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Foreword

‘As we start this new century we know that, unless everyone fights to
counteract the worst effects of climate change, people all over the world face
more frequent severe weather conditions, rising sea levels and devastating
floods, together with their growing economic and human costs.’

The Rt Hon John Prescott MP, Deputy Prime Minister
(UK Climate Change Programme Consultation, 2000)

In April 2000, the Institute of Chartered Foresters and the Forestry
Commission jointly organised a highly successful Conference Trees and Climate
Change. The Conference brought together leading experts in policy, science and
technology to address a forestry audience on the implications of climate change for
trees and woodlands and on the importance of forests to the global carbon cycle.
A selection of papers presented to the Conference are reproduced, appropriately
updated, in the Bulletin.

I was fortunate in being able to attend the conference in my capacities both as
the current President of the Institute of Chartered Foresters and as Head of the
Forestry Commission’s Policy and Practice Division with responsibilities for
advising on forestry policy in relation to climate change.

Since April 2000, there have been many important developments in our
understanding of climate change and in UK and international policy. In November
2000 the Parties to the UN Framework Convention on Climate Change held their
6th Conference of the Parties in the Hague, aimed at resolving some of the
outstanding issues in the Kyoto Protocol, which they had signed in 1997. Although
the Conference in the Hague failed to reach agreement, the substantial progress
made there led to the successful Conferences in Bonn in July 2001 and Marrakech
in October/November 2001. The UK took a leading role in developing the
packages of measures that tied together these complicated negotiations, and UK
scientists and negotiators will undoubtedly continue to be heavily involved in the
international drive to achieve mitigation of climate change.

The UK is among the very few countries to have produced a comprehensive
domestic strategy for climate change. This was published as Climate Change — The
UK Programme in November 2000 to coincide with the Hague Conference. The
UK Programme sets out the measures we will take as part of the international
effort to mitigate climate change and how we will prepare to adapt to any changes
that may occur. The Forestry Commission and the Northern Ireland Forest Service
were involved in producing the UK Programme. We and our colleagues in
Northern Ireland will continue to be involved at UK and country level in
developing policy and in briefing our UK negotiators on forestry issues as they
follow up the success of the Marrakech conference.



Trees and woodlands hold an important place in the debate on climate change.
Not only do they play a role in locking up carbon and as a source of renewable
energy and construction material, but they are themselves also vulnerable to
environmental change. Practising foresters and arborists are key players in our
national efforts to achieve sustainable development. They are used to thinking
long-term and dealing with uncertainty. I hope this Bulletin will help set the
context for them to continue to manage our trees, woodlands and forests in a

changing environment.

L. LM>

Tim Rollinson

President
Institute of Chartered Foresters
February 2002
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Summary

It is now widely accepted that mankind’s activities are having a discernible effect
on the global climate, and these changes will impact upon the functioning of many
of the planet’s natural systems. Climate change will have a variety of direct and
indirect effects on forests and, thus, will have implications for forest management.
This Bulletin presents current thinking on how climate change predictions for the
UK may affect tree growth, health and productivity, and also how they may impact
upon the functioning of forest ecosystems. The Bulletin covers the potential
impacts of climate change on UK forestry but not the role that forestry may play
in mitigating climate change through carbon sequestration and fossil fuel
substitution.

Climate scenarios for the UK, based on results downscaled to a 10 km grid
from the Hadley Centre global climate model, HADCM2, are presented. The
direct impacts of these climate change scenarios on forest growth and condition
are then discussed — specifically the effects of changing temperature and water
supply, and the increased incidence of storms. The predictions are made largely by
comparison to past climate events which demonstrate the likely magnitude of any
climate change impacts. The direct effects of rising atmospheric carbon dioxide
concentrations are also presented, using examples from a range of long-term
impact studies. The observed trends in forest yield indices are discussed in the light
of both rising carbon dioxide levels and the fertilisation effect of anthropogenic
nitrogen emissions and deposition. In addition to the observed rise in forest
productivity resulting from changes to the climate and atmospheric composition,
the functioning of forest ecosystems has also changed. This is demonstrated
through the description of a number of examples where the phenology, or timing
of specific events, has changed over the course of the past few decades, including
a discussion of how climate change may impact upon the distribution of woodland
flora and fauna. An assessment is also made of both the direct and indirect effects
of tree pests and pathogens, including some of the current most damaging agents
of forest decline, and a review of how some more exotic insects and diseases may
become more prevalent in the future.

The response of the forestry sector in the UK must be made on the basis of
robust predictions of the future effects of climate change, which, in turn, are
reliant on validated models of forest growth and function. A number of modelling
approaches are described, varying from simple empirical to some of the state-of-
the-art mechanistic or physiological models, including predictions as to future
growth and condition trends of UK forests. However, predictions are only as good
as the scenarios they are based upon, and the range of climatic, edaphic and
biological factors that are considered. The limits to our ability to predict the future
of our forests are discussed in detail. Nevertheless, forestry policy is being
formulated in the light of current knowledge of the most likely effects of global
warming, and, out of necessity, will be subject to revision as we gain in our
understanding of the impacts and consequences of climate change through
continuing research.



Résumé

On accepte désormais généralement que les activités humaines ont un effet discernable sur le climat
mondial, et que ces changements auront des incidences sur le fonctionnement d’un grand nombre
des systemes naturels de la planéte. Le changement climatique exercera une variété d’effets directs
et indirects sur les foréts et aura donc des implications au niveau de la gestion forestiére. Ce bulletin
présente les opinions actuelles sur la fagon dont, selon les prédictions les plus récentes, le changement
climatique au Royaume-Uni pourrait influer sur la croissance des arbres, leur santé et leur productivité,
en méme temps que d’avoir des incidences sur le fonctionnement des écosystémes forestiers. Ce bulletin
couvre les répercussions que pourrait avoir le changement climatique sur la foresterie au Royaume-
Uni, mais n’aborde pas le réle que la foresterie pourrait jouer pour atténuer le changement
climatique grice a la séquestration du carbone et au remplacement des combustibles fossiles.

Des scénarios climatiques récents élaborés pour le Royaume-Uni et basés sur des résultats du
modéle climatique mondial du Hadley Centre, HADCMZ2, réduits a I’échelle d’une grille de 10 km,
sont présentés. Les incidences directes qu’auraient ces scénarios de changement climatique sur la
croissance de la forét et son état sont ensuite discutées — particulierement les effets des
changements de température et d’alimentation en eau, et la fréquence accrue des tempétes. Ces
prédictions sont faites dans une large mesure par comparaison avec des phénomeénes climatiques
passés démontrant I"'ampleur probable de toute répercussion causée par le changement climatique.
Les effets directs des concentrations croissantes de gaz carbonique dans I’atmosphére sont aussi
présentés, en utilisant des exemples provenant d’une variété d’études réalisées sur leurs incidences
a long terme. Les tendances ayant été observées dans les indices de rendement forestier sont
discutées a la lumiére des niveaux croissants de gaz carbonique et de Ieffet fertilisant des émissions
et du dépot de nitrogene anthropiques. Outre cette augmentation observée de la productivité de la
forét résultant des changements du climat et de la composition atmosphérique, le fonctionnement
des écosystemes forestiers a aussi changé. Ce qui se trouve démontré par la description d’un certain
nombre d’exemples pour lesquels la phénologie, ou chronologie des phénomeénes spécifiques, a
changé au cours des derniéres décennies; les répercussions que pourraient avoir les changements
climatiques sur la répartition de la faune et de la flore forestiéres sont aussi discutées. Une
évaluation des effets directs et indirects des insectes nuisibles et agents pathogenes attaquant les
arbres (dont certains des agents les plus nocifs du déclin forestier) se trouve aussi donnée, et I’on
examine dans quelle mesure certains insectes et certaines maladies plus exotiques pourraient
devenir plus répandus dans le futur.

La réponse du secteur forestier du Royaume-Uni doit se faire sur la base de prédictions solides
sur les effets a venir du changement climatique, qui,  leur tour, dépendent de modeles fiables
simulant la croissance et la fonction de la forét. Le bulletin décrit un certain nombre d’approches
de modélisation, allant du modeéle empirique simple, aux modéles mécanistes ou physiologiques
dernier cri, y compris les prédictions relatives aux tendances qui marqueront la croissance et état
des foréts du Royaume-Uni dans le futur. Toutefois la justesse des prédictions est étroitermnent liée 3
celle des scénarios sur lesquels elles s’appuient, et & I'éventail des facteurs climatiques, édaphiques
et biologiques considérés. Les limites restreignant notre capacité de prédire I’avenir de nos foréts se
trouvent discutées en détail. Néanmoins, la politique forestiére est formulée 3 la lumitre des
connaissances que nous avons actuellement des effets les plus probables du réchauffement
planétaire, et, par nécessité, devra étre révisée au fur et 3 mesure que nous verrons notre
compréhension des incidences et des conséquences des changements climatiques s’améliorer grice
a des recherches continues.



Zusammenfassung

Es wird heutzutage allgemein akzeptiert, dass menschliche Aktivitdten einen wahrnehmbaren
Einfluff auf das Weltklima haben und dass diese Verinderungen die Funktionen vieler
natiirlicher Systeme unseres Planeten beeinflussen werden. Eine Klimainderung wird eine
Vielzahl von direkten und indirekten Auswirkungen auf Walder, und somit auch auf die
Forstbewirtschaftung haben. Dieses Bulletin prisentiert die derzeitige Auffassung, wie sich die
neuesten Vorhersagen zur Klimainderung in Grofsbritannien auf Wachstum, Gesundheitr und
Produktivitit der Baumbestinde sowie die Funktion der Wald6kosysteme auswirken kénnten
und es behandelt die moglichen Einfliisse einer Klimainderung auf die Forstwirtschaft
GrofSbritanniens. Es befafst sich aber nicht mit der Rolle, die die Forstwirtschaft in Hinsicht auf
eine Abschwichung der Klimadnderung spielen konnte, wie etwa durch dauerhafte Kohlenstoff-
Fixierung und Ersatz fossiler Energietrager.

Es werden neue Klimaszenarien fiir GrofSbritannien vorgestellt, basierend auf Ergebnissen
des Weltklimamodells (HADCM2) des Hadley Centres, die auf ein 10 km-Gitternetz bezogen
wurden. Die direkten Einfliisse dieser Szenarien zur Klimaianderung auf Wachstum und Zustand
der Wilder werden diskutiert — insbesondere die Wirkungen veranderter Temperaturen und
einer verdnderten Wasserversorgung, und die zunehmende Haufigkeit von Stiirmen. Die
Vorhersagen basieren grofStenteils auf Vergleichen mit zuriickliegenden Klimaereignissen,
welche das wahrscheinliche Ausmaf§ moglicher Klimaanderungen deutlich machen. Weiterhin
werden die direkten Auswirkungen ansteigender Kohlenstoffdioxidkonzentrationen in der
Atmosphire anhand einer Reihe von Langzeitstudien dargelegt. Die erkennbaren Trends in den
verzeichneten Forstertrigen werden sowohl angesichts steigender Kohlenstoffdioxidwerte als
auch unter Beriicksichtigung des Dingungseffektes von anthropogenen Stickstoffimmissionen
und -ablagerungen diskutiert. Neben der beobachteten Zunahme der Forstproduktivitdt
aufgrund klimatischer und atmosphirischer Verianderungen hat sich auch die Funktion der
Waldokosysteme verdndert. Dies wird anhand einiger Beispiele dargestellt, bei denen sich die
Phanologie oder der Zeitpunkt bestimmter Ereignisse im Laufe der letzten Jahrzehnte verandert
hat. Es wird ebenfalls diskutiert, wie sich eine Klimainderung auf die Verbreitung der Waldflora
und —fauna auswirken konnte. Sowohl direkte als auch indirekte Einfliisse von Baumschiadlingen
und -krankheiten werden bewertet, einschliefSlich derjenigen Organismen, die zurzeit die
schlimmsten Waldschiden verursachen. Auch einige im Moment eher seltenere, exotische
Insekten und Krankheiten, die jedoch in Zukunft hiufiger auftreten konnten, werden genannt.

Die Reaktion des Forstsektors in Grof$britannien muss auf zuverldssigen Vorhersagen zu den
Einflassen von Klimainderungen in der Zukunft beruhen, diese wiederum sollen sich auf
tiberpriifte Modelle fiir Waldwuchs und —funktion griinden. Eine Reihe von Herangehensweisen
zur Modellerstellung werden beschrieben. Sie reichen von einfachen, auf Erfahrung
aufbauenden Modellen bis hin zu einigen modernen mechanistischen oder physiologischen
Modellen und beinhalten Trendvorhersagen iiber Wachstum und Zustand britischer Walder.
Vorhersagen jedoch sind nur so gut wie die Daten, auf denen sie basieren, und das Spektrum
von klimatischen, edaphischen und biologischen Faktoren, die sie betrachten. Die Grenzen
unserer Fahigkeit, die Zukunft unserer Wilder vorherzusagen, werden im Detail diskutiert.
Trotzdem wird Forstpolitik heute angesichts des derzeitigen Kenntnisstands iiber die
Auswirkungen einer weltweiten Erwiarmung gemacht, die am wahrscheinlichsten sind. Sie wird
zwangsliufig iiberarbeitet werden miissen, wenn zukiinftige Forschung unser Verstandnis von
Wirkungen und Konsequenzen einer Klimaianderung vergrofert.



Crynodeb

Derbynnir yn eang bellach bod gweithgareddau dynol ryw yn cael effaith
ganfyddadwy ar hinsawdd y byd, a bydd y newidiadau hyn yn cael effaith ar
weithrediad llawer o systemau naturiol y planed. Caiff newid hinsoddol amrywiaeth
o effeithiau uniongyrchol ac anuniongyrchol ar goedwigoedd, ac felly bydd gan
hyn oblygiadau am reolaeth goedwig. Mae’r Bwletin hwn yn cyflwyno’r syniadau
cyfoes ar sut y gallai’r rhagddywediadau diweddaraf am newid hinsoddol effeithio
ar dyfiant, iechyd a chynhyrchedd coed a hefyd sut y gallent effeithio ar weithrediad
ecosystemau coedwigoedd. Mae’r Bwletin yn cynnwys effeithiau posibl newid
hinsoddol ar goedwigaeth Prydain ond nid y rhan y gallai coedwigaeth ei chwarae
wrth liniaru newid hinsoddol trwy ymneilltuo carbon ac amnewidiad tanwydd.

Cyflwynir yma rhagdybiadau hinsoddol am y DU, ar sail canlyniadau
diweddar a leihawyd i grid 10 km o fodel hinsawdd y byd yr Hadley Centre,
HADCM2. Yna trafodir effeithiau uniongyrchol y rhagdybiaethau newidiadau
hinsoddol hyn ar dyfiant ac ansawdd coedwigoedd - yn benodol effeithiau newid
mewn tymheredd a chyflenwad dwr, ac amledd cynyddol stormydd. Gwneir y
rhagdybiaethau i raddau helaeth trwy gymariaethau i ddigwyddiadau hinsoddol
yn y gorffennol sydd yn arddangos maint tybiaethol unrhyw effeithiau newid
hinsoddol. Cyflwynir hefyd effeithiau uniongyrchol y cynnydd yng nghrynhoad
carbon diocsid yn yr awyr, gan ddefnyddio enghreifftiau o ystod o astudiaethau’r
effeithiau hir gyfnod. Trafodir y tueddiadau a welwyd mewn mynegyddion
cynnyrch coedwigoedd yng ngoleuni y codiad mewn lefelau carbon diocsid ac
effeithiau ffrwythloni gollyngiadau a gwaddodiadau nitrogen anthropogenig. Ar
ben y codiad a welwyd mewn cynhyrchedd coedwigoedd sydd yn ganlyniad
newidiadau i’r hinsawdd a chyfansoddiad atmosfferig, mae gweithrediad
ecosystemau coedwigoedd wedi newid hefyd. Dangosir hyn trwy ddisgrifiad nifer
o enghreifftiau lle mae ffenoleg, neu amseriad digwyddiadau penodol, wedi newid
dros y degawdau diweddaraf, gan gynnwys trafodaeth o sut y gall newid
hinsoddol effeithio ar ddosbarthiad llystyfiant a chreaduriaid y coedwigoedd. Ceir
asesiad hefyd o’r effeithiau uniongyrchol ac anuniongyrchol plau a phathogenau
coed, gan gynnwys rhai o’r ysgogwyr mwyaf andwyol dirywiad coedwig, ac
arolwg o sut y gall rhai o’r trychfilod ac afiechydion mwy ecsotig fynd yn fwy
mynych yn y dyfodol.

Rhaid i sector coedwigaeth y DU ymateb ar sail rhagdybiaethau cedyrn o
effeithiau newid hinsoddol i’r dyfodol, sydd, yn eu tro yn dibynnu ar fodelau
dilysiedig o dyfiant a gweithrediad coedwigoedd. Disgrifir nifer o agweddau
modelu sydd yn amrywio o’r empirig syml hyd at fodelau mecanistig neu
ffisiolegol diweddaraf, gan gynnwys rhagdybiaethau o dueddiadau tyfiant a
chyflwr coedwigoedd y DU. Ond mae ansawdd y rhagdybiaeth yn dibynnu’n llwyr
ar ansawdd y senarios y seilir nhw arnynt, ac ar yr ystod o ffactorau hinsoddol,
edaffig a biolegol a ystyriwyd. Trafodir cyfyngiadau ein galluoedd i ragdybio
dyfodol ein coedwigoedd yn fanwl. Serch hynny, llunir polisi coedwigaeth yng
ngoleuni’r wybodaeth bresennol o effeithiau mwyaf tebygol cynhesiad byd-eang,
ac o reidrwydd bydd yn agored i ddiwygiadau wrth i’n dealltwriaeth o effeithiau
a chanlyniadau newid hinsoddol gynyddu trwy ymchwil barhaus.
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SECTION ONE

Background

1. Global climate change: setting the context

2. The changing climate of the UK: now and in the future



Forestry and climate

The association between climate and forestry has been a matter of
discussion for many centuries with, for example, John Evelyn
highlighting the importance of water, sun and temperature to the
success of plantations in his treatise to the Royal Society in 1662";

‘... Water in this action ... does not as we affirmed, operate
to the full extent ... without the soil and temper of the
climate co-operate’ and ‘This we find, that the bot and
warmer regions produce the tallest and goodliest trees” and
‘as is found in our American plantations, ... both since so
mutch improved by felling and clearing these spacious
shades and letting in the air and sun.’

These observations may seem outdated, but many of the
modern approaches to forestry, including provenance selection
and silvicultural management are based on the long-standing
knowledge of the relationships between climate and forest
productivity. It is therefore not surprising that there is great
concern over the implications of a changing climate to the forestry
industry, particularly since the species and provenances planted at
present and in the recent past reflect the current climate, There are
also a number of species important in ancient and semi-natural
woodlands which are close to or at their climate limits, and thus
conservation and biodiversity benefits may be threatened. Among
the questions that need to be answered {and asked in some cases)
are: Will the species and provenances currently planted survive
under a changed climate? Will forest productivity change (for the
betrer or worse)? Do management practices need to change? What
are the consequences for habitat action plans? Are¢ conservation
and recreation benefits threatened? Can forestry play a significant
role in counteracting climate change?
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CLIMATE CHANGE:

These questions are not easy to answer.
Firstly, we do not know what a future climate
will bring. Secondly, even if we could second-
guess the climate, predicting the weather and,
most importantly, the extreme events such as
droughts and storms, is not possible. Finally, it
is difficult to make integrated assessments of
the impact of climate change on the complex
processes and interactions present within forest
ecosystems.

Climate change and forestry
research

Much research undertaken by both the
Forestry Commission and other research and
academic institutions relates directly to the
debate over the responses of forests to climate
change. Numerous examples exist, but the
following are some of the key research areas
where a considerable body of relevant data
already exists:

¢ provenance trials;

¢ yield modelling;

e site-yield research for Sitka spruce,
Corsican pine, Douglas fir and for lowland
forestry;

* investigations of climate related pathology,

particularly drought and temperature;

modelling of wind, storms and forest
stability;

* species suitability and Ecological Site

Classification modelling;

studies of physiological responses to

drought;

* research into the climate dependency of
pathogen and insect pest outbreaks;

* assessments of the carbon balance of
peatland after clear-fell and re-stocking;

* studies on the impact of rising atmospheric
carbon dioxide concentrations;

* rescarch into the improvement of genetic
stock (particularly Sitka spruce);

* climate requirements for native species.

IMPACTS ON UK FORESTS

Forestry research in the UK is therefore in a
strong position to apply the knowledge gained
across this wide range of research areas to help
answer the $64 000 question — ‘How will UK
forestry respond to climate change?’ This
Bulletin brings together many of these separate
research programmes, in some cases drawing
together the fruits of over fifty years research,
and presents analyses of how forestry in the UK
is likely to respond over the coming century.
The majority of the information summarised in
this Bulletin was presented at a conference in
Glasgow in April 2000, while additional
information available within Forest Research is
also presented. The range of individual subject
areas that are relevant to climate change
indicates the importance of an integrated
approach and, over the coming years, of
providing robust predictions of the impacts of
climate change on forestry.

What is climate change?

The relevance of climate change to our
everyday lives has been growing over the last
decade, and the evidence of global climate
change is now stronger than ever?. In the past,
a number of phrases have encompassed what
we mean by anthropogenically driven
environmental change. These terms have
included global warming, the greenhouse effect
and climate change itself. What we really
mean, is how regional or local climate is
affected by changes to the global climate as a
result of man’s emissions of greenhouse gases.
In the UK, we have witnessed droughts, floods
and storms over recent years, which may or
may not be directly related to global climate
change — whether or not these natural events
do represent the first signs of climate change,
the consensus view is that they represent the
direction in which our climate is likely to move.
To these climate driven impacts should also be
added the consequences of some of mankind’s
other activities, including rising tropospheric



Global Climate Change: Setting the Context

ozone pollution, and enhanced atmospheric
nitrogen deposition.

Is climate change inevitable?

Mankind can act to reduce the rate at which
greenhouse gas concentrations are rising — both
through reducing emissions of those gases such
as carbon dioxide and methane, and through
locking up the main culprit, carbon dioxide
{(sequestration). What is often not made clear is
the immediacy that is required for any of these
actions, as a result of the inertia that is present
within the greenhouse gas balance of the
atmosphere, and also within the global climate
system: carbon dioxide concentrations will
stabilise over 100-300 years; global temperature
over a few centuries, and sea level rise, over
several millennia’. Given that the global
population is expected to double by about
2050, and that developing countries and
countries in transition will have significantly
higher power requirements over the coming
decades, it is unlikely that global carbon
emissions will peak in the near future, unless a
low carbon economy is put in place through
international negotiation and initiatives.

The Intergovernmental Panel on Climate
Change has assessed a wide range of global
economic development pathways for the
planet, and developed a set of emissions
scenarios for these'. For all six of the emissions
scenarios, the implications are that
atmospheric carbon dioxide concentrations
rise sharply, reaching levels of between 540
and 970 ppm by the year 2100. The
uncertainty in predictions of future greenhouse
gas concentrations and thus global
temperature rise is no reason for complacency
— the key message is that climate change will
become a fact of life, and its effects must be
mitigated or adapted to.

*1 gigatonne is 10"g, or one thousand million tonnes

The role of carbon
sequestration

The role of carbon sequestration in limiting
the rise in atmospheric carbon dioxide
concentrations has been discussed widely. The
successful management of carbon sinks can
reduce the rate of carbon emissions into the
atmosphere, and certainly, if these carbon stocks
were lost to the atmosphere, the consequences
would be extremely serious for global carbon
balance. However, carbon sequestration is not
an option in isolation. In the UK, carbon
sequestration through sink management and
afforestation can only act as one, probably
small, element in our national commitment to
reductions in global carbon emissions, since
the carbon stocks of the UK forest estate are of
the order of only one year’s emissions.
Furthermore, once woodland is mature, it is at
best a very weak sink, and might be vulnerable
to climate change itself, with the potential for
large carbon emissions in the future. At a
global scale, carbon emissions are currently
approximately 6.5 °GtC yr"', and are predicted
to peak at 10-20 GtC yr' over the next 50
years’. The global sequestration potential of
the biosphere has been estimated as only 100
GtC over the next 50 years, thus highlighting
that although important in the short-term,
particularly for gaining time to implement low
carbon technologies, sequestration projects can
make little impact on the global carbon budget.
An additional role that forests might play in
carbon balance is through the potential for
forest residues to provide wood-fuel for energy
generation and substituting for fossil fuels.

The UK Climate Impacts
Programme

An important national research and assessment
programme was established in 1997 by the
then UK Government, Department of the

Chapter 1



Bulletin 125

CLIMATE CHANGE:

Environment, entitled the UK Climate Impacts
Programme (UKCIP). The primary aim of the
Programme is to raise the profile of climate
change awareness, and to facilitate both
individual sector and integrated assessments of
climate change impacts. To help focus
resources at a local level, the programme has
promoted a series of regional studies of climate
change impacts™, which for two regions, East
Anglia and the North West have culminated in
fully integrated assessments through the
REGIS study’. Sectoral studies of the
implications for climate change have also been
undertaken, including impacts on UK nature
conservation® and natural ecosystem responses’
(see Chapter 12). However, the most important
output from the programme has been the
climate scenarios for the 2020s, 2050s and
2080s" which are described in detail in
Chapter 2, and are either referred to, or used
directly in the majority of the chapters in this
Bulletin. Recently published socio-economic
scenarios are also now available!'. Although
the work presented in this Bulletin (apart from
Chapter 12) was not undertaken as part of the
UK Climate Impacts Programme, where
implications of climate change are described in
terms of the climate scenarios, they are fully
compatible with the other outputs from UKCIP.

Aims of the Bulletin

This Bulletin covers the direct impacts of
global climate change on UK forestry,
including an assessment of how interactions
with other biotic and abiotic factors may affect
these impacts. It does not cover subject areas
such as carbon sequestration, fossil fuel
substitution, or indeed, the global carbon cycle

in detail. These are important areas in their’

own right, and would warrant their own
treatment. However, as they have policy
implications, they are discussed briefly, but the
emphasis of the Bulletin is on the consequences
of changes to the physical environment of
forests. It may be argued that it is difficult to
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separate physical from socio-economic impacts
of climate change. Pressures from recreation
and falling timber prices together with other
constraints resulting from national policy and
land-use change may alter the appearance of
UK forestry to a greater extent than the
predicted changes to our climate alone.
However, a thorough evaluation of socio-
economic issues relating to global climate
change can only be undertaken if the direct
impacts of climate change on forest growth and
function are more fully understood — the raison
d’étre for this publication.

This Bulletin is intended to provide general
information to forest managers and others
involved in the forestry industry, explaining the
scientific ~ basis  for  the  tentative
recommendations that are made. It also
provides a knowledge base in anticipation of
recommendations and advice that may be given
in the future. Its target audience is not
restricted to the forestry industry, and because
of the large range of subject areas covered, it
will be of value to students and researchers
who require a wide but detailed coverage of
climate oriented forestry research.

Structure of the Bulletin

The Bulletin is presented as three sections.
Firstly, an introductory section describes
scenarios of how, it is thought, global warming
will affect the climate of the UK (Chapter 2).
This includes a discussion of the timeframe
over which climate change is expected to
progress and, most importantly, an indication
of the areas of uncertainty and the magnitude
of these potential errors. It is important to
realise that scenarios are not forecasts, but that
they represent a consensus view of the direction
and likely scale of any changes. In the second
section, the impacts of climate change on
individual aspects of forest growth, condition
and ecology are assessed. Each of the broad
climatic drivers; temperature (Chapter 3), wind
(Chapter 4) and rainfall and water balance
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(Chapter 5) are dealt with in turn. Many of
these predictions are made on the back of
experience of climate extremes to date, using
case studies. To these three drivers must be
added a fourth environmental variable -
carbon dioxide concentration - or, as described
in the 1970s, the ‘joker in the pack’, referring
to its ‘beneficial’ effect of preventing the next
ice-age being forecast at that time". Experience-
based analysis cannot shed light on the impacts
of rising carbon dioxide levels, but the results
of experimental impact studies are described in
Chapter 9. There is, however, evidence that
forest growth rates have increased in recent
years, and the relative contribution from a
number of factors, including rising carbon
dioxide concentrations are discussed in
Chapter 10. The second section also provides
assessments of how climate change may affect
diseases and insect pests of forest trees
(Chapters 7 and 8), and also, how climate
warming could influence the activity and
seasonality of forest fauna and flora (Chapter
6). The final section describes how predictions
of the future of UK forests can be made using
state-of-the-art models. As well as a general
description of modelling approaches to
forestry, specific examples are given of their
application to species suitability for
commercial forestry in the light of climate
change (Chapter 11) and to wildlife and
conservation value (Chapter 12). A discussion
of the implications of these assessments for
forestry policy is also given (Chapter 13).
Detailed information is provided within each
chapter, while key findings are presented for
each, and summarised in the concluding
chapter.

The reality of climate change
research in a forestry context

Although some of the individual aspects of
predicted climate change are relatively easy to
identify - and indeed, each is dealt with as a
single chapter in this Bulletin — it is the

interactions between these single factors that
makes the prediction of overall impacts of
global climate change on UK forestry an all but
impossible task. These potential interactions
are evident in the example given in Figure 1.1,
where a simplified flow diagram illustrates the
network of inter-related factors influencing the
overall effect of temperature change on forest
productivity. In this example, changing
temperature not only impacts directly on the
form and function of the tree, but also on
pests, pathogens and the environment itself,
through its effects on water balance, litter
turnover and nutrient availability. Furthermore,
changes to the timing and abundance of food
sources such as foliage and seeds will have
consequences for insect, bird and mammal
species. Any discussion of the effects of climate
change on a forest (or any other ecosystem)
should always include an awareness of potential
interactions of this nature.

It is apparent that while a simplified picture
of the impacts of climate change can be
portrayed, it is unlikely that the individual
effects will exist in isolation. The findings of
climate change research are thus more difficult
to interpret than might appear at first sight,
and it is essential that careful thought be given
to any advice offered, particularly with regard
to unseen interactions.

Forest management, research
and the future

By its very nature, forestry has long lead times
for the effects of decision-making and forest
management to be borne out. Decisions
implemented now will have consequences for
the current rotation, and as time progresses, it
will become more important to act. The
difficult task is to balance taking proactive
decisions now with an uncertain future ahead,
with the potential for acting too late, but being
more certain of the effects of and necessity for
those actions. It would be ideal to employ ‘no
regret’ strategies at this stage, and some are

Chapter 1
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Figure 1.1 Simplified flow diagram: of the impact of temperature change (boxes with red outline) on forest

ecosysiem growth and function.

available, particularly using best practice for
current conditions and not taking risks.
However, more detailed and targeted advice is
needed now, and will become increasingly
important as time progresses. Prescriptive
advice cannot be given because of the
uncertainties in the climate change predictions,
the complex responses of forest ecosystems to
them, and because of the difficulties of
incorporating disease and insect driven damage
and mortality within wider modelling
frameworks. However, we are in a position
where we can say what we think is likely to
happen in general terms, and therefore there
are conservative strategies that can be adopted.
The Bulletin will provide UK forestry with an
understanding of plobal climate change and
how forests may respond to it. With a better
understanding of the important issues,

informed decisions can he made now to protect
the future of our forests.

Finally, it is clear that advice can only be
developed and improved on the back of
continuing research. This is essential so that
new findings on the progress of climate change
can be responded to, together with
improvements in the range of uncertainties
associated with climate change scenarios.
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KEY FINDINGS

The Changing Climate
of the UK:
JNio and in the Future

There is convincing evidence that human activities, notably the
burning of fossil coal, oil and gas for energy and changing land use,
are altering the global climate.

Analysis of historic climate data confirms that the UK climate has
recently been warming at a rate of between 0.1%C and 0.2°C per
decade; cold days are fewer, hot days are more frequent, and the
growing season has lengthened. More of the annual precipitation falls
in winter and less in summer, and more of the increased winter
precipitation falls in heavier events,

Future warming over the UK during the 21st century is likely to be in
the range of 0.12C to 0.32C per decade, with more rapid warming in
the southeast compared to the northwest. Warm years, such as 1997,
will become increasingly frequent — for some scenarios by the 2080s,
nearly all years will be warmer than 1997.

Winters in the UK are likely to become wetter, summers perhaps a
little drier. Summer soil moisture levels will decrease. Precipitation
events, especially in the winter half-year, are likely to become mare
intense,

There is rather mixed evidence for changes to the storm regime of the
UK. Very severe winter gales may increase in number, as may summer
gales, but the changes are not large and the conclusion is not robust.
Climate warming will cause further rises in sea-level around the UK
shoreline — by between 1 cm and 10 cm per decade over the next
100 years. Relative sea-level will increase the most in the areas where
land is already sinking, for example the southeast, and will increase
the least in the north and west. Extreme high water levels for many
parts of the UK shoreline are likely to increase,
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What is happening to global
climate and why?

The changing global climate

Evidence for the warming of our planet over
the past one hundred years is now
overwhelming'. This is seen not only in climate
observations, but also in physical and
biological indicators of environmental change
such as retreating placiers, thinning of Arctic
sea-ice and longer growing seasons. Scientists
are also increasingly confident that many of the
patterns associated with this warming suggest
an anthropogenic influence on climate’. This
raises the remarkable likelihood that over the
next one hundred years we will fashion a
climate on Earth that will be warmer than any
that the human species has previously lived
through. The rate of this change may be
unprecedented in the history of our planet and
may induce significant risks for human welifare
and sustainability.

Recent work' has established the first
reconstructions of Northern Hemisphere
surface air temperature for the last millennium

CLIMATE CHANGE:
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based on a combination of tree-ring, ice core,
coral and historical documentary evidence
(Figure 2.1). While the uncertainty of these
series increases further back in time, the data
indicate relarively cool centuries between 1600
and 1900, highlight the effect of large volcanic
eruptions in cooling the planer in cerrain years
(e.g. 1601), and clearly suggest that the
observed twentieth century warming has been
most unusual. The year 1998 was probably the
warmest of the last millennium,

Instrumental climate data allow us to
menitor more accurately the changing global-
mean air temperature since 1856. These dara
show a global warming at the surface of
between 0.4°C and 0.8°C, with the six
warmest years all occurring in the last decade.
For the majority of land areas the recent
warming has been grearer ar night-time than
during the day, partly reflecting increased
cloudiness over land. Data series are much
shorter for upper air temperatures (above 8
km), but radiosonde measurements taken since
the 1960s supgest that the lower stratosphere
has been cooliug at a rate of abour 0.5°C per

decade.

Figure 2.1 Record of Northern Hemispbere mean summer surface air temperature (1000AD to 1998AD)
reconstructed using palaeo-data and expressed as deviations from the 1961-90 average of 20.5°C. The

observed data are shown in black. [Source: Tim Qsborn, CRU.
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The Changing Climate of the UK: Now and in the Future

The human influence on climate

Why should the surface of the planet have
warmed in such a way, while the lower
stratosphere has cooled? Global climate can
vary naturally, due both to what is called
‘internal variability’ within the climate system
and to changes in external forcing unrelated to
human activities — for example, changes in the
sun’s radiation and volcanic activity. Recent
climate model simulations show that these
natural causes of global temperature variability
cannot, on their own, explain the observed
surface warming?. When these simulations are
repeated with rising historic concentrations of
greenhouse gases and shifting distributions of
sulphate aerosols, much better agreement
between observed and modelled global
patterns of temperature change is achieved.
Although the precise contribution of human
activities to global warming cannot yet be
stated with confidence, it is clear that the planet
would not be warming as rapidly if humans
were not currently emitting about 6.5 billion
tonnes of carbon into the global atmosphere
each year. The Intergovernmental Panel on
Climate Change (IPCC) concluded in its recent
Third Assessment Report’ that, ‘. . . most of the
warming observed over the last 50 years is
likely to be attributable to human influence.’

Possible future climates and sea-level rise

Given that humans are implicated in the cause
of global warming, and recognising that the
potential consequences of a rapidly warming
climate for natural and human systems are
large, it becomes important to estimate the
possible range of future climates we will
experience over future decades and centuries.
Fundamental to this exercise are estimates of
future greenhouse gas emissions — whether
from energy, industrial or land-use sources. Of

particular importance are estimates of future
carbon dioxide (CO,) emissions, the
greenhouse gas that alone causes about
60-65% of the human-induced greenhouse
effect. Recent calculations’ suggest that, given
the range of possible future emissions cited in
the IPCC Special Report on Emissions
Scenarios®, the current 2001 CO, concentration
of about 370 ppm would rise by 2100 to
between 540 ppm and 970 ppm. These
concentrations compare with concentrations
before the industrial age of only about 280
ppm. Concentrations of other important
greenhouse gases are also expected to continue
rising, with changes in methane (-11 to
+112%), nitrous oxide (+12 to +46%) and
tropospheric ozone (-12 to +62%) predicted
from the same set of emissions scenarios’.

What effect will this growth in CO, and
other greenhouse gas concentrations have on
global climate? It depends largely on how
sensitive the Earth’s climate is to rising
greenhouse gas concentrations. By combining a
range of choices for the climate sensitivity®
with the range of possible future emissions, a
range of future changes in global temperature
and sea-level can be calculated. The annual
global-mean surface air temperature over the
period 1961-90 was 14.0°C and this has
already risen to 14.3°C during the 1990s. In
the future, the planetary temperature reaches
between 15.4°C and 19.8°C by 2100 according
to the IPCC Third Assessment Report,
representing rates of change of between 0.1°C
and 0.5°C per decade. This compares to a
global warming rate of 0.15°C per decade since
the 1970s and a warming of about 0.05°C per
decade since the late 19th century.

One of the most striking consequences of a
warming climate will be the rise in global-mean
sea-level. Observed sea-level has risen by
between 10 and 25 c¢cm over the last century,
reaching its highest level during the 1997/98

9The climate sensitivity is defined as the change in global-mean temperature that would ultimately be reached following a doubling of
CO, concentration in the atmosphere (e.g. from 275 ppm to 550 ppm). The IPCC have previously reported the likely range for this

quantity to be between 1.5°C and 4.5°C.
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El Nifio event, and recent calculations® suggest
a future rise of between 9 ¢cm and 88 cm by
2100 compared to the average 1990 level. The
largest contribution to this sea-level rise comes
from the expansion of warmer ocean waters,
while melting land glaciers contribute up to
20%.

Mitigating climate change and adapting
to its effects

How much of this anticipated climate change
can be averted by policy-directed reductions in
greenhouse gas emissions? The answer depends
both on how carbon and other emissions will
evolve in the absence of climate policy and on
the extent to which climate policy measures are
introduced regionally or world-wide. For
example, under the terms of the Kyoto
Protocol, signed in 1997 but not yet ratified,
greenhouse gas emissions from industrialised
countries have to fall by the end of the first
commitment period in 2012 to 5.2% below
their 1990 levels. This target, if achieved in
isolation, would reduce future global warming
to 2100 by at most 0.1°C to 0.2°C, depending
on how the global economy evolves”. Of
course, the intention behind the Protocol is for
progressively larger reduction targets to be
negotiated, ultimately involving a wider set of
nations. Such longer-term, planned emissions
reductions would achieve greater drawdown in
the global warming rate, but most analysts
would see such mitigation efforts — even under
optimistic assumptions — limiting global
warming by 2100 to a minimum of about
1.5°C.

Given this prospect .of future climate
change it is important that our climate change
management strategy includes efforts both to
slow the pace of change (mitigation by
pursuing options for emissions reductions) and
to anticipate the residual, unmitigated risks
(adapting our resource and management
systems to cope with changing climate and
emerging climate change impacts).

What are climate change
scenarios?

The rest of this chapter will translate the above
global picture into a set of climate change
scenarios for the UK. Climate scenarios present
coherent, systematic and internally-consistent
descriptions of changing climates. These
scenarios are typically used as inputs into
climate change vulnerability, impact or
adaptation assessments, but are used in many
different ways by many different individuals or
organisations. Some studies may require only
semi-quantitative descriptions of future
climates, perhaps as part of a scoping study.
Others may need quantification of a range of
future climates, perhaps with explicit
probabilities attached, as part of a risk
assessment exercise. Others still may require
information for very specific geographical
areas. There is also a range of time horizons
that may be considered relevant, depending on
the type of decision to be made. Water
companies may be concerned with operating
conditions over the near-term (10-20 years),
while coastal engineers or forestry investment
decisions may need to consider longer-term
horizons.

Climate change scenarios most
commonly constructed using results from
global climate model (GCM) experiments.
These model experiments provide fairly
detailed descriptions of future climate change
that can be used to inform vulnerability and
adaptation assessments. GCM-based scenarios,
however, are uncertain descriptions of future
climate for a number of reasons®.

One fundamental source of uncertainty in
describing future climate originates from the
unknown world future. How will global
greenhouse gas emissions change in the future?
Will we continue to be dominated by a carbon-
intensive energy system? What environmental
regulation may be introduced to control such
emissions? Different answers to these questions
can lead to a wide range of possible emissions

are
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scenarios’. Since any climate change GCM
experiment has to choose an emissions
scenario, different choices can lead to quite
different climate outcomes.

The second main source of uncertainty in
climate change prediction stems from different
values of the climate sensitivity and from the
contrasting behaviour of different climate
models in their simulation of regional climate
change. These latter differences are largely a
function of the different schemes employed to
represent important processes in the atmosphere
and ocean (known as parameterisations) and
the relatively coarse resolutions of the models.
In the Hadley Centre GCM, for example, the
UK land area is represented by just four
gridboxes, making it impossible to differentiate
between the climate change predicted for, say,
the Lake District and Merseyside or for the
Wash and the Thames Estuary.

Given the above difficulties in making firm
predictions about future climate, how is it best
to proceed? Do we try to make the ‘best’
judgement or most likely estimate of future
greenhouse gas emissions, employ the ‘best’
model we can find, and then create the ‘best’
estimate of future climate change? This is the
sort of approach that leads to a ‘best guess’ or
‘business-as-usual’ climate scenario. Alter-
natively do we consider a wide range of
emissions scenarios and climate modelling
uncertainties to try to capture a wide range of
possible climate outcomes for a region like the
UK? In this case we have to judge where the
important extremes in the range of possibilities
lie, but still keep the number of resulting
climate scenarios to a manageable minimum. A
third approach would be to establish
probabilities for different levels of climate
change within these ranges, rather than
regarding each climate scenario as equally
likely®. This allows uncertainties to be handled
using risk management frameworks.

The climate scenarios used in this chapter
are based on those published in 1998 for the
UK Climate Impacts Programme - the so-

called UKCIP98 scenarios". These scenarios
adopted the second approach described above,
in that four alternative scenarios of climate
change for the UK spanning a ‘reasonable’
range of possible future climates were
presented. These scenarios were labelled Low,
Medium-low, Medium-high and High, the
labels referring to their respective global
warming rates. The scenarios rely largely on
two sets of GCM experiments completed by
the Hadley Centre during 1995 and 1996.
These experiments were undertaken using a
coupled ocean-atmosphere GCM called
HadCM2. This model has been extensively
analysed and validated and represents one of
the leading global climate models in the world.
These UKCIP98 scenarios have been widely
used in UK climate impacts assessments over
the past four years. New modelling work has
now been completed by the Hadley Centre and
the next set of national UK scenarios for the
UK Climate Impacts Programme will be
published in April 2002.

Recent observed trends in UK
climate

The UK possesses some of the most extensive
instrumental climate time series in the world,
the longest being the Central England
Temperature series which extends back to
1659. This presents a unique opportunity to
examine climate variability in the UK on long
time-scales based on observational data. It
would be advantageous if we could treat these
long time series as describing purely natural
climate variability, thus enabling us to better
identify what level of human-induced climate
change is truly significant. This may not be a
correct interpretation, however, since — at least
in the most recent century — human forcing of
the climate system has been occurring through
increased atmospheric concentrations of
greenhouse gases. What we are probably
observing in these long instrumental data
series, therefore, is a mixture of natural climate
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13



Bulletin 125 |

CLIMATE CHANGE:

variability and human-induced climate change,
with the contribution of the latter increasing
over time. [t is nevertheless very instructive,
before we progress to examine future climate
change scenarios, to look back and appreciate
the level of climate variability that the UK has
been subject to over recent generations. This
involves us in examining vear-to-year, decade-
to-decade and even century-to-century
variations in relevant climate indices. It 1s
within this history of past climate that the
British environment, economy and society —
including cur forest management system — has
evolved and to which it has in some measure
adapted. Just as future climate change can only
be sensibly interpreted against a background of
observed climate variability, so reo the impacts
of future climate change for the UK can only be
properly context of
environmental and societal adaptation to past
climate variability.

evalvated in the
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Changing temperatures

The annual values of the Central England
Temperature {CET) series" are plotred in
Figure 2.2, together with a version smoothed
to emphasise the decadal scale rrends. From the
CET data three things are evident. First, there
has been a warming of UK climate” since the
17th century. A linear trend fitted through the
time series suggests a warming of about 0,7°C
over three hundred years and of abour 0.5°C
during the twentieth century. Second, this
warming has been greater in winter (1.1°C)
than in summer (0.2°C). Third, the cluster of
warm years at the end of the record means that
the 1990s decade — 1990 to 1999 — was the
warmest in the entire series, with four of the
five warmest years since 1659 occurring in this
short period.

The CET series can also be used to examine
changes in daily temperature extremes,

Figure 2.2 Central England Temperature annual anomalies (°C) for the period 1659 fo 2000 expressed with

respect to the 1961-90 mean. The smoothed curve (30-vear filter} emphasises decadal scale trends, and the

black line is the equivalent global temperature anomaly.
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bAlthough the Cenrral England Temperarure record is based on measurements in the English Midlands, the year-to-year values are highly

correlated with temperature variations over most of the UK.
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although in this case only since 1772'". Figure
2.3 shows the frequencies of ‘hot’ and ‘cold’
days in cenrral England over this period, where
hot and cold are defined as days when mean
temperature is above 20°C and below 0°C,
respectively. There has been a marked
reduction in the frequency of cold days since
the 18th century particularly during March
and November. The annual roral has fallen
from becween 15 and 20 per year prior to the
20th century to around 10 per year over most
of the 20th century. There has been a less
perceptible rise in the frequency of hor days,
although several recent years (1976, 1983,
1995 and 1997) have recorded among the
highest annual frequencies of such days. As

with annual remperature, the last decade has
seen the highest frequency of such days in the
entire series averaging about 7.5 hot days per
year, nearly twice the long-term average. The
warm year of 1995 recorded 26 hor days in
central England, the highest total in 225 years
of measurements.

Changing precipitation

There are no comparable long-term trends in
annual precipitation, whether over England
and Wales or over Scotland. Variations over
thirty-year time-scales have, nevertheless, on
occasions exceeded £10% on an annual basis,
or over =20% on a seasonal basis. These are

Figure 2.3 Occurrence of ‘hot’ and ‘cold” days derived from daily-mean temperature (T,,,,,) in the CET series

from 1772-1997. ‘Hot’ days are with T .., greater than 20°C and ‘cold’ days are with T ,,,,,, below 0°C.
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quite large fluctuations in multi-year
precipitation and taking such estimates to be
the background level of natural precipitation
variability on these time-scales has important
implications for how water and other moisture
sensitive resources are best managed in the UK.
There have been systematic changes in the
seasonality of precipitation, however, with
winters becoming wetter and
becoming drier. This increasing Mediterranean-
like precipitation regime has been evident in
both Scotland and in England and Wales.

Also noticeable over recent decades has
been an increase in the proportion of winter
precipitation falling in the heaviest intensity
storms, a trend that has been noted across the
UK". The shift towards higher intensity
precipitation in winter has been mirrored by a
shift towards less intense precipitation in
summer. There have been no coherent national
trends in the precipitation intensity distributions
of spring and autumn.

summers

Changing storminess

The available data on gale frequency over the
UK only extend back to 1881 and this series
shows no long-term trend over the 120-year
period. Gale activity is highly variable from
year-to-year. For example, a minimum of two
‘gales’ occurred in 1985 and a maximum of 29
gales occurred in 1887. The 1961-90 average
is for just over 12 ‘severe gales’ to occur in the
UK per year, mostly in the period November to
March. The middle decades of the 20th century
were rather less prone to severe gales than the
early and later decades and the highest decadal
frequency of ‘severe gales” (15.4 per year) since
the series began in 1881 was recorded during
1988 to 1997.

IMPACTS ON UK FORESTS

Changing sea-level

A final indicator of trends in UK climate relates
to sea-level, with climate warming anticipated
to lead to a rise in global-mean sea-level. Long-
term series of tide-gauge data for a number of
locations around the UK coastline have been
analysed®. All of these series indicate a rise in
mean sea-level, ranging from 0.7 mm yr' at
Aberdeen to 2.2 mm yr' at Sheerness. These
raw estimates of sea-level change need
adjusting, however, to allow for natural rates
of coastline emergence and submergence
resulting  from  long-term  geological
readjustments to the last glaciation. The
adjusted net rates of sea-level rise resulting
only from changes in ocean volume range from
0.3 mm yr' at Newlyn to 1.8 mm yr"' at North
Shields. These data provide convincing evidence
of a rising ocean around the UK coastline.

Future changes in UK climate

This section presents a summary of climate
changes for the UK for the four UKCIP98
scenarios‘ referred to earlier®. Climate changes
are presented for one of three future 30-year
periods centred on the 2020s, the 2050s and
the 2080s. The climate changes for each of
these periods are calculated as the change in
thirty-year mean climates with respect to the
1961-90 average. The 2020s are therefore
representative of the period 2010-2039, the
2050s of 2040-2069 and the 2080s of
2070-2099. The changes shown here are those
anticipated to result from greenhouse gas
forcing of the climate system under the
assumptions discussed earlier. Natural climate
variability (i.e. the noise of the system) will in
reality modify these magnitudes and patterns

¢ The change patterns for the Low scenario are derived from the HadCM2 GGd experiment and for the High scenario from the HadCM2
GGa experiment. In cach of these cases, the GCM patterns are scaled by the respective global warming curves to yield magnitudes of
change for the UK consistent with these low {1.1°C warming by the 2080s) and high (3.5°C) rates of global warming. The change
patterns for the Medium-low (1.9°C warming by the 2080s) and Medium-high (3.1°C) scenarios are extracted directly from the respective

HadCM2 experiments, GGd and GGa.
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Figure 2.4 Change in winter mean temperature (with respect to the 1961-90 mean) for 30-year perfods
centred on the 2020s, 2050s and 2080s and for the four UKCIPI8 scenarios. Top: Low scenario, charnges
are scaled from the HadCM2 GGd ensemble-mean. Second row: Medium-low scenario, changes are from
the HadCM?2 GGd ensemble-mean. Third row: Medium-high scenario, changes are from the HadCM2 GGa
ensemble-mean. Bottom: High scenario, changes are scaled from the HadCM2 G Ga ensemble-mean.
Background fields are interpolated from the full HadCM2 grid, while the highlighted numbers show the
change for each HadCM2 land gridbox over the UK.
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of change, whether this variability is internally
generated or whether it results from external
factors such as solar variability or volcanic
eruptions.

Changes in temperature

Figure 2.4 shows the changes in winter mean
temperature for the four UKCIP98 scenarios.
For all scenarios and for all seasons (not
shown) there is a northwest to southeast
gradient in the magnitude of the climate
warming over the UK, the southeast
consistently warming by several tenths of a
degree Celsius more than the northwest.
Warming rates vary from about 0.1°C per
decade for the Low scenario to about 0.3°C for
the High scenario. Although in general
warming is greater in winter than in summer,
this is not always the case. In the Medium-low
scenario for example, summers over southeast
England by the 2080s are 2.4°C warmer than
the 1961-90 average, while winters warm by
only 2.0°C. The year-to-year variability of
seasonal and annual-mean temperature also
changes. Winter seasonal-mean remperatures
become less variable (because of fewer very
cold winters), while summer seasonal-mean
temperatures become more variable (because
of more frequent very hot summers).

The consequences of rising mean
temperature and changing inter-annual
temperature  variability  are  changing

probabilities of very hot years (and seasons).
Table 2.1 shows the changing probabilities that
the annual mean temperature anomaly
experienced in Central England in 1997 will be
exceeded in the future’. Under all four
scenarios, such an annual anomaly becomes
much more frequent, occurring once per
decade by the 2020s under the Low scenario

IMPACTS ON UK FORESTS

and nearly seven times per decade under the
High scenario. By the 2080s, virtually every
year is warmer than 1997 in the Medium-high
and High scenarios, and between 55 and 30%
of years are warmer than 1997 in the Low and
Medium-low scenarios.

The distribution of daily temperature
extremes also changes in the future. The shapes
of the distributions do not change greatly, but
they are all displaced by approximately the
mean seasonal warming expected by the 2080s.
Thus for southeast England in winter, the
mildest nights are currently about 12-13°C,
but by the 2080s some winter nights reach
15°C. Similarly in summer over Scotland, the
hottest days currently reach between 23°C and
24°C, but by the 2080s some daily maxima
reach 27°C. Some further specific examples of
changing probabilities of model-simulated
daily temperature extremes are shown in
Table 2.2-.

Table 2.1 Percentage of years in southern UK
exceeding an annual-mean temperature anomaly of
1.06°C above the 1961-90 mean (i.e. the observed
1997 anmual anomaly for Central England) under
the four UKCIP98 scenarios. The 1961-90 values are
based on model simulations and not on observations.

Low 6 13 26 | 56

Medium-low 6 47 74 88
Medium-high 6 59 85 99
High 6 67 89 100

d 5
1997 was the third warmest year ever recorded in the UK, nearly 1.1°C warmer than the average 1961-30 temperature.

"It should be noted thar all these quored remperatures refer to model-simulations; although the relative changes may be credible, the

absolure numbhers cired will differ from sitc observations.
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Table 2.2 Probability of daily temperature
extremes for Scotland and SE England derived
from the HadCM2 model for the UKCIP Medium-
high scenario. Note: these probabilities are for
climate mode! gridbox regions (~10 000 knt’) and
therefore the absolute probabilities will differ from

those measured at individual stations.

Winter nights
below freezing

Summer days
above 25°C

Present .28 0.2¢ 0.00 0.06
(1961-90)

Future .1 0.07 0.01 0.18
(2080s)

Changes in precipitation

The patterns of precipitation change are less
consistent between seasons and scenarios than
the equivalent temperarure changes. Annual
and winter precipitation increases for all
regions, periods and scenarios, although the
annual increases by the 2080s for the Low and
Medium-low scenarios are very modest at only
a few per cent of current precipitation. Winter
precipitation increases are largest and reach
20% or more for the 2080s in the High
scenario. Increases in winter precipitation of
this magnitude are certainly significant. For the
summer season, there is a general tendency for
drying in the south of the UK and wetting in
the north. These summer changes are modest,
however, and probably only significant in the
southeast of the UK and for the 2080s period in
the Medium-high and High scenarios. Autumn
displays patterns of change broadly similar to
winter, while precipitation changes in spring are
generally very small and not significant,
Despite these contrasting changes in mean
seasonal precipitation, all seasons experience
an increase in the vyear-to-year relarive
variability of seasonal precipitation throughout
the UK. This means that seasonal precipitation

totals will differ from the average level by
greater amounts more often in the fucure than
at present. Two examples of what this may
mean for furure precipitation anomalies are
shown in Table 2.3. The probability of summers
experiencing rainfall of less than 50% of the
long-term average increases very substantially.
By the 2080s such dry summers occur once per
decade compared to once per century under
modelled present-day climate. In contrast, the
probability of successive dey years — detined as
a two-vear precipitation deficit of 10% or
more compared with the long term average —
changes little in the future. By the 2080s, such
successive dry years actually become less likely
because the increased summer precipitation
deficits are more than compensated for by
increased precipitation in other scasons. The
statistics in Table 2.3 relate to precipitation
only and make no allowance for increased
moisture deficits induced by higher evaporarion
losses. The warming UK climate is likely to
lead to higher evapo-transpiration rates. For
the Medium-high scenario for example,
summer potential evapo-transpiration increases
by up to 10% or more over southern UK,
Summer droughts — when defined in terms of
precipitation minus evaporation - are likely to
become much more frequent in the furure,
especially over the southern UK,

Table 2.3 Percentage of years experiencing seasonal

precipitation anomalies across southern UK for present
climate (1961-90) and for three future 30-year periods
for the Mediwm-high scenaria, The 1961-90 values are
based on model simulations and not on observatinns.

1961-90| 2020s| 20505 20805

Summer total

below 50% 1 7 12 10
of average

2-year total

below 0% 12 11 14 6
of average

19
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It was noted earlier that the intensity of
daily winter precipitation in the UK has been
observed to be increasing over recent years.
Increases in the intensity of daily precipitation
over the UK are also a feature of the UKCIP98
climate scenarios - in both winter and summer
seasons. However, the predicted increase in
summer precipitation inrensiries is not
consistent with recent observed trends, and
indeed, more recent Regional Climate Model
simulations from the Hadley Centre show no
increase in summer precipitation intensity. The
furure increase in precipitation intensity in the
winter half-year is likely to increase the risk of
riverine flooding in various UK catchments.
Analysis of the daily precipitation regimes over
the UK in the Hadley Centre Regional Climare
Model (RCMY confirms these increases in
winter precipitation intensity', with the most
intense daily precipitation events increasing in
frequency by up to 75% by the 2080s
(Medium-high scenario).

Changes in storminess
Storminess is measured here in terms of gale

frequencies derived from large-scale pressure
fields. Chanpes in the frequencies of three

IMPACTS ON UK FORESTS

different categories of gales are shown in Table
24 for the Medium-high scenario. For the
winter season, there is a suggestion that overall
gale frequencies may decline in the furure,
although very severe winter pgales increase.
Note that the sign of the changes in severe gale
frequencies varies between the three periods,
and this indicates that a clear anthropogenic
signal in severe gale frequencies is not easily
detectable from the notse of natural climate
variability. Summer gales are much less
frequent {less than 2 per year) than winter
gales and consequently any changes in summer
gale frequencies are likely to be small.

Related to this analysis of gale frequencies
are changes in airflow characreristics over the
UK. Three aspects of airflow can be analysed:
flow strength, vorticity (i.e. anticyclonic or
cyclonic flow) and flow direction. This analysis
suggests a tendency for autumns to experience
windier conditions, with a reduction in
northerly and easterly flow and an increase in
southwesterly and westerly flow. Summers
become slightly more anticyclonic in character
with more westerly and northwesterly flow,
while winter and spring become slightly less
anticyclonic. These changes in airflow
characteristics may be important for certain

Table 2.4 Changes in seasonal gale frequencies over the British Isles for the 2020s, 2050s and 20805 for the
Mediun-bigh scenario shown as per cent changes from the 1961-90 mean. The 1961-90 frequencies are

calculated from climate model outputs and not from observations.

Winter gales 10.9
Winter severe gales 8.5
Winter very severe gales 1.4
Summer gales 1.8
Summer severe gales 1.1
Summer very severe gales 0.1

2020s 2050s
Gales per year % change % change
-1 -9

2080s
% change
-5

-1 -10 -5
+8 -10 +11
+3 0 +14
0 -2 +15
+25 -16 +9

fThe RCM operates at a spatial scale of 50 km, compared to the GCM (from which the UKCIP8 scenarios were derived) resolution of

about 300 km.
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aspects of the UK environment, for example air
pollution levels in cities or episodes of acid
deposition.

Changes in sea-level

Changes in mean sea-level around the UK coast
are likely ro be similar to the global average.
Results from the HadCM2 simulations
indicate cthar by the 2050s, this rise for the UK
region will be within 2-3 ¢m of the global
mean. However, there will be regional
differences in the rate of sea-level rise due to
regional changes in ocean currents and
atmospheric pressure that lead to greater rates
of thermal expansion and water accumulation
in the northeast Atlantic compared to the
global average. What is more important when
evaluating these sea-level changes, however, is
to consider natural verrical land movements
and changing storm-surge regimes.

Vertical land movement (a naturally rising
or falling coastline} occurs as a result of
isostatic adjustments. The UK is tilting as a
result of such adjustment, so that much of
southern UK is presently sinking and much of
northern UK is rising. Some representative
rates for the UK coastline are shown in Table
2.5, alongside the climate-induced changes in
sea-level for the 2050s. The two most extreme

regions for vertical land movements are East
Anglia — sinking by 9 cm by the 2050s ~ and
western Scotland — rising by 11 ¢m. Under the
lower scenarios of climare-induced sea-level
rise these natural land movements can be very
significant in exacerbating or reducing the
estimated climate-induced change in mean sea-
level around the UK coast.

A second factor to consider in relation to
sea-level rise and coastal flooding risk is the
changing nature of storm surges. A rise in
mean sea-level will result in a lower surge
height being necessary to cause a given flood
event, leading to an increase in the frequency
of coastal flooding. If surge statistics remain
the same in the future this changed flooding
risk may be calculated quite simply. However,
surge statistics may change for a number of
reasons, The tracks and intensity of mid-
latirude cyclones may change in the future and
the formation and evolution of storm surges
may also change, particularly in shallow waters.

Consideration of uncertainties

The furure climates of the UK illustrated in this
section are scenarios. They are plausible and
self-consistent descriptions of furure UK
climate, but they originate from different
assumptions abour future emissions of

Table 2.5 Representative changes in sea-level (cm) around the UK coast by the 2050s due to global climate
change only ("Clumate’} and to the combined effect of climate and natural land movements {'Net’). The
global-mean climate-induced sea-fevel changes are used here, but adjusted by 10% to account for slightly

higher rates of increase around the UK coastline. Changes are with respect to average 1961-90 levels.

L e T e e B ) BT

West Scotland 13 20
East Scotland 13 8 20
Wales 1% 18 20
English Channel 13 19 20
East Anglia 13 22 20

28 17
15 28 23 74 69
25 28 33 74 79
26 28 34 74 80
29 28 =7 74 83
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greenhouse gases. Furthermore, the trans-
formation of these emissions into future
climate change estimates is itself beset with
uncertainty due to the role of other climate
agents and poorly represented processes in the
climate models.

The existence of uncertainties does not
imply the absence of knowledge. There are
some aspects of future climate change about
which there is greater confidence than others.
Although formal levels of confidence cannot
easily be applied, there is more confidence in
predictions of future increases in CO,
concentrations and in mean sea-level than
there is about increases in storminess or more
frequent summer droughts.

It is worth briefly rehearsing five of the
main sources of uncertainty about future
climate prediction since all of these qualify the
descriptions of future UK climate summarised
here. These five main sources of uncertainty are:

* unknown future greenhouse gas emissions

e natural climate variability

e different responses between different global
climate models

* poorly resolved regional and local climate
changes

e the possibility of relatively rapid, non-linear
changes in the climate system.

Uncertain future greenhouse gas
emissions

The UKCIP98 scenarios assume two different
future growth rates for greenhouse gas
emissions — 1% per annum growth in net
atmospheric greenhouse gas concentrations for
the High and Medium-high scenarios and
0.5% per annum growth for the Medium-low
and Low scenarios. The 1% per annum growth
rate approximates to the 1S92a emissions
scenario which has been widely used as a
standard emissions profile, while the 0.5% per
annum growth rate approximates to an
emissions profile more like 1S92d. The 1990s

IMPACTS ON UK FORESTS

growth rate in net greenhouse gas
concentration was approximately 0.7% per
annum. These IS92 emissions scenarios were
non-intervention scenarios and were based on
different assumptions about future population
and economic growth and about different
energy futures. It is possible of course that
future concentration growth rates may fall
outside this range.

The effects of natural climate variability

Other factors that are also not ‘predictable’
will almost certainly affect climate, in
particular cooling due to volcanic dust and
both warming and cooling due to the changing
energy output of the sun. However, the climate
effect of even a major volcanic eruption such as
Mount Pinatubo in 1991 disappears after a few
years and so, barring an unusual succession of
major energetic eruptions, modifications of the
climate change scenarios shown here due to
volcanoes are likely to be small. Although
variations in the direct output of the sun affect
climate, this effect has been small over the past
100 years and there are no indications that
these quite modest effects will change in the
future. There are theories that the sun can
affect climate in indirect ways, such as its
ability to modify cosmic rays and potentially
cloud cover, but they remain speculative.

The natural internal variability of the
climate system may also modify the climate
change scenarios described here. For example,
natural internal climate variability may cause
the 30-year average climates described here to
vary in temperature by up to +0.6°C in winter
and up to about +0.4°C in summer and in
precipitation by up to about £10% in both
summer and winter.

Uncertainties arising from climate
modelling

The UKCIP98 climate scenarios are based on
results from the HadCM2 climate model
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experiments — results from other GCM
experiments were not used. There are a
number of climate laboratories around the
world, however, that perform similar climate
experiments to the Hadley Centre. Different
global climate models yield different regional
climate changes, sometimes quite large
differences, and it is difficult to know which
are inherently more believable. For example, a
number of other leading global climate models
show more rapid annual warming over the UK
compared to the UKCIP98 scenarios, in some
cases by almost 1°C. For precipitation, all
leading models show an increase in annual and
winter precipitation over northern UK, but
differ in their response in the south of the
country and in summer. Some models show
more extreme summer drying than the
UKCIP98 scenarios and some models show less
drying. Quantifying such differences between
models is important if the full range of
uncertainty is to be sampled".

Obtaining regional scenario information

The climate scenario information for the UK
has been depicted at the spatial scale that is
resolved by the HadCM2 climate model,
namely 2.5° latitude by 3.75° longitude. This
model resolves only four discrete regions
within the UK - roughly describable as
‘Scotland’, the ‘Scottish/English borders’,
‘Wales” and ‘England’. The coarse resolution of
global climate models such as HadCM2 has a
number of implications for the climate change
scenarios derived from them. First, the coarse
GCM-grid greatly simplifies the coastline and
topography of a country like the UK. For
example, the Shetland Islands do not exist in
HadCM2 and the ‘Scotland’ gridbox has a
uniform elevation of 221 metres. These
simplifications of geography may alter the
larger-scale circulation in the model and make
the modelled response to anthropogenic
forcing — even at the GCM resolution —
different from what it would realistically be.

Second, within each gridbox there is a great
deal of heterogeneity in the land cover
characteristics that interact with the
atmosphere. This heterogeneity cannot be
captured by a GCM and, again, means that the
large-scale modelled response to external
forcing is greatly simplified. Third, and largely
because of the first two limitations, within a
single GCM gridbox there may in reality be
quite different climate responses to
anthropogenic forcing. Thus warming over the
east of Scotland may be different to warming
over the west. The UKCIP98 scenarios cited
here cannot discriminate between such local
differences, although recent work using higher
resolution climate models has explored these
questions (e.g. for Scotland').

This coarse spatial resolution of GCM-
based scenarios is therefore at first sight a
limitation in their application to a wide range
of impact assessments. These assessments may
either be quite localised, around a single river
catchment or urban area, or may operate on a
national scale, but with a spatial resolution of
kilometres or tens of kilometres rather than
hundreds of kilometres — for example a
national land use classification assessment. Just
how much of a limitation this is requires some
consideration of the problem of ‘downscaling’
climate change information.

Rapid and non-linear climate change

The UKCIP98 climate scenarios have been
derived from climate models that include the
best possible representation, consistent with
current understanding and computing
limitations, of processes in the atmosphere,
ocean and land that will determine climate
change. However, we do not understand the
climate system well enough to be able to rule
out other outcomes. It has been suggested, for
example, that relatively rapid climate change
could occur if the climate system shows a non-
linear response to increased greenhouse gas
concentrations.

Chapter 2
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One example of this would be a change in
the thermohaline circulation (THC) of the
world’s oceans. The THC consists of strong
ocean currents that transport large amounts of
heat around the world. It has been suggested
for some time that a collapse of the THC in the
North Atlantic could cause cooling over
northwest Europe. The Hadley Centre model,
in common with some others, shows a slow
weakening of the THC as greenhouse gas
concentrations increase'’. Recent observational
work is also suggesting that we might be
detecting the first signs of a weakening in the
North Atlantic ocean circulation®. It is
important to realise, however, that the slow
cooling due to this effect will only partially
offset the general warming from the increases
in greenhouse gases. The North Atlantic will
still warm, but parts will warm at a slower rate
than if the THC had remained constant. A
sudden, more dramatic collapse of the THC
has not been seen in any experiment using the
most  comprehensive climate  models.
Nevertheless, we must take the possibility
seriously because of the potential major impact
of such an event. At present, however, we have
little way of assigning even a nominal
probability to such an event occurring, which
makes planning and preparing for this
eventuality very difficult.

Another potential non-linearity in the
climate system stems from the response of the
natural carbon cycle to human-induced climate
change; this factor is not included in the
UKCIP climate scenarios. The Hadley Centre
recently developed a climate model which for
the first time included an interactive carbon
cycle”. This showed that human-induced
climate change could result in the dying back
of some natural forested areas, with a
consequent release of additional CO, into the
atmosphere. Higher temperatures may also
cause soils to give up some of their stored
carbon (see Chapter 5). Both these factors lead
to a substantially higher model-simulated
atmospheric CO, concentration in the future,
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and hence to a more rapid climate change. This
result is preliminary, but at least indicates the
potential for amplification of climate change
via a positive carbon cycle feedback.

A third area for concern lies in the
behaviour of the West Antarctic Ice Sheet
(WAIS). It is possible that a much more rapid
rise in sea-level than suggested in our scenarios
could occur should the WAIS disintegrate. The
WAIS is grounded below sea-level and is
therefore potentially unstable. If it were to
disintegrate completely, global sea-level would
rise by about five metres. Predictions about the
contribution of the WAIS to sea-level rise are
difficult and uncertain for at least two reasons.
First, is the complexity of processes
determining the stability of the WAIS and,
second, is the uncertain relationship between
changes in accumulation and discharge of ice
due to global warming and the effects of
natural millennial-scale trends in climate. One
recent assessment® suggests that the WAIS
contributed relatively little to sea-level rise in
the 20th century, but over following centuries
higher discharge rates from the ice sheet
increase its contribution to sea-level rise to
between 50 and 100 cm per century.

Conclusions

This chapter has provided a brief survey of the
evidence that global and UK climate is
changing and concludes, on the basis of the
Third Assessment Report of the IPCC, that it is
likely that much of the recent observed
warming of climate is due to human activities.
This being so, it appears very likely that global
and UK climate will continue to warm over the
21st century, the rate of warming depending in
large measure on how the global energy
economy develops in the future. The chapter
draws upon the UKCIP98 climate scenarios to
describe some of the possible changes in UK
climate the 21st century; while
uncertainties remain, the least likely scenario is
one in which the weather statistics of the past

Oover
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100 years provide us with a sound basis for
planning and design over the next 100 years. A
new set of national UK climate scenarios —
UKCIP02 - will be published during the spring
of 2002. Although qualitatively similar to the
ones summarised here, there will be differences
in the numbers and in the level of detail
supplied. Users are therefore recommended to
work with these new scenarios in undertaking
research into climate impacts and adaptation
and when conducting strategic planning or
design activities.
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KEY FINDINGS

EXtremes‘ of Tempei'atu»ffé

The likelihood of injury to trees by winter cold may be slightly lower
than at present.

It is likely that spring flushing will advance as a result of milder
winters, but the risk of spring frost injury is unlikely to change;
nevertheless, unseasonal frosts will still have the potential to cause
damage.

Autumn frosts may become more damaging in England because of
later hardening and predicted increases in diurnal temperature range
in the south.

The widespread planting of southern provenances of species such as
Sitka spruce, in anticipation of climate change, should be avoided
because of the potential for unseasanal frost damage.

No prediction is possible for the frequency of the type of winter injury
known as ‘red belt’.

“Top-dying” of Norway spruce is likely to increase in England and
eastern Scotland; Norway spruce could cease to be a productive
species over much of England.

Increasing heat and drought in the south and east can be expected to
increase losses, particularly among newly established trees and mature
trees in hedgerows and urban environments. Defects in coniferous
timber due to drought crack are also likely to increase in England.

An increased incidence of summer drought would make trees more
vulnerable to attack by weak pathogens.

Increased winter rainfall may raise water tables enough to kill roots,
thereby reducing effective rooting depth and making trees more
vulnerable to summer droughts.

Higher temperatures in surmmer may reduce the risk of Brunchorstia
damage to Corsican pine, enabling it to be planted more widely in
the uplands in the future,

29
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Introduction

The major expansion of forestry in Brirain that
began in the early part of the 20ch cenrury led
to the large-scale use of exotic species,
principally conifers from western North
America, continental Europe and Asia. The
British climate is a maritime one; remperarures
are generally regarded as equable, particularly
in western coastal areas, and rthis has
encouraged use of species and provenances
from more southerly latitudes in addition to
those that are more closely marched ro the
present climate. Thus, Corsican pine (Pinus
nigra var. maritima) and southerly provenances
{Washingron and Oregon} of lodgepole pine
(Pinus contorta) and Sitka spruce (Picea

sitchensis) are grown quite widely'. Species

such as Pinus radiata, Pinus muricata and
Nothofagus procera are also grown bur on
only a small scale at present, and in the mildest
areas. Because of the widespread use of exoric
species, forests in Britain are probably more
vulnerable to weather-induced injury than
those in other countries, where forestry
practice generally makes more use of native
species and local provenances.

Despite the general mildness of the climate
and the proximity of the sea, inland areas
experience more continental conditions than

IMPACTS ON UK FORESTS

the coast, and the risk of damage by
unseasonal frost, particularly ro Sitka spruce, is
readily appreciared by forest managers. Care is
generally taken therefore to use planting srock
of a more northerly provenance, such as the
Queen Charlotte [slands or even Alsaka, in
these circumsrances. It is, however, less readily
appreciated that winter weather may also be
damaging. Qur climate is characrerised by
variability and windiness®’; temperature
fluctuations resulting from the interplay of
Arlanric and continental weather systems,
especially in combination with strong winds,
can cause dramaric symproms, and have the
potential to cause significant economic loss.
Elsewhere, temperature fluctuations in winter
and early spring are thought ro have played a
part in repeated episodes of large-scale dieback
in birch (Betula pendula) and other hardwoods
in the 20th century in eastern North America™
Records from the Disease Diagnostic and
Advisory Service of Forest Research for the
period 1982-1998 provide an analysis for
northern Britain of damage attributed to
various fearures of rhe climate over rthar period
{Table 3.1). Illustrations of the various types of
damage can be found in Gregory and Redfern®.

This chapter firstly describes the effects of
temperature extremes on the most important
commercial species, considering both direct

Table 3.1 Temperature-related climate mpury reported tn northern Britamm, 1982-1598.

Unseasonal frost:  Spring 105

Autumn 57
Winter coid 22
Winter desiccation/exposure 102
Top dying of Norway spruce 77
Drought 45 (+55%)
Heat 0

* Denotes records in which drought was a contributary factar.

Number of % of climate-induced Return period
records damage reports (years)

19.8

10.8 1.5
4.2 8.5

19.2 1.2
14.5 1.1
18.9 St/
0 0
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effects and those that develop in conjunction
with other abiotic factors such as wind and
drought. It then considers how the frequency
and severity of various types of damage might
change in future using the predictions provided
by the UK Climate Impacts Programme®,

Unseasonal frost damage
Spring

Prompted by the occurrence of late spring
frosts in 1927, Day and Peace’ reviewed the
European literature on frost damage and
carried out freezing experiments on a wide
range of commercially important species. Later
they published a detailed description of injury
to both broadleaves and conifers by frosts that
caused serious damage throughout Britain in
1935, and described the weather conditions
and other factors associated with it®. A
succession of frosts in mid-May, when flushing
by most species was well advanced, caused
collapse and browning of new foliage. This
form of damage is common and occasionally
widespread. The most recent example occurred
in southern England in 1997. Day and Peace®
calculated that May frosts severe enough to
cause damage would occur in Britain every
year and the frequency of damage recorded in
Table 3.1 is close to this. Damage can occur
even earlier if, as in the south of England in
1995, above-average winter temperatures
promote flushing. The immediate effects are
often dramatic but species such as oak
(Quercus spp.) and beech (Fagus sylvatica)
flush for a second time and crowns are
generally fully restored by mid-summer.
Among the conifers, Sitka spruce is most
frequently affected by unseasonal frost.
Damage has more serious consequences than in
broadleaved trees, usually resulting in a loss of
height increment for one season. It may also
induce stem deformation, the formation of
multiple leaders and dieback. Dieback has been
recorded to ground level in trees up to 2 m

tall*. Trees may also be damaged before
flushing, although a lower temperature is
probably required. In April 1981, cambium on
the main stems of Sitka spruce in north and
west Scotland was injured by frost on the night
of 22-23 April, when minimum temperatures
as low as —10°C were recorded’. This followed
a 4-week period of generally very warm
weather with daily maxima as high as 17-20°C
on a number of occasions. Trees up to 5 m tall
were affected. At first, affected trees flushed
normally, but those that had been girdled by
death of the cambium, usually at about the
mid-point of the stem, died back during
summer (Figure 3.1). Alaskan provenances
were less severely injured than those of more
southerly origin. Similar damage occurred in
late April 1989" and in early May 1997. In
Denmark, this weather pattern, with similar
temperatures, caused the same type of cambium
injury to Sitka spruce in 1938 and 1991'",

Autumn

The earliest autumn frosts can cause dieback of
late season (lammas) extension growth,
especially in Sitka spruce, but other species,
including larches (Larix spp.), are affected
occasionally. In Sitka spruce, needles remain
vulnerable for much longer than shoots and
can be damaged even without lammas growth.
Symptoms are restricted to current-year
needles whereas older needles characteristically
escape injury'’. Damage is often dramatic but
generally superficial. Discoloured needles may
be shed but buds flush normally in spring,
although extension growth and needle length
may be greatly reduced. Shoots and buds die
only in the most severe cases. This type of
injury is most common in forests, on trees up
to 5 m tall, but it occasionally occurs in
nurseries. Other species are rarely affected. In
Sitka spruce, needle damage in autumn occurs
most frequently in September, but it has been
recorded as late as mid-October. Frost
hardiness increases as daily minimum
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Figure 3.1 Injury to cambiwm on the main stem of
Sirka spruce caused by frost on 22-23 Aprif 1981.
Photograph taken i Fearnoch Forest, Oban, Argyll
on 15 June 1981, At this stage only those shoots
at the point of injury, in the middle of the main
stem and extending a distance of approximately
25 ¢m, had begun to die. The upper part of the
tree died later, while the lower stem survived. The
position of the initial cambium infury on the main
stems may have been determined by the basipetal
development of cell division in the cambium, the
temperature gradient above ground level and the
protection afforded by the lower branches.

temperatures fall below about 8°C and
gradually approach zero, so that in ‘normal’
years needles can withstand temperatures of
-5°C to -=10°C without injury by the time the
first frosts occur. However, if frosts of this
severity are preceded by warm weather, needles
will not have become acclimated and may be
damaged. The risk increases with the duration
of any mild weather since the likelihood of a
frost severe enough to cause injury also
increases, Damage has been recorded in most
years, and almost as frequently as that caused

IMPACTS ON UK FORESTS

by spring frost {Table 3.1). Severe and
widespread events have been reported on seven
occasions in northern Britain during the period
1971-1999 (1971, 1972, 1979, 1286, 1989,
1991 and 1993), bur there have been no
reports from the south.

The severity of damapge varies with
provenance. Trees of more southerly origin are
more susceptible than those from the Queen
Charlotte Islands and Alaska, bur individual
trees within a provenance vary greatly in
resistance'®'.

Winter injury
Winter cold

In a country like Britain where the comparative
infrequency of winter cold provides a
temptation to grow less hardy species, damage
can be striking". Significant damage has been
recorded on two occasions in the last 40 years,
in 1962-63 and 1981-82. Lesser events in
1978-79 and 1995-96 affected only the most
vulnerable forestry species such as Cupressus
macrocarpa and species of Eucalyptus and
Nothofagus'* ", In January 1982, the lowest
temperature ever recorded in Britain {-27.2°C
at Braemar) killed a number of species and
provenances of southerly origin that had not
previously been affected by winter cold”.
Corsican pine was the principal commercially
important species affected but there was minor
damage to Douglas fir (Psexdotsuga menziesii)
and lodgepole pine. Large numbers of long-
established Leyland cypress (x Cupressocyparis
leylandii) were also killed in the south of
England. Damage involved death of phloem
and cambium girdling the lower stem. Girdled
trees died throughour 1982, with some
surviving until 1983. Partial damage on
surviving trees caused the formation of
longitudinal lesions, some of which were
sufficiently extensive to reduce growth.
Gremmen" described similar damage to
Corsican pine in Holland in 19586,
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Damage in winter associated with
temperature fluctuations and wind

Despite the southerly origin of some species
grown in Britain, winter cold seems to be less
important as a cause of injury than fluctuating
temperatures combined with wind. During
winter 1978-79, lodgepole pine in north
Scotland suffered widespread foliage browning
and shoot death. The damape is associated
with rapid freeze-thaw cycles, and is known as
‘red belt’ in Canada and Scandinavia
Similar injury was seen on a wider range of
conifers in 1984 and 1986. In the first case it
occurred on older crops, principally of Sitka
spruce, but Scots pine was also affecred, ar
high elevation in northwest England and west
Scotland®. Damage consisted of foliage
browning, defoliation and shoot death, which
was concentrated rypically in a zone of variable
extent below the upper few whorls (Figure
3.2). It was widespread and highly visible but
had no long-lasting effects. In 1986 damage

-24

Figure 3.2 Damage to mature Sitha spruce in
Glenburich Forest, Strontian, caused by fluctuating
temperatures and wind in winter 1983-84.

again occurred at high elevacion, bur this rime
it involved mostly trees less than 10 years old
and was particularly serious on trees planted
the previous year®. A study of weather patterns
suggested that on both occasions damage was
caused by large and rapid changes in
temperature, accompanied by strong winds,
bur the conditions, or sequence of events,
leading to winter injuries are complex and
difficult to determine*. Some winter injury in
Britain may be more closely related to the
winter desiccation that occurs elsewhere at
natural tree-lines*’,

Top dying of Norway spruce

This is the most serious climatic/physiological
disorder of a commercially important conifer
in Britain (Figure 3.3}. The cause, or causes, of
the condition are not fully understood, but
several features suggest that it is abiotic in
origin. The most convincing hypothesis relares
it to excessive moisture loss in winter, although
summer drought may be an important factor.
Norway spruce (Picea abies) occurs naturally
in a climate that is more continental than that
in Brirain. Top-dying therefore differs from
frost and winter cold injury to other exoric
species in that it is relared to the use of a
species in a different climatic region, rather
than at a more northerly latitude.

In Britain, top-dying of Norway spruce was
first described by Murray**, but apart from
work by Diamandis™ it has been little studicd.
The principal characteristics of the disorder,
drawn from this literature and from experience
gained through the Pathology Advisory
Service, are:

* Basipetal browning of current year needles
that wvsually develops during winter and
early spring, but which may begin as early
as late summer. Affected crops are generally
subject to repeated cpisodes of browning.

* Needle browning is accompanied by <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>