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Silvicultural strategies for adapting planted forests
to climate change: from theory to practice
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ABSTRACT: Adapting forests to climate change involves silvicultural measures such as use of a range of species and
the fostering of mixed stands. We tested these in a Sitka spruce forest in southern Scotland, employing the Ecological
Site Classification to match suitability of 24 species to six climatic and edaphic variables under values of accumulated
temperature and moisture deficit projected for a medium emissions scenario for the present century. Both median
and 90" percentile values were contrasted. In the first case there was a small change in species suitability with Sitka
spruce, noble fir, downy birch, sycamore and aspen being the most suitable species. When the 90t percentile values
were employed, the suitability of Sitka spruce and similar conifers had declined by the 2050’s due to soil moisture
deficits. The actual performance of a range of species in a long-term experiment on a similar, warmer site showed
several productive conifers including Sitka spruce that maintained reasonable growth when planted in mixture. Mixed
plots were developing into pure stands of the most productive species. Species diversification was the most practical

adaptation measure for this forest and should concentrate on areas of the greatest risk like south-facing slopes with

free-draining soils.
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The last two decades have seen increasing aware-
ness of the potential impacts of projected climate
change upon terrestrial ecosystems including for-
ests. In Europe, the mean annual temperature has
risen by more than 1.1°C compared with conditions
before the Industrial Revolution (IPCC 2007). The
effect of a warming climate is likely to influence the
distribution and growth of important tree species
and to affect the range of ecosystem services provid-
ed by forests (LINDNER et al. 2010). In recent years
there has been an increasing number of reports of
drought induced dieback and mortality in many
parts of the world (ALLEN et al. 2010). European ex-
amples include the dieback of Scots pine (Pinus syl-
vestris L.) forests in the Southern Alps (GONTHIER
et al. 2010), increased mortality of several tree spe-
cies in France after the 2003 heat wave (BREDA
et al. 2006), and damage and tree death in Sitka
spruce (Picea sitchensis Bong. Carr.) plantations in
eastern Scotland (GREEN et al. 2008). The frequen-
cy and intensity of other extreme weather events
such as wind storms may also change (GARDINER
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et al. 2010), thus risking disruption to timber sup-
plies and a loss of carbon stocks. In Scandinavia,
windthrow in the 2005 Gudrun storm resulted in a
carbon sink reduction of around 3 million tonnes
carbon, while the larger Lothar storm of 1999 may
have resulted in losses of 16 million tonnes carbon
(LINDROTH et al. 2009). Increased winter rainfall in
Atlantic regions of Europe could increase soil wet-
ness and result in reduced tree stability in annual
gales and storms (Ray 2008). Climate change may
also result in a higher incidence of damage due to
biotic pests and pathogens. For example the spread
of Dothistroma needle blight worldwide is thought
to be linked to a combination of management
practices and climate change favouring the spread
of this pathogen (Woobs et al. 2005; WATT et al.
2009). The impact of this pathogen in pine plan-
tations in Great Britain has been considerable, re-
sulting in a moratorium on the planting of Corsican
(Pinus nigra ssp laricio) and lodgepole (Pinus con-
torta Dougl.) pines (BROwN, WEBBER 2008). BAT-
TISTI et al. (2005) were able to link the northwards
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range expansion of the pine processionary moth
(Thaumetopoea pityocampa) in western Europe to
an increased winter survival due to warming tem-
peratures. However, climate change may also result
in faster growth and higher productivity of Euro-
pean forests, particularly in northern and western
regions where the length of the growing season is
predicted to increase without limitations imposed
by summer moisture stress (MAGNANT et al. 2007;
BROADMEADOW et al. 2009; PUSSINEN et al. 2009).

One inevitable consequence of the growing
awareness of climate change and its potential im-
pacts on forests is uncertainty among forest man-
agers about the most appropriate silvicultural mea-
sures to be deployed to maintain forest vitality and
productivity. While foresters have been aware of
the potential impacts of abiotic and biotic risks for
many decades (e.g. SCHELHASS et al. 2003 on the
historic impacts of storms), their decision making
has implicitly assumed that the occurrence of such
extreme events took place within the framework
of long-term climatic stability and that respons-
es could be based upon accumulated experience
(BoLTE et al. 2009). However, this assumption is
no longer tenable and the need for effective stra-
tegic, tactical, and operational adaptation planning
is urgent, not least because the young trees planted
or regenerated in contemporary forests will have
to cope with a rapidly changing climate over the
course of this century. The challenges posed by cli-
mate change require solutions that may be outside
the scope of institutional experience and have led
to proposals that future forest management should
be based upon principles of “adaptive manage-
ment” involving a cycle of planning, implemen-
tation, monitoring, and evaluation (LAWRENCE,
GILLETT 2011). Other authors have proposed a
framework of adaptation concepts with supporting
actions that should allow managers to manipulate
forests to enhance their resistance and resilience
to climate change (SPITTLEHOUSE, STEWART 2003;
MILLAR et al. 2007). Such actions can be seen as
part of a risk management strategy linked to the
principles of sustainable forest management. These
ideas have been developed by BOLTE et al. (2009)
to propose three different strategies for the future
management of forest stands in central Europe. The
first is termed “conservation of forest structures”
which seeks to maintain stand structures against
increasing environmental pressures. This option
is favoured in older stands of high economic value
and good structure, located in regions where im-
pacts of climate change are anticipated to be low,
and where there is a good likelihood of silvicultural
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intervention improving the stand. The second op-
tion is called “active adaptation” wherein a range of
silvicultural tools such as thinning, respacing, and
choice of alternative species are used to develop a
stand structure that is more resilient to the impacts
of climate change. This approach is proposed for
stands in areas with a higher probability of climate
change impacts and where the species or structures
are thought to be particularly exposed to hazards
such as windthrow. The third approach is known
as “passive adaptation” and relies primarily upon
natural processes such as succession to increase the
fitness of a stand for future conditions. It would be
used where the stands are of limited economic or
ecological value and where there are no cost-effec-
tive measures that can be implemented to increase
adaptive capacity.

KoLsTrOM et al. (2011) recently reviewed stand
level adaptation measures reported by 19 European
countries; most of them appear to involve aspects
of an active adaptation strategy such as increas-
ing genetic and species diversity, fostering mixed
stands of well adapted species, and introducing al-
ternative silvicultural regimes such as continuous
cover forestry (POMMERENING, MURPHY 2004).
For example, at least ten non-native tree species
could be considered for planting in north-eastern
Germany (BoLTE et al. 2009) while over 20 alter-
native species have been proposed as part of a cli-
mate change adaptation strategy in Wales (ANONY-
mous 2010). Thus, there is an emerging view that
an appropriate way of spreading the risk of climate
change impacts is to increase the species and struc-
tural diversity of forests. This belief may, in part, be
influenced by the traditional ecological theory that
“diversity begets stability”, although the universal-
ity of this proposition may be open to question
(BopiN, WiMAN 2007).

However, given that an active adaptation strategy
is currently the favoured policy for adapting forests
to climate change, an important issue is deciding
which of the measures embraced by the strategy is
the most suited to a particular forest or region and
how these measures might be implemented on the
ground. This involves taking the general principles
of an adaptation strategy and applying them at an
operational or tactical level in a specific forest. The
need to bridge the gap between the theory of adap-
tation and the practice and realities of forest man-
agement is recognised by other authors (OGDEN,
INNEs 2007; JANOWIAK et al. 2011). A particular
need is to see how adaptation measures might be
implemented in planted forests which are expected
to supply an increasing proportion of the world’s
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timber supply in the current century (PAQUETTE,
MEssIER 2010) and whose simple stand structures
composed of a few tree species might be expected
to make them particularly vulnerable to the im-
pacts of climate change.

This paper presents a case study showing how
climate change impacts might affect a planted for-
est in Scotland dominated by Sitka spruce: this is
a forest type of major significance for timber pro-
duction in Atlantic Europe (MAsON, PErRKsS 2011)
and where species diversification and ‘close-to-
nature’ management are currently proposed to
increase adaptive capacity (MASON, MEREDIEU
2011). We explore how an active adaptation strat-
egy might be developed for this forest with a focus
on species diversification and consideration of the
possible role of species mixtures. The feasibility
of various silvicultural measures is illustrated us-
ing evidence accruing from relevant long-term
experimental trials. The results are used to show
how the application of general silvicultural prin-
ciples needs to be tested against site factors if for-
ests are to be effectively adapted to the impacts of
climate change.

Edinburgh

Hawick
.

Fig. 1. Map showing the location of Craik forest and an inset

showing the general outline of the forest
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MATERIALS AND METHODS

Case study

Craik forest is located in the southern uplands
of Scotland (55°21'N, 3°2'W) and covers an area
of 4,729 ha at elevations from 175 to 425 m a.s.L
(Fig. 1). Average rainfall is 1,380 mm and the aver-
age temperature is 7.1°C. Until the 1930’s, the area
had been managed for several centuries for sheep
grazing, but thereafter the land was progressively
afforested using primarily a range of non-native
conifer species. In 2010, around 19% of the forest
was classed as permanent open space or was felled
awaiting replanting. The forest was dominated by
stands of Sitka spruce representing 80% of the for-
est area (Table 1) with broadleaves being about 5%.
The dominance of Sitka spruce can be explained
by the higher productivity provided by this species
(Table 1), plus the access to higher yielding strains
provided through tree breeding (LEE, MATTHEWS
2004). The structure and species composition of the
forest are typical of the extensive plantations cre-
ated in upland Britain since 1945 (MasonN 2007).
In 2010, about 85% of the stands were managed un-
der a patch clear felling system (MATTHEWS 1989)
on a rotation of 35-50 years, about 14% was man-
aged on longer rotations with a mixture of species
(“combined objective forestry”; MASON, MEREDIEU
2011), while the remainder was maintained as non-
intervention areas with little management.

Table 1. Species distribution at Craik forest in 2010 and
average productivity

Species Forested area P;fodtllctivityl
(%) (m*hat.year)
Picea sitchensis 80.3 16
Picea abies 7.0 13
Mixed broadleaves! 4.8 2
Larix spp.? 3.6 11
Pinus contorta 2.5 6
Pinus sylvestris 1.1 6
Others?® 0.7 9

!mixed broadleaves denotes mixed plantings of species such
as Quercus robur, Q. petraea, Betula pendula, B. pubescens,
Prunus avium, Populus tremula, planted at wide spacing
for amenity and conservation purposes, *Larix kaempferi
and Larix x marschlinsii, *Fagus sylvatica, Alnus glutinosa,
Pseudotsuga menziesii, Abies grandis, A. procera, Nothofagus
obliqua, Pinus strobus, and Tsuga heterophylla
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Table 2. Main soil types present at Craik forest

Soil type Proportion (%)
Surface water gley 32.0
Peaty gleys 18.0
Unflushed deep peat 14.6
Brown earths 14.4
Ironpan soils 10.1
Other soils 9.0
Unknown 2.0

The relatively infertile soils are mainly wet and
acidic which impose important limitations on
root development (Table 2). Only the freely drain-
ing brown earth and ironpan soils (about 25% of
the total) are likely to provide the better root de-
velopment necessary for tree and stand stability.
The shallow rooting on the wet soils coupled with
the exposed wind climate typical of upland Brit-
ain means that the risk of windthrow is a serious
constraint to management (QUINE et al. 1995). At
present, about 70% of the forest stands have been
designated for management on a non-thin regime
to limit the anticipated impacts of windthrow.

Potential climate change impacts

To explore the probability of future climate
change affecting Craik forest, we used the latest
probabilistic climate projections available for the
UK (UKCP09; MuURrPHY et al. 2009). The dataset
used for the assessment of potential climate im-
pacts in Craik forest was the weather generator
(WQ) provided by UKCP09 (JoNEs et al. 2009).
The WG data were used to analyse the climate in
three time periods; the baseline (1961-1990) and
two future time periods, 2050’s and 2080’s, where
each period represented information for 30 years.
Since Craik is in a part of Scotland that is not pro-
jected to be vulnerable to climate change in the
near future (RAy 2008), only the medium emis-
sions scenario (equivalent to the A1B scenario of
NAKICENOVIC, SWART 2000) has been used for the
analysis presented in this paper. Data were down-
loaded from UKCPO09 website for Craik forest and
required time periods. Based on the formulae used
to support the Ecological Site Classification (ESC;
PyaTT etal. 2001), customized Python™ script was
written to calculate accumulated temperature [the
sum of degrees in days > 5°C (day degrees); AT] and
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moisture deficit (mm; MD). These are the climatic
parameters where change is thought most likely
to affect species performance during this century
(RAY 2008). The final outputs provided AT and MD
values representing the median and the 90 per-
centile over the three 30-year periods (i.e. baseline,
2050’s, 2080’s). The use of the 90 percentile was
as a means to show the level of climate change un-
certainty and to explore the potential impact of ex-
treme events.

Species suitability and performance

We explored the impact of the baseline, 2050,
and 2080 climates upon species suitability at Craik
using the climate matching approach embodied in
ESC (PYATT et al. 2001). In brief, this classification
relates survival and growth of a number of coni-
fer and broadleaved species to four climatic (accu-
mulated temperature, moisture deficit, exposure,
and continentality) and two edaphic (soil nutrient
regime arranged in six classes of increasing ferti-
lity and soil moisture regime with eight classes of
soil wetness varying from dry to wet) factors. In
this study the edaphic factors of soil fertility and
soil wetness were derived by converting soil types
mapped at high resolution (one soil survey point
every hectare) to provide a detailed soil map at a
scale of 1:10,000. The climate matching approach
has been previously used to explore the impact
of projected climate change upon the long-term
performance of broadleaved species in Britain
(BRoADMEADOW et al. 2005). Species suitability is
graded into three categories: “very suitable” indi-
cates that the species should be capable of grow-
ing to biological maturity and in the higher third
band of productivity expected of that species; “suit-
able” indicates a lesser rate of productivity; while
“unsuitable” indicates a high risk of damage from
biotic or abiotic factors and the likelihood that the
species will not close canopy. The actual calcula-
tions were based on version 2.0 of the ESC-DSS
(ANoNYMOUS 2011) which provides suitability pre-
dictions for 24 tree species of importance in British
forestry. We examined the potential suitability of
each species using information for Craik from the
Forestry Commission sub-compartment database
(DEwAR 1986) to calculate the factors influencing
the species performance. We scored the three ESC
“suitability” categories from 1 to 3 (“very suitable”
to “unsuitable”) and calculated an average score for
each species across the whole forest. Thus an aver-
age score of 2 or less would indicate a species that
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was well suited to the climate over much of the for-
est, while a score > 2 would indicate a species that
was only suited to limited areas of the forest. The
ESC suitability calculations were carried out in two
stages, first relying solely on the four climatic fac-
tors and then expanded by incorporating the two
soil-based edaphic factors.

Experimental validation

We reviewed Forest Research’s portfolio of long-
term experiments (MASON et al. 2008) to see if we
could find any extant trials on similar soils and in
relevant climatic regions planted with an extensive
range of species. The most useful match was with
an experiment established in 1956 on a surface wa-
ter gley soil in Rosedale forest in northern England
(54°21'N; 0°44'W). The Rosedale site had similar
soil nutrient and soil moisture regimes to those
found at Craik, but the baseline data from ESC sug-
gested that the former experienced 35% less rain-
fall, 20% higher accumulated temperature and 84%
greater moisture deficit. The site could therefore
provide helpful information on the response of a
range of tree species to a warmer climate, and, in
particular the estimated moisture deficits were in
excess of 120 mm and so could be expected to limit
the growth of Sitka spruce (PYATT et al. 2001).

The experiment contained pure plots of European
larch (Larix decidua Mill.), Japanese larch (Larix
kaempferi Lamb. Carr.), Scots pine (Pinus sylvestris
L.), Corsican pine (Pinus nigra ssp. laricio Maire),
birch (Betula pendula Roth. and B. pubescens
Ehrh.), sycamore (Acer pseudoplatanus L.), and red
oak (Quercus rubra L.). There were also plots of Sit-
ka spruce, Norway spruce (Picea abies L.), Douglas
fir (Pseudotsuga menziesii Mirb. Franco), grand fir
(Abies grandis [Douglas ex D. Don] Lindl.), western
hemlock (Tsuga heterophylla Raf. Sarg.), subalpine
fir (Abies lasciocarpa [Hook.] Nutt.) and western
red cedar (Thuja plicata D. Don.), all planted in
3 row by 3 row “nursing” mixtures with Japanese

larch and Scots pine. There were two replicates of
each treatment with a plot size of 0.2 ha. The mix-
ture plots were thinned in 1970-1972 to remove
larch or pine trees in the outer rows that were in-
terfering with the nursed species. The whole exper-
iment was thinned to favour the best trees in 1988
and 1999/2000.

Assessments of height and survival took place
at 2—5 year intervals up to 25 years after planting.
Thereafter there was a gap of 20 years until height,
diameter and basal area were assessed in 1999 and
again in 2010. The subalpine fir, red oak and syc-
amore plots had failed by 15 years after planting
while the Corsican pine suffered serious mortality
from shoot dieback caused by Brunchorstia pinea.
The Douglas fir and grand fir plots were partially
affected by windblow in the 1990’s. All these treat-
ments were excluded from the most recent assess-
ments. Data analysis followed standard analysis
of variance procedures for a randomised block
design.

RESULTS

Climate change

The estimated values for AT and MD for the three
periods (baseline, 2050’s, 2080’s) derived using the
Weather Generator in UKCP09 show progressive
increases in warmth and particularly moisture defi-
cit over the course of the present century (Table 3).
Thus the median value for AT increases by about
75% over the time periods, but the median mois-
ture deficit is estimated to be about seven times
higher by the 2080’s. For both parameters, the rise
from the baseline to the 2050’s is greater than that
from the 2050’s to the 2080’s. The magnitude of the
changes in median AT is equivalent to moving to
a climate characteristic of the lowlands of south-
ern Britain whereas the equivalent change in MD
would represent the foothills of south-western
Britain (PYATT et al. 2001; their Figs. 2 and 3).

Table 3. Estimated median and 90 percentile values of Accumulated Temperature (AT) and Moisture Deficit (MD)

at Craik forest for three time periods

AT MD
Period
median 90t percentile median 90t percentile
Baseline 1961-1990 1,110 1,585 12.6 187
2050’s 1,690 2,482 63.1 290
2080’s 1,956 2,948 91.4 359
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Species suitability

Analysis of species suitability based on median
values for the baseline period (1961-1990) showed
that two conifers, Sitka spruce and noble fir (Abies
procera Rehd.) and three broadleaves [downy birch,
sycamore, and aspen (Populus tremula L.] were
well suited (i.e. average scores < 2) to the climate
that prevailed at Craik (Table 4). By contrast the
species such as Corsican pine, pedunculate oak and
black poplar hybrids (e.g. Populus x generosa) were
poorly suited to the cool upland climate. Other
species that had been planted in Craik such as Nor-
way spruce, Scots and lodgepole pines, and larches
were generally found to be “suitable” for the climate
in Craik but their sensitivity to the oceanic climate

and to exposure at higher elevations limited the
amount of sites where their performance would
meet the “very suitable” category and resulted in
higher scores. Most of the other species examined
were capable of growing only in lower, more shel-
tered and warmer areas of the forest.

When species suitability was examined for the
median climate of the 2050’s and the 2080’s, there
were no substantial changes in suitability although
minor shifts were observed. Sitka spruce, downy
birch and aspen were still projected to be very suit-
able species in both periods. Noble fir and syca-
more showed opposing trends, with the former
becoming less suitable over time and the latter
becoming better suited to the projected climate.
Lodgepole pine and Japanese larch were both pro-

Table 4. Predicted climatic suitability of 24 tree species at Craik forest for the baseline period (1961-1990), 2050’s,
and 2080’s based on the Ecological Site Classification (ESC). This uses the median values projected for AT and MD
for each period. Suitability is scored from 1-3: very suitable to unsuitable. The ten species with the best (i.e. lowest)

ESC score are highlighted in bold type

Species Baseline 2050’s 2080’s
Picea sitchensis 1.67 1.67 1.71
Picea abies 2.16 2.16 2.16
Pinus sylvestris 2.38 2.34 2.17
Pinus contorta 2.01 1.65 1.56
Pinus nigra ssp. laricio 3.00 2.95 2.56
Pseudotsuga menziesii 2.73 2.70 2.68
Abies procera 1.54 1.67 2.00
Abies grandis 2.75 2.69 2.69
Tsuga heterophylla 2.72 2.72 2.72
Larix kaempferi 2.01 1.95 1.95
Larix decidua 2.67 2.64 2.58
Thuja plicata 2.72 2.72 2.72
Betula pendula 2.72 2.65 2.65
Betula pubescens 1.96 1.96 1.96
Quercus robur 2.92 2.86 2.86
Quercus petraea 2.67 2.60 2.60
Fagus sylvatica 2.38 2.28 2.28
Fraxinus excelsior 2.30 2.22 2.22
Populus tremula 1.96 1.96 1.96
Acer pseudoplatanus 1.89 1.66 1.66
Alnus glutinosa 2.74 2.72 2.72
Nothofagus nervosa 2.76 2.70 2.70
Populus x canadensis, P. x generosa 3.00 2.86 2.86
Prunus avium 2.58 2.49 2.48
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Table 5. Change in ESC suitability (scored 1-3: very suitable to unsuitable) of the ten ‘most suitable’ species in the
baseline period, 2050’s and 2080’s after projections using median and 90 percentile values of AT and MD. Also the
main ESC limiting factor affecting each species: SNR-soil nutrient regime, MD-moisture deficit, DAMS-detailed

aspect measure of scoring (a measure of exposure)

= = = U = 9
g S g BT uhyg
Species E g E g » § - i © § = g £ E £ 2 £
g g = R R = 2 F R = ER: ERR
= 2 K S E S & S E SR S& S&&
Picea sitchensis 1.67 2.65 1.67 3.00 1,71 3.00 SNR MD
Picea abies 2.16 2.16 2.16 2.16 2.16 2.16 SNR SNR
Pinus sylvestris 2.38 2.16 2.34 2.16 2.17 2.16 DAMS DAMS
Pinus contorta 2.01 1.56 1.65 1.56 1.56 1.56 DAMS DAMS
Abies procera 1.54 3.00 1.67 3.00 2.00 3.00 SNR MD
Larix kaempferi 2.01 2.35 1.95 3.00 1.95 3.00 DAMS MD
Betula pubescens 1.96 2.18 1.96 2.18 1.96 2.18 DAMS DAMS
Fraxinus excelsior 2.30 2.34 2.22 2.40 2.22 2.40 SNR SNR
Populus tremula 1.96 2.11 1.96 2.18 1.96 2.18 SNR SNR
Acer pseudoplatanus 1.89 2.00 1.66 2.02 1.66 2.02 SNR SNR

jected to become more widely suitable as a result of
a warmer and drier climate, a trend also evident in
the slightly higher scores for species such as Corsi-
can pine and black poplar.

We therefore took the ten species that appeared
to be the most suitable for the median climate in
all three periods and examined how their suitability

might change under the 90 percentile scenarios,
i.e. if the change in climate to warmer and drier
conditions was more extreme (Table 5). These re-
sults suggested that noble fir would be unsuitable at
all periods and that Sitka spruce and Japanese larch
would be unsuitable in both the 2050’s and the
2080’s. Norway spruce, Scots and lodgepole pines

Table 6. Basal area (m?*ha!) and height growth (m) of eight pure and mixed species stands in the Rosedale experi-
ment after 55 years. Standard error of the difference (SED) is shown for comparison of basal area between treatments

Yield class of

Basal First species  Top heights first species
Treatment area proportion of  (in order of (m3-1131a‘1'
o .
basal area (%) species) year1)

Picea abies, Larix kaempferi and Pinus sylvestris 30.4b¢ 82.4 20.9, 22.5 12
Larix kaempferi 37.1% 22.6 10
Pinus sylvestris 37.3% 18.5 8
Tsuga heterophylla, Larix kaempferi and Pinus sylvestris 54.72 71.0 22.5,22.5,18.2 12
Picea sitchiensis, Larix kaempferi and Pinus sylvestris 53.52 83.3 24.5,22.6,15.5 14
Larix decidua 27.3b¢ 20.8 8
Betula spp. 17.0¢ 16.8 4
Thuja plicata, Larix kaempferi and Pinus sylvestris 54.22 76.8 18.8,22.3,17.8 12
SED 8.1

Different letter suffuxes within a column indicate where treatments are significantly different at P < 0.05, yield class is an

estimate of productivity in even-aged stands in Britain according to EDWARDS and CHRISTIE (1981), in italic — no Scots

pine remained in the treatment
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were not ‘sensitive’ to these more extreme scenar-
ios, while the broadleaves showed minor declines
in suitability between the median and the 90" per-
centile scenarios. The greater sensitivity of noble
fir, Sitka spruce and Japanese larch to the 90" per-
centile projection was because the ESC projections
indicated that moisture deficit would become the
main factor limiting their performance. The other
species were primarily affected either by exposure
or by soil nutrient regime.

Experimental evidence

After 55 years, there were significant differences
in basal area between the eight treatments at Rose-
dale where survival had allowed the formation of
a closed stand (Table 6). The highest basal area
values were found in the mixed plots containing
either western hemlock, Sitka spruce or western
cedar: the mixed plot with Norway spruce was sig-
nificantly less productive. The lowest values were
found in the birch and European larch plots while
the Scots pine and Japanese larch treatments were
intermediate between these and the most produc-
tive plots. In all the mixtures the nursed species
(i.e. Norway spruce, western hemlock, Sitka spruce
and western cedar) was becoming the dominant
component of the treatment, amounting to about
70 to 80% of basal area although their stocking at
planting had been only 33% of these treatments.
Sitka spruce and Japanese larch were the tallest
species growing in the experiment while birch was
the smallest. Estimated productivity (Yield Class)
was highest in Sitka spruce and lowest in birch. The
productivities found in this experiment when com-
pared with those at Craik (cf. Tables 1 and 6) were
slightly lower for Sitka spruce, Norway spruce and
Japanese larch, and slightly higher for Scots pine. In
all species other than Norway spruce, where a Ger-
man provenance was used, the seed sources used
would have been considered acceptable under cur-
rent recommendations (LINES 1987).

DISCUSSION

The analysis of species suitability at Craik under
the median projections for the baseline climate
(Table 4) confirmed that the dominant tree species
present in the forest, Sitka spruce, was well suited
to the prevailing climate conditions. Noble fir was
the only one of the other four well suited species
that might have equalled the timber productivity

272

obtained from Sitka spruce, but previous reviews
suggested that, under British conditions, the qual-
ity of the timber of noble fir was of poorer quality
(ALpHOUS, Low 1974). Limitations to the growth
of Sitka spruce under the baseline scenario were
mainly due to the species’ sensitivity to poorer
soil nutrient conditions and these can be largely
overcome by appropriate establishment practices
including the use of fertilisers and/or nursing mix-
tures (TAYLOR 1991).

Examination of species suitability for the 2050’s
and 2080’s under the median climate revealed
relatively few changes in species performance al-
though noble fir became less suitable towards the
end of the century whereas both Scots and lodge-
pole pine became more suitable. The favourable
response of Sitka spruce to a warming climate
is in line with previous studies which showed a
positive relationship between Sitka spruce pro-
ductivity and AT in northern Britain (WORRELL,
MarcoLM 1990; MacMiLLAN 1991) including
Craik and surrounding forests (SING et al. 2006).
Such positive growth responses are expected to
be widespread in the northern and western parts
of Atlantic Europe wherever the soil moisture
is not limiting to growth (LINDNER et al. 2010).
The potential benefits of higher spring (April to
June) temperatures for Scots pine and Japanese
larch in Scotland were highlighted in a previous
study (TYLER et al. 1996) while XENAKIS et al.
(2011) showed timber yields of Scots pine to be
higher on warmer, drier and more sheltered sites.
Noble fir is a high elevation species in its native
range where it grows in a moist, maritime region
(FRANKLIN 1990), but its growth is less vigorous
under warmer, drier conditions and there is a
greater incidence of “drought crack” in the stems
(ALpHOUS, Low 1974). Downy birch is the native
birch species found on wetter soils in the uplands
and it will tolerate exposure although the stem
form is often poor and productivity tends to be
low (CAMERON 1996). Aspen is a widespread but
uncommon species in native woodlands in Scot-
land which tolerates a wide range of sites and ex-
posures (WORRELL 1995). Sycamore tolerates ex-
posure well and can produce high quality timber
on moister and more fertile soils, although it can
be seriously damaged by bark stripping by grey
squirrels (Sciurus canadensis) (SAVILL 1991).

However, when species suitability was examined
under the more “extreme” conditions of the 90t per-
centile projections, there were important changes
in projected performance. The main current coni-
fer, Sitka spruce, and two other potentially impor-
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tant ones, Japanese larch and noble fir, experienced
serious declines in suitability by the 2050’s while
most of the other species were either unaffected or
showed minor changes in suitability. The decline in
suitability of the three conifer species was due to
MD being projected to increase to values > 200 mm
under these projections. These findings were based
on extreme projections of likely outcomes under
the medium emissions scenario and are therefore
subject to all the uncertainties that attend attempts
to model future climates (MURPHY et al. 2009).
However, before discounting these findings, one
should note that the medium emissions scenario
may itself be conservative under revised estimates
for the global climate, and moisture deficits of this
order were recorded in Scotland in the last decade.
Thus severe dieback and subsequent drought crack
were reported in Sitka spruce and Norway spruce
plantations in eastern Scotland after the dry sum-
mer of 2003 when soil moisture deficits exceeded
200 mm for several months (GREEN et al. 2008).
This information has been used to classify soils in
eastern Scotland where the risk of future drought
damage might be greater (GREEN, RAaY 2009) so
that brown earth soils were classed as having a “me-
dium” drought potential, while gleys and peat soils
were classed as having a “low” drought potential.
Applying this classification to Craik would suggest
that more freely draining soils on south facing as-
pects might be areas potentially sensitive to future
dry spells. About ten per cent of the forest falls into
this “riskier” category and Sitka spruce is present
on 60% of sites in this category.

The estimates of changes in suitability of differ-
ent species make no allowance for possible effects
of other abiotic factors such as increased incidence
of wind damage or for the impact of a range of bi-
otic pests. While the UKCPO09 projections do not
provide evidence for an increase in the frequency
or intensity of damaging winter storms (MURPHY
etal. 2009), the increased winter rainfall is likely to
result in wetter soils and possibly shallower root-
ing. These factors are likely to increase the risk of
windthrow (QUINE et al. 1995) and may constrain
the use of alternative silvicultural systems to clear
felling, given that implementation of such systems
depends on the feasibility of regular thinning in-
terventions (MAasoN 2003). The warming climate
is likely to increase the incidence of insect pests
such as the green spruce aphid (Elatobium abieti-
num) which is known to reduce the volume incre-
ment in mid-rotation Sitka spruce (STRAW et al.
2011). The potential use of Scots and lodgepole
pines at Craik is currently limited because of the
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impacts of Dothistroma needle blight elsewhere
in Britain (BROwN, WEBBER 2008) while Japanese
larch has proved very vulnerable to attack by Phy-
tophthora ramorum (Forestry Commission 2011).
Thus the suitability ratings provided by the ESC
system need to be seen as a first filter, allowing
the identification of species that may be suited to
a future climate, but that such ratings need to be
tested against other information, including results
from long-term trials.

The value of the Rosedale experiment lies in the
provision of information on the performance of a
range of species of potential interest at Craik when
grown on similar soils under somewhat warmer and
appreciably drier conditions. An interesting feature
of the results is that all the species grown in mix-
ture performed slightly better at this site than pro-
jected using ESC (data not shown) indicating that
the nutritional benefits from nursing mixtures may
extend well into the rotation, although they were
previously described only for the establishment
phase (TayLor 1991). This highlights the need for
knowledge-based systems that provide guidance on
species performance on specific sites under defined
climatic conditions to be regularly updated with
better information derived both from empirical tri-
als and from ecophysiological studies (XENAKIS et
al. 2011). One point of note is the extent to what
all the mixtures are progressively being dominated
by the nursed species (Table 6) with the likelihood
that these plots will end up as pure stands of the
nursed species. The tendency for intimate conifer
and broadleaved mixtures in upland Britain to end
up as pure stands of the most vigorous species was
noted previously (e.g. MAasoN 2006). This may re-
flect the fact that many species used in British for-
estry are light demanding or intermediate in shade
tolerance (MALCOLM et al. 2001) whereas mixtures
often discussed in the European literature such
as Norway spruce and beech (Fagus sylvatica L.)
(KNOKE et al. 2008) are generally composed of at
least one shade tolerant species so that competition
for light is less intense.

In the light of these results, we need to consider
the relative feasibility of applying the three strat-
egies proposed by BoLTE et al. (2009) for adap-
tation to climate change in central Europe to an
Atlantic Sitka spruce forest such as Craik. The
economic value of most of the forests for tim-
ber production would rule out a “passive adapta-
tion” strategy while the risks of windthrow make
any medium-term attempt of “conservation of
structures” unrealistic. Therefore only an ‘active
adaptation’ approach appears to be appropriate
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at Craik although not all the components of this
approach seem practicable throughout the forest.
The exposed climate and the lack of deep rooting
soils mean that the possibility of transforming the
regular stands by thinning to develop a more irreg-
ular and resilient stand structure managed under
continuous cover forestry is likely to be restricted
to about 25-30% of the forests (Nicoll personal
communication). The current 35-50 year rotation
is already comparatively short by European stan-
dards and a further reduction would run the risk
of decreasing the overall quality of timber pro-
duced because of an increasing proportion of ju-
venile core in the sawlog outturn (MoOORE 2011).
The possibility of creating stands with intimate
mixtures of a range of species seems unlikely to
be practical in the long run, although ephemeral
mixed stands may increasingly occur in the estab-
lishment phase as a result of natural colonisation
and give short-term benefits to biodiversity and
to landscape (MAsoN 2006). Thus, it appears that
increasing species diversification will be the most
practical method to help foresters adapt Craik for-
est to projected climate change.

This in turn raises the question of how quickly
action needs to be taken and whether such actions
should be taken over the whole forest or concen-
trated in specific areas. The answer to this question
is, at least in part, dependent on the attitude to risk
of the particular forest enterprise and its managers
(HANNEWINKEL et al. 2011). This attitude may vary
according to the type of owner, since the perspec-
tive of a single individual with one forest holding
is likely to be different from that of a national or
international forest company with holdings spread
across several regions or countries. An extreme
event within the life span of stands currently being
planted could have a serious impact on the growth
of the main species (Table 5), the future production
of timber from the forest and the provision of other
ecosystem services. However, the examination of
suitability of the ESC results for Craik suggests that
by the 2050’s there is a low probability of a serious
warming and drying of the climate which would
have a catastrophic impact on the performance
of Sitka spruce. These indications suggest that a
wholesale change in species choice need not be un-
dertaken immediately. Given that most organisa-
tions involved in natural resource management are
risk-averse (LAWRENCE, GILLETT 2011), a desir-
able outcome could be to start to create large areas
of potential alternative species on more vulnerable
sites within the forest (e.g. the south facing slopes)
so that future generations of managers have access
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to useful information on the performance of these
species if and when serious climate change impacts
occur. The scale of such plantings should probably
be in the range of 10-50 ha in any decade to en-
sure that they are not overlooked in future manage-
ment. Candidates for this role at Craik revealed by
the ESC analysis include Norway spruce, aspen and
sycamore, assuming that the poor form and timber
quality rule out the use of downy birch (CAMERON
1996). The wider use of sycamore or aspen could al-
low the creation of markets for quality timber from
the former species or for fibre grown on short rota-
tions if aspen was used. Other possibilities could
include the use of hybrids between Sitka spruce and
interior spruces which are reported to have great-
er drought tolerance (GROSSNICKLE 1996) or the
use of oriental spruce (Picea orientalis [L.] Link.)
which is reported to cope reasonably well with dry
conditions in Britain (JOHNSON, MORE 2004).

One conclusion from this paper is that silvi-
cultural options for adaptation to climate change
should be tested and implemented at the opera-
tional level of a forest or equivalent management
unit to check their applicability in particular cir-
cumstances. It is clear from the preceding sections
that a single “top-down” approach to adaptation
is unlikely to succeed and may founder because of
the failure to take into account local site and cli-
matic factors. Thus the potential roles of species
diversification, the fostering of mixed stands or the
promotion of alternative silvicultural systems may
vary according to the rates of growth characteristic
of a particular location and the predicted timescale
of risks from projected climate change. This em-
phasises the importance of having access to a net-
work of well-maintained field trials with a range of
species and silvicultural systems to act as bio-indi-
cators of potential performance in a changing cli-
mate. One role for these trials should be to provide
supporting data to allow the validation and im-
provement of existing systems of climate matching
(BROADMEADOW et al. 2005; XENAKIS et al. 2011).
Finally, we would highlight the need for forest re-
searchers to consider the uncertainty involved in
climate change projections and the consequent
range of possible outcomes for forests. This varia-
tion should be incorporated into an exploration of
the risks that may result from these outcomes. This
information then needs to be translated at relevant
spatial and temporal scales into suitable formats
that can be used by forest managers at a tactical
level as they seek to plan the future development
of their forests over future decades in an uncertain
world.
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