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Abstract To compare the provision of ecosystem ser-

vices in plantation forests under alternative climate change

adaptation management trajectories, we interpolated cli-

matic variables from the UK 11-member regional climate

models to use at high resolution in forest management

situations. We used expert opinion to derive the links

between coarse-scaled UK National Ecosystem Assess-

ment scenarios and forest management alternatives (FMA)

in a simulation of forest planning and management under

climate change uncertainty. Nine indicators were used to

compare the provision of forest ecosystem services from

four alternative management trajectories based on FMA

types under a changing climate. These show that by 2080 a

‘business as usual’ form of forest management at both

Clocaenog and Gwydyr forests will become unsuitable

under the two warmest and driest climate variants, mar-

ginal under four variants, and borderline suitable under the

remaining five variants. This implies that if future forest

policy requires the continued delivery of a wide range of

ecosystem services, including, home grown timber, biodi-

versity, and the carbon mitigation benefit from woodlands,

then there is 20–50 % chance of failing to deliver on some

of these services, unless some adaptation measures to cli-

matic impacts occurs, such as transformation to more

diverse species forests managed using low-impact silvi-

culture systems. We show that the benefits of achieving this

will be to minimise most of the impacts that climate change

would otherwise have on the delivery of ecosystem ser-

vices from forests.

Keywords RCM projections � Ecosystem goods and

services � UK National Ecosystem Assessment �
Adaptation � FMA � Forest modelling � Forest resilience

Introduction

Due to the long rotation periods of forest stands, and

because of the many benefits people derive from forests

(Quine et al. 2011), it has been recognised that climate
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change will have a considerable impact on the provision of

ecosystem goods and services from forests (Hurteau et al.

2013; Lindner et al. 2010; Steenberg et al. 2011). Conse-

quently, resilient forest adaptation should be considered,

including counter measures (Hanewinkel et al. 2013; Rist

and Moen 2013) to maintain the continued long-term

delivery of ecosystem goods and services from wooded

landscapes (Fürstenau et al. 2007; Rasche et al. 2013; Stein

et al. 2013). Climate change adaptation requires adjust-

ments in species or provenance selection and the choice of

a suitable silvicultural system to reduce damaging extreme

abiotic and biotic impacts (Broadmeadow et al. 2005) to

forest ecosystems.

Management to maintain ecosystem function is recog-

nised as a pre-requisite (Benayas et al. 2009) to ecosystem

services delivery, and the Millennium Ecosystem Assess-

ment (MEA 2005) and the UK National Ecosystem

Assessment (UKNEA 2011) both demonstrate the key role

of sustainable management according to the ecosystem

approach (MCPFE 2006) to support the delivery of goods

and services that benefit people. The UK has adopted

policy (Defra 2011) to manage land sustainably and to

consider and improve the delivery of goods and services.

This policy is also reflected in the devolved countries,

which considers spatial and holistic assessments of eco-

system services and climate adaptation, with plans for

introducing payments for their delivery.

Climate change uncertainty and the implications for

land management decision-making has been widely dis-

cussed in the literature (Berkhout et al. 2013; Courbaud

et al. 2010; Hurteau et al. 2013; Millar et al. 2007; Petr

et al. 2014; Seidl and Lexer 2013; Yousefpour et al. 2012).

In the UK, climate change uncertainty is represented by the

probabilistic United Kingdom Climate Projections (UKCP

2009). A by-product of the probabilistic projections was

the creation of regional climate model (RCM) outputs

comprised of 11 equally likely variants from a perturbed

physics ensemble and gridded at a resolution of 25 km, to

represent a daily climatology for the UK from 1950 to

2100. These variants have been used to study drought risk

(Brown et al. 2011), and they provide a way of exploring

the spatial and temporal uncertainty of climate projections

in the UK.

The forest land area of the UK has increased from

approximately 5 % in the early twentieth century to around

13 % by 2012. During this time, various social and eco-

nomic pressures forced changes in policy throughout the

twentieth century, with changes and adjustments to the

forest ecosystem state leading to responses in ecosystem

service delivery. This ‘pressure-state-response’ framework

has been clearly evident during the last century. From an

initial need for a strategic timber reserve, an issue of

national security (Richards 2003), to a requirement to

realise greater forestry employment opportunities (Linnard

2000), and in the 1980s to restructure wooded landscapes

to correct biodiversity, cultural and aesthetic losses (Mason

2007) resulting from widespread uniform forest planta-

tions. Recently sustainable forest management objectives

have been implemented to deliver a range of goods and

services (Quine et al. 2013).

The pressure-state-response framework logic may be

carried forward into the future. Indeed one can associate

the different socio-economic future scenarios developed in

the UK National Ecosystem Assessment (UK NEA) (Ha-

ines-Young et al. 2011) with likely forest policy drivers

forcing changes in forest planning and forestry practice,

which in turn would lead to the implementation of forest

management systems to deliver the ecosystem services

demanded by forest policy. For example, Haines-Young

et al. (2011) calculated that by 2060, the area of woodland

in the UK would increase in five of the six storylines, the

exception being ‘World Markets’. Detail in the spatial

variation of ecosystem service provision from woodlands

was beyond the scope of the UK NEA (Quine et al. 2011),

and consequently there was no detailed treatment of dif-

ferences in ecosystem service provision among forest

management and silvicultural systems. However, this type

of assessment is more appropriate at the regional or

catchment scale, and such an experiment provides an

opportunity to simulate changes in forest management

alternatives (FMA) from existing states to future projected

states. Such an experiment could simulate a more realistic

response to policy drivers and offer a test of future forest

resilience (Rist and Moen 2013) from different adaptation

strategies using a temporal and spatial simulation of indi-

cators of ecosystem service delivery.

There is a very clear rationale for linking climate change

adaptation with ecosystem service delivery from woodland

and forest. The simulated assessment of ecosystem goods

and services provides evidence to planners of the effect of

different trajectories of climate change adaptation man-

agement. This can reveal the opportunity and potential

methods to select and efficiently plan and manage resilient

forest ecosystems under uncertain climate change, by

modelling the changes in amounts of delivery of ecosystem

services using indicators, under different climatic respon-

ses to elevated Green House Gas emissions (Brown et al.

2011). When combined with the new forest management

typology of FMA (Duncker et al. 2012; Jactel et al. 2012;

Mason and Perks 2011) we can better define trajectories of

change towards different forest ecosystem states. Forest

planners may then assess the simulated effectiveness of

FMA combinations as climate change adaptation measures

to maintain resilient forests, capable of continuing to

deliver a range of important ecosystem services into the

future.
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This study evaluates the six UK NEA scenarios into

forest policy options that could lead to the application of

four forest management trajectories within an uncertain

future changing climate to assess the various impacts those

trajectories have upon future ecosystem service provision

from two forests in Wales, UK. Uniquely, the dynamic

simulation approach of this study can maintain a rate of

transformation from the current suite of tree species, or

management systems, to future alternative forest condi-

tions, which is consistent with forestry practice constraints.

The results from the simulation, through a period of

transformation, show how each of the four trajectories can

be trialled as climate change adaptation methods. This is

achieved through the use of indicators of delivery of eco-

system goods and services, to assess and understand the

future resilience of different adaptation techniques to cli-

mate change.

Methods

The study involved four main strands of work: downscaling

of the UK NEA scenarios through forest management

trajectories; assembly and interpolation of climate data;

simulation of decadal forest management schedules; and

calculation of ecosystem goods and service indicators for

each climate projection. Additional information describing

detail of these methods is available as online supplemen-

tary material (in Appendices A and B).

Study sites

The study focuses on two contrasting plantation forests in

Wales: Clocaenog and Gwydyr. Both forests are certified

according to the UK Woodland Assurance Scheme, over-

seen by the Forestry Stewardship Council, showing each is

sustainably managed to deliver a range of benefits. Com-

pared to Clocaenog forest, the main areas of Gwydyr forest

have a lower elevation range, higher moisture deficit range,

are more sheltered (low DAMS exposure score—‘Detailed

Aspect Method of Scoring wind exposure’), and contain a

range of soils developed from a slightly more fertile

lithology. Although featuring largely non-native species,

Gwydyr forest (56�60N–3�10W) lies within Snowdonia

National Park and is thus regarded as an important forest

area for tourism, providing high landscape and recreation

value from a wide range of coniferous and broadleaved

species. Clocaenog forest (53�40N–3�290W) provides

greater timber production potential and holds a larger

proportion of spruce and pine than Gwydyr. In both forests,

forest design planning in the last decade has focused on

low-impact silviculture systems, particularly continuous

cover forestry systems. In the UK, forest design plans are

the method by which the public forest estate management

is described and agreed with stakeholders in the forest

planning process. Design plans describe spatially the

location, area, and tree species choice used in plantation

forests.

Downscaling the UK NEA scenarios through adaptive

forest management trajectories

The six scenarios developed by the UK NEA (Haines-

Young et al. 2011) were considered in terms of their likely

effect on forest policy as well as on the range of man-

agement trajectories and FMAs to be applied on the

ground. This exercise was undertaken in a two stage pro-

cess. First, a panel of eight experts in forest policy ‘stress-

tested’ policies and practices against a series of changing

socio-economic and climate change drivers within the UK

NEA scenarios. This process enabled current decision

strategies to be ‘future-proofed’ to avoid ‘lock-in’ to

unsustainable policies or management practices. Next, six

researchers with experience in forest management and the

development of the scenarios, including those developed

for the UK NEA, determined the linkages between the

policy responses and the forest management systems likely

to be used to implement that policy.

Policy definitions were linked to one of four different

adaptation management trajectories: ‘business as usual’

replacing the same species and FMA type following fell-

ing, ‘tree species diversity’ selecting better suited species

into the future, ‘short-rotation forestry’ replacing felled

sub-compartments with short rotations, and ‘low-impact

silviculture systems’ replacing felled sub-compartments

with a continuous cover shelterwood. Each of these was

defined by a small suite of possible FMAs (Mason and

Perks 2011) that could deliver the required policy objective

in practical terms. The FMA classification scheme

(Duncker et al. 2012) assumes that as forest management

intensity increases so does the economic gain, but at the

cost of social and ecological benefits. The downscaling of

the UK NEA scenarios through forest policy, into forest

planning and finally to silviculture systems, leads to the

FMAs (see Tables 1A—supplementary information,

Appendix A), and a brief description of the UK NEA

scenarios (Appendix B—supplementary information).

Climate change projections

The set of climate projections, known as the 11-member

Regional Climate Models (11-RCM), were selected and

interpolated to a resolution suited to catchment-based,

landscape scale studies. These data comprise eleven model

runs in which key parameters were perturbed to reflect

uncertainty in the physical parameterisation of the climate
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model. Hadley RCM was used in UKCP09 to produce

eleven runs of regional climate projections at the medium

emissions scenario (A1B) IPCC SRES (IPCC 2000) on a

daily basis. These data contain all the required variables to

calculate the two main climatic inputs to the Ecological

Site Classification (ESC) model (Pyatt et al. 2001)—

accumulated temperature and moisture deficit—and were

supplied as daily values at 25-km resolution. Daily simu-

lations of mean temperature, precipitation, and potential

evapotranspiration were accessed from the British Atmo-

spheric Data Centre, for the period 1950–2099. Potential

evapotranspiration for short grass was used as a relative

index of the evaporative demand, allowing a spatial and

temporal assessment of evaporation that is independent of

the variation in the land cover surface. The 11-RCM

variants can be interpreted as being within the boundaries

of the A1B IPCC SRES climate change scenario, with an

equal realisation probability. Historical model bias in each

variant was removed by applying a relative adjustment,

calculated as the difference between the simulated and

observed baseline data over a 30-year climatic baseline

period (1961–1990). The daily simulations were processed

into monthly values, and these were used to calculate

annual climatic moisture deficit and accumulated temper-

ature for each of the 11-RCM variants from 1950 to 2099.

An increase in the spatial resolution of the 25-km

gridded data was required to represent the variation in

projected values based on a number of known factors:

latitude, longitude, and altitude. A relationship between the

25-km data for accumulated temperature and moisture

deficit was sought which could predict the output with a

sufficient statistical accuracy, and which could be applied

convincingly to simulate distributions over smaller areas.

Matched 25-km grids were created for mean altitude and

centroid latitude and longitude as inputs into a multiple

linear regression model to predict the accumulated tem-

perature or moisture deficit value.

Dynamically coupled forest management simulation

to calculate goods and service indicators

Our approach was to simulate four alternate adaptation

strategies in two plantation forests in Wales, through the

forest planning and management cycle. This used a

dynamic coupling of five UK forestry models, linked to six

socio-economic futures of the UK NEA, and assessed using

nine ecosystem services indicators through a changing

climate of 11-RCM variants (Fig. 1), and no-climate

change. Figure 1 shows the schema of the simulation,

emphasising the relationships between the biophysical and

climatic data, with the socio-economic scenarios, and the

use of FMAs to describe different adaptation trajectories.

Figure 1A (supplementary information, Appendix A)

provides the detail of how models were coupled and

applied to simulate planning, management, thinning, and

harvesting schedules, and the provision of a range of forest

ecosystem service indicators (see Table 2A—supplemen-

tary information, Appendix A). Simulation initialisation

was achieved using a current digital spatial inventory of

sub-compartments (each comprised of one or a few forest

stands), called the sub-compartment database. This data-

base contained information about the species composition,

age, and their management for each of the two forests.

Each sub-compartment was attributed accumulated

temperature and moisture deficit values for each decade

based on the value at its centre. In addition, pre-calculated

values of the DAMS wind exposure score, which is com-

prised of both wind climate and topographic factors

(Gardiner et al. 2000), and Continentality (Conrad 1946)

were located at the sub-compartment centre. A 1:10,000

scale digital soil map provided high-resolution information

of the soil quality values for the dominant soil type in each

sub-compartment: soil moisture regime (soil wetness) and

soil nutrient regime (soil fertility) (Wilson et al. 2005). The

12 accumulated temperature and moisture deficit layers

from the 11-RCM variants, plus a twelfth layer represent-

ing the baseline climate, provided site type input data for

the UK forest classification model Ecological Site Classi-

fication (ESC) (Pyatt et al. 2001) to predict the yield and

suitability of each tree species described in the sub-com-

partment database using the climate projections.

The predicted yield class from ESC was used in the UK

Forest Yield (Matthews 2008) model to predict stand

development (tree height, diameter, volume and stocking

density) over a rotation. Stand variables from Forest Yield

(Matthews 2008) became inputs to the UK wind risk model

ForestGALES (Gardiner and Quine 2000) to calculate a

wind damage risk score. ForestGALES is able to calculate

the level of risk to forests over a whole rotation and to

include the acclimation of trees to the changed wind

exposure following thinning. Assortment models—

ASORT—were used to determine the volume of saw-logs

and small roundwood. BSORT (McKay et al. 2003) is a

model to partition biomass and was used to estimate carbon

stocks. Rotation lengths were developed from information

in Forest Yield (Edwards and Christie 1981) in conjunction

with stand management derived from the FMA assigned to

the sub-compartment. The recreation indicator (Edwards

et al. 2011) is a direct function of stand age, species

composition, and the type of forest management. The

biodiversity indicator was also related to stand age. The

occurrence of various forest operations throughout the life

of the stand (establishment, thinning/re-spacing, felling)

was used to provide an indicator of forest employment

potential based upon the number of interventions per dec-

ade. Following harvesting of a sub-compartment, the

1504 D. Ray et al.

123



decision to change the species (according to the climate in

the subsequent rotation) or the FMA was made using a set

of rules (Table 3A—supplementary material, Appendix A)

based on published guidance by the Forestry Commission

appropriate to the simulated management trajectory. More

detailed information of the indicator methods and FMA

descriptions are provided in Appendix B (supplementary

material).

For this simulation study, we assumed that forest man-

agement was applied at the sub-compartment level (vary-

ing in size from 5 to 20 ha), and this is often the case in

practice. However, occasionally sub-compartments contain

unmapped components representing separate forest stands,

and although could be managed differently, we were not

able to run the simulation at a component level. The low-

impact silviculture systems’ definition includes small patch

felling and continuous cover forestry management, and so

we have made the assumption that this is equivalent to

FMA 2—‘close to nature’ forestry. Our simulation of a

low-impact silviculture system assumes a transformation

process from a single species—single-aged stand, to a

single species—double-aged stand, where the two compo-

nents form a uniform shelterwood system within the

selected sub-compartment. Under this system, the Forest-

Yield model can be used separately for each component.

Other FMAs include: FMA1—‘natural reserve’, FMA3—

‘mixed objective’, FMA 4—‘intensive even aged’, FMA

5—‘intensive short rotation’. It should also be noted that

three of the management trajectories (business as usual,

low-impact silviculture system, and short-rotation forestry)

assumed the use of the same species in successive rotations

in a sub-compartment. At the time of restocking, we sim-

ulated a change to a more suitable tree species (matched to

soil and climatic conditions—the site type) only for the tree

species diversity trajectory. None of the management tra-

jectories assume any changes to the forest area.

Results

Results of the study are organised in three sections: first an

analysis to interpolate to higher resolution the eleven

Fig. 1 Schema of five dynamically coupled British forest models

(Ecological Site Classification, ForestGALES, Forest Yield, ASORT,

and BSORT) to simulate plantation forest planning, management,

thinning, and felling in Wales, with outputs transformed to a set of

nine indicator variables (carbon stocks, wind risk damage score,

recreation, biodiversity, timber production, biomass production,

small-wood production, employment (interventions), and tree species

suitability)

Comparing the provision of ecosystem services 1505
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climate change variants; second a description of the link-

ages from the six UK NEA scenarios through four forest

management trajectories to each of five FMAs; third a

presentation of changes in ecosystem service indicators for

each of the forest management trajectories in turn. Addi-

tional information describing detail of these results is

available in Appendix C (supplementary material).

Interpolating climate data

The predictive power of the regression technique for

interpolating climate data to a higher resolution was very

good for accumulated temperature (r2 values *0.9) and

good for moisture deficit (r2 values *0.6). Residuals were

analysed and mapped to understand spatial variation and

check for bias and error. For each variable and each of the

11-RCM data sets, the linear regression was used to create

250-m gridded data for the UK by applying the equation to

250-m data sets of mean altitude and centroid latitude and

longitude (see Appendix C, section C1, supplementary

material).

The 250-m resolution 11-RCM accumulated tempera-

ture and moisture deficit data were used in the ESC model

to assess the suitability of tree species through time and

through a changing climate. To achieve this, the ESC

accumulated temperature and moisture deficit values for

each climate projection variant were calibrated by adjust-

ing values so that the means for the 30-year climatic

baseline period (1961–1990) matched mean values from

climatic baseline observations. Calibration was performed

using a linear regression analysis between 1000 randomly

sampled paired points from both 250-m UK grids, with a

very high r2 value (*0.975). Residuals were mapped to

look for bias and error. This produced a final set of 216

climate data sets representing the baseline (1961–1990)

and each mean 30-year decadal period from the 2010s to

2080s for each 11-RCM variant for both the accumulated

temperature and moisture deficit variables, including a no-

change scenario.

Simulation of the management trajectories

for Clocaenog and Gwydyr forests

The models in the simulation report results on a decadal

basis, but the simulation is executed each year, aggregated

for each decade, and presented on a per hectare basis to

allow comparison between the two study sites, using units

shown in Table 2A (supplementary material, Appendix A).

In studying indicator results and in comparing the two

study forests, it is important to keep in mind the aggregate

age structure of sub-compartments, as well as FMA pro-

portions, which differ for each forest (Tables 4A; Fig-

ure 2A—supplementary material, Appendix A). The forest

age structure has a direct effect on the temporal distribution

of goods and services, and this causes indicators: produc-

tion, biomass, small wood, and carbon stocks, to show a

steep dip in out-turn between 2040s and 2060s before

recovering towards the end of the century, as does the wind

damage risk score and operations to a lesser extent. The

full results of the simulation (supplementary material,

Appendix C, Section C2) show indicator values for short-

rotation forestry, species diversity, and low-impact silvi-

culture systems relative to the business as usual trajectory

(with business as usual in absolute values). The relative

values remove the effect of the sub-compartment age

structure, and this helps show changes in the goods and

services indicators.

Tree species suitability indicator

The current forests of Clocaenog and Gwydyr contain Sitka

spruce (Picea sitchensis) as the dominant species, which

grows well in mild and moist climatic conditions. Given

the warmer climate simulated by all the variants with a

much drier climate simulated for five variants, there was a

decline in the forest suitability index with no-change in tree

species. For some variants (e.g. 3Q3), the impact was

predicted severe for all species with a low-tolerance to

high-moisture deficits. Many conifer species exhibit stem

cracks when the moisture deficits reach levels predicted in

the variants studied. Using ESC, it was possible to test for a

suitable replacement species for each variant in the simu-

lation, when a site was restocked using the species diversity

trajectory. Table 4A (online supplementary material—

Appendix A) shows species changes for each of the climate

variants. Spruce proportions decreased, while pines,

broadleaves, and other conifer species not yet common in

UK forestry (e.g. coast redwood) increased. For Clocaenog

the range of site types was not as great as at Gwydyr, so the

availability of sites suited to fir and broadleaves was

reduced, compared to Gwydyr, where more sites were

transformed to pines.

Welsh forest policy favours increasing species diversity,

and particularly the choice of species that are well suited to

site conditions (soils and climate). The species diversity

trajectory allowed ESC to choose the most suitable species

from a candidate list, to replace a sub-compartment at

felling. The impact of this trajectory compared to business

as usual on the mean area weighted suitability scores was

to maintain the forest area with species suited to site con-

ditions for the whole-rotation length. Take for example the

climate variant 3Q3 (Fig. 2) which showed the greatest

decline in suitability in business as usual. By 2080, 3Q3

would render much of the forest under business as usual as

unsuitable for forest production, as the suitability score

approached 0.2. The species diversity trajectory was able to
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replace the business as usual species with a more drought-

tolerant alternative, and for 3Q3 at Gwydyr under species

diversity, this resulted in an increase in suitability of 0.3

over business as usual bringing the species suitability for

the forest as a whole back up to 0.5 (suitable for timber

production), and 0.35 at Clocaenog (marginal for timber

production).

Diversification of species across all climate variants

indicated an increased opportunity for pines (Scots pine—

Pinus sylvestris, Macedonian pine—Pinus peuce), firs

(noble fir—Abies procera; grand fir—Abies grandis;

Douglas fir—Pseudotsuga menziesii), and other conifers

(usually coast redwood—Sequoia sempervirens and western

red cedar—Thuja plicata). The algorithm selected species

according to ecological suitability and volume production

but did not consider the mechanical properties of the timber.

Carbon stocks, timber production, and biomass

indicators

The Clocaenog carbon indicator increase was less pro-

nounced as only 6 % of FMAs were transformed to a low-

impact silviculture system. The extent of the transformation

at Gwydyr was also seen in the steep rise of wind damage

risk scores between 2040s and 2070s, as stands with a

DAMS of less than or equal to 14 were heavily thinned to

promote regeneration and were therefore exposed suddenly

to potential wind damage for several years before canopy

gaps closed.

The business as usual trajectory shows the effect of the

existing age structure of each forest, which produced a

peak in timber production in the 2050s at Clocaenog and

double peaks from Gwydyr in the 2040s and 2060s.

Biomass peaked in the decade prior to the increase in

felling—2030s at Clocaenog and 2020s at Gwydyr. The

business as usual trajectory at Clocaenog, and to a lesser

extent at Gwydyr, showed that the early peaks were higher

for timber production, biomass production, and carbon

stocks (prior to felling) for all climate projection variants

compared to the baseline simulation. Conversely, small-

wood production (\0.17-m-diameter class) projections

reduced for all climate variants compared to the baseline

climate simulation. However, later in the century, for each

of timber production, biomass production, and carbon, the

projected range of values from different climate variants

increased, and indeed some remained above the baseline

Fig. 2 Differences in the mean suitability index of a, b Clocaenog

forest and c, d Gwydyr forest, for the business as usual (BAU)

management trajectory (a, c), and the species diversity (DIV)

trajectory (b, d). Suitability scores show the suitability of forest sites

for production forestry and vary between 0 and 1, where: 0–0.4 is

unsuitable, 0.4–0.5 is marginal, 0.5–0.75 is suitable, and 0.75–1 is

very suitable. Note b, d are shown as relative differences from a, c
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climate projection (3Q0, 3Q6, 3Q11, and 3Q13), while

others (3Q8,3Q14, 3QK, 3Q16, and 3Q3) indicated lower

forest production than was simulated by the models for no-

climate change. The timber production, biomass, and car-

bon projections for the species diversity, and low-impact

silviculture systems trajectories, maintained similar or

slightly lower levels to the business as usual. The main

effect at Clocaenog was that by the end of the century

(Fig. 3), compared to business as usual, species diversity

reduced the uncertainty of biomass production but at a

maximum trade-off loss of 70 t ha-1 to reduce an uncertain

biomass production range of 150 t ha-1 from the forest

under a business as usual trajectory. At Gwydyr there was

no trade-off in biomass under a species diversity trajectory

and the range of uncertainty in biomass production was

also removed. For each of these indicators, the short-

rotation forestry trajectory showed declining levels from

mid-century compared to business as usual. This was

because short-rotation forestry rotations led to the felling

of trees at age 25, whereas the peak in maximum mean

annual increment often occurs beyond the age of 50 (i.e.

two 25-year rotations produce less extractable material

than one 50-year rotation). However, short-rotation for-

estry would afford many opportunities to adapt species to a

changing climate. The low-impact silviculture systems

trajectory for Gwydyr showed a gradual increase in bio-

mass carbon stocks, but a reduction in timber production,

in response to a 13 % increase in sub-compartments under

transformation and remaining un-felled as the FMA4

(intensive even age) sub-compartments were re-allocated

to FMA2 (close to nature) and thinned to half the number

of stems at age 50. At Clocaenog, the relatively small area

available for transformation to low-impact silviculture

systems exerted a smaller increase in carbon stocks and

biomass with a smaller reduction in timber production

through the century.

Wind risk indicator

By the 2040s, wind damage risk score increased by a small

amount for the business as usual trajectory in both forests

and then declined as more mature sub-compartments were

replaced. Compared to business as usual, the species

diversity trajectory showed the wind damage risk score to

increase very marginally from mid-century as the alterna-

tive drought-tolerant species selected in place of Sitka

spruce would grow faster in the warmer climate and would

therefore become more susceptible to wind damage

Fig. 3 Differences in the total biomass production (oven-dried

tonnes ha-1) for two forests a, b Clocaenog forest and c, d Gwydyr

forest, for the business as usual (BAU) management trajectory (a, c),

and the species diversity (DIV) trajectory (b, d). Note b, d are shown

as relative differences from a, c
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compared to slower growth in the business as usual tra-

jectory. Similarly, wind damage risk score for the low-

impact silviculture systems trajectory increased and peaked

in mid-century at Gwydyr with 13 % of the forest trans-

formed to low-impact silviculture systems, whereas at

Clocaenog only 6 % could be transformed to low-impact

silviculture systems, and this would not have a big effect on

the wind damage risk score for the whole forest.

Biodiversity and recreation indicators

Biodiversity and recreation indicators have some similarities

as they are based largely on stand age and FMA. For both

forests, the biodiversity and recreation indicators remained

more or less constant through the century for the business as

usual trajectory. Since stand age is a factor of both, the short-

rotation forestry trajectory showed a gradual decline through

the century as the proportion of stands under the 25-year

rotation length increased. The species diversity trajectory

had little effect on biodiversity or recreation as this trajectory

is concerned only with productive species selection, and not

FMA. However, there was a gradual increase in the biodi-

versity indicator in the low-impact silviculture systems tra-

jectory at Gwydyr, as up to 13 % of the forest was under

transformation to a shelterwood system.

Operations (employment) indicator

The operations indicator provides an index of employment,

through the number of interventions required per decade.

At Clocaenog this remained constant for all trajectories

throughout the simulation at a level just below one per

decade. Since the DAMS score was higher at Clocaenog

and thinning less widely practised, transformation from

‘intensive even age’ (with mainly no-thinning) to FMA5

with no-thinning had little impact on operations frequency.

At Gwydyr the operations indicator for the business as

usual trajectory maintained a value just below 2 per dec-

ade, and this declined to slightly under 1 per decade by the

2080s for the short-rotation forestry trajectory, as thinning

stopped in sub-compartments transformed from FMA4

(thinning every 5 years) to FMA5 (with no-thinning).

Discussion

The range of ecosystem goods and services indicators

assessed in the study were intended to demonstrate some of

the trade-offs and synergies exposed in land-use change.

Many of these ecosystem services are familiar in the for-

estry literature, e.g. biodiversity, carbon (Gamfeldt et al.

2013; Onaindia et al. 2013), and production (Rist and

Moen 2013). The novelty of our approach developed

indicators well suited to the spatial forest data, and which

could be used to demonstrate both spatial and temporal

change. We used the amount of ecosystem services pro-

vided in the baseline climate as a standard to assess how

adaptation measures were able to maintain baseline levels

of ecosystem services delivery into an uncertain climate

change future. Our choice of indicators for the continued

sustainable forest management of plantation forests, con-

tinue to show the importance, rather than dominance, of

forest productivity. Without productive forests, which help

maintain the forestry sector, it would be difficult deliver

other services. Indeed our simulation demonstrated this in

the ‘World Markets’ scenario.

Climate change projections

Exploration of impacts of climate projections inevitably

requires some judgement in selecting which climate reali-

sations to work with. Ten years ago there was no choice, as

few projections were available. Recently, more use has

been made of RCM (Bell et al. 2007; Blenkinsop and

Fowler 2007; Yousefpour et al. 2013), and there is some

evidence that RCM projections are better suited to regions

of complex topography (Kueppers et al. 2005). In addi-

tion, the interpolation of accumulated temperature and

moisture deficit of 25-km cells to high resolution of 250 m

using data for the whole of the UK reduced the elevation

bias in the results caused by the mountainous area adjacent

to Gwydyr forest.

Species diversity implications

Simulating species diversity maintained suitability scores

from the forest to a level that would just support production

forestry in the 2080s, at a marginal level in Clocaenog and

a suitable level at Gwydyr. The range of variants helps

forest planners to explore the range in climate space, to

assess possible futures and risks before making a decision.

This is a form of climate model sensitivity testing that

helps planners judge the worst- and best-case scenarios,

and the potential exposure to risk of decisions. Species

diversity reduced the uncertainty of timber production,

biomass, and carbon stock levels through the century,

although at a cost of reduced production, but this might be

an important consideration for forest districts needing to

commit to achievable production targets. The species

diversity trajectory also improved recreation mainly

through the substantial selection of broadleaved species.

Although public perception suggests broadleaved stands

have a similar recreation potential compared to conifers

(Edwards et al. 2012), the introduction of broadleaved

stands within conifer forests highly influences forest

structure, and structural diversity is scored more highly.
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Low-impact silviculture implications

Our simulation showed that in each forest, compared to

business as usual clear-fell systems, there were biodiver-

sity gains for low-impact silviculture systems at a stand

level by transforming sub-compartments to FMA2 (close to

nature). The age structure within Gwydyr enabled faster

transformation within the study period (56 vs. 7 % in

Clocaenog) and resulted in a 40 % gain in the biodiversity

index compared to business as usual management. The

biodiversity indicator relates older stands managed using

low-impact silviculture systems to increases in deadwood

and light penetration (Humphrey et al. 2002, 2004) to

stimulate regeneration and a field layer. The related rec-

reation indicator (Edwards et al. 2011) shows people

respond positively, and perhaps sympathetically, to low-

impact silviculture systems by scoring highly stands which

contain (some) bigger and older trees and with greater

structural diversity (Edwards et al. 2012). Low-impact sil-

viculture systems improved the recreation indicator by

50 % at Gwydyr forest, compared to business as usual,

because of its greater potential for transformation. Turning

to timber production, small-wood production, biomass, and

carbon stocks, the low-impact silviculture systems trajec-

tory performed well compared to business as usual, with

improved biomass and carbon stocks at Gwydyr, neutral

effects at Clocaenog, and no adverse impact on production

in either forest. A further benefit from low-impact silvi-

culture systems was that larger trees increased the output of

saw-log material over the less valuable small-diameter

wood. The study did not consider the use of under-planted

alternative species to mitigate against future conditions in

low-impact silviculture systems sub-compartments. For

example, this might involve patch clear-felling spruce and

rather than relying upon natural regeneration, actively

planting a new under-storey with a species likely to be

suitable now and in the future.

Timber quality issues

In some circumstances, a switch in species could result in

timber quality issues. Pine species can generally yield

higher strength grades (based upon density and modulus of

elasticity) than Sitka spruce, as can Douglas fir (Lavers

2002). However, where simulations increased the fir

component, this was often based on grand fir, which

despite yielding high volumes of timber, produces struc-

turally inferior material that cannot enter high-value mar-

kets. In practice, it is likely that Macedonian pine, Douglas

fir, western red cedar or coast redwood would be planted

dependant on site characteristics. Despite a lower yield

potential than grand fir, the alternative species would better

satisfy an objective to produce construction grade timber,

and as a consequence the volume out-turn indicators would

be a little lower than predicted in the simulation.

UK NEA scenario impacts on forest management

and ecosystem services

‘World Markets’ assumes extreme uneconomic conditions

for the forestry sector in the UK. For this scenario, we

indicated a transformation to short-rotation forestry, lead-

ing to reduced recreation, declining biodiversity, fewer

operations, and less employment. Although biomass and

carbon stock declines are indicated, carbon lifecycle anal-

yses indicate that fossil-fuel substitution benefits of bio-

mass from short-rotation forestry far outweigh the

mitigation value (Morison et al. 2012), as long as substi-

tution occurs. ‘Go with the Flow’ and ‘National Security’

indicate a non-adaptation stance, persisting with a business

as usual trajectory. The simulation indicates an increase in

small-wood production through the mid-century, but this

supply would be available with no effective market, and its

value would reduce to fire wood supply or abandonment.

For ‘National Security’, there would be a large demand for

woodland expansion that could satisfy short-rotation for-

estry and pulp products while existing stands mature to

provide saw-logs and higher quality products. This would

additionally fill the simulated gap in biomass and timber

production through the mid-century period. A ‘National

Security’ scenario would favour species diversity, partic-

ularly a transformation to high yielding conifers, and so the

species diversity trajectory may apply here to a small

extent. The ‘Green and pleasant land’ and ‘Nature@work’

scenarios focus more on species diversity and for the latter

on low-impact silviculture systems. The results appear to

show different outcomes for the two forests for low-impact

silviculture systems and species diversity. The forests differ

in terms of the range of sites available. Clocaenog has

relatively little potential for low-impact silviculture systems

and limited selection of species for species diversity,

compared with Gwydyr. This reduces the potential to

choose suitable species for the available sites transformed,

and only a limited number of potential sites are available at

Clocaenog compared to Gwydyr. Consequently, there is a

slight reduction in biomass with climate projection vari-

ants, while at Gwydyr the biomass increases for all climate

projections compared to the baseline or to no-climate

change. The opportunities for adapting forests to climate

change are improved in ‘Green and pleasant land’ and

particularly in the ‘Nature@work’ scenario, in which the

latter is more focussed on ecosystem service delivery,

allowing greater flexibility in species choice than the for-

mer, with a biodiversity focus. In Wales a ‘Local stew-

ardship’ scenario fits well with the current forest policy, in

which both low-impact silviculture systems and species
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diversity are actively promoted in a Natural Resources

policy to deliver ecosystem services. Our simulation sug-

gests that low-impact silviculture systems and species

diversity in woodlands will continue to deliver the eco-

system services from both forests.

Combining species diversity with low-impact

silviculture

Rasche et al. (2013) reported improvements in productivity

and biomass in stands with greater ‘mixed’ species diversity.

They also reported that the low-impact silviculture systems

management (plentering or single stem selection) did not

improve productivity and that other measures would need to

be taken such as the introduction of more drought-tolerant

species. Our study suggests reductions in the loss of pro-

ductivity due to dry future climatic conditions, through a

selection of species better suited to changing site conditions.

Steenberg et al. (2011) reported that a combined adaptation

strategy that created greater structural diversity, and which

promoted increased drought-tolerant species, was effective

in preventing loss of productivity, and maintaining timber

supply. Our study suggests similar results would occur, if

both the species diversity and low-impact silviculture sys-

tems management trajectories were combined.

By combining low-impact silviculture systems with a

species diversity trajectory, the forest is more likely to

remain productive as defined by the suitability scores for

the most extreme dry climate variant 3Q3, and the very

small variations in the timber production indicator for

species diversity compared to business as usual at both

forests. Combining these two approaches as the opportu-

nity arises is similar in concept to active adaptation (Bolte

et al. 2009), but differs somewhat from the approach of

focusing management on specific outcomes (Yousefpour

et al. 2013) by mixing both FMA transformation and spe-

cies selection systems to different end points. Instead, we

separated the FMA transformation process to low-impact

silviculture systems or short-rotation forestry and the spe-

cies selection processes to compare extreme but practically

feasible changes based on site conditions. Our species

diversity adaptation trajectory was ‘forward looking’ (Yo-

usefpour et al. 2013) since it considers suitability under the

climate projections throughout the rotation length. Yo-

usefpour et al. (2013) considered this point key to allowing

forest planners and managers to update their beliefs with

access to actual climate developments as the century pro-

gressed. Our simulation provides an early glimpse of pos-

sibilities through the century, and because we can simulate

adaptation progression at a realistic rate given limited time

and machinery resources, there will be realistic review

points where new adaptation pathways can be defined if

plans do not proceed as intended.

Forest policy implications

Recent forest policy in Wales (FCW 2009) has been

influenced by the need to diversify plantation forests, to

adapt to climate change, to increase and maintain forest

biodiversity, and to improve visual amenity. This is being

progressed where site conditions allow, mainly by the

transformation of even aged plantations to low-impact sil-

viculture systems (Mason and Perks 2011), and now with

practice guidance (Carrick 2010). Although two of the

three forest management trajectories simulated in our study

are familiar to forest policy and practice teams, the climate

change adaptation and ecosystem service delivery conse-

quences of transforming forests from patch clear-fell sys-

tems to more species diverse forest using low-impact

silviculture systems were unclear. Rist and Moen (2013)

clarified differences between the ecosystem approach

(sustainable forest management) and an adaptive manage-

ment approach, showing that in adaptive management there

is often a need to make decisions to reduce uncertainty and

improve short-term efficiency for specified objectives.

They described how adaptive management may lead to an

erosion of the ability of a forest ecosystem to withstand

other unknown disturbances. Resilience thinking manage-

ment, they argued, accepts sub-optimal short-term out-

comes to maintain longer-term options into the future. Our

study demonstrates this, since climate change adaptation

trajectories without review and adjustments, or without an

assessment of alternative trajectories, and particularly

without any consideration of uncertainty, may lead to

unexpected reductions in the range and amount of eco-

system services. This study should therefore signal to

Welsh Government policy makers and more widely to

forest policy makers in the other devolved administrations

of the UK two opportunities: firstly, the climate change

adaptation potential of transforming plantations using low-

impact silviculture systems with more diverse species sui-

ted to site conditions, and secondly, the potential of sim-

ulation approaches to assessing future ecosystem services

delivery, and the inherent uncertainty, to assess the efficacy

of land-use planning projects.

Conclusions

The dynamic simulation was extremely successful at

identifying areas of strengths and weaknesses of forest

management intervention to the resilience of forests, due to

the projected uncertain effects of climate change. It is

recommended that this type of simulation system should be

used to test the resilience of all forest management designs,

to help forest planners build resilience into forests. Doing

so should make a big contribution to the ability of UK
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forests to consistently produce a valuable portfolio of

ecosystem goods and services. Furthermore, we are sure

that this type of simulation developed for forest land could

be equally applied to catchment land-use situations.

Compared to the broad UK national scale analysis of how

forests and woodlands contribute ecosystem services in the

six UK NEA scenarios, and which considered just one

‘low-’ and one ‘high’ climate change projection, our sim-

ulation of 11-RCM variants offers a more detailed view of

the uncertainty of climate change, which better informs

strategic planning and local decision-making. We conclude

that in Wales, the current policy of promoting low-impact

silviculture systems on suitable sites, and the promotion of

a greater range of tree species used in silviculture should

continue, to deliver a range of key ecosystem services from

resilient forests. The range of UK NEA scenarios would

have different impacts on woodland management and

therefore on the delivery of ecosystem services and the

adaptation capacity and resilience of plantation forests. It

should be noted that the possibility of the widespread

adoption of short-rotation forestry as a climate change

mitigation option is likely to have an impact on biodiver-

sity and recreation services.
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