
coupled with high sea level rise (e.g. chalk at Flamborough Head) will suffer most.  Vegetated shingle
will be affected by sea level rise, storms and changes in winds and those in southern England appear
most at risk.  Finally, seagrass beds will be affected by sea level rise, increases in sea surface
temperature and changes to storminess and no particular part of the country appears to be more at risk
from the predicted changes.  More data is urgently required on predictions of key climatic variables
(e.g. storms and wind directions) and monitoring at individual sites is needed to clarify the impacts of
the different factors.

6.1 Introduction

The impacts of climate change on estuarine and non-estuarine waterbirds and coastal geomorphology
is reported in this chapter.  Associated changes in sea level have been modelled and their effects are
included in the assessments for estuarine waterbirds and geomorphological features.

6.1.1 Climate change and waterbirds

In international terms, Britain and Ireland are ornithologically important because of their large coastal
seabird colonies and the vast numbers of waders and wildfowl that winter on its estuaries (Moser,
1987; Cayford and Waters, 1996; Pollitt et al., 2000).  The waterfowl are attracted by a combination
of productive wetlands and relatively mild winters.  Many estuaries have been designated Sites of
Special Scientific Interest (SSSI), Special Protection Areas (SPA) or Ramsar sites (often all three) on
the strength of the over-wintering waterbirds that they support.  Global climate change has the
potential to affect over-wintering waterfowl in two ways.  Firstly rising sea levels will directly affect
the availability of the habitats favoured by these birds, especially within an estuarine context, and
secondly there will be the direct effect of changed meteorological conditions on the birds, their
habitats and their food, both within an estuarine and non-estuarine context.
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Mean sea level has been rising historically and the rate of change is predicted to increase considerably
over the next century.  Even if measures that may be taken to curb global emissions of greenhouse
gases have a significant effect, thermal inertia of the oceans will mean that sea levels would continue
to rise for some time.  The majority of estuaries in Britain and Ireland have been modified by the
construction of sea defences and claim for agriculture of former intertidal habitat.  Under natural
conditions and given an adequate supply of suspended material it is likely that natural processes
leading to the deposition of intertidal sediments and the building of salt marsh would be able to track
changes in sea level.  Where sea defences are present, and given an adequate supply of material,
deposition of sediments may well match increased sea level, however, habitats above the high tide
mark, particularly coastal marshes, may be subject to land squeeze if the defences are maintained
behind them.  Although this would inevitably affect birds breeding in these habitats, Britain and
Ireland are less important in international terms for such species.  This chapter, therefore, concentrates
on the internationally important wintering waterbird populations which feed on the intertidal flats.
Coastal habitats above the high water mark are used by waders principally for roosting and in this
respect they are reasonably adaptable (Rehfisch et al., 1994).  They are, however, important to
wintering wildfowl.

The nature of intertidal sediments is largely a consequence of the energy contained within the water
column (Yates et al., 1996).  Where intertidal flats are subjected to high wave action, typical of wide
and open-mouthed estuaries, fine particles tend to remain in the water column and so are flushed out
of the system leaving sandier sediments except in sheltered areas such as the inner estuary.  In
estuaries which are narrow or enclosed, finer particles are able to settle which allows muddier
sediments to form.  Although there are clearly other issues involved, particularly the nature and
supply of raw material, readily available variables describing the shape of estuaries can explain much
of the variation in the nature of sediments averaged across whole estuaries.  For example, Yates et al.
(1996) was able to explain up to 91% of the variation in the percentage of mud and 86% of the
variation in the percentage of sand across 25 British estuaries using various combinations of the
estuary morphology variables described later in this chapter.  It is the nature of the sediments that
dictates the numbers and species composition of invertebrates and in turn waterbirds that an estuary
will hold (Holloway et al., 1995; Austin et al., 1996).  Consequently as the shape of an estuary
changes both the quality and quantity of habitat will change.

Wading birds, in particular, are known to be susceptible to adverse weather.  Consequently, the
present distribution of these species would be expected to reflect current climatic conditions.  Winter
weather has both a direct effect on the birds themselves and an effect on their invertebrate prey.
Waders have relatively high daily energy expenditure (Kersten and Piersma, 1987), and this becomes
evident with the onset of severe weather when some species modify their behaviour in order to meet
increasing energy demands, for example grey plover (Dugan, 1982).  Knot, the most mobile of the
principally estuarine waders, are close to their metabolic maximum in north west Europe (Wiersma
and Piersma, 1994) which might explain their high mobility even in milder winters when inter-estuary
movements are common (Dick et al., 1976; Symonds et al., 1984; Davidson and Wilson, 1992).
Despite increased metabolic requirements the rate of food intake for some wader species is known to
decrease with decreasing temperature, increasing wind speed and increasing rainfall (Goss-Custard et
al..1977; Pienkowski, 1981; Davidson, 1981).  This is in part due to reduced invertebrate activity in
colder conditions which potentially affects all wader species.  Also, particularly in the case of visual
feeders, it is in part due to reduced detectability when the surface is being agitated by rain or wind and
reduced mobility of the birds themselves in windy conditions (Pienkowski, 1981; Zwarts and Wanink,
1993).

Research undertaken by the British Trust for Ornithology (BTO) on behalf of the Wetland Bird
Survey (WeBS) has identified shifts in the overall distribution of waders over recent decades (Austin
et al. 2000) and these shifts have been related to changing weather patterns.  In milder winters a
smaller proportion of the UK populations of ringed plover, grey plover, knot, sanderling, dunlin and
curlew winter in the relatively milder south west of Britain while a larger proportion of these species
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over-winter in East Anglia.  It therefore follows that as weather patterns continue to change with
global warming, distributions of wading birds are likely to continue to respond.

For the MONARCH study, the aim was to quantify the relationship between the numbers of
waterbirds found at given sites to changing estuary morphology with sea level rise and to climatic
conditions.  These relationships were then used to model how numbers might be expected to change
under the UKCIP98 climate change scenarios.

6.1.2 Climate change and coastal geomorphology

Climate change will impact the geomorphology of many sensitive components of the coasts of Britain
and Ireland.  Geomorphologically sensitive coasts may be defined as those that react quickly and
dramatically to a stress or series of stresses.  Many of the coastal habitats recognised as priorities on
ecological grounds in the UK Biodiversity Action Plan (BAP) and the EU Habitats Directive are also
sensitive in geomorphological terms (e.g. coastal sand dunes, salt marshes, vegetated shingle and
seagrass beds).  Furthermore, rocky coastal platforms, another UK BAP priority coastal habitat, may
also show geomorphological sensitivity to climate change as the organisms play a key role in
geomorphological processes on some rock types (through bioerosion and bioconstructive activities).

Impacts of climate change on coastal geomorphology will often be highly site-specific because of the
complex web of processes which influence the coast.  Furthermore, climate is only one of a range of
natural and human forcing factors affecting coasts.  Both these factors make simple predictions of the
future impacts of climate change on coastal geomorphology very difficult.  Lee (2000) addresses the
role of future shoreline management plans in influencing coastal conservation areas in England and
Wales over the next 50 years which will provide another important impact on these habitats.  For the
MONARCH project, conceptual models were developed which summarise the key influences on
sensitive coastal geomorphological features.  These were used to examine impacts at a number of case
study sites under the UKCIP98 climate change scenarios.

6.2 Modelling net sea level rise and coastal vulnerability

The ESCAPE model (Hulme et al., 1995) was run to calculate sea level rise and coastal vulnerability
for Britain and Ireland.  ESCAPE is based on a 1° longitude x 0.5° latitude grid and uses the output
from global climate models (GCMs) to calculate sea level rise for a given level of warming.
Estimates of sea level rise from the UKCIP98 climate change scenarios (see Table 1.1 in Chapter 1)
were substituted in the model in order to ensure consistency of data usage within the project.  Data on
vertical land movement in the model come from Shennan's data for the North Sea region (1987) and
Great Britain (1989).  The results conform with the widely accepted models of vertical land
movement caused by ice unloading and have been correlated with tide gauge data (Shennan and
Woodworth, 1992).  The rates of vertical land movement are assumed to be constant between the
scenario dates.  More local variations in land movement and sea level rise are known to exist, but this
data is only just becoming available and seems to be very site-specific.  A 19 year record from four
tide gauges in Ireland show only a slight increase of 0.3 to 0.5 mm per year (Sweeney, 1997).  The
possibility of using more recent land movement data should be explored further by future projects.
Relative (net) sea level rise was calculated by adding projections of sea level rise to vertical land
movement for each grid cell.

Figure 6.1 shows the range of possible responses in net mean sea level rise under the climate change
scenarios for the 2020s and 2050s.  Under all scenarios the area that could experience the greatest
increase in sea level is the Thames estuary, with a range from 12.7 cm for the 2020s Low scenario to
78.4 cm for the 2050s High scenario.  This sensitive area extends round the coast towards East Anglia
and Kent.  The north Norfolk coast and southern Ireland could also experience similarly high sea level
rises.  This would have serious implications for coastal salt and grazing marshes and sand dunes,
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while settlements adjacent to estuaries and on the coast could also be seriously affected.  By contrast,
the Firth of Clyde would have the lowest range of net mean sea level rise ranging from 1 cm for the
2020s Low scenario to 13.2 cm for the 2050s High scenario.  These geographic differences are almost
entirely the result of the isostatic readjustment of Britain and Ireland, which means that the north of
England, Scotland and Ireland, north of a line from Galway to Dublin, are experiencing net positive
vertical land movement, while southern England and south western Ireland have a net negative
vertical land movement.

Figure 6.1:  Net mean sea level rise under the UKCIP98 climate change scenarios for the 2020s and
2050s.
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Coastal vulnerability was assessed using a matrix which assigns a grid square a vulnerability rating
based on its character, evolutionary trend and degree of protection.  The data for this matrix originated
from a coastal erosion project within the CORINE study of the EC.  This divides the coastline into
homogeneous segments, which vary in length from a few 100 metres to tens of kilometres.  Each
segment was assigned one code for each of these three variables and the coastline segment data
aggregated for each grid square.  The number of codes for each variable was reduced from the
original CORINE data to result in six coastline types, three evolutionary trends and two coastal
defence codes (natural/protected).  This generates 29 unique sets of generic coastline descriptions and
these were further simplified into five classes in order to obtain an index of coastal vulnerability
(Tables 6.1 and 6.2).  The vulnerability of each grid square does not change between the scenarios, as
it is based on variables which are not thought to change significantly during the time-scale under
consideration, although sea level rise will affect coastal processes and in time the stability of the
coasts (Section 6.5).

Table 6.1:  Coastal vulnerability matrix.

Type1 Defence Very low Low Medium High Very high
M.1a Natural Stable
M.1b Natural Stable Eroding
M.1b Protected Stable Eroding
M.2 Natural Accreting Stable Eroding
M.2 Protected Accreting Stable Eroding
M.3 Natural Accreting Stable Eroding
M.3 Protected Accreting Stable Eroding
M.4a Protected
M.4b Protected Accreting Stable Eroding

1 see Table 6.2

Table 6.2:  Coastline types.

Type code Description
M.1a Non-erodible rocky coasts
M.1b Erodible rocky coasts
M.2 Sandy beaches
M.3 Mud coasts
M.4a Harbours, ports, etc.
M.4b Other artificial coastline

The map of the vulnerability classes (Figure 6.2) shows that the grid squares with a high vulnerability
are scattered throughout Britain and Ireland, although there is a cluster along the east coast of Ireland.
The reasons for a grid square being attributed a high vulnerability vary, but generally it occurs where
the coast is predominantly sandy and/or mud in nature and where erosion is a problem.  In some
instances, as for example on the East Anglian coast and at locations along the Irish east coast, this has
led to a comparatively large proportion of the coast being protected.  In Ireland about 130 to 160 ha
were estimated to be lost from about 300 localities, most of these on the glacial drift east coast (Carter
and Johnston, 1982) and this is likely to be increasing barring human intervention.  Not surprisingly
those coasts with a very low vulnerability have a high proportion of rocky shores, often with little or
no protection.

The relative sea level rise and vulnerability index maps are important in indicating areas where coastal
habitats and geomorphological features are at risk.  They thus form inputs to the modelling of
estuarine waterbirds (Section 6.3) and sensitive geomorphological features (Section 6.5).
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Figure 6.2:  Coastal vulnerability rating for the coastline of Britain and Ireland based on its character,
evolutionary trend and degree of protection.

6.3 Impacts of sea level rise on estuarine waterbirds

6.3.1 Estuary shape / bird number models to predict the effect of sea level rise

The BTO and Centre for Ecology and Hydrology (CEH) have developed techniques to allow estuarine
waterbird densities on British estuaries to be predicted from estuary sediments, morphology and
geographic location.  This work was part of the New and Renewable Energy Programme, managed by
the Energy Technology Support Unit (ETSU) on behalf of the Department of Trade and Industry.
This technique is predisposed to making predictions of how waterbird numbers may be affected by
changes in the shape of estuaries with sea level rise as land above the current high tide mark becomes
inundated or as existing sea defences become breached or are realigned under various management
strategies.

The existing models were based on estuary morphology, location and, for some species, aspects of
estuary sediments.  Models including sediment variables are most suited to predicting contemporary
numbers of birds on sites.  It is possible to predict how morphological features of an estuary (e.g.
mean width, mouth width) might change with sea level rise and in turn the nature of future sediments
can be predicted from the changes in morphology (Yates et al. 1996).  However, it is less obvious
how to predict statistically the future extent of the sediments.  Fortunately, because the morphology of
an estuary is a major determinant of the settlement and nature of its sediments, morphological
variables can replace the sediment variables in the models for most species with little loss to the
reliability or robustness of the resulting predictions.

6.3.1.1 Method

New models of bird density were therefore required that were based solely on morphological and
location variables.  These new models were generated using a stepwise approach to construct general
linear models for seventeen species of waterbirds which are widespread on the estuaries of Britain and
Ireland (see Chapter 3.4; Table 3.7).  The models were developed using data collected for the 1993/94
and 1994/95 winters (Holloway et al., 1995) and morphological variable measurements made by
Yates et al. (1996) (Table 6.3).  Countrywide, east and south coast and west coast models were
developed (Austin et al. 1996).

Very low

Low

Medium

High

Vulnerability class:
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Table 6.3:  Definitions of the whole estuary morphological variables.

Variable name Units Definition
EAREA ha Total area of estuary from mouth to defined upper limit, including

channel.
ELENGTH km Distance up mid-channel from mouth to upper limit.
EWMAX km Maximum of the total width of the estuary measured at 10 or more

representative transects across the estuary.
EWMEAN km Mean of the total width of the estuary measured at 10 or more

representative transects across the estuary.
ESHAPE1 Estuary shape index.  Highest values denote relatively long and narrow

estuaries.
 = ELENGTH / EWMAX

ESHAPE2 Estuary shape index.  Highest values denote relatively long and narrow
estuaries.
 = ELENGTH / EWMEAN

ETRANGE m Mean spring tidal range (M.S.H.W. - M.S.L.W.) (Admiralty Tide Tables
Volume 1: Table V p.xxxviii or Part II pp.302-360).

EWSHORE km Mean shore (intertidal) width averaged over at least 10 equally spaced
transects on each side of the estuary, measured from low water to upper
limit of salt marsh or sea wall.

EWCHANN km Mean low water channel width from at least 10 transects.
EWMOUTH km Estuary mouth width.
ESWELL Estuary exposure to swell from the sea.

= EWMOUTH / EWMAX
EDEPTH1 Estuary depth index; estuaries with relatively wide channels will tend to be

deeper.
= EWCHANN / EWMEAN

ECOAST 0/1 Separates West (0) from East and South coast estuaries (1).
ESHAPE1T Derived shape index

=ELENGTH/(EWMAX x ETRANGE)
EFETCH2 km Median value of fetch (distance from midpoint between high and low tide

marks to high tide mark on opposite shore) measured from at least 10
transects

EFETCH10 km EFETCH2 truncated to have a maximum value of 10 km.
ELAT degrees Latitude.
ELONG degrees Longitude.

The stepwise procedure can be vulnerable to "over-fitting", especially when the ratio of cases to
variables is low, and data values for a small number of unusual observations can have undue influence
on the outcome of the modelling.  Therefore, the robustness of all the models was assessed using a
jack-knife approach (Krzanowski 1988).  This involved making predictions for each case in turn using
the same model in terms of predictive variables included, but for each case using the parameter
estimates obtained when that case was excluded.  If the model was robust, predicted values for each
case will be reasonably similar to those obtained when using parameter estimates obtained using all
cases in their derivation.  When this is not so, this implies that the case in question is having undue
influence on the model.  The robustness of models of increasing complexity were compared by
reference to the standard deviations of the residuals obtained by subtracting jack-knife predicted
values of bird density from the observed values.  An increase in the standard deviations of the
residuals between a particular model and the model with one more predictive variable was taken as an
indication that the latter had become over-fitted.  When alternative models were equally robust, the
model based on the variables for which the change with sea level rise could be predicted with most
confidence was favoured.
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6.3.1.2 Results

Wildfowl

Models for predicting densities were obtained for all of the five wildfowl species considered (Table
6.4).  This included models applicable countrywide for all species except wigeon, applicable to the
east and south coasts for all species except shelduck and mallard, and applicable to the west coast for
all species except shelduck and teal.  While the west coast specific model for mallard was preferable
for predicting west coast densities the countrywide model was preferable to the east and south coast
model for predicting densities elsewhere.  All models contained variables for which the values may
change with sea level rise.  Only one model, however, that for shelduck proved to be robust when
jack-knifed.

The available models enable predictions to be made for all wildfowl species for any estuary in the
UK.  The jack-knife procedure, however, indicated that only the countrywide shelduck model was
robust and therefore likely to give reliable results.  Wildfowl, with the exception of shelduck, use
estuaries primarily as roosting rather than feeding sites.  Consequently the nature of the sediments
may be less important to these species and weaker relationships between wildfowl densities on
estuaries and estuary shape would be expected than for those expected between wader densities and
estuary shape.  The only variable used by the shelduck model is tidal range for which predictions of
change with sea level rise were not available.  Given the lack of robust models from which reliable
predictions of wildfowl densities could be obtained the predictive work (see Section 6.3.3) excluded
wildfowl.

Table 6.4:  Estuary shape / bird number models for wildfowl.  Applicability CW = countrywide and
W, E & S = west, east and south respectively.  Parentheses are used to identify models which did not
prove to be robust when jackknifed.  An asterisk indicates that the countrywide model is used in
preference to the coast specific model for the indicated coastline (when the countrywide model is not
being applied universally).

SS stats for Type 2SSSpecies Applicability Model R2

x 100%
Parameters

F P
Parameter Estimate (SE)

Shelduck CW 19% Intercept
ETRANGE 5.31 0.0306

0.9351 (0.2452)
-0.1030 (0.0447)

(E & S) 36% Intercept
EDEPTH1 6.08 0.0314

0.7518 (0.1648)
-1.2924 (0.5242)

Wigeon

(W) 79% Intercept
ELONG
EDEPTH1

32.37
8.21

0.0003
0.0186

-12.3985 (2.3203)
-3.0873 (0.5427)
10.9138 (3.8084)

Teal (CW) 72% Intercept
EAREA
ESHAPE2
EWCHANN

29.32
7.20

44.62

<0.0001
0.0139

<0.0001

0.0812 (0.0243)
-0.0249x10-3 (0.0046x10-3)

-0.0043 (0.0015)
0.4371 (0.0654)

(E & S*) 18% Intercept
ESWELL 5.17 0.0326

0.1085 (0.0219)
-0.0801 (0.0352)

Mallard

(W) 59% Intercept
ESHAPE2 14.20 0.0037

0.0037 (0.0114)
0.0052 (0.0014)

Pintail (CW) 17% Intercept
ESWELL 4.73 0.0402

0.0600 (0.0181)
-0.0633 (0.0291)
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Waders

With the exception of grey plover, bar-tailed godwit and turnstone, models for predicting densities
were obtained for all 12 species of wader considered (Table 6.5).  All models contained variables for
which the values may change with sea level rise.  The models for oystercatcher, knot, dunlin, curlew
and redshank proved to be robust when jack-knifed.

Oystercatcher, knot, dunlin, curlew and redshank, for which robust models were obtained, account for
the majority of the total over-wintering estuarine waders population in Britain and Ireland.  For the
remaining wader species, with the exception of bar-tailed godwit and grey plover, only a minority
proportion of the total over-wintering population of each species occupies estuarine habitat.  For these
species, the numbers occupying estuaries are likely to be strongly influenced by proximity to other
habitats as well as conditions in the estuaries themselves.  The over-wintering population of grey
plover in the UK has been going through a phase of rapid growth which reduces the chances of
identifying those types of relationships used by the modelling protocol.  Predictive work (see Section
6.3.3) therefore concentrated on the five wader species for which robust models were obtained and for
which predictions of densities can be considered reliable.

6.3.2 Predicting change in estuary morphology with sea level rise

6.3.2.1 Method

Modelling sea level rise

Changes to estuary shape were predicted using estimates of net sea level rise under the UKCIP98
climate change scenarios from the ESCAPE model (see Section 6.2).  Four scenarios for the 2020s
and 2050s were considered: Low, Medium-low, Medium-high and High.

Estuary shape and sea level rise

Determining how the shape of an estuary is expected to change with sea level rise requires high
resolution, high accuracy, high precision elevation data for land above the current high water mark
which will be vulnerable to inundation with higher sea levels.  For coastal areas these data were
available in digital format for much of England and to a lesser degree Wales through the Environment
Agency, National Centre for Environmental Data and Surveillance.  These data, collected by the
airborne Light Detection and Ranging system (LIDAR), record elevation to 10 cm precision and are
post-processed (by the Environment Agency) into a regular 2 m x 2 m grid resolution.

Two contrasting estuaries, the Deben in Suffolk and the Duddon in Cumbria, were chosen.  The
Deben is mainly contained within bioclimatic class 19, extending into bioclimatic class 7 towards its
landward extreme.  The Duddon is mainly contained within bioclimatic class 7, extending into class 4
towards its landward extreme (see Chapters 2 and 3).  These sites have a different general shape: the
Deben being narrow with a relatively narrow mouth; the Duddon being broad with a relatively wide
mouth.  They also have contrasting waterbird communities both in terms of relative numbers and
densities of each species.  The Deben has extensive mudflats in its inner reaches that extend to the
estuary mouth, where there is a very small area of sand flat.  Historically it is estimated that around
2,500 ha of salt marsh and mudflat have been claimed by agriculture (Buck 1997).  The Deben
supports nationally important winter populations of six species of waterbird and internationally
important numbers of redshank (Pollitt et al., 2000).  The Duddon is a large sandy estuary with an
extensive area of salt marsh, particularly in its upper reaches (Buck, 1993).  The estuary supports
nationally important winter populations of eight species of waterbird, including internationally
important populations of pintail, knot and redshank (Pollitt et al., 2000).  Both estuaries are
designated as a biological SSSI, SPA and Ramsar site.
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Table 6.5:  Estuary shape / bird number models for waders.  Applicability CW = countrywide and W,
E & S = west, east and south respectively.  Parentheses are used to identify models which did not
prove to be robust when jackknifed.  An asterisk indicates that the countrywide model is used in
preference to the coast specific model for the indicated coastline (when the countrywide model is not
being applied universally).

SS stats for Type 2SSSpecies Applicability Model R2

x 100%
Parameters

F P

Parameter Estimate
(SE)

E & S 32% Intercept
EDEPTH1 5.25 0.0427

1.1982 (0.2691)
-1.9611 (0.8560)

Oystercatcher

W 67% Intercept
EWSHORE 20.65 0.0011

-.3674 (0.3257)
2.0321 (0.4472

(E & S*) 20% Intercept
ESWELL 5.58 0.0270

0.1323 (0.0295)
-0.1119 (0.0474)

Ringed plover

(W) 36% Intercept
ESWELL 5.67 0.0385

0.0786 (0.0208)
-0.0701 (0.0295)

(E & S*) 90% Intercept
EAREA
EWCHANN
EDEPTH!

110.64
163.96
9.15

<0.0001
<0.0001
0.0064

0.1310 (0.0830)
-0.0002 (<0.0001)
3.4962 (0.2330)
-1.3760 (0.4549)

Golden
plover

W 80% Intercept
ELAT
EDEPTH1

8.32
14.51

0.0181
0.0042

-0.4333 (0.1452)
0.0080 (0.0028)
0.1713 (0.0450)

Grey plover N/A
Lapwing (CW) 17% Intercept

ESHAPE1T 4.74 0.0900
0.1133 (02792)
0.2685 (0.1234)

E & S 45% Intercept
EWMOUTH 8.23 0.0153

0.2385 (0.2034)
0.2200 (0.0766)

Knot

W 57% Intercept
EWSHORE 13.11 0.0047

-0.1983 (0.1092)
0.5428 (0.1499)

Sanderling (CW) 78% Intercept
EAREA
EWMAX
EWCHANN

35.76
15.65
48.49

<0.0001
0.0007
<0.0001

-0.0080 (0.0031)
-0.0004x10-3 (<0.0001)

0.0056 (0.0014)
0.0489 (0.0070)

E & S 84% Intercept
ELONG
EWMEAN

48.39
6.17

<0.0001
0.0323

9.8296 (0.9705)
2.0461 (0.2941)
-1.4339 (0.5773)

Dunlin

W* 30% Intercept
ESHAPE1T 9.96 0.0044

1.5356 (0.9981)
1.3917 (0.4410)

Bar-tailed
godwit

No model
obtained
E & S* 33% Intercept

ESHAPE1T 11.14 0.0029
0.1560 (0.0865)
0.1275 (0.0382)

Curlew

W 54% Intercept
ESHAPE2 11.87 0.0063

0.0924 (0.0367)
0.0135 (0.0039)

Redshank CW 87% Intercept
ELONG
ESHAPE1T

45.87
17.22

<0.0001
0.0004

1.3621 (0.1929)
0.3156 (0.0466)
0.2317 (0.0558)

Turnstone No model obtained
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The LIDAR data were processed within the ArcView geographical information system (GIS) (ESRI,
1999).  From these data, digital elevation models were constructed for all land adjacent to the
estuaries up to the 2 m contour.  The digital elevation models were of sufficient resolution and
precision to identify and measure the height of existing sea defences.  For the purposes of modelling
the effects of sea level rise on estuary shape the mean spring high tide mark (MHTS), taken from the
Admiralty Tide Tables (UKHO, 1999), were used, setting the current MHTS as the baseline elevation.

Potential sea defence management plans were based on those of the Environment Agency (EA, 1998;
EA, 1999).  These management strategies were incorporated into the GIS project containing the
estuary morphology data making it possible to assess how the shape of the chosen estuaries might be
expected to alter both with and without future management.

The modelling protocol used the digital elevation model to simulate 20 cm increases in mean spring
high water (MHWS) tides, determining for each the extent of land which would be inundated.  For
each simulated increment of sea level rise, new values for the morphological variables required by the
bird models were calculated for both situations with and without management intervention.

6.3.2.2 Results

Modelling sea level rise

The ESCAPE model predicted a maximum (High scenario) net increase in relative mean sea level of
78.4 cm for the Deben estuary and 67 cm for the Duddon estuary by the 2050s (Table 6.6).  The
Deben will experience a greater increase in relative mean sea level than the Duddon due to local
differences in vertical land movement which is negligible for the Duddon, but about 2 mm per annum
for the Deben.

Table 6.6:  Predictions of mean temperature and net mean sea level rise for the Deben and Duddon
estuaries under the UKCIP98 Low, Medium-low, Medium-high and High climate change scenarios
for the 2020s and 2050s obtained using the ESCAPE model (see Section 6.2).

Year Variable Estuary UKCIP98 climate change scenarios

Low Med-low Med-high High
Increase in mean
temperature (°C)

0.57 0.98 1.24 1.38

Increase in mean
sea level (cm)

7 8 12 39

Deben -5.1 -5.1 -5.1 -5.1Vertical land
movement (cm) Duddon 0 0 0 0

Deben 12.7 13.7 17.7 43.7

2020s

Net increase in mean
sea level (cm) Duddon 7 8 12 38
Increase in mean
temperature (°C)

0.89 1.52 2.11 2.44

Increase in mean
sea level (cm)

12 18 25 67

Deben -11.4 -11.4 -11.4 -11.4Vertical land
movement (cm) Duddon 0 0 0 0

Deben 23.4 29.4 36.4 78.4

2050s

Net increase in mean
sea level (cm) Duddon 12 18 25 67
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Estuary shape and sea level rise

The management proposals for both estuaries allow very little changing of estuary shape with sea
level rise (Figure 6.3).  For the Duddon, the proposed management plan equates to a "hold the line"
policy for all management compartments vulnerable to sea level rise within the 2 m sea level rise limit
considered.  Analysis of the digital elevation model indicated that for those management
compartments for which there is a "do nothing" policy, the existing defences would be adequate
within this limit.  Consequently under these management proposals the parameters in the bird density
models would not change.  The Deben management proposal does allow some scope for flexibility
with several relatively small management compartments being marked for "possible defence".  If
these areas were defended then the change from present estuary shape would be so slight that the
parameters in the bird density models would not change.  This is because a "hold the line" policy is
recommended for most of the management compartments vulnerable under the current predictions of
sea level rise.  These compartments are already totally dependent on the existing sea defences being
well below the current mean high tide mark.

(a) Duddon (b) Deben

Figure 6.3:  Management proposals for: (a) the Duddon estuary (EA, 1998); and (b) the Deben
estuary (EA, 1999).

Based on these considerations, increases in MHWS were modelled for the Deben under two extreme
scenarios.  Firstly, assuming a policy of no intervention (Figure 6.4) which, although unrealistic in
socio-economic terms, provided the data necessary to demonstrate how waterbirds might respond
generically to the reshaping of estuaries caused by increases in sea level.  Secondly, following the
management proposal that allows greatest scope for change in estuary shape: considering the possible
management compartment without management and incorporating the managed retreat (Figure 6.5).
For the Duddon increases in MHWS were only modelled for a scenario of no intervention (Figure 6.6)
given that the analysis of digital elevation data indicated that under the management proposal estuary
shape would not change unless sea level rise exceeds 2 m.

Measurements made from the GIS for the Deben recorded few changes in the morphological variables
used by the estuary shape / bird number models for an increase in sea level of less than 110 cm either
under a policy of no intervention or under the proposed management strategy (Table 6.7).  As
expected potential changes are much less under the latter.  Similar measurements for the Duddon
under a policy of no intervention recorded few changes for an increase in sea level below 100 cm.

hold the line
managed retreat
possible defence
do nothing
railway
seawall
2 metre contour

0 1 2 3 4 5 Kilometers
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Current

+30

+130+110+90

+50 +70

+190+170+150

Figure 6.4:  Increase in MHWS for the Deben estuary under a policy of no intervention.  Hatching
indicates management compartments that would be inundated given the specified increase in the
MHWS mark.
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Figure 6.5:  Increase in MHWS for the Deben estuary under the Suffolk Estuarine Strategies
management proposal (EA, 1999).  Hatching indicates management compartments that would be
inundated given the specified increase in the MHWS mark.
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Figure 6.6:  Increase in MHWS for the Duddon estuary under a policy of no intervention.  Hatching
indicates management compartments that would be inundated given the specified increase in the
MHWS mark.

Current +20

+160 +200+180

+100 +120 +140
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Table 6.7: Changes in morphological measurements under incremental increases in MHWS level for
the Deben estuary assuming a policy of no intervention and a management policy based on the
Suffolk Estuarine Strategies, River Deben, Strategy Report (Environment Agency 1999), and for the
Duddon estuary assuming a policy of no intervention.  In most instances values of variables changed
gradually with rising sea level.  Relatively large changes in values are indicated by ticks.

Sea level
rise (cm)

Area
(ha)

Length
(km)

Max
Width
(km)

Mean
Width
(km)

Shape
Index

1

Shape
Index

2

Shore
Width
(km)

Mouth
Width
(km)

Swell Depth

Deben Estuary with no intervention:
30-50 v v

50-70
70-90 v v

90-110
110-130 v v v v v v

130-150
150-170 v

170-190 v v v v v v

Deben Estuary with intervention under the Suffolk Estuarine Strategies:
0-30

30-50 v v v v

50-70
70-90

90-110 v v v

110-130
130-150
150-170
170-190 v v v v v v v

Duddon Estuary with no intervention:
0-20

20-40
40-60 v v

60-80
80-100 v v v

100-120 v v v v

120-140 v v v v v v

140-160
160-180
180-200 v v v v v v v v

6.3.2.3 Discussion

Assuming that the mean high water spring mark will increase apace with mean sea level, substantial
changes in the shape of both estuaries are only predicted under the UKCIP98 High scenario for
climate change.  For the Low, Medium-low and Medium-high scenarios the predicted increase in
mean sea level for both estuaries considered is such that the mean high water spring tides are unlikely
to compromise existing sea defences.  This, however, is not necessarily true of extreme tides caused
by low barometric pressure, seiches (wave generating oscillations in sea level resulting from abrupt
changes in meteorological conditions), onshore winds and storm surges (UKHO, 1999).  Low
barometric pressure and seiches may raise levels by up to 30 and 100 cm above normal respectively.
Storm surges, particularly those caused by strong and sustained northerly or north westerly winds,
may cause levels to rise in extreme cases by over 2 m in the North Sea.  Smaller increases, in the
region of 60 to 90 cm can currently be expected several times per year.  If these events coincide with
neaps then tides rarely reach abnormally high levels but when they coincide with high water
equinoctial spring tides extremely high tide levels may result.  The highest astronomical tide (HAT)
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was 40 cm above MHWS for the Deben during the period 1991-1998 and 100 cm above MHWS for
the Duddon during the period 1990-1997 (UKHO, 1999).

Deben

Major changes in the shape of the Deben are unlikely to occur other than under the UKCIP98 High
scenario because current sea defences appear adequate to cope with sea level rise under the Low and
Medium scenarios.  Under the High scenario the net increase in sea level of over 40 cm for the 2020s
would leave large areas of claimed land, particularly that at the south east extreme of the estuary,
vulnerable to surge tides no more than 90 cm above MHWS, unless sea defences are raised.  Surge
tides of this magnitude are currently realised several times per year (UKHO, 1999).  Although
breaching of sea defences with this frequency may not result in a return to intertidal habitat while the
sea defences remain intact, regularly inundated land may become unsuitable for its present
agricultural use.  Indeed, some of the sea defences on the Deben estuary have been breached in recent
years as a result of their disrepair and flooded areas have reverted to salt marsh (Buck, 1997).  If the
policy towards maintaining the sea defences were to change in response to agricultural land reverting
to salt marsh then areas susceptible to inundation by a 90 cm surge on top of a predicted 40 cm sea
level rise may come back into the intertidal regime as they are already below current sea levels.
Areas vulnerable under this scenario would be the same as those indicated for the +130 cm no
intervention management scenario under the UKCIP98 High scenario for the 2020s.  This becomes
more likely by the 2050s when that land would be inundated by similar surges under the Medium-
High scenario and of only 50 cm under the High scenario.  Currently the large area of claimed land to
the south west of the estuary would only be vulnerable to loss under the High scenario with frequent
surges in excess of 1 m.  Changes that lead to a widening of the estuary would be expected to lead to
sandier sediments (Yates et al., 1996).

Duddon

Major changes in the shape of the Duddon are unlikely to occur under the current predictions of net
sea level rise.  Several small management compartments would be vulnerable to inundation at 100 cm
above the current MHWS level.  These compartments are already subject to occasional inundation
given the HAT of + 100 cm.  Even at 200 cm above the current MHWS, a level which under the
UKCIP98 High scenario would only be attained with a storm surge, there would be only a small
percentage increase in area.

6.3.3 Predicting effects of sea level rise on waterbirds

6.3.3.1 Method

The adapted estuary shape / bird number models and the predictions of changes in estuary shape were
used to predict how waterbird numbers might change with increases in sea level.  Bird densities were
predicted for all species for which there were robust location and morphology based models, at 20 cm
increments of sea level rise.  Values for morphological variables obtained for each increment were
introduced into the estuary shape / bird numbers models.  This was done for both the Deben and
Duddon assuming a policy of no intervention and for the Deben under the Suffolk Estuarine Strategies
management plan assuming no defence of areas designated for possible defence.  Additional strategies
were available for the Deben but these, along with the management proposal for the Duddon, allowed
such small changes to the existing estuary limits that they would have minimal effect on the values of
the variables used by the models.  These in turn would predict a minimal change in bird densities on
either estuary with sea level rise.  The predictions made would therefore represent the smallest and
largest expected changes in waterbird numbers.  Baseline predictions were compared to data obtained
from WeBS high tide and low tide counts.
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6.3.3.2 Results

Deben

As sea level rises, the models predict that, under a scenario of managed retreat, the Deben will be able
to support decreasing densities of redshank and dunlin and increasing densities of oystercatcher.  The
number of redshank, dunlin and curlew that the estuary would be capable of supporting will increase,
however, due to the associated gain in area which more than compensates for the reduction in habitat
quality.  The results obtained for redshank (Figure 6.7) illustrate this point.  The changes in the
predicted densities and numbers of the other locally scarce species were small.  Oystercatcher,
redshank, dunlin and curlew account for about 70% of waders and 40% of waterbirds currently over-
wintering on the Deben.  The baseline predictions are similar to recent WeBS counts for these species
(Pollitt et al. 2000).

 (a) (b)

Figure 6.7:  Impacts of sea level rise on redshank for the Deben estuary under a policy of no
intervention: (a) density; and (b) numbers.  The effect of the UKCIP98 High climate change scenarios
for the 2020s and 2050s are indicated on the density graph.

Duddon

The models predict little change in the densities or numbers of any species until sea level has risen by
about 100 cm.  Beyond a sea level rise of 100 cm, under a scenario of managed retreat, the models
predicted an upward trend in both the densities and numbers of oystercatcher and knot.  The densities
of the other species are predicted to remain relatively constant and because the increase in area is
negligible there is little increase in numbers.  The baseline predictions are similar to recent WeBS
counts for these species (Pollitt et al., 2000).

6.3.3.3 Discussion

The predictions for both case study estuaries follow a general pattern as sea level rises.  As the
estuaries become wider as land is claimed or reclaimed by the sea, sediments would be expected to
become sandier (Yates et al., 1996).  Consequently they would support lower densities of species such
as redshank and dunlin, which are found at greatest densities on muddier sediments (Austin et al.,
1996).  In contrast they would be capable of supporting higher densities of species such as
oystercatcher which tend to favour sandier sediments.  For both of the studied sites, the increased area
of intertidal habitat would offset any predicted decreases in density.
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The predicted changes in waterbird numbers for any estuary will depend on the precise topography of
the site in question and the management policies adopted.  Consequently extrapolation of the
predicted changes for the two case studies to estuaries throughout Britain and Ireland should only be
done in the broadest terms and with caution.  In broad terms, where estuaries become more open to
wave action without a substantial increase in area, the numbers of species favouring muddy sediments
may decrease.  The change in the nature of sediments brought about by an increased average estuary
width or by the widening of the estuary mouth would be driven principally by increased fetch.  The
increased wave action would serve to keep the finer particles suspended in the water column, these
particles would then be flushed from the estuary leaving behind a sandy substrate rather than settle to
give a muddy substrate (Yates et al., 1996) except in the most sheltered areas.  The work of Yates et
al. (1996) suggests that these general principles will explain a substantial proportion of the variation
in the nature of the sediments.  The precise nature of expected changes to sediments at any given site
will be modified by the nature and availability of raw materials and the management policies
implemented.  For example offshore sea defences designed to reduce wave action and protect an
estuary from tidal surges would counter this effect.  This might result in estuaries increasing in area
but remaining muddier than expected from their internal morphology.  In such circumstances densities
of species that favour muddy sediments would be expected to remain higher than predicted by the
models while densities of species such as oystercatcher would be expected to increase to a lesser
extent than predicted.

On estuaries where land claim for agriculture has been a historic feature a substantial increase in area
would be possible if the current sea defences were to be breached or if schemes for managed
realignment were to be implemented thus allowing agricultural land to revert to intertidal habitats.
Where areas of land claim have been urbanised or industrialised there is probably little scope for
managed realignment.  Where estuaries are bounded by hard natural features there is likely to be little
substantial change in estuary shape and particularly area.  The impact of sea level rise will, therefore,
differ between regions of Britain and Ireland depending on the regional differences in geology,
isostatic readjustment and historical land claim.  Frazier (1999) catalogues details of biological /
ecological interest, hydrology and anthropomorphic interests of wetlands of international importance
within Britain and Ireland.  This information together with that from WeBS (Pollitt et al., 2000), I-
WeBS (Colhoun, 2000) and Sheppard (1993) makes it possible to assess where important populations
of waterbirds are likely to be affected by sea level rise in the light of the broad extrapolation from the
two MONARCH case studies.

Based on Frazier (1999), within England the estuaries most vulnerable to sea level rise are those in
East Anglia and the south east although there will be some exceptions (e.g. the Ribble).  This is
because these regions will experience relatively high net mean sea level rise due to the effects of
isostatic readjustment, and also the general topography has led to a history of land claim.
Consequently, the future of large areas of agricultural land in the region will be dependent on the
maintenance and improvement of existing sea defences.  Many of the estuaries in the area hold
internationally important numbers of waterbirds.  For some, including the Breydon and the Stour-
Orwell, improvement of existing sea defences is expected to maintain the current estuary shape.
Erosion of existing salt marsh is likely, at least in the short term.  The possibility of at least some
managed retreat has been proposed for many other estuaries, including the Alde-Ore, Deben,
Blackwater and Old Hall Marshes, Colne, Hamford Water and Chichester and Langstone Harbours.
Other estuaries in the area surrounded by large areas of claimed land include the Swale and the Wash
(Frazier, 1999) which support internationally important numbers of 13 species of waterbird (Pollitt et
al., 2000).

These estuaries are particularly important for grey plover, knot, dunlin, redshank and black-tailed
godwit (Pollitt et al., 2000), species found at highest densities on muddier sediments.  The muddiness
of the sediments on these estuaries is largely due to the historic land claim which had narrowed and
enclosed the formerly much larger intertidal extents.  As a general rule changes in the populations of
waterbirds on these sites would be expected to mirror those predicted for the Deben.  The Wash is an
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exception here because although it has a history of land claim and is one of the premier European
wetland sites, its unique character precludes predictions based on general rules.  These regions already
support the majority of over-wintering waders in Britain and Ireland and in recent decades there has
been a shift in the populations of many species towards the south east of England at the expense of
sites in the south west of England and Wales.  The situation in Ireland has not been examined.  This
change in distribution has been linked to winter temperature.  Increased predicted capacity in the
south and east of England with rising sea level, together with warmer winters may accelerate this
trend.  Generally estuaries in other regions of England are less vulnerable to sea level rise because the
effect of isostatic readjustment will lessen the impact of increased sea level.  Also, there is less of a
history of land claim and the surrounding land tends to rise relatively steeply resulting in fewer
possibilities for reclamation or erosion.

The situation for estuaries holding internationally important numbers of waterbirds in Wales and
Scotland is similar to that for western and northern England in that none have been identified as being
particularly susceptible to significant changes in shape due to rising sea levels (Frazier, 1999).

There are a number of estuarine sites in Ireland, holding international or All-Ireland important
numbers of over-wintering waterbirds which have a history of land claim.  In Northern Ireland, there
is a history of land claim on Belfast Lough and this is an ongoing feature of the site (Frazier, 1999).
As such there is little likelihood of large areas of land being reclaimed by the sea in the short term.
With no significant change expected in estuary shape due to sea level rise no changes in waterbird
densities on intertidal habitats would be predicted by the MONARCH models, though the land claim
itself may affect waterbird numbers.  Lough Foyle also has a history of land claim with extensive
polders to the south and east which are below the current high water mark and rely on current sea
defences.  Loss of these areas would have serious consequences for the internationally important
numbers of wildfowl (Sheppard 1993).

In Wexford, the Wexford Slobs owes its existence largely to land claim in the 19th century through the
sealing-off and draining of large areas of the formerly much larger estuarine embayment (Frazier,
1999).  In Cork and Waterford four internationally important estuaries, Ballymacoda, Blackwater
Clonakilty Bay and Tramore Back Strand and Bay, are adjacent to considerable areas of land which
were created by, and are dependent on, sea defences.  Although most of the east coast north of
Wexford is considered vulnerable to sea level rise because of its soft geology no estuaries of
international importance with a history of land claim have been catalogued by Frazier (1999).

Important wetland types on the Wexford Slobs are primarily artificial being centred on drainage and
irrigation channels.  Agricultural use has shifted over recent decades from rough summer grazing to
intensive cultivation due to improved drainage (Frazier, 1999).  These habitats are most important for
over-wintering waterbirds, including internationally important numbers of Greenland white-fronted
goose (Anser albifrons flavirostris) (about one third of the world population), light-bellied brent goose
(Branta bernicla hrota) and black-tailed godwit.  The site also supports internationally important
numbers of grey plover and bar-tailed godwit (Frazier, 1999; Colhoun 2000) although these are
concentrated in the harbour area.  The wildfowl are generally less dependent on the intertidal flats
than are the waders.  The MONARCH models do not allow predictions to be made of the possible
effects of sea level rise on the wildfowl occupying non-intertidal habitats.  Given the considerable
area of polders which might be reclaimed by the sea it is likely that any change to the nature of the
intertidal sediments to the detriment of particular species would be offset by the increased habitat
availability for intertidal species.  The lost of the coastal polders would however have a major impact
on Greenland white-fronted geese and other species not associated with the intertidal flats.

Although less important for wildfowl than the Wexford Slobs, the four vulnerable estuaries in Cork
and Waterford hold important concentrations of many waders.  Of these vulnerable estuaries,
Ballymacoda is the most important site for waders, holding nationally important numbers of twelve
species, and in the past has held internationally important numbers of black-tailed godwit and golden
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plover.  Claimed land adjacent to the estuary remains marshy and as such is important for ducks,
particularly wigeon and teal, golden plover and lapwing (Frazier, 1999; Colhoun 2000).  As these
species are primarily associated with non-intertidal habitat, any changes to the nature of sediments on
the intertidal flats are unlikely to affect densities, but if polders are allowed to revert to intertidal
habitat, either as part of a managed process or due to breaching of dunes, numbers of wigeon and teal
may decrease.  The estuarine waders present in nationally important numbers include ringed plover,
sanderling and bar-tailed godwit which reach their greatest densities on sandier sediments and black-
tailed godwit, grey plover, knot, dunlin and redshank which reach their greatest densities on muddier
sediments.  The site is currently sheltered by a shingle bar and sandy beach.  If sea level rise resulted
in the demise of these features, and so exposed the estuary to increased wave action, the estuarine
sediments would be likely to become sandier and so lead to higher densities of sanderling and bar-
tailed godwit but lower densities of the other waders.  At the same time this would expose dykes to
increased wave action and increase the risk of polders being breached.

The Blackwater estuary is surrounded by claimed land protected by a system of sluices and
embankments, which have broken down in some places.  Currently channel edges are subject to daily
inundation (Frazier, 1999).  This site supports nationally important populations of wigeon, golden
plover and lapwing, species that are probably dependent on the marshy land above the embankments,
and estuarine species including shelduck, dunlin, black-tailed godwit, bar-tailed godwit, curlew and
redshank.  The estuarine species are largely those reaching greatest densities on muddier sediments.
If claimed land is allowed to revert to intertidal habitat, sediments would be expected to become
sandier as the width increases which would be expected to lead to reduced densities, although not
necessarily reduced numbers, of most of these species.

Clonakilty Bay and Tramore Back Strand and Bay support a similar species composition to
Ballymacoda.  If the intertidal habitat were to extend inland as a result of land being reclaimed by the
sea this would result in a loss of habitat for nationally important concentrations of teal, golden plover
and lapwing.  In the past these sites have held nationally important numbers of Bewick's swan
(Cygnus columbianas bewickii), but in recent years these have been absent (Colhoun 2000).  If the site
becomes wider and therefore sandier this would be expected to lead to reduced densities of grey
plover and increased densities of sanderling and possibly bar-tailed godwit.

These broad predictions of how sea level rise might affect estuaries throughout Britain and Ireland
serve to identify those sites where nationally or internationally important concentrations of waterbirds
may be particularly affected.  It has highlighted a number of regions where detailed modelling of the
effects of sea level rise is recommended.  These regions include East Anglia and eastern Cork and
Waterford, particularly important for waders and Wexford Slobs, particularly important for wildfowl.
The two MONARCH case studies dealt with the consequences for intertidal habitats.  This was
appropriate because most land claim, where not urbanised, is under intensive agriculture and
consequently does not constitute important wetland habitat.  This is not the case for the estuaries in
Ireland.  In Ireland much of the importance of the estuaries is due to wildfowl and non-estuarine
waders which use the artificial wetland habitats created by the land claim.  Although the predictive
models used are not applicable to the non-intertidal habitats, the technique of topographic modelling,
undertaken as a prelude to the statistical modelling within MONARCH, would itself provide useful
information regarding potential habitat loss under various management options for these sites.

6.4 Impacts of climate change on estuarine waterbirds

6.4.1 Climate / bird number models to predict the effects of climatic change

Changes in the physical shape of estuaries are not the only factor likely to affect the number of
waterbirds over-wintering on estuaries in Britain and Ireland.  Research undertaken by the BTO on
behalf of the Wetland Bird Survey has identified shifts in the regional distribution of over-wintering
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waders over recent decades.  Broadly, declines in Wales and south west England have been matched
by increases in eastern Britain, particularly East Anglia (Austin et al., 2000).  The proportions of
over-wintering waders in Wales and south west England, relative to the remainder of the UK, has
been related to mean minimum winter temperature of UK estuaries for six species including ringed
plover, grey plover, knot, sanderling, dunlin and curlew.  Proportions of ringed plover have also been
related to mean wind speed.  Similar work carried out by the Wildfowl and Wetlands Trust on behalf
of WeBS has found no similar relationships for wildfowl (Kershaw, pers. com.).

Within MONARCH a site-based modelling approach has been used that could be applied to the
Deben and Duddon case studies.  The relationship between wader numbers on individual estuaries and
the severity of winter weather has been modelled with a view to predicting how changes in weather
under the UKCIP98 scenarios might be used to adjust the predictions obtained purely from the estuary
shape / bird numbers models to allow for climate change.

The estuary shape / bird numbers models were based on data collected over two winters and so they
did not incorporate bird numbers through time.  It was therefore appropriate to develop separate
models that relate climatic variables to bird data collected over many years.

6.4.1.1 Method

The relationships between winter weather and wader densities were investigated using generalised
linear models (SAS Institute Inc., 1999) with a view to deriving models which could be used to
predict how changes in weather might modify the predicted effects of sea level rise.  The necessary
bird data were available from the Wetland Bird Survey (WeBS) and the Irish Wetland Bird Survey
(IWeBS).  WeBS data are available since the winter of 1969/1970 for most estuaries and IWeBS since
the winter of 1994/1995.  Given that wader data prior to the winter of 1994/1995 were not
immediately available through IweBS, it was decided to restrict development of the modelling
approach to the UK.  The intention was to extend the analysis to include Ireland once models for the
UK had been shown to produce predictions of detectable changes in wader numbers on individual
estuaries with climate change.

The necessary meteorological data for the UK were obtained from the British Atmospheric Data
Centre (see Chapter 1.3.1).  Temperature, wind speed and rainfall data were obtained for
meteorological recording stations within 5 km of 96 estuaries in Great Britain and six in Northern
Ireland, for all years available between 1969 and 1998 inclusive.  These data were used to characterise
the monthly weather conditions for estuaries within the UK.  From the daily meteorological data
obtained, monthly average values were calculated for minimum temperature (MINTEMP), rainfall
(RAIN) and mean wind speed (WIND).  Average values were only calculated when records were
available from at least 50% of the days in a given month.

Models were constructed for all species for which estuary location and morphology models had been
developed.  The meteorological variables were considered as additional explanatory variables having
first controlled for site differences, annual fluctuations in overall UK population and seasonal
variations.  The class variable site (SITE) ensured that data from different months and years for a
given site would not be treated as independent.  The UK national index (NATINDEX) for each
species controlled for between winter fluctuations in the UK population due to factors such as
breeding ground productivity and between year differences in the proportion of the East Atlantic
flyway population of the species over-wintering in the UK.  Month (MONTH) controlled for within
winter movements of the population such as those associated with settling patterns or movements to
favoured pre-migration fattening grounds in late winter and early spring.  If all explanatory variables
had been retained the final model for each species would take the form:

LOG(NO.) = α + β(NATINDEX) + γ(MONTH) + δ(SITE) + ε(MINTEMP) + ξ(WIND) + η(RAIN) [6.1]
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where α, β, γ, δ, ε, ξ and η are the intercept and parameter estimates for the appropriate variable in
the model.

Models assumed a Poisson error distribution and specified a log link function.  The estuary intertidal
area was treated as an offset function so as to allow density estimates to be obtained from the model.
The problem of overdispersion caused by zero inflated count data, typical of flocking species, was
addressed by the application of a scale factor estimated from the square root of the Pearson's Chi-
Squared divided by degrees of freedom.

6.4.1.2 Results

Models were obtained for ten species of wader (Table 6.8).  As expected the site factor contributed
significantly to the models of all species.  As a consequence of differential availability of
meteorological data, parameter estimates were obtained for 35 estuaries for the models which
included mean wind speed and for 51 estuaries for models which included mean minimum
temperature.  The month factor was also important for all species other than grey plover, dunlin,
curlew and turnstone reflecting normal within winter distribution changes.  Parameter estimates were
obtained for the winter months November to March inclusive.  The National Index contributed to the
models for all species except oystercatcher largely reflecting higher densities of birds when the UK
populations are high.  Rainfall did not help explain the densities of any species but mean wind speed
did for ringed plover and oystercatcher and mean minimum temperature did for dunlin and grey
plover.  In all cases, however, these parameters explained a small proportion of the change in
densities. Potentially useful climate / bird numbers models were therefore only obtained for four
species (Table 6.9).

Table 6.8: Summary of significant factors in the general linear models relating bird numbers to
weather.  Significance level **** P<0.0001; ** P<0.01; * P,0.05.

Species Site Month National
Index

Wind
speed

Rainfall Minimum
temperature

Oystercatcher **** **** ****
Ringed plover **** **** **** *
Grey plover **** **** *
Knot **** **** ****
Sanderling **** ** ****
Dunlin **** **** **
Bar-tailed godwit **** **** ****
Curlew **** ****
Redshank **** **** ****
Turnstone **** ****

6.4.1.3 Discussion

Although previous work by the BTO had detected clear responses in the distribution at the national
level of waders to warmer winters, these changes were less apparent in the numbers of many of those
species when observed at individual sites.  This is probably because most temperature or wind related
trends which might be expected to occur given the national patterns are overwhelmed by the
considerable normal fluctuations in numbers at each site due to factors such as breeding productivity
and daily responses to tidal cycles and disturbance.  The relationships found at the site level were in
general agreement with previous work with the exception that no relationship was found between
oystercatcher distribution and wind speed.  In practice the site level climate / bird numbers models
predict changes in bird numbers of less than 1% per decade under the UKCIP98 High scenario.
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Table 6.9:  Details of the models relating bird numbers at specific sites to meteorological variables
having controlled for seasonal fluctuations and UK population.  Values for parameter estimates are
given for the two case study sites and for January (international standard month for reporting
waterbird populations).

LR Statistics for Type 3 AnalysisSpecies Parameter
F P

Parameter Estimates

Intercept -2.4662 (5.1883)
SITE 210.50 <0.0001 Deben 0.7954 (5.1909)

Duddon -0.0582 (5.1885)
MONTH 74.18 <0.0001 January 0.1727 (0.0572)
NATINDEX 55.05 <0.0001 0.6724 (0.0979)

Oyster-
catcher

WIND 16.56 <0.0001 -0.0163 (0.0040)

Intercept -1.5558 (1.0350)
SITE 112.18 <0.0001 Deben -3.0227 (1.0522)

Duddon -5.3338 (1.0429)
MONTH 27.26 <0.0001 January -0.2138 (0.1271)

Ringed
plover

NATINDEX 57.60 <0.0001 1.5255 (0.2012)
WIND 6.46 0.0112 0.0222 (0.0087)

Intercept -8.1557 (5.2162)
SITE 210.24 <0.0001 Deben 5.7149 (5.2288)

Duddon 1.4536 (5.2175)

Grey
plover

NATINDEX 1342.90 <0.0001 1.5160 (0.0417)
TEMPERATURE 9.16 <0.0025 0.0182 (0.0060)

Dunlin Intercept -2.3838 (1.0006)
SITE 197.23 <0.0001 Deben 2.7621 (1.0406)

Duddon -0.6447 (1.0021)
MONTH 3.91 0.0036 January -0.0138 (0.0405)
NATINDEX 457.55 <0.0001 1.1705 (0.0541)
TEMPERATURE 7.01 0.0081 0.0144 (0.0055)

6.4.2 Predicting effects of climate on waterbirds

6.4.2.1 Method

The climate / bird number models were used to predict how bird numbers might change under the
UKCIP98 climate change scenarios.  Waterbird densities were predicted for the four species for which
the models included meteorological variables.  For illustrative purposes, predictions were restricted to
the two estuaries used for the estuary shape modelling and to January, the internationally accepted
month for reporting mid-winter waterbird populations.  The National index was held at one, i.e. the
value as of January 1997.  Values for mean minimum temperature and average wind speed, taken
from the UKCIP98 baseline data and predictions for the Low, Medium-low, Medium-high and High
scenarios (Table 6.10), were substituted in the climate / bird number models as appropriate.  WeBS
low tide and high tide count data were obtained for comparison with predictions made using the
baseline data.  WeBS low tide count data were available for the winters of 1998/1999 and 1994/1995
for the Deben and Duddon respectively.  WeBS high-tide data for January were averaged over the
winters of 1992/1993 to 1997/1998 inclusive for both estuaries.
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Table 6.10:  Values for meteorological variables used for running the predictive models under the
UKCIP98 scenarios.  Values were averaged across four adjacent 10 km x 10 km grid squares centred
on each of the two case study estuaries.

Mean Minimum Temperature (°C) Mean Wind Speed (knots)Scenario
Deben Duddon Deben Duddon

Baseline 1.77 0.97 10.97 11.57

Low 2020s 2.70 1.42 10.95 11.55
2050s 2.70 1.82 11.06 11.67

Medium-low 2020s 2.67 1.75 10.94 11.55
2050s 3.37 2.43 11.13 11.75

Medium-high 2020s 3.12 2.22 11.13 11.51
2050s 3.84 2.90 10.87 11.45

High 2020s 3.27 2.36 11.16 11.73
2050s 4.16 3.21 10.85 11.42

6.4.2.2 Results

The baseline predictions for all species for the Deben estuary were close to either the five year mean
for the WeBS high tide counts and / or the WeBS low tide count.  This indicates that the predictions
are reliable for the Deben.  The baseline predictions for the Duddon were much lower than the values
obtained from either recent high tide or low tide WeBS counts indicating that predictions for the
Duddon are unlikely to be reliable.

For the Deben, no significant change in density was predicted under any of the UKCIP98 scenarios
for either oystercatcher or ringed plover, the parameter estimate for mean wind speed being small in
both models.  Significant changes in density were predicted for both grey plover (Table 6.11) and
dunlin (Table 6.12).  Under the UKCIP98 high scenario this change equates to an increase in density
of about 0.5% per decade for grey plover and 0.6% per decade for dunlin.

6.4.2.3 Discussion

The predictions obtained using current (baseline) climatic data were consistently close to what would
be expected from recent observed values under WeBS for the Deben, but substantially lower than
expected for the Duddon.  Consequently while predictions for the Deben under the UKCIP98
scenarios are reliable those for the Duddon are not.  The estuary shape / bird number models predict
densities at low tide and so WeBS low tide counts should carry more weight when drawing these
comparisons.  The WeBS high tide counts do, however, provide annual data while only one year's
worth of data is available from WeBS low tide counts.

The discrepancy between predicted baseline and observed densities for the Duddon may be due to its
close proximity to Morecambe Bay.  Morecambe Bay supports vast numbers of waders which feed
there at low tide but some of which might roost on the Duddon at high tide.  This would help explain
why consistently higher numbers of waders were recorded on the Duddon at high tide roosts than at
low tide.  Consequently the high tide counts would make a poor comparison with the baseline
predictions for the Duddon.  The low tide counts were also higher than the baseline predictions,
however, suggesting that the Duddon does indeed hold higher numbers of these species than expected,
perhaps as an overflow from Morcambe Bay.
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Table 6.11:  Predictions of grey plover densities for the Deben estuary.  National Index held at 1
(value for January 1997), month held at January, mean minimum temperature changed according to
the UKCIP98 scenarios.

Scenario

Low Medium-low Medium-high High

Observed low tide
(January 1999) 0.186

Observed high tide
(January 1993-1997; mean & range)

0.274
(0.012-0.592)

Predicted baseline
(1969-1990; mean & 95% CL)

0.155
(0.135-0.177)

Predicted UKCIP98 2020s
(January, mean & 95% CL)

0.156
(0.136-0.178)

0.157
(0.137-0.179)

0.157
(0.138-0.180)

0.158
(0.138-0.181)

Predicted UKCIP98 2050s
(January, mean & 95% CL)

0.157
(0.137-0.179)

0.158
(0.138-0.180)

0.159
(0.182-0.139)

0.160
(0.140-0.181)

Table 6.12:  Predictions of dunlin densities for the Deben estuary.  National Index held at 1 (value for
January 1997), month held at January, mean minimum temperature changed according to the
UKCIP98 scenarios.

Scenario

Low Medium-low Medium-high High

Observed low tide
(January 1999) 4.807

Observed high tide
(January 1993-1997; mean & range)

3.044
(1.853-4.719)

Predicted baseline
(1969-1990; mean & 95% CL)

4.726
(2.684-8.319)

Predicted UKCIP98 2020s
(January, mean & 95% CL)

4.762
(2.705-8.384)

4.787
(2.719-8.430)

4.819
(2.736-8.486)

4.829
(2.742-8.505)

Predicted UKCIP98 2050s
(January, mean & 95% CL)

4.790
(2.720-8.433)

4.836
(2.746-8.518)

4.869
(2.764-8.578)

4.892
(2.776-8.619)

For the two species for which mean wind speed contributed significantly to the predictive models the
parameter estimates for that variable were relatively small.  Also, the projected changes in mean wind
speed in the UKCIP98 scenarios were small compared to the variation recorded in the baseline
meteorological data used in constructing the models.  Consequently, for both ringed plover and
oystercatcher the models predicted no significant change in bird density under the UKCIP98 scenarios
for either estuary.

The models involving mean minimum temperature predicted changes in the densities of both grey
plover and dunlin on the Deben under the UKCIP98 scenarios.  Putting the predicted increases into
context, the population of grey plover on the Deben was about 150 birds in the winter of 1998/1999
and therefore an increase of 0.5% per decade equates to one to two additional birds per decade under
the UKCIP98 High scenario.  The population of dunlin is much higher at about 4,700 for the
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1998/1999 winter.  An increase of 0.6% per decade would, therefore, equate to an increase of between
25 to 30 birds per decade under the UKCIP98 High scenario.  Changes of this magnitude are
relatively small compared to the between winter variation in waterbird numbers measured by WeBS
and IWeBS.

Given the disparity in the magnitude of predicted change obtained by the climate / bird numbers
models and the estuary shape / bird numbers models it would have been inappropriate to integrate
changes in climatic conditions as a correction factor to the latter.

Concurrent work undertaken by the BTO on behalf of WeBS has identified an alternative approach
which could be readily adapted to modify predictions from the estuary shape / bird numbers models to
take account of changes in climate.  This work has related changes in certain aspects of climate
(minimum temperature and mean wind speed) averaged across UK estuaries, to shifts in species
distributions over the past three decades.  These relationships were detected for six out of nine
common and widespread species considered.  With the exception of a few estuaries which hold
exceptionally large proportions of the over-wintering populations of some species (e.g. The Wash),
this approach is not transferable to individual sites.  To date, the approach has considered populations
of over-wintering waders in the south west of England, an area which supports up to 10% of the
wintering population of some species.  It would, however, be readily transferable to considering other
areas supporting similar or greater waterbird numbers, for example the Suffolk Coastline and Heaths
Natural Area.  This would allow predictions to be made of the proportion of the UK population
expected to over-winter in a given region while the modelling effects of sea level rise within estuaries
would make it possible to predict of how these birds would be distributed within the region.
Alternatively this approach could be applied at the level of the bioclimatic region.  If this were to be
undertaken it would be appropriate to generate bioclimatic regions using an over-winter (November to
March) rather than a calendar year approach so as to match the recording period for waders and
wildfowl.  The majority of these birds are winter visitors, breeding in the arctic, and numbers arriving
in Britain and Ireland in the late autumn will be largely unrelated to climatic conditions in Europe
during the late spring to early autumn period.

6.5 Impacts of climate change on non-estuarine wader populations

Observed changes in the distribution of waders on the UK’s non-estuarine coasts between two one-off
surveys during the winters of 1984-85 (Winter Shorebird Count: WSC) and 1997-98 (Non-estuarine
Coastal Waterfowl Survey: NEWS) have been assessed in relation to winter weather.  Ireland had to
be excluded from the analyses as only data from 1997-98 were available at the time.  A significant
relationship between weather and changes in wader distribution would make it possible to predict how
changes in weather under the UKCIP98 scenarios may affect future changes in wader distributions.
The UK’s non-estuarine coasts, and in particular those of Scotland, hold internationally important
populations of several species of wader.  The analyses were limited to species where 5% or more of
the flyway population was present on the UK’s non-estuarine coasts: oystercatcher (8.3%), ringed
plover (49.8%), sanderling (13.7%), purple sandpiper (34.5%), curlew (21.5%), redshank (11.3%) and
turnstone (57.1%).  Non-estuarine coasts are a particularly important habitat for the UK’s populations
of ringed plover, sanderling, purple sandpiper and turnstone.  Between the winters of 1984-85 and
1997-98, oystercatcher, curlew and redshank have increased by 15%, 40% and 34%, respectively,
whereas the four non-estuarine coast specialists, ringed plover, sanderling, purple sandpiper, and
turnstone, have declined by 13%, 18%, 20% and 15%, respectively (Rehfisch et al., in prep.).

6.5.1 Method

Weather variables known to affect the metabolic rates of waterbirds (Piersma, 1994) and the
availability of invertebrate prey (Evans, 1979; Pienkowski, 1983) were selected, namely mean
temperature, frost, sleet and snow.  Previous studies have shown, for example, that certain species of
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prey bury deeply to avoid cold conditions (Zwarts and Wanink, 1993).  Rain and wind also affect
wader heat loss and prey availability (Insley et al., 1997).

In 34 regions loosely based on coastal counties, daily data from meteorological recording stations
within 5 km of the UK’s coast were obtained from the British Atmospheric Data Centre.  These data
were used to characterise the monthly weather conditions in each region during the winter (November
to February inclusive).  Monthly average values were calculated for minimum temperature, rainfall,
mean wind speed, number of days per month with snow or sleet (an indication of relatively severe
cold) and number of days per month with frost at ground level at 9 am.  Weather data for a region
were only used if available for three out of five winters preceding the counts, i.e. 1980/81 to 1984/85
or 1993/94 to 1997/98.  The data for February 1985 and February 1997 were excluded as the two
wader surveys took place in January 1985 and January 1997.

The relationships between local changes in wader presence and winter weather or overall shifts in
distribution (LONGITUDE and LATITUDE) were investigated using generalised linear models (SAS
Institute Inc., 1999).  Binomial models were constructed for oystercatcher, ringed plover, sanderling,
purple sandpiper, curlew, redshank and turnstone.  The change in numbers of waders (CHANGE) on
paired count sections 2-4 km long was calculated as follows.  A decline in numbers from 1984-85 to
1997-98 was classed as “0” and an increase or no change as “1”.  Sections that did not hold a species
during either count were excluded from the analyses as their habitat may have been unsuitable for the
species.  The weather variables were considered as explanatory variables.  If all explanatory variables
were retained the final weather model for each species would have taken the form:

Logit CHANGE = α + β∆MEANMINT + γ∆MEANRAIN + δ∆MEANWIND
 + ε∆SSLD + ξ∆FROSTD [6.2]

Weather data were averaged for each month before being averaged for each of the two time periods,
1980/81 to 1984/85 and 1993/94 to 1997/98.  ∆MEANMINT represents the change in mean minimum
daily temperature between the time periods, ∆MEANRAIN represents the change in mean rainfall,
∆MEANWIND represents the change in mean wind speed 10 m above ground-level, ∆SSLD
represents the change in the average number of snow and sleet days and ∆FROSTD represents the
change in the mean number of days per month with frost at ground level at 9 am.  The models
assumed a Binomial error distribution and specified a logit link function.

If all explanatory variables were retained in the similar distributional models, the full model for each
species would have taken the form:

Logit CHANGE = α + β∆LONGITUDE + γ∆LATITUDE + δ∆LONGITUDE × ∆LATITUDE [6.3]

Models with longitude, latitude and weather variables together were not developed as the expectation
was that geographical location would often be a surrogate for weather.  The distributional models
were developed to describe any observed distributional shifts in wader distributions.

6.5.2 Results

Between the two time periods the mean minimum temperature increased while the number of days
with snow and sleet or ground frost decreased (Figure 6.8).  The greatest warming was in south east
England.   The greatest increase in mean daily rainfall was observed in south west England and
southern Wales.  No obvious pattern of change was discernible from the patchy wind speed data.

There were significant changes in the distribution of six species (Table 6.13; Figure 6.9).  Sanderling
decreases tended to be smaller further north in the UK (χ1

2 = 6.19, P<0.05) and redshank numbers
increased most in the north of the UK (χ1

2 = 29.68, P<0.0001).  Ringed plover decreases were
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smallest in the north  (χ1
2 = 25.39, P<0.0001) and in the east (χ1

2 = 16.19, P<0.0001).  Similarly,
turnstone decreases were smallest in the north (χ1

2 = 18.28, P<0.0001) and east (χ1
2 =10.92, P<0.001).

Curlew increases were greatest in the north (χ1
2 = 5.76, P<0.05) and east (χ1

2 = 10.11, P<0.01).
Purple sandpiper decreases were smallest in the north (χ1

2 = 4.99, P<0.05) and west (χ1
2 = 5.94,

P<0.01).  The distribution of oystercatcher did not change significantly between the two surveys.  The
change in numbers of all species was affected by temperature either in the form of mean minimum
temperature, the number of snow and sleet days or the number of frost days (Table 6.14; Figures 6.8
and 6.9).

Table 6.13:  Binomial models relating change in wader numbers between the 1984-85 WSC and
1997-98 NEWS to geographical position.  In each data cell the parameter estimate is followed by its
standard error, χ2 and significance.

Model Intercept Longitude
(Eastings, km)

Latitude
(Northings, km)

Longitude ×
Latitude

n

Oystercatcher NS NS NS NS 2209

Ringed plover -1.645±0.244
χ1

2 =45.5****
0.002±0.001
χ1

2=16.2****
0.001±0.000
χ1

2=25.4****
868

Sanderling -0.853±0.282
χ1

2 =9.2**
0.001±0.000

χ1
2=6.2*

245

Purple sandpiper -0.517±0.272
χ1

2 =3.6(*)
-0.002±0.001

χ1
2=5.9*

0.001±0.000
χ1

2=5*
670

Curlew -0.875±0.321
χ1

2 =7.5**
0.004±0.001
χ1

2=10.1**
0.001±0.001

χ1
2=5.8*

0.000±0.000
χ1

2=7.1**
1650

Redshank -0.701±0.151
χ1

2 =21.6****
0.001±0.000
χ1

2=29.7****
1523

Turnstone -1.278±0.175
χ1

2 =53.2****
0.001±0.000
χ1

2=10.9***
0.001±0.000
χ1

2=18.3****
1376

(*) P<0.10, * P<0.05, **P<0.01, ***P<0.001, ****P<0.0001

Table 6.14:  Binomial models relating changes in species numbers (0 or 1) between the 1984-85
WSC and 1997-98 NEWS to changes in weather.  In each data cell the parameter value is followed by
its standard error, χ2 and significance.

Model Intercept Mean min.
temperature

(°C)

Snow and
sleet days

(days)

Ground
frost days

(days)

Mean
rainfall

(mm day-1)

Mean
wind speed

(knot)

n

Oystercatcher 0.17±0.06
χ1

2=8.4**
-0.07±0.04
χ1

2=4.1*
-0.07±0.03
χ1

2=5.2*
1609

Ringed plover -0.3±0.09
χ1

2=12.08***
-0.23±0.07
χ1

2=11.8***
-0.69±0.18

χ1
2=14.7****

810

Sanderling 0.15±0.23
χ1

2=0.4 NS
-0.93±0.41
χ1

2=5.18*
234

Purple
sandpiper

-0.74±0.1
χ1

2=51****
-0.13±0.07
χ1

2=3.3(*)
634

Curlew 0.02±0.05
χ1

2=0.2 NS
-0.14±0.03

χ1
2=25.8****

1581

Redshank -0.02±0.07
χ1

2=0.1 NS
-0.13±0.05
χ1

2=7.8**
-0.69±0.13

χ1
2=29.1****

1444

Turnstone -0.32±0.06
χ1

2=28.9****
-0.12±0.04
χ1

2=10.8***
-0.88±0.13
χ1

2=46****
1331

(*) P<0.10, * P<0.05, **P<0.01, ***P<0.001, ****P<0.0001
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Figure 6.8:  Change in the weather recorded between 1980/81 to 1984/85 and 1993/94 to 1997/98
between the months of November to February on the UK's non-estuarine coasts.
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Figure 6.9:  Change in the distribution of seven species of wader on the UK’s non-estuarine coasts
between 1984-85 and 1997-98.  Each count unit that has recorded a species at least once during the
1984-85 and 1997-98 surveys is allocated a value of 1 (an increase or no change in numbers between
the two surveys) or a 0 (a decrease in numbers between the two surveys) for each species.  These
figures represent the average binomial change for each region for which weather data have been
summarised.
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The increase in oystercatcher numbers was greatest in areas such as Tyne and Tees, Humberside and
Kent (Rehfisch et al., in prep.).  These increases are associated with decreases in the number of days
with frost (χ1

2 = 4.14, P<0.05) and mean wind speed  (χ1
2 = 5.24, P<0.05).  The ringed plover

numerical increase in the north east, especially in the Shetlands and Orkneys (Rehfisch et al., in
prep.), was associated with a decrease in mean rainfall (χ1

2 = 14.73, P<0.0001).  The relatively small
overall decrease in ringed plover numbers on the east coast was associated with a decrease in snow
and sleet days (χ1

2 = 11.79, P<0.001).

Sanderling decreases have tended to be smaller in the north where the mean minimum temperature
has risen little (χ1

2 = 5.18, P<0.05).  This is the only species of those tested that shows evidence of
preferring or being unaffected by cold conditions.  Smaller declines in purple sandpiper numbers have
been weakly associated with areas that have seen a decrease in the number of snow and sleet days (χ1

2

= 3.25, P=0.07) along a north west gradient.

The increase in UK curlew numbers has been greatest especially in the east but also in the north in
association with a decrease in the number of frost days (χ1

2 = 25.82, P<0.0001) and generally warmer
winters.  Redshank numbers have increased most in the north in association with the greatest decrease
in the number of snow and sleet days (χ1

2 = 7.79, P<0.01) and decrease in rainfall (χ1
2 = 29.14,

P<0.0001).

The decrease in turnstone numbers has been greatest in areas of increasing rainfall (χ1
2 = 45.98,

P<0.0001), a relationship that will be in part due to the increase in numbers associated with a decrease
in rainfall in the Shetlands and Orkneys (Rehfisch et al., in prep.).  Numbers have tended to be more
stable in the east with a decreasing number of days with frost (χ1

2 = 10.78, P<0.001).

6.5.3 Discussion

6.5.3.1 Observed effects of changing weather on wader distributions

With the exception of oystercatcher, there has been a directional component to the observed changes
in distribution of the remaining six species of internationally important wader over-wintering on the
UK’s non-estuarine coasts.  The distributions of all six species have shifted northwards.  There has
been a further eastward component to the change in ringed plover and curlew distributions, and a
westward component to the change in purple sandpiper distribution even though this species has
decreased throughout the UK (Rehfisch et al., in prep.).

These results demonstrate that these changes in distribution are all significantly related to changes that
have occurred in the UK’s regional weather patterns between 1984-85 and 1997-98.  With the
exception of sanderling, all species have tended to increase most in areas where there has been the
greatest relative decrease in cold days as measured by days of frost, snow and sleet (purple sandpiper
P=0.07).  This relationship is broadly similar to that seen for estuarine waterbird species, which have
tended to move eastward with the increasingly warm winters recorded since the 1980s (Austin and
Rehfisch, in prep.).  Sanderling numbers have tended to decrease least in regions where the smallest
increase in the mean minimum temperature has been observed.  An avoidance of periods of cold
weather is a recognised feature of wader behaviour as extensive cold periods are known to lead to
major mortality incidents (Clark, 1982) and decreases in year-to-year survival rates (Insley et al.,
1997).  Cold weather impacts the waders in a variety of ways.  By increasing heat loss, cold and wind
lead to increased energy requirements of birds that may already be finding it difficult to meet their
metabolic requirements for survival (Piersma, 1994; Wiersma and Piersma 1994).  Cold weather also
lessens the availability of invertebrate prey (Evans, 1979; Pienkowski, 1983; Zwarts and Wanink,
1993).  It is possible that sanderlings, that tends to follow the tideline when feeding, are less affected
by lessened prey availability and may therefore be less prone to the impacts of cold weather.
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Ringed plover, redshank and turnstone fared better in areas of the UK where there has been the
greatest relative decrease in mean rainfall.  Rainfall is known to decrease prey availability
(Pienkowski, 1981; 1983; Selman and Goss-Custard, 1988).  Oystercatcher fared best in the regions
where there had been the greatest relative decrease in mean wind speed.  Wader survival decreases
with increasing average winter wind speed (Insley et al., 1997), exposure to wind increasing the
energy requirements of waders (Wiersma and Piersma, 1994).

6.5.3.2 Predicting effects of future climate on wader distributions

The UKCIP98 climate change scenarios provide data for winter rainfall, mean winter temperature,
diurnal temperature range and 10 m mean wind speed (Hulme and Jenkins, 1998).  Extrapolating from
the relationships described above the predicted 1.8 to 2°C increase in mean winter temperature under
the 2050s Medium-high scenario would be expected to lead to a continued change in the distribution
of non-estuarine wader populations in Britain and Ireland, with the exception of sanderling (Table
6.15).  As increases in temperature are also expected to occur outside of Britain and Ireland, a greater
proportion of the East Atlantic Flyway populations of some species of wader may start over-wintering
further north and east on the continent of Europe, and perhaps more especially in Iceland,
Scandinavia, the Waddensee and even the Baltic Sea.  These areas may become increasingly attractive
as the risk of cold weather mortality decreases with increasing minimum winter temperatures.

Table 6.15:  Impacts on selected species of wader that over-winter on the UK's non-estuarine coasts
in internationally important numbers under the UKCIP98 Medium-high scenario for the 2050s.

Variables Mean winter
temperature

Diurnal temperature
range (Dec to Feb)

Winter
rainfall

10 m mean wind
speed (Dec to Feb)

2050 Med-high
projections

Increase along a SE
to NW gradient
(1.8 to 2.0°C)

Small decrease
(-0.2 to -0.3°C)

Large increase
(10 to 13%)

Modest change
(-2 to -1%)

Oystercatcher +ve impact1 No effect
Ringed plover +ve impact1 -ve impact
Sanderling -ve impact1

Purple sandpiper +ve impact1

Curlew +ve impact1

Redshank +ve impact1 -ve impact
Turnstone +ve impact1 -ve impact
1 Increasing numbers of waders will only be witnessed if the birds do not leave Britain and Ireland to winter
elsewhere.

These analyses do not make it possible to determine whether the proposed changes in temperature
resulting from climate change will lead to changes in total flyway population size, but they
demonstrate that it is very likely that there will be major changes in waterbird distribution.  Although
not included in these analyses it is likely that broadly similar conclusions would also apply to the
Republic of Ireland.

The projected increase in rainfall would be expected to negatively affect ringed plover, redshank and
turnstone (Table 6.15).  If increases in rainfall were also projected outside of Britain and Ireland, it
might be expected to have a negative impact on the survival rates of these species by increasing their
energy requirements and affecting their prey availability.  This could conceivably have implications
for the future population sizes of the species at the flyway scale.

It is unlikely that the modest projected changes in wind speed (-2 to -1%) would have much effect on
oystercatcher populations although increases in gale-force winds are likely to have a detrimental
effect on the wader populations.



Impacts on coastal environments          211
___________________________________________________________________________

6.5.3.3 Conservation implications

If the UK's internationally important non-estuarine wader populations were to continue their
northward shift in distribution the observed decline of between 13-20% in the population size of the
UK's ringed plover, sanderling, purple sandpiper and turnstone (Rehfisch et al., in prep) might be
exacerbated.  The importance of this issue is further emphasised by the observed easterly shift in
distributions of the waders that concentrate on the UK's estuaries (Austin et al., 2000; Rehfisch and
Austin, 1999).  If continued northerly and easterly shifts in distribution were to translate into an
increased proportion of the East Atlantic Flyway populations of wader over-wintering on the continent
of Europe this could lead to more sites becoming of international importance on the continent with
attendant implications for the network of designated sites (Rehfisch, 2000).  The Republic of Ireland
may also face a similar problem if its wader populations were to show similar easterly and northerly
changes in distribution.

Waders over-wintering on non-estuarine coasts appear to be excellent indicators of climate change.

6.6 Impacts on coastal geomorphological features

In the following sections conceptual models of the likely impacts of climate change on five coastal
geomorphological types (salt marshes, sand dunes, rocky coastal platforms, vegetated shingle and
seagrass beds) are presented.  These simple conceptual models assist in identifying cause-and-effect
and feedback loops within potentially vulnerable systems.  Specific impacts are then discussed for 24
case study sites in Britain and Ireland using predictions of climate change from the UKCIP98
scenarios and predictions of net sea level rise from the ESCAPE model for the 2020s and 2050s.

6.6.1 Conceptual models

6.6.1.1 Salt marshes

Reed (1990) presents a useful general model of coastal salt marsh growth as shown in Figure 6.10.  It
is clear from this model that there are the following key controls on the accretion of salt marshes:

• Hydroperiod which is controlled by tidal range, storms and relative sea level.
• Vegetative growth which influences deposition and the trapping of sediment on many marshes,

and is also a direct source of sediment (see below).
• Availability of sediment for depositional processes.  Marshes contain two types of sediment in

variable proportions: inorganic (mud) and organic (plant debris).

Human activity can affect hydroperiod, sediment availability and vegetative growth through direct
means (e.g. land claim, channel digging, construction of coastal defences which reduce sediment
availability and harvesting of marsh plants), but each factor may also be affected by climate change.
Accretion is a vital part of salt marsh geomorphology; where the balance between accretion and
erosion tips towards erosion, then salt marshes will start to decay.  Under totally natural conditions it
is reasonable to assume that erosion in parts of a salt marsh (e.g. under conditions of sea level rise)
would be matched by accretion in upper parts producing a gradual onshore movement of salt marshes.
Under conditions actually experienced around most of the coast of Britain and Ireland this is not
possible as sea walls and other hard structures behind salt marshes prevent them behaving in this way.

It can be conceptualised that climate change will have the following effects on salt marshes:

• Increases in sea level will increase hydroperiod and reduce accretion.
• Increases in sea level will roll marshes further inland where there are no physical barriers.
• Increases in storm activity will increase hydroperiod and reduce accretion.
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• Increases in sea level may influence the tidal prism of some estuarine areas, resulting in changes
in tidal range, sediment supply and concomitant effects on accretion.

• Changes in air temperature and rainfall may affect the growth of some key salt marsh plants, with
knock-on effects on sedimentation.

Figure 6.10:  Conceptual model of the impacts of climate change on salt marshes.

6.6.1.2 Coastal sand dunes

Coastal sand dunes are essentially aeolian features, formed and shaped by the action of wind, but with
plant growth and waves acting as important additional controlling factors.  Coastal sand dune
geomorphology can be conceptualised as shown in Figure 6.11.

All the links represented by arrows in Figure 6.11 are positive, i.e. plant dieback is due to the absence
of sediment at the dune edge and leads to sand dune erosion.  Coastal sand dunes are naturally in a
state of flux, with periods of accumulation interspersed with periods of erosion, and under natural
circumstances sea level tendency is the major control on whether dunes are eroding or accumulating.
Along most of the coast of Britain and Ireland, direct human influence has also had a great effect on
coastal dunes, most notably through impacts on sediment supply and plant and animal communities.
Where settlements, coastal defences and other hard structures are present at the back of coastal sand
dunes their movement onshore can be restricted.

It can be conceptualised that climate change will have the following effects on coastal sand dunes:

• Increases in sea level will influence sediment supply and wave erosion.
• Increases in sea level will move dunes onshore, carrying sediment further inland, where there are

no physical barriers.
• Changes in wind speed and direction will influence aeolian transport of sand.
• Changes in air temperature and rainfall will influence dune plant communities (and to a lesser

extent animal populations).
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Figure 6.11:  Conceptual model of the impacts of climate change on coastal sand dunes.

6.6.1.3 Rocky coastal platforms

The geomorphology of rocky coastal platforms is controlled by the interplay of marine processes and
cliff processes, as shown in a simplified form in Figure 6.12.

Figure 6.12:  Conceptual model of the impacts of climate change on rocky coastal platforms.
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Rocky coastal platforms tend to be rather slowly changing geomorphological systems unlike the more
rapidly responding coastal dune and marsh systems.  Two processes largely carry out the erosion of
rocky platforms:

• Abrasion by wave-borne sediment.
• Bioerosion by sessile and mobile organisms (especially on carbonate coasts).

Along the lower parts of many rocky platforms other organisms play a role in accumulation of
sediment and protection of the underlying rock by producing reefs (e.g. Sabellaria alveolata reefs
along the coastal platforms of the Severn Estuary).  Rocky platform processes are interlinked with
cliff erosion in two main ways.  Firstly, cliff erosion produces a source of debris for platform
abrasion, and secondly, the erosion of cliffs exposes fresh coastal platform at their base.  In some
cases, cliff erosion rates can exceed 1 m per year (e.g. on the soft glacial material on the Holderness
coast) while rates of a few cm per year are common on many cliffs, such as those at the shoreward
edge of Liassic limestone platforms on the Glamorgan Heritage Coast which are retreating at 1.5 to 8
cm per year (Williams et al., 1997).  Direct human impacts are important on many rocky coastal
platforms, especially impacts on sediment supply, quarrying of rock and harvesting of intertidal
organisms.

It can be conceptualised that climate change will have the following effects on rocky coastal
platforms:

• Increases in sea level will encourage further cliff and platform erosion.
• Increases in sea level may influence sediment supply to rocky platforms, thereby influencing

abrasion and the growth of organisms.
• Changes in storminess will have a major influence on communities and processes.
• Changes in air temperature and rainfall will affect cliff stability and will influence sensitive

organisms.

6.6.1.4 Vegetated shingle

The model presented in Figure 6.13 gives a simple, one-dimensional picture of the influence of
climate change on the development of shingle (or ‘gravel-dominated’ – see Orford et al., 2001)
ridges.  Shingle accumulates where suitable sized material is available, given suitable substrates and
energy conditions.  Many of the shingle accumulations around the coasts of Britain and Ireland occur
as a series of parallel ridges with sediment coming from one or more of the following sources:
longshore drift; wave-brought material from offshore; and/or riverine material.

Figure 6.13:  Conceptual model of the impacts of climate change on vegetated shingle.
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It can be conceptualised that climate change will have the following effects on vegetated shingle:

• Increases in sea level will influence sediment supply and erosion encouraging the onshore
movement of shingle barriers.  Where such onward movement is not possible erosion may result.

• Changes in storminess will affect sediment supply and erosion with, for example, more serious
storms and onshore winds resulting in increased movement of shingle in the onshore direction.

• Changes in climate may influence river regimes and thus the coastward transport of shingle-sized
material from rivers may be enhanced or decreased.

• Changes in climate (especially air temperature) may encourage the movement of some plant
species into (or out of) an area with potential knock-on effects for the geomorphology.  For
example, Packham and Willis (1997) illustrate changing British distribution patterns of Mertensia
maritima and Polygonum maritimum since 1970 and suggest that P. maritimum may continue to
extend its range northwards as a result of continued warming.  However, the species has become
extinct in Ireland (T. Curtis, pers. comm.) and only survived from 1992 to 1996 at one of the
English sites considered by Packham and Willis (1997) (Black Rock Beach, Brighton), dying out
after winter storms in 1996/7 (Packham and Spiers, 2001).  Thus, climate may be only one factor
affecting the biogeographical distribution of this species.  Such biogeographical changes will only
have serious geomorphological consequences when they involve the loss or addition of key
sediment-stabilising species.

6.6.1.5 Seagrass beds

Seagrass beds are sensitive to a whole range of stresses which can produce dieback and associated
loss of stored sediment.  In Britain and Ireland seagrass beds are dominated largely by eelgrasses from
the genus Zostera.  Seagrass beds are naturally dynamic, being affected by storms, diseases and
changes in environmental conditions.  For example, the British seagrass beds were seriously affected
by a wasting disease in the 1920s and are still recovering (Davison and Hughes, 1998).  Direct human
impacts are often very important, with pollution, increased turbidity and trampling all leading to
damage to the seagrasses, with knock-on effects on sediments and other species.  Key environmental
variables influencing seagrasses around Britain and Ireland are sediment balance, water clarity and
nutrient levels.  Figure 6.14 illustrates the potential influences of climate change on seagrass beds.

Figure 6.14:  Conceptual model of the impacts of climate change on seagrass beds.
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It can be conceptualised that climate change will have the following effects on seagrass beds:

• Increases in sea surface temperature (especially if coupled with low levels of sunlight) may cause
dieback or stress to the seagrass communities.

• Changes in storminess may produce further stress on seagrass beds, leading to up-rooting of
seagrasses and erosion of sediment.

• Indirectly, climate change might also play a role by encouraging higher turbidity and pollution
levels in the waters overlying seagrass beds.

6.6.2 Impacts of climate change on coastal geomorphological case study sites

6.6.2.1 Salt marshes

Five case study sites have been chosen for detailed investigation of the impacts of climate change on
salt marshes.  The sites are: Solway Firth (Scottish side); North Bull Island, Co. Dublin, Ireland;
Colne Estuary, Essex, England; Dyfi (Dovey) Estuary, Wales; and Roe Estuary, Lough Foyle, Co.
Derry, Northern Ireland.  Impacts for the five case study sites are summarised in Table 6.17.

Important factors which will influence the susceptibility of salt marshes to climate change are whether
the sites are currently undergoing erosion, whether there is ample sediment supply and whether
pollution or other human impacts are affecting the site.  Potentially important aspects of the future
climate include wind speed and direction (which can influence storm surges and erosion), the
frequency and magnitude of storm surges, rates of sea level rise and air temperature (which may affect
some sensitive species).  From Table 6.17 it appears that the Colne estuary marshes are likely to be
particularly vulnerable because of the high sea level rise predictions and high vulnerability levels,
whereas the other salt marshes, especially the North Bull Island marshes, should experience less
pronounced rises in sea level.  Projected changes in maximum mean wind speed are minimal and
would have little influence.  Information on changes in storminess, which may have a critical impact
on marsh erosion, is not available.

6.6.2.2 Coastal sand dunes

Five case study sites have been chosen for detailed investigation of the impacts of climate change on
coastal sand dunes.  The sites are: Sands of Forvie, Scotland; Ballyteige Bay, Co. Wexford, Ireland;
Holkham, North Norfolk, England; Newborough Warren, Wales; and Magilligan Point, Co. Derry,
Northern Ireland.  Details of each site are given in Table 6.18.

Important factors affecting the future impacts of climate change on these sites are sediment supply,
sediment type and human impacts which encourage erosion and stabilisation of dunes.  Potentially
important aspects of the future climate for coastal sand dunes are wind speed and direction, the
frequency and magnitude of storm events, and rates of sea level rise (which will encourage erosion at
the seaward margins).

As shown in Table 6.18 the Holkham dunes are likely to face the largest sea level rise, and past
human impacts have also probably adversely influenced their long term stability.  The lack of any
significant increase in maximum mean wind speed suggests that there will be no clear alterations to
wind-blown sediment (assuming a steady supply of suitable material and no major change in wind
direction).  However, more detailed assessments require more data on the nature of winds in the
future, as the only data available to this study was mean monthly wind speed.
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Table 6.17:  Details of the five case study sites for salt marshes.

Name Solway Firth North Bull Island Colne Estuary Dyfi Estuary Roe Estuary
Location Scotland Co. Dublin,

Ireland
Essex, England Wales Co. Derry,

N. Ireland
Bioclimatic
class

7 9 19 5 5

Increase in max.
mean wind spd:
2020 Low (m/s)

0 0 0 0 0

Increase in max.
mean wind spd:
2050 High (m/s)

-0.1 -0.2 -0.1 -0.1 -0.1

Sea level rise:
2020 Low (cm)

9.4 8.2 11.8-12.7 8.5 8.5

Sea level rise:
2050 High (cm)

71.8 69.4 76.7-78.4 70 70

Sea level rise
vulnerability

Low High Medium-High Medium Low

Area 30,706 ha 1,436 ha 2,701 ha 2,492 ha 474 ha
Protected status Ramsar Ramsar Ramsar Ramsar N Ireland

nature
reserve

Vegetation Puccinelia
(pioneer)
Armeria/Aster
(low marsh)

Salicornia (flats)
Limonium/Aster
(low marsh)
Juncus (upper)

Salicornia (flats)
Armeria (mid)
Juncus/Festuca
(upper)

Geomorphology Stepped
marshes

Great changes
since marsh
started developing
in 18th century.

Fine silt and
mud, eroding at
outer edges.

Sandy substrate,
marsh cliffs
common.
Dynamic creek
networks.

Extensive
mudflats,
sandbanks
and salt
marsh.

Setting Estuary Bay Estuary Estuary Estuary
Human impacts Grazing

pasture
Efforts to control
Spartina

Pollution 19th century
reclamations

References Steers (1973) Whittow (1974),
Jeffrey (1977),
Jeffrey et al.,
(1978)

Ramsar website Steers (1964)
Shi et al. (1995)

Cabot (1999)
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Table 6.18:  Details of the five case study sites for coastal sand dunes.

Name Sands of
Forvie

Ballyteige Bay Holkham Newborough
Warren

Magilligan
Point

Location Scotland Co. Wexford,
Ireland

North Norfolk,
England

Wales Co. Derry, N.
Ireland

Bioclimatic
class

12 9 7 19 5

Increase in max.
mean wind spd:
2020 Low (m/s)

0 -0.1 0 0 0

Increase in max.
mean wind spd:
2050 High (m/s)

-0.1 -0.2 -0.1 -0.1 -0.1

Sea level rise:
2020 Low (cm)

5.5-5.9 8.8 9.5 7 8.5

Sea level rise:
2050 High (cm)

62.2-64.8 70.6 72.1 67 70

Sea level rise
vulnerability

Low/Medium Very low Medium Medium Low

Type Spit, parabolic
dunes

Barrier Back-barrier Hindshore Cuspate
foreland

Sediment Acidic Calcareous Acidic Calcareous
Fetch Large to E Very large to S Large to N Limited Large to N?
Winds Predom. SW
Vegetation Mixed Mixed Afforested Afforested Ammophilia
Geomorphology Active

parabolic and
fixed dunes

Fixed dunes, salt
marsh and
shingle barrier

Active and fixed
dunes

Prograding

Human impacts Grazing Afforestation,
floods, storms,
trampling

Channelling

References Steers (1973);
Ritchie (1992)

Curtis (1991) Ranwell and
Boar (1986);
Boorman (1993);
Dargie (1995)

Ranwell and
Boar (1986);
Boorman (1993)

Carter and
Wilson (1990);
Stephens
(1970)

6.6.2.3 Rocky coastal platforms

Five case study sites have been chosen for detailed investigation of the impacts of climate change on
rocky coastal platforms.  The sites are: Isle of Cumbrae, Scotland; Lough Hyne, Co. Cork, Ireland;
Flamborough Head; Pembroke, Wales; and Strangford Lough, Northern Ireland.  Details of each site
are given in Table 6.19.

Factors which influence the sensitivity of these sites to climate changes include rock hardness (which
will determine erosion rates), exposure (which also determines erosion rates and the patterning of
species), location with respect to biogeographical patterns (which affects the species present), and
pollution and human disturbance of the ecosystem.  The key climatic variables which will be
important include the rate of sea level rise, the frequency and magnitude of storm events, and air
temperature.

As can be seen from Table 6.19 all sites will see air temperature increases of between c. 0.5 and 2.1°C
over the different scenarios, which will favour some intertidal organisms and hinder others, although
dispersal routes also need to be considered in order to predict likely community changes.
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Flamborough Head will probably be the most affected of the case study sites, because of the presence
of easily erodible chalk which will be clearly affected by the rising sea level.  There is not enough
information available on the likely oceanographic impacts of climate change to determine whether
significant changes in exposure will occur to any of the rocky coasts, but given the data available this
seems unlikely.

Table 6.19:  Details of the five case study sites for rocky coastal platforms.

Name Isle of
Cumbrae

Lough Hyne Flamborough
Head

Pembroke Strangford
Lough

Location Scotland Co. Cork, Ireland England Wales N. Ireland
Bioclimatic
class

5 14 12 10 9

Air temp rise:
2020 Low (°C)

0.5 0.5 0.4 0.5 0.4

Air temp rise:
2050 High (°C)

2.0 1.9 1.8 2.1 1.9

Increase in max.
mean wind spd:
2020 Low (m/s)

0 0 0 0 0

Increase in max.
mean wind spd:
2050 High (m/s)

-0.1 -0.2 -0.1 -0.1 -0.2

Sea level rise:
2020 Low (cm)

1 9.3 8.5 9.1 7.6-7.9

Sea level rise:
2050 High (cm)

55 71.5 70 71.2 62.8-68.2

Sea level rise
vulnerability

Medium Very low Medium Low Low

Geology Igneous Old red
sandstone

Chalk Old red
sandstone

Silurian /
Triassic and
glacial
moraine

Exposure Sheltered Very exposed to
sheltered

Exposed Moderately
exposed

Largely
sheltered

Biology Barnacles
Fucus

Patella vulgaris
Mytilus edulis

Mytilus edulis High energy
rock
communities
in the
Narrows

Sensitivity
factors

Narrow intertidal
zone, rapids at
entrance

High rates of
erosion

1996 Sea
Empress oil spill,
invasion by
exotic species

References Connell (1961,
1972)

Kitching (1987);
Myers et al.
(1991)

Robinson
(1971)

Ballantyne
(1961); Little and
Kitching (1996)

Brown
(1990);
Cabot (1999)

6.6.2.4 Vegetated shingle

Four case study sites have been chosen for detailed investigation of the impacts of climate change on
vegetated shingle ridges.  The sites are: Spey Bay, Scotland; Kilcoole, Co. Wicklow, Ireland;
Dungeness, England; and Gronant, Wales.  Details of each site are given in Table 6.20.
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Factors which affect their sensitivity to climate change are location with respect to key
biogeographical distributions, sediment supply and human impacts.  Potentially important aspects of
the future climate include wind speed and direction, and the frequency and magnitude of storm events.
As can be seen from Table 6.20 the shingle at Dungeness will experience the highest sea level rise,
although the Kilcoole area has a higher vulnerability to sea level rise.  However, it is not clear
whether this vulnerability assessment relates to the shingle area in detail, or this part of the coast in
general.  The site is long and narrow, and it is likely that shingle will affect land further inland if
breached (J.Wilson, pers. comm.).  The likelihood is, therefore, that the Dungeness shingle (which has
already been highly disturbed by human activities) will suffer most seriously from additional erosion
as a result of climate change.  Warming may also encourage the colonisation of Polygonum
maritimum at Dungeness.  However, on the other hand the Dungeness shingle area is large (c. 2,035
ha) and some of the smaller areas, with restricted sediment supply, may also be vulnerable.  Spey Bay,
for example, has shown considerable change in form as a result of fluctuations in gravel supply over
the past 100 or so years (Gemmell et al., 2001).  No increases in mean wind speed are predicted, but
information about maximum wind speed and wind direction in the future was not available which may
affect sand transport pathways.  More information on likely changes to storminess in the future is also
necessary to help predict shingle dynamics.

Table 6.20:  Details of the four case study sites for vegetated shingle.

Name Spey Bay Kilcoole Dungeness Gronant
Location Scotland Ireland England Wales
Bioclimatic class 12 9 19 12
Increase in max.
mean wind speed:
2020 Low (m/s)

0 0 0 0

Increase in max.
mean wind speed:
2050 High (m/s)

-0.1 -0.2 -0.1 -0.1

Sea level rise:
2020 Low (cm)

4.7 8.2 10 7

Sea level rise:
2050 High (cm)

62.5 69.4 73 67

Sea level rise
vulnerability

Medium High Medium Medium

Vegetation Mertensia
maritima

Mertensia
maritima
(pre 1970)
Crambe maritima,
Glaucium flavum

Potential for
Polygonum
maritimum if
climate warms

Mertensia
maritima

Geomorphology Shingle comes
from Spey River,
longshore drift
and offshore

Large suite of
shingle ridges

Human impacts Gravel digging,
railway track

Previous gravel
digging, nuclear
power station

Tourism,
trampling

References Riddell and Fuller
(1995);
Steers (1973);
Grove (1955);
Gemmell et al.
(2001)

Packham and Willis
(1997); Doody
(2001)

Packham and Willis
(1997)
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6.6.2.5 Seagrass beds

Five case study sites have been chosen for detailed investigation of the impacts of climate change on
seagrass beds.  The sites are: Moray Firth, Scotland; Castlemaine Harbour, Co. Kerry, Ireland; The
Fleet, Dorset; Lleyn Peninsula, Wales; Strangford Lough, Northern Ireland.  Details of each site are
given in Table 6.21.

Combined stresses produced by natural (e.g. disease) and human (e.g. pollution) influences will affect
their sensitivity to climate change.  The major climatic variables which will be important in the future
are sea level rise (which will influence the space available for seagrass beds), sea surface temperature
increases, and the frequency and magnitude of storm events.  As can be seen from Table 6.21 all sites
will experience a similar magnitude of rise in sea surface temperatures of between c. 0.5 and 2°C
(with The Fleet showing the largest increases in both summer and winter SSTs).  This assumes that
the sea warms up by the same amount as the adjacent land area (see Chapter 7 for a discussion of
this).  The eelgrasses found around the British and Irish coasts thrive under a temperature range of 10
to 15°C, and can tolerate temperatures from 5 to 30°C.  Hence, these changes are probably not
significant, although they may encourage growth in the colder Moray Firth area and of sensitive
intertidal seagrass communities in areas prone at present to frost in winter.  Changes in storminess
will probably be the key issue for seagrass beds under a changing future climate, but there is no
predictive information in the UKCIP98 scenarios on storm occurrence.

Table 6.21:  Details of the five case study sites for seagrass beds.  SST is sea surface temperature.

Name Moray Firth Castlemaine
Harbour

The Fleet Lleyn
Peninsula

Strangford
Lough

Location Scotland Co. Kerry,
Ireland

Dorset, England Wales N. Ireland

Bioclimatic
class

12 15 19 19 9

Current SST
values

Summer  12.5
Winter 5

Summer 15.5
Winter 9.5

Summer 16
Winter 8

Summer 15
Winter 7

Summer 13
Winter 7

SST values:
2020 Low (°C)

Summer  12.8
Winter 5.4

Summer 16.0
Winter 9.9

Summer 16.6
Winter 8.5

Summer 15.5
Winter 7.5

Summer 13.5
Winter 7.4

SST values:
2050 High (°C)

Summer 14.2
Winter 6.9

Summer 17.4
Winter 11.3

Summer 18.5
Winter 10.3

Summer 17.5
Winter 9.3

Summer 14.9
Winter 8.9

Sea level rise:
2020 Low (cm)

4-5.5 8.6 9.1 8.5 7.6-7.9

Sea level rise:
2050 High (cm)

61-64 70.3 71.2 70 62.8-68.2

Sea level rise
vulnerability

Medium Medium Medium Medium Low

Area 1,200 ha of
Zostera

2,973 ha 748 ha 630 ha of
Zostera

Vegetation Z. angustifolia
Z. noltii

Z. angustifolia
Z. noltii

Z. marina
Z. angustifolia
Z. noltii
Ruppia

Z. marina
Z. angustifolia
Z. noltii

Z. marina
Z. angustifolia
Z. noltii
Ruppia

Threats Spartina,
aquaculture

Invasion of
exotics

Sargassum
competition

References Davison and
Hughes (1998)

Brown (1990);
Davison (1996)
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6.6.3 Discussion

The results presented on the case study sites for salt marshes, sand dunes, vegetated shingle, rocky
coastal platforms and seagrass beds illustrate the diversity of potential responses to climate change in
the future.  The use of conceptual models enables a clear assessment of the influences of climate
change on the different coastal geomorphic systems, but it is still difficult to work out how such
changes will interact with the stresses put on these systems by local human impacts and extreme
natural events.  Coastal geomorphic systems are highly dynamic and may respond in quite complex
ways to additional stresses, which is also hard to predict.  The use of different case study sites
illustrates forcefully the individuality of many coastal systems, thus also making general predictions
hard to apply to any specific place.  Not all the relevant information on the human impacts and natural
characteristics of study sites is easily available, and there may be other factors which need to be taken
into account to provide a fuller picture.  Predictions of the impact of climate change on several key
climatic variables (such as storminess) are not available as yet, and this also makes it difficult to make
specific predictions about how the coastal systems will respond.  However, despite these limitations,
the case study method coupled with conceptual modelling does provide a good way of making a broad
assessment of the likely impacts of climate change and exploring those within the context of specific
sites.  A future research need is to provide more information on the geomorphic and ecological
characteristics of such case study sites, and to develop more site-specific models which could be used
to provide better predictions for highly vulnerable or valuable locations.

6.7 Discussion and conclusions

The impacts of the UKCIP98 climate change scenarios for the 2020s and 2050s on estuarine and non-
estuarine waterbirds and coastal geomorphology have been modelled.  The assessments take account
of changes in both important climatic variables and sea level.  Projections of relative (net) sea level
rise and coastal vulnerability were estimated by combining the UKCIP98 projected changes in sea
level with data on vertical land movement using the ESCAPE model.

Climate change may affect Britain and Ireland's over-wintering waterbirds in a variety of ways.  Two
aspects of its likely impact have been assessed: the direct effect of changes in climatic conditions that
could affect waterbird distribution; and the indirect effect of rising sea levels on the availability and
nature of their coastal habitat.  The analyses reported here do not make it possible to determine
whether global climate change will lead to changes in total flyway population size as this will be
affected by a wide variety of factors.  Many of these factors will operate on the breeding grounds of
these birds that in many instances are in the Arctic or at their migration stopover sites.

Rising sea levels may affect the shape of estuaries generally, but in particular those in the south east
of both Ireland and England due to their history of land claim for agriculture.  Estuary morphology
largely determines intertidal sediments that in turn influence the abundance and availability of the
invertebrate prey of waterbirds.  Hence the numbers of waterbirds supported by an estuary can be
expected to change with the predicted rise in sea level.  The managed realignment of sea defences
may result in more extensive intertidal flats at the expense of marshes.  In such cases intertidal
sediments are likely to become sandier, improving the habitat quality for species such as oystercatcher
but reducing it for species such as redshank and dunlin.  Our two case studies suggest that detrimental
changes in habitat quality are likely to occur for most species but that changes in estuary extent may
be sufficient to compensate for any resulting decrease in densities.  Loss of salt and freshwater
marshes due to coastal squeeze is likely to be a more serious problem for waterbirds, in particular for
those species that do not feed on the intertidal flats.

Fluctuations of wader numbers on individual estuaries can be partly explained by between-winter
variation in weather conditions.  This indicates that long-term climatic trends are likely to have a
direct impact on waterbird distributions.  Comparison of the MONARCH work with research
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undertaken by the Wetland Bird Survey partnership suggests that assessing changes in wader numbers
regionally is more efficient at predicting these changes than the site-based approach used here.
Another promising approach would be to assess changes in winter bioclimatic classes.

The distributions of six of the seven studied species of non-estuarine waders present in internationally
important numbers have shifted northwards between 1984-85 and 1997-98.  The distributions of two
species also shifted eastwards and one westwards.  These distributional shifts coincide with changes
in regional weather patterns during this period.  Six species fared best in areas with the greatest
decrease in the days of frost, and days of snow and sleet, a broadly similar relationship to that of
estuarine waterbirds that have moved eastwards since the 1980s with increasingly warm winters.
Cold weather decreases the year-to-year survival rates of waders.  Rainfall decreases prey availability,
and decreasing mean rainfall appeared to be beneficial for three species. Increasing wind speed is
associated with increasing energy requirements and thus may help explain why oystercatcher numbers
increased most where mean wind speed decreased.

Extrapolating from the wader-weather relationships, the UKCIP98 Medium-high climate change
scenario for the 2050s would lead to the expectation of a continued change in the distribution of non-
estuarine wader populations in Britain and Ireland.  As winters elsewhere become milder a greater
proportion of the East Atlantic Flyway populations of some species of wader may over-winter further
north and east on the continent of Europe.  The projected increase in rainfall would be expected to
negatively affect waders and could have implications for the size of their populations at the flyway
scale.  The projected change in mean wind speed is unlikely to have a major effect on wader
populations although increases in gale-force winds may do so.

It is to be expected that the observed decline in Britain's internationally important non-estuarine wader
populations will be exacerbated if the northwards shift in distribution continues.  The Republic of
Ireland may face similar problems.  This research has confirmed that waders over-wintering on non-
estuarine coasts appear to be excellent indicators of climate change.

The likely impacts of future climate change on the geomorphological behaviour of key coastal
ecosystems have been assessed using a conceptual modelling and case study approach.  One of the
main problems with such an exercise is to provide a clear ranking of the severity of different impacts.
For example, on vegetated shingle ridges sea level rise might lead to increased erosion, but on the
other hand changes in storminess might lead to the increased availability of sediment and thus further
accretion of the shingle ridges.  The balance between the two impacts is hard to quantify, and will
probably vary from place to place depending on local factors. In most cases it appears that such
geomorphological consequences of climate change will provide an additional stress on these
ecosystems, but will not lead to catastrophic change on its own.  However, as most of the coastal
geomorphological systems under consideration show a close linkage between geomorphic and
ecological processes, changes in geomorphology will impact upon the ecology (albeit often in more
subtle ways than the direct impact of climate change on species and habitats – which in turn will have
an impact on geomorphology).  For example, on vegetated shingle ridges warming may lead to
increased erosion which may remove some parts of the habitat.  On the other hand, warming may also
encourage the colonisation of some sites by cold-intolerant species and, depending on the nature of
these plants, they may play a different role in the trapping and stabilisation of shingle than the
previous plant community.  In some cases geomorphic change can lead to large changes in ecological
systems, as for example in Dorset where changes in Chesil Beach have a major effect on the ecology
of the Fleet.

In almost all coastal systems around the British and Irish coasts we are not dealing with pristine
habitats, and previous human impacts may have a huge influence on how such systems react to
climate change in the future.  Lee (2000) discusses the importance of present and future shoreline
management plans for conservation areas, and the English CHaMP scheme (Coastal habitats
Management Plans) should provide a good framework for providing an integrated assessment of
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future natural and human influences on the geomorphology and ecology of such sensitive
environments.  Similarly, coastal systems are highly dynamic and respond actively to climatic
changes.  Because of the complexity and individuality of many coastal systems this means that
predicting the exact way in which the systems will react is extremely difficult, and requires far more
detailed modelling and monitoring than is presently available.  Finally, it is worth noting that there is
a strong need for more data on future changes in key climatic parameters, such as maximum wind
speed, dominant wind directions and storminess as many of the coastal systems discussed here react
strongly to changes in these parameters.
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7 Impacts on marine environments
H.A. VILES

Summary

The seas surrounding Britain and Ireland are diverse in physical characteristics, and range from open
ocean to the north and west to narrow inland seas to the south and east.  The diversity in physical
conditions is matched by a diversity in marine flora and fauna.  Marine organisms fall into two main
categories, i.e. those that live within the moving water column and those that live on and within sea
floor sediments (the benthos).  Around the British and Irish seas both these types have considerable
economic and conservation importance.  Benthic communities, being at least partially fixed in specific
areas, are of potentially large importance to our marine conservation efforts.  However, there is a
general scarcity of detailed information about the distribution, nature and environmental requirements
of benthic habitats around our shores which makes informed management difficult.  Much of this gap
in knowledge has recently been filled by a number of large-scale projects, such as the UK’s Marine
Nature Conservation Review (MNCR), Ireland’s BioMAR project (Picton and Costello, 1997) and
other data collection exercises.

Several marine habitats have been listed as priority habitats by the EU Habitats Directive and national
Biodiversity Action Plans.  Marine SAC designation programmes in Britain and Ireland have
compiled detailed information on some of these.  From these listings, five habitats for which there is
good information available have been chosen for further study in MONARCH, i.e. Maerl beds, and
reefs of Sabellaria alveolata, Sabellaria spinulosa, Modiolus modiolus, and Serpula vermicularis.  A
review of the major threats to marine environmental habitats round Britain and Ireland identifies some
clear human impacts (e.g. dredging and pollution) as well as some less easily understood impacts of
natural environmental variability (such as storms) which may act synergistically with stresses caused
by human impacts.  A review of the potential impacts of climate change on benthic marine habitats
identifies a range of direct (sea level rise, temperature rise and increasing UV-B penetration) and
indirect (changes in circulation, nutrient supply, wave climate and storminess) impacts.  For many of
these, especially the indirect ones, there is a lack of information about the exact nature of change
under different scenarios.  Consequently, only changes in sea surface temperatures and sea level are
considered in detail.

Sea surface temperature changes are estimated from nearby terrestrial temperature changes based on
the climatic characterisation of the bioclimatic classification (Chapter 3.2).  Sea level changes are
estimated using the ESCAPE model (Chapter 6.2).  Sea surface temperatures (assuming they show a
commensurate rise with air temperatures) are predicted to rise between 0.4 and 2.5°C under the 2020
and 2050 scenarios used.  This will produce a rise in mean summer temperature range around the
coasts of Britain and Ireland from 12.5-16.5°C to 12.9-17.1°C  (under the 2020 Low scenario) or to
14-18.9°C (under the 2050 High scenario).  The rise in mean winter sea temperatures is from 5-9.5°C
to 5.5-10°C (2020 Low) or to 7.3-11.5°C (2050 High).  Sea level rises will be particularly pronounced
along the southern coasts of England, Wales and Ireland and the eastern coast of England.

From knowledge of the environmental requirements and current stresses on the five chosen habitats it
appears that one important maerl species (Lithothamnion coralloides) could flourish in more northerly
areas under warmed conditions, but another (Lithothamnion glaciale) may retreat.  Modiolus modiolus
is also sensitive to higher temperatures and this might become more stressed in more southerly parts
of its distribution, while Sabellaria alveolata will benefit from warmer winters.  Sea level rise may
affect those species growing in the shallow subtidal and lower intertidal (e.g. Sabellaria alveolata).
The other, indirect consequences of climate change are likely to be a critical influence on all but
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Modiolus modiolus, but more detailed statements cannot be made until more predictive data are
available.

7.1 Introduction

7.1.1 The British and Irish seas

The seas surrounding Britain and Ireland are diverse in their characteristics, ranging from open ocean
(to the north and west) to narrow inland seas (to the south and east) as discussed in Mackinder (1907).
Hardisty (1990) further divides the British and Irish seas into five regions: the North Sea, the English
Channel, the Celtic Sea, the Irish Sea and the North-Western Approaches.  Underlying all these sea
areas is continental shelf at depths of up to 200 m below the surface, much of which was exposed at
the height of the last glacial period when sea level was considerably lower than today.  Each of these
areas possesses a distinctive shelf topography and sediment cover, as depicted in the United Kingdom
Digital Atlas (UKDMAP; NERC (1998)).  Different parts of these seas are also characterised by
varying wave climates and tidal regimes.  For example, to the west of Britain and Ireland the
significant wave height at ocean weather stations exceeds 4 m 50% of the time, whereas in the eastern
English Channel the significant wave height is under 0.9 m (Hardisty, 1990).  Tidal ranges also vary
from around 1 m along some parts of the eastern Irish coast and southern English coast to over 12 m
at spring tides along parts of the Severn Estuary (UKDMAP).  Sediment on the continental shelves
around Britain and Ireland ranges from gravel, which dominates along the English Channel and in
parts of the Irish Sea, through to sand, which dominates around most of the British coast as well as
much of northern and western Ireland, to mud which occurs in large amounts off the southern coast of
Ireland.

Average sea surface temperature (SST) ranges from c. 5°C (around the eastern coast of Britain in
winter) to c. 16°C (around the southerly shore of Ireland and Britain in summer).  A general pattern
emerges in winter of cold seas in the east and warmer seas in the west, with a maximum in the south
west.  Alternatively, in summer there is a trend from warm temperatures in the south to cooler ones in
the north, with a less obvious difference between east and west (UKDMAP).  Probable minimum
SSTs, according to UKDMAP, range from 0°C (off the south east coast of Britain) to 6°C (off the
south west coast of Ireland).  Probable maximum temperatures range from 18°C (off the northern
coast of Scotland) to 22°C off the southern coast of England.

These broad trends in topography, marine geology, sediments and oceanography are reflected in the
constituent marine biota of the British and Irish Seas.  Marine biota can be divided into bottom-
dwelling species (benthos) and those that live primarily within the overlying water column, although
there is some interchange and intermingling between these two groups.  The benthic communities
tend to be more sedentary and are a major focus of conservation interest.  The marine benthic ecology
of the British and Irish seas is much less well understood and investigated than the terrestrial and
freshwater communities within Britain and Ireland.  There is a general trend towards greater richness
of marine life along the warmer south west coast of the English Channel, with the relatively cold
conditions found in the Irish Sea in winter providing a barrier to the northward movement of some
sensitive species.  Within the UK, the Marine Nature Conservation Review (MNCR, undertaken from
1987 to 1997) has provided more detailed information on the distribution, characteristics and
sensitivities of marine biotopes mainly within the 50 m depth contour (Connor et al., 1997a; b).  The
marine biotope approach provides for the identification and classification of communities and 369
such biotopes have been recognised around the coast of Britain and Northern Ireland coast.  The
biotopes can be divided primarily into those that occupy rocky substrates and those that occupy
sedimentary substrates.  Secondary divisions can be made on the grounds of position within the tidal
profile (i.e. from deep sublittoral to littoral habitats), and on exposure to wave and tide energy (i.e.
ranging from highly exposed to highly sheltered environments).  From studies of over 15,000 sites a
picture is being built up of the status of, and threats to, these biotopes.
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7.1.2 Conservation issues and the marine environment

At present there are few marine conservation areas within Britain and Ireland.  Marine Nature
Reserves are present around Lundy and Skomer and within Lough Hyne and Strangford Lough.
Within Scotland, several Marine Consultation Areas have been identified (predominantly on the
northern and western coasts as illustrated in UKDMAP), and within England a range of Sensitive
Marine Areas have also been located.

The UK Biodiversity Action Plan identifies several marine priority habitats.  These are:

• Chalk reefs
• Maerl beds
• Serpula vermicularis reefs
• Sabellaria alveolata reefs
• Sabellaria spinulosa reefs
• Modiolus modiolus reefs
• Lophelia pertusa reefs
• Deep mud (Seapen and burrowing megafauna)
• Littoral and sublittoral seagrass beds
• Mudflats
• Offshore sands and gravels
• Sheltered muddy gravels

Of these, some are predominantly littoral in occurrence, with the others ranging from shallow to deep
sublittoral locations.  The European Union’s Habitats Directive identifies seven broadly defined
marine habitats of European interest (Annex 1 habitats).  These are:

• Sandbanks which are slightly covered by seawater all the time
• Estuaries
• Mudflats and sandflats not covered by seawater at low tide
• Large shallow inlets and bays
• Lagoons
• Reefs
• Submerged or partly submerged sea caves

The Habitats Directive recognises the importance of marine protected areas in aiding conservation of
marine biodiversity, for which a network of Special Areas of Conservation (Marine SACs) is being
developed.  Within the UK, several ‘sub-features’ of the Annex 1 habitats have been selected as
providing a focus for action.  These are:

• Zostera biotopes
• Intertidal sand and mudflats and subtidal mobile sandbanks
• Seapens and burrowing megafauna
• Subtidal brittlestar beds
• Maerl beds
• Intertidal reef biotopes
• Infralittoral reef biotopes with kelp species
• Circalittoral faunal turfs
• Biogenic reefs (including Sabellaria alveolata, Sabellaria spinulosa, Serpula vermicularis and

Modiolus modiolus reefs)



232          Climate change and nature conservation in Britain and Ireland
___________________________________________________________________________

Reports have been produced on these habitats by the UK Marine SACs Project which provide a sound
basis for management decisions and provide useful information on the environmental requirements of,
and threats to, these habitats.  Twelve candidate marine SACs in the UK have been made project
demonstration sites, including Strangford Lough in Northern Ireland, and Loch Maddy and the Sound
of Arisaig in Scotland.

Based on the range of biodiversity conservation issues and approaches within the British and Irish
seas listed above, five of the priority BAP marine habitats (all of which are also covered by the UK
Marine SACs sub-features list) have been chosen for more detailed consideration in this chapter.
These are:

• Maerl beds
• Serpula vermicularis reefs
• Sabellaria alveolata reefs
• Sabellaria spinulosa reefs
• Modiolus modiolus reefs

7.1.3 Threats to the marine environment

The benthic habitats in the British and Irish Seas, especially those within the general purview of the
MNCR (i.e. within the 50 m depth contour), are threatened by a range of human-induced and natural
stresses, as presented in Table 7.1.

Table 7.1:  Threats to benthic habitats in the British and Irish seas.

Local human threats Threats from environmental change and variability
Harvesting of organisms
Dredging of sediment
Drilling and pipeline installation
Removal of rock substrates
Pollution
Increased turbidity and sedimentation as a result of
soil erosion / coastal works
Changes in sediment flow as a result of coastal
works
Introduction of alien species
Noise

Storms
Desiccation
Changes in sea temperature
Outbreaks of pests or pathogens
Changes in salinity, nutrient availability
Changes to waves, currents and tidal movements

Local human threats are often easy to identify and their impacts obvious.  However, threats posed by
environmental change and variability are often less clear cut.  Many of these threats are entirely
natural in cause, for example, severe winters in the 1960s had a damaging impact on many benthic
species found towards the limit of their temperature tolerance (Crisp, 1964).  Others, however, may be
related to human effects.  For example, pollution or other human disturbance of the community may
encourage outbreaks of pests or pathogens.  Human-induced global warming may also have a
complicating effect.  In many cases threats act together in a mutually reinforcing fashion to provide
severe stress to the communities.

The possible impacts of climate change on the five priority BAP marine habitats (listed in Section
7.1.2) are discussed further in the remainder of this chapter.
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7.2 Impacts of climate change on five marine habitats

7.2.1 Overview of direct and indirect effects

Several key components of the marine environment are likely to change as a result of climate change.
Feedbacks between the ocean and atmospheric systems mean that such changes will lead to knock-on
impacts on the climate.  There is still much uncertainty, especially at the regional level, about how the
predicted changes in temperature will affect the marine environment.  Table 7.2 lists some of the
possible effects.

Table 7.2:  Possible impacts of climate change on the marine environment.

Direct Indirect
Sea level rise
Sea surface temperature change
Increasing UV-B penetration

Change in thermohaline circulation
Alterations to nutrient supply
Changes in wave climate
Changes in storminess

Sea level rise will have a key impact on littoral communities, which are adapted to certain amounts of
desiccation and immersion.  Sublittoral communities will be less clearly affected although increasing
water depth might reduce light levels for some deeper water species posing a threat to photosynthesis.
Changes in sea surface temperatures will have a clear impact on sensitive species, depending on the
magnitude of the change.  There is much uncertainty about how sea surface temperatures will respond
to global warming.  The Intergovernmental Panel on Climate Change (IPCC) states that ‘studies of
past climate change show that sea surface temperature increases along with air temperature, although
probably not as much or as rapidly’ (Watson et al., 1996).  Model simulations seem to support this
statement.  However, exceptions may occur in the high latitude North Atlantic where weakening of
the thermohaline circulation may slow the predicted increase in sea surface temperatures.  The current
scientific consensus is that there will be a gradual slow-down of the thermohaline circulation, rather
than a complete shut-down over the next 100 years or so.  Earlier models which proposed more
dramatic changes were over-simplified, and a more subtle and short-lived disruption (e.g. Schiller et
al., 1997) is now seen to be more likely.  Increasing UV-B penetration has been observed following
stratospheric ozone depletion and, if it continues to increase, may have an adverse effect on much
marine biota.

Climate change may also result in a number of indirect effects on the marine environment.  Changes
in nutrient supply are likely to occur as a result of climate change impacts on terrestrial systems.
Inwash of nutrients to the marine environment from catchment runoff is likely to alter, with many
predictions of increased soil erosion.  Finally, rising sea levels and warming may produce changes in
storm frequency and severity over many sea areas as well as influencing wave climates.

7.2.2 Estimating sea level and sea surface temperatures

The direct effects of climate change on the five selected marine habitats are reported in the following
sections.  Because of the lack of clear predictive statements over many of the indirect effects and UV-
B penetration, the main factors considered in more detail here will be sea level rise (using results from
the ESCAPE model; see Chapter 6.2) and increases in sea surface temperatures.

Sea surface temperatures have been modelled for the shallow marine environment of Britain and
Ireland for the major coastal classes of the bioclimatic classification (Table 7.3; see Chapters 2 and 3).
Current sea surface temperatures (mean summer, mean winter, probable maximum and probable
minimum) were obtained from UKDMAP and are shown in Table 7.4.  Assuming a simple
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relationship between air temperature increase and sea surface temperature increase, sea surface
temperatures have been predicted for the UKCIP98 climate change scenarios for the 2020s and 2050s
from the air temperature predictions for coastal areas.

This exercise is difficult along some parts of the coast where a number of bioclimatic classes provide
a patchy coverage.  For example, the north west coasts of Scotland and Ireland are covered by a
complex patchwork of parts of classes.  The north west coast of Scotland is particularly difficult to
deal with, having several bioclimatic classes which only occupy one or two 10 km x 10 km grid
squares.

Table 7.3:  Description of coastal classes of the bioclimatic classification used in the marine study.

Bioclimatic class Coastal area
4 Parts of NW Scotland and Outer Hebrides
5 Much of N and NW Scotland , Outer Hebrides, Isle of Man and NE Ireland
7 NE England, N Norfolk and the Wash, NW England, Solway Firth
9 Parts of NW Scotland, most of W and E Ireland

10 Devon and Cornwall, S and SW Wales
12 NE Scotland, Orkney and Shetland, NE England, C Wales
14 Parts of SW and W Ireland
15 Parts of SW and W Ireland
19 SE and S England, Severn Estuary, SE Wales, N Wales and Anglesey

Table 7.4:  Current sea surface temperatures (SST) for the nine major coastal bioclimatic classes
(obtained from UKDMAP).

Bioclimatic class Mean summer
SST

Mean winter
SST

Probable absolute
min SST

Probable absolute
max SST

4 13-15 7.5 4 19
5 13-14 7-8 4 18-20
7 13-16 5-5.5 0-3 18-20
9 13-15.5 7-9.5 4-6 20

10 15-16 8-9 3 22
12 12.5-15 5-7.5 2-3 18-20
14 14.5-15.5 9-9.5 5-6 20
15 14.5-15.5 9-9.5 5-6 20
19 16-17.5 5-8.5 0-3 22

Table 7.5 contains the results of the prediction exercises for the nine major coastal bioclimatic classes.
Several key points emerge.  Firstly, that there is considerable spread in some of the present SST
values (and thus also in the future predicted values) for some of the bioclimatic classes.  This is
because some of the classes contain fragments of coastline in widely separate areas, which are today
characterised by very different SSTs.  Further subdivision of the classes into more meaningful coastal
units, based on current summer and winter SSTs, would reduce the spread of the data.  Secondly, it is
worth noting that the SST predictions result from simply adding the same amount of temperature
increase as predicted for air temperatures in each bioclimatic class.  As discussed above, SSTs may
show more muted and lagged response to changes in air temperature, so the values given in Table 7.5
should be regarded as maximum likely values.  Thirdly, it is clear from Table 7.5 that SSTs around
Britain and Ireland, using this prediction algorithm, will increase by 0.3 to 2.5°C over the next 20 to
50 years.  This will alter the mean summer temperature range around the coast from 12.5 - 17.5°C to
12.8 - 18.1°C (under the 2020 Low scenario) or to 14.2 - 20°C (under the 2050 High scenario).   In
terms of mean winter temperatures, which currently range from 5 - 9.5°C, the predicted values
increase to 5.4 - 9.9°C for the 2020 Low scenario and 6.8 - 11.4°C for the 2050 High scenario (almost
reaching the lower levels of mean summer temperatures found today).
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Table 7.5:  Estimated increases in sea surface temperature (SST) for the nine major coastal
bioclimatic classes under the UKCIP98 Low and High climate change scenarios for the 2020s and
2050s.

(a) Mean summer and winter SST.

Mean summer SST Mean winter SSTBioclimatic class

2020s
Low

2020s
High

2050s
Low

2050s
High

2020s
Low

2020s
High

2050s
Low

2050s
High

4 0.6 1.3 0.8 1.9 0.5 1.3 0.8 2.0
5 0.5 1.3 0.7 1.9 0.5 1.3 0.8 2.0
7 0.6 1.5 0.9 2.4 0.4 1.3 0.8 2.2
9 0.5 1.3 0.7 1.9 0.4 1.2 0.7 1.9

10 0.5 1.4 0.8 2.2 0.5 1.3 0.8 2.1
12 0.3 1.2 0.7 1.7 0.4 1.1 0.7 1.9
14 0.5 1.3 0.7 1.9 0.4 1.1 0.7 1.8
15 0.5 1.2 0.7 1.9 0.4 1.0 0.7 1.8
19 0.6 1.5 0.9 2.5 0.5 1.4 0.9 2.3

(b) Probable absolute minimum and maximum SST.

Absolute minimum SST Absolute maximum SSTBioclimatic class

2020s
Low

2020s
High

2050s
Low

2050s
High

2020s
Low

2020s
High

2050s
Low

2050s
High

4 0.4 1.3 0.7 2.0 0.6 1.4 0.8 2.1
5 0.5 1.3 0.7 2.0 0.6 1.4 0.8 2.1
7 0.5 1.4 0.8 2.3 0.7 1.6 0.9 2.8
9 0.4 1.3 0.7 2.0 0.6 1.4 0.8 2.2

10 0.5 1.3 0.8 2.1 0.6 1.6 0.9 2.5
12 0.4 1.2 0.7 1.9 0.5 1.2 0.7 1.9
14 0.4 1.1 0.6 1.8 0.5 1.3 0.7 1.9
15 0.4 1.1 0.6 1.8 0.5 1.3 0.7 1.9
19 0.5 1.5 0.8 2.3 0.8 1.9 1.1 3.1

Sea level rise predictions for the 2020 Low and 2050 High scenarios have also been derived from the
ESCAPE model for the coastal bioclimatic classes shown in Table 7.3, as illustrated in Table 7.6.
These figures indicate that those bioclimatic classes which include coasts in the southern and eastern
part of Britain and Ireland (i.e. 7, 9, 10, 12, 14, 15 and 19) show the greatest rise in sea levels.  This
means that sensitive marine ecosystems which inhabit the shallow subtidal zone around the southern
shores of Britain and Ireland will experience the greatest disruption from sea level fluctuations,
whereas in general communities in the north and west will have much less forcing from sea level rise.

Table 7.6:  Sea level rise predictions (cm) for the nine major coastal bioclimatic classes.

Bioclimatic class 2020s Low 2050s High
4 0-10 60-70
5 0-10 60-70
7 0-10 70-75
9 5-10 65-75

10 5-10 70-75
12 0-10 60-70
14 5-10 65-75
15 5-10 65-75
19 5-15 70-80
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7.2.3 Impacts on five selected marine habitats

It is difficult to assess the likely threats posed by climate change to marine benthic habitats in the
shallow British and Irish seas for several reasons.  Firstly, there is a scarcity of data on the distribution
and environmental requirements of most marine benthic habitats.  Secondly, there is a lack of long-
term monitoring data with which to identify the relative sensitivity of benthic habitats to human
stresses and those produced by environmental change, let alone to enable investigation of the
sensitivity to combinations of stresses.  Finally, it is difficult to make accurate predictions of the
nature of change to the marine environment around Britain and Ireland as a result of climate change.
Any predictions should thus be regarded with great caution until more data becomes available on all
of the above.  The recent study of Hiscock et al. (2001) for Scotland illustrates the type of progress
that is being made in collating data and predicting impacts.

The five habitats selected for more detailed study are all important components of the shallow marine
ecosystems around Britain and Ireland.  Details on their distribution, environmental requirements and
sensitivities are given in Table 7.7.

Maerl beds are composed of calcified coralline red algae with three species common around the
British coast, i.e. Lithothamnion coralloides, Lithothamnium glaciale and Phymatolithon calcareum.
A very high density of other organisms is found in maerl beds, which are found widely from the
tropics to northern Norway.  In recent years they have been very well studied as part of the Europe-
wide BIOMAERL project and their key characteristics are documented in Birkett et al. (1998).
Sabellaria alveolata reefs are made from cemented sand tubes by sedentary polychaetes.  They are
found primarily in intertidal settings, often in the extreme low portions of the intertidal zone (exposed
only at extreme low spring tides) and have been reported mainly in the west and south of Britain
(Naylor and Viles, 2000).  S. alveolata reefs around the British and Irish coasts have shown high
variability over recent years, as a result of fluctuations in air temperature and other factors.  For
example, many were wiped out by the extremely cold winter of 1962-3.  Sabellaria spinulosa reefs
are, in contrast, usually subtidal in occurrence and, at least around the British and Irish coasts, are
often very thin and patchy in nature.  Modiolus modiolus is a mussel which has a semi-infaunal
growth habit and forms partial or true reefs around several areas of the British and Irish coasts.  It is a
boreal species which reaches its southerly limit within Britain and Ireland and thus its distribution
pattern here may be sensitive to warming.  Finally, Serpula vermicularis is a reef-forming worm,
which also grows commonly as an individual.  Serpula reefs are very rare around Britain and Ireland,
with only a few records of true reefs around the coast.

From inspection of the data presented in Table 7.7 it can be seen that changes to sea surface
temperatures are likely to affect some of the habitats.  For maerl beds, for example, warming by a
couple of degrees could encourage the flourishing of the cold-sensitive Lithothamnion coralloides in
more northerly areas, whereas L. glaciale may retreat (Birkett et al., 1998; Hiscock et al., 2001).
Modiolus modiolus may also be susceptible to higher temperatures (Holt et al., 1998), whereas
Sabellaria alveolata, which is affected by cold winters, might be favoured by warming.  The other
reef-forming species do not appear likely to be seriously influenced by changes in SSTs.  Other
features related to climate change, such as changes in turbidity, storminess and water depth and
movement, may also impact upon these habitats.  Sea level rise, for example, may affect the lower
intertidal and shallow subtidal Sabellaria alveolata habitats in south west England where sea levels
are predicted to rise from between 5 and 75 mm (2020 Low and 2050 High scenarios respectively).  In
areas where there is a lack of suitable substrate or sediment supply for Sabellaria alveolata at higher
levels within the tidal profile some reduction in growth may occur.  However, it is difficult to say any
more given the lack of predictions on how climate change may affect these factors.  More predicted
data is urgently required on the future of storminess under different global warming scenarios for
various parts of the British and Irish coasts as Maerl beds, Sabellaria spinulosa and Serpula
vermicularis are all sensitive to storms.
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Table 7.7:  Distribution, environmental requirements and sensitivities of maerl beds, Sabellaria
alveolata, Sabellaria spinulosa, Modiolus modiolus and Serpula vermicularis reefs (derived largely
from Birkett et al., 1998, Holt et al., 1998 and Hiscock et al., 2001).

Maerl beds S. alveolata S. spinulosa M. modiolus S. vermicularis

Distribution Abundant on W
coast of
Scotland and
Ireland (e.g.
Galway Bay),
NE coast of
Northern
Ireland,  W
Wales and SW
England (e.g.
Fal estuary)
NB: Different
maerl species
dominate in
different areas

SW England
(e.g. Severn
estuary), W
Wales, NW
England,
Northern
Ireland (e.g.
Down coast),
Ireland

E England
(Wash and N
Norfolk),
Wales (Lleyn
Peninsula),
Bristol
Channel,
North
Yorkshire,
Durham

Scotland (Lochs
Duich, Lang and
Ailsh reefs,
Shetland), Ireland
and N Ireland
(Strangford
Lough and east
coasts),Wales
(Lleyn Peninsula,
Anglesey),
England (N and
SE Isle of Man,
Humber estuary)

Scotland (Loch
Creran), Ireland
(Ardbear Lough,
Salt Lake and
Killary Harbour,
Co. Galway)

Depth Subtidal,
generally
0 - 30 m

Mid-low
intertidal and
shallow
subtidal

Subtidal Subtidal
(mainly 5 - 50 m)

Subtidal, 1 - 15
m perhaps best
for reef
development

Environmental
requirements

Species
composition
affected by
temperature.
Depth and
quality of water
important.
Moderate to
strong currents,
medium wave
action.
Full salinity.

Reasonably
warm winter
temperatures.
Good coarse
sediment
supply.
Enough water
movement to
suspend
coarse
particles.
Hard or
mixed
substrata

Good coarse
sediment
supply.
Enough water
movement to
suspend
coarse
sediment
particles.
Hard or
mixed
substrata.
Full salinity.

Possibly prefers
cooler summer
temperatures.
Hard or mixed
substrata.
Strong tidal
movements.
Full or estuarine
salinities.

Coarse sediment
(e.g. stones) for
initial
colonisation.
Sheltered
conditions with
limited water
exchange.
Sheltered from
wave action.
Prefers full
salinity.

Threats Commercial
extraction.
Pollution and
reduction in
water quality.
Fishing.
Storms may
cause damage.

Cold winters.
Sediment
supply
changes from
human
activity/
natural
fluctuations.

Fishing.
Aggregate
extraction.
Extreme
storm events
may break up
fragile reefs.

Scallop dredging
and other fishing.

Storms and
increased
currents.
Moorings.
Severe organic
enrichment.

Sensitivity to
future
warming

Some species
will change
range.
Increased
storms may
cause damage.

Warming will
help combat
winter
damage.
Indirect
impacts on
sediment
supply may
cause change

Unlikely to be
affected by
temperature
change.
Change in
storminess
may play a
role.

Possibly
susceptible to
higher summer
temperatures.

Not likely to be
sensitive to
temperature
change.
Changes in
storminess may
have an impact.
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7.3 Discussion and future research needs

There is clearly much uncertainty about the threats posed by climate change to the shallow marine
benthos around Britain and Ireland.  More research is urgently needed on the distribution and
sensitivities of a range of important species and habitats, and also on the likely changes to marine
environments which will result from the expected changes in climate and sea level over the next 20 to
100 years.  More information and variables for marine environments will be in UKCIP02 scenarios,
which will provide an invaluable starting point for further research.  Furthermore, as the research for
the UK Marine SACs project demonstrates, the choice of conservation areas needs to take on board
both these research directions in order to provide good conservation strategies in the face of future
environmental changes.  The extensive work that has been undertaken by the UK MNCR, and the
allied MarLin database, provides an excellent model for such research.  However, this needs urgently
to be complemented by greater understanding of the future behaviour of sea surface temperatures,
water depths, currents and storms in the context of the British and Irish shelf seas environment.
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8 Overview of impacts, adaptation and vulnerability
P.A. HARRISON, P.M. BERRY, H.A. VILES, G.E. AUSTIN, J.E. HOSSELL AND
M.M. REHFISCH

Summary

Detailed methods and results for modelling natural conservation resource responses to climate change
have been described in Chapters 4, 5, 6 and 7 for terrestrial, freshwater, coastal and marine
environments, respectively.  These results are brought together in this chapter and discussed in terms
of their driving forces, relative sensitivities and vulnerabilities.

The impact models highlight those climate-related driving variables that most affect species, habitats
and geomorphological features.  Temperature, rainfall and evapotranspiration were identified as the
key variables for terrestrial and freshwater environments.  These first two variables, in addition to sea
level and wind speed, are also important for coastal environments.  Changes in sea level and sea
surface temperatures were considered in the assessment of marine habitats.  All these variables are
available from the UKCIP98 climate change scenarios.  However, a number of other key variables
were identified which are not currently available, including changes in days with snow or sleet, wind
direction, maximum wind speed, rainfall intensity, storminess and variables related to ocean
circulation.

Examination of the relative sensitivity and vulnerability of impacts provided information on the
degree to which species, habitats or geomorphological features are affected by climate change in
relation to their adaptive capacity.  For terrestrial environments, montane heaths are the most sensitive
habitat to climate change, as all species lose suitable climate space.  These are followed by upland hay
meadows, upland oak woodland, pine woodland and beech woodland, where several species or the
dominants are adversely affected.  The most sensitive species is Erebia epiphron, which totally loses
suitable climate space under the High scenarios, while the montane heath species and others with
northern distributions, such as Potamogeton filiformis, Trollius europaeus and Orthilia secunda, lose
the most suitable climate space.  These species are amongst the most vulnerable, because this loss is
likely to be realised and it will lead to fragmented habitats and decreased populations.  Balanced
against this are species with a more southerly distribution which could expand their climate space.
The two species showing the greatest potential to expand are Sanguisorba officinalis and Atriplex
portulacoides.  For these species the issue is their ability to migrate and the availability of suitable
habitat as vulnerability can occur where there will be little or no overlap between the current and
future distribution.  Results on breeding birds indicate that capercaillie is the most sensitive species
which loses suitable climate with range contractions of 99%.  Reed warbler and turtle dove experience
the greatest degree of expansion in their distributions, more than doubling their range extent.  The
vulnerability of breeding bird populations will also depend on their ability to track the predicted
changes in climate space, which is affected by their dispersal capabilities, their habitat and food
requirements (and how these are influenced by climate change) and their population status and
dynamics.

The nature of climate change impacts on karst will depend on the individual environmental
characteristics and human impacts found in the area, but in general the most serious impacts could be
on very sensitive components of the landscape, such as tufa, turloughs and cave deposits, through
altered dissolution rates.  Karst environments are highly adaptive to climate change and show a
relatively low vulnerability, however, individual components of karst systems might be quite
vulnerable, such as speleothems, tufas and turloughs which may suffer from cessation of deposition,
erosion and drying out under some scenarios.
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Freshwater environments are likely to be most adversely affected in south east England where lower
water availability would increase the vulnerability of raised bogs, wet heaths, coastal dune slacks,
drought-prone acid grassland and beech woodland.  Species which are particularly sensitive, in that
they lose suitable climate space and would suffer from water stress, include Eriophorum vaginatum
and Fagus sylvatica.  Raised bogs, wet heaths and coastal dune slacks could also gain slightly from
the increase in water availability in north west Scotland and Ireland, but this is unlikely to offset
losses due to decreasing climate space, as for example with Potamogeton filiformis.  The degree to
which species are near their tolerance limits for water stress or flooding will affect their ability to
adapt.  If the species are of conservation interest, then habitat management through manipulating
water levels is an option, but this will have ramifications for all species at a site.

For coastal environments, the capacity of estuarine habitats to hold high densities of waterbirds would
decrease for three species (curlew, dunlin and redshank) and increase for one (oystercatcher) as a
result of sea level rise.  The capacity of both case study estuaries to hold waterbirds increased as a
result of increasing area that compensated for any reduction in densities.  Changing winter
temperatures and wind speeds were found to have a relatively small impact on oystercatcher, ringed
plover, knot and dunlin densities.  Non-estuarine wader populations of sanderling may be negatively
affected by climate change, whilst oystercatcher, purple sandpiper and curlew may be positively
affected.  Britain and Ireland are internationally important for these populations and it is this status
that is vulnerable.  Waterbirds are highly mobile and can respond to climate change by distributional
shifts, thus, many waterbirds may in future winter further to the north and east of Europe in areas
closer to their breeding grounds that are currently not available because of their relatively harsh winter
climate.

The geomorphological sensitivity of salt marshes, vegetated shingle and coastal sand dunes will be
greatest in areas which experience the largest sea level rise.  Rocky coastal platforms will only be
vulnerable where they are made of highly erodible rock.  Seagrass beds are likely to be affected most
by increases in storm activity, as storms can erode them considerably.  Increased storminess would
also play a negative role in the other coastal habitats because of increased erosion.  Local human
impacts have reduced the natural adaptability of many of our coastal systems and increased their
vulnerability through ‘coastal squeeze’.

Of the five benthic marine habitats studied, maerl beds, Sabellaria spinulosa and Serpula vermicularis
are the most sensitive to storms.  Modiolus modiolus would be negatively affected and Sabellaria
alveolata would be positively affected by increases in sea surface temperatures.  None of these
habitats seems to be particularly vulnerable to climate change, but species which have specific
environmental requirements, are close to the limits of their range, and have already been heavily
disturbed by local human actions are likely to be more vulnerable.

Integration of the results of the MONARCH study with complementary UKCIP studies shows similar
trends in Britain and Ireland, increasing confidence in previously identified responses and
sensitivities.   The quantitative modelling in MONARCH also supports many of the qualitative
statements based on expert opinion from the UKCIP scoping studies.

8.1 Introduction

Anthropogenic climate change is expected to result in globally-averaged increases in air temperature
of 1.4 to 5.8°C and sea level of 0.09 to 0.88 m by 2100 relative to 1990 (IPCC, 2001a).  The
magnitude of this warming would vary by region, with Britain and Ireland experiencing slightly
smaller changes than the global average due to its oceanic position.  It would also be accompanied by
increases and decreases in precipitation and changes in the frequency and intensity of extreme
climatic events.  The IPCC concluded, “these general features of climate change are likely to act on
natural and human systems”.  Further, “the collective evidence indicates that there is a high
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confidence that recent regional changes in temperature have already had discernible impacts on many
physical and biological systems” (IPCC, 2001b).

In MONARCH, climate change impacts on biological systems have been studied using the UKCIP98
climate change scenarios (Hulme and Jenkins, 1998).  These are based on greenhouse gas emission
scenarios reported in the IPCC’s Second Assessment Report in 1995 and hence do not capture the
upper end of the new projected range of global warming.  Rather, global-mean temperatures and sea
level are projected to increase by up to 3.5°C and 0.99 m by the 2080s, relative to the 1961-90 mean.

Simulation models of species’ distribution and/or abundance have been adapted for studying the
impacts of the UKCIP98 scenarios on terrestrial, freshwater and coastal environments.  The impact
models were used to investigate the effects of climate change over short and medium term time scales
through adoption of the scenarios for the 2020s and 2050s.  A similar approach was employed to
assess impacts on geomorphological features in terrestrial and coastal environments using conceptual
models.  A qualitative assessment of the marine environment was undertaken to review current
understanding, available data sets and future research needs.  Results from these four environments
are described in detail in Chapters 4, 5, 6 and 7.  The results are brought together in this chapter and
discussed in terms of their driving forces, relative sensitivities and vulnerabilities.

8.2 Driving forces of climate change

Significant forcing variables driving the climate change impacts can be identified from the bioclimatic
classification and the impact models. The principal components analysis (PCA) and the bioclimatic
classification provide an indication of the climatic/bioclimatic variables that best define the climatic
classes.  A total of 89 climatic variables were identified as being of potential biological importance.
From these seven new variables were defined by the PCA which captured over 96% of the variability
within the baseline climatic data set.  The first four components accounted for more than 90% of the
variance within the data set.  Examination of the relationship between these principal component
factors and the original bioclimatic variable data set gives an indication of the significant forcing
variables driving the bioclimatic classification.  These are, in order of importance, variables related to
rainfall amount, temperature, wind speed, and dryness/sunshine.

The impact models highlight those variables that most affect species, habitats and geomorphological
features.  A summary of the climate-related driving variables for the different simulation and
conceptual models is given in Table 8.1. Temperature, rainfall and evapotranspiration variables are
important for terrestrial, freshwater and coastal environments.  Sea level and wind speed were also
identified as important for coastal environments.  Sea level and sea surface temperatures were
considered for marine habitats.  All these variables are available from the UKCIP98 climate change
scenarios.  However, a number of other key variables, which significantly affect species, habitats and
geomorphological features, were identified which are not currently available.  These include changes
in days with snow or sleet, wind direction, maximum wind speed, rainfall intensity, storminess and
variables related to ocean circulation.  In addition to climate-related driving variables, human
activities and other factors, such as land use change, land management, pollution, coastal defence and
geological setting also influence each environment.
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Table 8.1:  Climatic-related driving forces identified from the MONARCH impact models.

Environment Species / feature Driving variables
Terrestrial Primarily plants, but also used

for insects, amphibians and
mammals

Mean soil water availability (May – September)
Accumulated annual soil water deficit
Absolute minimum temperature
Annual maximum temperature
Growing degree days above 5°C

Breeding birds Mean winter precipitation (December – February)
Mean summer precipitation (May – July)
Mean summer temperature (May – July)
Mean summer water availability (May – July)
Absolute minimum temperature
Growing degree days above 5°C
Number of days per month with snow

Karst geomorphological
features

Mean annual effective rainfall (rainfall minus potential
evapotranspiration)
Mean annual temperature
Atmospheric carbon dioxide concentration

Freshwater National water availability Monthly rainfall minus potential evapotranspiration
Local wetlands Rainfall

Actual evapotranspiration
Soil water properties

Coastal Estuarine waterbirds Sea level
Mean wind speed (November – March)
Mean minimum temperature (November – March)

Non-estuarine waders Mean minimum temperature (November – February)
Rainfall (November – February)
Mean wind speed (November – February)
Number of days per month with snow or sleet
Number of days per month with ground level frost

Geomorphological features Sea level
Frequency and magnitude of storm events
Air temperature
Rainfall frequency and intensity
Mean and maximum wind speed and direction
Sea surface temperature (for seagrass beds)

Marine Benthic ecosystems Sea surface temperature
Sea level
UV-B penetration
Frequency and magnitude of storm events
Thermohaline circulation
Waves, currents and tidal movements
Salinity and nutrient availability

8.3 Relative sensitivity of impacts

Sensitivity is defined as the degree to which a system is affected, either adversely or beneficially, by
climate change (IPCC, 2001b).  In order to clarify and prioritise the potential climate change impacts
on the selected species, habitats or geomorphological features studied in MONARCH, results on the
extent of the change in distribution and/or abundance of species and features were examined.
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8.3.1 Terrestrial environments

8.3.1.1 Plants, insects, amphibians and mammals

The SPECIES model was used to quantify effects on 33 plant species, four insects, two amphibians,
one mammal and ten breeding birds associated with twelve habitats.  Impacts are summarised in
Table 8.2.

Montane heaths are the most sensitive habitat to climate change, as all species lose suitable climate
space.  These are followed by upland hay meadows, pine woodland, upland oak woodland and beech
woodland, where several species or the dominants are adversely affected, particularly in southern and
eastern England.  The species modelled for the other habitats show a variable response and thus it is
more difficult to ascertain their sensitivity.

The most sensitive species is Erebia epiphron, which totally loses suitable climate space under the
High scenarios, while the montane heath species and others with northern distributions, such as
Potamogeton filiformis, Trollius europaeus and Orthilia secunda, lose the most suitable climate
space.  Balanced against this are species with a more southerly distribution which could expand their
climate space.  The two species showing the greatest potential to expand are Sanguisorba officinalis
and Atriplex portulacoides.  The insects follow the above pattern according to their distribution, while
the amphibians showed a variable response.  Triturus cristatus showed almost no change in its climate
space, while Bufo calamita after a decrease under the Low scenarios increase under the High, thus it is
sensitive to climate change.  The results for the mammal species, Sciurus vulgaris, were unusual in
that it lost suitable climate space in the north of Britain, while gaining it in the south and thus it is
difficult to assess its sensitivity.

8.3.1.2 Breeding birds

Results on the ten breeding birds indicated that three species may have a progressive positive response
to climate change (turtle dove, yellow wagtail and reed warbler) and two species may experience a
progressive negative response (capercaillie and red-throated diver), at least until the 2050s (Table
8.2).  Three species exhibited a non-linear response with range expansions under moderate climate
change but significant range contractions or fragmentation of their distributions in southern England
under severe climate change (willow tit, nuthatch and nightingale).   Results for oystercatcher were
mixed with range contractions in Scotland and northern England, but range expansions in parts of
Wales and south east England (model performance was less reliable for oystercatcher than the other
bird species).

The relative sensitivity of the bird species examined varies somewhat depending on the climate
change scenario and the region considered.  The order of sensitivity, in terms of percentage change in
suitability with respect to the entire area of Britain and Ireland and the 2050 High scenario, starting
with the most sensitive is: reed warbler, nuthatch, turtle dove, willow tit, yellow wagtail,
oystercatcher, nightingale, capercaillie, red-throated diver and snow bunting.  However, these figures
do not take account of the size of each species’ distribution under current climate, i.e. the change for
capercaillie is very small because its current observed distribution is limited to scattered areas in
northern Scotland.  Both reed warbler and turtle dove more than double their suitable climate space,
whilst that of capercaillie contracts by 99%.
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Table 8.2:  Summary of results from the SPECIES model.

Habitat Species’ losing
climate space

Species’ gaining
climate space

Comments

Montane heath Erebia epiphron 1

Carex bigelowii
Salix herbacea
Loiseleuria procumbens

All species show a loss
of climate space.  Most
sensitive of the habitats
modelled.

Upland hay meadows Trollius europaeus
Geranium sylvaticum

Sanguisorba officinalis Likely to have changing
species’ composition.

Upland oak woodland Orthilia secunda Dryopteris aemula 2

Willow tit 2

Nuthatch 2

Nightingale 2

Blechnum spicant shows
no change.  Species of
the herb layer likely to
change.

Lowland calcareous
grassland

Cirsium acaulon 2

Blackstonia perfoliata 3

Helianthemum nummularium
Yellow wagtail
Turtle dove

All three plant species
only show a small
response.

Drought-prone acid
grassland

Erodium cicutarium 3 Silene otites Thought to be a
relatively sensitive
habitat and it is not
know to what extent
these species reflect the
habitat response

Beech woodland Fagus sylvatica 2 Associated species
Taxus baccata and
Sanicula europaea show
little change.

Pine woodland Sciurus vulgaris 3

Linnaea borealis
Capercaillie

Potentially sensitive
habitat.

Wet heath Gentiana pneumonanthe Robust habitat since
dominant Erica tetralix
shows no change.

Blanket / raised bogs Coenonympha tullia
Andromeda polifolia
Rubus chamaemorus
Eriophorum vaginatum

Rhynchospora alba
Myrica gale 2

Sphagnum papillosum 2

Species which are
currently widespread
show little change, but
some elements of this
habitat are sensitive.

Wetlands Potamogeton filiformis Ophioglossum vaginatum
Ranunculus scleratus 2

Reed beds Reed warbler
Salt marshes Blysmus rufus

Puccinellia maritima
Oystercatcher 3

Atriplex portulacoides Results need to be
combined with effects of
coastal processes on
habitat availability.

Coastal dune slacks Equisetum variegatum
Bufo calamita 4

Epipactis palustris 2 Variable species’
response

No association Artemesia norvegica 1

Red-throated diver
Ochlodes venata
Coenagrion puella

Triturus cristatus shows
little change.

1 Indicates that the species become extinct.
2 Indicates that species generally expands its suitable climate space, but suitability is lost from the southern

and/or eastern limit of its distribution under severe climate change.
3 Indicates that species is predicted to lose suitable climate space from some part of its current distribution,

but it simultaneously expands its range into other areas.
4 Indicates that species retreats under Low climate change scenarios and then expands under High scenarios.
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8.3.1.3 Karst geomorphological features

Conceptual models were used to evaluate effects on karst geomorphological features in five case
study areas.  Each case study region possesses a different array of potentially sensitive components of
the geomorphology, such as turloughs (seasonal lakes) in the Burren and tufa deposits in the
Yorkshire Dales karst.  Four of the sites (the Burren, the Yorkshire Dales, the Cuilcagh karst and the
Assynt karst) are predicted to experience increases in dissolution rates and thus negative impacts on
dissolutional landforms (e.g. limestone pavements, cave networks), but positive impacts on
constructional landforms (e.g. tufa and speleothem).  Alternatively, the other site (the Mendips) is
predicted to show decreases in dissolution rates, thus leading to a reduction in the amount of dissolved
calcium carbonate available for re-precipitation as tufa and speleothem.  However, this is complicated
by increased evaporation which will favour precipitation of calcium carbonate out of solution.  The
nature of climate change impacts on karst will depend on the individual environmental characteristics
and human impacts found in the area, but in general the most serious impacts could be on very
sensitive components of the landscape, such as tufa, turloughs and cave deposits.

8.3.2 Freshwater environments

The greatest changes in water availability, as calculated by the national PPT-PET model, are predicted
to occur in summer, with a strong south east (deficits) to north west gradient (small gain).  When this
is combined with the winter anomalies, all of which are positive, then it is seen that the south east of
Britain and Ireland are going to be particular affected by decreased water availability.  The north west
of Britain and Ireland are going to have increased water availability, leading to greater flooding and
ponding of water.  These changes have important implications for wetland and other water sensitive
habitats and species.

In south east England, raised bogs, wet heaths, coastal dune slacks, drought-prone acid grassland and
beech woodland could all be adversely affected by the lower water availability.  The changes in water
availability in the south east are important when examined in conjunction with the results of the
species modelling, particularly for those species showing a loss of suitable climate space.  This is the
case for some of the chalk grassland species and for some species from the aforementioned habitats,
with Eriophorum vaginatum and Fagus sylvatica being particularly sensitive.  Raised bogs, wet
heaths and coastal dune slacks, could also gain slightly from the increase in water availability in north
west Scotland and Ireland, but this is unlikely to offset losses due to decreasing climate space, as for
example with Potamogeton filiformis.

8.3.3 Coastal environments

8.3.3.1 Estuarine waterbird populations

This and other research into the likely impacts of climate change on estuarine over-wintering
waterbirds has indicated that these birds are highly sensitive to climate change.  As a result of sea-
level rise, it is predicted that the capacity of estuarine habitats to hold high densities of waterbirds
would decrease for three species (curlew, dunlin and redshank) and increase for one (oystercatcher).
The capacity of both case study estuaries to hold waterbirds increased as a result of increasing area
that compensated for any reduction in densities.  Other species were less sensitive to climate change.

The site-based approach identified that changing winter temperatures and wind speeds are likely to
have a relatively small impact on oystercatcher, ringed plover, knot and dunlin densities on estuaries
compared to the background variation due to fluctuations in the population size and shifting
distributions.  These natural fluctuations in numbers may have masked similar relationships for other
species.  Although not detectable at the site level concurrent research (Austin and Rehfisch, in prep.)
has shown that shifts in the distributions of six species of waterbirds across Britain are associated with
winter temperatures and wind speed.  Unlike the site-based modelling approach used here, the
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regional approach made it possible to rank waders by their likely sensitivity to climate change.  The
estuarine populations of two species (ringed plover and sanderling) have already exhibited a large
distributional shift in response to climate change, dunlin is showing a medium response and three
further species (grey plover, knot and curlew) are also changing distribution with increasingly warm
winters.

8.3.3.2 Non-estuarine waterbird populations

Six of the seven species investigated in Chapter 6.5 (ringed plover, sanderling, purple sandpiper,
curlew, redshank and turnstone) showed clear northerly shifts in their distributions since 1984-85.  All
study species, including oystercatcher, were responsive to at least one “weather” variable, but four
species (ringed plover, curlew, redshank and turnstone) were particularly sensitive to changes in
weather.  Predictions based on the UKCIP98 Medium-high scenario suggest that a proportion of the
present wader populations of Britain and Ireland may winter elsewhere in Europe by 2050.  The
observed weather-distribution changes suggest that one population (sanderling) may be negatively
affected by the predicted climatic changes and that three populations (oystercatcher, purple sandpiper
and curlew) may be positively affected.  Due to a combination of the positive impact of rising mean
winter temperature and the negative impact of increasing rainfall the overall impact of changing
weather conditions has to remain uncertain for the other three species.  All seven species studied
appear to be highly sensitive to climate change.

8.3.3.3 Coastal geomorphological features

The relative sensitivity of the coastal geomorphological features (salt marshes, coastal sand dunes,
vegetated shingle, rocky coastal platforms and seagrass beds) varies depending on their location, as
shown by the range of predictions for the 24 case study areas.  In areas where large increases in sea
level are projected (e.g. the southern part of Britain and Ireland) salt marshes, vegetated shingle and
coastal sand dunes will all be vulnerable to increased erosion, especially where local human impacts
have made them more susceptible.  Rocky coastal platforms will only be vulnerable where they are
made of highly erodible rock (e.g. the chalk at Flamborough Head).  Seagrass beds are likely to be
affected most by increases in storm activity, as storms can erode them considerably.  Increased
storminess would also play a negative role in the other coastal habitats because of increased erosion.

8.3.4 Marine environments

The relative sensitivity of benthic marine ecosystems depends upon the area within which they are
found.  The impacts are also open to some question because of lack of information over how key
climate and environmental factors will respond, and lack of information over the environmental
requirements and tolerance of many benthic habitats.  Of the five benthic habitats focused on in
MONARCH, maerl beds, Sabellaria spinulosa and Serpula vermicularis are the most sensitive to
storms and thus will be affected by any increase in storm activity.  In terms of sensitivity to the
projected increases in sea surface temperatures, only Modiolus modiolus and Sabellaria alveolata will
be affected by warming (Modiolus modiolus in a negative sense and Sabellaria alveolata in a positive
sense).

8.4 Vulnerability

Vulnerability is defined as the degree to which a system is susceptible to, or unable to cope with,
adverse effects of climate change.  It is a function of the character, magnitude and rate of climate
change to which a system is exposed, its sensitivity and its adaptive capacity (IPCC, 2001b).  The
adaptive capacity of a system is its ability to adjust to climate change to moderate potential damages,
to take advantage of opportunities, or to cope with the consequences (IPCC, 2001b).
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Natural systems can be especially vulnerable to climate change because of limited adaptive capacity
and some of these systems may undergo significant and irreversible damage, such as extinction of the
more vulnerable species and loss of biodiversity (IPCC, 2001b).  Natural and semi-natural
environments will to some degree adapt autonomously to climate change, although planned adaptation
can provide further options for protecting such ecosystems.

8.4.1 Terrestrial environments

8.4.1.1 Plants, insects, amphibians and mammals

The vulnerability of the modelled species will depend on their ability to realise their new climate
space.  Those species which are losing climate space are amongst the most vulnerable, because this
loss is likely to be realised and it will lead to fragmented habitats and decreased populations.  In the
most severe case Erebia epiphron would become extinct in Britain.  In this case little probably can be
done to prevent such loss, but in less severe instances maintaining or improving habitat quality can
help species survival.  Vulnerability can also occur where there will be little or no overlap between
the current and future distribution, as is the case with Bufo calamita.  Translocations, as have already
occurred for this species (Banks and Beebee, 1987; Denton and Beebee 1994; Banks et al., 1994), are
an option, but these are time-consuming and require good knowledge of the autecology of a species
and the availability of suitable habitats in appropriate areas.

For species which have the opportunity to expand their climate space, the issue is their ability to
migrate and the availability of suitable habitat.  This will be more difficult for species, such as some
of the calcareous grassland plants, which have specific requirements, which are not easily met in new
areas.  The main option is to ensure that such habitat that is available is conserved and maintained in
good condition.  In any case a similar action would be beneficial to all species trying to migrate.
Some species will lose climate space in the southern part of Britain and Ireland, while gaining it
further north, but providing there is an adequate overlap with their current distribution they will not be
vulnerable to direct climate change.

8.4.1.2 Breeding birds

The vulnerability of breeding bird populations will depend on their ability to track the predicted
changes in climate space.  This is likely to depend on many different factors including their dispersal
capabilities, their habitat and food requirements (and how these are influenced by climate change) and
their population status and dynamics.  Some species, such as nuthatch and willow tit, are extremely
sedentary and may occupy the same location in consecutive years.  High site fidelity may reduce the
tendency of a species to colonise new areas situated a long distance from its current range or where
suitable habitat is relatively isolated.  Some birds that breed in Britain are absent from Ireland and this
may partly be because they will not disperse across the Irish Sea.  The population dynamics of a
species will also determine how its distribution tracks changes in its potential climate space.  If a
species is in decline it may not necessarily expand its range in response to an increase in its area of
climatic suitability.  Improving climatic conditions may slow the rate of decline but they may not
necessarily halt or reverse it.   Similarly, a reduction in potential climate space may cause a
disproportionate decrease in an already declining species.

Many birds display strong associations with particular habitat types.  As the model predictions only
account for the effects of climate, it is likely that the presence of a species may be predicted in an area
where there is no suitable breeding habitat.  Further, the change in the distribution of a species will
depend on the temporal and spatial changes in its food supply or nesting habitat and the rate of these
changes.  The availability of nesting habitat and food is likely to alter for many birds under climate
change.
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8.4.1.3 Karst geomorphological features

Karst environments are highly adaptive to climate change and show a relatively low vulnerability.
This is because of the natural geomorphological dynamism of such systems which means that they
respond to climate change through adjustments in processes.  Furthermore, many of the geomorphic
processes involved in karst environments occur at a very slow rate, and thus they are not likely to
show much visible change over human lifetimes even if climate changes quite dramatically.
However, despite this overall adaptability, individual components of karst systems might be quite
vulnerable, such as speleothems, tufas and turloughs which may suffer from cessation of deposition,
erosion and drying out under some scenarios.

8.4.2 Freshwater environments

As has already been stated habitats and species do have a certain inherent ability to adapt, as change is
a natural part of ecosystem functioning.  The extent to which those in freshwater environments can do
this will partly depend on whether they are near their tolerance limits for the stress being experienced.
In the case of south east England, many species have already shown a mortality or reduced vigour
response to drought.  If water availability were to decrease on a more permanent basis then they
would need to move to more suitable climate space.  By contrast some species in north west Scotland
and Ireland may suffer from water-logging of the soil or increased flooding.  If the species are of
conservation interest, then habitat management through manipulating water levels is an option, but
this will have ramifications for all species at a site.

8.4.3 Coastal environments

8.4.3.1 Waterbirds

These analyses indicate that over-wintering waterbirds are sensitive to climate change.  There is
substantial evidence that the distributions of many species have been responding to changing weather
patterns over the past three decades (Austin and Rehfisch, in prep).  Britain and Ireland are
internationally important for these populations and it is this status that is vulnerable.  Outwith the
breeding season waterbirds are highly mobile and can respond to climate change by distributional
shifts.  In Britain and Ireland such shifts have occurred in recent years.  Many of these species over-
winter in Britain and Ireland because of their relatively mild, ice-free winters.  Taking the observed
trends to their logical conclusion many waterbirds may in future winter further to the north and east of
Europe in areas closer to their breeding grounds that are currently not available because of their
relatively harsh winter climate.

Changes in habitat availability due to rising sea levels may affect waterbirds in a number of ways.
Estuarine waders are attracted to sites primarily for the feeding provided by invertebrate-rich intertidal
flats.  Evidence from the two case studies together with a brief review of estuaries throughout Britain
and Ireland suggests that the ability of the intertidal flats to support these birds will not be diminished.
Given the observed shifts in distribution referred to above, however, it is possible that their numbers
will still decrease.  Estuarine wildfowl depend more on the freshwater and salt marshes associated
with estuaries.  The review of British and Irish estuaries has indicated that these species will be
vulnerable to habitat loss.  This will be particularly important in areas where loss of salt marsh due to
increased erosion, resulting from increases in storminess, is coupled with coastal squeeze due to hard
sea defences preventing landward retreat of salt marsh habitat.  Species or individuals more reliant on
non-estuarine habitats may also be effected by rising sea levels due to habitat loss.

There are thus valid concerns that even in the short to medium term Britain and Ireland’s
internationally important waterbird populations may be vulnerable to climate change.
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8.4.3.2 Coastal geomorphological features

The five coastal geomorphological environments are naturally highly adaptable to climate change, as
has been shown by examination of the dynamism of such systems over the Holocene period.  As sea
level rises and climate changes, the natural trend is for increased erosion and movement onshore,
especially of vegetated shingle, sand dunes and salt marshes.  However, local human impacts have
reduced the natural adaptability of many of our coastal systems and increased their vulnerability
through ‘coastal squeeze’ (Pethick, 2001).  Rocky coastal platforms tend to change at a much slower
rate than the other coastal types considered here, unless they are carved from highly erodible rocks
such as the chalk platforms found along much of the eastern and southern coast of England.  Thus
they have low vulnerability to climate change in a geomorphological sense.

8.4.4 Marine environments

For marine benthic habitats it is difficult to make blanket statements about their vulnerability and
adaptability, as so little is known about the environmental requirements and tolerances of many
habitat types.  Clearly, those that have specific environmental requirements (in terms, for example, of
exposure, light intensity and nutrient availability) are likely to be more easily disturbed than those that
have a broad tolerance.  Species close to the limits of their range are also likely to be more prone to
the deleterious effects of climate change than those within the core parts of their distribution.  Those
species and habitats that have already been heavily disturbed by local human actions and natural
fluctuations are also likely to be more vulnerable than those that are pristine and healthy.  In terms of
the five habitats studied in MONARCH, none seem to be particularly vulnerable to climate change
although all show some sensitivity to one or more parameters which will change as a direct or indirect
result of climate change (sea surface temperatures, increased storminess, changes in sediment supply).
Maerl beds, for example may become damaged through more frequent storms, whilst some of the
dominant species will alter their distribution patterns throughout Britain and Ireland.  For example,
warming by a couple of degrees could encourage the flourishing of the cold-sensitive Lithothamnion
coralloides in more northerly areas, whereas L. glaciale may retreat (Birkett et al., 1998).

8.5  Integration with results from other UKCIP studies

MONARCH is one of three sectoral and eight regional studies being undertaken within the UK
Climate Impacts Programme.  There are two other sectoral studies related to biodiversity and nature
conservation: the RegIS project (Loveland et al., 2001) and the Review of the implications of climate
change for UK conservation policy (Hossell et al., 2000).  In addition, five regional scoping studies
have considered the implications of climate change for conservation resources.

8.5.1 Regional climate change impact and response studies in East Anglia and north west
England (RegIS)

The RegIS study was commissioned by MAFF, DETR and UKWIR to develop a robust and
transparent methodology for stakeholder-led, regional assessment of climate change impacts and
cross-sectoral interactions between the major sectors driving landscape change (agriculture, water,
biodiversity and coasts).  There are two key differences between the RegIS and MONARCH projects.
First, RegIS has focussed on two regions whilst MONARCH has aimed to enhance understanding at a
broad international scale encompassing the UK and the Republic of Ireland.  Second, RegIS has
attempted to integrate different sectoral impact models to study both direct and indirect impacts of
climate change, whilst MONARCH has focussed solely on direct effects.  There is one major area of
similarity between the two projects.  That is, work on the biodiversity sector in RegIS and in the
terrestrial and freshwater environments part of MONARCH has utilised the SPECIES model to
simulate changes in the potential suitability of dominant, sensitive and threatened species in habitats
of interest.
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The RegIS study focussed on eight habitats: upland hay meadows, cereal field margins, lowland
heathland, fens, blanket and raised bogs, salt marsh, coastal grazing marsh and arctic-alpine.  Three of
these habitats have been considered in MONARCH (salt marsh, blanket and raised bogs and upland
hay meadows).  In addition, species associated with arctic-alpine habitats, lowland heathland and fens
have been included in MONARCH within other habitats, such as montane heath, drought-prone acid
grassland, wet heath and coastal dune slacks.  In total, 14 species from the RegIS project are included
in MONARCH.

No extra species were modelled within MONARCH for the salt marsh habitat, but the addition of
Ireland reflected trends in their response in Great Britain.  The additional species modelled for the
blanket and raised bogs (Andromeda perfoliata and Sphagnum papillosum) and upland hay meadows
(Trollius europaeus and Sanguisorba officinalis) confirmed the sensitivity of these habitats to climate
change.  The same is true for arctic-alpine species (Loiseleuria procumbens and Artemesia
norvegica).  The species associated with other habitats within MONARCH showed the same trends in
Britain and Ireland as identified within RegIS.  These additional species are useful in increasing
confidence in previously identified responses and sensitivities.

8.5.2 Review of the impact of climate change on UK species and habitat conservation
policy

The review was commissioned by DETR and MAFF to determine the extent of knowledge on the
impact of climate change on species and habitats of conservation importance in the UK and how this
would affect conservation policy.  The review work consisted of a literature search and two
workshops to gather unpublished information from experts on the expected effects of climate change
using the UKCIP98 scenarios.  As such it provides a background to the MONARCH project by
highlighting the areas where further work on species and habitats was required.  However, since
MONARCH has covered a wider geographic area it has made use of the Habitats Directive
classification of habitats in addition to the UK Biodiversity Action Plan framework.

The review project identified a number of key BAP habitats that were considered vulnerable to
climate change due not only to the direct impacts but also to indirect responses within the wider
countryside and to lack of natural or human assisted adaptive ability.  As part of the project a series of
vulnerability matrices were developed to systematically list the information available about the impact
of climate change on each of the priority habitats and species within the UK BAP.  These may be
added to from the findings of the MONARCH project.

The review highlighted the vulnerability of montane and raised bog habitats and species due to their
restricted locations within the UK and poor potential for adaptation in light of climate change.  It was
also noted that little modelling or experimental work had been undertaken on these habitats and that
the rate of response was uncertain.  In addition, chalk rivers and soft coastal habitats were identified
as being particularly vulnerable to indirect responses to climate change within other land uses.
MONARCH has examined the responses of selected species within some of these habitats.  In
addition the processes involved in the creation of some soft coastal habitats have been examined
within the MONARCH project.

8.5.3 UKCIP regional scoping studies

UKCIP regional scoping studies aim to understand the impacts of climate change on specific
administrative areas and consider adaptation responses.  They are qualitative in nature, collecting
information by literature review, use of expert judgement and interviews with key stakeholders.
Scoping studies have been completed in north west England (Shackley et al., 1998), south east
England (Wade et al., 1999), Scotland (Kerr et al., 1999), Wales (Farrar et al., 2000) and the East
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Midlands (Kersey et al., 2000).  A further scoping study is currently underway in Northern Ireland
(Favis-Mortlock, pers. comm.).

A summary of the information gathered on the biodiversity sector in each of the five completed
scoping studies is given in Table 8.3.  There are many similarities between the conclusions of the five
studies.  All the studies state that the behaviour of species is individualistic and that some species may
benefit from climate change whilst others may suffer negative impacts.  All studies mention that in
general, species currently at their southerly limit within the region are likely to decline, whilst those at
their northerly limit may be favoured by warmer temperatures and hence expand.  This is confirmed
by results of the SPECIES model discussed in Chapter 4.  Most studies also discussed how changes in
the competitive balance of species may alter the current composition of habitats and that there could
be losses of native species due to the spread of alien and invasive species.

Many studies identified upland habitats as being the most vulnerable to climate change.  Potential
impacts on blanket bogs, heather moorland and local arctic-alpine communities were discussed.  The
biodiversity of blanket peat bogs is thought to be very sensitive to small changes in temperature and
rainfall and overall impacts will depend on the balance between higher temperatures and higher
rainfall in specific upland regions.  Heather moorland may become threatened by the spread of
bracken depending on the timing of drought stress (with early drought tending to favour bracken
whilst late drought favours heather).  There may be an increased risk of moorland fires which could
result in heather moorland being replaced by grassland.  In upland grasslands, sedges were identified
as a threatened species.  All studies with significant upland areas, remarked that local arctic-alpine
plant and invertebrate communities are likely to be particularly vulnerable to the effects of climate
change as climate and associated soil characteristics are primary factors influencing their development
and stability.  It was thought that some rare and sensitive species may be lost from within specific
regions.  Work in MONARCH on terrestrial environments confirms the high sensitivity of most
upland species to changes in climate.  SPECIES model results for arctic-alpine species show a
progressive decline in their area of climatic suitability, leading to losses in certain regions, but only
Erebia epiphron is totally lost from Britain and Ireland.

Fairly consistent conclusions were reached for impacts on woodlands between the different studies.
These include improved growth from higher temperatures and elevated concentrations of carbon
dioxide, increased drought stress causing greater susceptibility to disease, increased risks from fire
and windthrow, and possible changes in the competitive interaction of tree species.  Results from the
SPECIES model for two tree species shows that while Taxus baccata would be relatively unaffected
by direct climate change, Fagus sylvatica would lose suitable climate space in parts of south east and
central England and East Anglia.

The greatest concern for wetland habitats in the scoping studies was the effects of hot summers and
drought stress.  There was particular concern for the loss of local species and habitats due to low
water tables and low river flows.  The modelling work in MONARCH on freshwater environments
confirms that water availability may become a problem in summer throughout Britain and Ireland,
except in north west Scotland and the extreme north west of Ireland.  Other potential impacts
identified in the scoping studies were higher water temperatures could cause reduced concentrations
of dissolved oxygen, resulting in increased stress for fish.  This may affect the balance of species
favouring coarse fish, such as pike, to the detriment of salmonid fishes, such as trout and salmon.
Additional stresses for such environments were noted as indirect effects from land drainage and water
abstraction (which has already caused loss of marshes, reedbeds and fish ponds) and agricultural
practices (which may affect water quality).
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Table 8.3:  Summary of information gathered on the biodiversity sector in the UKCIP regional
scoping studies.

Scoping study Habitats considered Species’ impacts Adaptive responses
North west England Coastal (salt marsh,

mudflats and dunes)
Uplands (heather
moorland, rivers and
lakes, blanket bogs)
Lowlands (acid peat
bogs, marshes and
estuaries)

Loss of upland species
Inward migration of
new species
Increased pest species
Enhanced plant growth
Changes in species’
competitiveness
Changes in insect and
bird breeding patterns
Loss of fish spawning
sites

Managed coastal retreat
Habitat management
Increase resilience by reducing
other stresses

South east England Coastal
River and wetlands
Marine
Calcareous grassland
Lowland heathland
Woodlands
Cereal field margins

Some species decline,
others expand
Altered composition of
plant communities due
to changed competitive
dynamics
Dry grassland species
may increase at
expense of wetland
species
Alien species may
benefit at expense of
native species
Loss of species from
north-facing slopes

Managed coastal retreat
Efficient storage and usage of
higher winter rainfall
Promote groundwater recharge
Sourcing of alternative seed
provenances for new woodlands
Restructuring woods and parks
Management of fire risk
Create interconnected system
including corridors, stepping
stones and larger areas of
suitable habitat for migration
opportunities
Inform planning policy

Scotland Heather moorland
Peatland
Woodlands
Coasts (salt marsh and
mudflats)
Alpine and subalpine
Marine and freshwater

Creation of new
assemblies of species
Loss of sensitive rare
species, particularly
arctic-alpines
Negative effects on
some fish species
Increased incidence of
algal blooms

Habitat management
Control of competitors
Translocation of species
Habitat creation
Managed coastal realignment
Agri-environment schemes

Wales Uplands (heather
moorland, blanket bog,
oak woodland, arctic-
alpine communities)
Coastal (estuaries, salt
marshes, sand dunes)
Lowlands (lowland
bogs, woodlands, lakes
and wetlands)

Some species decline,
others expand
Changes in timing,
distribution and
breeding success of
birds and butterflies
Spread of exotic
invasive species

Corridors between fragmented
habitats
Agri-environment schemes
Supplementation of low water
tables and river flows
Incorporation of climate change
in all Biological Action Plans
Managed coastal retreat

East Midlands Wetlands and fenlands
River and floodplains
Coastal marshes
Woodlands
Species-rich grasslands
Blanket peat bogs
Moorland

Some species decline,
others expand
Threats from alien and
invasive species
Change in species mix
Knock-on effect on
insects and birds
Longer growing and
breeding season

Improved management
Reduce drainage and water
abstraction
Managed realignment of coasts
Habitat corridors
Increase resilience by reducing
other stresses
Fire management and education
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Sea level rise and extreme events were identified as important threats to coastal habitats particularly in
south east England, resulting in increased erosion and loss of characteristic species.  This is supported
by results from the ESCAPE model in Chapter 6 which shows the greatest increases in net sea level
being focussed on south east England.  The studies noted that choices would have to be made with
respect to conservation of adjacent habitats.  Where development blocks inland migration, inter-tidal
habitats may be lost at the expense of tidal habitats.  Salt marsh and mudflats were identified as being
the most vulnerable; these often support internationally significant numbers of over-wintering ducks,
geese and wading birds.  Impacts on such estuarine and non-estuarine waterbirds were simulated in
Chapter 6.

All studies discussed a range of adaptive options for responding to the consequences of climate
change on species and habitats.  These included the creation of an interconnected system based on
corridors, stepping stones and larger areas of suitable habitat to enhance opportunities for migration
within the current fragmented landscape, improved management to increase resilience by reducing
other stresses on vulnerable habitats, managed retreat of coastal habitats (although this may be costly),
supplementing low water tables and river flows through the storage and use of higher winter rainfall
and the promotion of groundwater recharge, management of fire risk, and incorporating climate
change impacts into planning policy.
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9 Implications for policy needs and future research
J.E. HOSSELL, A. MACGILLIVRAY, I.R. HEPBURN, N. ELLIS AND M. HARLEY

Summary

MONARCH has provided complementary quantitative evidence to support many of the qualitative
assessments made in studies carried out under the UK Climate Impacts Programme.  However, this
project has only related the change in species’ distributions to climatic shifts, with no account taken of
the impact of other changes such as carbon dioxide enrichment in the atmosphere, nor the dispersal
capabilities of each species, nor other changes in the ecosystems such as in the timing of lifecycle
events.  Thus, there are still considerable uncertainties about the effect of climate change on species
and habitats of conservation value.  Yet, the results from models produced under MONARCH are a
basis for drawing some conclusions.

MONARCH has provided evidence that suggests a more forward-looking, flexible and dynamic
approach to nature conservation will be required to accommodate climate change.  The existing
networks of protected sites will continue to be essential reserves for biodiversity but a greater
emphasis on the management of habitats in the countryside and at the landscape scale will be
required, to accommodate species’ movements and displacements.   Existing measures will continue
to be important in achieving conservation objectives, although a number of challenges to both policy
and practice need also to be addressed.  These include:

• To what extent is it possible and how to meet existing conservation commitments and targets as
species’ distributions change and the composition of habitats alter.

• Assessing conservation value as species’ communities and habitat structure change.
• Defining the stages of development of the habitat type, as well as its rate of change.
• Defining acceptable levels of intervention to manage change, particularly with regard to the

ingress of species not recognised as being characteristic of the particular habitat type.  This
includes managing the potential influx of non-native species.

With current levels of knowledge, some of these issues cannot yet be tackled.  Therefore some
indication of what further work may be needed is outlined at the end of this chapter.

9.1 Introduction

This chapter assesses the results of MONARCH in the context of current conservation policy and
practice, and compares these to those from two earlier projects conducted under the UK Climate
Impacts Programme (UKCIP).   These two earlier projects were the DETR/MAFF review of the
implications of climate change for UK conservation policy (Hossell et al., 2000) and the RegIS
project (Holman and Loveland, 2001) (see Section 8.5 for more details of both projects).  The chapter
also incorporates outputs from a MONARCH workshop held in October 2000.  Within the
MONARCH workshop, there were four discussion sessions exploring:

• the rationale for nature conservation in a changing climate,
• the impact on policies,
• the impact on conservation practices, and
• what further information and research would be needed to assist in adapting to climate change.

The following sections outline the key issues facing conservation policy and practice as they currently
stand.  This leads on to a discussion on what new approaches may need to be adopted to allow
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successful adaptation in the face of climate change.  Further research requirements are highlighted
throughout and are summarised at the end of the chapter, together with a discussion on how
monitoring and indicators may be used to track climate change impacts.

9.2 Challenges for future conservation

9.2.1 The key issues

The main challenges facing conservation policy and practice relate to varying patterns and rates of
response of species' abundance and distribution to climate change, that will result in changes in the
composition and structure of habitat types1.  MONARCH has quantified some of these distributional
changes, some of which had been predicted in the DETR/MAFF review.  The results have also built
on the modelling within RegIS by extending the range of species examined and the area under study
from regional to international.

The modelling has illustrated a range of distributional responses for species from a number of habitat
types: from complete loss, through change in regional distribution patterns, to extensions into new
areas.  The significance of the change depends upon the temporal and spatial scale on which the
results are viewed (Table 9.1).

Table 9.1:  Examples of variations in distributional responses by species to climatic changes as
revealed through MONARCH.

• Contraction of a species range within the study area and, in particular, loss of a species from a
country or region.  This can be both temporary loss (e.g. models suggest that suitable climate space may
be lost for the natterjack toad within Wales by the 2020s Low scenario, but that it will again become
suitable for the species by the 2050s), or extinction (e.g. mountain ringlet is lost from Scotland by the 2020s
High Scenario).

• Expansion of a species distribution, in particular, spread to a new country/region (e.g. spread of beech to
Scotland by the 2050s Low Scenario).

• Change in the pattern of distribution of a species within a country/region (e.g. the westward shift of
common storksbill within Scotland by the 2050s High Scenario).

Individualistic responses by species will lead to changes in community composition as illustrated by
the MONARCH results for the salt marsh habitat, where common salt marsh grass, sea purslane and
flat sedge show differing patterns and rates of response.  Such differential responses bring into
question whether existing conservation objectives and targets will remain achievable in the way they
are currently framed.  In order to ensure that existing conservation objectives and targets are met,
alongside the dynamic responses of species and habitat types to climate change, the mechanisms to
fulfil them will need to be re-assessed (Section 9.2.2).  Both the objectives and mechanisms within
nature conservation policy and practice need to be explored at several levels:

• Meeting international commitments and national targets (Section 9.2.3).
• Defining the optimal locations of existing and future protected sites (Section 9.2.4).
• The tools and techniques of conservation management (Section 9.2.5).
• The treatment of non-native species (Section 9.2.6).

                                               
1 Habitat type is used in the sense of recognised associations of species as defined within the EU Habitats
Directive or other conservation policy.
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9.2.2 A more dynamic conservation response

The approach to nature conservation to date is a mix of protected sites and wider countryside
conservation measures.  Sites aim to protect best examples of habitats and species for a particular
area.  Indeed under the Habitats Directive, there is a requirement to designate sites to ensure the
inclusion of listed habitats, and habitats of listed species, such that the area within the site network of
such habitats is proportional to that represented within a given country.

Agri-environment schemes, such as Environmentally Sensitive Areas and the Countryside
Stewardship Schemes in the UK and Rural Environmental Protection Schemes in Ireland, provide
opportunities for flexibility in tackling conservation outside of protected sites and reserves.  These
schemes in the UK are increasingly being targeted to meet conservation objectives of UK Biodiversity
Action Plans (BAP).  However, some agri-environment schemes are restricted in their area and rate of
uptake, whilst the funding provided under the Rural Development Regulation is low in comparison to
other elements of the Common Agricultural Policy.  Whilst the Rural Development Plans within
Britain and Ireland are now providing improved links between agricultural and conservation priorities,
the approaches need to be co-ordinated and linked into other land use planning schemes to ensure an
integrated response at the landscape scale.  Ireland has yet to announce its national biodiversity plan
for the implementation of the Convention on Biological Diversity, but this is expected shortly (P.
Buckley, pers. comm.).  The plans will need to take account of climate change impacts in the timing
and scope of action planned.  Close links with action plans for species and habitat types in Northern
Ireland will be needed to ensure continuity of conservation management across the whole of Ireland.

Under climate change, nature conservation objectives will need to be reassessed to take account of
potential changes in the composition of communities.  Predictive models outlining the possible
scenarios of change, such as MONARCH, can inform the direction and rate of transition.  There is,
therefore, a need to recognise that there will be changing phases of species communities within
habitats.  This is not to suggest that the conservation of individual species or existing habitat types is
not important; but the challenge is to be able to predict what these changing phases may be like, and
to consider whether there is a need for management at any particular stage to ensure that the site
retains the features for which it was designated, even if some of the components (i.e. species) may
have changed.  Such changes would need to ensure that the conservation value of each site is not
compromised, for example, by ensuring the maintenance of a sufficiently high number of species
characteristic of that habitat.  In order to move towards a more flexible and dynamic nature
conservation approach that considers climate change there is a need to be able to make these
assessments at a national and international level.  Management plans will need to cover a range of
approaches to deal with changes that will take place, both expected and unexpected.

9.2.3 Meeting existing commitments and targets

Conservation commitments include maintenance and improvement of a range of species’ populations
and habitats.  Yet, model results within MONARCH show that species and habitats could be lost from
Britain and Ireland in the next 50 years as a result of climate change.  The DETR/MAFF review
highlighted four habitat types that were considered especially vulnerable to climate change; these
were montane, raised bog, chalk river and supra-littoral UK-BAP habitat types.  However, there is a
lack of quantitative evidence on the implications of climate change at the species level, with many of
the impact assessments within the review based largely upon expert opinion (Hossell et al., 2000).
Both RegIS and MONARCH have quantified the distributional changes that may be expected for
some of the species within two of these habitats.  This section examines the additional detail that
MONARCH has provided with regard to the type and rate of response of both species and habitat.
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9.2.3.1 International level commitments

Climate change does not respect national boundaries, so a co-ordinated response to its impacts at
regional, national and international levels will be needed to ensure that biodiversity is not lost in the
future.  Whilst existing conservation policy is co-ordinated at the EC level by the Habitats and Birds
Directives and at the national level through wildlife legislation, such as the Wildlife and Countryside
Act 2000 in the UK and the Wildlife Act in Ireland, and the implementation of the Convention on
Biological Diversity, these policies are based on the current status of species and their population
trends in the recent past.  These will need to be re-examined in the light of climate change, and the
conservation response needs to be integrated at regional, national and international levels.

The aim of the Natura 2000 Network, which comprises the Special Areas of Conservation designated
under the Habitats Directive and the Special Protected Areas designated under the Birds Directive, is
that the habitat types are maintained at a favourable conservation status across Europe.  The
conservation status of the habitat type will only be taken as favourable when three conditions are met.
These are:

• Its natural range and the areas it covers within that range are stable or increasing.
• The specific structure and functions that are necessary for its long-term maintenance exist and are

likely to continue to exist for the foreseeable future.
• The population dynamics of its typical species indicate that they will be maintained on a long-

term basis as viable components of the habitat (Council Directive 92/43/EEC, Article 1).

At the site level, the loss of a species may have significant implications for achieving existing
conservation commitments, particularly if the species is the prime reason for the site's designation or
if the species forms an essential part of the protected habitat type.  Wood cranesbill, for example, is an
essential species in defining the upland hay meadow habitat type in the interpretation of the EC
Habitats Directive.  Results from MONARCH suggest that this species may be lost from the south
west and north west of England, Northern Ireland and Ireland by the 2020s, whilst it may be lost from
Wales by the 2050s.  Similarly the arctic-alpine habitat type2 species modelled (Norwegian mugwort,
cloudberry and mountain ringlet) appear to be vulnerable to climate change across the whole of their
existing distribution within Britain and Ireland.  The decline and ultimate loss of species and habitats
types from sites classified as Special Areas of Conservation (SACs) would be considered as a breach
of Article 6.2 of the EU Habitats Directive that requires Member States to take appropriate steps to
ensure that species’ populations are maintained at favourable conservation status.  The key issue to be
addressed will be determining what the appropriate action will be to maintain the species or habitat
type at a favourable conservation status.  For some species and habitat types, international co-
operation may be required in order to ensure survival of the species at the global scale.  Results from
MONARCH suggest that mechanisms for such international co-operation will need to be in place
within the next 15-20 years.

Similarly, there may be difficulties in meeting conservation objectives for sites that have been
principally designated for the conservation of migratory birds.  These areas include Special Protection
Areas (SPAs) for birds, classified under the EC Birds Directive.  There has already been an easterly
shift in the distributions of wintering waders on estuaries in Britain (Rehfisch and Austin, 1999).
Results from MONARCH suggest that there may be major changes in waterbird distributions in
response to warmer minimum temperatures in winter.  If this change continues, and translates into an
increase in the East Atlantic Flyway populations overwintering at sites on the continent, the
consequence might be a change in the basis for site designation in some areas of mainland Britain and
                                               
2 Both RegIS and MONARCH have adopted European Habitat Directive classifications in defining and
identifying habitat types , whilst the DETR/MAFF review focused on the UK BAP Broad and Priority Habitats.
The EU Habitat Directive defined Arctic-Alpine Habitat is encompassed by the UK-BAP Montane Broad
Habitat class.
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possibly Ireland.  However, it also emphasises the importance of maintaining a network of Natura
2000 sites that can accommodate the movement of populations at the European scale.  There is thus a
need for clarification through the EU (or via the Ornis Committee and Habitats Committee) of the
criteria to assess favourable conservation status of species and their habitat types under climate
change.  This will be of vital importance in providing flexible and effective conservation for species’
and habitat type movements in response to climate change.

There would be a need for a methodical re-interpretation of each habitat type that allows for changes
in the species community with potentially new species combinations.  Climate change should not be
viewed as an argument for ignoring existing commitments, but rather as a reason to discuss the
interpretation and practical application of their aims.  Similarly, the mechanisms within Multinational
Environmental Agreements, such as Ramsar, may need to be reviewed.  Such treaties may also need
to be extended to include other countries to ensure that they cope with the shifts in species’ population
distributions that may be expected under climate change.

9.2.3.2 National targets

The introduction of quantified targets for the conservation of habitats and species in the Biodiversity
Action Plans (BAPs) was a first step to implementing the Convention on Biological Diversity in the
UK.  The BAPs now require re-assessment to ensure that biological objectives are retained but that
the mechanisms for achieving them, i.e. the process targets, are re-evaluated in light of climate
change.  For example, the national target for Norwegian mugwort requires the maintenance of all
existing populations, yet MONARCH has shown it may not be possible to retain existing populations
over the next 50 years.  However, the overall population level may be achievable in different locations
UK-wide.  Thus climate change needs to be introduced to existing BAPs on a consistent basis, and the
spatial scale over which the objective is considered may need to be adjusted to reflect changing
climatic conditions.

Management plans will need to be informed by predictions made by models such as those used in
MONARCH (or recommended for development in Section 9.5).  For some species, this will require
greater international co-operation to pass on responsibilities for species and habitats, as climate space
is lost from one country and opened up elsewhere.  The lead partners for the UK BAP initiatives and
its Irish equivalent should also consider the wider international status and likely responses of their
species and habitats to climate change in determining conservation priorities.

The potential loss of species from Britain and Ireland should not disrupt existing plans to increase
populations of species in the short-term, provided it is recognised that ultimately populations may
decline in the medium-term.  The periodic assessment of the conservation status of these species
needs to take account of this effect.  In such cases, there may be an argument for increased effort to
enhance populations of a species in the short-term, since this could provide a larger population upon
which to draw when attempting to establish viable populations in other countries.  This is likely to be
particularly relevant to endemics such as the Snowdon lily.

Habitat re-creation targets should also be revised to take account of possible changes in species
composition within some habitats.  The modelling of upland hay meadow species in the MONARCH
and RegIS projects suggests that the principal dominant species of sweet vernal grass and crested
dogstail would not be adversely affected by climate change, but the rarer northerly distributed globe
flower and wood cranesbill would lose climate space particularly in northern England and Wales.  Re-
creating the precise community composition of this habitat, as it is presently defined, may not be a
viable option in some areas.  Consideration needs to be given as to what re-creation objectives should
be under climate change.  Future re-creation plans for priority habitat types, therefore, should consider
the implications of climate change on both the species’ composition and location before
establishment.
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Models, such as the ESCAPE model in MONARCH, have illustrated that rising sea levels may lead to
increased problems for the management of coastal habitats and features.  Coastal squeeze has already
been raised as an issue for estuary/tidal habitat types vs farmland (Lee, 1998; Hossell et al., 2000),
and may also lead to conflict over the conservation of saltwater vs freshwater habitat types for
waterbirds.  This issue may require a co-ordinated UK and Ireland level (and possibly a wider Atlantic
biogeographic region) review of responses to climate change in a range of coastal habitat types to
ensure that sufficient balance between loss and re-creation is maintained.

9.2.4 Location of existing and future protected sites

The MONARCH workshop raised concerns about the size of habitat patches and habitat
fragmentation at regional and national scales in the context of climate change.  In particular, small
sites and isolated habitat types and populations are expected to be particularly vulnerable.  The
discussions advocated the development of fully functional ecosystems within an interconnected
landscape that would be robust to climate change.  The current statutory nature conservation sites
(SNCS3) network is therefore likely to remain a key conservation mechanism in Britain and Ireland.
However, priorities for the management and acquisition of new reserves by statutory conservation
agencies and NGOs will need to allow for the changing distribution of species by considering the
optimum location, size and shape for the management of functional habitat types.

In principle, the mechanism for habitat protection outwith designated sites already exists under the EC
Habitats Directive and Birds Directive.  However, the validity of such an interpretation has yet to be
tested in law, and no mechanism for implementation has been established under UK or Irish
legislation.  Provided that future habitat types may be successfully defined (and this may need to be
reviewed as species’ communities change under climate change), affording protected status to an
increased range of habitat types, rather than specific sites may provide a more flexible approach to
changing distributions of habitat types and their species’ associations.

However, additional protected sites may also need to be selected to allow managed transitions to new
species’ compositions that constitute possible successional stages of habitat types.  The Natura 2000
approach goes some way in providing a template to do this by attempting to provide a ‘linked’
network across the landscape, but this would require a large number of sites to be effective.

Consideration might also be given to the strategic acquisition or management of land in climatically
sensitive areas in order to help manage potentially rapid or radical change in these areas.  The recent
purchase of land in Essex by Essex Wildlife Trust and WWF-UK to facilitate the managed retreat of
the coastline in response to rising sea level is a good example of the way that conservation bodies’
actions may assist adaptation to climate change.

The function and management objectives set for reserves in southern England and south east Ireland
should also take into consideration their potential to facilitate and/or manage the spread of non-native
species that may spread from continental Europe as climate changes.  However, any plans should also
consider the control of such species in order to ensure that they do not threaten the conservation value
of existing habitats (see also Section 9.2.6).

Identification of suitable future locations for key habitat types may help Government conservation
agencies and NGOs to respond successfully to climate change.  The designation of additional sites
may be necessary prior to protected species or habitat types establishing at a locality in order to put in
place a management plan to ensure it survives and thrives when it does arrive.

                                               
3 Statutory nature conservation sites (SNCS) is used to refer to sites designated under formal legislation within
Britain (SSSI), Northern Ireland (ASSI) and the Republic of Ireland (NHA).
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In areas, particularly those undergoing rapid change, where non-native continental species may be
expected to first appear, consideration should be given to the acquisition of land through lease rather
than purchase.  Examples may be coastal areas or areas of south east England and south east Ireland.
This would allow appropriate management of these areas during a period of transition to new
communities in areas that may not necessarily ultimately be of great conservation interest once that
change has occurred.  This would enable land to be managed for a limited period (e.g. 15 to 20 years)
to provide a ‘holding bay’ or ‘stepping stones’ for the dispersal of species.

9.2.5 Tools and techniques for conservation management

In adapting conservation management to climate change impacts, consideration needs to be given to
the amount of human intervention that is acceptable.  At one extreme would be a “King Canute” type
approach resisting natural responses to climate change and attempting to maintain the existing
communities.  At the other extreme is “wildlife gardening” with species translocation and habitat type
creation in areas suitable under the changed climate.  With the rate of global climate change
exceeding any seen over the last ten thousand years (Hinckley and Tierney, 1992), techniques for
conservation will need to consider both these extremes; both to enable a species to survive at a local
scale, and to assist the dispersal response at the rate required for the species/habitat to keep pace with
the changing climate.

The conservation of the natterjack toad is particularly interesting as its climate space is initially
reduced before new areas become suitable.  In such situations, species may need to be conserved in
existing locations or ex situ.  The acquisition and management of suitable sites to facilitate this
approach needs to be considered.  Alternatively, suitable locations for the species may be needed in
other countries to act as “holding bays” for UK and Irish populations.  This facility is already
provided by botanical gardens for species from other countries, with specimens being taken from the
wild, distributed to suitable gardens, and then re-introduced to their natural habitat at a later date.
Other facilities, such as the UK’s Millennium Seedbank, may also be useful sources from which to
reintroduce plant species.  For reptiles, vivaria already exist in order to increase wild population levels
and for re-introductions, but there are problems in raising large numbers of species in limited areas.
More research is needed to overcome these difficulties if these techniques are to be more widely used
in the future.

MONARCH has not dealt directly with the rate of species’ responses to climate change but the
modelling results do show that the High scenario results in a greater rate of potential species loss than
the Low scenario for predefined regions/countries (see Table 4.7 in Chapter 4).  For example, suitable
climate space is lost regionally for six species under the Low 2020s and ten under the High 2020s
scenarios, with the number of losses trebling between the 2020s and 2050s for the High scenario.
Further development of the MONARCH work should enable the calculation of potential rates of
migration of the southern distributional limits for northerly species (range contractions) and of the
northerly distributional limits for southerly species (range expansions).  It is also necessary to
determine whether the southerly limits are moving faster or slower than northerly limits.  It will be
imperative to relate these potential rates to the dispersal capabilities, both innate and external such as
landscape/man-made barriers, and compare these more realistic dispersal rates to the rate of climate
change for key bioclimatic variables.

The rate and ease of dispersal varies according to the species.  Some are relatively mobile and have
less restricted habitat requirements (e.g. some bird and insect species) and may be expected to respond
rapidly to climate change.  For others, dispersal may be a crucial issue as they are sedentary (e.g.
trees) or exhibit high site fidelity (e.g. natterjack toad).  The modelling in MONARCH shows the
potential future distribution of a species but interpretation of these results should consider also the
ability of a species to attain this distribution.  For example, the climatic space of the nuthatch expands
northwards and westwards in England and Wales in the modelling results, extending into Scotland
and Ireland in the next 50 years.  However this species is relatively sedentary and site loyal, which



264          Climate change and nature conservation in Britain and Ireland
___________________________________________________________________________

may mean that the Irish Sea would be an insurmountable barrier to this species colonising Ireland.
The climate range of the willow tit is predicted to extend northwards but contract in the south; it also
may not be able to respond due to its sedentary nature.  Such species could perhaps be encouraged to
spread using ‘stepping stone’ sites of suitable habitats, though consideration will need to be given as
to whether these habitats should be deliberately created.

Results from models developed in MONARCH also provide examples of less mobile species that may
need assistance to disperse over wide areas in response to climate change, e.g. Sphagnum papillosum
and crested newt.  Translocation of such species to new areas may be the only solution to ensure their
continued survival in Britain and Ireland.

Different species in the same habitat may show different responses to climate change, e.g.
MONARCH has shown that the distributions of dominant species in raised bogs (Sphagnum
papillosum and Bog myrtle) are largely unaffected.  However, the MONARCH water availability
model suggested that moisture conditions within raised bogs in England, Wales and southern Ireland
might be reduced in the future.  The disparity between the results of the different models suggests that
the influence of other drivers, such as water level, needs to be examined for a wider range of species
for a number of freshwater habitats.

The difficulty in modelling responses to climate change is that species will respond
“individualistically” (sensu Huntley, 1991) and thus their responses may not reflect the overall impact
on the habitat type as a whole.  However, where a species is the “keystone species” (sensu Noss,
1990) or “umbrella” species (sensu Heywood and Watson, 1995) of a habitat type, it is easier to
determine the implications of change for that habitat type.  MONARCH has shown that beech may be
lost from south east England, probably as a result of drought.  This will obviously have a significant
impact on the flora and fauna of beech woodland in these areas, leading to a loss of the species’
associations which define the habitat type – and hence a loss of the habitat type itself.  The British
distribution of upland oak woodlands, in contrast, is not expected to be reduced in area by climate
change, since its principal species, Quercus robur, is not greatly affected by climate change.  Yet a
change in community composition may still occur through changes in the understorey flora.

Information on the direction of change of habitat types will also be important in directing future
conservation management.  The MONARCH results have indicated that different species in the same
habitat types may show different response to climate change.  A new pattern of community
compositions may therefore be expected in parts of the British Isles.  At a local level, it will be
important to know the direction of change of both climate and species potential in order to adapt
management plans accordingly.  A further use for the bioclimatic classification would be in the
creation of habitat type gradients to determine the direction of change in different climate classes.

9.2.6 Non-native species

Climate change may allow greater rates of establishment and dispersal of a range of non-native
species.  Non-native species may extend into Britain and Ireland naturally, by accidental introduction
or by escaping from existing park or garden locations.  MONARCH did not model any species that
are not already native in at least one part of Britain and Ireland.  However, the effect was illustrated
by the modelled change in beech distribution, which suggests that beech may be widespread in
southern Scotland by the 2050s (Low and High scenarios).  Naturally regenerating beech is currently
being removed from some Scottish sites on the basis that this is a non-native species.  It is clear
therefore that its capability to reproduce has already extended beyond its current northern distribution.

The problem for nature conservation is that non-native species may invade habitats of conservation
importance, e.g. Canadian pondweed (Elodea canadensis) into freshwater habitat types.  Decisions
will need to be made as to where this might be allowed or for what habitat/species there would need to
be strict management to prevent such invasion.
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Though the natural rate at which non-native species become established in Britain and Ireland from
neighbouring countries may be slow, the naturalisation of species originating from gardens and parks
may be rapid.  Not all of these introductions would be unwelcome, but there is a need to increase
awareness and monitoring to determine where detrimental introductions may occur.

It has already been suggested as part of the UK BAP process that the list of invasive species on
Schedule 9 of the UK’s Wildlife and Countryside Act needs updating (Avery et al 2001).  Whilst
Scotland has a current list of species (Welch et al., 2000), this has not been undertaken elsewhere in
Britain or Ireland.  It is likely that any such schedule will need to be regularly reviewed in the future
with updates including species that have the potential to become invasive under climate change.

9.3 Detecting and tracking climate change

Part of the difficulty in trying to identify suitable nature conservation strategies in response to climate
change is the uncertainty as to which climate change scenario is most likely to occur. The two UKCIP
climate change scenarios used in MONARCH (i.e. High and Low) should capture the range of
possible responses.  However, the modelled impacts for mountain ringlet illustrate the difficulty of
dealing with the uncertainty of climate change scenarios. For example, under the Low scenario
mountain ringlet may be able to survive in Scotland but in different locations from those where it
presently occurs.  Under the High scenario, it may become extinct in Scotland.

Determining the rate of change of species and habitats is important to ensure timely shifts in both
conservation priorities and management responses.  To date, the only indicators of climate change are
those commissioned by DETR for the UK (DETR, 1999) where the focus has been on indicators of
change across a wide range of sectors, not just natural ecosystems.  Only one of the indicators (health
of beech trees) can be related to a specific UK BAP priority habitat type (lowland beech and yew
woodland) whilst other indicators show the phenological responses of common species rather than
distribution or abundance measures that may be of greater relevance for species of conservation
interest.

The Welsh Assembly has recently funded work to see how these indicators could be used in Wales or
if new indicators need to be developed.  Whilst it is beneficial to have national scale indicators of
climate change impacts, it is important that indicators should also reveal regional trends, such as the
shift in locations of wader populations to the east in response to warmer winter temperatures
(Rehfisch and Austin, 1999).

Monitoring for the early detection of climate change impacts ought not be restricted to SNCS and
nature reserves.  The abundance of climate vulnerable and sensitive species should be monitored at
the limits of their distributions, i.e. southerly limits for northerly species and northerly limits for
southerly species.  The distribution of sites within existing monitoring schemes, such as the
Environmental Change Network (ECN) (Sykes and Lane, 1996), does not necessarily include areas
where climate change will be greatest and hence most readily detected.  The creation of the
bioclimatic classification as part of the MONARCH project is a first step in identifying such areas
most sensitive to climate change.  The location of monitoring sites and networks within the most
sensitive classes would increase the likelihood of early detection of climate change impacts for
species and habitats of high conservation value.

The National Biodiversity Network may facilitate the identification of UK climate change indicators.
The network might also consider sourcing climate data that may be related to specific data sets for use
in climate change impact work.  Opportunities for closer co-ordination with the European
Environment Agency Topic Centre on Biodiversity and Nature Conservation and with other countries
that support similar habitat types and ecosystems to those in Britain and Ireland may also need to be
investigated.
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9.4 Information gathering and dissemination

One of the challenges in adapting to climate change involves gathering and disseminating
information.  This includes the important need to disseminate information from research results to
conservation managers and policy makers.  The results, reports and discussion workshops of the three
sectoral projects under UKCIP which have addressed conservation implications (the DETR/MAFF
review, RegIS and MONARCH) have raised the profile of climate change impacts on biodiversity
amongst policy-makers, planners and the public.  However, there is a need to:

• Widen the internal debate within the conservation community (policy makers and practitioners)
and to revisit current nature conservation practice and the timing of some targets to determine
how these might need to be adjusted.

• Engage the wider public in a debate about what climate change means for wildlife and the
implications for nature conservation policy.  The message about adapting to climate change whilst
also trying mitigate its effects needs to form the basis of a clear, easily communicated message.

• Take the message to other policy makers, such as:
−  The services of the European Commission responsible for the implementation of the EU

Biodiversity Strategy, for nature conservation legislation (in particular, the Habitats
Directive and the Birds Directives), and other relevant instruments (such as the Instrument
for Structural Policies for Pre-Accession, ISPA).

−  Those able to influence nature conservation in the wider countryside (e.g. through
individual country’s Rural Development Programmes and Agri-environment initiatives)
such as DEFRA (Agriculture) and DG Agriculture.

−  Those responsible for regional planning (e.g. Regional Development Associations, Regional
Assemblies and sub-regional partnerships).

−  Those in other countries with similar bio-geographical profiles (e.g. other countries with all
or part of their territories in the Atlantic bio-geographical region).

These actions would need to be integrated and undertaken in parallel, rather than sequentially.

In reviewing UK BAP action plans and in the formulation of Ireland’s response to the Convention on
Biological Diversity, there is the need to also consider the regional priorities for species and habitats
and how these may change under climate change.  This should involve discussion between
neighbouring regional groups to allow the exchange of information about locally observed changes
and to co-ordinate management strategies.

As further information about responses to climate change becomes available, it is important that this
be included within policy reviews of priority species.  Part of this process should involve better
dialogue between climate change impact specialists and relevant groups, e.g. UK and country
Biodiversity Groups (and sub-groups), and Habitat Action Plan and Species Action Plan steering
groups.

Conservation bodies have a vital role to play in disseminating information about climate change and
its impacts.  In particular, information on how the management of protected sites is being adapted to
take account of the impact of climate change, and the publication of new research findings could be
very effective in informing the wider public about the changes that may occur in the future, for
example via websites, newsletters and magazine articles.  The current public perception of climate
change is that of a slow rate of change (compared to a person’s lifetime).  The urgency of determining
more about the changes that may occur, and of establishing policies and plans to adapt to them, needs
to be conveyed to ensure that the public engages with the process.

Guidelines should also be provided by relevant authorities (e.g. JNCC in the UK and Dúchas in
Ireland) on the use of species and habitat classifications for climate change research.  The range of
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classifications available (e.g. BAP, Habitats Directive Annex 1, NVC, Phase I categories, CORINE),
and the lack of easy means for translation or conversion between these classifications is already
causing difficulties in relating climate change research findings to conservation management.

9.4.1 The future of the countryside in Britain and Ireland

Climate change is a significant driver that will reshape the landscape.  However, the resulting changes
may be moderated by a variety of factors, including other land use practices.  The landscape of Britain
and Ireland has been extensively fashioned by human activity, which will influence any “natural”
responses to changing conditions.  There is, therefore, a need to discuss and determine the primary
objectives for, and means of, countryside management in the future under climate change.  There has
been considerable discussion within the popular media about the problems that have been perceived to
result from intensive agriculture.  Yet, there is a well-developed and prosperous tourism industry that
thrives within the existing rural landscape.  There have been calls for a public debate in Britain on the
future of the countryside, and there is a growing consideration of the need to integrate conservation
aims and practices into the management of the wider countryside.

Future countryside management will require an integrated approach with conservation aims
considered within other land use management and planning processes that themselves consider the
implications of climate change.  As the debate about the future for agriculture and the countryside
develops, the statutory conservation agencies and NGOs need to incorporate within it the issue of
climate change and its implications for species and habitat types as well as for agriculture and water
resources.

9.5 Further research and development

Hossell et al. (2000) noted the lack of modelling or experimental work to illustrate the effects of
climate change on species and habitat types of conservation concern.  MONARCH has helped in part
to fill this research gap by projecting potential responses of a range of floral and faunal species,
habitats and geomorphological features across Britain and Ireland.  Beyond simply widening the
range of habitats and species (including non-native species) modelled using the MONARCH
methodology, there are still a number of areas that require further research and development.  These
are:

• Refining models predicting distributional changes (i.e. MONARCH-type models) by
incorporating factors such as dispersal capability, age to reproductive maturity and barriers to
migration (Section 9.5.1).

• Applying the MONARCH methodology at different spatial scales (Section 9.5.2).
• Improving understanding of ecosystem dynamics, including phenological adaptations (Section

9.5.3).
• The use of case studies and field trials to validate model outputs (Section 9.5.4).
• Possible adaptations to climate change (Section 9.5.5).

One of the critical issues for conservation policy and practice is when to adjust priorities and
management for these different outcomes.  Research findings need to be reviewed as new climate
change scenarios are produced.

9.5.1 Refining models predicting distributional changes

The models used in MONARCH outline potential shifts that do not take account of dispersal
capability or age to reproduction.  The structure of the landscape also needs to be considered
identifying where potential barriers to migration/dispersal might occur and where potential routes
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enhancing migration/dispersal could exist.  The following further research is suggested to address
these gaps:

• Research on the extent and rate of species migration and dispersal and their ability to benefit from
future climate space.  The research needs to identify which species/habitat types cannot keep pace
with climate change.

• Research to assess the indirect effects of climate change on species/habitat types through changes
to land use policy.

• Integrated assessments of the impact of climate change within the wider countryside.  Studies
need to consider the direct impacts of climate change on other land uses (e.g. land use and
agricultural production) and relate species’ responses to habitat type/land availability.

9.5.2 Applying MONARCH to different spatial scales

There is a need for the national level model results from MONARCH to be refined to provide more
detailed information at a more local scale where decisions on management are taken.  However, there
are a number of limitations to the development of finer resolution MONARCH modelling.  These
relate to poor data sets and limited understanding of the relationships between
species/habitats/geomorphological systems and climatic parameters.  Modelling species of European
importance using bioclimatic classes as developed in MONARCH should also be considered in order
to expand our knowledge on how international distributions of species in Britain and Ireland will
change in the future.

This will require some of the existing data input gaps to be addressed, namely:

• Improved data from Ireland on soils.  The MONARCH research team had to create their own data
set for soil water-holding capacity using relatively crude pedo-transfer functions (see Chapter
1.3).

• Lack of predicted data for climate variables, such as storm frequency and wind direction, which
are particularly important for geomorphological features and coastal/marine environments.

• Additional data for calibrating hydrological/wetland models.

9.5.3 Improving understanding of species and geomorphological feature responses

Further research to improve understanding of responses of species, habitat types and
geomorphological features would include:

• Exploring the sensitivity of selected species to different bioclimatic variables, e.g. changing water
levels as shown in Chapter 5.

• Widening the species modelling to cover more priorities under UK BAP and its equivalent in
Ireland.

• Widening the species coverage to increase confidence levels in predicting new species
communities.

• The development of a classification (e.g. Hiscock et al., 2001) to determine the responsiveness of
a habitat or species to climate change to enable the rate, magnitude and direction of impacts on as
many species as possible to be determined.

• Exploration of the links between different bioclimatic 'forcing factors' (such as temperature and
rainfall) and their relative impacts on species and geomorphological systems in greater detail.

• Geomorphological responses are very dependent on the other interacting stresses within the
system, such as local human pressures and extreme event frequency.  Case studies are needed to
understand the full extent of the vulnerability of these systems to climate change.

• Exploration of the responses of species to changes in the length of the growing season.  The
responses should be related to the current timings of conservation management.  A mismatch or
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unequal responses by species could cause problems for management regimes (e.g. in the use of
seasonal grazing).

• Further research on the direct effects of elevated CO2 concentrations on individual species and
groups of species through experimentation, and the development of methods for incorporating
these effects into impact models.

• Development of a bioclimatic classification for Britain and Ireland has helped to define areas of
similar climatic, and to some extent habitat type, potential.  A useful next step would be to extend
the classification to show the pattern of classes under different climate scenarios and hence to
define climatically sensitive areas.  These may then be targeted for habitat type transition sites and
for detecting early signs of species change.

9.5.4 Field trials and case studies

Scenarios may also be required to understand the direction, variability and duration of change,
building on the hypotheses that emerge from the modelling research.  Field trials and case studies
(including experimentation in both controlled environment and field studies) will also be required to
test the hypotheses arising from the modelling and scenarios work.  For instance, case studies are vital
for geomorphological systems, as the individual nature of many systems makes it impossible to adapt
general models meaningfully to specific cases.  Therefore there is a need for more detailed
information on some case study sites from which to build specific and useful predictive models.

Case studies could also be used to improve the understanding of bioclimatic impacts on particular
species (e.g. by measuring the impacts of short-term changes, such as extreme flood, storm or drought
events).  These could be used as analogues for longer-term cyclical extreme events to determine how
species respond.  This can then be used as a basis for forecasting changes.  Case studies of species’
responses at the landscape level using, for example, zones defined in England through the English
Nature/Countryside Agency “Natural Areas Programme”, could be used to capture site-specific
processes and interactions.

9.5.5 Adaptations to climate change

MONARCH provides no evidence on how successful changes to nature conservation policy and
wildlife management practices would be in responding to the impacts of climate change.  A number of
possible responses have been discussed, but their possible use may be guided by research on the
following issues:

• The extent to which it is desirable or possible to anticipate climate space requirements for key
species.

• How non-native species are likely to adapt to new climate space, and the development of effective
systems for managing non-native species.

• Defining functional ecosystems within Britain and Ireland and setting these in an EU context and
the development of ecosystem management approaches.

• Defining criteria to assess ‘favourable conservation status’ and its links to ecosystem functionality
and resilience.

• The effectiveness of wildlife corridors, habitat stepping stones and species and habitat type
translocation.

• A catalogue of potentially invasive non-native species to match that for Scotland (Welch et al,
2000).

• Adaptation of existing vegetation/habitat type/community classification systems to cover non-
native species and community compositions that occur in mainland Europe.

• The extent to which it is possible to develop habitat type management techniques to mitigate the
effects of climate change.
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9.6 Conclusions

MONARCH has provided projections within Britain and Ireland on the potential responses of species,
habitats and geomorphological features to climate change.  As more information about potential
responses becomes available through research, the onus moves on to the statutory conservation
agencies/NGOs to validate these projections through monitoring programmes.  The findings highlight
the need for a more flexible and dynamic approach to conservation effected at the landscape level to
allow existing targets and commitments to be met.  The BAP process needs to approach climate
change impacts and their implications in a consistent fashion.  Decisions on conservation management
will be complicated because of the number of possible permutations of species communities there
might be under any given climate change scenario.  Conservation objectives also need to be integrated
into the planning of other land uses.

The extension of the use of existing techniques and the development of new tools to help species and
habitats adapt to climate change will be necessary.  These may include assisting species to disperse to
new areas, either by translocation, by creating corridors or by creating stepping stones to allow natural
shifts.  Just as species may be lost, so non-native species may also naturalise within Britain and
Ireland.  Hence, invasive non-native species should be considered within future conservation policies
and practices.

In examining the implications of the project findings for current and future conservation policy and
practices, it is clear that there is still a considerable amount that is not known about species and
habitat responses to climate change, particularly at the ecosystem level.  Whilst lack of knowledge
should not preclude the undertaking of some immediate actions to respond to climate change, further
information on the nature of species’ responses will be needed to help guide policy and practical
management decisions.  MONARCH has provided a useful template that can be built upon in order to
help direct the management strategies of the conservation bodies in Britain and Ireland, and perhaps
elsewhere.
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