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SUMMARY

Global climate is changing as a result of human activity, particularly because of the effects of increased amounts of carbon
dioxide in the atmosphere. The most recent predictions from the UK Climate Impacts Programme (UKCIP) suggest an
increase in temperature and changes in rainfall, wind speed, cloud cover and vapour pressure. This Information Note
explains how the environmental changes that Britain is likely to experience may affect the growth of trees, and how
research can improve our understanding of these effects. 

2. The gradual warming of the earth’s climate results in
changes in other aspects of weather such as rainfall,
humidity, and wind speed. Weather patterns and the
seasonality of weather may also be affected.

3. Models predicting future global climatic conditions
have been developed such that mean monthly climate
scenarios for temperature, precipitation, cloud cover,
wind speed and vapour pressure are available at a 10
km resolution for the whole of the UK (Hulme and
Jenkins, 1998).

4. Traditional forest management yield models (Edwards
and Christie, 1981) are unable to account for a
changing environment because they are based on site
indices. Dynamic models of tree and forest growth
have now been developed which simulate individual
plant processes and so are able to respond to changing
climate or atmospheric composition. Such models
allow prediction of the effects of climatic and
environmental change on tree growth and productivity.

PREDICTIONS OF CLIMATE
CHANGE

5. The prediction of global warming is subject to many
uncertainties, among them, possible changes in policy
relating to the control of CO2 and other greenhouse
gas emissions. This introduces further uncertainty in
the prediction of related climatic variables such as
cloud cover and rainfall. Nevertheless, average
climatic conditions (with a wide envelope of
uncertainty) have been forecast, and these forecasts

BACKGROUND

1. The concentration of greenhouse gases in the
atmosphere has been rising for more than 100 years as
a result of human activity, particularly the burning of
fossil fuels. The most important of these greenhouse
gases is carbon dioxide (CO2) which has risen from a
concentration of approximately 270 parts per million
(ppm) prior to industrialisation to the current value of
365 ppm (see Figure 1). The rise in greenhouse gas
concentrations causes the atmosphere to trap a larger
proportion of radiant energy from the sun. As a
consequence, global temperatures are gradually rising,
and seven out of the ten hottest years on record have
occurred during the 1990s.
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Figure 1

Atmospheric CO2 concentration scenario used in the model
simulations.
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elaborated into weather scenarios by UKCIP. The
scenario that is currently considered as the most
probable is summarised in Figures 2 and 3 opposite.

6. Average temperature is expected to increase by 2–3ºC
by the 2080s, with slightly larger increases in winter
than summer. The magnitude of the change will be
smaller in the north, amounting to 1–2ºC in northern
Scotland. The number of frost days is predicted to
decrease dramatically throughout the UK by the 2080s.

7. Summer rainfall is predicted to show significant
reductions (up to 20%) in the south-east, and a
modest (5%) increase in the north. Winter rainfall
will increase by 10–20% over the whole country. In
addition, between-year variation in rainfall and the
duration of periods without rain are likely to increase,
leading to more frequent occurrences of summer
droughts and winter flooding.

8. Small increases in mean wind speed are predicted,
along with an increase in the frequency of extreme
storm events. The changes in winds and storms will be
uniform over the UK during most of the year,
although in autumn, the increases in mean wind speed
are predicted to be up to 7% in northern Scotland by
the 2080s.

9. Increased temperature will result in higher evapo-
transpiration than at present. When combined with
the predicted reduction in summer rainfall, this is
likely to result in a higher frequency, or longer periods
of drought. Changes in temperature and the water
content of the air may also lead to a small decrease in
cloud cover in the south, with an opposite change in
the north.

10. In addition to rising atmospheric CO2 concentrations
and climate change, other environmental variables
which may influence tree growth, and which are
important to forest ecosystem sustainability, are likely
to change over the coming 100 years. Concentrations
of some air pollutants (sulphur dioxide, for example)
have fallen dramatically over recent years, whilst
others (such as oxides of nitrogen) may fall slowly in
the short term. Future trends of ozone (O3)
concentration are uncertain, and may be important,
since ozone is already thought to reduce forest yields
by about 10% across Europe. When assessing the
effects of environmental and climate change on tree
growth, these factors must be taken into account, along
with their longer term impact on soil nutrient cycling. 

IMPLICATIONS OF CLIMATE
CHANGE FOR UK FORESTRY

11. Rising atmospheric carbon dioxide concentrations are
likely to have a direct effect on tree growth, in addition
to the indirect effects acting through climate change.
Since CO2 is the carbon source of photosynthesis,
increases in tree growth rates are expected – the ‘CO2

fertilisation effect’. This may already have been
observed in European forests as an increase in growth
indices (Spiecker et al., 1996), although other
explanations such as changing management practice
or increased nitrogen deposition are possible.

12. Experiments on young trees have shown large CO2

fertilisation effects. In one recent Forestry Commission
study, the growth of oak saplings (Quercus petraea)
was enhanced by up to 175% (Figure 4, overleaf).
This and similar experiments have also demonstrated
increased leaf production associated with increased
CO2 concentrations, although this may be a juvenile
effect which would cease after canopy closure.

13. Buds are likely to break earlier in the year as a result
of rising temperatures during winter months. Although
the occurrence of frosts will diminish, late spring
frosts will still occur, potentially increasing spring
frost damage. In addition, the warmer winters may
lead to developmental problems resulting from a lack
of winter chilling. This could be a particular problem
with natural regeneration if seed fertility is reduced.

14. Warmer winters are likely to affect the populations of
pests and pathogens, with a possible increased
incidence of disease. Grey squirrel populations are
limited largely by autumn seed availability, but also by
cold wet weather in winter. Climate change may thus
lead to an increase in numbers on both counts. Deer
populations, which are limited by extreme winter cold
and forage availability in spring, may also be
favoured. The majority of insect pests that are
important to UK forestry are likely to benefit from the
climate change predictions, including the green spruce
aphid, which is limited primarily by winter cold
(Straw, 1995). Some non-indigenous pests may
become a greater potential threat to the UK. Examples
include the pinewood nematode, which is limited by
mean summer temperature (Evans et al., 1996), and
gypsy moth and Asian longhorn beetle, foreign pests
which have recently been found in southern Britain.
The recent spread of Phytopthora diseases of trees has
also been linked with changing climate (Brasier, 1999).
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Figure 2

UKCIP winter (December, January, February)
climate change predictions for 2010–39 and
2070–99.

Mean changes are expressed as follows:
temperature (ºC); precipitation (%); wind speed
(%); potential evapotranspiration (%).

Figure 3

UKCIP summer (June, July, August) climate change
predictions for 30 year time slices centred on the 2020s
and 2080s. Legend as for Figure 2.

Climate change scenarios for the United Kingdom reproduced
from UKCIP Technical Report No. 1 with permission from  the
Climate Research Unit, University of East Anglia, Norwich.
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Figure 5

Stomatal conductance of oak (Quercus petraea) grown at
ambient and elevated CO2 concentrations at the Forestry
Commission’s research nursery at Headley in southern England
(see Figure 4). The effect of irrigation is also shown. Stomatal
conductance is the resistance to water loss from the leaves and
is the degree to which the stomata, or leaf pores are open. 

Figure 4

The effect of elevated CO2 concentrations on tree growth.
One-year-old seedlings (Q. petraea, Q. robur and Q. rubra)
which had been raised under conditions of ambient (a) or
elevated (b) carbon dioxide concentrations were planted in the
open-top chambers in March 1997, and photographed at the
end of the first growing season. Open-top chambers (c) are, as
the name implies, glass chambers through which air is blown
by large fan units, allowing the introduction or removal of
pollutant gases, but minimising the change in the physical
environment (rainfall, light and temperature).

15. In the south-east of England, reduced summer rainfall
and increased evaporative demand are likely to lead to
longer periods of drought stress on trees. This issue of
water balance is complicated by other effects of rising
atmospheric CO2 concentrations, including the
increase in leaf area (see 12 above), and a change in
the functioning of stomatal pores which regulate
water loss from leaves (Broadmeadow et al., 1999;
Figure 5).

16. Higher mean wind speed and an increase in the
occurrence of storms may make woodland more
vulnerable to wind damage. However, reduced water
availability in southern England and potential
nitrogen deficiencies may enhance allocation to roots,
thereby increasing stability.

17. Wood quality could be affected by changing climate
and CO2 concentration in a variety of ways, some
beneficial, some detrimental. These include an increase
in compression wood production in some species
(Donaldson et al., 1987) and higher wood densities
(Hattenschwiler et al., 1996).
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22. The 2010 simulation of oak in the south of England
also results in an increase in productivity, with site
index rising from GYC6 to GYC8. The magnitude of
this increase is surprising, given the predicted
deficiencies in summer rainfall, and increases in
evaporative demand. However, these climatic changes
and the modest increase in leaf area (mean leaf area
index rises from 4.4 to 5.2; data not shown) are more
than compensated for in the simulation by a reduction
in stomatal conductance in response to elevated CO2

concentrations (Broadmeadow et al., 1999; see Figure
5). In addition, the mean date of flushing was 14 days
earlier in the 2010 simulation compared with that of
the baseline simulation.

23. Stand water use expressed as water uptake from the
soil (i.e. ignoring the interception of rainfall and
subsequent evaporation from the trees) averaged over
the entire rotation, was 191 mm per year and 220 mm
per year for the baseline and 2010 oak simulations,
respectively. As a consequence, the moisture content
of the top 50 cm of soil during July and August was
lower in the 2010 simulation than the baseline
rotation average (23% vs. 16%: data not shown).
Thus increased transpiration rates may exacerbate the
predicted increases in soil moisture deficit.

24. It should be stressed that increases in productivity
predicted in the model simulations relate to potential
carbon assimilation based solely on climatic and
atmospheric changes. Indirect consequences of
environmental and climatic change such as nutrient
availability (which may become limiting as a result of
increased growth rates), the vulnerability to pest or
disease attack and mortality resulting from severe
drought are not addressed.

MITIGATION STRATEGIES FOR
CLIMATE CHANGE EFFECTS IN
UK FORESTRY

It would be premature to develop hard and fast guidance
on mitigation strategies for climate change, until firmer
predictions are available of both climate and tree
responses to it. However, it is possible to identify some
important elements that future woodland managers may
need to consider.

25. New provenances or species could be planted to
respond to the predicted warmer climate (see Cannell
et al., 1989). However, the adoption of new varieties

USING CLIMATE CHANGE
SCENARIOS TO MODEL
FUTURE FOREST GROWTH

The preceding section makes clear that there are many
uncertainties associated with predicting the effects of
environmental change on forests. Research is addressing
some of this uncertainty using computer-based models.
Simulations using GROMIT (the Growth Model of
Individual Trees, developed by the Forestry Commission)
are briefly described in this section. The simulations
presented compare the response of upland and lowland
forests to one set of climate change scenarios provided by
UKCIP. Only brief details are given here, but the author
will be pleased to provide further information on request,
and a full description will be published elsewhere.

18. Atmospheric carbon dioxide concentration: Past and
present CO2 concentrations used in the model
simulations are shown in Figure 1. These are based on
measurements (e.g. Friedli et al., 1986) and predictions
from the Intergovernmental Panel on Climate Change
(IPCC, 1995).

19. Weather: Future weather scenarios were produced by
adjusting 1959–98 baseline data according to the
predicted changes published by UKCIP. Predicted
changes in variability are not included, which,
although of small magnitude, could have serious
implications in extending the occurrence or longevity
of drought periods, for example.

20. Model simulations: The model simulations shown in
Figure 6 (overleaf) show baseline mean timber volume
per tree for Sitka spruce (general yield class 14;
GYC14) in southern Scotland (1959–98) and oak
(GYC6) in southern England (1930–98). These model
outputs compare well with the output from the
recently updated Sitka spruce yield model (Matthews
and Methley, 1998), and yield table estimates of mean
timber volume for oak, indicating realistic model
performance under current conditions.

21. The simulation of volume production of Sitka spruce
planted in 2010 and 2050 suggest increases in
productivity compared with the present, with early
growth approximating to yield class 16 and 18,
respectively. This is unsurprising given the high
rainfall in the south-west of Scotland, and results from
a combination of the CO2 fertilisation effect and a
lengthening of the growing season as a result of
warmer temperatures.
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Figure 6a

Timber volume of Sitka spruce for
a baseline simulation (1959–98)
and two future scenarios of climate
and atmospheric CO2 concentration
(2010–49; 2050–89) using the
process model, GROMIT. Volume
curves for unthinned Sitka spruce
(Matthews and Methley, 1998) are
also plotted.

Figure 6b

Timber volume of oak for a
baseline simulation (1934–98) and
a second rotation (2010–74) using
GROMIT. Yield table volume curves
are also plotted (GYC 6 and 8).
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or the wider use of some that are already planted will
require careful balancing against commitments to the
use of native species and origins.

26. Since the water use of trees is generally greater than
that of arable crops or grassland, planting policies will
need to take water availability increasingly into
account. In addition, since canopy interception of
rainfall by broadleaf species is less than that by
conifers, especially during the winter months
(Maitland et al., 1990), such species may become
more desirable for planting in regions where water
shortages are predicted.

27. Rotation length may need to be reduced to take into
account the predicted higher growth rates.

28. The assessment of wind hazard will need to take
increased storminess into account and may require
further modification as a result of reduced stability
from increased leaf area.
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CONCLUSIONS

29. A general increase in productivity is predicted for
forests across the UK as a result of climate change.
However, regional impacts may vary; specifically,
increased inter-annual variability in total precipitation
and longer periods between rain days leading to
extended periods of summer drought may limit
productivity increases in southern England. Upland
areas of Wales, northern England and Scotland will
benefit, in terms of growth rate, from increasing
atmospheric CO2 concentrations, temperature and
rainfall.

30. Firm predictions of timber production are difficult to
make as a result of uncertainty in the occurrence of, in
particular, storms, but also insect and disease episodes
and extended periods of drought.

31. The effects of climate and environmental change on
UK forestry as a whole cannot yet be firmly stated as
beneficial or detrimental due to the uncertainties
associated with aspects of production, quality and the
environment.

32. Forest management may need to adjust to the impacts
of climate change. This adjustment can be helped by
continuing research, including the development of
dynamic growth models that can respond to climate
change scenarios at the stand level and take into
account factors such as insect attack, management
intervention and tree stability. An integrated dynamic
model of forest productivity which takes these factors
into account is currently being produced. 
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