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Deciding how to establish woodland in forest restoration is not straightforward as different outcomes may be obtained from different establishment approaches, each with cost implications and degree of success limitations attached. Planning restoration requires knowledge of site conditions, including how sites are likely to respond under climate change. For objectives of production and high timber quality it is likely that ground preparation will be used, and planting with forest reproductive material (FRM) of known traits, such as: high survival and growth in establishment, drought tolerance adequate for climate projections, good resistance to pests and pathogens. For objectives associated with biodiversity, carbon sequestration, water supply protection, soil protection, natural regeneration could be a less costly solution with a limited amount of assisted translocation of selected FRM to improve resilience. If objectives are for rewilding forest areas, a degree of natural colonisation perhaps with translocation of some FRM could be a solution. Ignoring site conditions and suitability of available sources of FRM for forest restoration is likely to provide unexpected results with a mix of open ground, scrub and scattered trees resulting from climate, herbivore, and browsing impacts. The recent B4EST EU Horizon 2020 project examined progress in novel rapid approaches for testing the quality of FRM from existing genetic trials. Here we review the work of B4EST to show the opportunities from transformative tree breeding in forest restoration schemes, including: new climate projection ensembles at high temporal and spatial resolution to develop norms of reaction and transfer models with genetic components; multi-environment genotype-phenotype associations and multi-locus genotype-environment associations in identifying drivers of local adaptation; techniques for genomic selection using single nucleotide polymorphism (SNP) arrays to derive functional traits from polygenic associations; work on seed orchard site and climate specific FRM and zones for deployment; and work on some of the forest ecosystem service benefits derived at a landscape scale. We conclude that tree-breeding will provide robust forest restoration for planting, and rewilding (assisted natural regeneration), and if not “ignoring” but instead assisting natural colonisation processes – tree breeding may improve long-term forest resilience under environmental change.
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Introduction

Many studies of the impacts of climate change on forests have recommended selecting tree species suited to site conditions (Broadmeadow et al., 2005; Meason and Mason, 2014; Hof et al., 2021; Reynolds et al., 2021) to restore, adapt and manage forests to maintain forest resilience. Tree-breeders also work with and select forest material within species, for example a particular provenance (Benito-Garzón et al., 2018; MCPFE, 2020) that shows evidence of improved resilience under climate change. Other studies provide evidence of species diversity through the restoration of mixed forests as a pre-requisite for future forest resilience (Jactel et al., 2017) and ecosystem service provision (Gamfeldt et al., 2013). Furthermore, there is evidence that natural regeneration provides a cheaper and more reliable mechanism for forest restoration, biodiversity, and the provision of ecosystem services (Rey Benayas et al., 2009; Crouzeilles et al., 2017), particularly in the tropics and on land that was previously forested. All these concepts are primarily concerned with different restoration mechanisms to promote the long-term continuity of forest ecosystem function in restoring forests under climate change (Hof et al., 2021).

The idea that species diversity only is important for forest resilience, ignores or underestimates the role of intra-specific genetic diversity (Alberto et al., 2013; Ennos et al., 2019) phenotypic plasticity (Vizcaíno-Palomar et al., 2020) and the evolutionary potential of trees (Lefèvre et al., 2013) which help maintain fitness under environmental change. These genetic factors play a major role in maintaining tree, stand health and vigour under climatic stress. For some species, provenance, progeny, and clonal forest reproductive material (FRM) have been tested and phenotyped for different traits (Vizcaíno-Palomar et al., 2020), including the resistance to abiotic and biotic threats (Hurel et al., 2021) in common garden genetic trials across an environmental range. For some species tested material has been incorporated into seed orchards, to provide FRM with known traits, including the resistance and avoidance of biotic and abiotic threats (Haapanen and Ruotsalainen, 2021). Currently, many managers of plantation forests look only to translocate species to sites based on the match between climate analogues and future projections (Reynolds et al., 2021). Tree breeders, on the other hand, link the evolutionary potential of tree species using knowledge of genetic diversity and adapted phenotypes with acclimation potential, based on provenance (and other genetic) trials within species (Benito-Garzón et al., 2019).

The question of whether to “plant, rewild or ignore”, assuming “plant” for production forests, “rewild” using planting and natural regeneration and open land for nature, and “ignore” (as stated in the topic of the special issue) is a reference to natural colonisation, is likely to be answered differently by societal groups with different frames on forestry objectives (Burton et al., 2019). Outcomes will vary depending upon whether restoration is within wooded [natural regeneration, assisted natural regeneration (ANR)] or unwooded (natural colonisation and assisted colonisation) landscapes. Colonisation methods are gaining prominence in policy and practice in some countries and may be preferred with respect to requiring little or no intervention. For forest and woodland restoration, natural regeneration is often argued as an efficient cost-effective approach (Crouzeilles et al., 2020), as it favours phenotypes and genotypes suited to the current environment (Chazdon and Guariguata, 2016) with less risk to forest biodiversity (Ennos et al., 2019). This is the case in Sweden for example, Scots pine on nutritionally poor sites of low site index in areas of heavy moose browsing are often left to regenerate naturally. However, a natural colonisation approach may be uncertain, particularly when the need for intervention is ignored, as deer browsing damage (Duncker et al., 2012) and a long time-lag (Watts et al., 2020) for species colonisation may compromise expected outcomes of medium- to long-term ecological trajectories and ecosystem service provision. This can be exacerbated by the longer time to canopy closure, described by Elliott et al. (2003) as an “important milestone in forest restoration, creating cooler, shadier and moister conditions on the forest floor and the accumulation of leaf litter that should suppress weeds and encourage establishment of forest tree seedlings.”

A natural colonisation approach aims to restore forest (and other habitats) on open ground where initially few trees exist or in landscapes where forest has been cleared for a long time (over 50 years – Burton et al., 2018). In such circumstances the potential regenerative capacity back to a wooded landscape is uncertain. The method used in tropical forests which has been widely promoted (Anon, 2005; Lamb and Gilmour, 2005; Elliott et al., 2013), differs from a land abandonment (natural colonisation) approach. For example, Forest Landscape Restoration (FLR; Elliott et al., 2013) is an ANR approach which introduces framework tree species that are fast growing and produce fruit and seed quickly, the framework attracts birds and animals that encourage seed dispersal into the restoration site. This approach is quite different to an “ignore” approach to natural colonisation. The difference is that FLR or any ANR approach is more likely to quickly develop a forest ecosystem, whereas natural colonisation on agricultural areas previously devoid of trees for a long period of time may develop woodland more slowly, with accompanying scrub and semi open habitat (Silva et al., 2018).

Planting is favoured by foresters and the processing industry. This is because the planting and tending of closely spaced forest trees and their periodic thinning, usually reduces the time to canopy closure (Waterworth et al., 2012), promotes the growth of improved quality timber (MacDonald and Hubert, 2002; Mason, 2015) compared to natural regeneration, and allows forest managers to utilise the gains achieved by tree breeding programs. This approach, although expensive compared to natural regeneration, provides improved timber quality and value to the forest manager (MacDonald et al., 2010), with faster growth and quicker provision of timber and products to society. It is often the economic benefits from planted production forests that provide the opportunity for forest owners to restore areas (by rewilding and natural colonisation) for a range of ecosystem services (Guadaño et al., 2016; Ahtikoski et al., 2020a,b) by managing less intensively for biodiversity, recreation, and other benefits.

The European Horizon 2020 project “Adaptive Breeding for productive, sustainable and resilient forests under climate change” (B4EST; grant agreement No. 773383) recognised that environmental change is a major driver of forest ecosystem vulnerability, increasing the likelihood of damage and disease, leading to reduced productivity and economic value. In any forest restoration project, we assume a scheme would visualise a successful outcome that is robust in establishment and resilient to environmental change. We believe forest expansion in Europe will require multiple approaches to forest restoration, including the deployment of improved FRM to sustain resilient and high-quality material for the European bioeconomy. The increased economic value of improved FRM will stimulate forest expansion and restoration for a range of ecosystem services, including halting biodiversity decline and increasing carbon sequestration. Profits from production forestry will help fund less intensive forestry practice. For example, Burton et al. (2019) referring to Scotland’s Land Use Strategy (2021–2026) (Scottish Government, 2021) reasoned that forest restoration opportunities should be blended with other land use priorities. We believe this reasoning is also applicable to stands within forests to promote a range of forest objectives. Furthermore, we suggest a portion of forest restoration and expansion should include FRM from novel and flexible adaptive tree breeding strategies and tools that promote the use of tree genotypes of high adaptive potential and high economic value. We hypothesise that tree breeders will need to rapidly identify and select important phenotypes showing heritable traits useful under abiotic and biotic stress, while maintaining genetic diversity and key ecological functions. Furthermore, we make the link to stand and regional scale planning tools for forest restoration, that account for site variability under climate change. Here we review the work of the B4EST project research outputs to show how new tree breeding techniques can improve the resilience of forest restoration to climate change and provide goods and services for society and the developing bioeconomy.


B4EST overview

The B4EST project was divided into five science areas and a communications and dissemination area. Each component undertook collaborative research on one or more of eight case study tree species to illustrate the range of novel tree breeding approaches developed by the European partners in the B4EST consortium. The case study species were: Norway spruce (Picea abies); Scots pine (Pinus sylvestris); maritime pine (Pinus pinaster); stone pine (Pinus pinea); Douglas-fir (Pseudotsuga menziesii); Eucalyptus globulus (clones); poplar (clones); and common ash (Fraxinus excelsior). The schematic of the project structure (Figure 1) shows the interlinkages among the five science areas (work packages) and communication (WP6). One extra work package (WP7, in Figure 1) concerned consortium coordination. Much of the science knowledge was developed in Areas 1 and 2, the technology and methods of applying the science were developed in Areas 3 and 4. In Area 5, this science and its application were considered at the regional and landscape scale to provide a meaningful focus for tree breeders, nurseries, forest managers the forest industry and forest policy, and disseminated in Area 6.
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FIGURE 1
Science area interactions, outcomes, audiences, and impacts of B4EST.




Description of science areas 1–5

Area 1 (WP1) focussed on the re-analysis of different phenotypic traits recorded in various genetic trials in the light of climate data from a new portal (ClimateDT1) to develop norms of reaction (West-Eberhard, 2003) of tested phenotypes to climatic variation, and to measure the genetic components of phenotypic variation and plasticity and the role each may have in maintaining robust forests under climate change. In this area we review the methods to measure the tolerance and acclimation potential to a range of disturbances – both climatic and biotic. Area 2 (WP2) measured the trade-offs among phenotypic traits (e.g., increased growth – poor form – early flushing, resistance to disease – reduced growth) to understand the risks of selecting alternative phenotypes for one objective among others and testing the selection of improved material under uncertainty and specific challenges. Here the partners undertook studies to evaluate both multi-environment genotype-phenotype associations and multi-locus genotype-environment associations in identifying drivers of local adaptation and their genomic signatures. This key feature links to Area 3 (WP3) and provides an important novel step in reducing the time for selection and breeding and selecting better suited material more accurately for given environments and biotic threats. In Area 3 new selection approaches were developed, based on the use of genomic evaluation, and involving assessment using genetic tools for species challenged by environmental change. Here the consideration of new functional traits and gene-to-gene interactions which could be relevant for species undergoing clonal selection and deployment were assessed. This area illustrates a “tour de force” of the different improvements that genomic tools bring to forest tree breeding relevant to forest restoration objectives. Area 4 (WP4) developed stand level models for deployment of material to deliver specific objectives and ecosystem services to society, using improved matching of phenotypes under climate uncertainty and bioeconomic demands. Area 5 (WP5) turned to understanding the benefits, costs, and risks under climate change at the landscape and regional scale. Here the focus of research was the selection among different phenotypes, both temporally and spatially, to improve forest resilience and demonstrate how careful selection of inter- and intra-species diversity in FRM to future climate and soils will help maintain forest diversity and provide valuable timber material and products from European forests.




Climate change and climate data

In considering whether to “replant, rewild, or ignore” to restore forest, a critical appraisal of the impacts of present and projected climate change scenarios should be considered to choose a restoration approach with evidence of robust establishment success, and which is likely to be resilient under climate threats. The UKCP18 Regional (12 km resolution) and Global (60 km resolution) projections (Murphy et al., 2019) offer a monthly time series into both RCP2.6 and RCP 8.5 futures, for low and high impacts scenarios. Each RCP scenario consists of an ensemble to provide information regarding the likelihood of impact of climate extremes on phenotypic traits. A re-analysis of historic experiments and trials used historic data from the Climate Research Unit time series (CRU-TS; Harris et al., 2020). This was downscaled using the method of ClimateEU (Marchi et al., 2020) to produce scale-free climate data linking CRU and UKCP18 for overlapping years using a standardisation data set between 1981 and 2010 from CHELSA (Karger et al., 2017) and producing climate data to the same 12 km resolution as UKCP18. The resulting online ClimateDT climate data portal can downscale data for any location from the 189-year historic and projected period 1901–2089, providing a large range of climate variables and indices at monthly, seasonal, annual, and normal period time scales.



Extreme events

Recent literature has described the importance of extreme events (Hanlon et al., 2021), such as climatic extremes and biotic disturbances (Seidl et al., 2017), in shaping the distribution and components of forests among tree species (Zimmermann et al., 2009). In particular, Barriopedro et al. (2020) showed the importance of extreme event analysis. They compared European summer maximum temperatures to a summer maximum data set for 1981–2010 and demonstrated that five of the summers between 2000 and 2020 had a mean summer temperature anomaly of more than 1.2°C above the warm end of the 1981–2010 distribution. However, less is known about the effects of extreme climate disturbance selection pressure within tree species (Gutschick and BassiriRad, 2003). We used climate projections based on shorter temporal time steps than 30-year averages. The UKCP18 Regional projections (Murphy et al., 2019) provided a monthly time series to better understand the effects of climate extremes on phenotypic traits. Of particular interest to the forestry sector is the impact of extreme summer heat and drought on abiotic damage to stands (Williams et al., 2013; Petr et al., 2014; Allen et al., 2015), and the subsequent biotic damage that is caused by climatic stress (Jactel et al., 2012; Meason and Mason, 2014; Hlásny et al., 2021).

Using the 12 km resolution climate data we examined historic and projected droughts across Europe. The standardised precipitation and evaporation index (SPEI) drought index (Beguería et al., 2014) was calculated for September each year for 3-, 6-, and 12-month antecedent periods. Resulting maps showed relationships with reported heat and drought impacts in the literature. For example, the extreme 2018 heat and drought events across Europe stimulated an increase of damaging populations of the European spruce bark beetle (Ips typographus) in Central, Western and Nordic countries of Europe. We show examples of the extreme droughts in Atlantic and continental regions of Europe in 2003 (Figure 2A) and additionally in Nordic countries in 2018 (Figure 2B), both of which were associated with extreme temperature anomalies.
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FIGURE 2
The Standardised Precipitation and Evapotranspiration Index (SPEI) drought index across Europe based on the 6-month period April–September in (A) 2003, and (B) 2018; using CRU-TS climate data (Harris et al., 2020) downscaled to 12 km resolution. SPEI +3, extremely wet/SPEI –3, extremely dry.


Late spring frost is also a serious problem in forestry and under climate change is likely to become more serious. A study of early flushing and late spring frost damage was investigated in 18 Norway spruce provenances from Sweden, the Baltic States, Poland, and Belarus (Svystun et al., 2021). The temperature sum requirement to drive flushing in each provenance was used to model changes in spring flushing under climate change. In Sweden, the results showed a reduction in frost events under future climate scenarios, but an increase in frost events after spring flushing. Results highlight the need for improvements in selection of provenances for deployment in Sweden that avoid late spring frost damage.

Extreme climatic events were found to be the drivers of within population genetic variation (Archambeau et al., 2021) in maritime pine revealing a mechanism of how heritable variation in complex phenotypic traits is maintained in populations. They showed that for height growth, genetic variation is lower in populations exposed to severe cold extreme events. This finding was also reported by Skrøppa and Steffenrem (2021) in a study involving Nordic, Central, and Eastern European provenances of Norway spruce. Archambeau et al. (2021) additionally showed that genetic variation from populations of genetically mixed provenances was not influenced by gene flow that might be thought to increase genetic variation. This B4EST study lends support to the debate on levels of genetic variation, providing evidence for the role natural selection plays in reducing genetic variation.



Uncertainty

Climate uncertainty is a critical concern for foresters, forestry and particularly within the topic of forest restoration. Whether restoration involves natural regeneration or planting, with or without management intervention, if the restoration objective is to achieve robust establishment to develop forest habitat – then a clear understanding of the impacts of climate change are essential. This includes the need for a better understanding of the severity and frequency of extreme events that until recently were not available from climate projection portals.

As an example, B4EST studied the growth potential of Scots pine provenances at the northern and southern edges of the species range (Hallingbäck et al., 2021). In Nordic countries, at the northern edge, photoperiod (latitude) and temperature sum (TS – day degrees >5°C) were critical drivers of growth; at the southern edge the summer heat moisture index (SHM – C/m) was the driver of growth. Photoperiod is a fixed parameter unaffected by climate change, but TS and SHM will continue to be influenced by the changing climate. Consequently, these parameters were used to test the adaptation potential of several provenances of Scots pine under an ensemble of climate projections. Models of the Nordic country provenances predicted a growth increase as very likely in each, but with considerable uncertainty in the magnitude involved. For the Spanish provenances, growth under climate change varied spatially from very unlikely to very likely, but there was greater certainty in the predictions. These results demonstrate the need to be aware of the adaptation potential of material considered for forest restoration, particularly when key traits associated with restoration objectives – like growth and fitness – are considered essential.



Reaction norms and transfer models

A reaction norm describes the variation in a phenotypic trait to changing environmental conditions. It is a way in which tree breeders can observe and characterise the phenotypic plasticity in a genotype by measuring the Genotype × Environment interaction. These types of studies therefore need to relate climatic and site parameters to the trait variation across different genotypes. Usually this is performed across a large environmental gradient in genetic trials (common garden trials), in which all genotypes are tested in all environments under investigation.

Climate data were used to re-analyse past and existing genetic common garden trials in which provenances, progeny and clonal material had been tested. Climate change projections over north-west Europe suggest warmer and drier summers and wetter and milder winters. This trend is accentuated in northern latitudes in the summer and particularly in winter (Jacob et al., 2018) leading to greater risk of frost damage and drought damage in Nordic countries. A study by Hayatgheibi et al. (2021) conducted in Sweden and Finland throughout 2018 during a summer period of severe heat and drought across northern and central Europe, showed significant phenotypic variation to drought in full- and half-sib progenies of 6–9-year-old Norway spruce. The strong heritability of drought resistant phenotypes showed the importance of this trait for the future breeding material of Norway spruce.



Climatic and genomic data to model tree adaptive trait variation

The B4EST project developed a set of six single nucleotide polymorphism (SNP) 50k arrays for Scots pine (PySy50k; Kastally et al., 2021), Norway spruce (Bernhardsson et al., 2021), and the new “4TREES” SNP array (Guilbaud et al., 2020) which can be used to explore the genome of four species (common ash, stone pine, poplar, and maritime pine). This development was designed to improve the speed and economy of selection to identify FRM with useful phenotypic traits through genomic selection (GS), thus reducing the cost of selection from large scale trials. In general, conifers have massive genomes that are relatively little studied. The SNP arrays have been designed to facilitate GS models and genome-wide association studies (GWAS) – linking trait variation to genetic polymorphisms that form the basis of gene expression across the genome.

Each SNP array is based on regions of the genome where a single nucleotide (one of the building blocks of DNA) varies between individuals of the same species. Except for stone pine, a species with extremely low levels of genetic variation, all the SNPs come from existing genomic resources. Having obtained hundreds of thousands of SNPs per species, the initial step for “4TREES” was to produce a screening array, on which approximately 137K SNPs per species (36K SNPs for stone pine) were tested on a representative group of individuals of each species. Following screening, 13.5K (6K SNPs for stone pine) highly informative SNPs were selected. The most important criterion for selection was to incorporate SNPs known to be in candidate genes or regions linked to traits of interest for breeders, such as resistance to ash dieback disease (Hymenoscyphus fraxineus) that ravages ash populations. A good coverage of the genome was also important, as it has been shown to improve predictions (Romero Navarro et al., 2017; Kainer et al., 2018; Norman et al., 2018). The 4TREE array is a highly valuable genome-assisted breeding tool for cost effective genotyping for important tree species in Europe, and the tool demonstrates possibilities for other important tree species.

Genomic selection models predict the breeding value of genotypes in a validation dataset using training data from phenotyping, and these data sets are linked in a genomic prediction equation. Breeding values are calculated from the equation and have shown promising results from a few thousand SNPs (Pegard et al., 2020). It is much more cost effective to undertake GS in tree breeding, than earlier methods of testing FRM in genetic common garden trials using pedigree information. The approach offers the potential to increase genetic gain very quickly using genetic estimated breeding values (GEBV) without the need to plan and finance a long breeding cycle to test potential FRM candidates with useful traits.

The second advantage of genomic studies using an SNP array arises from the opportunity to detect loci that control trait variation in genotypes, such as GWAS studies – an approach to improve our understanding of the genetic architecture controlling the biology and phenology of genotypes. Note, however, that many traits are thought to be controlled by numerous polymorphisms with small effects at single nucleotides on the genome, making the trait polygenic – from many nucleotides (de Miguel et al., 2022). Other uses of SNP arrays include monitoring genetic diversity, tracing the origin of material, and estimating population genetic structure.

A third approach to explore the genetic basis of adaptive traits correlates loci with allele frequency changes in geographical space with changes in environmental variables (Rellstab et al., 2015; López-Hernández and Cortés, 2019) known as genome-environment associations (GEA). The method identifies the loci linked to adaptive constraints and loci linked to ecological variables responsible for selective constraints. Evidence of selection acting on SNPs involved with the response to bioclimatic variables has been shown in different plant species, e.g., Populus spp. (Ingvarsson and Bernhardsson, 2020), Norway spruce (Di Pierro et al., 2017), maritime pine (Jaramillo-Correa et al., 2015), Aleppo pine (Ruiz Daniels et al., 2018), beech (Postolache et al., 2021). Similar methods have been used in the B4EST project to identify candidate SNPs for local adaptation in maritime pine using both univariate and multivariate GEA methods (Archambeau et al., 2022) that can predict adaptation of tree species to future climate change.



Clonal traits

An important objective of B4EST was identifying FRM resilient to changes in climate and at the same time resistant to pests and pathogens. For example, Marchi et al. (2022) examined standard and improved poplar clones (for short rotation agroforestry) under climate change projections across Italy using reaction norms and linear mixed-effects models of growth. This study showed that improved clones were more resilient to a warmer drier climate and more productive than standard clones and have been shown to resist rusts and leaf spot fungus. Poplars are vigorous fast-growing trees and produce valuable timber for plywood and furniture with a long carbon life cycle, filling an important role in the timber production industry.

Reaction Norm, Transfer function, Response function, and the “Universal” version of these models, where the response of different groups of FRM are pooled in a single model, are all components of the modelling work in B4EST. Climate change uncertainty is also a feature of the modelling work. Marchi et al. (2022) used climate uncertainty within the representative concentration pathways (RCP) of greenhouse gas emissions using RCP2.6 and RCP8.5 as low and high emissions scenarios, respectively; and in addition, used contrasting variants of the UKCP18 climate projections ensemble.

The link between genomics and phenotypic traits has also been tested in B4EST. Heuclin et al. (2021) used a novel Bayesian varying coefficient model to identify the genetic markers involved in the variability of phenotypic traits and estimate their effects. This is a key publication for the future development of GWAS in tree breeding.



Genetic architecture controlling phenotypic traits

A novel B4EST study on maritime pine explored the genetic basis for heritable traits in a common garden trial using clones from a sample of trees in 36 populations from the complete natural distribution of the species (Hurel et al., 2021). Assessments of height, spring flushing, susceptibility to pathogens Diplodia sapinea and Armillaria ostoyae and the insect pest pine processionary moth (Thaumetopoea pityocampa) were made across the trial. Results showed significant broad sense heritability for height and spring phenology, and pathogen susceptibility to Diplodia, but no differences in the susceptibility of T. pityocampai incidence was observed. Populations from warmer drier environments were less susceptible to Diplodia but more susceptible to Armillaria, and taller trees were more affected by D. sapinea and shorter trees showed more damage by A. ostoyae. A genomic analysis associated several loci with these phenotypic traits, revealing five SNPs associated with height growth and 27 SNPs associated with spring flushing date and duration. An important result is that many adaptive and growth traits are polygenic (de Miguel et al., 2022), that is important for breeding in GS and for the adaptability of trees with large and complex genomes, such as conifers.

The study of the genetic control of phenotypic traits was an important B4EST topic to assess provenances suitable for future environmental conditions. This provides a genetic improvement to species distribution models (Thuiller, 2003) that ignore intraspecific genetic effects in predicting suitability. A comparison of twelve statistical models were used to predict adaptive trait variation across environmental gradients in the maritime pine clonal common garden trial (Archambeau et al., 2022). In particular, the separation of the effects of genetic variation and phenotypic plasticity among clonal populations was key in improving model fit. Plasticity accounted for around twice the explained variance in height growth, compared to the genetic component, and was driven by environmental factors.



Phenotypic plasticity, genetic diversity, and trade-offs

In B4EST, a study was completed on three species of pine to better understand how phenotypic plasticity and local adaptation underpin variation in the response of key traits. The height growth of maritime pine, Corsican pine (Pinus nigra ssp. laricio) and stone pine across a network of 38 common garden trials in the Mediterranean basin were analysed (Vizcaíno-Palomar et al., 2020). A phenotypic plasticity index, based on the ratio of the difference of the highest phenotypic value (of height) measured for a local population and compared to the value for the climatic range of the species was measured. Also, the coefficient of variation measuring phenotypic variation across the range of the trials was calculated. These indices were calculated separately for very young trees (up to 4 years), young trees (4–8 years), and moderately young trees (8–16 years). Results showed variation in plasticity among the species and within species among age classes, with stone pine exhibiting the highest phenotypic plasticity and least genetic diversity, followed by maritime pine and black pine with a lower plasticity index but higher genetic diversity. For all species, very young pine trees had a greater ability to respond to changes in climate than older trees. Conclusions showed different mechanisms of an adaptive response with stone pine relying primarily on phenotypic plasticity and showing little genetic variation within or among populations. Maritime pine showed high phenotypic plasticity and high genetic diversity within and between populations, with potential for a shorter-term plastic response to rapid climate change and a longer-term adaptive response through natural selection.

The measurement of phenotypic plasticity of FRM is an important factor used in the estimation of whether material is suitable across an environmental range. Often the norm of reaction response of different genotypes across environmental gradients are not parallel, demonstrating the presence of an interaction between genotype and the environment. This can be a problem to tree breeders wanting to breed material that exhibits a useful stable trait (such as growth performance) across a wide range of environmental conditions. Such assessments are useful in examining potential trade-offs among different traits to estimate whether FRM selection can be justified. Results using different common garden experiments (Ramírez-Valiente et al., 2021) indicates that high levels of population genetic differentiation in functional traits and differences in fitness are common in Mediterranean species driven, at least in part, by the adaptation to contrasting temperature and precipitation regimes. This study failed to detect a trade-off between source-use strategies within species, calling for future studies to investigate further whether intraspecific evolution of stress tolerance occurs at the expense of growth potential in Mediterranean environments or not.



Seed sourcing

Different seed sourcing methods (local, predictive, climate-predictive, climate-adjusted, composite, and admixture) can be applicable under different climate change scenarios. In Spain, these methods have been tested using a Scots pine multi-site provenance test (Notivol et al., 2020). Despite the theoretical expectations, for Scots pine, a forest tree species at the southern edge of its distribution, seed-sourcing methods based on climate-matching or a combination of seed sources do not perform better than traditional local or predictive methods or they are not feasible because of the lack of future climate-matched populations.

In breeding programs, other seed sourcing methods can be applied. Seed orchards provide nurseries with the plant material for forest restoration, assuming the approach is to plant, rather than rewild or ignore. The seed orchard function is to produce large amounts of material that has been tested and trialled to confer suitability for the planting site and the potential for particular traits.

In Nordic countries, seed orchard material is widely available for Norway spruce and Scots pine. In B4EST the results from common garden trials of a range of provenances of Scots pine were analysed to provide a method to inform seed orchard choice under uncertainty. An approach developed by Haasnoot et al. (2013) and adapted for planning in forestry by Petr et al. (2015) was used to demonstrate the time frame in which a species choice meets forestry objectives, and when the benefits of those objectives begin to disappear due to climate change. At which point adaptation management is required to reset the state of a forest stand on a different trajectory, chosen from a range of possible actions.

Currently productive seed orchards in Sweden (including the one and a half generation orchards) have been established according to the “current climate” situation which means that climate change has not explicitly been accounted for. The method examined the potential performance of seed orchards using an ensemble of six 30 arc-second GCM climate projections from WorldClim (Hijmans et al., 2005) for the periods 2041–2060 (2050s) and 2061–2080 (2070s) 30-year normal periods for RCP4.5 and 8.5 scenarios. Growth models using projections for the 2050s describe how plants from current seed orchards planted today will perform over shorter-term planning horizons. Growth models using projections for the 2070s indicate the situation facing crops from the next generation (second generation) seed orchards, whose establishment currently are in the development phase. The analysis demonstrated trade-offs between growth and survival in second generation orchards, as models predicted improved survival under warmer conditions at the expense of improved growth. Planning based on the current climatic conditions could lead to orchards becoming maladapted to their intended core area but better in other areas.



Deployment and ecosystem services from forest reproductive material

The development and outcomes of forest stands depends not only on the selection of FRM but also on silviculture and the interaction between them. A demo-genetic modelling approach, where forest growth and demography are coupled with individual genetic diversity and inheritance processes can be used to predict how silvicultural interventions affect genetic diversity and trait development implemented in the LUBERON2 simulation tool (Oddou-Muratorio et al., 2020). They used an open software development platform CAPSIS to improve and update the LUBERON2 model with new features, parameterised for Douglas-fir. Specifically, they introduced: (i) tree growth models; (ii) a demographic model; (iii) quantitative genetic models for multiple traits; (iv) a disturbance generator (including effects of drought); and (v) tools to introduce silvicultural measures. These tools and models simulate four Douglas-fir silvicultural scenarios and analyse the impacts on the evolution of genetic means and variances of two fitness-related traits. Their results (Oddou-Muratorio et al., 2020) demonstrate the opportunities to use adaptive forest management to manage genetic diversity and increase fitness in a future warmer climate.

The potential gains from using improved FRM for future climatic conditions are only realised when the FRM is deployed and used by foresters. B4EST work analysed the potential of new FRM to increase financial returns (Serrano-León et al., 2021). Although their research suggests a change of seed sources, new seed sources, increased use, and even introduction of exotic species, forest practitioners must adhere to current country-based legislation as well maintain an awareness of the perceptions of a wide variety of stakeholders. B4EST summarised stakeholder views by combining results from a GenTree survey on “adaptive tree breeding for productive, sustainable and resilient forests under climate change” with a complementary B4EST survey and published reports (Konnert et al., 2015). The work showed a wide range of national/international regulations affecting the use of FRM in Europe but that national/regional policies often promote the use of native/local FRM and discourage the use of non-local and exotic FRM such as assisted migration. B4EST therefore encourages common regulations which instead promote the use of improved FRM across administrative borders.

With changing climatic conditions, increased risks to tree stands, and greater demand for desirable FRM traits, decision making in the reforestation phase will become increasingly complex. Forest owners and managers will need tools and guidelines to handle these issues through decision support tools. The Planter’s guide (Berlin, 2019) produced by B4EST consists of different web-based support tools for the selection of optimal seed sources of Scots pine and Norway spruce in Sweden. In 2019 the Planter’s guide was extended to be a joint tool between Sweden and Finland with common deployment recommendations (Berlin et al., 2019). B4EST work produced new transfer effect models for growth and survival valid for the entire Fennoscandia (i.e., Sweden, Finland, and Norway), implemented in a beta-version of the Planter’s guide. This approach opens the possibility for joint deployment recommendations in this region, but national stakeholders and formal authorities must play an integral part in co-developing these decision support tools.

The Planter’s guide also illustrates the uncertainties arising from climate change affecting the predicted performance of currently available seedlings from Scots pine seed orchards. Drawing from the modelling approach developed in Hallingbäck et al. (2021), methods to illustrate the variability in spatial distribution of seed orchard performance at different climate warming levels were developed for the Planter’s guide. This allowed a set of different “uncertainty” maps to be generated for all currently available and planned future Scots pine seed orchards in Sweden. A core group of end-users of the Planter’s guide (Forest managers at both large forest companies and forest owner associations) and stakeholders (the Swedish Forestry board) provided feedback on the different methods to handle/illustrate this uncertainty with the aim of implementing this knowledge in a user-friendly way.



Landscape scale restoration

Four landscape scale case studies to estimate the potential use of FRM in forest restoration in different regions of Europe were commissioned in B4EST. Case studies examined: (1) boreal forestry in Nordic countries representing approximately 30% of the European forest area; (2) improved Scots pine material in Scotland and the potential to use native Caledonian pine forest material to increase growth and reduce red band needle blight susceptibility; (3) productive pine and Eucalyptus plantations in France, Portugal, and Spain and the potential for breeding pest and disease resistant material; and (4) the benefits, costs, and risks related to the use of improved poplar clonal FRM in alluvial regions of central and southern Europe.


Nordic case study

Nearly 20% of the growing stock of European forests occurs in Finland, Sweden, and Norway (MCPFE, 2020) and Sweden and Finland produce 30% of sawn timber and 60% of pulp for paper and paperboard in the EU. Climate change has already affected the growth dynamics of forests in Nordic countries. Over a 50-year period (1970–2020) the growing stock in Finland has increased from 1,520 million m3 to 2,506 million m3 driven largely by the temperature sum (day degrees over 5°C) increase.

Norway spruce and Scots pine are the predominant conifer species and birch the main broadleaved species. Milder winters with fewer frost days in the spring have brought about an earlier start to the growing season, but occasional late spring frosts now cause more damage. The summer climate has become warmer and drier, and in recent years has caused major outbreaks of bark beetles (Ips typographus) and the fungal root disease Heterobasidion spp. has become more widespread. These two biotic threats are considered by stakeholders to be a focus of the breeding programmes of Norway spruce and Scots pine. To adapt to climate change, stakeholders consider three important forest management strategies: (1) diversification of tree species, which is a common strategy to distribute risk, (2) artificial regeneration with improved FRM tested and recommended for adaptation to climate change, and (3) enrichment of natural regeneration with FRM better adapted to future climate changes.

The case study analysed models of tree and stand growth under climate change for National Forest Inventory stands in Sweden and Finland for “business as usual,” “conifer production” from a tree breeding programme, and “combined conifer and broadleaved production” where conifer is from improved FRM. The analyses showed the potential to maintain production targets using improved conifer FRM from the breeding programmes (Ahtikoski et al., 2020a,b). In the combined conifer and broadleaved production scenario, production could be maintained from improved conifer FRM while mixing with broadleaved species for resilience and biodiversity, in which birch is unimproved and is from natural regeneration.



Scotland case study

The Scots pine breeding programme in Scotland was terminated in 2002, with the establishment of improved seed orchards. Scots pine is the only native productive conifer in Scotland and the UK, with approximately 154,000 ha managed in plantations covering 14% of Scottish forests and is second only to Sitka spruce occupying 507,000 ha of forest land in Scotland (Forest Research, 2021). Approximately 90% of the Scots pine is of plantation origin and managed for multi-purpose forestry including timber production and forms the north-western Atlantic edge of the Scots pine native range in Europe. Eighty-four fragmented populations of the native Caledonian pine wood retain high levels of genetic diversity with considerable genetic differentiation between western and eastern populations. The Scottish climate shows a distinct rainfall gradient between the wetter west (precipitation ∼3,000 mm) and drier east (precipitation ∼700 mm) of the country. In the west winters are relatively mild and much cooler in the east with a gradient of growing days (over 5°C) of ∼300 days in the west to ∼100 days in the east.

Climate change projections for Scotland suggest the east of Scotland will become drier and the west wetter with a particular seasonal shift in precipitation from summer to winter seasons (Murphy et al., 2019). The likelihood is that Sitka spruce planted in the east of Scotland will therefore be less suited to the drier climate. Recent dry years in Scotland have shown Sitka spruce to be very susceptible to drought crack (Green et al., 2008), and consequently the potential for changing spruce plantations to the less drought sensitive Scots pine is recommended. This is already occurring with a significant increase in the number of Scots pine seedlings planted in recent years – 8.7 and 7.8 million seedlings sold in 2018–2019 and 2019–2020, respectively, compared to an annual average of 2.9 million between 2005–2006 and 2009–2010 (Forest Research, 2021).

Another driver for a switch to Scots pine comes from Perry et al. (2016). They showed that provenances of Scots pine from the west coast of Scotland have greater resistance to Dothistroma septosporum, which causes Dothistroma needle blight in many pine species (including Scots pine), and that west coast provenances also show improved height growth. These findings suggest a growth improvement, resistance to Dothistroma needle blight and provide evidence for re-opening the Scots pine breeding programme to improve Scottish Scots pine seed orchards with material from native Caledonian pinewood provenances in the west of Scotland.

A questionnaire to stakeholders asking about the priorities for tree breeding in Scotland and the UK achieving a 45% response rate, revealed the acceptance of the importance for conserving Scots pine populations, based on the recognition of the multiple benefits of Scots pine across sectors. When asked to rank the most important species for tree improvement research, respondents from the private sector ranked Sitka spruce as their first option and respondents from the public sector ranked Scots pine as their first option. There was general agreement that the Scots pine breeding programme was terminated too soon, and that Scots pine will be increasingly important under climate change. The case study also explored the economic case for Scots pine breeding with a sensitivity analysis of expected gains in growth and disease resistance showing a potential increase in annuity payments to growers of £9–£30 ha–1 year–1, even the low end of this range would repay the investment in re-opening a Scots pine breeding programme.

Restoration and expansion of the fragmented Caledonian pinewoods is an objective of several environmental organisations. These groups were under-represented in the survey and the preferred means of expanding these woodlands is natural regeneration rather than planting (Summers and Cavers, 2021). Given the general appetite for developing Scots pine FRM under climate change, a range of options are available for taking forward a modular programme of research, as it appears in the public interest to do so, and there appears to be no perceived conflict among management objectives in the use of FRM.



Atlantic edge and Southern Europe case study

A case study of the benefits, costs, and risks related to the use of improved FRM for plantation forestry in the Atlantic region of Southern Europe has revealed a disturbing future perspective for forest in the Mediterranean region. In the transition to a bio-based economy ever more reliance on plantation forests is needed to satisfy an increasing demand for wood-based products and non-timber forest products (Gardiner and Moore, 2014). Climate change presents many challenges and threats for forests in southern Europe, notably drought stress (Allen et al., 2015), pest and pathogen occurrence (Jactel et al., 2020) and fire (Silva et al., 2018) all threaten the continued supply of forest ecosystem services in Southern Europe.

Silva et al. (2018) recommended that the 20th century practice of even-aged monoculture forests must adapt to changing conditions and social values of the 21st century, moving towards a mix of species and age classes at the stand and landscape scales. In addition, they argued that scrub on abandoned forest land must be brought back into management to reduce the fuel load in a region so vulnerable to mega-fires. Even in continuous-cover and close-to-nature management, a risk has been expressed of increasing maladaptation as the rate of climate change and climate extremes exceeds the rate at which natural selection can act to drive the adaptation/acclimation of trees and forests to changing climatic conditions (Fréjaville et al., 2019). Consequently, the case study report recommends the use of selected FRM better adapted to climate extremes and introduced into close-to-nature silvicultural systems.

An analysis of stakeholder demands in southern Europe shows a shift from productivity focused FRM to material that has better resilience to biotic disturbances. An exponential increase in diseases and pests has been reported in pine plantations (Jactel et al., 2020) with pine wilt nematode (Bursaphelenchus xylophilus) causing pine wilt disease (PWD), pitch pine canker caused by Fusarium circinatum, tip blight (Diplodia pinea) and red band needle blight (Dothistroma septosporum and Dothistroma pini). These problems are being exacerbated by increasing drought. The development of new tree breeding programmes to rapidly select material more resistant to drought and biotic problems is underway (Menéndez-Gutiérrez et al., 2018; Díaz Vázquez et al., 2020).

A potential solution to the trailing edge problems of maritime pine is the expansion of stone pine that might offer a profitable alternative in Atlantic coastal areas, offering a high-value non-wood forest product of gourmet pine nut kernels that exceed 70–100€.kg–1 in retail value (Mutke et al., 2019). Moreover, this species is more tolerant of drought and less susceptible to the prevailing risks of PWD and F. circinatum (Pimentel et al., 2017). Profitable stone pine cultivation allows for the maintenance of low-density plantations without understory, which is an effective fire-resistant landscape scale adaptive silvicultural system (Guadaño et al., 2016).



Alluvial regions of Central and Southern Europe case study

Poplar is a fast-growing tree and is an economically important forest type, globally covering about 31 million ha (Marchi et al., 2022). In Europe it is commonly planted across the plains of Spain, France, Belgium, Italy, Hungary, and Romania, amounting to over 900,000 ha in the EU. Typical growth rates are 15–20 m3 ha–1 year–1 from improved poplar clones (Chiarabaglio et al., 2020).

Common garden trials have shown that improved clones have increased survival, health, resilience as well as productivity under climate change (Marchi et al., 2022). The case study assembled the evidence that new GS tools more rapidly identify the material suited to projected climate futures of specific site types.




Discussion

The perception of tree breeding in Europe’s forest-based sector expects improvements in a range of species, a diversification of species used in forest restoration and expansion, new plantations that include stands of improved material better adapted to climate change extremes and biotic threats. The expectation of a Scottish “Green Gold” scenario (Burton et al., 2019) in other areas of Europe, defined as the juxtaposition of sustainably managed productive plantation stands, continuous-cover managed stands, stands of native woodland, recolonisation and open areas, must focus on the need for guideline recommendations to enrich natural regeneration with better adapted FRM (Table 1). In a B4EST questionnaire of tree breeding needs, respondents identified the resilience of forest to the effects of climate change as paramount, using material selected for growth, improved wood quality, and resistance to abiotic and biotic threats. Showing that the management of the risk of forest damage from abiotic and biotic threats is becoming critical for the industry exploring the potential of a developing bio-based economy in Europe.


TABLE 1    Opportunities (O), advantages (A), disadvantages (D), and constraints (C) of new transformational approaches in tree breeding to “Plant, Rewild or Ignore” methods of forest restoration in which improved forest reproductive material (IFRM) and or material from natural regenerating forest material (NRFM) might be managed, or no management natural colonisation (NMNC) is considered important.

[image: Table 1]

Outside the forestry sector, and in the societal and political sphere, forest and woodland restoration and expansion has moved to the centre of attention due to losses from land-use change, fire, pests, and pathogens; but also through potential gains from restoration (Elliott et al., 2013) expansion and the concomitant benefits of wood product substitution in society (Morison et al., 2012). For this reason, forests have become an important contributory mechanism through which economies can offset fossil carbon use through investing in forestry sequestration schemes (Yousefpour et al., 2012; Sing et al., 2018). Importantly, the twin issues of climate change and biodiversity loss are being addressed through forest restoration and expansion projects with the consideration of the effect of time-lags (Watts et al., 2020) and hysteresis affecting the recolonisation of forest specialists in species-area abundance and richness relationships.

We need a mix of forestry objectives into an uncertain future – proportions of natural regeneration, plantation woodlands, as well as a more diverse range of tested genotypes for use in new environmental conditions under climate change. Tree breeding has a contribution to make in delivering these multiple objectives. The European Commission Survey for a European Union Forest Strategy (EC, 2021) showed awareness and concern over the erosion of biodiversity resulting from intensive plantation forestry, with increased risks from pests and diseases under climate change, and the erosion of landscape quality. Novel techniques in tree breeding such as high throughput GS and the development of molecular techniques for assessing genetic diversity, can help improve forest resilience, maintain genetic diversity for future generations, and provide forest material suited to the expanding needs of a bio-based economy. We see this innovation as fulfilling a small proportion of the forestry sector but importantly delivering mutual benefits of conservation and products to industry and society, thereby allowing more extensive forest restoration and expansion projects to deliver other ecosystem services of biodiversity, water quality, soil protection and forest recreation. In many European countries, forest owners manage productive high value stands of trees that provide the income and the opportunity to diversify forestry systems. The range of forestry systems, and particularly systems with low management intensity, provides a wide range of ecosystem services (Duncker et al., 2012; Ray et al., 2016) as well as high forest biodiversity associated with natural regeneration and continuous cover forestry.

The benefits of selecting FRM with tested trait resilience will deliver transformative changes in adaptive forest management, in particular benefits in resisting damage and mortality from biotic impacts. This would happen through selective planning of forest ecosystem service delivery at a landscape scale. Here the benefits from resilient forest genotypes in selected stands will grow in a matrix with more extensively managed forest, where the pressure for single-species single-age plantation silviculture is replaced with a greater proportion of mixed species mixed aged stands, managed on a continuous cover silvicultural system. The economic benefits of breeding improved forest material will offset any reduced income from products in extensively managed stands. For this to work efficiently the selection of FRM at provenance, progeny or at the clonal level must need to assess the trade-offs of traits among phenotypes.

Tree-breeding is considered a lever to meet socio-economic challenges in forestry. The development of tools and knowledge in tree breeding have made available information about the degree of genetic variation and plasticity among and within different tree species. Breeders can therefore select material (genotypes) with a known degree of phenotypic plasticity across environmental gradients and continue to review the genetic diversity of seed orchard material, offering ways to maintain and improve the diversity of the pool. Breeders have climate and site data to assess the suitability and the risk of deployment of different phenotypes under a changing climate while keeping a check on the economic value (Ahtikoski et al., 2020a,b) of material deployed across suitable sites within the range of timber processing facilities in the bioeconomy.

We arrive back at the question: to plant, rewild, or ignore? As tree breeders we believe a contribution is required across the range of these forest restoration options (Table 1). “Planting” and assisted migration of selected and tested FRM will be important to help secure increased resilience under climate change of intensively managed productive stands for the timber and wood products markets. “Rewilding” for biodiversity conservation will provide ecosystem services protecting soil and water and in the longer-term support forest with high carbon above and below ground stocks. “Ignoring” land is likely to have an uncertain trajectory that may not revert to forest. Relying solely on natural colonisation without interventions will lead to a long time-lag for specialist and sensitive species to re-colonise. Without top predators, the likelihood would be large areas of scrub woodland with extremely high densities of deer (Spake et al., 2020).

Rewilding and ignoring could be important and interesting components of forest restoration and expansion for biodiversity and carbon storage in the longer-term. However, society and national economies are heavily reliant on timber and wood products, and the support and benefits offered by tree breeders in the selection of material for planting is key to building and maintaining timber and wood processing in the bioeconomy.



Conclusion

B4EST has explored and tested transformative changes in tree breeding. These include:


1.Tree responses to climate drivers using reaction norm and transfer models, to help locate FRM for deployment under climate change

2.The adoption of linear mixed effects models to account for the components of genetic diversity and phenotypic plasticity in material tested in genetic common garden trials, to help improve our understanding of the changes in the spatial suitability of material under climate change

3.The development of methods to assess the trade-offs among traits within a species, to better understand the changes in other traits when choosing FRM based on a single trait

4.The development and deployment of SNP arrays to map the important areas of multiple loci that control genes affecting traits in forest species, to help map loci that control gene expression without the need to test expression in trials

5.A single “4-Tree” SNP array (Guilbaud et al., 2020) with the novel functionality for probing the genome of four different tree species: common ash, stone pine, poplar, and maritime pine

6.An improved understanding of the links among the omics to improve precision in GS

7.Growth models of the future growth uncertainty of provenances of Scots pine at the leading edge and trailing edge of the species range

8.Calculating the economic benefits of tree breeding approaches in four different regions of Europe: Nordic spruce and Scots pine forests, Scotland’s pine forest, Mediterranean pine forests, and poplar plantations in France and Italy.



These developments bode well for the improvement of tree breeding to stimulate transformative change in the way FRM may be deployed to produce more resilient forest for products in Europe’s developing bioeconomy and, in so doing, provide opportunities for less intensive mixed species forest stands in forest restoration projects, using close to nature approaches to deliver a suite of other ecosystem services to society.
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