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1. Summary 
Trees and forests face a wide range of challenges in the near future as a combination of 

climate change and new pests and diseases deliver a complex and dynamic environment. To 
persist, forests will have to be resilient to multiple pressures and production forestry will have 
to adapt to taking multiple factors into account to maintain output. 

This deliverable focuses on benefits, costs and risks related use of improved forest 
reproductive material (FRM) in the Scottish specific study case where the focus will be put on 
Scots pine (Pinus sylvestris) one of the eight model species of B4EST project. Scots pine is 
the only native conifer used for timber production therefore this report addresses the following 
topics: the current state of knowledge for Scots pine breeding in the UK, stakeholder demand 
and the economic case for re-initiating a breeding programme that could take advantage of the 
advances provided by B4EST. We expand the scope of the case study to consider the entire 
UK, because seed from Scottish orchards is widely exported to British nurseries and used 
widely across Britain. 

Results of a specific new stakeholder survey suggest there is a general appetite for 
developing Scots pine FRM under climate change, together with minimal conflict among 
management objectives in the use of FRM. That demand for improved Scots pine seed is rarely 
met and is growing. 

Regarding climate and biotic risks projections, Scots pine is a viable alternative to Sitka 
spruce, especially given expected increasing drought risk. Improvements in disease resistance 
(i.e. Dothistroma needle blight) are a priority for stakeholders, and early findings from research 
suggest this is likely to be achievable by developing new FRM from existing native and 
breeding populations. 

Although Scots pine is less productive than spruce, an economic analysis indicates that the 
economics of a Scots pine breeding programme could be worthwhile. If a breeding programme 
could produce a 10% gain in growth, and a 10% gain in resistance to Dothistroma septosporum 
infection, this would repay the investment required to re-open a breeding programme. 
Achieving this over a period in which Sitka spruce declines as a result of abiotic and biotic 
threats from dry and drought prone growing seasons is likely to be a worthwhile investment. A 
range of options are available for taking forward a modular programme of tree improvement 
research. 

2. Tree breeding and deployment of FRM to meet challenges of 
European forestry  

The changing climate is an important driver of change in forests. It can increase forest 
vulnerability to damage and disease occurrence and intensity, reduce forest health and 
productivity, and cause economic losses. However, it can also have positive effects, offering 
opportunities for growing trees in previously suboptimal regions. 

The strategic goal of B4EST is to increase forest survival, health, resilience and productivity 
under climate change and natural disturbances, while maintaining genetic diversity and key 
ecological functions and fostering a competitive EU bio-based economy. B4EST has provided 
forest tree breeders, forest owners, managers and policy makers with: 1) better scientific 
knowledge of adaptation profiles to increase sustainable forest productivity, and added value 
of raw materials for economically important tree species, 2) new and flexible adaptive tree 
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breeding strategies and tools, 3) decision-support tools for the choice and use of Forest 
Reproductive Material (FRM) for balancing production, resilience and genetic diversity, 4) 
robust management and transfer recommendations for FRM deployment at stand and 
landscape levels, 5) policy recommendations to adapt European forest production systems to 
the challenges posed by climate change and natural disturbances, and to meet societal 
demands set to sustainable and multifunctional utilization of forest resources. 

Benefits, costs and risks related to the deployment of improved FRM in Europe have been 
assessed by carrying out analyses indicating the impacts of revised deployment strategies in 
four different regions of Europe focusing on regionally prevalent challenges. The four different 
regions differ for growth conditions, tree species, structure of forests, operational environment 
of forestry, and expected biotic risks and other impacts of environmental change. 

 

 

This report presents the main results from Scottish woodlands. 

3. Context and regional prevalent challenges 

3.1 Scotland as a case study for improved Scots pine FRM use 
In this Scottish case study, we focus on Scots pine (Pinus sylvestris), the only native conifer 

used for timber production, and address the following topics: the current state of knowledge 
for Scots pine breeding in the UK, stakeholder demand and the economic case for re-initiating 
a breeding programme that could take advantage of the advances provided by B4EST project. 
We expand the scope of the case study to consider the entire UK, because seed from Scottish 
orchards is widely exported to British nurseries and used widely across Britain.  

This case study provides a timely exploration of the factors that need to be considered when 
forecasting the type and quantity of FRM that will be required to meet demand for Scots pine 
in the future. In many ways Scotland in particular presents a unique set of circumstances for 
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the following reasons. Its location at the north-western edge of the species distribution range 
may mean that it contains a unique complement of genetic variation and this is reflected in the 
considerable current interest in conservation planting based on locally sourced FRM. In 
contrast, there is increasing interest in the establishment of plantations of Scots pine for timber 
objectives using improved material. These activities are occurring against a backdrop of a 
closed breeding programme, uncertainties regarding the suitability of certain areas of Scotland 
for commercial growing of Scots pine, concerns regarding pests and diseases and a predicted 
increase in demand for timber across the UK thanks to economic drivers. Here, we explore 
these factors in detail and attempt to provide some guidance regarding the way we should 
focus our activities to ensure that we are ready to meet future demand for FRM in Scotland 
and the rest of Britain. 

To do this, we aim to summarise the history of research into the genetics of Scots pine in 
Scotland, bringing together, and actively seeking synergies between genetic conservation and 
tree breeding. By combining these fields of endeavour, we hope to make progress towards 
developing a strategy to guide future selection and development of FRM. This is with the 
objective of boosting the resilience of Scots pine against a range of scenarios. In doing so we 
will assess the opportunities and consider the risks in terms of economic, climatic & biotic 
challenges as well as stakeholder preferences, to explore whether there is  a ‘social license’ 
for reopening the breeding programme for Scots pine in Britain. 

3.2 Scotland’s current Scots pine resource 
Scots pine is the only native member of the Pinaceae in Scotland and the only native conifer 

species used in production forestry. National forest inventory estimates of 2011 report that the 
stocked area of Scots pine in Scotland is 171,000 hectares which contains timber volume 
(standing overbark) of 31 million m3, approximately 75% of which is on private land (Forestry 
Commission, 2011a, b). The land area stocked by Scots pine represents approximately 14% 
of Scottish forests, making it the second most abundant species behind Sitka spruce (Picea 
sitchensis). Sitka is the dominant forestry crop in Scotland, occupying 523,300 hectares of land 
and with 132 million m3 standing volume (Forestry Commission, 2011a, b). 
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Approximately 90% of the standing area of Scots pine in Scotland is planted or is of 
plantation origin and managed for multi-purpose forestry, including timber production. Planting 
of Scots pine peaked in the 1950’s and 14,000 hectares of standing Scots pine is from this 
period. A further 6,000 ha of standing pine was planted in the 1960’s but standing areas planted 
in the decades from the 1970’s onwards decreased to 1-3,000 ha (McLean, 2019). Supply of 
seedlings to planting sites in Scotland is increasing, with 8.7 and 7.8 million seedlings sold in 
2018-19 and 2019-20 respectively, compared to an annual average of 2.9 million between 
2005-6 and 2009-10 (Forest Research, 2021; Figure 1). By comparison, approximately 40 
million Sitka spruce seedlings, all of which are improved, are sold to Scotland annually (Forest 
Research, 2021). 

Figure 1. Sales of Scots pine seedings to Scotland, 2005/6 to 2019/20 

The average yield class of Scots pine in Scotland is YC10, which signifies an average mean 
volume increment of 10 m3 per ha per year over the rotation (McLean, 2019). A survey of Scots 
pine growers and processors (Macdonald and Gardiner, unpublished) showed that 
approximately 43% of Scots pine forest was managed under clear-fell systems and 57% using 
continuous cover approaches. The average age of clear-felling reported by public and private 
sectors was 57 and 74 years respectively. Approximately 0.4 million m3 of Scots pine is 
harvested annually in  Scotland, with the majority of domestic Scots pine being processed into 
panel board (OSB) (52%) or fencing (40%). Only 2% was processed into sawn timber. Local 
demand for agricultural fencing in Scots pine growing regions and panel manufacturing, as 
well as perceived better quality of imported Scots pine which is grown more slowly and at 
tighter spacing are the main reasons behind the dominance of these end uses of domestic 
Scots pine logs (Macdonald and Gardiner, unpublished; McLean, 2019). The remaining 10% 
of standing Scots pine area is managed primarily for conservation and is of autochthonous 
origin. These are popularly known as the ‘Caledonian pinewoods’ and are the subject of the 
following section. 
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3.2 Genetic conservation research/adaptive genetic variation 
Globally, Scots pine is the most widespread of all pine species, with a range that extends 

from western Europe and Scandinavia to eastern Siberia. Discrete populations also occur in 
Scotland and the mountainous regions of southern Europe, Turkey and the Caucasus (San-
Miguel-Ayanz et al., 2016). 

The Scots pine in Scotland represents the north-western extremity of the global distribution. 
The species was a primary component of the forests that recolonised Britain in the postglacial 
period about 10,000 years BP, and at one time had a wide distribution throughout the British 
Isles. In Scotland, Scots pine reached its maximum abundance between 6500-5000 BP 
(O’Sullivan, 1977) at a time when populations in England, Wales and southern Scotland were 
already beginning to decline due to changes in climate, soils and the arrival of competing tree 
species (Bennett, 1984). Blanket-bog formation from about 4000 BP (Birks, 1975; Birks, 1977) 
combined with human activity from Neolithic times contributed to the serious depletions during 
the Napoleonic wars (Steven & Carlisle, 1959). These changes have left a fragmented 
population, in many of which, heavy herbivore pressure, particularly from deer, has prevented 
regeneration for decades. These native pinewoods have been listed as an endangered habitat 
in the EC Habitats Directive and have become the subject of a costed Habitat Action Plan 
(prepared under the UK Biodiversity Plan) which gives quantitative targets for their protection, 
restoration and expansion by both natural regeneration and replanting. The total pinewood 
area now included in the Caledonian Pinewood Inventory is nearly 18000 hectares and 
comprises 84 separate pinewoods of various sizes. 

Early work by Kinloch et al. (1986) showed that the remnant populations in Scotland 
retained high levels of genetic diversity and certain populations in north-western Scotland 
(Wester Ross) were distinct from all others and from each other. These results were used to 
establish the seven geographic seed zones for Scots pine, which still govern seed transfers in 
UK Scots pine today. Subsequently, numerous studies using a range of genetic markers have 
backed up these findings (Provan et al., 1998; Sinclair et al., 1999; Wachowiak et al., 2011, 
2013, 2014, Donnelly et al., 2017, Gonzalez-Diaz et al., 2017), although, as has been observed 
across the Scots pine distribution (Pyhäjärvi et al., 2019), levels of population genetic structure 
are distinctively low in comparison to those of other species. This probably reflects the high 
dispersal capability of Scots pine, by both pollen and seed, which ensures high levels of gene 
movement among populations. The latest molecular developments have produced high-
throughput methods for genotyping (SNP array, Perry et al., 2019; Kastally et al., 2021), which 
provide rapid genotyping at a large number of markers distributed across the genome. Testing, 
carried out using these latest tools, suggests differences among trees from different regions of 
the native pinewood distribution in Scotland are detectable at a molecular level when sufficient 
markers are used (Figure 2). 
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Figure 2. Principal Component Analysis (PCA) using 39 678 polymorphic SNPs from the 
PiSy50k array genotyped from 120 trees from seven areas in Finland (90 trees) and Scotland 
(30 trees). PCA including a) all 120 samples, b) thirty samples from 21 localities in four 
geographical areas of Scotland (ScotN, ScotE, ScotW, ScotS), c) ninety samples from 
southern, central and northern Finland (FinS, FinC, FinN - 30 samples each) From figure 6, 
Kastally et al. 2021.  

Despite low levels of selectively neutral differentiation, studies of adaptive trait variation 
have consistently found distinctiveness among populations across Scotland. The Scottish 
environment is highly heterogeneous with growing conditions that differ significantly at a fine 
geographic scale. For example, some western sites experience annual rainfall of ~3000 mm 
compared with only ~700 mm in the east, whilst the growing season (number of days with 
average temperature above +5°C) may vary from ~300 days near the west coast to ~100 days 
in some eastern sites (Salmela et al., 2010). Reflecting this divergent local selection pressure, 
common garden studies have shown among-population differences in height (Perks & Ennos, 
1999), phenology (Salmela et al., 2013), susceptibility to disease (Perry et al., 2016a, b), 
drought tolerance (Salmela, 2011), water logging (Donnelly et al., 2018) and needle 
morphology (Donnelly et al., 2017). In each case, despite significant within-population 
variation, trait means varied strongly with longitude and eastern plants flushed earlier under 
glasshouse conditions (though later in the field), were less susceptible to Dothistroma needle 
blight, were more drought-tolerant, less waterlogging-tolerant and had fewer stomatal rows on 
needles. All these differences suggest an adaptive response to the gradient from typically drier, 
colder conditions experienced in eastern locations to the wetter, milder conditions of the west, 
although as noted previously, the high within-population diversity is also testament to high 
ongoing gene flow among populations. 

The European Forest Genetic Resources Programme (EUFORGEN) initiated the 
establishment of a network of protected tree populations, known as Gene Conservation Units 
(GCUs). These are tree populations, identified either directly or by proxy (e.g. due to occupying 
a climatically unique part of the species’ range) as having a distinctive part of the species 
genetic diversity. By definition, the GCU must contain a minimum number of reproducing trees 
of the target species and must have a management plan in which conservation of the focal 
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species is a main objective. Metadata for each GCU is entered into the EUFGIS database, a 
framework for collation of knowledge about genetic diversity in Europe’s trees and for 
conservation of a representative proportion of that variation as dynamically managed gene 
conservation units. In 2019, the Scots pine population at Beinn Eighe was the first GCU to be 
established in Britain, followed shortly after by the population at Sheildaig; more are planned 
across the native pinewood distribution in Scotland. This activity supports the Aichi Targets of 
the Convention on Biological Diversity under which the UK has committed to prevent the loss 
of genetic diversity in our native species and must find ways to characterise, secure and 
manage its native genetic resources. 

Newly developed genomic resources combined with multitrait phenotyping provide the 
opportunity for improved breeding methods and better predictions of P. sylvestris response to 
future environmental changes. Unlike other economically important conifer species such as 
Pinus taeda and Picea abies there is no reference genome sequence available yet for Scots 
pine (Pyhäjärvi et al., 2019). There is, however, a draft genome provided by Nystedt et al. 
(2013). In common with many other conifer species, Scots pine has a particularly large genome 
estimated to contain 22 x 109 bp (Bennett & Leitch, 2012) of which, if the genome is structured 
in a similar way to that of Pinus taeda, only about 0.2% consists of coding regions (Pyhäjärvi 
et al., 2019). Its large genome size and the high level of multi copy sequences makes assembly 
of its genome challenging. De novo P. sylvestris transcriptomes are available for needles, 
pollen, vegetative buds, phloem, and various developmental stages of embryos and 
megagametophytes (Höllbacher, Schmitt, Hofer, Ferreira, & Lackner, 2017; Merino et al., 
2016; Ojeda Alayon et al., 2018; Wachowiak, Trivedi, Perry, & Cavers, 2015). Exome capture 
and transcriptome sequencing methods have now identified enough SNPs to enable design of 
efficient and affordable chip-based genotyping methods (Perry et al. 2019; Kastally et al., 2021) 
which should prove very useful in future studies. 

3.3 Domestic Scots pine improvement programme & its achievements 
Scots pine was the first conifer to receive significant attention by tree breeders in Great 

Britain. Early plantation use in Scotland stressed the need for improved material of Highland 
Scottish origin which was known to have desirable red heartwood and a shallow branching 
habit. By the mid eighteenth century, obtaining sufficient quantities of quality seed from 
Highland pines became a challenge and the use of cheaper seed with good germinative power 
from developing seed centres in central Europe became common. The shift away from local 
planting stock was perceived to have led to a “deterioration in Scotch Fir” (McCorquodale, 
1881) and advice followed to favour home sourced and grown Scots pine (Brown and Nisbet, 
1894). Since the establishment of the Forestry Commission in 1919, importation of Scots pine 
seed largely ceased (Matthews and McLean, 1957) and provenance testing began in the 
1920’s which confirmed generally superior field performance of locally sourced planting stock 
in Scotland but similar or superior field performance of French and German seed sources in 
sites in East Anglia (Lines and Mitchell, 1964). 

A formal programme of tree improvement commenced in the early 1950’s with a programme 
set out in three stages as described by Matthews and McLean (1957). Stage one involved 
identifying stands of Scots pine containing a high frequency of trees with promising overall 
phenotypic characteristics for use as seed stands. Stage two involved a campaign of selecting 
and documenting outstanding trees in these seed stands and elsewhere. Selection of plus 
trees took place in domestic plantations and native pinewoods, giving rise to a selection of 
1065 candidates. Initially, trees were categorised as ‘almost plus’, ‘plus’ and ‘elite’ based on 
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their performance in situ. Field selection was based on strict criteria pertaining to vigour, 
multiple form characteristics, timber quality, growth habit, fecundity and tolerance to disease 
and adverse weather events. 

Stage three of the improvement programme focused on progeny testing with the objective of 
backward selection. The progeny of elite and plus trees identified in the selection programme 
were tested based on wild collected seed in a total of 108 half-sibling progeny tests established 
in 30 series between 1957 and 1984 (Lee, 2002). There were typically three trial sites within a 
series planted in sites which were representative of the main productive Scots pine growing 
areas in Britain. Each series usually contained one or more trials in north east Scotland and 
one trial in eastern England, usually in or around Thetford forest in East Anglia. Series were 
linked by checklots, including one from a select seed stand in Culbin in north-east Scotland 
that was the standard control. Early progeny tests with additional checklots showed that the 
Culbin seedlot tended to have 5% better straightness than average. The standard assessment 
schedule was to evaluate height and stem form (straightness) between 6 and 10 years after 
planting. Additional measurements (e.g. stem diameter) were made at times but were not 
collected regularly enough for the calculation of breeding values. 

Seed orchards were established following stages two and during stage three of the 
improvement programme. Early seed orchards established following stage two would today be 
considered as having ‘qualified’ status as they brought together phenotypically superior clones 
into special collections, often based on environmental characteristics of the sites from which 
the trees were selected (e.g. ‘high rainfall’ Scots pine). Although some of these early regional 
orchards remain standing, their seed is no longer harvested commercially.  

Following calculation of breeding values for height and straightness from progeny trials, a 
general breeding population of 226 individuals was re-selected in 2002 (Lee, 2002). At this 
point, investment in Scots pine breeding was discontinued. The general breeding population 
of 226 individuals is archived in several clone banks which remain under the control of the 
Forestry Commission. 

There are currently four registered Scots pine seed orchards with ‘tested’ FRM status 
managed by the Forestry Commission (now Forestry England). A further two held by private 
sector organisations are approaching production age and were established with high-ranking 
clones from the general breeding population. Currently, approximately half of the Scots pine 
seedlings supplied to the forestry sector in Great Britain are the products of the breeding 
programme (Figure 1), although this proportion varies interannually with availability of 
improved seed and varies somewhat between Scotland, where restoration planting using 
autochthonous seed sources is common and the rest of the UK where genetic conservation is 
of lower concern. A large proportion of improved seed is derived from a single seed orchard 
located in the south of England. This orchard was established prior to estimation of parental 
breeding values and so opportunities are available to establish new seed orchards with 
updated selections to deliver greater gains than are available from currently deployed 
improved seedlots (Lee, 2002). 

3.4 Climate & biotic challenges 
Climate change is expected to create both challenges and opportunities for Scotland’s 

forest industry (Ray, 2008). There may be increases in productivity and species choice in some 
areas, but potential threats include increased risk of drought, wind, and insect & disease 
damage. Conifer species make up 74% of Scotland’s woodland cover, with Scots pine (19%) 



B4EST – Deliverable D5.5 
 

 Page      of 39 
 

  11 

and Sitka spruce (57%) dominating this proportion (FFF, 2020). Sitka spruce (Picea sitchensis) 
is an exotic conifer species from the Pacific Northwest and the western fringe of the province 
of British Columbia, and the ‘panhandle’ of Alaska. The native range is restricted to a narrow 
coastal belt with a humid oceanic climate with more than 1000mm annual rainfall (Lines, 1987). 
Productive stands of Sitka spruce are unsuited to drier climatic conditions, with less than about 
1200mm annual rainfall. Given the dominance of Sitka spruce in Scotland, there is concern 
about production over-reliance, particularly in the climatically drier areas on sandy and loamy 
textured and indurated soils of North-East Scotland (Region 2 - Figure 3) and East Scotland 
(Region 3 – Figure 3). This concern stems from evidence of damage to pole stage stands of 
Sitka spruce in the Dee Valley of Aberdeenshire resulting from the extreme drought in 2003 
(Green et al., 2008; Green & Ray, 2009). The risk of similar drought events is expected to 
increase, with recent climate projections showing that a seasonal shift in precipitation is likely 
in Scotland (Figure 2). By the 2050s, there may be 10% less rainfall in summer months, and 
more than a 10% increase through winter months in eastern Scotland. The UKCP18 climate 
projections suggest this shift will become more pronounced by the 2080s. Application of a 
climate matching tool which locates where the projected climate of a selected location currently 
exists (Figure 3) suggests that the future growing season climate of eastern Scotland in the 
2050s will be similar to coastal northern England and the Eiffel Hills of Belgium/Germany and 
central Germany. These areas have climates unsuitable for productive spruce forest (Sitka 
spruce or Norway spruce, Picea abies). Further evidence of the future unsuitability of Sitka 
spruce in Scotland is shown by the Standardised Precipitation and Evapotranspiration Index 
(SPEI) (Figure 3). Based on an analysis using recent UKCP18 RCP8.5 climate projections, 
the spatial extent, severity, and frequency of drought events of SPEI magnitude -1.5 (or less) 
is projected to increase across Scotland, such that the relatively drier decade of 1971 to 1980 
will be normal beyond 2050. 

 

Figure 3. National Forest Inventory regions of Scotland: 1) North Scotland, 2) North-East 
Scotland, 3) East Scotland, 4) South Scotland, 5) West Scotland  
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Given the expected increase in vulnerability of Sitka spruce to drier growing seasons in the 
north and east of Scotland, a shift to the increased use of Scots pine could be a viable 
alternative in the uplands. Assessment of forestry adaptation options has highlighted that 
future droughts are expected to largely reduce the provision of key forest ecosystem services 
across Scotland (Petr et al., 2015), but the expected reduction in yield for Scots pine is smaller 
than the expected loss for Sitka spruce in the lowlands, and higher yields are predicted in the 
uplands (Petr et al., 2015). In addition, recent research has shown that Scots pine trees show 
greater resilience to extreme drought, exhibiting compensatory growth over longer periods 
post-drought – in some cases even growing faster than had no drought occurred (Ovenden et 
al., 2021). In terms of the conservation of Scotland’s native Caledonian pinewoods, it has been 
suggested that the most favourable climatic areas for pine are now outside of the areas 
designated to protect them (Huntley et al., 2018). In line with Petr et al., (2015), the likely new 
favourable areas are at higher altitudes, with active management to encourage upslope 
colonisation to these areas recommended. This compares well to research from elsewhere in 
Northern Europe, where severe climate change is predicted to cause only slight reductions to 
Scots pine growth compared to large declines expected for other species such as Norway 
spruce (Kellomaki et al. 2018). 

 

Figure 2. Climate projections for 30-year normal periods of change in summer and winter 
precipitation compared to the baseline period 1980-2010 from UKCP18 RCP6.0 and RCP8.5 
for a 50%ile likelihood of occurrence 

Pests and diseases, including Xylella, Phytophthora, Chalara (ash dieback) and 
Dothistroma Needle Blight (DNB), pose a significant risk to forestry in Scotland (Committee on 
Climate Change, 2019). DNB is viewed as a significant threat to the forest resource, in 
particular various pine species are susceptible to DNB (Brown and Webber, 2008). There is 
some evidence to suggest that increased rainfall in spring and summer, coupled with a trend 
towards warmer springs, is optimising conditions for spore dispersal and infection. 
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Figure 3. Results from the Climate Matching Tool (https://b4est.eu/tools/climate-
matching-tool). The tree icon shows the selected location (East Scotland), while orange 
colouring indicates areas which have a similar climate now to that expected in 2051-2060 at 
the selected location. 

Concern regarding the impact of DNB is focused on its financial consequences within 
commercial pine forests and on its conservation implications in Caledonian pinewoods. 
Simulation work utilising a DNB vulnerability model based on climate, tree species 
vulnerability, and management regime suggests that the impact of DNB on biomass, timber 
yield, and biodiversity varies primarily on the management system used, with effects becoming 
clearer under mid-century climate change (Ray et al., 2019). DNB may cause small declines 
in biomass and yield for most management approaches until the 2060s, after which impacts 
diverge, with the most negative effects found for business as usual (fell-restock) and short-
rotation forestry systems and least negative for more diverse broadleaf species management 
trajectories (Ray et al., 2019).  

4 Methodology for the analysis of future deployment and forest 
management scenarios 

4.1 Gauging stakeholder opinion on use of improved Scots pine FRM 
We aimed to seek the opinion of stakeholders involved in forest and woodland management 

across GB, in terms of their views on Scots pine breeding and its future objectives. We carried 
out an online survey, advertised via Twitter and through targeting specific interest groups. 

The survey achieved a 45% response rate, with responses dominated by the public & private 
sectors (55.5%, and 33.3% of responses respectively). There were only 2 (4%) responses from 
the NGO sector, with research and other sectors making up 6% (3 responses). Because of the 
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low response rate from these latter sectors, we present results here only from the public & 
private sectors. 

There appears to be widespread agreement of the importance of conserving Scots pine 
populations, with all NGO responses, 66% of the private sector and 88% of public sector 
respondents viewing this as very important. There is widespread recognition of the multiple 
benefits provided by Scots pine across sectors (Figure 4). All private sector respondents 
regarded timber production as an important or very important benefit of Scots pine and 
regarded this as the most important benefit. 

 

Figure 4. Benefits provided by Scots pine, ranked in terms of importance 

We asked respondents to rank the most important conifer species currently used in British 
forestry in order of priority for tree improvement research. Following on from the increased 
prioritisation of timber, the private sector assigned the higher priority to Sitka spruce, which is 
the dominant forestry species in Britain and Douglas fir, for which no domestic improved 
material is available and has very desirable timber properties (Figure 5). Despite this, Scots 
pine still features strongly as a priority for both sectors. Reasons for not planting Scots pine 
were dominated by disease and climate risk (43.5% of public sector responses, 12% of private 
sector responses). Economic considerations, mainly that Scots pine may be less profitable, 
were the main off-putting factor for the private sector (32%). Given these concerns, the traits 
most valued by public sector stakeholders for future research effort were disease tolerance 
and climate resilience (highest priority for 60% and 44% of public sector respondents 
respectively) (Figure 6). These were also a priority for the private sector (53% and 26%), but 
they fell behind tree form (66%) (Figure 6). 
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Figure 5. Prioritisation of various conifer species for tree improvement in GB 

Respondents were asked to indicate their level of agreement with a number of statements 
about Scots pine breeding (Figure 7). There was general agreement that the historic Scots 
pine breeding programme stopped too soon (86% private sector, 56% of public sector agree 
or strongly agree) and that Scots pine will be increasingly important under climate change 
(80% private sector, 72% public sector agree or strongly agree). Despite the less profitable 
nature of Scots pine being currently an off putting factor for planting Scots pine for the private 
sector, the economics of Scots pine silviculture was not seen as a reason not to invest in a 
renewed breeding programme (79% of the private sector disagree or strongly disagree, 84% 
of the public sector disagree or strongly disagree). 

 

Figure 6. Priority traits for Scots pine breeding research 
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Figure 7. Level of agreement with statements regarding future breeding options for Scots pine in the UK 
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There was a mixed picture in terms of the use of existing improved material (either to set 
up new orchards or to be more widely available). The majority (60%) of the private sector 
respondents viewed current improved material as sufficient but agreed that availability was an 
issue. Most (60%) public sector respondents were neutral on this statement. In terms of using 
existing improved material to set up new orchards, a large proportion of both sectors either 
disagreed (46% private sector, 44% public sector), or were neutral (26% private sector, 40% 
public sector). In addition, opinion also seems to suggest that improved Scots pine need not 
purely be from native Caledonian pine (40% were neutral, 40% disagreed in the public sector; 
33% neutral, 59.9% disagreed in the private sector). There was agreement across both sectors 
that as long as native Caledonian pinewoods are protected, improved Scots pine can be 
planted elsewhere (86% of private sector, 80% of public sector either agree or strongly agree). 
Improving Scots pine is also seen as in the public interest (80% of both public and private 
sectors, also all NGO and research responses). 

4.2 Assessing the economics of using improved Scots Pine FRM 
To assess the potential economic implications of the wider use of improved Scots pine FRM, 

we developed three scenarios (low, central, and high) which represent varying levels in three 
potential benefits from improved Scots pine namely: quantity, quality, and security. Quantity 
refers to gains in timber growth, quality to gains in timber quality, and security reflects higher 
resilience to risks such as pest and disease impacts. We used a model to explore Scots pine 
growth through a forest rotation, using Net Present Value (NPV) as an indicator of potential 
profitability of that growth. For each scenario, we assumed increasing percentage gains in 
each benefit (Table 1). These gains were based on early indicative field data and expert 
knowledge and are assumed to be additive and equivalent in each case to a corresponding 
increase in growth in terms of their impacts on the total timber harvest value. All results were 
calculated assuming a yield class (an index of potential tree productivity) of 10, which implies 
a mean increase of 10m2 per hectare per year over the rotation. We also assumed that 
thinning, where some trees are removed to allow others more room to grow, were carried out 
at regular intervals. Based on the results, we then present potential options for how the 
economic gains could be used to fund development of improved Scots pine. 

The following attributes and costs are assumed for the economic analysis based upon standard 
costs for productive conifers (thinning and clear-fell management): 

1. Planting stocking densities: 2,500 (trees per ha) 
2. Planting material costs: £0.25 per seedling, £625 per ha 
3. Forest establishment operations: ground preparation, actual planting cost of putting a 

tree in the ground. Estimated at £850 per ha. 
4. Establishment, maintenance and management costs: fencing, beat up, 

spraying/weeding; general maintenance (incl., Forest Agent/Craftsman, covering 
Years 1-5). Estimated at £525 per ha. 

Table 1. Scenarios for gains from improved FRM use 

Scenarios Quantity Quality Security 
Low 5% 5% 5% 
Central 10% 10% 10% 
High 15% 15% 15% 
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The growth curve results are presented in Figure 8. It shows how the timber volume of a 
main stand grows over time. For the thinned Scots pine main stand volume (black line) we also 
plotted alongside a curve of cumulative volume of thinnings (blue line). At age 41 the total 
cumulative live volume for a thinned stand starts to exceed the volume of a no thinning stand. 

 

Figure 8. Growth curves for Scots pine yield class 10 

Table 2 shows the estimated optimal rotation length, NPVs and volumes for the baseline 
Scots pine and three scenarios are presented. 

 

Table 2. Optimal rotation, NPV and volumes 

Scenario Improvement 
multiplier 

Optimal 
rotation 

length (years) 

NPV 
(£/ha) 

Main stand 
volume 
(m3/ha) 

Thinnings 
volume 
(m3/ha) 

Base 1.00 50.8 43.5 265.2 140.0 
Low 1.15 50.7 411.2 304.8 161.0 
Central 1.30 45.8 788.6 300.1 136.5 
High 1.45 45.8 1,168.6 334.7 152.3 

As expected, the improved Scots pine performs better, yielding higher volumes and NPV. 
For the Central scenario, the NPV is about 18 times greater than under the baseline.  

Differences in gains compared to the baseline for the estimated optimal rotation length and 
NPVs are presented in Table 3. 
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Table 3. Differences versus baseline for optimal rotation age and NPV 

Scenario Difference in Age (years) Difference in NPV (£/ha) 

Low 0 367.7 
Central -5 745.0 
High -5 1,125.0 

 

The results for the Central scenario suggest that the optimal rotation length, at a stand age 
of 46 years, is five years shorter than under the baseline SP material presently used, while the 
NPV per ha is £745 higher for improved SP under a renewed breeding programme than for 
the baseline material NPV. 

We assume the gains are split 50/50 between the forest owners and the growers of the planting 
material. Growers of the planting material are both tree breeders developing and identifying 
new elite material from existing genetic resources and actors involved in seed production and 
preparation of improved seedlings for afforestation. Two approaches can be investigated to 
assess gains for the growers. The first approach converts the gains in the NPV assumed to 
accrue to the growers into equivalent annuity payments over 30 years that could be used to 
undertake the investments necessary to produce the improved planting material. The second 
approach converts the gains in the NPV assumed to accrue to the growers into equivalent cost 
increases that growers could charge to cover the expenses of the improved SP material. 

Approach 1: Annuity payments 
The equivalent annuity value to the growers to half the NPV gain over a period of 30 years is 
shown in Table 4. 

Table 4. Annuity over 30 years 

Scenario Annuity_30 (£/ha/yr) 

Low 9.80 
Central 19.86 
High 29.99 

The results in Table 4 indicate that for the Central scenario, for example, annuity of about £20 
per ha per year could be paid to the growers for 30 years to help them finance the investments 
required to produce the improved SP planting material and the volumes required. 

The financial implications may be clearer if one looks at the aggregate results for Scotland 
(assuming that either all present SP area will be used for the improved SP or that the total area 
of new planting using improved SP will amount to a similar size) presented below in Table 5: 

Table 5. Potential aggregate gains in NPVs and 30-year Annuity values in Scotland from 
the use of improved Scots pine 

Scenario Gain in NPV (£) Annuity_30 (£/yr) 

Low 56,620,753 1,509,117 
Central 114,736,309 3,058,074 
High 173,257,398 4,617,841 
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Table 5 shows that for the Central scenario, for example, the total gain in the NPV is about 
£115 million, and if half of this gain is converted to a 30-year annuity its value would be about 
£3 million per year. This could be the amount potentially available to the growers to fund extra 
investment in improved SP planting material over 30 years. 

Approach 2: Costs increases 
The alternative approach to explore what could be done with the NPV gains due to improved 

Scots pine involves calculating the potential planting cost increase that could be fully financed 
by them. As an example, we take half of the NPV gain from Table 3 and calculate an associated 
cost increase in LEV in Equation 1 that makes this gain zero. These cost increases could be 
paid to the growers for the improved planting material. The results are presented in . 

Table 6. 

Table 6. Alternative cost approach results 

Scenario New total 
costs, £/ha 

Cost increase 
compared to the 
baseline, £/ha 

Percentage 
increase in costs 
compared to 
baseline for 
planting material  

Feasible cost 
per seedling, £ 

Low 2,153 153 24.4% 0.31 
Central 2,297 297 47.6% 0.37 
High 2,449 449 71.9% 0.43 

. 

Table 6 (second column) shows the new maximum level of total costs that it would be 
feasible for the growers to cover given the increased NPV (and assuming that half the gains 
accrue to the growers). The third column shows the feasible total cost increase compared to 
the baseline of £2,000/ha. Assuming that this increase goes to the growers of the improved 
plant material, the percentage increase over the baseline planting material cost (£625) is given 
in column four. Finally, column five shows the new feasible cost per seedling (assuming 2,500 
trees per ha), which could be compared with the baseline price of £0.25 per seedling. For the 
Central scenario, for example, a 48% price per seedling increase could be afforded, i.e. £0.37 
per seedling. 

4.3 Assessment of the effect of climate change on suitability and risks to 
Scots pine 

We used a combination of climate tools and climate data to assess both future suitability 
and potential risks to Scots pine FRM based on climate change and other biotic risks. The 
Ecological Site Classification (ESC) tool (Pyatt et al. 2001) uses a combination of climate 
variables and soil factors to predict future suitability and yield class for a range of forest 
species, based on 30-year average climate data. In addition, new climate projections from 
UKCP18 offer a range of projections from annual to daily resolution for a number of climate 
variables. We developed two approaches to use and visualise this data, showing potential 
future changes in an index of drought vulnerability and risk (the Standardised Precipitation and 
Evapotranspiration Index, SPEI) and in climate variables associated with the growth and 
spread of Dothistroma Needle Blight (DNB). 

4.3.1 ESC climate suitability 
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Species climatic suitability maps from ESC Forest Maps (Figure 9) demonstrate how the 
climatic suitability is predicted to change for both Scots pine and Sitka spruce in the North East 
of Scotland. Scots pine, in 2050 compared to the baseline period (1961-1990), is predicted to 
become increasingly more suitable for production at a higher elevation, but less suitable in the 
lowlands of Eastern Scotland. In the uplands, Scots pine becomes marginal for production, 
making it well suited as a choice for native woodland establishment, but not necessarily for 
production forestry. Sitka spruce suitability, on the other hand, becomes unsuitable in the 
lowlands, and changes from Unsuitable to Marginal at higher elevations. This implies that while 
Sitka spruce is well suited to production forestry in large areas of Eastern Scotland this will 
gradually change. Marginal Sitka spruce typically grows at a yield class below 12 m3ha-1yr-1 
and exhibits poor timber quality features as a result. However, the change in suitability of Scots 
pine from Very Suitable to Suitable in the lowlands will continue to produce good quality timber 
with reasonable stand yields of 6-8 m3ha-1yr-1 . In mid-elevation upland areas Scots pine growth 
will improve to produce 6-8 m3ha-1yr-1 over a large area in which it is currently Marginal or 
Unsuitable. The changing 30-year average climatic conditions suggest increasing areas of 
North East Scotland becoming unsuitable for production Sitka spruce (ESC suitability declining 
to Marginal) but continuing suitable for production Scots pine (ESC suitability of Suitable). In 
addition, the warmer climate will allow expansion of native stands of Scots pine at higher 
elevations, where productivity objectives are not paramount. 

 

Figure 9. Changing climatic suitability of Scots pine and Sitka spruce predicted using a 
RCP6 green-house gas forcing scenario using the model Ecological Site Classification 

4.3.2 Extreme drought vulnerability and risk 

In addition to considering the changes in ESC suitability, which is an assessment of 
suitability under a 30-year climate average period, we assess SPEI drought frequency and 
severity (Figure 10). Negative SPEI values indicate droughts of increasing severity. The 
frequency of occurrence of SPEI droughts of <-1.0 and <-1.5 will increase and become more 
extensive for <-1.0, and remain occasional for <-1.5. 
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Figure 10. The proportional area of each NFI region (illustrated by the proportion of circle shaded) that is expected to exceed defined SPEI drought index thresholds (-1,-1.5,-2,-
2.5). Negative SPEI values indicate drought events of increasing severity. The colour indicates the number of times the threshold is expected to be exceeded within each decade. 
SPEI values were calculated annually over all 12 months then analysed for each decade. 
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With large areas of Scotland beginning to experience SPEI droughts of <-1.0 for half the 
years in a decade through the 2020s, and for more than 8 out of 10 years after the 2020s, the 
outlook for productive Sitka spruce appears less secure. We know that the drier climate of 
south-west Wales has caused widespread defoliation damage to spruce crops from Elatobium 
abietinum (green spruce aphid) (Straw et al 2000). Similar defoliation damage is likely in parts 
of Scotland too in the coming decades in a drier summer climate, causing growing season 
water stress to spruce. Although defoliation by the green spruce aphid does not cause 
widespread mortality, it increases tree stress and often leads to further bacterial and fungal 
pathogen attack. 

4.3.3 Dothistroma needle blight vulnerability 

Changes in climate illustrated in Figure 11 from daily climate projections in future decades 
suggest a mixed picture in terms of conditions that enable spread of DNB in the growing 
season (April to July). An increase in days within the optimum temperature range for DNB 
appears likely regardless of region, and this is expected to increase opportunities for DNB 
growth. However, this combines with a decadal average reduction in precipitation days and 
days with very high humidity - conditions which are expected to enable spread of spores and 
infection of host plants. It could be the case that this high temporal resolution analysis suggests 
a small reduction in vulnerability due to (high end) climate change.  

However, there are key methodological limitations to keep in mind. Although the average 
percentage change in the number of days meeting each threshold is presented, consecutive 
days and coincidence of these between variables are not taken into account. The high temporal 
resolution climate data was only available for the most extreme RCP8.5 scenario, albeit with a 
large number of model variants which aim to provide a range of possible projections. Analysis 
was carried out for five variants in total, but as the picture was similar each, we present only 
variant 1, which is considered by the Met Office as central among the range of variants. 

5 Discussion 
Investment in developing Scots pine FRM in Great Britain largely ceased at the beginning 

of the 21st Century with the discontinuation of the Forestry Commission’s breeding programme 
after one cycle of selection and testing (Lee, 2002). Deployment of Scots pine FRM continues, 
and demand shows signs of increasing (Figure 1) in line with ambitious national tree planting 
programmes and as a consequence of devastating damage to plantations of other pine species 
caused by Dothistroma septosporum (Brown and Webber, 2008; Piotrowska et al., 2018). 
Despite concerns over Dothistroma damage to Scots pine and a substantial appetite for 
deployment of alternative species to diversify forest planting (e.g. Ennos et al., 2019; Reynolds 
et al., 2021), Scots pine remains comfortably the second-choice conifer across much of Britain 
after Sitka spruce. 

While it is clear that Scots pine is perceived to be a multi-purpose forest species capable of 
delivering a range of benefits, our survey showed that stakeholders tend to view restoration 
and expansion of the Caledonian pinewoods and sustainable forest management with Scots 
pine as separate enterprises, but which do not oppose one another. 
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Figure 11. Change in climate conditions increasing the vulnerability of pine species to 
Dothistroma Needle Blight for each NFI region. Percentage change represents an 
increase or decrease in the number of days meeting each climate condition (within 
April-July) in the 2060s relative to the 1990s.  
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A minority of respondents agreed with the statement that the presence of planted Scots 
pine posed a threat to the genetic integrity of Caledonian pinewoods and the majority of 
respondents agreed that as long as Caledonian pinewoods were protected and their 
regeneration encouraged, it was acceptable to plant Scots pine elsewhere. Furthermore, there 
was little agreement with the statement that adjustments to the breeding population need only 
involve known indigenous parents. Restoration and expansion of native woodlands, and 
Caledonian pinewoods in particular, is an important aim of several environmental organisations 
and these groups were under-represented in the response to our stakeholder survey. It is 
possible that the topic of tree improvement was off-putting to this audience, but also worth 
noting that natural regeneration, rather than planting with seedlings remains the preferred 
mode of expanding Caledonian pinewoods (Mason et al., 2004; Summers and Cavers, 2021). 
Given the general appetite for developing Scots pine FRM under climate change, the view that 
it is in the public interest to do so, and the lack of perceived conflict among management 
objectives in the use of FRM, a range of options are available for taking forward a modular 
programme of research. 

5.1 Investing in production populations 
Although shortage of improved seed was seen as a problem by some survey respondents, 

very few respondents from the public or private sectors agreed with the statement that “we 
should invest in setting up new orchards with the most improved material currently available”. 
Free-form responses to the stakeholder survey show that experiences of deploying the 
currently available improved Scots pine are mixed. Nine responses were offered to a question 
asking whether they had noticed differences in the performance of “source-identified” and 
“tested” Scots pine. Of these, four noted faster establishment with tested material, three were 
ambivalent and two had been disappointed by improved planting stock. The extant registered 
‘tested’ seed orchards were established before the general breeding population was reselected 
and have modest predicted gain values for height and poor, or negative genetic gain values 
for straightness (Table 7), despite there being only a very slight negative genetic correlation 
between the two traits (Lee, 2002). 

Table 7. Predicted average genetic gain values from registered orchards and from 
hypothetical (italics) 40-clone orchards, based on index selection. Values are expressed 
as percentage gains relative to the common control used in the original cycle of testing 

 Height year 10 Straightness year 10* 
psyOR70TE 9.7 -13 
psyOR71TE 10.3 -4.3 
psyOR74TE 12.8 1.1 
Option 1 (Lee, 2002) 
Maximise height, prevent loss in 
straightness 

20 -0.5 

Option 2 (Lee, 2002) 14 14 
Option 3 (Lee, 2002) 17 9 
Maximise straightness, prevent 
loss in height 

2.3 22.3 

*Predicted average genetic gain values are expressed as a percentage gain over a common control. 
The common control used in tests was a mixed seedlot from 28 parents in a select seed stand in 
Culbin forest, Morayshire. Early trials showed that this seedlot produced offspring with average height 
but 5% better straightness than average Scots pine seedlots. 
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Untapped gains are available by establishing new seed orchards with high-ranking parents 
from the breeding population (Lee, 2002). In particular, gains in straightness over the currently 
available ‘tested’ FRM could be delivered by a new orchard without leading to a reduction in 
height are substantial (Table 7). Seed crops from Scots pine seed orchards using grafted plus 
trees can produce harvestable crops within ten years from establishment (Aldhous, 
unpublished), and privately owned orchards designed with high-ranking clones should soon 
approach this stage and will help fill the gap in the market while additional orchards with non-
identical clonal composition could be established with no further selection and testing to 
replace older orchards with poor predicted gain values or deliver a specific function, such as 
“high straightness” Scots pine (Table 7). Nonetheless, given the underwhelming response to 
existing FRM and the diverse needs of stakeholders against a backdrop of rapid environmental 
change, opportunities to make further improvements to the resource should be explored. 

5.2 Investing in selection and testing 
Stakeholder opinion showed that improvement in growth rates for Scots pine is a relatively 

low priority for the public and private sectors. Respondents considered that an improvement in 
disease resistance was a priority for Scots pine, and two thirds of private sector respondents 
considered improving tree form to be the highest priority. This is supported by a survey 
conducted in 2007 by Macdonald and Gardiner (unpublished) which showed that both growers 
and processors prioritised straightness, absence of bluestain and knotiness (growers only) 
over log size. 

The limited scope of evaluations made in the first cycle of selection and testing (height and 
straightness) means that it is impossible to demonstrate improvement in other traits. It is likely 
that too few of the original half-sibling progeny trials for Scots pine continue to be open as 
experiments to enable a comprehensive exercise in phenotyping the whole breeding 
population for new/additional traits and that establishment of new series of progeny trials would 
be necessary to make further improvement. A limited amount of new phenotyping could be 
achieved from a series of partial diallel tests established in the late 1980’s with crosses 
between 55 parents. All of the parents have been genotyped and the potential to use these 
trials as a training set for genomic prediction of traits (e.g. timber properties, responses to past 
extreme events) that are hard to phenotype at early stages could be explored. 

In the time since the breeding programme was closed, genetic conservation oriented work 
has substantially increased our understanding of local adaptation, phenotypic plasticity and 
gene flow of Scots pine populations in the Caledonian pinewoods. This aids our ability to match 
seed sources to planting sites for habitat restoration but also means that we have a well-
characterised genetic resource that has been untapped by several generations of tree 
breeders. Were new progeny trials to be established, there are opportunities to infuse 
additional material into the breeding population. New selections could be made from the well-
characterised Caledonian pinewoods or from plantations. Infusing climate resilience into the 
breeding population could be attempted by selecting trees based on their field performance in 
specific environments outside of the native range (e.g. dry sites in east England) and 
incorporating their progeny in new trials.  

A source of tested material, yet to be linked to the general breeding population is a series 
of provenance-progeny trials established from randomly selected parents in 21 of the 84 
Caledonian pinewood stands held by UK Centre for Ecology and Hydrology, Forest Research 
and James Hutton Institute. These have been phenotyped intensively for a range of traits 
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including growth, phenology and responses to diseases, including DNB. Although they were 
not established with tree breeding in mind, heritabilities and parental breeding values have 
been predicted and show that there is potential to improve DNB tolerance. Since DNB is most 
damaging in the early phases of tree growth, calculating meaningful breeding values for a DNB 
response would be a realistic outcome within ten years of trial establishment. A strong, 
negative genetic correlation between DNB symptom severity and height growth suggests that 
improvements for disease resistance and growth can be made simultaneously. While it is 
unclear whether this correlation represents an mechanistic relationship and probable that the 
relationship invokes circular reasoning, it does suggest that selecting trees that have been 
exposed to DNB but have grown well nonetheless may be an appropriate way to reselect 
healthy and productive parents for tree breeding. 

5.3  Economics of Scots pine improvement 
As expected, from an economic point of view improved Scots pine yields higher volumes 

and net present values (NPVs). For the Central scenario presented here, the NPV rises by 
£745 per ha compared to the baseline. The two example approaches presented provide 
evidence of what the NPV gains could imply for growers of improved Scots pine FRM, namely: 
an annuity approach and an equivalent planting cost increase approach. 

The annuity approach suggests that under the Central scenario about £20 per ha per year 
could be paid to the growers for 30 years to finance producing the improved FRM. Aggregated 
for the whole of Scotland (using current area planted with Scots pine) this implies about £3 
million per year over 30 years. 

The equivalent planting cost increase approach suggests that under the Central scenario 
an increase of about £300 per ha in the total costs could be afforded. Assuming that the 
increase goes to the growers of improved FRM, this equates to about 48% increase in the 
planting material costs from the baseline £0.25 to £0.37 per seedling. 

It is difficult to know how an actual mechanism or scheme might be deployed to promote 
the use and production of the improved Scots pine planting material would operate in practice. 
The economic analysis undertaken explored what would be feasible under an assumption of a 
50/50 split in the gains from the improved Scots pine between the growers of the improved 
FRM and the forest owners. The analysis is based on the average case. There will always be  
some forest owners facing different planting costs and site productivity (as expressed by the 
yield class) as well as timber prices and discount or interest rates. Nevertheless, the analysis 
may serve as a starting point for discussions on possible solutions to resource improvement 
of Scots pine in Scotland. 

5.4  Increasing resilience to climatic and biotic risks 
It is clear that climate change is accelerating and risks associated with pests and diseases 

are increasing. There are opportunities to use the latest climate tools and high-resolution data 
to anticipate with an improved understanding of the possible impacts associated with these 
risks. Based on our assessment of drought, there are clear risks to the main productive timber 
species, Sitka spruce. Scots pine may also be at risk in lower elevation eastern areas, 
suggesting the need for selection of material which is demonstrably adapted to drought 
conditions, for example from currently warmer or drier areas. However, in general it appears 
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that there is an opportunity for an increase in productivity at higher elevations, and that native 
Scots pine will continue to be well suited for conservation planting in the uplands. 

There is a clear opportunity to take advantage of the recent advances in genetics research 
to adapt to climate and biotic risk. Analysis of native Scots pine populations has also shown 
that they contain sufficient genetic diversity to evolve lower susceptibility to DNB through 
natural selection (Perry et al., 2016), and there are opportunities to exploit this in future 
breeding work. 

Improved Scots pine FRM can play a role in increasing resilience, but previous research 
also makes it clear that the choice of management approach is essential for delivering multiple 
benefits from forests, with approaches that encourage species diversity and lower-impact 
silviculture increasing resilience.  

6 Conclusions  
There are significant opportunities to use, and further develop, Scots pine FRM in Scotland 

and across the UK, and this appears to be supported by public and private sector stakeholder 
opinion. There is evidence to support the renewal of a Scots pine breeding programme, with 
there being great potential to make use of decades of genetic conservation research. There is 
evidence for high genetic diversity in native Scots pine populations, as well as distinct within-
population adaptations to the Scottish environmental gradient. Newly developed genomic 
resources and faster and more powerful methods and tools offer an opportunity to improve 
breeding methods and develop resilience of Scots pine FRM in the face of the climate and 
biodiversity emergencies.  In particular, there could be an opportunity to improve the resilience 
of native Scots pine production stands in the face of disease threats. New evidence from a 
native Scots pine provenance /progeny trial suggests that the combined benefits of 
Dothistroma septosporum disease resistance and improved growth can be achieved and could 
stimulate a breeding programme.  

Scots pine FRM also appears to offer a valuable alternative to the current dominant timber 
species in the UK.  The suitability of Sitka spruce in the drier parts of Scotland will likely decline 
with a shift in the seasonal rainfall distribution in the warming climate. In Britain, Scots pine is 
the second choice conifer production species in the private and public sectors, and is better 
suited to a drier growing season than Sitka spruce. 

Although Scots pine is less productive than spruce, our analysis has indicated that the 
economics of a Scots pine breeding programme could be worthwhile. If a breeding programme 
could produce a 10% gain in growth, and a 10% gain in resistance to Dothistroma septosporum  
infection this would repay the investment required to re-open a breeding programme. 
Achieving this over a period in which Sitka spruce declines as a result of abiotic and biotic 
threats from dry and drought prone growing seasons is likely to be a worthwhile investment. 

7 Partners involved in the work and dissemination plan 
The case study is a collaboration among 4 work packages: 

• WP1 – produced the climate data and undertook the suitability analysis 
• WP2 – analysed the trade-off for Scots pine traits 
• WP3 – provided a description of the Scots pine breeding programme and a genomic 

study of Caledonian Scots pine provenances 
• WP5 – undertook the economic analysis. 
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The work was completed by contributors from two partners FR and UKCEH : 
For Forest Research (FR) : Vanessa Burton, Richard Whittet, Joan Cottrell, Vadim Saraev, 
Duncan Ray. 
For UKCEH : Stephen Cavers, Annika Perry. 

Dissemination of this case study is planned through a blog on the B4EST web site, in a 
scientific article to be submitted to the journal Forestry, and in relevant future stakeholder 
events in Great Britain. 
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9 Annexes 

9.1 Detailed description of methods 
9.1.1 Stakeholder survey 

We aimed to seek the opinion of stakeholders across GB, in terms of their views on Scots 
pine breeding and its future objectives. Although the scope of this deliverable is focused in 
Scotland, we felt that gauging opinion across GB was important given that there is high 
demand for Scots pine across the countries of Britain.  

In designing the survey, we focused on capturing preferences for use of Scots pine (in terms 
of relevant ecosystem services and conservation values), priorities for relative breeding effort 
between different species, reasons for planting Scots pine, desired priority traits for future 
breeding effort, and agreement with statements for future breeding options. 

To distribute the survey, we mapped out stakeholders with an interest in tree breeding and 
use of Scots pine FRM across GB, ensuring coverage of major sectors, as well as targeting 
specific interest groups and newsletters to the public and private forestry sectors (e.g. National 
Tree Improvement Strategy Group, Forestry England, Forest & Land Scotland, Confor). The 
survey was also advertised via Twitter through Forest Research and B4EST accounts, and 
was open from the 9th August until the 1st October 2021. 

9.1.2 Economic analysis 

We centred the economic assessment around a set of scenarios designed to represent 
alternative options/foci for new improved Scots pine (SP). In each scenario gains from the 
improved SP are assembled under three categories: Quantity, Quality and Security. Quantity 
refers to gains in timber volume growth. Quality addresses gains in timber quality. Security 
refers to the security of timber supply and reflects the assumption that the improved SP is less 
susceptible to pest and disease impacts. Three scenarios are considered: Low, Central and 
High, in terms of benefits of improved forest reproductive material (FRM). The Central scenario 
is considered as the most probable outcome while the spread between low and high scenarios 
indicate uncertainty about the outcomes. These scenarios are compared to a typical 
unimproved SP stand – the baseline. Economic analysis results are reported in terms of the 
value per hectare (£/ha). 

In view of the current lack of experimental field data for a full rotation of the improved SP, 
relying on early indicative field data and expert knowledge it is assumed for this economic 
analysis that all the quantity, quality and security gains are additive and equivalent in each 
case to a corresponding increase in growth in terms of their impacts on the total timber harvest 
value. For example, although in a more sophisticated way, Ahtikoski et al., (2018) incorporate 
genetic gains for improved material into the growth function. The assumption that all the gains 
result from increased growth also reflects the following considerations. Firstly, there is a lack 
of data on SP sawn products and associated prices and their dependence on timber quality. 
Secondly,  in Scotland, most timber is sold in standing sales where the forest owner sells his 
standing timber to be harvested, transported and processed at a sawmill by another business. 
Hence, the forest owner is not in control of what sawn products are produced or for what prices 
they are sold. Only in the few cases where some large integrated businesses own the whole 
supply chain from forest to sawmill would the situation be different. 
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In this case study we focus on changes in the Net Present Value (NPV), which is the 
difference between the present value of cash inflows (benefits) and the present value of cash 
outflows (costs). NPV is an indicator of how much value an investment project adds to the 
business. Let Ct be net benefit at time t, r is a discount rate, then the NPV for an T period 
investment project is given by: 

𝑁𝑃𝑉 =%
!

"#$

𝐶"
(1 + 𝑟)"

 

Note that the costs involved are mainly upfront for forest (re-)planting, while most of timber 
benefits (assumed to be based on clear-felling) would be at the end of the rotation. 

The discount rate set out in the HM Treasury Green Book (HM Treasury, 2018) is applied. 
This assumes a 3.5% discount rate for projects of up to 30 years, declining in steps thereafter. 
However, for this project, for simplicity we assume a constant 3.5% discount rate. 

The Faustmann optimal rotation length approach is among most widely accepted ways to 
analyse the economics of forest rotations and is adopted for this case study (Ahtikoski et al., 
2012; Saraev, Edwards and Valatin, 2017). The classic Faustmann economic model 
(Faustmann, 1849, 1968) maximises the NPV of forestry on bare land using timber prices, the 
discount rate, volumes and costs. The NPV in the Faustmann model is also often called bare 
land value (BLV) or land expectation value (LEV). The optimum rotation length is estimated 
based upon maximising the associated value over an infinite series of rotations. A typical 
rotation would include planting the forest, waiting for it to grow and then felling it for timber. 

A survey of forest managers completed in 2007/08 (Macdonald and Gardiner, 2007) 
suggests that about 80% of SP stands are thinned. Hence, the case study focuses on SP 
stands managed with thinning interventions. 

For an exogeneous thinnings schedule, the model can be adjusted to take thinnings into 
account as follows (Coordes, 2014): 

Equation 1 Land Expectation Value in the Faustmann model with thinnings 

𝐿𝐸𝑉(𝑇) =
𝑝	𝑓(𝑇)𝑒%&! − 𝑐 + ∑'(!)*#+ 𝑝∗	𝑓(𝑡*)	𝑒%&	"!

1 − 𝑒%&"
 

In Equation 1 above, T is an optimal rotation length (the variable one changes to maximise 
the LEV); p is the timber price, f(t) is a growth function for the timber volume at time t, r is a 
discount rate and c represents the costs. The last term in the numerator is the sum of thinnings’ 
revenues occurring at times ti given by the management tables; p* is typically lower than p to 
reflect lower average tree size of thinnings and the costs. The total number of thinnings K(T) 
depends on the optimal rotation length, and potentially some other management rules, e.g., 
the rule of no thin for 6 years before harvest. Equation 1 is maximised to find the optimal 
solution using genetic algorithms (GAs) implemented in R (Scrucca, 2013, 2017).  

The estimated NPV can always be converted to an equivalent annuity payment (A) if 
required for the purposes of economic analysis. This allows investment projects of different 
lengths to be compared. When the interest or discount rate (r) is constant one can solve 
analytically for an annuity payment (A) over N years: 
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Equation 2 Annuity (A) calculation from NPV over N years 

𝐴 = 	
𝑁𝑃𝑉

1 − (1 + 𝑟)%.
𝑟

 

Finally, we assume that the gains from the improved SP (as estimated by the higher NPV 
relative to the baseline) are divided equally between the forest owners (who take decisions on 
planting, management and harvesting) and the growers of the planting stock. Without a 
detailed study of the market structure, which is currently not available, one cannot establish 
who has more bargaining power and the 50/50 split would be a fair assumption. In principle, 
one may also consider an extreme where the forest owners are not worse off and all gains are 
appropriated by the growers of the planting stock. 

Economic Data 

The analysis draws upon existing models developed by Forest Research, in particular, it 
uses the growth model (M1) for SP yield class (YC) 10, planted at 2m spacing (i.e. a stocking 
density of 2,500 trees per hectare). For Great Britain SP typical YC ranges from 4 to 14 with 
the mean of 10 (McLean, 2019). 

Yield class is an index used in Britain of the potential productivity of even-aged stands of trees. 
It is based on the maximum mean annual increment of cumulative timber volume achieved by 
a given tree species growing on a given site and managed according to a standard 
management prescription. It is measured in units of cubic metres per hectare per year 
(Edwards and Christie, 1981). Hence, SP YC10 implies a mean volume increment of 10 m3 
per ha per year over the rotation.  

The assumed thinnings’ schedule for SP YC10 is presented in the Table 1 below. This is 
from the standard management tables schedule for SP in Great Britain. The first thinning 
occurs at a stand age of 27 years with 35 m3 per ha taken out. Thinnings then continue at 5 
year intervals, slowly decreasing in volume after the age 62. 

Table 1 Thinnings volumes (m3/ha) for Scots pine YC10 

Age 27 32 37 42 47 52 57 62 67 72 77 82 87 92 97 
Vol 35 35 35 35 35 35 35 35 32 28.7 25.5 22.4 19.3 16.3 13.6 

 

The total area planted with SP in Scotland is 154 thousand hectares (Forest Research, 2020). 

Costs 
The following attributes and costs are assumed for the economic analysis for based upon 

standard costs for productive conifers (thinning and clearfell management): 

1. Planting stocking densities: 2,500 (trees per ha) 
2. Planting material costs: £0.25 per seedling, £625 per ha 
3. Forest establishment operations: ground preparation, actual planting cost of putting a 

tree in the ground. Estimated at £850 per ha. 
4. Establishment, maintenance and management costs: fencing, beat up, 

spraying/weeding; general maintenance (incl., Forest Agent/Craftsman, covering 
Years 1-5). Estimated at £525 per ha. 

Total average (re-)planting cost is £2,000 per ha. Note that the planting material comprises 
about 31% of the total cost. 
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Sources for cost data 

Cost data come from various sources:  

● English Woodland Grant Scheme Operations Note 9 (August 2011) 
● RDP - Glastir Woodland Creation Costings (May 2014) 
● Various Forestry Commission and Forest Research DSS tools and models for planting 

and standard costs. 

Benefits 
For this case study we only focus on the timber benefits. These are calculated as a product 

of timber volume per ha and price per m3. Public benefits provided, such as carbon 
sequestration, air pollution removal, etc., are not considered. 

Timber prices  
Data on timber prices are taken from ‘Timber Price Indices’, Table 2: Coniferous Standing 

Sales Price. Focusing on the last five bi-annual observations (31 March 2019 to 31 March 
2021) suggests an average of £30 per m3 overbark. This is the timber price adopted for the 
case study calculations. 

A standing sales price approach is adopted. 

Scenarios for improved SP  
The following scenarios are focused on: 

Table 2 Scenarios for gains from use of improved Scots Pine 

Scenarios Quantity Quality Security 
Low 5% 5% 5% 
Central 10% 10% 10% 
High 15% 15% 15% 

 

As noted above, it is assumed that the gains from these different impacts are additive. For the 
purpose of this case study, each is assumed to have an equivalent impact on the total gains 
from planting improved SP. Hence, focusing entirely on equivalent impacts in terms of volume. 
The following multipliers are applied to the baseline volumes for the unimproved SP: 1.15, 1.3 
and 1.45 (for Low, Central and High scenarios, respectively). 

9.1.3 Current and Future Climate analysis 

Ecological Site Classification 

Using the Ecological Site Classification (Pyatt et al., 2001) Forest Maps 
(http://www.forestdss.org.uk/geoforestdss/), we examined the predicted change in suitability 
for both Scots pine and Sitka spruce in North East Scotland, focussing on the change in the 
climatic suitability shown by ESC from the 30-year climatic baseline period (1961-1990) to the 
30-year period centred on 2050 using the AR4 Medium High SRES scenario, which is similar 
to the AR5 RCP6 scenario (IPCC, 2013).  

Standardised Precipitation and Evapotranspiration Index (SPEI)  

The 30-year normal period species suitability estimates species suitability for the average 
30-year climatic conditions. Of increasing concern are extreme climatic events such as 
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drought. Extreme climatic events such as drought are of increasing concern to various tree 
species. To assess drought event frequency and magnitude, we calculated the Standardised 
Precipitation and Evapotranspiration Index (SPEI) values  (Begueria et al., 2014) and the 
decadal frequency of SPEI drought events (values of -1.0, -1.5, -2.0, -2.5 – indicating moderate 
to severe drought) for the National Forest Inventory Regions in Scotland from 1951 to 2070. 
Only the RCP8.5 scenario climate projection was calculated, but this is very similar to RCP6.0 
to 2050, after which there is divergence in the projections. 

Dothistroma Needle Blight (DNB) vulnerability 

We used UKCP18 daily climate projections (RCP8.5) to assess changing climatic conditions 
that might influence the spread and/or virulence of Dothistroma Needle Blight (Dothistroma 
septosporum). We compared decadal climate data for a baseline period (1990-2001) with 
future climate simulations (2061-2070). We summed days in the period April to July (inclusive) 
which met specific climatic factors/thresholds for each year, then averaged this total per 
decade. The predisposing climatic factors of DNB were rainfall, temperature, humidity, wind 
speed and cloud cover. The range and thresholds of climate variables were based on literature 
(Gadgil, 1974, 1977; Watt et al., 2009; Woods et al., 2016) - see Table Z. The difference in 
decadal frequency between baseline and future was calculated and the mean and standard 
deviation of the change was calculated for each of the five NFI regions in Scotland. 

Table 3. Climatic (April-July) thresholds optimal for Dothistroma septosporum release, dispersal of 
spores, germination and colonisation of conidia, indicating ‘peak’ vulnerability of pine infection 

 Climate variable Optimal Range Notes/Source 

Mean temperature 4 - 31℃ Gadgil, 1974, 1977 

Rainfall greater than 5mm per day - 
100 mm month 

Woods et al 2016 

Relative humidity 75% or more Gadgil, 1977 

Wind speed 2 m/s or more Aids spore dispersal 

Cloud cover  50% or more Correlated with high RH 
 


