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A warmer climate with drier summers will affect the suitability of tree species in their current range in most of Europe. To preserve ecosystem services in the future, many European countries are looking for tree species adapted to the expected future climate and are setting up trials to test them in different environments. In collaboration with forest practitioners and federal and regional authorities, we have established a network of 57 common gardens across large environmental gradients in Switzerland. Over a period of 30 to 50 years, the vitality, growth and survival of 18 tree species from 117 seed sources will be monitored to develop tree species recommendations for forest managers. In this article, we outline the considerations, challenges and trade-offs involved in designing this experiment, as well as the participatory process with a variety of stakeholders, from local foresters to the Federal Office for the Environment. Further, we list experiments testing multiple species on multiple sites in Europe and compare experimental designs, tree species and environmental gradients. The Swiss common garden network complements other European experiments and broadens the potential network by extending the covered environmental gradients to colder and moister conditions. Such targeted assisted migration trials are key to promoting tree species that can cope with the future climate and can help us to foster forest ecosystems that can adapt to rapidly changing climates.
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1 Introduction

Global warming combined with more frequent and severe summer droughts and heat spells in large parts of the world, including Europe (Zscheischler et al., 2018; IPCC, 2021), is increasingly affecting forest ecosystems (Chen et al., 2011; McDowell et al., 2020). Changing disturbance regimes will likely result in major declines in forest ecosystem services, such as timber production, protection against natural hazards, biodiversity and recreation (Seidl et al., 2017; Forzieri et al., 2021), and will compromise sustainable forest management (Bolte et al., 2009; Sousa-Silva et al., 2018). Intense climatic drought can impair tree growth and reproduction and increase mortality rates (Allen et al., 2015; Clark et al., 2016; Cailleret et al., 2017; Choat et al., 2018; Brodribb et al., 2020; Schuldt et al., 2020; Senf et al., 2020), ultimately leading to changes in tree species composition and forest structure and to shifts in species distributions (Anderegg et al., 2013; Clark et al., 2016; Brodribb et al., 2020; McDowell et al., 2020; Senf et al., 2021). Since rapid climate change is likely to outpace the ability of many tree species to adapt and survive in their changing habitats (Jump and Peñuelas, 2005), tree species will be forced to colonize new habitats upward in elevation and poleward of their current distribution to track suitable climatic conditions, or they will face local extinction (Parmesan and Yohe, 2003; Aitken et al., 2008; Vitasse et al., 2012; Burrows et al., 2014). Tree species can accomplish part of this migration through natural propagation, but in many cases this process fails to keep pace with the rate of global warming (Zhu et al., 2012). This is especially true in fragmented landscapes, where migration barriers impede range shifts (Saltré et al., 2015).

Assisted migration of tree species (Williams and Dumroese, 2013; Dumroese et al., 2015) and assisted gene flow among populations (Aitken et al., 2008) are management strategies that aim to artificially introduce tree species or tree populations, to locations where growing conditions are expected to be suitable for them in the future climate. This may even save some tree species from extinction (Mc Lachlan et al., 2007). However, assisted migration to areas far outside the current range of a species can also bear some risks: ethical, economical, legal, political and ecological concerns have been brought forward (Spies et al., 2010; Vitt et al., 2010; Aubin et al., 2011; Sansilvestri et al., 2015; Hagerman and Kozak, 2021). Since past relocations have had severe negative ecological implications in some instances, best practices for assisted migration need to be developed (Schwartz et al., 2012; Klein and Arts, 2022). Further, while assisted gene flow has improved growth in certain cases (Aitken and Bemmels, 2016), large environmental distances between seed sources and planting sites have sometimes resulted in lower yield and survival, for example in a provenance trial where Pseudotsuga menziesii var. menziesii Mirb. (Douglas fir) was established in North America in 1912 (St Clair et al., 2020). In Europe, provenance trials started as early as 1745 (Langlet, 1971), including those with Abies alba Mill. (silver fir, Larsen, 1986) Larix decidua Mill. (European larch, Weisgerber and Šindelář, 1992), Picea abies (L.) Karst. (Norway spruce, Şofletea and Budeanu, 2015), Pinus sylvestris L. (Scots pine, Stephan and Liesebach, 1997) and Quercus petraea (sessile oak, Sáenz-Romero et al., 2017). In addition, assisted migration experiments in the form of biodiversity trials have been established in major forest types throughout the world to investigate ecosystem functioning with different tree species combinations and various levels of functional diversity (Paquette et al., 2018).

In Switzerland, close-to-nature silviculture is the prevailing forest management system. It favors the natural regeneration of trees (Brang et al., 2014; Brüllhardt et al., 2022), resulting in uneven-aged forests bearing a high species and structural diversity, which are generally more resilient to disturbance and climate change than even-aged forests (Bauhus et al., 2013; Hof et al., 2017). However, natural regeneration does not lead to climate adapted forests per se, as tree species presumably adapted to the future climate are often missing in these forests, for example because they are outcompeted by dominant tree species such as beech (Ligot et al., 2013; Dietz et al., 2022) or because they are preferentially consumed by browsing ungulates (Champagne et al., 2021; Angst and Kupferschmid, 2023). Recently, forest managers have started to implement adaptive measures, in particular through the introduction of tree species, i.e., assisted migration (Williams and Dumroese, 2013). Tree species or provenances are often introduced in single pilot plantations (Bürgi and Dietz, 1986; Pretzsch, 2005; Nyssen et al., 2016), which can provide information about tree performance under specific site conditions and the current climate but allow only limited inference to other sites. Therefore, a coordinated plantation approach is needed to generate well-founded tree species recommendations for future forestry practice.

Despite a large body of literature from forest inventories (Mina et al., 2018; Etzold et al., 2019; Abegg et al., 2020; Del Río et al., 2021), provenance studies (Sáenz-Romero et al., 2017), niche modeling (De Rigo et al., 2016), dendroecological studies (Bottero et al., 2021) and experiments (Frank et al., 2017; Fririon et al., 2023), there is still considerable uncertainty regarding the factors that determine the survival, vitality and growth of tree species and provenances under climate change and assisted migration. For over two centuries, scientists have conducted common garden (CG) experiments, also known as experimental plantations, to study the performance of trees from different genetic and/or geographic origins under identical environmental conditions (Langlet, 1971). The majority of early trials were designed to optimize timber production, established due to the growing awareness of the importance of geographic variation, which had earlier repeatedly resulted in plantation failure (Aitken and Bemmels, 2016). In light of the recent and expected climate-change-induced habitat shifts of tree species, the focus of CG experiments changed from provenance studies to networks that systematically incorporate a broad set of tree species along environmental gradients (Alizoti et al., 2022; Fady and Rihm, 2022). Such networks may help to identify species’ optima and limits, as well as species and seed sources that can cope with the expected climate of the future, thus enabling forest ecosystems to adapt to rapidly changing conditions. Such information is needed to build a solid scientific foundation for assisted migration.

Large CG networks offer opportunities to investigate research questions over broad environmental gradients. For forest managers, it is more attractive to join coordinated and subsidized CG networks, where they can benefit from insights gained throughout the network, rather than investing in stand-alone pilot plantations. To produce reliable results and use resources effectively, it is important to have a statistically sound and powerful design, as well as coordination with similar initiatives. A particular challenge is that the optimal scientific solution would involve numerous sites over large environmental gradients, ample replication and large tree populations observed over a long timeframe, yet these aspects collide with feasibility constraints, especially regarding available resources. Moreover, such experiments involve many stakeholders, and their planning, establishment and maintenance require major investments in personnel and equipment (Hatfield, 1998). Long-term commitments of the involved stakeholders are essential to secure the success of such experiments. However, reorganizations and financial constraints, which become increasingly likely with the longer duration of projects, can threaten the continuation of an experimental network (Pretzsch, 2005).

New CG networks have been and are currently being established in many places around the globe with the goal of finding tree species and seed sources that are suitable for the future climate (Fady and Rihm, 2022). In North America, similar considerations have resulted in a large number of publications on assisted migration experiments over the last three decades (Palik et al., 2022; Park and Rodgers, 2023). In Switzerland, we have recently established a CG network testing tree species in forests across a large gradient covering most of the climates that occur in the country and are suitable for tree growth. We planted seedlings grown from seeds of selected tree populations in CGs to improve our understanding of the species’ capacities to cope with climate change (Frei et al., 2018). The aim of the project is to derive recommendations that will help forest managers to promote suitable, climate-adapted species, either through natural regeneration or by planting. In this method paper, we present the new Swiss CG network. Specifically, we: (1) describe the participatory planning and decision process employed for designing the Swiss CG network and present its final design, (2) give an overview of the experiments testing multiple tree species on multiple sites in Europe and compare the designs, tree species and environmental gradients to point out the benefits of a European network, and (3) discuss the potential and limits of such trials. We expect this information to benefit others interested in designing similar CG networks and to encourage collaboration, especially across national borders throughout Europe.



2 Methods and comparison


2.1 The Swiss common garden network


2.1.1 Aims and scope

In anticipation of a warmer climate with drier summers, which will affect the climatic suitability of tree species in their current range, scientists, practitioners and authorities in Switzerland have recognized the need to identify suitable tree species that can secure the provisioning of ecosystem services in the future.

Through a joint initiative, involving scientists, federal and regional forest authorities, and forest practitioners from the public and private sectors, a network of 57 CGs has recently been established in forests across large environmental gradients in Switzerland. The network is designed to test and compare 18 tree species. By planting seedlings from seeds of the same populations under different climates, the aim is to improve our understanding of the species’ capacities to cope with the expected future climate. The CG network enables a comparison of the performance of different tree species under identical climatic and environmental conditions. Additionally, it makes it possible to study the performance of individual tree species along the environmental gradients. To assess the intraspecific variability of each species in its response to various climates, several seed sources are tested for each species.

The Swiss CG network is designed to serve as an infrastructure for fundamental and applied research in the field of adaptation of forests to future climate conditions over the next 30–50 years. In particular, the network is intended to address the following questions:

Which environmental factors determine the performance of tree species along environmental gradients, and how is their intraspecific variation affected by environmental factors?

How does the performance compare among tree species, how is the interspecific variation affected by environmental factors, and how do the tree species compare regarding intraspecific variation?



2.1.2 The participatory process used to develop the Swiss common garden network

The concept and design for the Swiss CG network were developed through a participatory process involving three main stakeholder groups: (1) the Swiss Federal Office for the Environment (FOEN); (2) the cantonal forest offices, local forest managers and forest owners; and (3) national and international researchers. These stakeholder groups have different roles: FOEN leads the political process toward sustainable forest services under climate change, funds projects that support evidence-based decision-making, and supports the scientific coordination of the Swiss CG network (FOEN, 2020). Land required for the CG sites, as well as the financial and personnel resources to establish and maintain the CGs, is provided by the cantonal forest offices and the forest owners. National and international researchers add value to the CG network by exploring their own research questions based on the CG infrastructure and securing additional third-party funding. They contribute scientific expertise to the development of the experimental design and to evaluations of the results. The Swiss CG network team at WSL coordinates interactions among the stakeholders and is responsible for the implementation of the CG network regarding the interests of the stakeholders.

All stakeholders were consulted throughout the project development phase, i.e., before important design and implementation decisions were made (Figure 1). The experimental design was discussed with all stakeholders in three workshops in 2017 and improved based on their input. The statistical power of the experimental design was validated by Biomathematics and Statistics Scotland (James Hutton Institute, Aberdeen). Statistical power calculations were based on tree height and stem diameter data from experimental forest management sites (Forrester et al., 2021) and from Abies alba provenance trials in Switzerland (Commarmot, 1995; Commarmot, 1997). The aim of these evaluations was to guarantee that the experiment has the necessary statistical power to derive inter- and intraspecific differences and relationships between environmental factors and tree performance. The tree species selection was discussed with the cantonal forest authorities via e-mail and in two workshops in 2017, and the seed source selection was discussed with researchers in a workshop in 2018. The experimental sites were selected in close cooperation with the cantonal authorities and the forest owners. The initiation of add-on projects was encouraged during a workshop with the research community in 2019.
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FIGURE 1
 Collaboration of stakeholder groups during the project initiation phase of the Swiss common garden (CG) experiment.




2.1.3 Experimental design

To acquire statistically sound data, the experimental design needed to be consistent throughout the network. The statistical power analyses revealed that the most crucial design parameter was the number of sites on which a tree species was to be tested. For a high explanatory power of 80%, the number of sites per species had to exceed 30. In comparison, the number of trees per experimental unit was found to be of lower importance for analyzing growth parameters. However, for mortality analysis, the number of trees needed to be sufficient to be able to estimate the expected mortality at a site. As a minimum difference of 4% in mortality among seed sources on a site was considered relevant, at least 25 seedlings per seed source per site were needed. A block design was used to account for spatial variation within sites (Binkley, 2008). As great attention was paid to finding homogeneous sites, spatial variation within sites was expected to be relatively small compared with the site-to-site variation. Therefore, three instead of the initially recommended four blocks per site were ultimately used because of feasibility considerations.

All tree species were planted once in every block (Figure 2). They were grouped into slow- and fast-growing species. These groups were placed in alternating order in the blocks, and the tree species were assigned randomly to plots within each group. Each plot was split into four subplots to which four seed sources of the same tree species were assigned randomly. Nine individual trees were planted in each subplot. The number of seedlings of a specific seed source per site thus amounted to 27 (i.e., 108 seedlings per tree species; Figure 2).

[image: Figure 2]

FIGURE 2
 Idealized design of a common garden, with 8 tree species repeated in 3 blocks, leading to 24 plots. The plots are split in 4 subplots containing 4 seed sources per species. Each subplot contains 9 individual trees of a given species and seed source. Plots are separated by a buffer row to minimize competition among tree species. To prevent shading effects, the planting zone is surrounded by a buffer zone without trees of approximately half the height of the adjacent stand.


To minimize competition, trees were planted with 2 m spacing between individuals. Between plots, the spacing was doubled to 4 m (Figure 2). The planting zone was protected by a fence to exclude browsing ungulates. Around the fenced planting zone, a buffer zone with a width of approximately half the adjacent stand height was cut clear to reduce shading effects. The available area determined the number of tree species that could be studied at a specific CG site. As an example, the area required for a CG with eight tree species was approximately 1 ha, and nearly half of this area was assigned as buffer zone (47%).



2.1.4 Species selection

The tree species for the experiment were chosen based on several criteria that were considered of importance for future forestry in Switzerland. These included (1) the species’ current abundance in Switzerland (i.e., percentages of standing timber volume and basal area in the Swiss National Forest inventory ≥0.1% in at least one of the biogeographical regions; Brändli, 1998); (2) its potential for providing ecosystem services, such as timber production, natural hazard protection, and biodiversity; and (3) the width of its ecological amplitude. Invasive species and those highly susceptible to pathogens or drought were excluded, on the assumption that they will not play a major role in Swiss forestry in the future.

The original set of species included all those with standing timber volume data in the National Forest Inventory. The set was augmented with a number of less abundant species, as well as non-native species, which may have potential on the warmest and driest sites. Initially, 61 candidate tree species were evaluated (Supplementary Table S1). Based on feedback from stakeholders in the participatory process, the decision was made to carry out the experiment with two subsets of tree species (Table 1): a so-called ‘core set’ of 9 species, each planted on 35 sites, for which statistically sound data could be obtained; and (2) a so-called ‘extension set’ of 9 additional species tested on only 15 sites each, mainly at the warm and dry end of the environmental gradient (Figure 3). Abies alba was planted on all sites as a reference species.



TABLE 1 List of tree species included in the Swiss common garden (CG) experiment.
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FIGURE 3
 Elevations at which the tree species are tested in the Swiss common garden (CG) experiment.


The Swiss CG network was designed such that tree species are tested in their current range, as well as on sites where the climate is projected and assumed to be suitable for them toward the end of the century, i.e., on sites that are currently colder and/or wetter than their future habitat. To assign tree species to these sites, the following scenario was considered: between the periods 1981–2010 and 2070–2099, the emission scenario RCP 8.5 with the model combination CLMCOM-CCLM5_HADGEM_EUR44 (NCCS 2018) projects an average warming of 4.4°C for Switzerland and a reduction in precipitation of 17% (northern Switzerland) to 25% (southern Switzerland) for the months of April through August, which are considered most relevant for the climatic suitability of trees because this is the main period of growth (Zischg et al., 2021). The anticipated temperature increase of 4.4°C corresponds to an elevational shift of about 800 m considering a lapse rate of 0.55°C/100 m (Fairbridge and Oliver, 2005). The tree species were thus assigned to the sites such that they covered the elevation gradient of their current habitat and elevations up to 800 m higher (Figure 3). Sites below the current warm and dry habitat limit were not included because: (1) the climate will become warmer and drier during the lifetime of the trees, which will lead to a gradually increasing representation of the warm and dry edge over the planned experiment duration; and (2) this project is focused on laying a scientific foundation for assisted migration.



2.1.5 Seed source selection and plant provisioning

With the selected design, four seed sources could be planted per species on each site. However, four seed sources were not considered sufficient to adequately represent the genetic variation within the species (workshop with scientists in 2018, see section 3.2). Therefore, the decision was made to test seven seed sources for each species. One of them is planted as a within-species reference on all sites hosting the respective species, whereas the other six seed sources are planted randomly on half of the sites. This design will allow us to better catch effects of intraspecific variation but not to give recommendations for specific seed sources, because of the small number of seed sources tested per species and the limited number of sites on which individual seed sources are replicated.

The search for suitable seed sources started in summer 2018, based on the following criteria: (1) seed material should derive from autochthonous stands to ensure that it is adapted to the local climate, (2) seed sources should be OECD-certified (Organization for Economic Co-operation and Development; OECD) to ensure a certain quality level and allow comparisons with other trials, (3) the different seed sources of a species should cover large environmental gradients across the natural habitat and originate from different refugial areas in order to represent the within-species genetic variation, (4) truly marginal populations should be excluded to preclude a potential loss of genetic diversity in isolated populations and (5) sufficient quantities of high-quality seed material should be available. For native species, four to five Swiss seed sources were complemented by two to three seed sources from the warm and dry end of the habitat outside of Switzerland.

In total, planting material was procured from 117 seed sources (for a complete list of seed sources and suppliers, see Supplementary Table S2). For six tree species, the full set of seven seed sources was not found. In these cases, several seed sources were planted on all sites. Most seedlings were raised at the nursery of Emme Forstbaumschule SA in Wyler bei Utzensdorf, Switzerland. However, all seedlings of Quercus cerris were grown in Vivaio forestale di Lattecaldo in Morbio Superiore, Switzerland and all seedlings of Sorbus torminalis were grown at WSL in Birmensdorf, Switzerland, because these nurseries had specific experience with these two species. In addition, one Abies alba seed source, two Larix decidua seed sources, and one Picea abies seed source were grown at the Forstgarten Rodels nursery in Rodels, Switzerland. One seed source of Acer platanoides was grown at the Forstgarten Lobsigen nursery in Lobsigen, Switzerland and one seed source of Abies alba was grown at the nursery of Allasia Plant Magna Grecia S.S. in Soveria Mannelli, Italy.



2.1.6 Site selection

Forest sites suitable as potential test sites were suggested by the cantonal forest offices. The proposed sites were evaluated according to the following criteria: (1) homogeneous in aspect, slope and soil properties and (2) area of at least 0.6 ha. A total of 172 sites were proposed, covering 20 of the 26 Swiss cantons. The project team visited 125 sites in 2018, together with representatives of the cantonal forest offices and the local forest managers, to assess the suitability of the sites for the project. Sites that had failed to harbor regeneration for more than 15 years, due to being waterlogged or overgrown with competing vegetation (megaforbs), were excluded. Additional site selection criteria were: (3) interest in participating in the project on the part of the corresponding forest managers and owners and (4) commitment of the cantonal authorities to contributing funding for the establishment of the CG.

Since the gradients over which the species were to be tested varied among the species (Figure 4) and most of the available sites were too small to harbor more than 8–9 tree species, close to 60 sites were required to provide sufficient space for testing all 18 species. The final selection of 57 test sites (Figure 4) represents the major Swiss biogeographic regions, elevation belts, soil types and slope aspects. Six of the 57 sites are large enough to test all 18 tree species. These sites are geographically widespread but are all situated below 1,000 m a.s.l. They have been preselected for intensive monitoring. Currently, additional phytosanitary monitoring is carried out on these sites.

[image: Figure 4]

FIGURE 4
 Map of Switzerland showing the locations of the 57 experimental sites of the Swiss common garden experiment (yellow dots). For site names, refer to Supplementary Table S3. For site-specific information on the tested tree species and the experimental design, refer to the website: www.testpflanzungen.ch.




2.1.7 Environmental measurements

On all sites, at least one soil profile was dug for detailed soil characterization, including morphology and classification, physical properties, organic matter content, acidity and nutrient availability. Additionally, each site is equipped with an automatic weather station, monitoring air temperature, soil temperature at 15 and 50 cm depth, soil suction at 15 and 50 cm depth, relative humidity, precipitation, wind velocity and direction, solar radiation and barometric pressure, all at 10-min intervals.



2.1.8 Measurements of plant performance

Shortly before planting, seedlings were individually labeled and their initial height (seedling length from root collar to terminal bud) and root collar diameter were measured. Establishment and planting of the 57 sites was distributed over three planting seasons between autumn 2020 and spring 2023. Seedlings that died or disappeared were replaced by replanting new seedlings, up to 2 years after site set-up. Seedling survival and damage were monitored for the first time in the summer after planting. For the 19 sites set up in autumn 2020 and spring 2021, this was done in summer 2021. In summer 2023, seedling survival and damage were monitored on all 57 sites, i.e., on a total of approximately 55,000 plants. Damage was assessed separately for terminal buds, bark and leaves. This survival and damage monitoring will be repeated annually for at least 5 years. Height and length of the seedlings will be measured for the first time after the end of the installation phase in summer 2024. These measurements will be continued annually for at least 5 years, after which the measurement interval will be increased to 2–3 years. The first results on mortality and damage will be published in 2025, whereas an observation time of about a decade is needed to gain valid information on tree growth.




2.2 Overview of common garden experiments in Europe


2.2.1 Approach

In this section, we list experiments conducted in Europe that test multiple tree species on multiple sites, and we acknowledge the potential offered by broadening the CG network. We conducted a systematic literature search using Scopus with the terms ‘common gardens’, ‘trees’, ‘tree species’, ‘Europe’ and ‘assisted migration’. In addition, we contacted colleagues in forest science in Germany, Austria, France, Italy, the Czech Republic and Great Britain to obtain information on more recent, yet unpublished, trials. In addition, we included CG networks in Belgium, France, Germany and Switzerland that are currently in their establishment phase. To ensure a consistent sample, we excluded all single species provenance trials and all experiments conducted on single sites. We further excluded experiments with a focus on the ecosystem functioning of tree species combinations since they offer limited insights on the performance of individual tree species along environmental gradients. Our comparison focuses on the climate space of the planting sites, considering annual mean temperature, annual precipitation sum, and the climatic water balance during the growing season, i.e., the difference between precipitation and potential evapotranspiration for the months with a mean temperature above 5°C. We derived climatic parameters from CHELSA (Climatologies at high resolution for the earth’s land surface areas; Karger et al., 2017) and used an approximation for potential evapotranspiration (Turc, 1961). In addition, we compared the sets of tree species tested and the designs of the various CG experiments.



2.2.2 Common garden experiments in Europe

We identified 16 CG experiments with tree species in Europe that matched the criteria defined above (Table 2). Already more than 50 years ago, 8 arboretums were set up in France testing 2,300 seed sources of 70 species (French arboretum; Ducatillion et al., 2022). Although the designs of the arboretums are not consistent, the planting dates are well documented and within-site replication information is available. The fact that the trees in these CGs are at least 50 years old, and were thus planted under different from current climate conditions, makes the data from this experiment very interesting for dendrochronological studies. The arboretums are part of the GEN4X Network (Forest Genetics Network for Research and Experimentation), which includes a total of 1,208 sites installed to study ecosystem functioning or to generate improved reforestation material (only arboretum sites are included in Table 2: Rihm and Fady, 2023).



TABLE 2 Overview of common garden experiments in Europe that test the climatic suitability of tree species.
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The Forest Research Institute of Baden-Württemberg (FVA) initiated the establishment of trials involving four non-native Abies species in 1972 to compare their performance with that of native Abies alba (personal communication, Prof. Dr. Ulrich Kohnle, FVA, April 2022).

In 1985, the Forestry Commission of the United Kingdom initiated a CG trial to find conifers other than Picea sitchensis (Bong.) Carrière (Sitka spruce) that could thrive under the climatic conditions in the UK (UK species trials; Mason, 2012). This trial included 11 conifer species (with 25 seed sources) that were planted at 5 sites.

A CG trial was established in France in 1986 to find suitable Quercus petraea and Q. robur seed sources under a range of climatic conditions. The trial includes 24 European Quercus seed sources planted on three sites (French Quercus trial; Bert et al., 2020).

In 2007, an assisted migration trial was started in France, in which three Mediterranean, three cold-adapted and two so-called ‘cosmopolitan’ tree species were tested on three sites in southern, central and northern France. The objective was to identify whether the projected northward shift of the species could already be observed in this experimental setting (species shift trial; Merlin et al., 2018).

REINFFORCE was the first large-scale European experiment to assess the performance of tree species across a large environmental gradient. The experiment, which was started in 2012, focuses on the climatic suitability of 33 native and non-native tree species (with 114 seed sources) along the Atlantic rim from Portugal to the British Isles (Prieto-Recio et al., 2011; Correia et al., 2018; Reynolds et al., 2021). In the UK, REINFFORCE was complemented by the Forest Research trial. This trial shares the three British REINFFORCE sites and includes two additional sites located further east. The two experiments share 13 species, but the Forest Research trial, which was also started in 2012, included 10 additional species of specific interest to the UK (Reynolds et al., 2021).

At the same time, a trial with eight non-native species (one seed source per species), the so-called ‘exotic species trial,’ was initiated at five sites spread over Germany, Austria and Switzerland to investigate whether the tested species thrive under central European conditions (Frischbier et al., 2019; Glatthorn et al., 2024).

In 2014, the University of Freiburg initiated a project to find out whether rare and drought-tolerant native tree species could be used for the afforestation of former vineyards in a way that would help preserve the typical cultural landscape structures and increase biodiversity, while serving as a forest genetic reserve for rare species (SILVITI project: Kunz and Bauhus, 2015).

In the same year, the Institute for Applied Plant Biology in Switzerland started a trial with seven native tree species and Pseudotsuga menziesii from a total of 35 seed sources on four sites in northern Switzerland, to find out whether seed sources from drier sites in Europe would outperform the native seed sources in the years to come (IAP trial; personal communication, Sabine Braun, October 2017).

The ‘climate trials’ were installed in Baden Württemberg by the Forest Research Institute of Baden-Württemberg (FVA) in 2018 to test native and non-native tree species and their adaptation to climate change. Further sites testing different seed sources of Cedrus species were established in 2020 (personal communication, Andreas Ehring, FVA, June 2022).

With ‘Trees for Future,’ the Royal Forest Society of Belgium started an innovative project in 2019 to facilitate assisted migration of native and non-native tree species, prevent further degradation of forests due to drought and pest attacks, and increase tree species diversity in forests throughout Belgium (website: www.treesforfutrure.be/en, accessed November 2022).

The aim of the Swiss CG network is to find suitable tree species and seed sources for the future climate along an elevation gradient in all regions of Switzerland. The establishment of the network, testing 117 seed sources of 18 species at 57 experimental sites, started in 2020. (see section 3 for details).

In France, several new CGs have been established recently within the project ESPERENSE with the goal of identifying climate-tolerant tree species. This project started in 2020 with two experiments at eight sites, following an analogue-climate approach, i.e., using four sites that are currently exposed to the climate predicted for the other four sites toward the end of the century. In one of the experiments (ESPERENSE I), the survival of 30 species over 10 years will be studied. In the other experiment (ESPERENSE II), the growth of 8 tree species over approximately 30 years will be tested (Kebli et al., 2019; Kebli et al., 2022; ONF, 2022).

Further experiments are planned across Europe in the framework of the OptForests project (https://www.optforests.eu), which will also include a site in Switzerland managed by the Swiss CG team (planting is planned for autumn 2025). The above list of CG experiments is likely incomplete since many European countries have recently begun to invest into projects to find suitable tree species to ensure important ecosystem services for the future.



2.2.3 Comparison of experiments

The 16 experiments listed in Table 2 show considerable variation in the number of sites (3–57), the number of species (2–70), the number of seed sources or genetic units (4–2,300), the spacing between trees at the time of planting (0.1–3 m), and the duration of the trials (10–50+ years; Table 2). Overall, the currently running or planned experiments in Europe include about 140 tree species from approximately 2,500 different seed sources on 185 sites. The most frequently selected tree species across all trials are Quercus petraea, Cedrus atlantica and Pseudotsuga menziesii (all tested in 9 of 16 experiments), followed by Quercus robur and Pinus sylvestris (both in 7 experiments) and Cedrus libani, Larix decidua and Pinus nigra (in 6 experiments). The 185 experimental sites cover gradients of mean annual temperatures between 3°C and 16°C (median 10°C) and of mean growing season temperatures (months with mean temperatures above 5°C) between 10°C and 16°C (median 13°C). The annual precipitation sums of the experimental sites range from 511 mm to 2,260 mm (median 972 mm), and average monthly precipitation during the growing season ranges from 43 mm to 187 mm (median 80 mm) (Figure 5A). The climatic water balance (CWB) during the growing season at the experimental sites ranges from −46 mm to +158 mm (median + 9 mm). Nearly one-third of the sites (53 of 185) have a negative CWB, meaning that the potential evapotranspiration is higher than the average precipitation sum (sites below the 1:1 line in Figure 5B). In comparison to the other experiments, the Swiss CG network covers the largest gradient of CWB, ranging from −29 mm to +158 mm (median + 26 mm), followed by REINFFORCE, with CWB ranging from −46 mm to +96 mm (median + 3 mm). While the Swiss CG network includes sites with humid and cold climates, REINFFORCE covers humid and warm climates along the European Atlantic coast (Figure 5B). The French Quercus trial, the species shift trial, the exotic species trial, SILVITI, and ESPERENSE I and II focus mainly on the dry end of the gradient by including sites with a CWB over the growing season ranging from −42 mm to +7 mm (median − 11 mm).
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FIGURE 5
 Annual precipitation sum [mm] vs. mean annual temperature [°C] at 185 experimental sites in 16 projects (A). Average monthly precipitation [mm] vs. average monthly potential evapotranspiration [mm] after Turc during the growing season at the same sites (B). Sites above the diagonal 1:1 line are wet and sites below are dry.




2.2.4 Filling a niche among European common garden experiments

Most of the currently existing and the planned CG experiments in Europe focus on warm and dry sites (Table 2; Figure 5A) because this is where most countries expect the most severe problems to occur, and hence they are urged to find suitable species for these climates. For Switzerland, however, it is not sufficient to limit trials to the warmest and driest sites, because important ecosystem services, such as the protection against natural hazards, are also required at higher elevations. The climatic suitability of the current tree species is likely to become an issue in these regions as well (Moos et al., 2023). Other tree species already present at lower elevations in Switzerland may be suitable candidates for replacing tree species at higher elevations. However, seed trees of these species are currently mostly absent in these regions.

To identify factors that determine the survival, vitality and growth of tree species, CG networks need to cover broad environmental gradients (Fady and Rihm, 2022). A gradient can be extended by broadening the network, thus meta-analyzing data from multiple European CG experiments together. The REINFFORCE project and the UK species trial offer especially high potential for collaboration, as they contain many sites and cover broad gradients in Atlantic climates (Correia et al., 2018). Whereas REINFFORCE expands to humid and warm climates, the Swiss CG network reaches to humid and cool climates thereby complementing the range covered by REINFFORCE (Figure 5B).





3 Discussion


3.1 The importance of assisted migration experiments for climate change adaptation in forestry

In an evolving climate with more frequent extreme events, forest services are at stake. Assisted migration is recognized as a key strategy for mitigating climate change and maintaining optimum forest health, productivity and ecosystem services (Aitken and Bemmels, 2016). However, to prevent negative ecological implications (Schwartz et al., 2012; Klein and Arts, 2022), assisted migration should be tested in a coordinated network rather than in individual pilot plantations. In-situ plantations in a forest environment have many benefits over experiments in controlled environments, such as greenhouses or growth chambers. First, in-situ trials can run for several decades, capturing the effects of a combination of hazards and extreme climatic events on trees and providing valuable results regarding mature trees. Second, these mature trees can serve as seed trees for the next generation of trees, providing a head start for forest adaptation.

Since the establishment of in-situ trials is labor-intensive, the recombination of existing planting trials created for other reasons, even including pilot plantations of practitioners, may alternatively be used to answer all kinds of research questions (e.g., for dendrochronological, genetic, pest resistance, or biodiversity studies). However, due to differing designs and other experimental variables, which must be accounted for in the analysis, the power to detect the factors that determine the survival, vitality and growth of tree species is lower than in assisted migration experiments with a coherent design. Still, the recombination approach is valuable and followed in several countries, e.g., France (Rihm and Fady, 2023) and Austria (Kristöfel, 2015). In Switzerland, an online application for the documentation of the occurrence of future tree species (from plantations and natural regeneration) was released in April 2024 (www.zukunftsbaumarten.ch, collaboration between the Education Center for Forest BZW in Maienfeld, School of Agricultural, Forest and Food Sciences HAFL and WSL). It will facilitate the exchange between practitioners.

To broaden the potential network of existing planting trials, these approaches should not be restricted to single countries but cover continents. Gaining an overview of experiments testing multiple species on multiple sites in Europe is therefore essential. European initiatives that aim to improve networking across country borders have recently started. The Swiss CG project team contributes expertise, data and research infrastructure to the initiatives OptForest, a Horizon project lead by INRAE, and In-Sylva (proposed for funding), to enlarge the potential network.



3.2 Experiences with the participatory approach for the Swiss common garden network

The objective of the participatory process for planning and designing the Swiss CG network was to ensure that the design of the initiative not only meets scientific requirements, but also integrates the questions and requirements of the various stakeholder groups (Figure 1). While it was not possible to accommodate all expectations of the stakeholders, the participatory process increased acceptance of design decisions and enhanced the support for the project. Nevertheless, the scientific team was aware that while stakeholder input was clearly valuable, it was also important not to compromise scientific rigor, in particular regarding the statistical power of the experimental design. An important drawback of the participatory process was that it increased the complexity of the decision processes, particularly when many stakeholders contributed to a discussion, and thus additional time was required to reach final decisions.



3.3 Trade-offs and challenges in designing the Swiss common garden network

When designing a large-scale experiment like the Swiss CG network, some compromises between statistical desirability and practical feasibility are inevitable, given limited resources. During the project planning phase, such conflicts of interest were negotiated between the stakeholders and the project’s scientific team. For instance, an important question that arose was the number of CGs in which a tree species should be tested: while it was desirable to test each tree species in many CGs to obtain statistically sound results, the number of suitable sites with the necessary size to establish a CG and the resources available for establishing and maintaining the sites were limited. A power analysis, which was conducted to find the minimum number of sites necessary to answer the research questions with statistical validity, revealed that a species should be tested on at least 30 sites.

Another point of discussion was the number of tree species to be included in the experiment. While the cantons were generally interested in testing a large number of species, a compromise had to be found because both the number and size of sites were limited. For each of the 18 species in the core and extension sets combined, we expect to obtain data on mortality, plant damage and growth performance across the environmental gradient. Where environmental gradients of tree species overlap, interspecific comparisons of species performance will also be possible. For the nine tree species of the core set, statistically sound results can be expected for at least five explanatory variables. The data generated for the species of the extension set are restricted to fewer explanatory variables, to avoid reducing explanatory power.

The number of seed sources to be tested per species presented a similar challenge. The initial intention to include four seed sources per species was discarded because of concerns that this number would not be sufficient to adequately represent the expected within-species genetic variation. Considering the limited size and number of CGs and the fact that reducing the number of species was not a suitable option, the number of seed sources per species was increased to seven, but with the constraint that only four seed sources would be planted per CG. This increased the genetic variation represented in the experiment at the cost of reducing the statistical power to analyze the performance of individual seed sources. However, since the primary aim of the Swiss CG network is to draw conclusions about the species rather than at the seed source level, this compromise was accepted.

For an optimal representation of within-species genetic variation, seed sources should represent large parts of a species’ habitat, which also requires taking postglacial migration history into consideration. Due to financial, technical and legal restrictions, it was not possible to harvest seed sources outside of Switzerland specifically for the project. Therefore, mostly commercially available seed sources were procured, but in some cases they were complemented with seed material obtained through research contacts in their respective regions of origin. Forest sanitary concerns also had to be considered. For example, the purchase of native Pseudotsuga menziesii seed sources had to be limited to a range from Washington to northern Oregon, while seeds from any more southern seed sources, e.g., California and southern Oregon, could not be imported because of restrictions due to the pathogen Gibberella circinata (Gordon et al., 2006), even though these sources might have been interesting for their adaptation to warmer and drier climates.

The cultivation of the reproductive material was challenging in this project. Even after the successful procurement of seeds, seed material from some seed sources did not germinate, or it was impossible to get seeds from the same seed sources again in the following year. Generally, 2020 was a bad seed year, leading to missing seed material from many seed sources in autumn 2021. These restrictions in plant availability from certain seed sources in certain years affected the optimal distribution of the seed sources across the sites and resulted, in some cases, in subplots that had to be left empty.

The selected CG sites in forests cover a large part of the environmental gradient in Switzerland. On average, the Swiss CG network contains one site per 21,000 ha of forested land in Switzerland. In comparison to the forested land area in the different elevation belts (forested land area without shrubs according to the Swiss National Forest Inventory, Abegg et al., 2020), lower sites (below 600 m a.s.l.) are overrepresented (1 site per 12,000 ha of forested land), while higher sites (above 1,000 m a.s.l.) are underrepresented (1 site per 26,000 ha of forested land). The likely reason for the underrepresentation of higher sites is that forests at higher elevations are often less intensively managed because of excessive costs due to difficult terrain and limited accessibility. Further, since the protection against natural hazards is usually the main management target in such forests, this prohibits the creation of larger canopy openings. Therefore, it was usually not possible to establish CG sites in mountain protective forests except in cases where there were pre-existing openings created by natural disturbances, mainly windthrows.

In our experiment, tree species are tested on forest sites under open conditions. Thus, shading and competition between different tree species and between individuals of the same species are excluded as factors influencing tree vitality and growth, leaving only the influence of environmental factors. This setting diminishes, however, the relevance of our results for smaller gaps within forests, where shading and competition play a central role.



3.4 Enhancing the value of the Swiss common garden network

The establishment of the Swiss CG network opens valuable opportunities to study additional research questions beyond the original project goals. The CG team welcomes add-on projects, as long as they do not interfere with the goals of the main project. In a workshop with interested researchers in March 2019, several add-on projects were initiated. In the Swiss Biomass project, the stocked stands on a subset of the experimental sites were investigated before clear-cutting. The data were used to improve the allometric functions, which are important to inform models of carbon storage in forests. The Polytunnel project involves using greenhouses to experimentally extend the climatic gradient beyond the warm and dry range edge of the CG network sites. Specifically, at three CG sites the effects of experimental warming and precipitation reduction on the phenology and growth of a subset of six tree species are being examined. This project was started in 2021 and is planned to run for 10 years. Further, phytopathological monitoring is being conducted on some CG sites to detect the introduction of pathogens, which is an important concern in assisted migration projects. For at least 5 years, this yearly monitoring will be conducted on two sites that each host all 18 tree species and complement each other to host all 117 seed sources. Some of the sites will be used to test new airborne or terrestrial laser-based monitoring techniques. Additional projects on plant–soil interactions and effects of leaf and root biomes on plant mortality are currently being proposed for funding. The initiation of further add-on projects would be desirable. The monitoring of additional parameters could make it possible to answer more questions. For instance, a comprehensive understanding of genetic variation within species and a thorough phenotypic characterization would enhance discussions on intraspecific variation in mortality and growth, as well as phenotypic plasticity. Additionally, the analysis of isotopic variation in leaf matter could shed light on tree species physiological responses to drought.




4 Conclusion

Climate change, with rapidly rising temperatures and an increasing frequency and severity of droughts, may question the continued existence of forests in many regions. Many tree species will cease to be viable in their current habitats. Science-based targeted interventions are therefore urgently needed to promote tree species that can cope with the climate of the future and thus enable forest ecosystems to continue to provide ecosystem services. With these aims, several initiatives have started in recent years across Europe. The recently established Swiss CG network is currently the largest network in Europe dedicated to the search for tree species that can cope with the future climate.

The Swiss CG network lays the foundation for a long-term research program that is tailored to the specific questions and requirements of forest stakeholders in Switzerland, such as the need for protection against natural hazards in mountain forests, but it also fits well within a potential network of European approaches. Therefore, it opens opportunities for common evaluations and meta-analyses. In addition, it offers possibilities for add-on projects, which answer additional research questions. With the findings from the Swiss CG network, we expect to provide politicians, forest authorities and practitioners with scientific evidence to make informed management decisions that secure the future of Swiss forests and the ecosystem services they provide.
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