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Common ash (Fraxinus excelsior L.) is a keystone tree species in Europe. However, since the 1990s, this species has been experiencing widespread decline and mortality due to ash dieback [Hymenoscyphus fraxineus (T. Kowalski) Baral, Queloz and Hosoya]. Besides H. fraxineus, emerald ash borer (Agrilus planipennis Fairmaire), an invasive alien pest already devastating ash trees in western Russia, is spreading westward and becoming an emerging threat to the remaining European ash populations. While efforts to control ash dieback continue to be a priority, it is becoming crucial to compensate for the loss of ash and its ecosystem services by elaborating restoration strategies, including the search for alternative native and non-native tree species. This review summarizes available knowledge on potential alternative tree species to common ash to help forest managers to cope with ash dieback. Although using natural regeneration and promoting tree species diversity can reduce the impacts of ash dieback in European forests, our review indicates that no native species alone or in combination can fully replace the ecological niche of common ash and its associated ecosystem services (e.g., biodiversity and timber). To fill this gap, forest managers have considered using non-native ash species that are tolerant to both H. fraxineus and A. planipennis and have similar ecological and forestry values as common ash. Of the 43 ash species reviewed, few non-native ash species (e.g., Fraxinus mandshurica Rupr. and Fraxinus platypoda Oliv.) have similar ecological characteristics to common ash and are tolerant to H. fraxineus and A. planipennis. However, the performance of non-native ash species in European forests, their invasiveness potential, and the risk of hybridization with native ash species are still unknown. With the current state of knowledge, it is thus too early to recommend the use of non-native ash species as a suitable option to deal with ash dieback. The priority should be the conservation, regeneration, and breeding of tolerant common ash populations to H. fraxineus, as well as the use of the natural regeneration of other native tree species. Our review highlights the need for controlled experimental plantations to better understand the regeneration ecology and invasiveness potential of non-native ash species prior to their utilization in natural forests.
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1. Introduction

Common ash (Fraxinus excelsior L.) is one of the most abundant broadleaved tree species in Europe, extending from the boreal forests of southern Scandinavia to southern Europe (Wardle, 1961; Fraxigen, 2005; Dobrowolska et al., 2011; Thomas, 2016). Common ash has a high physiological plasticity and occurs on various sites but prefers fertile soils with pH above 5.5 (Wardle, 1961; Fraxigen, 2005). It is widely present in moist and riparian lowland forests, dry calcareous sites, and up to 1,600–1,800 m a.s.l. (Wardle, 1961; Fraxigen, 2005; Kollas et al., 2014). Common ash is found in various mixed forest associations in Europe (Leuschner and Ellenberg, 2017), and it is a keystone species for a wide range of taxa (Pautasso et al., 2013; Mitchell et al., 2014; Littlewood et al., 2015). For example, in the UK, common ash is part of 61 plant community types and has over 950 species associated with it (Mitchell et al., 2014; Broome and Mitchell, 2017). The bark of ash is rich in nutrients and has a high pH, creating an essential niche for fungi, mosses, and insects (Mitchell et al., 2016). Littlewood et al. (2015) reported that at least 36 invertebrate species depend exclusively on ash, and 38 species are highly associated. In addition to its keystone role for biodiversity conservation (Hultberg et al., 2020), common ash is also essential in stabilizing riverbanks and slopes, producing a rich and easily decomposable litter, slowing wildfires (Enderle et al., 2019), and for medicinal purposes (Spadaro and Raimondo, 2022).

Besides its ecological functions, common ash is a valuable broadleaved species with excellent wood properties (Dobrowolska et al., 2011). Ash wood is malleable yet strong, so it is appreciated for its elasticity, hardness, and pressure resistance (Niemz et al., 2014). Historically, ash was used to construct weapon handles, agricultural tools, and carriages (Pratt, 2017). Today, ash wood is still widely used for tool handles, sports equipment, flooring, and veneers (Beck et al., 2016). After the drastic abundance reduction of elms (Ulmus spp.) in Europe due to the Dutch elm disease (Ophiostoma ulmi and novo-ulmi Brasier), the abundance and ecological importance of ash has increased, particularly in floodplain forests where ash and elm were dominating (Leuschner and Ellenberg, 2017). Unfortunately, the numerous ecosystem services provided by common ash are now severely compromised by the invasive fungal pathogen Hymenoscyphus fraxineus (T. Kowalski) Baral, Queloz and Hosoya (Baral et al., 2014), causing unprecedented tree dieback and mortality rates across Europe (Coker et al., 2019).

First observed in Poland in 1992 (Kowalski and Łukomska, 2005), ash dieback is a disease causing a progressive crown reduction through branch dieback and root lesions triggering secondary infections by Armillaria spp. (Cleary et al., 2016; Landolt et al., 2016; Marçais et al., 2022). Hymenoscyphus fraxineus was first described scientifically in 2006 as its anamorphic stage Chalara fraxinea Kowalski (2006). Four years later, Chalara fraxinea was found to have a sexual stage first believed to be Hymenoscyphus albidus and shortly after revised to Hymenoscyphus pseudoalbidus (Queloz et al., 2011), and finally taxonomically renamed Hymenoscyphus fraxineus (Baral et al., 2014). The fungus is highly virulent such that most ash trees are now infected in Europe (Marçais et al., 2022), with mortality rates up to 100% in natural forests (George et al., 2022). In its native range in Asia, the causal agent H. fraxineus is found in the leaf litter of Fraxinus mandshurica Rupr. and Fraxinus chinensis Roxb. [synonym Fraxinus rhynchophylla Hance (Wallander, 2008)] (Rigling et al., 2016; Inoue et al., 2019). Dieback symptoms are not present in the native range of the fungus, while inoculation experiments have shown different levels of infection in F. mandshurica in Europe (Gross et al., 2015a; Drenkhan et al., 2017). Over the past 20 years, research on ash dieback in Europe has primarily focused on the causal agent and finding genotypes and populations resistant to H. fraxineus to reduce the risk of common ash being lost from its current distribution (Enderle et al., 2019). This research direction was motivated by the ineffectiveness of forest protection or phytosanitary measures in Europe to prevent the spread of and the impacts caused by this virulent pathogen.

In addition to the search for solutions to control ash dieback, the emerald ash borer (EAB) (Agrilus planipennis Fairmaire), an invasive phloem-feeding beetle, is increasingly occupying the scientific agenda. EAB is native to the forests of Northeast Asia and was accidentally introduced in Europe prior 2003 (Valenta et al., 2017). In its native range, this insect is a minor pest of Fraxinus mandshurica, Fraxinus chinensis, and Fraxinus lanuginosa Koidz. and only attacks stressed trees (Valenta et al., 2017). However, outside its native range, EAB is a devastating pest and attacks other ash species and vigorous trees. For example, since its first detection in 2002 in North America, EAB has killed tens of millions of ash trees and devastated thousands of hectares of ash forests in the United States and Canada (Herms and McCullough, 2014). Today, 20 years after the EAB was first detected, six ash species in North America are now endangered or critically endangered (Herms and McCullough, 2014). In Europe, Fraxinus americana L. and Fraxinus pennsylvanica Marshall were until recently considered as potential alternative non-native species to replace common ash (Broome et al., 2019). However, these two North American ash species have a limited tolerance to ash dieback (Nielsen et al., 2017). Further, since 2003, many F. pennsylvanica plantations in the region of Moscow have been infested with EAB and have facilitated the establishment of this species in western Russia (Valenta et al., 2017; Musolin et al., 2021; Volkovitsh et al., 2021). The latest studies indicate that EAB is spreading rapidly westward and is now present in St. Petersburg (Selikhovkin et al., 2022) as well as in Ukraine and Belarus (Drogvalenko et al., 2019; Musolin et al., 2021). It is expected that EAB will reach Central Europe within the next 5–10 years (Valenta et al., 2017) and could potentially decimate the rest of the ash populations that have until now survived ash dieback.

In its natural range, EAB populations only infest stressed trees and are controlled by parasitoids (Valenta et al., 2017). Furthermore, higher larval performance and egg-laying preference of EAB on drought-stressed F. mandshurica indicate that traits in the phloem may be linked to resistance to EAB (Showalter et al., 2018). In Europe, efforts to prevent the introduction and stop the spread of EAB remain a priority for preserving native ash species, especially since trees weakened by ash dieback may be attractive hosts for the beetle. Infestation experiments with EAB show a high susceptibility of all three native European ash species (F. excelsior, Fraxinus angustifolia Vahl, Fraxinus ornus L.), suggesting a bleak future for the genus Fraxinus in Europe if EAB continues to expand (Musolin et al., 2021).

Given the severe and ongoing ash dieback across Europe and the potential future threat of EAB, experts have called for the search for resistant ash trees and replacement tree species to counteract the progressive disappearance of ash and ensure the provision of ecosystem services (Littlewood et al., 2015; Leuthardt et al., 2017; Marzano et al., 2019; Agostinelli et al., 2021). In order to sustain ash-specific ecosystem services in forests severely impacted by ash dieback, one forest management option that could be envisaged is the use of non-native ash species that have similar ecological and silvicultural attributes to common ash and exhibit resistance against H. fraxineus and EAB. However, it is not yet clear which non-native ash species could be suitable alternatives to common ash because a detailed assessment of their ecological similarities and characteristics (i.e., regeneration, growth, and invasion potential) is still missing.

The objectives of the present literature review were to (1) examine and collate published literature on ash dieback research in Europe; (2) identify native and non-native tree species that could replace common ash to ensure the provisioning and continuity of ecosystem services and sustain biodiversity associated with ash; and (3) discuss the benefits, risks, and limitations of non-native ash species in European forests.



2. Materials and methods

Our literature search was conducted using electronic bibliographic databases, namely Google Scholar, Web of Science, and Scopus, and included published scientific literature (articles and book chapters), doctoral and master theses, and reports. The following terms were searched in titles, keywords, and abstracts: “ash dieback” OR “Hymenoscyphus fraxineus” OR “Hymenoscyphus pseudoalbidus” OR “Chalara fraxinea” AND “Fraxinus” AND “tree regeneration” AND “tree replacement.” The search yielded 541 records published between 1992 and June 2022, of which 200 were retained after evaluating abstracts and titles. We used the following evaluation criteria for selection: (1) the work focused on ash dieback; (2) the studies were not limited to identifying or confirming the presence of ash dieback; and (3) the abstracts were available in English. For publication records that met these criteria, we categorized them by country and research themes such as forest management, regeneration, replacement tree species, and non-native ash species.



3. Results and discussion


3.1. Ash dieback in Europe: Impacts and research directions

The health status of ash stands has deteriorated rapidly since the arrival of the ash dieback disease in Europe, with mortality rates of up to 70% in forests and 85% in plantations, across Europe (Coker et al., 2019; Enderle et al., 2019). The most recent data from the European forest vitality monitoring program of the International Co-operative Programme on Assessment and Monitoring of Air Pollution Effects on Forests (ICP Forests) Forests,1 indicate mortality of up to 100% in some locations [for country-specific infestation levels and mortality rates see George et al. (2023)]. Ash dieback and mortality rates are exceptionally high for small-diameter trees, on flat and wet sites, and where ash density is high (Enderle et al., 2018; Grosdidier et al., 2020; Klesse et al., 2021). However, a small fraction of individuals resistant or less susceptible to the disease suggests the possibility that common ash may survive (Queloz et al., 2017; Evans, 2019). Model simulations also suggest that climate change and H. fraxineus may interact to affect the future spatial distribution of F. excelsior as both species may extend their range poleward, hence reducing ash dieback prevalence in temperate European regions (Goberville et al., 2016). Still, it is unclear how the pathogen and common ash will coevolve and influence ash mortality.

In the last three decades, research on ash dieback has explored various research fields and yielded many scientific achievements (Supplementary Table 1). Early research about ash dieback focused essentially on the identification of the causal agent of the new disease and its pathogenicity (Kowalski, 2006; Kowalski and Holdenrieder, 2009a,b; Queloz et al., 2011; Gross et al., 2014a), and the disease cycle (Gross et al., 2012). Following the identification of the causal agent of ash dieback, research was conducted on the origin of the new pathogen species with the use of microsatellite markers and populations from impacted regions in Europe (Gross et al., 2014b; Burokiene et al., 2015; Haňáčková et al., 2015). In parallel, the native range of H. fraxineus in eastern Asia was identified (Zhao et al., 2013; Drenkhan et al., 2017), and its pathogenicity in its natural environment was investigated (Cleary et al., 2016). These early research directions have yielded fundamental information on the pathogen, hosts, and disease cycle that have stimulated further research to cope with ash dieback, such as the search for mycoviruses as biological control of H. fraxineus (e.g., Schoebel et al., 2014; Shamsi et al., 2022). At present, whether the use of mycoviruses can be successfully used as biocontrol of H. fraxineus remains unclear because this method relies strongly on the spread and hypovirulence of mycoviruses within H. fraxineus populations, which the fungal host population may hinder (Gross et al., 2014b; Burokiene et al., 2015). Further work investigating virus-mediated controls of ash dieback in Europe is thus necessary (Shamsi et al., 2022) before using mycoviruses for biocontrol of ash dieback. More recently, studies have investigated the potential of fungal endophytes for biocontrol of ash dieback (e.g., Schlegel et al., 2016; Kosawang et al., 2018; Halecker et al., 2020). These works have identified promising endophytes, but future studies will be needed to assess their full potential as biocontrol agents.

Besides fundamental research on H. fraxineus to cope with ash dieback, the research agenda in many European countries has also focused on the identification of resistant ash genotypes and the initiation of breeding programs (McKinney et al., 2014; Cleary et al., 2017; Skovsgaard et al., 2017). The establishment of breeding programs has been motivated by the fact that in situ conservation of viable populations of healthy ash may be limited because of the very low percentage of resistant genotypes to H. fraxineus (1–5% of the ash trees), as well as population fragmentation and isolation between resistant trees (Skovsgaard et al., 2017). Although it remains mainly unknown which mechanisms are responsible for the genetic variation in resistance, there is robust evidence that variation in resistance is transmitted from parents to offspring (Marçais et al., 2022). Particularly, the moderate levels of narrow-sense heritability (0.3–0.5) for resistance reported in the literature (McKinney et al., 2011; Pliûra et al., 2011; Kjær et al., 2012; Muñoz et al., 2016; Plumb et al., 2020) indicates good perspective for breeding programs because resistant ash trees can be identified, tested in plantation trials and selected for seed production (Marçais et al., 2022). Selections of resistant ash genotypes from planted trials will also be more effective for breeding programs than selecting healthy individuals growing in heterogenous forest environments where heritability may be significantly less (Kjær et al., 2017; Plumb et al., 2020). However, it should be noted that the heritability at the mature stage is relevant for the selection of candidate mature and resistant ash individuals in the forests for breeding, but this heritability is not yet known (Kjær et al., 2017).

To date, many European countries have initiated breeding programs, and most of them focus on F. excelsior (Douglas et al., 2013; Vasaitis and Enderle, 2017; Marçais et al., 2022) with a few exceptions where F. angustifolia is also tested, for example, in Slovenia (Hauptman et al., 2016) and Austria (Unger et al., 2021). In Sweden, several seed orchards with selected plus-tree clones have been monitored for disease susceptibility since 2006 (Stener, 2018; Liziniewicz et al., 2022). Researchers have reported a stable resistance of resistant F. excelsior clones over a 15-year period, promising results for the continuation of breeding programs. Besides, a breeding trial in Denmark has recently yielded the first commercial seed lot of resistant ash (Kjær et al., 2017; Marçais et al., 2022). Despite the scientific advances in breeding programs in the last two decades, it is not yet known if it will be feasible to breed common ash to have resistance to both H. fraxineus and A. planipennis, and further research is needed to fully evaluate the viability and feasibility of future breeding programs (Plumb et al., 2020). Therefore, breeding for pathogen or pest resistance should be considered as a mid- to long-term silvicultural option to cope with ash dieback (Skovsgaard et al., 2017).



3.2. Forest management to cope with ash dieback

Managing forests impacted by ash dieback involves several challenges, including harvesting timber before depreciation, removing dead/dying and dangerous trees, retaining healthy trees, promoting regeneration, and maintaining ecosystem services (Skovsgaard et al., 2017). Interestingly, before the advent of ash dieback, ash’s high regeneration capacity and colonization potential under a wide range of ecological conditions and its “invasive” potential were sometimes a concern for forest managers (Rysavy and Roloff, 1994; Marigo et al., 2000; Fraxigen, 2005; Dobrowolska et al., 2011). Today, tree regeneration and the health of ash populations have shown a severe and widespread decline across Europe, impacting recruitment rates and forest succession (Diaz-Yanez et al., 2020). Although ash dieback resistance levels may improve with subsequent generations (Harper et al., 2016), it seems unlikely that the natural regeneration of healthy ash alone will be sufficient to maintain stable populations in ash-dominated forests or ash typical sites (Turczanski et al., 2021). Steep declines in ash populations and shifts in species composition can already be observed in ash stands with high rates of dieback and mortality of young ash trees (Lygis et al., 2014; Coker et al., 2019). With mortality rates of over 80% reported in young ash stands in Europe (Coker et al., 2019) and the high susceptibility of planting material to ash dieback in nurseries (Chavez et al., 2015), establishing reforestation programs with common ash becomes a challenge. Therefore, the regeneration of sites impacted by ash dieback, either naturally or through planting, is an important issue. From a silvicultural point of view, the natural regeneration of healthy ash trees should be the priority to preserve the genetic diversity of ash populations resistant to ash dieback, and planting should be the exception if we want to minimize the costs and risks associated with artificial regeneration.

European silvicultural programs are attempting to implement the most current knowledge in their strategies to minimize the impacts of ash dieback. Silvicultural strategies include (1) monitoring, safe elimination of infested plant materials, and alternating fungicides in nurseries (Hrabětová et al., 2017; Noble et al., 2019); (2) identifying and breeding ash dieback-resistant genotypes to H. fraxineus to build immunity in native populations (Plumb et al., 2020); (3) monitoring the health status of ash stands (Chandelier et al., 2011); (4) creating and maintaining mixed stands with vigorous ash individuals (Rosenvald et al., 2015; Short and Hawe, 2019); (5) adapting silvicultural regimes to minimize the impact of ash dieback by adjusting the intensity of thinnings based on dieback level and site conditions (Short and Hawe, 2019); and (6) focusing conservation effort on sites with low infection rates such as dry and warm sites and sites with low ash density (Grosdidier et al., 2020; Klesse et al., 2021). Along with these silvicultural strategies, efforts have been made to identify species that can potentially replace European ash (Broome et al., 2019).



3.3. Potential replacement species to ash in forests strongly impacted by ash dieback

The search for replacement species is particularly a priority for ash-dominated moist sites where ash mortality is high. In theory, replacement native and non-native species should have similar ecological niche and silvicultural characteristics to common ash. For example, potential species should have a broad ecological range, be present along a wide elevational gradient, tolerate a variety of soil moisture and nutrient conditions, and be present throughout forest succession. Ideally, replacement species should also fulfill most ecosystem services and ecological functions specific to common ash, such as habitats for ash-associated species and timber (Broome et al., 2019). Importantly, criteria for selecting replacement species may vary across biogeographic zones and European countries since forest communities, forest management, and silvicultural practices are not uniform across the range of common ash. Table 1 summarizes the native and non-native species reported in forest inventories conducted in forests impacted by ash dieback in selected European countries.


TABLE 1    According to the literature review, tree species that have been recorded in riparian (R) and mesic (M) forests impacted by ash dieback in some European countries.
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Of the list of species presented in Table 1, many species have little or no ecological similarity to common ash (e.g., conifers) and therefore are not logical candidates to replace ash. Further, five non-native species reported in Table 1 [Acer negundo L., Ailanthus altissima (Mill.) Swingle, Fraxinus pennsylvanica, Gleditsia triacanthos L., and Robinia pseudoacacia L.] are classified as invasive in many European countries or have a high potential for invasion. As a result, the threat to the native ash species and their associated biodiversity can be exacerbated if these non-native tree species are successful invaders and occupy the niche of the native ash species (Ennos et al., 2019). Three of the 12 non-native species reported in some European countries (Table 1) are closely related taxa (Fraxinus americana, Fraxinus mandshurica, and Fraxinus pennsylvanica) and could potentially support biodiversity associated with common ash. However, F. americana and F. pennsylvanica show a limited resistance to ash dieback (Nielsen et al., 2017), and F. pennsylvanica also has a good invasiveness potential in riparian forests in Europe (Schmiedel et al., 2013; Drescher and Prots, 2016). The Asian ash species (F. mandshurica) shows some resistance to H. fraxineus and A. planipennis, but it is not yet known if this species can become invasive outside its native range.

Table 2 lists the tree species with the most ecological similarities to common ash that could potentially serve as replacement species for ash. The list contains 15 native tree species and is based on the work of Mitchell et al. (2016) and Broome et al. (2019). The species are characterized by their similarities to common ash based on their litter characteristics, ecosystem functions, and tolerance to site conditions. Results presented in Table 2 highlight that no native species alone can replace the ecological niche and ecosystem functions of common ash and that a combination of native species may potentially, although only partly, substitute ash.


TABLE 2    Potential alternative native species to Fraxinus excelsior after Mitchell et al. (2016) and Broome et al. (2019).
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For example, a recent study reported that up to nine tree species would be needed to maintain all common ash-dependent species (Hultberg et al., 2020). The species studied included Acer platanoides L., Alnus spp., Betula spp., Corylus avellana L., Fagus sylvatica L., Juniperus communis L., Picea abies (L.) H. Karst., Pinus sylvestris L., Populus tremula L., Prunus spp., Quercus spp., Salix spp., Sorbus aucuparia L., Ulmus spp., and Tilia spp. Of these species, Quercus spp., Populus tremula, Acer pseudoplatanus, and Fagus sylvatica were estimated to support 95% of the organisms associated with common ash (Hultberg et al., 2020). The dominance of Acer pseudoplatanus over Fagus sylvatica and Quercus robur L. after ash dieback was also demonstrated after running simulations with eight broadleaved species under different ash survival scenarios (Evans, 2019). Acer pseudoplatanus abundance increased after ash dieback under all scenarios and was only limited under dry conditions (Evans, 2019).

Other studies have also recommended including Picea abies and Pinus sylvestris in mixtures with broadleaved species to buffer fluctuations in wood prices following ash dieback (Hultberg et al., 2020; Petucco et al., 2020). While this measure may reduce potential economic risks, it is likely not universally applicable as it depends on existing site conditions and the regional forest socioeconomic context. In addition, the inclusion of conifers will not fill the ecological niche of common ash and will not ensure ecosystem services directly related to ash. Although native broadleaved and conifer species may partly replace common ash (Broome et al., 2019), native species alone or in combination may not fulfill all ecosystem services specific to common ash (e.g., habitats for ash-dependent species, ash timber). Altogether, our literature review highlights the need also to consider non-native ash species that exhibit resistance against ash dieback and EAB and share ecological and forestry similarities with common ash as potential alternative species if we want to support the ecological functions and biodiversity associated with native European ash species.



3.4. Are non-native ash species an alternative to ash species native to Europe?

The perspective of replacing native ash species with closely related non-native species could be a potential solution to the economic and ecological challenges caused by ash dieback in Europe (Marzano et al., 2019). At least four criteria should be considered when selecting non-native ash species. First, non-native ash species should be from the same section as the native European ash species (Wallander, 2008), as closely related species are likely to host the same associated organisms (Cleary et al., 2016). Second, non-native ash species must have similarities in ecological requirements and growth form. Third, alternative species must be resistant to H. fraxineus and EAB. Fourth, species must not be invasive and cause potential problems in European forests. It is not yet clear which non-native ash species meet each of these criteria because there are many ash species, and only some of them have been studied outside their native range.

The genus Fraxinus comprises 43 recognized species (three in Europe and western Asia, 20 in eastern Asia, and 20 in North America) distributed throughout the Northern Hemisphere ranging from temperate rainforests to xerophytic scrub forests (Wallander, 2008 and Supplementary Table 2). Fraxinus excelsior and F. angustifolia belong to the section Fraxinus, which includes F. nigra and F. mandshurica. The sections Sciadanthus, Pauciflora, and Melioides are closely related to the section Fraxinus, while the sections Ornus, to which F. ornus belongs, and Dipetalae are more phylogenetically distant. Outside of the section Fraxinus, very few species share the same ecology or growth form as common ash since most have a bush or small tree form. Despite the different growth forms, the most decisive factor in selecting a non-native ash species remains its resistance to H. fraxineus and EAB, as well as its potential invasiveness and possible impacts on native ecosystems.

Of the list of non-native ash species presented in Table 3 that could potentially replace F. excelsior, F. mandshurica is an interesting candidate. This species has good timber quality and is one of the most valuable hardwood species in China (Han-ying and Dai-bin, 2003). F. mandshurica has similar characteristics than common ash (e.g., height and pollination) and shows some resistance to H. fraxineus and A. planipennis. In its native range, F. mandshurica is host to ash dieback pathogen and emerald ash borer, infesting exclusively stressed trees. Laboratory resistance experiments showed a low degree of susceptibility of F. mandshurica to H. fraxineus (Nielsen et al., 2017) and agreed with the good resistance to the pathogen recorded in experimental plantations in Estonia, Sweden, and Switzerland (Drenkhan et al., 2014; Cleary et al., 2016; Queloz et al., 2017). In Estonia, typical symptoms of ash dieback were reported on 40-year-old F. mandshurica planted in parks, and H. fraxineus was isolated from the shoots of trees showing these symptoms (Drenkhan and Hanso, 2010). However, F. mandshurica was very little affected and showed only mild symptoms, including leaf wilting, minor shoot and twig diebacks, and sometimes the presence of bark necrosis. To avoid a situation analogous to common ash dieback in introduced populations of F. mandshurica, experiments with inoculation of the endemic species Hymenoscyphus albidus, the European sister species of H. fraxineus, were conducted, and H. albidus caused no symptoms to inoculated F. mandshurica (Gross et al., 2015a).


TABLE 3    Characteristics of Fraxinus excelsior (as comparison) and non-native ash species having the highest replacement potential identified in the literature.
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Although F. mandshurica was widespread in East Asia in the past, this species has suffered from deforestation and overexploitation and is now classified as a species vulnerable to extinction in China (Barstow et al., 2018). Conservation efforts for F. mandshurica focus on implementing propagation and regeneration programs in its native range (Liu et al., 2021) and reducing herbaceous competition to stimulate regeneration (Wang et al., 2013). In Switzerland, this species was introduced into the Arboretum Vallon de l’Aubonne about a decade ago. Work by Queloz et al. (2017) suggests that H. fraxineus is a frequent pathogen on F. mandshurica and that it is capable, to some extent, of inducing necrotic lesions on the twigs and stems of this species. In addition, monitoring of the plantings in the arboretum shows that F. mandshurica is sensitive to late frosts and droughts (personal communication of Sylvain Meier). In the United States (Minnesota), plantations with F. mandshurica conducted in 2011–2012 (Looney et al., 2015) showed survival rates of 22–58% eight years after planting (Palik et al., 2021). Regarding the ability of F. mandshurica to naturally regenerate outside of its range and its invasiveness potential, our literature review reports no studies on this topic. Therefore, it is premature to conclude that F. mandshurica could be used as a replacement species for common ash in Europe. Further studies, including controlled experimental plantations, are needed to better understand F. mandshurica’s ecology and invasiveness potential outside its natural range before its utilization in European forests.

Another non-native ash species with good potential as a replacement species is Fraxinus platypoda Oliv. This valuable timber species occurs primarily in riparian forests but is also found in other environments in its native range in Japan and China (Sakio, 2020). F. platypoda can regenerate easily and abundantly through a high production of seeds and vegetative shoots, which is increased after natural disturbances (Sakio et al., 2002; Sakio, 2020). However, F. platypoda regeneration is sensitive to browsing, and it is also unclear how global warming may influence seed production (Sakio, 2020). F. platypoda also attains a similar height to F. excelsior and is resistant to winter frost (Sakio, 1997). In its native range, F. platypoda hosts a non-virulent common ash fungus, Hymenoscyphus linearis, which is closely related to H. fraxineus. Hybridization of the two fungi appears possible, and it is a potential risk that should not be ignored (Gross et al., 2015b). Thus, if this species is introduced, appropriate phytosanitary measures must be taken to avoid such a threat. Despite this limitation and the small range of F. platypoda, its good regeneration potential and germination plasticity make this species a possible alternative to common ash in Europe. Further, the study of Nielsen et al. (2017) done on specimens of F. platypoda growing in an arboretum in Denmark indicated that this species showed no disease symptoms after inoculation with H. fraxineus. Arboretum assessments with F. platypoda in Switzerland confirm these results (Queloz et al., 2017). Until now, this species has been little studied, and it is thus too early to give clear recommendations about its use in Europe.

In addition to F. mandshurica and F. platypoda, other Asian species deserve attention as alternatives to F. excelsior, and Fraxinus paxiana Lingelsh. is one of them. This species has low susceptibility to H. fraxineus and occurs at similar elevations as common ash (Zhi and Green, 1996; Nielsen et al., 2017). Until now, little is known about the regeneration ecology of F. paxiana outside its natural range. With a broader distribution range, Fraxinus chinensis has an ecological niche similar to that of F. excelsior and occurs in mixed and riparian forests and at various elevations. This species is a host for H. fraxineus in its native range, but it is less susceptible to leaf infection than F. excelsior or F. mandshurica (Nielsen et al., 2017).

Like other species in the Ornus section, Fraxinus lanuginosa and Fraxinus sieboldiana Blume are both resistant to H. fraxineus (Nielsen et al., 2017). Both species thrive in moist forests and well-drained soils but are both sensitive to late frosts. In its native range, F. lanuginosa shows no evidence of crown or leaf damage caused by H. fraxineus (Nielsen et al., 2017). F. sieboldiana frequently co-occurs with Quercus mongolica Turchaninov in Korea (Gab-Cheul and Gab-Tae, 2005). This species produces abundant regeneration after fires and can grow rapidly and vigorously (Goto et al., 1996). The wood of F. lanuginosa is strong and hard, and it is used for making sports equipment such as baseball bats (Muto and Koizumi, 2007). In contrast to F. excelsior, F. sieboldiana is a large shrub or small (5–8 m), strongly branched ash species little suitable as timber species.

Fraxinus pennsylvanica is a widely distributed ash species in North America and was introduced to Europe in the 18th century, where it is used for ornamental purposes and timber production (Schmiedel et al., 2013). In the native range of F. pennsylvanica in North America, none of the currently described Hymenoscyphus species has been found until now (Kowalski and Bilański, 2019). This is not the case in Europe where, for example, H. fraxineus and H. pusillus occur on F. pennsylvanica (Kowalski and Bilański, 2019). Several studies have reported some degree of resistance of F. pennsylvanica to H. fraxineus and less susceptibility to the pathogen than F. excelsior (Drenkhan and Hanso, 2010; Gross and Sieber, 2016; Nielsen et al., 2017). Nevertheless, F. pennsylvanica is highly susceptible to EAB, and this exotic pest is already causing severe damage to F. pennsylvanica in European Russia and Ukraine (Orlova-Bienkowskaja et al., 2020). Moreover, F. pennsylvanica has been classified as an invasive species in many European riparian forests with negative impacts on local flora diversity (Schmiedel et al., 2013; Drescher and Prots, 2016), although a recent study suggests that it might become a rescue species for the fauna associated to F. excelsior (Floren et al., 2022). To date, there is no robust scientific evidence supporting the use of F. pennsylvanica as a potential alternative species to F. excelsior in European forests.

As evidenced by the invasiveness of F. pennsylvanica in many European forests (Schmiedel and Tackenberg, 2013; Schmiedel et al., 2013; Drescher and Prots, 2016), there are several attributes of non-native ash species that could promote their establishment, growth, and invasive character. All ash species have wind-dispersed seeds, mature early, and are strong competitors in the early stages of forest succession. In addition, although most ash species prefer mesic environments, they often possess broad ecological plasticity that can favor their establishment in various environments. Although some non-native ash species share similarities to common ash regarding their habitats and growth forms (Table 3 and Supplementary Table 2), little is known about the ecological behavior, adaptability, and invasiveness of non-native ash species outside their natural range. It is also unknown whether non-native Asian ash species can hybridize with native European ash populations and what is the risk of genomic invasion. In Europe, interspecific hybridization frequently occurs between F. excelsior and F. angustifolia (Fernández-Manjarrés et al., 2006; Douglas et al., 2013; Thomasset et al., 2014), but further work is necessary to determine whether natural hybridization can also occur between Asian and European ash species and how climate change may influence their hybridization potential. Thus, it is a high priority that additional studies and controlled planting experiments be conducted to fill these knowledge gaps before using non-native ash species for reforestation in European forests. Further, before introducing and recommending non-native ash species as potential replacement species for European ash species, it is important to have comprehensive risk assessments (Ennos et al., 2019).




4. Conclusion and perspectives

The abundance and vitality of common ash in Europe have declined rapidly since the first report of H. fraxineus in Poland in the early 1990s. Most ash trees in Europe show dieback symptoms, and high mortality rates have been reported. Despite research efforts over the past three decades and scientific advances, there is still no effective control solution against ash dieback. Furthermore, the future of ash and the ecosystem services provided by this species seem to be increasingly threatened by the upcoming arrival of A. planipennis in Central Europe. From a practical point of view, searching for replacement species for common ash seems to be a valid option to ensure the provision of ecosystem services where ash plays an essential role. However, our literature review indicates that few studies have addressed this topic. Furthermore, existing studies (e.g., Mitchell et al., 2016; Broome et al., 2019) have focused on tree regeneration and species composition of forests impacted by ash dieback. These studies indicate that some native species may, to some extent, complementarily cover the ecological niche and sustain biodiversity associated with ash (Table 3). Since few native species possess similar characteristics to common ash and any of them have similar timber characteristics, the search for replacement species should additionally include non-native ash species. However, special attention should be given to avoid introducing new invasive tree species.

Our literature review showed that a few non-native ash species, such as F. mandshurica, F. platypoda, and F. chinensis, possess similar stature and habitats to common ash while exhibiting resistance to H. fraxineus and A. planipennis (Table 3 and Supplementary Table 2). However, the ecology of these species and their invasiveness potential outside their native range are still unknown. No studies have addressed these aspects, and no controlled and carefully monitored experimental plantations with non-native ash species exist in Europe. A few experimental plantations with F. mandshurica exist in the United States (e.g., Looney et al., 2015; Palik et al., 2021), but these plantation trials have focused on the survival of young non-native ash trees and have not provided information on the invasive potential of F. mandshurica. In Europe, some Asian ash species are present in arboreta (e.g., L’Arboretum du Vallon de l’Aubonne in Switzerland, Arboretum in Hørsholm in Denmark) and parks (e.g., Drenkhan and Hanso, 2010). Still, no long-term continuous and rigorous monitoring has been carried out. Due to the lack of research on non-native ash species in Europe, it is not possible to determine whether F. mandshurica or other non-native ash species represent valid substitutes for common ash and what risks they could pose when introduced in European forests. Thus, establishing experimental plantations where non-native ash trees are monitored over a long period would allow us to learn more about their ecology and potential benefits and impacts on forest ecosystems. These plantations should be established on sites with contrasting edaphic and climatic conditions and monitored rigorously to better inform about species’ regeneration ecology and minimize the risk of invasion.
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Species Litter characteristics Nutrient % of species Productivity Tolerance to site conditions
cycling associated to
F. excelsior

Decomposition | Quality Shade Frost Calc Xeric Mesic Hydric
rate

Fraxinus excelsior G M P/M M G
Acer campestre NA Slower Poorer Slower 88 M M M M G
Acer platanoides 40-65 Slower Poorer Slower 60 G M G M G
Acer pseudoplatanus 41-70 Slower Poorer Slower 88 G M G G
Alnus glutinosa 15-25 Similar Similar Similar 89 M B G M
Betula pendula 50-85 NA NA NA 90 M P G G
Betula pubescens 50-85 NA Poorer Slower 90 P P G M
Carpinus betulus 23-55 Similar Similar Similar 88 M G M G
Fagus sylvatica 50-60 Slower Poorer Slower 92 G G M M G
Juglans regia NA NA Similar NA 81 G P P M P G
Populus tremula 50-65 Slower Poorer NA 89 M P G P M G
Prunus avium 43-70 Slower Poorer Slower 88 G M G M M G
Quercus petraea 34-47 Slower Poorer Slower 94 G M M P G G
Quercus robur 34-75 Slower Poorer Slower 94 G P/M M P M G
Tilia cordata 29-40 Similar Similar Similar 31 G G G M M G P

Data source for C/N range: Leuschner and Ellen

berg (2017), Simon et al. (2018), and Desie et al. (2020). Species are compared to F. excelsior based on their litter characteristics, nutrient cycling, percent ash-associated species after Broome et al. (2014), productivity, and

tolerance to site conditions (shade, spring frost, calc, and site moisture conditions: xeric, mesic, and hydric) according to Broome et al. (2019) and Leuschner and Meier (2018). G = good, M = moderate, P = poor, NA = no data.
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Species

F. excelsior

Fraxinus

Native range

Europe, western Russia

Habitat

Moist broadleaved
forests, slopes

Elevation range
(ma.s.l)

0-1,600

Tree height (m)

20-40

Susceptibility to
H. fraxineus

Susceptible

Susceptibility to
A. planipennis

Susceptible

Wind

forests

F. mandshurica Fraxinus China, Japan, Korea, Riparian forests, moist 700-2,100 Up to 30 Slightly susceptible Resistant Wind
eastern Russia forests, well-drained
slopes
F. platypoda - China Riparian forests, 1,200-2,800 10-25 Resistant Resistant Wind
well-drained slopes
F. paxiana Ornus Himalaya, China Valleys and slopes 400-1,100 Up to 20 Slightly susceptible Resistant Insects
F. sieboldiana Ornus China, Japan, Korea Riparian forests, slopes 500-1,200 5-8 Resistant Resistant Insects
F. lanuginosa Ornus Japan Mixed forests, slopes 0-1,100 10-15 Resistant Resistant Insects
F. chinensis Ornus East Asia Mixed forests, riparian 800-2,300 3-20 Resistant Resistant ‘Wind
forests, slopes
F. pennsylvanica Melioides North America Mixed forests, riparian 0-1,000 25-45 Slightly susceptible Highly susceptible Wind

See Supplementary Table 2 for a complete list of the ash species considered.
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