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Abstract

:

Fraxinus excelsior L. (ash) is a key forest tree species challenged by Hymenoscyphus fraxineus (T. Kowalski) Baral, Queloz, Hosoya, the causal agent of ash dieback. The goals of this study were (I) to assess the presence, spatial distribution, and incidence of H. fraxineus in the inner-alpine valleys of northwestern Italy, along with the severity of ash dieback; (II) to model the probability of infection by H. fraxineus based on environmental variables; (III) to reconstruct the direction of provenance of the front of invasion of the pathogen; and (IV) to test whether H. fraxineus has replaced the native relative Hymenoscyphus albidus (Gillet) W. Phillips, a saprobe of ash litter. By combining phytosanitary monitoring and samplings in 20 forest stands, laboratory analyses, and statistical modelling, this study showed that H. fraxineus was present in 65% of stands with an average incidence of 27%, reaching peaks of 80%. Rainfalls were the most relevant drivers of the probability of infection by H. fraxineus, rising up to 80% with the increased precipitation in April and July. Other drivers included elevation, maximal temperatures, latitude, and longitude. The front of invasion likely moved from Italy and/or Switzerland, rather than from France, while the replacement of H. albidus is uncertain.
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1. Introduction


Alpine forests are challenged by a variety of biotic, abiotic, and anthropogenetic threats, reducing their ability to provide key ecosystem services. Such threats encompass the onset of epidemics caused by plant pathogens, some of which determine substantial mortality and economic losses [1]; attacks by insect pests [2]; natural or anthropogenic disturbances [3,4]; and climate change [5].



In northwestern Italy, especially in the inner Alps of the Aosta Valley region hosting the highest mountains in Europe, the European or common ash (Fraxinus excelsior L., hereafter referred to as ash) is a companion species growing up to 1400 m a.s.l. in mixed forest stands in association with several broadleaved or conifer species of the genera Acer, Alnus, Carpinus, Castanea, Corylus, Larix, Pinus, Prunus, Tilia, Ulmus, and others [6]. Ash trees are generally not abundant, although they can be prevalent in forest patches of a limited surface area or when they colonize abandoned agricultural fields or grasslands in close proximity to forest stands [6,7]. Ash is scored as a key species for the functioning and conservation of forest ecosystems; hence, its long-term preservation is deemed a priority [8].



A major challenge threatening the conservation of ash in Europe is the “ash dieback” caused by the fungal pathogen Hymenoscyphus fraxineus (T. Kowalski) Baral, Queloz, Hosoya, comb. nov. (an ascomycete formerly described as Chalara fraxinea or H. pseudoalbidus) [9,10]. H. fraxineus was likely introduced to Europe by means of infected plant material from Asia. Ash dieback was first reported in Poland in association with the extensive mortality of ash trees during the early 1990s [9,11]. Since then, H. fraxineus has rapidly spread across most of the geographic distribution area of ash in Europe [12] posing a serious threat to ash and other organisms closely dependent upon the presence of ash [13]. The disease symptoms include the leaves withering and wilting, followed by the onset of necrotic spots on the leaf laminas leading to their progressive deformation. Necrosis may also affect the petioles and rachises of the leaves, whose premature fall subsequently occurs. H. fraxineus may also colonize shoots, twigs, and branches by affecting the cambium, thereby causing sunken areas and cankers visible as longitudinal lesions of the bark. The combination of the fall of the leaves and the desiccation of the branches leads to a progressive crown thinning and loss, resulting in the overall decline of the tree. The crown loss induced by H. fraxineus on ash follows a typical and recognizable pattern, starting from the upper and external sectors and progressing towards the lower and inner portions. This phenomenon is commonly defined as “dieback”, ultimately leading to the death of the tree. Additional symptoms may include a color alteration of the bark in the basal portion of the main stem, which can display the occurrence of lesions.



The impact of ash dieback in Europe has been detrimental, leading to substantial direct and indirect economic losses mainly related to the reduced or zeroed profit from nurseries and productive forests, the costs of the silvicultural or other management operations needed to fell and replace the infected and dead trees, and the depletion of the ecosystem services provided by ash [14,15]. The highest economic losses reported by Hill et al. (2019) [14] were generated by the effects of ash dieback on the ecosystem services. The impact of the disease has achieved relevant magnitude levels as a result of the high incidence of the pathogen, of the severity of the symptoms, and of the substantial mortality affecting ash trees of all ages in forest, plantations, and nurseries [14,16,17]. Indeed, a meta-analysis conducted on data gathered at the European scale reports the peaks of ash mortality reaching approximately 85% in plantations, 70% in forest, and 82% in natural regenerated saplings [17].



The impact of H. fraxineus may be relevant not only for ash as a forest tree species but also for the other species directly associated with ash [8], potentially leading to biodiversity losses and, in the worst case, to the local extinction of some taxa (i.e., leading to an “extinction cascade”) [13]. Some invasive forest pathogens are capable of colonizing newfound hosts or habitats while replacing native species, even congeners, as documented for the invasive vs. native pathogens: Heterobasidion irregulare Garbel. & Otrosina and H. annosum (Fr.) Bref. [18]; Phytophthora ramorum Werres, De Cock & Man in ‘t Veld and P. nemorosa E.M. Hansen & Reeser [19]; and Ophiostoma novo-ulmi Brasier and O. ulmi (Buisman) Nannf. [20]. In the case of H. fraxineus, a similar phenomenon has been reported, with the invasive pathogen replacing the congeneric yet saprobic fungus Hymenoscyphus albidus (Gillet) W. Phillips, a decomposer of ash litter [21] and harmless ash endophyte [22].



The biological cycle of H. fraxineus has been thoroughly investigated [10,16,23,24]. In brief, at the end of summer, the pathogen produces typical pedunculate whitish apothecia in the litter on the rachises and petioles of the ash that fell the previous year. Infectious airborne ascospores are released from the apothecia and infect the green leaves of ash trees. Ascospores represent the main source of inoculum allowing the short and long distance dispersal of H. fraxineus. While it was estimated that most of the ascospores spread up to 2.6 km from their source [25], air turbulence may allow their dissemination at distances of 50–100 km [26,27]. Consequently, the front of the disease can progress rapidly, as reported in previous studies, which identified a spread rate of 30 km/year in Norway [16], 40–50 km/year in central Italy [28], and 50 km/year in France [25,27]. In northern Italy, based on the first report of the pathogen in 2009 in the east (the Friuli region) [29] and on the following detection of the pathogen in the west (the Piedmont region) in 2016 [30], the spread rate was estimated as high as 70 km/year.



The success of biological invasions in forest ecosystems may depend upon several interacting factors, including the site, the host, and the environmental and climatic suitability that fosters the establishment and spread of the pathogen and the expression of the disease symptoms [31]. The applications of modelling and numerical ecology may shed light on the most relevant ecological drivers boosting or hampering biological invasions [32]. In the case of ash dieback, several studies so far have investigated which ecological factors may be favorable, or not, to H. fraxineus (a comprehensive review is presented in [33]). For instance, environmental and silvicultural variables were tested to unravel the putative predisposing condition boosting the onset and impact of the disease in the Czech Republic [34], and a similar approach was used to relate the site, stand, and landscape features to the disease in France [35,36]. A large-scale modelling was aimed at elucidating the role of some environmental and climatic variables on the risk of the natural spread of H. fraxineus at the European level, also including some bordering areas of Africa and Asia [37]. Other studies related the tree host’s age, sex, provenance, and dendrometric features to the severity of the disease, while some research has been conducted to assess the role of forest management practices on ash dieback [38,39,40].



Although relevant information about the European distribution of H. fraxineus and the factors potentially associated with its successful establishment and spread are reported in the literature, there are still relevant geographic sectors for which no information is currently available. This is the case of the inner Alps of the Aosta Valley representing one of the most relevant Alpine sectors, of which 27% is covered by forests [6]. To date, it is still unknown whether ash dieback caused by H. fraxineus is present in that area and which factors might have played a role in the onset of the disease, if any. In addition, any models quantitatively assessing the probability of infection by H. fraxineus based on environmental and site conditions are scanty. Hence, the goals of this work were (I) to assess the presence, spatial distribution, and incidence of H. fraxineus in the inner-alpine valleys of northwestern Italy, along with the severity of ash dieback; (II) to model the probability of infection by H. fraxineus based on topographic, geomorphologic, dendrometric, and climatic variables; (III) to reconstruct the direction of provenance of the front of invasion of the pathogen; and (IV) to test whether a replacement of H. albidus with H. fraxineus has occurred.




2. Materials and Methods


2.1. Study Sites and Ash Tree Selection


Based on data about the spatial distribution of ash in the Aosta Valley [6] and on surveys conducted by the Forestry Corps of the Region (Corpo Forestale della Valle d’Aosta-Dipartimento Risorse naturali e Corpo forestale), a total of 20 representative study sites were selected. All sites hosted several hectares of uneven aged forest stands characterized by a mixed tree species composition including broadleaves (Acer spp., Alnus spp., Betula pendula, Castanea sativa, Corylus avellana, Populus tremula, Salix spp., Prunus avium, Quercus pubescens, Robinia pseudoacacia, Sorbus aucuparia, and Tilia spp.) and conifers (Abies alba, Larix decidua, Picea abies, and Pinus sylvestris), where ash was present sporadically, with an abundance generally between 5% and 35%, although reaching 85% in one site. The ash abundance was scored based on the inventory data provided by the Forestry Corps. For each study site, the longitude (x) and latitude (y) (UTM WGS1984 reference system, in m) were recorded with a GPS device (MobileMapper®, Magellan, LA, USA—precision  ±1 m) in the WGS84/UTM projection system. Each study site was assigned to a specific geographic sector (sect) of the Aosta Valley (high, medium, and low sectors) based on the classification reported in [41]. The site elevation (el, in m a.s.l.) was obtained from the Digital Terrain Model (DTM) [42], queried through the Geographic Information System (GIS) software QGIS version 3.4.7 [43], based on the pixel value corresponding to the associated x and y coordinates. The maps to assess the aspect (as, as azimuth, in °) and slope (sl, in %) of the study sites were derived from the DTM, as described in Lione et al. (2017) [32].



Within each study site, a number of ash trees was selected for the assessment of dieback symptoms and for the sampling of plant tissues, based on the following method. The first tree was randomly chosen, then up to 4–8 of its surrounding nearest neighbors growing within a distance radius of 15 m were selected. The dendrometric variables measured for each of the above mentioned ash trees were the diameter at breast height (dbh, in cm), obtained by using a tree caliper; and the tree height (h, in m), assessed through a hypsometer (PM-5/1520 Series, Suunto, Vantaa, Finland). The summary of the geographic (x, y, and sect), geomorphologic (el, sl, and as), and dendrometric (dbh and h) variables of each study site is reported along with the main tree species composition and abundance in Table 1.




2.2. Assessment of Ash Dieback Symptoms and Plant Tissue Samplings


Based on the description of the symptoms of ash dieback [8,12,44], three variables were assessed to score the health status of the selected trees: the crown transparency (crtr, in %), the percentage of leaves displaying necrotic areas on the lamina (pnl, in %), and the number of lesions observed at the stem base (nl, as count). The crown transparency was appraised by using the method reported in [45,46] and as described in [47]. In brief, the crown transparency was visually assessed scoring the loss of leaves (%) in relation to an ideal status where defoliation is absent, with the operator located at a distance from the stem base corresponding to the tree height or at the closest distance allowing a complete view of the crown. The percentage of the leaves showing symptoms of necrosis was assessed by calculating the ratio between the number of symptomatic leaves and the total number of leaves collected per tree. The number of leaves sampled per tree varied between six and thirty, depending on the accessibility of the branches present in the lower portion of the crown, which were excised by using a telescopic tree lopper extendable up to 5 m. Overall, approximately 200 branches were collected from 88.5% of the selected ash trees, while the remaining 11.5% were not sampled. The number of lesions at the base stem was assessed by carefully inspecting the base of the trees and excluding mechanical lesions caused by ungulates or other animals, wounds resulting from the failures of neighboring trees, etc.



The plant tissues were collected from the selected ash trees to conduct the diagnostic analyses targeting H. fraxineus and H. albidus (see Section 2.3). In detail, a total of 107 foliar and 92 wood samples were collected, with the first obtained from the branches excised for the assessment of the percentage of necrotic leaves and the latter in proximity of the basal stem lesions. In the absence of visible lesions, wood chips were randomly excised from the stem. For both symptomatic and asymptomatic ashes, the wood chips of an approximate dimension of 5 × 2 × 0.5 cm were carved with a chisel previously disinfected with a commercial solution of sodium hypochlorite (NaClO). In addition, the litter within a 1.5 m radius from the base of the selected ash trees was carefully inspected to identify and collect the rachises and petioles of F. excelsior harboring apothecia morphologically compatible with those formed by H. fraxineus or H. albidus, based on the description and plates reported in [48].



The samples collected were singly placed in plastic bags (for the foliar samples and wood chips) or 15 mL centrifuge tubes (for the rachises and petioles), immediately transported to the laboratory, and stored at +4 °C prior to further processing. Both the assessments of the ash dieback symptoms and the samplings were conducted between June and September in 2020 and 2021.




2.3. Laboratory Analyses


Laboratory analyses were conducted on the leaves and wood samples to detect the presence of H. fraxineus, H. albidus, or both, through species-specific quantitative Polymerase Chain Reaction (qPCR) assays, conducted as described below. The plant tissue fragments to analyze were excised with a sterile scalpel at the interface between the symptomatic and asymptomatic portions of the samples, when symptoms were present. For the samples showing no symptoms, the plant tissues to collect were randomly selected. DNA was extracted from 20 mg of plant tissues obtained after a 24 h lyophilization phase followed by a 30 min grinding step performed with a Tissue Lyser (Qiagen, Hilden, Germany) set at 30 Hz. The extraction was carried out using the DNeasy® Plant Mini Kit (Qiagen) following the manufacturer’s instructions with minor modifications. Genomic DNA was amplified using the primers and probes for the specific detection of H. fraxineus (Cf-F, Cf-R, and Cf-S) [49] and H. albidus (Halb-F, Halb-R, and Halb-P) [50] (Table 2).



The amplifications were carried out using the thermal cycler Real Time CFX ConnectTM (BioRad, Hercules, CA, USA) with 96 well-plates (Biorad) sealed with Microseal® B seal adhesive film (Biorad). The reactions were carried out using an SsoAdvanced Universal Probes Supermix 2× (Bio-Rad, USA). The amplification conditions were 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 59 °C for 1 min for the H. fraxineus. After each run, one cycle of the melting curve step was conducted by ramping the temperature from 60 °C to 90 °C. The reactions were carried out in a final volume of 10 μL, with 3 μL of DNA, 0.25 μL of each primer (10 μM), 0.50 μL of the probe (5 μM), and 5 µL of the SsoAdvanced Universal Probes Supermix 2× (Bio-Rad).



The specific amplification conditions for the H. albidus were 95 °C for 10 min, followed by 35 cycles of 95 °C for 15 s and 64 °C for 55 s. The reactions were carried out in a final volume of 10 μL, with 3 μL of DNA, 0.30 μL of each primer (10 μM), 0.15 μL of the probe (10 µM), and 5 µL of the SsoAdvanced Universal Probes Supermix 2× (Bio-Rad). Each 96-well plate was loaded in triplicate with a negative control (RNAse free water), standard DNA, and a positive control (the H. fraxineus DNA strain KNE31P or the H. albidus DNA strain H8945). In order to validate the results of the positive amplifications obtained with the qPCR assay, 13 representative amplicons were sequenced in both directions by BMR Genomics, with primers used for the amplification. By using the BLASTN tool of the NCBI, the obtained sequences were compared with those deposited in GenBank.




2.4. Climatic Characterization of the Study Sites


For all the study sites, the spatial coordinates x, y, and el were stored in a dataset and combined with the corresponding coordinates of the available weather stations included within the Aosta Valley official meteorological network (i.e., the Centro Funzionale e Pianificazione Regione Autonoma Valle d’Aosta). Each study site was characterized by a set of 80 climatic variables, obtained as described below.



Only the official meteorological weather stations providing at least the daily maximum, minimum, and average temperatures, precipitation, and wind speeds were retained. The three-dimensional Euclidean distance   d =   Δ  x 2  + Δ  y 2  + Δ e  l 2      was calculated [51], with   Δ x  ,   Δ y  , and   Δ e l   representing the differences of longitude, latitude, and elevation separating each study site from the retained weather stations. Up to four of the nearest neighboring weather stations with d < 10.5 km were assigned to each sampling site, and the time series of the 10 years preceding the date of the samplings were filtered. From these time series, the monthly average values of the maximum (tmaxi), minimum (tmini), and mean (tmini) temperatures (in °C); cumulated rainfall precipitation (pi) (in mm); and windspeed (wsi) (in m/s) were calculated for months i = {1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12}, representing the months from January (i = 1) to December (i = 12). The same values were calculated at a seasonal level with i = {fa, sp, su, wi} for fall, spring, summer, and winter, respectively, as reported in [52]. The study sites were combined with the corresponding climatic variables at the monthly and seasonal levels by calculating the spatial weighted averages for all possible values of the index i [53,54] as follows:   T m a  x i  =     ∑   j = 1   j = n    w j  t m a  x  i , j       ∑   j = 1   j = n    w j    ;     T m i  n i  =     ∑   j = 1   j = n    w j  t m i  n  i , j       ∑   j = 1   j = n    w j    ;     T m e a  n i  =     ∑   j = 1   j = n    w j  t m e a  n  i , j       ∑   j = 1   j = n    w j    ;      P i  =     ∑   j = 1   j = n    w j   P  i , j       ∑   j = 1   j = n    w j    ;     W  s i  =     ∑   j = 1   j = n    w j  w  s  i , j       ∑   j = 1   j = n    w j     , with n representing the number of weather stations assigned to each study site and w as the weight value set to    1 d   . The weather stations’ information is reported in Table S1.




2.5. Statistical Analysis and Modelling


The status (I) of each ash tree was binarily scored as infected (I = 1) or uninfected (I = 0) by H. fraxineus, based on the outcomes of the molecular analyses conducted on the plant tissue samples (see Section 3). The average levels of the ash dieback symptoms (i.e., the crown transparency, percentage of necrotic leaves, and number of lesions observed at the stem base, which are crtr, pnl, and nl, respectively) were compared between the infected and uninfected ashes with the Wilcoxon rank sum test [54]. The incidence of the pathogen was assessed as the ratio between the infected trees and the total number of sampled trees (in %).



The putative predictors of the probability of infection by H. fraxineus   P  r    I = 1       [55] (i.e., the response variable) were divided into blocks as follows: the dendrometric variables (dbh, h), the topographical variables (x, y, sect); the geomorphological variables (el, sl); and the climatic variables. For the latter, ten distinct blocks were built, accounting for the five variable types (  T m a  x i   ,   T m i  n i   ,   T m e a  n i   ,    P i   , and   W  s i   ) and the two reference timeframes (monthly or seasonal) (i.e., five variable types × two reference timeframes = ten blocks). Unbiased recursive binary partitioning tree models based on conditional inference [56,57,58], hereafter referred to as ctree models, were fitted to the response variable separately for each block of predictors by setting the algorithms as described in Lione et al. (2017, 2020) [32,47]. The p-value associated with each predictor was calculated based on the c-statistics [56,57,58], as reported in [52]. When the ctree identified the significant thresholds resulting from binary splits of the model, for each terminal node the value of the response variable was calculated with the equation     f   I = 1    m   , with f representing the indicator function with the Iverson notation [59] and m the number of the ash trees clustering within the node. The predictors whose p-values were significant (p < 0.05) were preselected for a further modelling step, conducted as described below.



The probability of infection by H. fraxineus was modelled as a function of the preselected variables, included in blocks (see above) or singularly, by fitting the binary logistic regression models [55] as generalized linear models (GLMs) [54]. The  β  coefficients of each logistic equation based on a number w of the preselected predictor variables v   P  r    I = 1     =    e   β 0  +   ∑   h = 1   h = w    β h   v h      1 +  e   β 0  +   ∑   h = 1   h = w    β h   v h        were assessed with the Wald test [55]. In addition, the corresponding null model was fitted and singularly compared with the other logistic regressions by using the likelihood ratio test (LRT) [54,55] and the values of the Akaike Information Criterion (AIC) and of its associated weights (AICw) [60,61]. The classification performance of each logistic regression model was assessed by calculating the area under the relative operating characteristic curve (AUC) and its cross-validated 95% confidence interval, whose bounds were compared with the 0.5 threshold [62,63]. The overall assessment score of the models was based on the criteria reported in [47], thus accounting for the significance of the  β  coefficients, the LRT test, the bounds of the AUC 95% confidence interval, and ranking the performance of the models based on increasing the AICw and AUC values.



The association between the probability of infection by H. fraxineus and the aspect (as) of the study site was tested with a standalone analysis due to the circularity of the predictor [64], by using the method described in [32], based on the application of the Mardia–Watson–Wheeler test [65] and the Rao’s homogeneity test [66].



In order to analyze whether the impact of H. fraxineus resulted in a spatial gradient, the DirGrad algorithm [67] was applied to the incidence of the pathogen, assessed at the site level as the ratio between the infected trees and the total number of sampled trees (%), and to the variables crtr, pnl, and nl, associated with the symptoms of ash dieback assessed as described in Section 2.2. The gradient directions and the prevailing gradient direction were assessed with the criteria considering the sign and the magnitude of the index R, as reported in [67]. The direction from an octant O1 (R < 0) to the opposite O2 (R > 0) is expressed as O1→O2 (∓R) [67]. The same algorithm was used to identify the spatial gradients of the monthly precipitation of April (P4) and July (P7), because these variables were significant predictors of the probability of infection by H. fraxineus in the best performing binary logistic regression model (see Section 3).



The statistical analysis and modelling were conducted with R version 4.0.0 (R Core Team, 2020), with the algorithm DirGrad [67] and the packages binGroup [68], bootstrap [69], circular [70] cvAUC [63], MuMIn [71], partykit [58], and strucchange [57]. The significance cut-off level was set at 0.05 [54]. The 95% confidence intervals (CI95%) were calculated with the method reported in Blaker [72] for the variable expressed as a percentage, while for the other variables the bootstrap Bias Corrected and accelerated (BCa) CI95% were obtained based on DiCiccio and Efron (1996) [73] with the bootstrap algorithm set as described in Lione et al. (2020) [47].





3. Results


3.1. Incidence, Distribution, and Impact of Hymenoscyphus fraxineus


Overall, the phytosanitary survey targeting ash dieback caused by H. fraxineus in the inner-alpine valleys of northwestern Italy covered a region extending approximately 60 km in longitude and 20 km in latitude, corresponding to an area of 1200 km2 with an elevation up to 1483 m a.s.l. The presence of H. fraxineus was detected through the qPCR species-specific assay in 13 out of the 20 study sites (65.0%, 42.2%–84.0% CI95%), attaining an overall incidence (i.e., the percentage of infected ashes) of 27.0% (19.0%–36.4% CI95%) and reaching a maximum value of 80% (Figure 1). Ash trees positive to the pathogen were detected in 20.3% (13.1%–29.1% CI95%) of the cases from wood tissues, and in the remaining 6.7% (3.0%–13.2% CI95%) of the cases from foliar tissues.



The symptoms observed in the field included the crown transparency, leaves displaying necrotic areas on the lamina, and lesions at the stem base. The crown transparency (crtr) attained an overall average of 34.9% (30.3%–39.9% CI95%), but, while the ash trees infected by H. fraxineus displayed crown losses of 47.0% (36.4%–57.8% CI95%), those uninfected showed significantly lower values (30.4%, 25.9%–35.8% CI95%, p = 9.64·10−3). Comparable patterns were observed for the other symptoms. Indeed, the percentage of leaves displaying necrotic areas on the lamina (pnl) achieved an overall mean of 31.1% (24.8%–38.4% CI95%), with infected ash trees reaching an average of 45.8% (31.0%–61.2% CI95%), significantly higher than the 26.3% (20.0%–34.2% CI95%) resulting from uninfected trees (p = 4.72·10−2). Finally, the average number of stem lesions observed was 1.20 (0.95–1.48 CI95%), but, while the ash trees infected by H. fraxineus displayed a mean of 1.67 (1.21–2.25 CI95%), those uninfected attained a significantly lower value of 1.03 (0.75–1.37 CI95%, p = 6.57·10−3).




3.2. Ecological and Environmental Variables Associated with the Probability of Infection by Hymenoscyphus fraxineus


The ecological and environmental variables significantly correlated (p < 0.05) to the probability of infection by H. fraxineus   ( P  r    I = 1     )    that resulted from the ctree models fitting were as follows: the topographical variables latitude (x) and longitude (y); the geomorphological variable elevation (el); and the climatic variables related to the maximum temperature of December   ( T m a  x  12   )  , the monthly cumulated rainfall precipitation of April      P 4      and July      P 7     , and the seasonal cumulated rainfall precipitation during the spring      P  s p      . Instead, all the other tested variables did not result in significant c-statistics that produced tree graph splits (p > 0.05). In detail, the significant ctree models showed that at a high latitude and longitude (i.e., in the northeastern sector, x > 358,069 m, y > 506,7384 m) the probability of infection by H. fraxineus was maximal, attaining 75.0% (52.6%–89.6% CI95%), while it dropped significantly (p < 0.05) for those ash trees located in the southern (y ≤ 5,067,384 m) and northwestern (x ≤ 358,069 m, y > 5,067,384 m) sectors, whose   P  r    I = 1       was 17.2% (9.5%–28.6% CI95%) and 10.0% (1.8%–31.6% CI95%), respectively. Ash trees growing in the forest stands whose elevation was below 895 m a.s.l. resulted in a significantly (p = 3.41·10−2) higher probability of infection (46.7%, 29.5%–65.5% CI95%) than those located in the sites at higher altitudes (18.9%, 11.0%–29.4% CI95%). The sites whose maximum temperature in December was on average over 4.1 °C were characterized by ash trees whose probability of infection reached 44.9% (22.2%–59.3% CI95%), significantly surpassing the probability of 10.9% (4.9%–31.3% CI95%) displayed by the trees growing in cooler sites. The analysis conducted on precipitation showed that more abundant rainfalls during the months of April      P 4      and July      P 7      significantly boosted the likelihood of infection (p < 0.05), with probabilities   P  r    I = 1       at 80.0% (53.5%–94.3% CI95%) in the rainiest locations (   P 4  > 41.2   mm    and     P 7  > 62.3   mm  ), decreasing to 26.7% (14.8%–41.1% CI95%) in the sites with high precipitation levels in April (   P 4  > 41.2   mm  ) but low rainfalls in July (   P 7  ≤ 62.3   mm  ), and dropping to 9.1% (3.1%–21.0% CI95%) where the two months of April and July were drier (   P 4  ≤ 41.2   mm   and    P 7  ≤ 62.3   mm  ). Consistently, spring rainfalls over 161 mm led to a probability   P  r    I = 1       of 51.4% (25.0%–67.5% CI95%), significantly higher (p = 8.61·10−3) than that achieved when precipitation in spring was under the above threshold (14.5%, 7.5%–34.9% CI95%). A detailed list of the statistics resulting from the ctree models is reported in Table S2.



The probability of infection by H. fraxineus modelled as a function of the variables preselected by the ctrees resulted in 10 binary logistic regression models, including the null model (Table 3). All models, except those fitted on the single variables x and    P 7   , displayed significant    β h    coefficients and likelihood ratio test (p < 0.05). A    β h  < 0   was displayed by the model fitted on elevation el, indicating a negative correlation between altitude and the probability of infection. Conversely, for all the other tested variables, the logistic equations showed positive    β h    coefficients, thereby indicating that an increasing probability of infection by H. fraxineus is expected with increasing values of the predictors. The AIC values ranged from 110.5 for the model that included both    P 4    and    P 7    to 124.2 for the model based uniquely on    P 7   , corresponding to a maximum AICw of 68.2% and a minimum of 0.1%, respectively. The null model scored values of AIC = 123.2 and AICw = 0.1%. The AUC values ranged from a minimum of 0.50 (0.28–0.72 CI95%) for the null model to 0.75 (0.64–0.87 CI95%) for the model that included both    P 4    and    P 7   . Excluding the null model and that based on    P 7   , all the others showed AUC CI95% with bounds higher than the threshold of 0.5. Based on the criteria considering the highest AICw and AUC values, the best performing binary logistic regression model was based on    P 4    and    P 7    (Figure 2). The corresponding equation modelled a probability of infection by H. fraxineus close to 0% for ash trees growing in sites whose    P 4    and    P 7    were approximately around 10 and 40 mm, respectively, which jumped up to 80% when the above values increased to 60 and 80 mm (Figure 2). Instead, all other models based on binary logistic regressions scored worse than the model based on    P 4    and    P 7   , as shown in detail in Table 3.



The association between the probability of infection by H. fraxineus and the aspect (as) of the study site was not significant based on the results of the Mardia–Watson–Wheeler test (p = 0.967) and of the Rao’s homogeneity test (p = 0.807).



All variables of phytopathological, dendrometric, environmental or climatic interest obtained from this study are available in Table S3.




3.3. Spatial Gradients of the Impact of Hymenoschyphus fraxineus


The application of the DirGrad algorithm showed a decreasing spatial gradient of the incidence of H. fraxineus from north to south (N→S), NE→SW (R = ∓0.43, the prevailing direction), E→W, and SE→NW (Figure 3). Although with different magnitudes of R and prevailing directions, the same decreasing spatial gradients with directions NE→SW, E→W were detected for the crown transparency (crtr), percentage of necrotic leaves (pnl), and number of lesions observed at the stem base of the ash trees (nl). Depending on the variable considered, other directions identified by the algorithm included N→S (nl, pnl), SE→NW (crtr, nl), and S→N (crtr) (Figure 3).



A decreasing spatial gradient was detected for the monthly precipitation of April (P4) with directions NE→SW, E→W, SE→NW, and S→N, with SE→NW as the prevailing direction (R = ∓0.53). Instead, the rainfall of July (P7) displayed a different trend with directions N→S, NW→SE, W→E, and SW→NE, with N→S (R = ∓0.62) as the prevailing direction in this case.



The results obtained from the DirGrad algorithm are reported in Table S4.




3.4. Presence and Distribution of Hymenoschyphus albidus


The molecular analyses based on the species-specific qPCR assays did not detect the presence of H. albidus DNA either in the foliar or in wood samples collected from the monitored ash trees.





4. Discussion


Despite the widespread occurrence of Hymenoschyphus fraxineus in Europe, there are still some areas where its presence, abundance, and impact are still largely unknown. The inner-alpine valleys of northwestern Italy are one such areas, and our study reports for the first time H. fraxineus to be present there in over 65% of the investigated forest stand and with an overall incidence of 27%. Although the above values might look mild, especially if compared with reports from other European regions [14,16,17], peaks of incidence of 80% were observed locally. In addition, the severity of the ash dieback symptoms observed was remarkable, attaining averages as high as 47% for the crown transparency, 46% for the leaves displaying necrotic areas on the lamina, and 1.7 for the average number of lesions observed at the stem base. Nonetheless, no mortality was detected among the sampled ash trees, and in one third of the sampling sites the pathogen was not present. Overall, our data may suggest that the local populations of F. excelsior, or at least some genotypes, could be partially tolerant to the disease; the genotypes of the pathogen present in the area display mild virulence; the ecological and/or environmental conditions are not completely favorable to the disease; or the invasion of H. fraxineus in the region is recent. It should be noted that the above hypotheses are not mutually exclusive, and, even though our experimental design cannot confirm or rule out some of them, for others we gathered clues shedding light on the reasons underlying the observed distribution and impact of ash dieback.



Previous studies focused on the population genetics of ash and on the host–pathogen interaction [12,74,75] reported that some genotypes display some tolerance against H. fraxineus, and that such tolerance is particularly pronounced in 1%–5% of the ash trees. This evidence seems to be confirmed by our empirical observations, showing that neighboring trees growing in the same study sites and under the same environmental conditions could be either infected or uninfected and could be characterized by different levels of the severity of symptoms. For instance, none of the site surveyed for the presence of H. fraxineus showed an incidence of the pathogen attaining 100% or, as previously mentioned, appreciable mortality rates. However, our monitoring targeted a large majority of adult ashes, which are probably less likely to die than younger ones [76]. Unfortunately, no information about the population genetics of ash trees in that region is available; hence, the genetic resistance of the host to ash dieback cannot be either confirmed or excluded based on this study. In addition, to assess whether, and to what extent, a genetic host resistance may have exerted a role in the infection and impact patterns of H. fraxineus, comparative inoculation experiments are needed.



The presence of H. fraxineus explains most of the symptom severity observed during the monitoring of ash dieback in the study area, especially in relation to the crown transparency, percentage of necrotic leaves, and number of lesions at the stem base. Nonetheless, a baseline level of the above symptoms was also detected in uninfected trees, probably due to other biotic or abiotic stressors. For instance, it was recently documented that other fungal species belonging to the family of Botryosphaeriaceae, such as Diplodia fraxini (Fr.) Fr. and D. subglobosa A.J.L. Phillips, Deidda & Linald., may determine disease symptoms similar to dieback on F. excelsior [77,78]. Indeed, many species of that family are well known as endophytes or the latent pathogens of woody plants, whose pathogenic switch and aggressiveness on the host may follow the onset of other conditions of general stress due to climatic factors [79]. However, since our study targeted ash dieback associated with H. fraxineus, no other fungal species were screened through isolation or molecular diagnostics, with the only exception being H. albidus.



Recently, studies focused on the impact of climate change in the Alpine district of northwestern Italy have reported an increased aridity and evapotranspiration trend [80], which has been previously associated with the decline of other forest tree species in the area, such as Pinus sylvestris L. Considering the ecology of ash and, in particular, its need for an adequate water supply [81], aridity may have played a role as stressor contributing to the onset of the baseline symptoms observed. Nonetheless, since infected ash trees displayed a level of symptom severity consistently and significantly higher than those uninfected, the role of H. fraxineus as the causal agent of the decline of ash in the area seems of primary importance.



Prioritizing the conservation efforts in areas where H. fraxineus is more unlikely to rise may be a key strategy to perpetuate the presence and to increase the abundance of ash trees. For this reason, quantitative tools unravelling the relation between the presence of the pathogen and the environmental conditions of the forest stands are needed. Overall, our modelling approach allowed us to test and quantify the effects of a wide set of environmental variables on the probability of infection by H. fraxineus on ash. A total of two dendrometric, three geomorphologic, three topographic, and eighty climatic variables were assessed as potential predictors of the risk of infection. Despite this high number of predictors, our modelling is statistically robust and reliable, because it is based on a mixed approach combining unbiased recursive binary partitioning trees and conditional inference with binary logistic regression, while the circular variables were handled with specific standalone techniques [32,47,52,55,56,57,58,64,67].



The lack of correlation between the probability of infection by H. fraxineus and the dendrometric variables (the diameter at breast height and tree height) suggests that the pathogen can affect ash trees of different ages and positions (i.e., dominant or dominated trees). Other studies have reported that the pathogen can infect its host regardless of the tree age in forest stands as well as in plantations or nurseries [14,16,17], although some reports indicate that larger trees could be less affected than smaller ones [35,82].



Among the geomorphological variables, elevation proved to be inversely correlated with the probability of infection by H. fraxineus, with high risk levels in stands at lower altitudes. Remarkably, our models detected ~900 m a.s.l. as the critical threshold of the elevation to discriminate between a high and low risk of infection, which is a value rather close to the limit of 1000 m a.s.l. estimated by Giongo et al. (2017) [26]. Indeed, in agreement with our results, the latter study showed that in the Eastern Alps the impact of ash dieback was substantially higher in those stands whose altitude was lower than the critical threshold. Since elevation is correlated with other environmental variables, and especially with climate (e.g., temperatures and precipitation) [83], it could be argued that a more thorough understanding of the risk of infection could be achieved by testing climatic variables as potential predictors, which was precisely the goal of our modelling approach. Nonetheless, the elevation of the forest stand is a piece of information that is easy to retrieve or measure, while the climatic characterization of sites may be challenging or impractical to conduct.



Our models showed that the most relevant predictors of the probability of infection by H. fraxineus were the precipitation levels of April and July. Higher precipitation levels were positively correlated to a rising likelihood of infection, with a probability reaching a peak of 80% when such precipitation was maximal. These results are consistent with the information reported in other studies [26,28] and in reviews of previous lines of evidence from the available literature [8,36,37,84]. Indeed, more abundant precipitation, especially during the summer, should boost the infection by H. fraxineus. For instance, in France, ash trees growing under moist conditions or in stands located in more humid topographical positions were associated with a higher severity of ash dieback, especially in relation to the abundance of basal lesions [35]. The role of precipitation may be related to the sporulation pattern of the pathogen, potentially influencing not only the production and release of infectious ascospores but also of conidia, whose role in the biological cycle of the pathogen is pivotal and facilitates gene flow between sympatric strains [85]. The amount of H. fraxineus spores released per day has been positively correlated to the leaf surface moisture [86] that is more likely to be maintained in the rainiest locations, rather than in arid sites. Abundant rainfalls might also promote high humidity in the litter, boosting the ability of H. fraxineus mycelium to survive and further colonize ash tissues, especially those which serve as a substrate for the production of apothecia. Remarkably, H. fraxineus can form apothecia on leaf rachises and petioles of ash not only during the year after leaf fall, but also for up to five growing seasons after the leaves have been dropped [87].



The role of temperature on the risk of infection by H. fraxineus is more controversial. While in the Eastern Alps it was reported that high temperatures combined with high precipitation and humidity levels occurring during the growing season could be favorable to H. fraxineus [26], at the European scale the risk of the natural spread of the pathogen has been associated with lower air temperatures [37]. Another study has clearly shown that high summer temperatures hinder the sporulation potential of H. fraxineus [27]. Our models showed that warming maximum temperatures in December might boost the risk of infection by H. fraxineus. Nevertheless, there is no evidence of a relationship between winter temperatures and the biology of H. fraxineus. In the alpine context, this might be a peculiarity or, more likely, an effect of variable collinearity (e.g., with elevation or precipitation), which may arise when dealing with a large amount of complex ecological data.



The modelling of the spatial gradients showed that the incidence of H. fraxineus and the levels of the symptom severity followed a sizeable and consistent spatial pattern, with the highest values located in the NE and E sectors, followed by the N and SE ones. Conversely, the opposite sectors displayed the lowest values. The coefficients provided by the DirGrad algorithm [67] suggest that the provenance of the front of invasion of H. fraxineus was from the bordering Italian region of Piedmont (i.e., from E and SE) and from Switzerland (i.e., from NE and N). The tree models confirmed this result by identifying the NE sector as that displaying the highest probability of infection by H. fraxineus. It should be noted that the front of invasion of H. fraxineus in Italy likely moved from E to W, namely from Friuli (where the pathogen was first reported in 2009) [29] to Piedmont (where the first report was in 2016) [30]. Conversely, in Switzerland the front has been documented to have moved from the northern areas (in 2008) to the southern cantons bordering with the Aosta Valley (in 2013) (see map in [88]). Hence, it can be hypothesized that the front of invasion in the Aosta Valley derives from a combination of the fronts from Piedmont and Switzerland. It should be noted that the windborne infectious ascospores and the related spread of H. fraxineus seem not to have been hindered by topographic barriers [26], and the prevailing wind direction in the Aosta Valley is from E to W [89]. Hence, although H. fraxineus has been present in France since 2008 [35], its introduction from that country seems rather unlikely. While no historical information is available to confirm the spatial progression of the front of invasion in the western Italian Alps, the spatial gradient is unlikely to depend on environmental variables. Indeed, the most relevant predictors of the risk of infection by H. fraxineus, namely, the combined rainfalls of April and July, do not consistently follow the same spatial pattern of the incidence of the pathogen and of the severity of the symptoms. The presence of a spatial gradient of the incidence of H. fraxineus suggests that the invasion process is still ongoing in the Aosta Valley. As a result, the introduction of the pathogen is relatively recent (probably after 2013–2016 based on the data from Gonthier et al. (2016) and Schoebel et al. (2018) [30,88]).



The attempt to test whether a replacement of H. albidus with H. fraxineus has occurred by following the approach reported in Garbelotto et al. (2022) [18] was not conclusive, since H. albidus was never detected in the study area.




5. Conclusions


In conclusion, our study reports for the first time the presence, spatial distribution, and incidence of H. fraxineus in the inner-alpine valleys of northwestern Italy, along with the severity of ash dieback. The modelling approach used in this work shows that rainfalls are the most relevant and significant predictors to quantify the probability of infection by H. fraxineus, which is boosted by increased precipitation in April and July. Other relevant environmental variables included the elevation, maximal temperatures, latitude, and longitude. The different model equations setting out the above probability are provided. Finally, the front of invasion likely moved from Italy and Switzerland, rather than from France, following a main direction from east to west, while the replacement of H. albidus is uncertain.
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Figure 1. Map of the spatial distribution and incidence of Hymenoscyphus fraxineus in the inner-alpine valleys of northwestern Italy. For site acronyms, see Table 1. 
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Figure 2. Binary logistic regression modelling the probability of infection by Hymenoscyphus fraxineus as a function of the cumulated precipitation of the months of April      P 4      and July      P 7      (in mm). The probability is indicated on the y-axis and it is expressed as a number in the interval [0–1]. The level of precipitation    P 4    is reported on the x-axis (in mm) as a continuous variable, while    P 7     is categorized in five classes from 40 to 80 mm, corresponding to distinct curves. 
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Figure 3. Windrose directional graph of the descending spatial gradients resulting from the incidence and impact of Hymenoscyphus fraxineus on ash trees in the inner-alpine valleys of northwestern Italy. Directions marked with dots display values of the associated variable higher than those detected in the opposite direction. Variable acronyms are defined as follows: incidence of H. fraxineus (inc), ash crown transparency (crtr), number of lesions observed at the stem base (nl), and percentage of leaves displaying necrotic areas on the lamina (pnl). 
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Table 1. Study sites monitored for ash dieback. For each site, the code, location, municipality, geographic, and geomorphologic details are reported along with the corresponding dendrometric characteristics and the abundance of the ash trees. The acronyms are specified in the footnotes.
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	Site Code
	Location (Municipality)
	x 1
	y 2
	el  3
	sect  4
	sl  5
	as  6
	dbh  7
	h  8
	ab  9





	A
	Entreves (Courmayeur)
	341,316
	5,075,640
	1307
	H
	16.8
	211
	15.9 (6.2)
	10.8 (4.0)
	20



	B
	Chabodey (La Salle)
	349,002
	5,066,317
	1192
	H
	43.0
	52
	6.0 (2.1)
	9.1 (2.5)
	15



	C
	Lenteney (La Salle)
	350,448
	5,065,962
	851
	H
	0.5
	45
	12.8 (11.7)
	12.6 (8.7)
	10



	D
	Valsavarenche (Valsavarenche)
	359,759
	5,055,843
	1239
	H
	36.4
	261
	8.7 (2.5)
	8.8 (2.6)
	15



	E
	Buillet (Introd)
	358,546
	5,060,513
	979
	H
	97.3
	334
	12.0 (2.2)
	12.2 (2.8)
	10



	F
	Courmayeur (Courmayeur)
	341,788
	5,074,415
	1246
	H
	39.1
	95
	6.4 (2.1)
	7.7 (1.3)
	10



	G
	Verrand (Pré-Saint-Didier)
	342,429
	5,071,661
	1189
	H
	40.0
	211
	10.9 (4.1)
	12.1 (3.6)
	35



	H
	Elevaz (Pré-Saint-Didier)
	341,679
	5,067,384
	1273
	H
	65.8
	141
	10.7 (8.5)
	9.7 (6.3)
	25



	I
	Fenêtre (La Salle)
	351,287
	5,066,944
	1117
	H
	73.6
	149
	12.9 (6.2)
	11.7 (2.7)
	35



	L
	Derby (La Salle)
	351,324
	5,065,019
	847
	H
	35.3
	52
	13.2 (7.6)
	10.9 (4.4)
	10



	M
	Croix Blanche (Villeneuve)
	359,789
	5,061,355
	886
	H
	37.0
	304
	6.9 (1.4)
	8.2 (1.5)
	5



	N
	Chessin (Antey-Saint-André)
	390,441
	5,070,429
	785
	L
	13.0
	129
	14.8 (6.1)
	11.6 (3.3)
	15



	O
	Arbaz (Challand-Saint-Anselme)
	401,107
	5,063,836
	1380
	L
	72.5
	118
	9.1 (5.8)
	7.0 (1.9)
	15



	P
	Bois de Cretes (Challand-Saint-Anselme)
	402,035
	5,061,547
	900
	L
	18.4
	334
	17.5 (5.2)
	19.4 (4.0)
	85



	Q
	Grand Brissogne (Brissogne)
	375,765
	5,063,852
	1122
	M
	44.7
	70
	11.2 (7.2)
	10.0 (3.9)
	10



	R
	Pied de Ville (Valpelline)
	373,024
	5,076,999
	1089
	M
	53.7
	348
	11.2 (5.4)
	6.1 (1.9)
	5



	S
	Étroubles (Étroubles)
	362,853
	5,075,438
	1280
	M
	27.1
	183
	10.3 (7.2)
	6.4 (2.1)
	15



	T
	Rean (Saint-Marcel)
	380,784
	5,065,119
	836
	M
	3.3
	302
	20.4 (12.5)
	17.4 (5.0)
	10



	U
	La Fabbrica (Valpelline)
	369,490
	5,075,094
	895
	M
	46.2
	307
	6.8 (2.2)
	9.0 (2.0)
	10



	V
	Pont (Saint-Rémy-en-Bosses)
	358,069
	5,075,298
	1483
	M
	20.7
	319
	22.7 (12.4)
	17.0 (4.9)
	20







1 longitude (m, UTM WGS84 zone 32 N); 2 latitude (m, UTM WGS84 zone 32 N); 3 elevation (m a.s.l); 4 sector of the Aosta Valley (H: high, M: medium, L: low); 5 slope (°); 6 aspect (azimuth, °); 7 average diameter at breast height (cm) of the ash trees with corresponding standard deviation in brackets; (°); 8 average tree height (m) of the ash with corresponding standard deviation; and 9 ash abundance (%).













 





Table 2. Species specific primers and probes used for the qPCR analyses for the specific detection of Hymenoscyphus fraxineus and H. albidus.
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	Primer/Probe

Name
	Sequence (5′-3′)
	References





	Cf-F
	CCCTTGTGTATATTATATTGTTGCTTTAGC
	[49]



	Cf-R
	GGGTCCTCTAGCAGGCACAGT
	[49]



	Cf-S
	6FAM-TCTGGGCGTCGGCCTCGG-BHQ1
	[49]



	Halb-F
	TATATTGTTGCTTTAGCAGGTCGC
	[50]



	Halb-R
	ATCCTCTAGCAGGCACGGTC
	[50]



	Halb-P
	HEX-CCGGGGCGTTGGCCTCG-BHQ2
	[50]










 





Table 3. Binary logistic regressions modelling the probability of infection by Hymenoscyphus fraxineus. For each input variable (see main text for acronyms definition), the associated    β h    coefficient is reported along with its Wald test p-value (p), except for the null model for which no input variables are included. Asterisks next to the    β h    mark significant values (p < 0.05). The models’ intercept    β 0     and corresponding p-value are reported as well. The outcomes of the likelihood ratio test are indicated as a p-value in the column LRT, with the Akaike Information Criterion and weight (in %) being shown under the heading AIC and AICw, respectively. The area under the relative operating characteristic curve (AUC) and its cross-validated 95% confidence interval are included. The last column reports the ordinal score ranking the overall model performance from 1 (best performance) to 10 (worst performance).
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	Input Variable
	βh(P)
	β0(P)
	LRT
	AIC
	AICW
	AUC (CI95%)
	Score





	P4, P7
	    β   P 4   *  = 7.516   ·     10   − 2     

     P = 3.12   ·     10   − 4       

    β   P 7   *  = 5.315   ·     10   − 2     

     P = 1.48   ·     10   − 2       
	    β 0  = − 7.478   

     P = 1.07   ·     10   − 4       
	   P = 2.37   ·     10   − 4     
	110.46
	68.2%
	0.75 (0.64–0.87)
	1



	x, y
	    β x *  = 3.355   ·     10   − 5     

     P = 1.04   ·     10   − 2       

    β y *  = 1.307   ·     10   − 4     

     P = 3.53   ·     10   − 3       
	    β 0  = − 6.759   ·     10  2    

     P = 3.17   ·     10   − 3       
	   P = 1.65   ·     10   − 3     
	114.35
	9.8%
	0.71 (0.59–0.84)
	2



	Psp
	    β   P  s p    *  = 2.762   ·     10   − 2     

     P = 3.41   ·     10   − 3       
	    β 0  = − 5.301   

     P = 5.38   ·     10   − 4       
	   P = 1.23   ·     10   − 3     
	114.71
	8.2%
	0.71 (0.59–0.82)
	3



	P4
	    β   P 4   *  = 5.988   ·     10   − 2     

     P = 5.72   ·     10   − 3       
	    β 0  = − 3.648   

     P = 4.44   ·     10   − 4       
	   P = 1.44   ·     10   − 3     
	115
	7.1%
	0.70 (0.59–0.81)
	4



	   T m a  x  12     
	    β  T m a  x  12    *  = 2.815   ·     10   − 1     

     P = 4.41   ·     10   − 3       
	    β 0  = − 2.210   

     P = 2.13   ·     10   − 5       
	   P = 2.27   ·     10   − 3     
	115.84
	4.6%
	0.69 (0.58–0.80)
	5



	y
	    β y *  = 9.546   ·     10   − 5     

     P = 1.73   ·     10   − 2       
	    β 0  = − 4.848   ·     10  2    

     P = 1.71   ·     10   − 2       
	   P = 1.39   ·     10   − 2     
	119.11
	0.9%
	0.64 (0.51–0.76)
	6



	el
	    β  e l  *  = − 2.794   ·     10   − 3     

     P = 1.92   ·     10   − 2       
	    β 0  = 1.993   

     P = 1.16   ·     10   − 1       
	   P = 1.53   ·     10   − 2     
	119.28
	0.8%
	0.64 (0.51–0.76)
	7



	x
	    β x  = 2.124   ·     10   − 5     

     P = 7.40   ·     10   − 2       
	    β 0  = − 8.754   

     P = 4.49   ·     10   − 2       
	   P = 7.33   ·     10   − 2     
	121.95
	0.2%
	0.64 (0.53–0.76)
	8



	P7
	    β   P 7    = 1.539   ·     10   − 2     

     P = 3.36   ·     10   − 1       
	    β 0  = − 1.925   

     P = 5.37   ·     10   − 2       
	   P = 3.35   ·     10   − 1     
	124.23
	0.1%
	0.57 (0.44–0.69)
	9



	-

(null model)
	-
	    β 0  = 9.985   ·     10   − 1     

     P = 6.28   ·     10   − 6       
	-
	123.16
	0.1%
	0.50 (0.28–0.72)
	10
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