
This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 210.77.64.105

This content was downloaded on 13/04/2017 at 10:21

Please note that terms and conditions apply.

Adapting Scotland’s forests to climate change using an action expiration chart

View the table of contents for this issue, or go to the journal homepage for more

2015 Environ. Res. Lett. 10 105005

(http://iopscience.iop.org/1748-9326/10/10/105005)

Home Search Collections Journals About Contact us My IOPscience

You may also be interested in:

Are forest disturbances amplifying or canceling out climate change-induced productivity changes in

European forests?

Christopher P O Reyer, Stephen Bathgate, Kristina Blennow et al.

Potential change in forest types and stand heights in central Siberia in a warming climate

N M Tchebakova, E I Parfenova, M A Korets et al.

Climate change impacts on US agriculture and forestry: benefits of global climate stabilization

Robert H Beach, Yongxia Cai, Allison Thomson et al.

A systematic review of dynamics in climate risk and vulnerability assessments

Alexandra Jurgilevich, Aleksi Räsänen, Fanny Groundstroem et al.

Transient scenarios for robust climate change adaptation illustrated for water management in The

Netherlands

M Haasnoot, J Schellekens, J J Beersma et al.

Global climate change impacts on forests and markets

Xiaohui Tian, Brent Sohngen, John B Kim et al.

Effects of ecological and conventional agricultural intensification practices on maize yields in

sub-Saharan Africa under potential climate change

Christian Folberth, Hong Yang, Thomas Gaiser et al.

Warm summer nights and the growth decline of shore pine in Southeast Alaska

Patrick F Sullivan, Robin L Mulvey, Annalis H Brownlee et al.

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/1748-9326/10/10
http://iopscience.iop.org/1748-9326
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience
http://iopscience.iop.org/article/10.1088/1748-9326/aa5ef1
http://iopscience.iop.org/article/10.1088/1748-9326/aa5ef1
http://iopscience.iop.org/article/10.1088/1748-9326/11/3/035016
http://iopscience.iop.org/article/10.1088/1748-9326/10/9/095004
http://iopscience.iop.org/article/10.1088/1748-9326/aa5508
http://iopscience.iop.org/article/10.1088/1748-9326/10/10/105008
http://iopscience.iop.org/article/10.1088/1748-9326/10/10/105008
http://iopscience.iop.org/article/10.1088/1748-9326/11/3/035011
http://iopscience.iop.org/article/10.1088/1748-9326/9/4/044004
http://iopscience.iop.org/article/10.1088/1748-9326/9/4/044004
http://iopscience.iop.org/article/10.1088/1748-9326/10/12/124007


Environ. Res. Lett. 10 (2015) 105005 doi:10.1088/1748-9326/10/10/105005

LETTER

Adapting Scotland’s forests to climate change using an action
expiration chart

MPetr1,2,3, LG J Boerboom1, DRay2 andAvan derVeen1

1 Faculty ofGeo-Information Science and EarthObservation (ITC), University of Twente, Netherlands
2 Forestry Commission,Northern Research Station, EH25 9SY, Roslin, UK
3 Author towhomany correspondence should be addressed.

E-mail:Michal.Petr@forestry.gsi.gov.uk, l.g.j.boerboom@utwente.nl, Duncan.Ray@forestry.gsi.gov.uk and
A.vanderVeen@utwente.nl

Keywords: ecosystem services, adaptation, drought, climate change, forestmanagement, adaptive pathways

Supplementarymaterial for this article is available online

Abstract
The inherent uncertainty of climate change impacts is one of themain challenges for adaptation in
environmentalmanagement. The lack of knowledge about climate impacts on ecosystem services at
high spatial and temporal resolution limits when andwhat adaptationmeasures should be taken.We
addressed these limits by assessing four ecosystem services—forest production, tree growth,
sequestered carbon, and tourismpotential—under drought or climate change. To support adaptation,
we adapted the existing concept of ‘dynamic adaptive policy pathways’ for forestmanagement by
developing an action expiration chart, which helps to define expiry dates for forestry actions using
ecosystem services delivery thresholds.We assessed services for Sitka spruce, Scots pine, and
pedunculate oak on theNational Forest Estate in Scotland for the next 80 years using probabilistic
climate change data from theUKCP09weather generator. Findings showed that drought would have
an overall long-termnegative impact on the provision of three services with a decrease up to 41%,
whereas climate change has a positive impact on tourismpotential with up tofive times higher
frequency of good climate conditions during summermonths. Furthermore, the results highlighted
when forestry actions,mainly in the lowlands, will reach their environmental limits during the next 80
years. Ourfindings reduce knowledge uncertainty and highlight when andwhere adaptation should
be implemented to ensure the provision of future forest ecosystem services in Scotland.

1. Introduction

Natural and human ecosystems have a long history of
adaption to changing climate conditions and its
variability. But expected rapid climate change will
undoubtedly harm these ecosystems (Fischlin
et al 2007, Ciscar et al 2011) calling for adaptation that
can minimize these impacts (Hall et al 2012, Jones
et al 2012). The essential components of climate
change adaptation are how, where, and when to adapt
(Smit et al 1999), and to what climate stimuli. Many
studies have investigated adaptation measures to
potential climate change impacts on multiple ecosys-
tems in Europe (Schroter et al 2005, Lindner
et al 2010) and in the UK (Read et al 2009, Bateman
et al 2013). However, these studies lack the level of

spatial and temporal detail necessary for medium to
long-term management, such as decadal information,
and what future adaptive pathways might exist. To
overcome these issues, improvements in climate
change modelling have resulted in climate data at
higher spatial and temporal resolutions, such as the
climate change projections in the UK (Murphy
et al 2009). By building upon recent research on
adaptation strategies providing choices, relevant
actions, and pathways while considering uncertainty
(Hallegatte 2009, Denton et al 2014, Haasnoot
et al 2013), then new adaptive management pathways
for forestry can be created.

In forestry, climate change adaptation is a long-
term process as trees grow for decades. Adaptation
involves having information when and where climate
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change impacts are serious enough to initiate changes
in forest management. Different adaptation approa-
ches to climate change exist based on forest manage-
ment, such as ‘silvicultural adaptation measures’
(Mason et al 2012), and adaptive strategies including
resistance, resilience, and natural response (Millar
et al 2007, Stephens et al 2010); or sociological approa-
ches like ‘risk perceptions’ (Williamson et al 2005).
Still, these studies lack detailed information about
when and where forest managers should start to adapt
and what limits their adaptation. A novel approach of
dynamic adaptive policy pathways found in the litera-
ture for water management (Haasnoot et al 2013)
seems a promising new approach, which when mod-
ified, can support spatially oriented climate change
adaptation in forestry. The essential component for
these pathways is to define an expiry date for each
action—e.g. raising of dykes—described as a ‘sell-by
date’ beyond which the plan’s objectives will fail. Fur-
thermore, expiry dates define boundaries for a set of
adaptation pathways considering different objectives
and problem understandings. To assess these path-
ways and their actions, quantified ecosystem services
are needed.

Not only do natural ecosystems have a long history
of adapting to changing climate conditions, human
ecosystems have also been searching for means to
adapt. Therefore, the societal perspectives on the
environment and its values have been changing. These
values are well expressed in the environmental or eco-
system services that society appreciates. In the past, for
instance, forests were appreciated mainly for wood
production, but in the last few decades they became
appreciated and valued also as sources of biodiversity,
tourism revenue, and carbon storage (Quine
et al 2011). These multiple forest benefits—ecosystem
services—increase the value of forests to the public.

Corresponding to these changes in societal appre-
ciation of the environment, ecosystem services assess-
ments emerged in the last decade at a global
(Millennium Ecosystem Assessment 2005) and at a
national scale (UK National Ecosystem Assess-
ment 2011). Traditionally, in forestry, the main ser-
vices have been forest production and contribution to
the local economy, but recently new services emerged,
such as carbon sequestration and recreation (Quine
et al 2011). Numerous sophisticated models exist for
assessing traditional services, such as forest produc-
tion (Metzger et al 2008, Hanewinkel et al 2012), and
carbon sink and sequestration (Pan et al 2011, Mor-
ison et al 2012). However, only a limited number of
models are available to assess newer services, such as
recreation (Mieczkowski 1985), especially when incor-
porating climate change impacts (Bateman et al 2013).
Therefore, forest managers need information about
climate change impacts on these services because they
provide vital benefits to the public. Furthermore, to
support broader climate change adaptation multiple

ecosystem services should be evaluated to inform
environmentalmanagement (Bateman et al 2013).

This paper aims to quantify resilience of managed
forests with four forest related ecosystem services (tree
growth potential, forest production, carbon sequestra-
tion, and tourism potential) under climate change and
to incorporate them into an action expiration chart,
for the case of Scottish public forestry. We address two
research questions: (a) How much will drought and
climate change reduce the delivery of forest ecosystem
services in the future under different emissions scenar-
ios? and (b) Which forestry actions, and by when
should forest planners choose to support the con-
tinuous provision of ecosystem services under climate
change ? To assist future forest transitions while redu-
cing climate change uncertainty, we explored when,
where, and how to adapt. We assessed changes in eco-
system services on the National Forest Estate (NFE) in
the lowlands and uplands based on probabilistic cli-
mate change projections (UKCP09) (Murphy
et al 2009). To assist climate change adaptation in for-
estry and its intrinsic uncertainty, we incorporated
information about ecosystem services into an action
expiration chart.

2.Materials andmethods

We used a climate stress testing framework (figure 1)
as guidance for our assessment of ecosystem services
and the development of an action expiration chart.

2.1.Data collection
Simulated climate data were obtained from the
weather generator (WG)—with 5 km spatial resolu-
tion—available from the UKCP09 climate projections
(Murphy et al 2009, Jones et al 2009). To calculate
moisture deficit (MD)—as a drought proxy—we used
key climate variables: precipitation (mm) and potential
evapotranspiration for grass (PET) (mmd−1). To
calculate a tourism climatic index (TCI) (Miecz-
kowski 1985) we used: maximum daily temperature
(°C), mean daily temperature (°C), mean daily relative
humidity (%), precipitation (mm), and sunshine
(h d−1). TheWGdata lackedwind speed data, hencewe
used the MetOffice gridded observation dataset with
monthly averages for the climatic period 1971–2000 at
10 mheight (Jenkins et al 2008).WGdatawere available
for the baseline period (1961–1990), for seven 30-year
overlapping time periods from the 2020s (2010–2039)
until the 2080s (2070–2099), and for three IPCC
emissions scenarios: low (B1), medium (A1B), and
high (A1FI).

We modified the sampling of WGs sites experi-
ment of Petr et al (2014) to increase the density of sites
and to expand the coverage across forested areas on
the NFE in Scotland. Sampling was random with one
WG site within two strata: (a)UKCP09 25 km grid cell
overlaying the NFE, and (b) within the lowlands or
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uplands. We chose 25 km grid cells to have a regular
block design and because WG sites at this scale have
the same set of change factors for climate data (Jones
et al 2009). The lowlands represents drier and warmer
conditions and the uplands colder and wetter climate
zones (Petr et al 2014). The Forestry Commission
database provided forestry data about species, stand
area and age, available in supporting information. Our
final climate data sample consisted of 215 WG sites
with 92 in the lowlands and 123 in the uplands, see
figure A2 in supporting information for the WG spa-
tial distribution.

2.2.Methods for estimating ecosystem services
We first estimated drought impacts on tree growth,
forest production, and carbon sequestration, and then
climate change impacts on tourism. We defined
drought using a climatic MD index (Petr et al 2014)
and climate change as impacts of multiple climate
variables, e.g. temperature and precipitation. For each
ecosystem service we calculated an indicator using
models developed either for British conditions—
drought risk assessment or carbon—or for interna-
tional conditions—tourism (table 1).

We assessed the drought impacts on tree growth
(stand yield class) for Sitka spruce (Picea sitchensis),
Scots pine (Pinus sylvestris), and pedunculate oak
(Quercus robur). For the future periods we adjusted the
baseline yield class (1961–1990) with a drought risk
impact measure (Petr et al 2014) for each tree species

by the relative future yield class change factor within
each 25 km grid cell. Using an adjusted yield class we
calculated the potential mean stand yield class for
spruce, pine, and oak stands weighted by stand area.
Then, we computed the potential forest production
multiplying the adjusted mean stand yield classes by
the forest area, assuming the same future forest extent.
Next, we estimated cumulative sequestered carbon
stocks for stands using the freely available Woodland
Carbon Code calculator3 based on the CSORT model
(Morison et al 2012). For each species we calculated
the sequestered carbon based on: tree age, adjusted
stand yield class, tree spacing, and with standard forest
management. The cumulative carbon values represent
sequestered carbon in biomass and debris.

Finally, we calculated a tourism potential for for-
ests with the TCI representing human comfort
(Mieczkowski 1985, Perch-Nielsen et al 2010). We
used daily climate data from the WG to calculate five
monthly sub-indices required for TCI: daytime com-
fort index, daily comfort index, precipitation, sun-
shine, andwind. The onlymissing climate variable was
minimum daily relative humidity, which we sub-
stituted with the mean daily relative humidity simi-
larly as (Perch-Nielsen et al 2010). All climate variables
were available for the baseline period (1961–1990)
except for wind data (available for 1971–2000), which
still provided a good proxy for the baseline. To calcu-
late changes in tourism potential between the baseline
and the future, we used the number of ‘good days’with
TCI > = 60 indicating suitable conditions for light
tourism (Perch-Nielsen et al 2010). We analysed chan-
ges in the average number of good days in summer
(June, July, and August)when the highest visitor num-
bers in Scottish forests occur. The supporting infor-
mation contains the detailed calculation steps for
ecosystem services.

2.3.Method for the action expiration chart
We expanded the dynamic adaptive policy pathways
developed for water management with spatial and
temporal evaluations of forestry actions and created
the action expiration chart. Following the first five
analysis steps by Haasnoot et al (2013), we (1)
described the study area, (2) specified the problem
related to forest adaptation in Scotland, (3) provided a
list of relevant forestry actions, (4) assessed these
actions, and (5) proposed an action expiration chart
with two sets of threshold values.

2.3.1. Study area—Scottish public forestry
We analysed three major tree species on the
NFE (481 000 hectares) in Scotland (Forestry
Commission 2012b). In the lowlands and uplands,
Sitka spruce as the major production species covers
more than 50% of forest area; Scots pine covers
approximately10%; and pedunculate/sessile oak

Figure 1.Climate stress testing framework guiding the
assessment of ecosystem services and action expiration chart
—in grey boxes (modified from (Swart et al 2013)).

3
http://www.forestry.gov.uk carboncode

3
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covers approximately 1% (table A1). The climatic
conditions in Scotland have changed with an increase
in mean annual temperature by 0.8 °C over the last
three decades and with summer precipitation changes
in a range between −5% and 4.6% in contrast to
winter precipitation with an increase between 35.9%
and 65.8% from 1961 to 2006 (Jenkins et al 2008).
From the forest policy perspective, Scottish Govern-
ment has specified broad policy aspirations, such as an
increase in the woodland area from 17% to 25%, an
increase in carbon sequestration, and a contribution
to public health benefits (Forestry Commission Scot-
land 2006); and another target for delivering a smooth
annual production of at least three million cubic
metres of softwood timber over the next 50 years
(Forestry Commission Scotland 2013).

2.3.2. Problem for Scottish forestry
Climate change and its potential impacts are one of the
main threats to the future delivery of key forest
ecosystem services in Scotland (Forestry Commission
Scotland 2006). The problem for forest managers is to
know when and where they should adapt and by what
means. Opportunities exist, such as woodland expan-
sion on suitable sites, or choosing more resilient tree
species. Vulnerabilities also exist, such as growth rate
reduction due to drought (Allen et al 2010).

2.3.3. Relevant forestry actions
We chose three forestry management actions impor-
tant for sustainable forest management for which we
can quantify ecosystem services delivery into the
future. Three forestry actions are: keep the current tree
species, adjustment of forest recreation facilities, and
forest area expansion. We classified these into three
groups: forest management of current tree species,
potential forest tourism, and forest area expansion. In
each group we split the actions into the lowlands and
uplands, and for forestmanagement we also split them
by the three species.

2.3.4. Evaluation of forestry actions
Each actionwas evaluated by the quantity of ecosystem
service delivery with and without climate change,

similar to the scorecards by (Haasnoot et al 2013). We
used quantified ecosystem services to define expiry
dates (by decades) after which actions will stop
delivering the required amount of service and a need
for adaptation starts. To compare differences among
ecosystem services we used relative values. Moreover,
we specified two sets of threshold values: a 10% and a
20% reduction values indicating a decline in the
amount of services. Once an action reaches the thresh-
old value, this defined its expiry date or a ‘stop’ point.
For tourismwe defined different threshold values with
a 100% and 200% increase in the number of ‘good
days’ as climate change should have a positive impact.
The example in figure 2 shows two reduction rates of
ecosystem services, with various widths of vertical bars
indicating the number of services (from one to three)
reaching its expiry date. The horizontal coloured
bars connecting vertical bars depict a ‘window of
necessity’ indicating how much time forest managers
have left before the remaining services reach their
expiry date. The black horizontal lines indicate no
expiry dates.

2.3.5. Action expiration chart
Having a set of forestry actions with expiry dates at two
threshold values, we defined windows of necessity and
incorporated these into an action expiration chart.
Expiry dates specify which action a forest planner may
still follow and define limits for possible adaptive
pathways. Consequently, these dates are part of the
uncertainty that forest planners have to face now and
into the future. Planners do not know how society will
value ecosystem services, and this would influence
forest management objectives. Stated another way,
planners have to deal with this ambiguity (Brugnach
et al 2008). Consequently, we offer two threshold
values for consideration –10% and 20% for traditional
services. By combining forestry actions with their
expiry dates we were able to create spatial (lowland
and upland) action expiration chart for forestry. This
chart can help foresters and policy makers to draw
possible adaptation pathways and outline where (in
the lowlands or uplands), when (for seven time
periods), and under which future (emissions

Table 1. Indicators for assessment of ecosystem services.

Type of service fromUK

NEA classificationa Ecosystem services Indicators (units) Models

Provisioning–trees for

timber

Tree growth Weightedmean stand yield class

(m3 ha−1 yr-1)
Drought risk assessment (Petr
et al 2014)

Provisioning–trees for

timber

Forest production Volume of available timber (m3 yr−1) Drought risk assessment (Petr
et al 2014)

Regulating–climate Carbon

sequestration

Carbon sequestration [tCO2equivalent] Woodland carbon code andCSORT

model (Morison et al 2012)
Cultural–environmental

settings

Tourism potential Tourism climatic index (no. of ‘good’
d month−1)

Tourism climatic index

(Mieczkowski 1985)

a Quine et al (2011)
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scenarios) adaptation should start. Furthermore, an
action expiration chart offers information about
evaluated reasonable adaptation choices: forest area
expansions or orientations to forest tourism.

3. Results

3.1. Spatiotemporal assessment of ecosystem
services
Figure 3(a) shows that total future forest production
combined for spruce, pine, and oak in both the
lowlands and uplands reduces compared with the
baseline (1961–1990) climate. Spruce contributed the
most to this decrease with 664 000 m3 yr−1, followed
by pine with almost 12 times smaller contribution of
57 000 m3 yr−1, and oak contributed with a marginal
increase of 900 m3 yr−1 assessed for the A1FI emis-
sions scenario in the 2080s. The forest production for
spruce reduces 1.6 times more in the uplands than in
lowlands in the 2080s for the A1FI scenario.

Figure 3(b) demonstrates that calculated weighted
mean stand yield classes mostly decrease compared to
the baseline. Spruce has a higher growth potential in
the lowlands than in the uplands but both decline
compared to the baseline. However, in the 2080s for
the A1B scenario and from the 2060s for the A1FI sce-
nario the spruce yield class in the uplands overtakes
the yield class in the lowlands. Spruce yield class
decreases from 14.7 to 10.6 m3 ha−1 yr−1 in the low-
lands for the A1FI scenario in the 2080s. Pine has a
yield class approximately half that of spruce in the
baseline, but has a smaller absolute reduction in yield
class, from 8.1 to 5.7 m3 ha−1 yr−1 in the lowlands in
the 2080s. Pine switches to a higher yield class in the
uplands compared with the lowlands in the 2050s. In
contrast to spruce and pine, oak yield class increases
from the baseline over the next 80 years. Projected
drier conditions help oak to increase its yield
class from 2.9 to 3.5 m3 ha−1 yr−1 in the lowlands by
the 2080s.

Figure 3(c) shows that in Scotland, spruce dom-
inates with the total amount of sequestered carbon in
biomass in both the lowlands and uplands, and this is

almost five times more than pine and 173 times
more than oak. For spruce, drought impacts result
in a reduced sequestered carbon that is noticeable
from the 2020s, with the largest reduction of
17 502 000 [tCO2e] in the 2080s for the A1FI scenario
compared with the baseline. The largest reduction in
sequestered carbon for pine totals 3 400 000 [tCO2e]
in the 2070s for the same scenario. Surprisingly, the
largest reduction in sequestered carbon for oak is
160 000 [tCO2e] in the 2060s for the B1 scenario. Age
distribution and species rotation lengths explain the ‘s’
shape curve of sequestered carbon.

And finally, the figure 3(d) demonstrates that the
climate conditions should become more favourable
for light tourism in both the lowlands and uplands in
Scotland. The mean number of ‘good days’ (TCI
> = 60) during summer months increases almost by
three times in the lowlands and a five times in the
uplands over the next 80 years compared to the base-
line climate. A slightly steeper increase in the number
of good days occurs in the uplands than in lowlands.
Also, the absolute difference between the lowlands and
uplands reduces from about 8 good days in the
2020s to 5 good days in the 2080s. The baseline repre-
senting standard climate period 1961–1990 clarifies
the sharp increase in the number of good days to the
2020s.

3.2. An action expiration chart
Building upon the quantified ecosystem services
(traditional: forest production, mean yield class, and
carbon sequestered; and the tourism potential
separately) we developed an action expiration chart
for the NFE in Scotland. This chart defines the
threshold values with expiry dates for all forestry
actions in the lowlands and uplands, and for three
emissions scenarios. For a 10% reduction value of
traditional ecosystem services–the expiry dates occur
in the lowlands first for pine action already now,
and for spruce action after the 2030s (figure 4).
Second, in the uplands the expiry date for spruce
action occurs in the 2050s for the B1 or in the
2040s for the A1FI scenario, and for pine action in
the 2060s for the A1FI scenario. For a 20%
reduction value of ecosystem services in the low-
lands the expiry dates for spruce and pine actions
occur in the 2050s or 2070s for the A1B and A1FI
scenarios, respectively. However, no expiry dates
exist for actions in the uplands. Orientation to
forest tourism or forest area expansion in the
uplands can provide future benefits and added
values to forestry, which can partially compensate
for losses in values and the delivery of forest
production, mean yield class, and carbon sequestra-
tion. Furthermore, our findings show how the
‘window of necessity’ changes and also shows the
urgency to take an action. Combining information
about expiry dates for all forestry actions, we also

Figure 2. Illustration of a forestry action and accompanying
10%and 20% threshold values with expiry dates for one, two,
and three ecosystem services (forest production, stand yield
class, and carbon sequestration). The seven decades range
from the 2020s (20s)until 2080s (80s).
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illustrate adaptation pathways for a 10% threshold
value across three scenarios in dashed green line
(figure 4). They indicate when each forestry action
reaches its expiry date and where other actions can
still provide sufficient services while partially com-
pensating for other losses.

4.Discussion and conclusions

4.1. Spatiotemporal assessment of ecosystem
services
The findings for the major Scottish tree species show
that future droughts could largely reduce the provision

Figure 3.Estimated (a) potential forest production; (b) potential weightedmean stand yield class; (c) potential sequestered carbon;
and (d) tourismpotential for the number of ‘good days’ (tourism climatic index>60), due to drought and climate change impacts in
Scotland for the lowlands and uplands; for the B1, A1B, andA1FI emissions scenarios where ‘none’ represents no climate change; and
for the baseline (1961–1990) and seven time periods (2020s until 2080s).

Figure 4.Action expiration chart for theNational Forest Estate in Scotlandwith an example ofmanually drawn pathways in light
green dashed line for 10% reduction. Chart shows expiry dates for a 10% (green) and a 20% (blue) reduction of ecosystem services;
expiry dates for potential tourism for a 100% (orange) and a 200% (brown) increase; for three emisssions scenarios, and over the next
seven decades (the 2020s until 2080s).
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of key forest ecosystem services (forest production,
mean yield class, and sequestered carbon), and climate
change could increase tourism potential. Drought
impacts on species could result in forest production
losses by 270 000 m3 yr−1 in the lowlands (28.3% of
total production) and by 450 000 m3 yr−1 in the
uplands (18.5%) in the 2080s. Forest managers can
minimize these impacts by applying relevant adapta-
tion measures, such as a choice of drought tolerant
species and adjusting silviculture management.
Although forestmanagement can have a higher impact
on wood production compared to climate change
(Schroter et al 2005), still climate change will have a
continuous and large effect. For example, the model-
ling study by Ray et al (2014) demonstrated that
depending on the forest management practice, such as
species diversity and business as usual, we can expect
positive and negative impacts on the provision of
ecosystem services under climate change. Therefore,
when comparing their observations with ours, we can
expect that species diversification can increase the
amount of key forest ecosystem services and postpone
the expiry dates whereas business as usual will most
likely follow our negative impacts. Additionally, study
byBrang et al (2014) summarized a list of both effective
and ineffective silviculture practices for climate change
adaptation, with, for example, reduced rotation length
possibly mitigating high-risk stands and associated
delivery of forest services. This practice can delay a
need for new species, in our studymanagement action,
while providing a same amount of ecosystem services.
At a national scale, other studies have shown a
relatively small reduction in wood production by
2050–2080 across Scotland generalized for Atlantic
north stratum (Metzger et al 2008), whereas produc-
tion forecasts for softwood timber availability for
Scotland showed a steep decline by 2036 by about
21.8% (Forestry Commission 2012a) and production
decrease by 42% by the 2080s across the Great Britain
(Petr et al 2014). Based on our study and these papers,
we conclude that impacts on forest production on the
NFE in Scotland will be substantial in the lowlands,
especially in the second half of the 21st century.

Relative change in stand yield classes was similar to
forest production. For spruce in the lowlands it
reduced by 4.16 m3 ha−1 yr−1 (28.2% of yield class)
and in the uplands by 2.6 m3 ha−1 yr−1 (19.1%) in the
2080s. These results can have a long-term impact on
sustainable spruce timber production, with an average
50-year rotation period. Other studies have shown
similar degree of drought impacts from a 30% reduc-
tion of gross primary productivity across Europe after
the 2003 heat-wave (Ciais et al 2005), worldwide for-
ests’ vulnerability due to hydraulic failure (Choat
et al 2012), and negative modelled drought impacts on
growth of Scots pine in Scotland (Xenakis et al 2011).
Future climate conditions, including extreme events,
are thus likely to reduce forest productivity for the
three species.

Sequestered carbon in the standing trees will
decrease. For spruce, estimated carbon in the lowlands
reduced by 6MtCO2e (31% of total carbon) and in the
uplands reduced by 11.5 MtCO2e (41%) in the 2080s
for the A1FI scenario. These reductions can turn for-
ests into carbon sources as reported after the 2003
heat-wave in Europe (Ciais et al 2005); after extreme
events, such as wind-throw with estimated 30%
reduced carbon balance (Lindroth et al 2009); and
from a combination of stem increment reduction and
an increase in number of natural events (Nabuurs
et al 2013). Additionally, estimates of the carbon sink
in Britain’s forests, including Scotland, indicate large
reductions from 10.5 MtCO2 yr

−1 in 2005 to
5MtCO2 yr

−1 by 2020 (Read et al 2009).
The tourism potential index indicate a positive cli-

mate change effect with a high increase by 16 ‘good
days’ (equivalent to 250%) in the lowlands and up to
19 ‘good days’ (equivalent to 520%) in the uplands for
the 2080s and the A1FI scenario. This would result in a
high demand for forest recreation in Scotland with a
need for new facilities and infrastructure to accom-
modate this increase. Using the same index but differ-
ent climate datasets, other studies reported a
northward shift of ‘good’ days to southern Scotland in
the 2060s or 2080s (Hein et al 2009, Perch-Nielsen
et al 2010), and an increase in the frequency of good
days by about 5 d in 2071–2100 (Perch-Nielsen
et al 2010). Our results show more positive climate
change effects, probably due to use of more detailed
climate dataset. Even though absolute reduction in
provision of ecosystem services is smaller in the low-
landswhile relative reduction is smaller in the uplands,
forests in the uplands aremore resilient to drought.

4.2. An action expiration chart
We found that climate change adaptation in Scottish
forestry should start in the lowlands immediately or in
the next two decades. This implies accepting a 10%
reduction of services provision for forestry actions of
major tree species—spruce and pine. For a 20%
reduction, the same actions in the lowlands reach their
expiry dates but this happens later from the 2050s.Our
two threshold values with expiry dates provide a
direction for possible adaptation pathways, opportu-
nity space for adaptation, and contribute to resilient
forests. But the pathways choice will depend on
planners’ risk attitudes and perceptions. The planners’
risk perceptions will most likely drive choices of
forestry actions, as a study by O’Connor et al (2005)
has demonstrated that this was the case for water
managers. Furthermore, planners and managers need
to consider the amount of future ecosystem services at
stake, for example with spruce covering more than
43% of forested area in Scotland, and their objectives.
Opportunities exist for adding more benefits from
several services, either with added value by and a shift
to forest tourism or with offsetting losses in the
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lowlands by forest area expansion in the uplands.
Essentially, a better future climate conditions for
tourism will offer the public more opportunities for
recreation and a better growth in the uplandswill allow
forest managers to partially compensate for losses in
values of forest ecosystem services. These opportunities
offer managers new options for adaptation while
retaining the values of the public forest, but they also
result in a need for trade-offs among ecosystem services
(Schwenk et al 2012). Finally, our findings with changes
in tourism potential could justify advanced studies into
the perceptions and preference of tourists regarding the
Scottish landscape and its forests.

Proposed action expiration chart can provide
information about when and where actions can reach
their expiry dates helping managers to define neces-
sary lead time—supporting adaptation—with knowl-
edge about their financial, human, and technical
resources. As previous research demonstrated, a lack
of knowledge exist among forest experts about agree-
ment of effective adaption options for protecting key
forest ecosystem services (West et al 2012). An action
expiration chart with pathways addressing climate
change uncertainty can also supports new types of cli-
mate change policies with specific recommendations
when, where, and how much forests should change.
This can help managers to make informed decisions
while avoiding inappropriate adaptation measures
that can make forests more vulnerable (Barnett and
O’Neill 2010). The detailed information about the cli-
mate change impacts on ecosystem services should be
used as a guidance for operational forest management,
such as helping with transition of re-planting with new
suitable tree species and shift to new locations (Millar
et al 2007).

The study strengths are the assessment of multiple
forest ecosystem services into the future at high spatial
and temporal resolution with probabilistic climate
data, and the development of an action expiration
chart. Additionally, new understanding about climate
change and ecosystem services can improve proposed
flexible action expiration chart and provide coherent
information to forest planners. To improve this work,
future research should incorporate other ecosystem
services impact models to reduce epistemic and ambi-
guity uncertainty. Overall, our study was limited to a
description of assessed ecosystem services and future
pathways, and that preferences and choices, such as
recreational preferences and associated trade-offs,
could not be studied, but these could certainly be
interesting for further research using our action
expiration chart.

5. Conclusions

For the first time multiple forest ecosystem services
were assessed at a high spatial and temporal resolution,
which until nowhas beenmissing at a regional scale, in

combination with an action expiration chart. Overall,
drought impacts should reduce the provision of the
traditional forest ecosystem services more in the low-
lands than in the uplands. However, climate change
brings opportunities for forestry with a shift to new
ecosystem services being tourism or to forest expan-
sion preferably in the uplands. Additionally, assessed
services enabled us to develop an action expiration
chart with quantified expiry dates while offering
directions for adaptation in forestry. This chart, when
modified, can allow other sectors to identify future
needs for adaptation. Finally, this study offers a new
way of reducing climate change uncertainty by incor-
porating quantified ecosystem services into an action
expiration chart for Scottish forestry.
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