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Since the 1990s the invasive fungus Hymenoscyphus fraxineus has been threatening
European ash (Fraxinus excelsior), a tree species with high ecological and economic
importance. This pathogen is causing severe crown dieback, leading to high mortality
rates across Europe and is present in Switzerland since 2008. In this study, we provide a
comprehensive overview of the temporal evolution of crown damage and mortality rates
in Switzerland over the 2009-2019 period. Harnessing the power of the annualized
design of the Swiss national forest inventory (NFI), we show that annual mortality rates
(AMRs) of ash increased significantly since the arrival of the fungus, with stronger effects
in small trees [<26 cm diameter at breast height (DBH)]. Mortality modeling confirmed
a size and growth-rate dependent mortality probability (MP). It also revealed that stands
with higher humidity — either through higher mean annual precipitation or more humid
soil conditions — showed also increased MP. Decreasing host abundance with increasing
elevation was also associated with lower MP. Special ash surveys performed over the
last 10 years still show a large percentage of ash trees with very low defoliation. This
gives hope to finding possible tolerant or resistant trees for (inter-)national breeding
programs. In the mean-time our results reinforce previously published management
guidelines to promote not only healthy big trees, but also healthy and fast-growing young
trees in more open stands for long-term conservation of ash in Europe.

Keywords: Hymenoscyphus fraxineus, mortality, defoliation, national forest inventory, mortality model, tree health
assessment, invasive pathogen, European ash

INTRODUCTION

Invasive species represent an increasing challenge for forest and tree health globally (Holmes et al.,
2009; Moser et al., 2009; Pysek and Richardson, 2010; Trumbore et al., 2015). Moreover, some
invasive pathogens can lead to near extinction of tree species and threaten whole ecosystems and
their functioning (Pautasso et al., 2015). A prominent example is Ash dieback (ADB) in Europe.
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ADB is caused by the ascomycete Hymenoscyphus fraxineus
(Baral et al., 2014) native to Eastern Asia (NE China, Korea, and
Japan). First symptoms resembling late frost were observed in
the early 1990s in north-eastern Poland and Lithuania (Kowalski
and Lukomska, 2005; Cleary et al., 2016; Gil et al., 2017). Since
then the disease has spread fast (around 75 km/year) and is
now threatening European ash (Fraxinus excelsior) populations
throughout Europe (Gross et al., 2014). The wind-dispersed
pathogen spreads through ascospores, formed on old rachises of
ash in the litter, that infect leaves in summer and cause necrotic
lesions that lead to early leaf wilting (Gross et al., 2014). The
fungus may further spread to the xylem through the petiole-
shoot junction leading to dieback of shoots and twigs (Hanackova
et al., 2017). Repeated annual infections disrupt nutrient and
water transport and lead to gradual crown dieback and ultimately
the tree’s death.

Besides its high cultural and economic values (Boshier et al.,
2005; Pautasso et al., 2013) ash also is considered a keystone
species for biodiversity providing critical habitat for many species
(Mitchell et al., 2014; Rigling et al., 2016). Ash is a tree species
phylogenetically distinct from most central European tree genera
and thus characterized by a distinct and highly specialized
community of associated organisms [30% of all phytophagous
insect and mite species are host specialists (Brindle and Brandl,
2001)]. As a consequence many associated species face a high
risk of extinction when ash trees disappear from the European
landscape (McKinney et al., 2012; Hultberg et al., 2020).

It has become evident that small trees and slow-growing
trees are more vulnerable to crown dieback and subsequent
mortality than big and fast-growing trees (Marcais et al., 2017;
Enderle et al., 2018; Enderle, 2019; Klesse et al., 2020). Recent
research has also shown that low host abundance and less-
humid microclimatic conditions negatively influence the spread
and severity of the disease (Grosdidier et al, 2020). Indeed,
ash trees in hedges or in forests with open canopies tend to
have a microclimate with higher crown temperatures and lower
humidity unfavorable to fungal spore germination and growth
(Bakys et al., 2013; Hauptman et al., 2013; Margais et al., 2016;
Grosdidier et al., 2018, 2020). This is in line with findings that
dieback symptoms are less severe in drier and warmer compared
to more humid and cooler forest stands (Chira et al., 2017;
Davydenko and Meshkova, 2017; Ghelardini et al., 2017; Heinze
et al,, 2017). Despite the general high impact of the pathogen on
ash trees, several studies have shown that a small percentage of
trees without or with only low levels of crown dieback exist even
in the neighborhood of highly affected trees (Lenz et al., 2016;
Hopf, 2019; Klesse et al., 2020; Menkis et al., 2020).

In Switzerland, F. excelsior is the third most abundant
broadleaf tree species (4.4% of total stem number) and constitutes
3.8% of standing tree volume [second highest volume among
broadleaf tree species, Brindli et al. (2020)]. Young trees and
saplings [ <12 cm diameter at breast height (DBH)] even account
for 22.5% of the stem count in forest regeneration plots. However,
the percentage of damaged ash regeneration area has increased
from 1% (2004-2006) to 14% (2009-2017) and is even higher
in the tree class with >1.3 m height (30%; Brandli et al., 2020).
This increase in damaged regeneration is mainly attributed to

H. fraxineus, first observed in 2008 (Engesser et al., 2009) in
the northern regions of Switzerland and ubiquitous since 2015.
Several systematic and targeted forest monitoring programs have
additionally tracked the disease development over time and
space, also under the aspect of finding ash trees tolerant or even
resistant to the fungus for future reforestation purposes (Hopf,
2019; Queloz and Gossner, 2019). In this study we harness the
power of the systematic and continuous inventory design of
the Swiss national forest inventory (NFI) to make an unbiased
and representative assessment of the current situation of ADB
in Switzerland. A continuous or rotating NFI enables a cost-
effective and more frequent production of representative reports
on the state of forests (Schreuder et al., 1999; Fischer and
Traub, 2019). In a continuous inventory data of permanent plots
are not collected periodically every 10 years but each year a
sub-grid covering the entire country is visited, completing the
inventory after n years, where 1/n is the size of the sub-grid. We
supplement the NFI dataset with data from specific and non-
specific (ash) monitoring programs in Switzerland. Specifically,
we were interested in answering the following questions: (1) How
did the annual mortality rates develop since 2008? (2) Which tree
characteristics and landscape features determine the probability
of mortality? (3) Do the data reveal possibilities for the F. excelsior
population to overcome or recover from ADB?

MATERIALS AND METHODS

Monitoring Data

We used data from four different long-term monitoring
programs: (1) The Swiss NFI, (2) targeted regional ash surveys
of the Institute for Applied Plant Biology (IAP), (3) the targeted
ash survey of the Swiss Federal Research Institute WSL, and (4)
the Swiss long-term forest ecosystem research program LWF.

1. The NFI is conducted on a regular sampling grid in
Switzerland (Fischer and Traub, 2019). It started in 1983
with a periodical design and changed in 2009 to a continuous
forest inventory in which sampling takes place on a sub-
grid each year, completing the full grid within 9 years. The
permanent sample plots consist of two concentric circles
covering an area of 200 and 500 m?, respectively, in which
each tally tree with a minimum DBH of >12 ¢cm (>36 cm in
the outer circle) is measured. This allows reconstructing each
tally tree’s history since its first measurement. The fourth
NFI was conducted from 2009 to 2017, directly followed
by the first 2 years of the fifth inventory in 2018 and 2019,
revisiting plots from 2009 and 2010. Since 2009, 661 unique
plots had at least one ash tree tallied (median: 2, maximum:
13). Examined plots with ash per year ranged from 43 to
103, and surveyed ash trees ranged from 88 to 257, totaling
1,583 unique trees. The median DBH of surveyed ash trees
in the third NFI before the arrival of the fungus (2004-
2006) was 26 cm. The observed forest types predominantly
belong to the rather wet Alno-Fraxinion group (Keller et al.,
1998) in the lower elevations of Switzerland (Supplementary
Figure 1) with mean annual temperatures around 8.9°C
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[interquartile range (IQR): 7.9-9.5°C] and mean annual
precipitation sums of 1,240 mm (IQR: 1,140-1,420 mm).
True to the concept of the annualized inventory design,
we did not detect systematic differences in tree size,
elevation, or forest type between the individual years the
inventories were conducted.

2. In 2013 and 2014, 22 European ash dominated stands in
north-west Switzerland (across an area of ~2,500 km?) were
selected for observation from the IAP (Queloz et al., 2017;
Hopf, 2019). At the time of selection, the disease was fully
established throughout the region. In these stands, between
six and ten apparently healthy trees belonging to (co-)
dominant social classes were selected and visually inspected
for crown transparency and disease intensity each year at the
end of August. Altogether, the IAP monitored 205 trees. The
median DBH at the beginning of the survey was 40 cm. Due
to the low number of trees per plot this survey — covering
a rather homogeneous geographic region - was analyzed as
one population in the subsequent analysis.

3. In 2011, the Swiss Federal Research Institute WSL installed
three monitoring plots with varying sizes south of Ziirich
in ash dominated stands surveying each year 60, 104, and
40 trees, respectively (Klesse et al., 2020). Median DBH
of the annually monitored trees in 2011 were 18, 20, and
43 cm, respectively.

4. We further included one site belonging to the Swiss long-
term forest ecosystem research program LWEF (Etzold et al,,
2014; Eichhorn et al,, 2016), which is also part of the
European long-term ecosystem research (LTER) and ICP-
forests monitoring programs. Switzerland maintains 19 sites
that are regularly monitored, but only one site (site name:
Schinis, size: 2 ha), located in north-eastern Switzerland, had
enough ash trees (n = 83, median DBH in 2010: 53 cm) to be
included in this analysis.

Observed Mortality and Crown Damage
Based on individual tree data, annual mortality rate (AMR) was
calculated for each of the four data sources and each inventory

end year as:
Nt o
t
AMR = (1—((“) ))*100,
No

where Ny and Na; are the numbers of living trees at the
beginning and end of the interval, respectively, and At is the
inventory interval length in years (Sheil and May, 1996). Due
to the switch from periodic to annualized inventory design in
the NFI, subsets with different Ny and thus different lengths
At were first calculated separately and then combined with a
weighted average according to the abundance of observations in
each subset. To detect whether mortality rates since the arrival of
the pathogen are different from before, we established a baseline
AMR with the periodic NFI inventories ending before 2008.
Therefore, and because each inventory year 2009-2017 consists
of different trees, bootstrap resampling with 1,000 iterations and
133 draws with replacement (representing the lowest number of
individuals in the inventory of 2009) was applied to estimate

uncertainties (IQR and 2.5th and 97.5th percentile) of the
mortality estimates. We also calculated AMR and associated
uncertainties for all non-ash trees in the investigated NFI plots
and repeated this analysis for small (<26 cm DBH) and big
trees, separately. In these instances, resampling was performed
with 72 and 61 samples, respectively. We did not resample the
data of the other three data sources, because they consist of the
same trees in each inventory year. Please note that mortality rate
values for a given year in the NFI and LWF relate not to actual
mortality rate in that year, but to integrated AMR of the entire
inventory interval. Whereas, AMR in the targeted surveys (IAP
and WSL plots) can be readily interpreted as trees that died in
the survey year.

Concerning crown damage, we investigated the percentage
of trees with considerable crown loss (>50% defoliation) in the
inventory year. For the NFI data we applied the same uncertainty
analysis as above. We also subdivided the actual targeted annually
monitored trees into those with crown defoliation greater than
50% to enable comparison with the pseudo-annual NFI crown
loss time series. Additionally, for the non-NFI surveys we also
calculated the percentage of trees that showed little crown dieback
symptoms, i.e., <25% defoliation. This information is unavailable
for the NFI plots.

Modeled Mortality Probability

We applied generalized logistic regression (Hosmer et al., 2013)
to model mortality probability (MP) based on the NFI data
collected from 2009 to 2019, i.e., including only observations
since the arrival of the fungus in Switzerland. The MP p of tree
iin plotj at time k was defined as:

logit (piji) = log(lﬁi’;f'k) = BX + log(At)
ij,

where B X represents a linear combination of parameters f to
be estimated and explanatory variables X and At is a vector
with the inventory interval lengths #; j ¢ - f; ; x—1. This parameter
is included as an offset, i.e,, an independent variable whose
parameter is fixed to 1, acting as a composite interest rate upon
the annual MP (Fortin et al., 2008). Because the number of
observations per plot j at time k is very small (<2 in 64% of all
plots), we did not apply a mixed-effects model.

We used tree-, stand-, and forest district-specific variables
to model MP. Tree-specific variables included DBH at the
beginning of the inventory period (DBH, log-transformed) and
relative annual basal area increment (relBAI). relBAI (Bigler
and Bugmann, 2004) was calculated for the inventory period
preceding the period of interest as

1
relBAI,;j,k = (M "
BA;jj k-2
with BA; j being the basal area of tree i in plot j and At denoting
the number of vegetation periods between observations, i.e., the
inventory interval length between time k — 1 and k — 2. Negative
increments were reset to zero. We applied a modified logl0
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transformation based on the common logarithm that is applicable
even to the few observations where relBAI = 0 (Stahel, 2019).

Stand-specific variables (as provided by the NFI) included
elevation, slope steepness, slope curvature, stand density related
variables such as standing basal area and basal area of larger trees,
number of growing season periods between two consecutive
inventories, forest type, and climate. We created a binary variable
based on the forest type classification of Keller et al. (1998)
to distinguish between wet and not-wet forest types. Mean
annual precipitation totals and mean annual temperature were
extracted from gridded and downscaled meteorological data from
MeteoSwiss with a resolution of 1 km (MeteoSwiss, 2021).

Based on feedback of country-wide surveys and laboratory
confirmed cases we determined the first year of observation of
the fungus within a given forest district. For each forest district
this year of first observation was subtracted from the year of
the actual inventory to create a variable of fungal presence time
(TIMESINCE). If the inventory pre-dated the first observation of
the fungus, this variable was set to —1.

Model selection based on the Bayesian information criterion
(BIC) was performed in R (R Core Team, 2018, R Version 3.5.2)
using the dredge function in the MuMIn package (Barton, 2018),
and included all possible two-way interactions. The final model
structure was then applied to NFI data prior to 2008 to compare
how factors influencing MP have changed with the new disease.

RESULTS

Observed Crown Defoliation

We found a significant step increase in the percentage of NFI ash
trees with >50% crown loss in 2014 from near 0-8% and another
step increase to 22% in 2019 (p < 0.001, Figure 1). Because the
different inventories 2009-2017 do not consist of the same trees,
and the response variable is binary (>50% crown loss, yes or no)
and does not account for previous crown defoliation (e.g., 5, 25,
or 45%), we caution against over-interpreting these step changes.
No increase in crown damage was observed in non-ash trees at
the same plots, staying <1% in all eleven inventory years. We
did not find such a step increase in the other surveys, where the
percentage of alive trees with >50% crown defoliation increased
only slightly over time (Figure 2A). However, we found large
differences in absolute values between surveys, ranging from 1%
in 2019 in the IAP survey, specifically targeting initially resistant
trees, to 17 and 33% in the two WSL plots with the smallest
average DBH (RAM and LW1) in more vulnerable stands. In both
the LWF and IAP survey more than 80% of the trees in 2019
(notal = 75 and 189, respectively) had still very healthy crowns
with less equal or less than 25% defoliation (Figure 2B).

Observed Mortality

We found a strong increase in AMR since 2009 (Figure 3A) in
the NFI data. In the beginning of the investigated period AMR
averaged at 0.3% and was indistinguishable from AMR before the
arrival of the fungus. Since 2014, AMR was significantly higher
than observed background mortality rates and reached 1.4% in
the 2019 survey. AMR for small ash trees started around 0.4%

and reached 2.0% in 2019 and was notably higher than those of
big ash trees (0.2-0.9%, Figures 3B,C). No trend was observed
in AMR of non-ash trees, which stayed rather constant at 0.7%.
A constant AMR was also observed for the four most abundant
co-occurring species Picea abies, Fagus sylvatica, Abies alba, and
Acer pseudoplatanus, separately (Supplementary Figure 2).

Annual mortality rate was very low in the IAP survey and
averaged 0.9% (range 0-2.6%, Figure 2C). Putting this number
(which is based on the 2013-2019 period) into context of 9 years
(NFI 2010-2019) would return an AMR of 0.6% (by adding
3 years with zero mortality in the beginning). The 11 trees
that died in the IAP survey also had a much smaller DBH
(median: 27 c¢m; range: 12-45 cm) compared to the population
average of 40 cm. Only in 2019 the first two trees belonging to
the lowest quartile in DBH died in the LW2 plot. In contrast,
AMR in RAM and LW1 were considerably higher, resulting
in very high cumulative mortality in 2019 of 72 and 35%,
respectively (Figure 2D).

Modeled MP in Relation to
Environmental Factors and Time of

Pathogen Arrival

We found a clear size and growth rate-dependent MP in both
investigated periods (pre-ADB, with ADB) with very similar log-
odds ratios (Table 1 and Figure 4). Small trees and relatively
slow-growing trees had a much higher MP. In both periods,
steeper slopes had a significant positive effect on MP. However, in
wet forest types slope steepness did not influence MP. Since the
arrival of the invasive fungus MP was 85% higher in wet forest
types compared to normal and dry forest types. In areas with
higher mean annual precipitation MP also increased, whereas in
higher elevation stands MP was reduced. Both factors did not
influence MP before the arrival of the fungus. Time since first
observation had a significant positive effect on MP.

Compared to the time before the arrival of the fungus MP for
small (<20 cm DBH) and slow-growing trees (relBAI < 2%) has
drastically increased and was up to 55% higher in 2019, whereas
MP was relatively unchanged (4+4%) for big (>50 cm DBH) and
fast-growing trees (>3% relBAI, Figure 3).

DISCUSSION

In this study, we provided a comprehensive overview of crown
damage and mortality rates of ash trees in Switzerland over the
past 11 years. For the first time we provide a national-wide and
geographically unbiased assessment of mortality rates before and
after the arrival of H. fraxineus harnessing the power of the
annualized design of the Swiss NFI. We showed that AMRs of
F. excelsior are at unprecedented levels compared to observations
before the arrival of the pathogen and have disproportionally
increased in small and slow-growing trees. Further, our analyses
confirm previous observations that mortality elevated in stands
with humid microclimatic conditions and high abundance of
ash trees. At the same time, we showed that in many stands
there are still healthy trees seemingly tolerant to the disease.
In the following, we discuss our results in the context of
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FIGURE 1 | (A) Observed percentage of ash (solid black line) and non-ash trees (blue line) with >50% crown loss based on data from the National Forest Inventory.
The dashed black line denotes the “background” percentage of Fraxinus excelsior with >50% crown loss before the arrival of the fungus. The shadings around the
solid lines show the interquartile range (dark) and 95% confidence interval (light) after 1,000 iterations of resampling with replacement. Panels (B,C) show the same
information for big (=26 cm DBH) and small trees (<26 cm DBH), respectively. Please note only the data pairs 2009/2018 and 2010/2019 comprise the same trees

other systematic (non-targeted) forest inventory and targeted
monitoring literature and provide an outlook for F. excelsior
conservation in Europe.

Modeled and Observed MP

The growth rate and size-dependent MP of F. excelsior found in
the NFI (Figure 3) matches that of F. excelsior in forest reserves in
Switzerland (Wunder et al., 2008; Hiilsmann et al., 2017), Poland
(Wunder et al., 2008), and Denmark (Wolf et al., 2004). For
Swiss forest reserves, Hiilsmann et al. (2016) reported a 2.2%
background mortality. The higher value in the forest reserves
compared to our reported background mortality of 0.3% in the
NFI plots can be explained by the much smaller DBH threshold
(4 cm compared to 12 cm in the NFI) and the smaller mean DBH
(18.7 cm compared to 26.6 cm in the NFI). A size-dependent
(reverse-] shaped) mortality pattern of ash was also observed in
Germany (Holzwarth et al., 2013), Norway (Diaz-Yanez et al,
2020), and Lithuania (Ozolincius et al., 2005).

Similar to our findings ash mortality dramatically increased
over time in the Norwegian NFI (Diaz-Yanez et al., 2020), where
mortality almost tripled in trees with the smallest diameters
(5-15 cm) since the arrival of H. fraxineus. However, given
that the Swiss NFI's sampling threshold is 12 cm, the five-
fold increase (0.4-2%) in small trees in Switzerland appears
even more severe. Our targeted surveys support the mortality
model showing strongest increases in mortality in the plots with
the smallest trees. Other ash surveys in Europe also revealed
increases in ash mortality with increased time since exposure
to the fungus, with strongest effects in small trees and saplings,
posing challenges for natural forest regeneration (Margais et al.,
2017; Vasaitis and Enderle, 2017; Coker et al., 2019). The

disproportional increase in MP of small and slow-growing trees
since the arrival of the fungus was hypothesized to be caused
by a lack of non-structural carbohydrates (NSC) in these trees
(Klesse et al., 2020). A lack of NSCs would lead to lower turgor
pressure and smaller earlywood vessels responsible for efficient
water transport, reducing photosynthetic rates, the production
of defenses, and tree vigor. Nevertheless, our model also showed
that MP is still comparatively low in fast-growing small trees
(Figure 4). This suggests that not only large healthy trees, but also
smaller trees that do not yet show large crown damages should be
promoted (Chandelier et al., 2017).

By comparing AMRs and crown damage of ash to that of
non-ash trees in the same plots we could show how unusual
the increase in mortality and crown damage of ash is. Because
of the wide ecological amplitude of F. excelsior (Schliiter, 1967;
Keller et al., 1998), its ability to grow on very dry to wet soils,
its high drought tolerance (Scherrer et al., 2011; Brinkmann
etal., 2016), its climate-growth responses similar to co-occurring
species (Cufar et al., 2008; Roibu et al., 2020), and its general
wind resistant build-up, we can rule out abiotic factors (such
as climate and storm damage) as main factor driving increased
mortality. These factors would have likely affected other tree
species as well (Figures 1, 3). A similar comparative approach
was used in Diaz-Yanez et al. (2020) using the Norwegian
forest inventory. They also showed that the most common
co-occurring species spruce, alder, and birch had the same
size-dependent mortality rates in the latest inventory interval
compared to the two intervals before. Thus, the observed
increases in crown damage and mortality rate since 2008 in
Switzerland can be most certainly exclusively attributed to the
presence of H. fraxineus.
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FIGURE 2 | (A) Observed percentage of ash trees with >50% crown loss and (B) <25% crown loss in the targeted monitoring plots. Numbers in brackets denote
the median DBH of monitored trees in the first year of the respective survey. Panel (C) shows annual mortality rate and (D) the cumulative mortality of the monitored
trees. In panel (C) data from LWF was excluded, because the monitoring interval was not annual [see circles in panel (A) for actual years of survey]. RAM, LW1, and
LW2 are the monitoring plots of the WSL survey.

One of the strongest predictors for MP was the time since
the arrival of the fungus in the respective forest district. Even
though this variable is a rather coarse estimate for the actual
arrival within the permanent sample plot, the significance of
the predictor that varied in values from —1 to 11 showed
the importance of exposure time in disease severity affecting
mortality. The absence of significance of a negative quadratic
term of exposure time (TIMESINCE) shows that the disease has
not yet reached peak mortality rates, i.e., there is no statistical
support for a flattening or even decrease in mortality rates after
10 years of exposure. The continuous design of the Swiss NFI is
well positioned to keep track of mortality rates and as such disease
severity of ADB (but also any other species-specific damaging
agent) on a national level. It would thus be interesting to compare
ash mortality rates of the Swiss NFI with other systematic
European national forest inventories. Yet, to our knowledge, no
such data have been published so far (but see Diaz-Yafiez et al.,
2020, for Norway).

Landscape Features Influencing MP

Our mortality model identified three distinct landscape
characteristics positively affecting ADB that have been previously
identified in other parts in Europe (Table 1). We found elevated
MP in places with higher mean annual precipitation and in
wet forest types predominantly belonging to the Alno-Fraxinion

group (Keller et al., 1998). These two factors underscore the effect
of humid microclimatic conditions favoring fungal sporulation
and infection success (Marcais et al., 2016; Enderle et al., 2018).
Despite its large ecological amplitude ash only dominates forests
of the Alno-Fraxinion group that are considered too wet for
F. sylvatica, its main competitor (Professur fiir Waldbau und
Professur fiir Forstschutz and Dendrologie der ETH Ziirich,
1995). This supports previous findings that ash abundance
plays also a critical role in the manifestation of disease severity,
through increased pathogen infection pressure (Grosdidier
et al., 2020). Elevation was found to negatively affect MP,
which seems counter-intuitive if elevation is interpreted as
a climate proxy. Elevation positively correlates with mean
annual precipitation (r = 0.47, p < 0.001) thereby increasing
humidity. Warmer maximum summer temperatures at lower
elevation have been shown to be unfavorable or even lethal
for the fungus (Hauptman et al, 2013; Grosdidier et al,
2018). We also would rule out elevation effects due to the
cold tolerance of H. fraxineus, because it has been found to
be very resistant to frost (Gross et al., 2014). Therefore, we
interpret the negative effect of elevation on MP primarily as
the consequence of lower ash abundance and as such lower
pathogen infection pressure in higher regions (Supplementary
Figure 1). The positive effect of slope steepness on MP in
non-wet forest types — already observed before the arrival of
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FIGURE 3 | (A) Observed annual mortality rate of ash (solid black line) and non-ash trees (blue line) based on data from the National Forest Inventory. The dashed
black line denotes the annual “background” mortality rate before the arrival of the fungus. The shading around the solid lines shows the interquartile range and 95%
confidence interval after 1,000 iterations of resampling with replacement. Panels (B,C) show the same information for big (=26 cm DBH) and small trees (< 26 cm

TABLE 1 | Parameters of generalized linear model of mortality probability (MP)
based on data of the NFI.

2009-2019 <2008
Predictors Log-odds SE P Log-odds SE P
Intercept —6.70 0.29 <0.001 —6.13 0.25 <0.001
Log(DBH) —0.65 0.11  <0.001 —0.60 0.17  0.001
Log(relBAl) -0.75 0.09 <0.001 —0.76 0.13 <0.001
Slope 0.62 0.13 <0.001 0.45 0.18  0.020
Wetness 0.62 0.27  0.023 0.20 0.39 0.604
MAP 0.50 0.12 <0.001 —0.05 0.17  0.936
Elevation —0.64 0.13 <0.001 —-0.18 017 0.218
TIMESINCE 0.20 0.04 <0.001
Slope x wetness -0.67 0.23  0.004 -0.24 0.34 0.522
Observations 1,885 1,323
In both models all variables except TIMESINCE (time of arrival = 0, time

step = 1) were normalized using mean and variance of the 2009-2018 model.
DBH = diameter at breast height, MAP = mean annual precipitation, relBAl = relative
annual basal area increment, TIMESINCE = observation year minus year of first
fungal presence in forest district. Mean DBH is 30.3 cm, and mean relBAl is 2.97%.
Bold-faced numbers indicate significance at p < 0.05.

H. fraxineus — could be interpreted as generally increased ash
mortality at very dry sites.

Probability of Ash Tolerance Against the
Pathogen

Besides the increased mortality rates over the last 2009-2019
period, our analysis also revealed a medium to high proportion
of trees with low crown dieback symptoms at the targeted

monitoring plots (Figure 2B). Whereas the IAP plots (where
82% of the trees showed <25% crown defoliation in 2019) were
specifically chosen to only include trees that were still without
symptoms in 2013 and 2014, the abundance of healthy trees in
the LWF and LW1 plots (83 and 45%, respectively) - stands
that were not targeted for their healthy trees - is encouraging.
This is supported by another national survey in 2018 that
revealed widespread occurrence of seemingly tolerant trees across
northern Switzerland, with 35% of trees (Nieetotal = 2,990,
Nplot = 144) showing less than 25% crown defoliation (Queloz,
unpublished data).

Landscape features and tree competition are dominant drivers
modulating MP, yet, there are clear signs that genetic variability
also plays a role in susceptibility to the fungus (Cleary et al., 2017;
Kjeer et al., 2017). Several studies have now described certain
genetic markers associated with higher tolerance against ADB
(McKinney et al., 2014; Harper et al., 2016; Havrdova et al., 2016;
Sollars et al., 2017; Stocks et al.,, 2019; Chaudhary et al., 2020;
Menkis et al., 2020; Sahraei et al., 2020). Other studies have
identified chemical defenses linked to increased fungal resistance,
such as leaf (Sambles et al., 2017) or bark metabolites (Villari
et al., 2018; Nemesio-Gorriz et al., 2020) that certainly will be
associated to genetic variation in the future. Earlier flushing,
and earlier leaf-shedding phenotypes also have been found to be
more tolerant to the disease (Bakys et al., 2013; Mufoz et al,
2016; Nielsen et al., 2017). Early flushing could desynchronize leaf
maturation and fungal sporulation, impeding fungal penetration
of a thicker leaf cuticula. However, a drawback of early flushing
for ash trees is the increased vulnerability to late frost events
(Munoz et al., 2016).
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Panel (B) shows the same prediction without year of survey and year of first detection of fungal presence with the model preceding the arrival of the fungus in
Switzerland. Panel (C) displays the difference between panels (A,B). Points in panels (A,B) show observed pairs of relative annual basal area increment (relBAI) and

Probability difference

relative mean annual increment (%)

20 30 40 50 60

Probability difference

Susceptibility to ADB was found to be strongly negatively
correlated to reproductive success under controlled conditions
in a clonal field trial (Semizer-Cuming et al, 2019). In
contrast, Wohlmuth et al. (2018) did not find a significant
relationship between crown damage of adult trees and
their saplings in a natural setting, suggesting a complex
interaction between environmental conditions and genotypes
in controlling ADB tolerance. Nevertheless, the identification
and continuous monitoring of healthy F. excelsior seems
a simple and straightforward approach for the selection
of potentially ADB-tolerant trees to be tested in common
garden trials (Menkis et al., 2020). The combined effort
of monitoring programs with progeny trials and the ever-
improving knowledge about genetic and biogeochemical
markers related to higher tolerance against the fungus
should warrant the long-term of F. excelsior
in Europe.

survival

CONCLUSION

In this study, we showed that AMRs of F. excelsior have drastically
increased since the arrival of H. fraxineus in Switzerland, and
that the increase was disproportionally strong in small and
slow-growing trees. For the first time on a national level we
quantified which landscape features influence MP, confirming

previous research highlighting ash abundance and humidity
as primary variables modulating mortality risk. Mortality rates
of F. excelsior will likely stay high over the coming years
in Switzerland. However, on the one hand climate change-
induced warming including more frequent heat waves might
disproportionally reduce the vigor of the fungus compared to
ash trees. On the other hand, the wide-spread abundance of
still healthy trees, especially in northern Switzerland where
the fungus has been first reported, gives hope to finding
genotypes resistant to the fungus. In the mean-time, promoting
healthy ash trees, independent of their size, and reducing air
humidity for example through thinning, should be paramount
for forestry practitioners to sustain a high population diversity
of ash in Europe preserving its reproductive potential for
coming decades.
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