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used to estimate a critical threshold of N.
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GRAPHICAL ABSTRACT

Factors affecting spruce mortality and map displaying cumulative spruce mortality rates from the drought period
2018-2020 in the permanent forest observation sites of Switzerland. The photographs are taken from the annual field
observations monitoring tree health status and mortality in 2021.
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ABSTRACT

Norway spruce is one of the most important tree species in Central Europe, however, it is facing major problems with
recent droughts. In this study we present 37 years (1985-2022) of long-term forest observation data on 82 different
forest sites across Switzerland including 134’348 tree observations. The sites consists of managed spruce or mixed for-
est stands with beech (Fagus sylvatica) and comprise large gradients in altitude (290-1870 m), precipitation
(570-2448 mm a~ 1), temperature (3.6-10.9 °C) or total nitrogen deposition (8.5-81.2 kg Nha~'a™%).

Long-term tree mortality has increased more than fivefold due to the multiple drought years 2019, 2020 and 2022,
which is more than double the increase following the 2003 drought. We used a Bayesian multilevel model including
three years of lagged drought indicator to predict spruce mortality. Besides stand age, the most important factors
were drought and N deposition. Especially under drought conditions spruce mortality was increased on sites with
high N deposition. Moreover, N deposition increased the imbalance of foliar phosphorus concentrations, with negative
impacts on tree mortality. Mortality was increased by a factor of 1.8 in spruce compared to mixed beech and spruce
stands. Stands with high mortality rates showed previously an increased proportion of trees with damaged crowns, es-
pecially after the droughts of 2003 and 2018.

Taken together, we found evidences of an increase in spruce mortality droughts amplified under high N depositions.
The perennial drought of 2018-2020 resulted in a cumulative spruce mortality of 12.1 % (564 dead trees in 82
sites) in only three years. With a Bayesian change-point regression framework we estimated a critical empirical load
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for nitrogen of 10.9 * 4.2 kg N ha~' a™!, which is in line with current thresholds, above which future plantings of
spruce in Switzerland may not be a sustainable option due to the observed interaction between drought and nitrogen

deposition.

1. Introduction

Anthropogenic influences have unprecedented impacts on global eco-
systems, also on forests, where climate change is causing loss and degrada-
tion around the globe (IPCC, 2021). There has been increasing evidence of
increased drought stress due to more intense and frequent droughts,
causing growth reduction or even tree mortality (Arend et al., 2021;
McDowell et al., 2020; Schuldt et al., 2020). Extended drought periods
can be potent drivers of ecosystem collapse and pose a major future threat
to global biodiversity (Godfree et al., 2019).

Independent of the emission scenario, temperatures are expected to in-
crease by the end of this century (Kotlarski et al., 2022). Precipitation will
probably face a seasonal shift from summer to winter, although model un-
certainty is still high. Furthermore, it is expected that the wet-day frequency
will decrease during the vegetation period (Kotlarski et al., 2022) and high
temperatures will increase evapotranspiration, which will favour drought
stress during summer. There were several severe summer drought events
in Europe since 2018 with extreme and persistent soil moisture deficits
(Peters et al., 2020) and intense heat and low precipitation during the veg-
etation periods, resulting in a combined perennial heat event (Ault, 2020).
Across Europe, the combined heat and drought in 2018 until 2020 was even
more severe than the “century” drought in 2003 (Rakovec et al., 2022),
with unprecedented effects on mortality of major tree species (Schuldt
et al., 2020), especially considering the long-term impacts of the multiple
drought years.

Besides climate change, the anthropogenic deposition of nitrogen (N) is
one of the major threats to biodiversity (Butchart et al., 2010) and soil qual-
ity (Bobbink et al., 2010) that exceeds the planetary boundaries consider-
ably (Steffen et al., 2015). Global anthropogenic N deposition rates
doubled over the last century (Fowler et al., 2013) and are expected to in-
crease by a factor of 2.5 over the next century (Lamarque, 2005). This
will exacerbate detrimental impact on natural ecosystems such as forests,
for example by increasing soil acidification with its effects on soil quality
(Blinemann et al., 2018) or negative impacts on below and aboveground
biodiversity (Bowman et al., 2008). These impacts on forest ecosystems
will have cascading impacts on global cycles for water and carbon and
also on ecosystem services (Bonan, 2008; Mori et al., 2017).

Moreover, temperate European forests are prone to climate-change
driven disturbances such as droughts, windthrows, fires or insect out-
breaks, due to their vulnerability to sudden changes (Forzieri et al., 2021;
Seidl et al., 2017). Increasing disturbance events have been recorded world-
wide for example for drought (Allen et al., 2015; Millar and Stephenson,
2015) or insect outbreaks (Kautz et al., 2017). It is expected, that temperate
forests will be prone to increased risks by droughts and wildfire (Machado
Nunes Romeiro et al., 2022). Especially for droughts, the underlying mech-
anisms involved in tree mortality or survival are complex (Choat et al.,
2018; Hartmann et al., 2018) and still not fully understood (Walthert
et al., 2021). However, there is increasing evidence, that hydraulics are
often more important than other factors such as carbon balance (Korner,
2015), especially under drought situations (Arend et al., 2021), where a dis-
ruption of the capillary continuum from the soil to the root can occur
(Korner, 2019), leading to cavitation (Arend et al., 2021; Choat et al.,
2019).

Responses of trees are species specific, depending among other factors
on stand characteristics or forest structure (Vinceti et al., 2020). However,
Norway spruce (Picea abies (L.) Karst.) is one of the most threatened com-
mercial tree species in Central Europe (Krejza et al., 2021). Its natural dis-
tribution covers large parts of northern Europe and mountainous regions
of central Europe (Westin and Haapanen, 2013). In Switzerland Norway

spruce is native to the northern parts of the alps and has been introduced
in the lowland areas at the end of the 17th and beginning of the 18th cen-
tury. Despite the recent decline in spruce, it is still economically the most
important tree species in Switzerland (Cioldi and Allgaier Leuch, 2020).
The major reasons for the decline are the susceptibility to bark beetle
attack under drought stress and air pollution such as ozone and N deposi-
tion (Christiansen and Horntvedt, 1983; Jones et al., 2011). The low
tolerance to drought stress (Krejza et al., 2022; Vitali et al., 2017) can be
caused by the shallow root system (Caudullo et al., 2016), particularly in
lower lying areas, beyond the ecological boundaries of Norway spruce
(e.g. Thorn et al., 2019). The intensified and longer summer droughts in
Europe are expected to increase drought induced stress and lower defence
against plant pathogens such as bark beetles (Netherer et al., 2015). More-
over, it is expected that drought triggered forest mortality can occur quickly
when exceeding physiological thresholds or in association with insect pests
on pre-damaged forests. However, such cross scale mortality processes in
forests still remain poorly understood (Allen et al., 2010).

Our main objective is to disentangle the factors influencing spruce mor-
tality using a continuous long-term data set of 37 years. We hypothesized
that tree mortality has increased not only due to more frequent and intense
droughts, but also due to chronic high N deposition in some of the study
areas. Furthermore, we were interested in quantifying the lagged effect of
drought on spruce mortality due the series of multiple drought years
2003-2006 and 2018-2020 and again in 2022. Moreover, we used the
long-term observations of tree mortality to estimate a critical empirical
load for nitrogen with a Bayesian change-point regression framework.

2. Material and methods
2.1. Study sites

The study sites are part of the long-term Intercantonal Forest Observa-
tion Program in Switzerland, monitoring forest health conditions of man-
aged forest sites since 1984 (Braun et al., 1999, 2021a). The total number
of study sites is 82 (Table 1) with 56 pure Norway spruce and 26 mixed
with European beech forest stands. The actual number of sites per year
(Fig. A.5) changed slightly during the observation period of 37 years, for
example due to storm damages such as “Lothar” in 1999, which caused se-
rious uprooting of spruce and beech trees (Braun et al., 2003) or tree mor-
tality due to recent drought stress or the inclusion of new forest observation
sites provided by the local forest services and cantonal offices. The study
sites cover large gradients (Table 1) in altitude (290-1870 m, median =
780 m), annual precipitation (570-2448 mm a~!, median = 1297 mm
a~ 1), mean annual temperature (3.6-10.9 °C, median = 8.4 °C) total nitro-
gen deposition (8.5-81.2kgNha~*a™*, median = 26 kgNha 'a~')and
also ozone (Braun et al., 2017) or soil chemistry (see monthly measured soil
chemistry data in Braun et al., 2020b).

2.2. Tree mortality rates and crown defoliation

All study sites of Picea abies, including stands mixed with Fagus sylvatica
(n = 26) (Fig. 1), were evaluated annually for crown defoliation and mor-
tality in the same corresponding week during summer (July-August). In ad-
dition, the number of dead trees, including sanitary cuts due to bark beetle
attacks, were recorded and related to the population of the previous year.
During the 37 years of forest monitoring (1985-2022) 134’348 spruce
trees were assessed. Crown defoliation was assessed annually in steps of
5 % with the two damage classes damaged >25 % and strongly damaged
>60 % according to the criteria following ICP Forests (2016).
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2.3. Soil properties

Soil physico-chemical characteristics were measured in 2016 using
pooled soil samples (6-8 sample points) for each soil horizon across the
study sites using an Edelmanauger (Eijkelkamp). They were air dried and
sieved <2 mm prior to the analysis. Soil pH was measured in fresh samples
in a 1:2.5 suspension with CaCl, and the amount of exchangeable base cat-
ions, further referred as base saturation, was determined in NH,Cl extracts
following Triiby and Aldinger (1984). The elemental concentrations of the
cations were measured using a microwave-plasma-atomic-absorber (MP-
AES 4200, Agilent). Base saturation and soil pH were averaged for the up-
permost 40 cm of the soil. C/N ratios were calculated as the total C and N
concentrations for the uppermost soil horizon (for more details see Braun
et al., 2020a).

2.4. Foliar nutrients

Foliar nutrients were measured in shoots harvested by helicopter from
the top crown of the same 8 trees per site every 4 years in July, starting
in 1984. Ten leaves per tree were dried at 80 °C and weighed. Leaves
were dried, ground and analysed for N, P, K, Ca, Mg, and Mn according
to Walinga et al. (1995). The nutrient contents in the leaves were obtained
by multiplication of the dry weight per leaf with the concentration. A full
description is given in Braun et al. (2020a).

2.5. Total N deposition and drought indicators

Total N deposition was modelled according to Rihm and Kiinzle (2019)
including wet and dry deposition compounds. This emission based model
produces comparable estimations of total N deposition at a high spatial res-
olution compared to bulk and throughfall measurements (Braun et al.,
2022; Thimonier et al., 2019). Drought indicators were calculated using
the hydrological model WaSiM-ETH (Schulla, 2019) with data from the
eight nearest climate stations from the Federal Office of Meteorology and
Climatology (MeteoSwiss), interpolated for each site as described in
Braun et al. (2014). We selected as drought indicator the mean ratio be-
tween actual and potential evapotranspiration (ETa/ETp) of the vegetation
period, according to Braun et al. (2015). Start and end point of the vegeta-
tion period were calculated for each site with phenological data from
MeteoSwiss adjusted for altitude as described in Braun et al. (2017). The
ratio of ETa/ETp can be considered as an indicator for actual drought stress.
Values around 1, with unrestricted transpiration, indicate moist conditions
and lower values drier conditions.

2.6. Data analysis

All statistical analyses were performed using R 4.1.3 (RCore Team,
2022). The respective codes are given in the RMarkdown appendix. Data in-
cluding models are given in Tresch et al. (2023). The map with the study
sites (Fig.1) was created using QGIS 3.22.3 (QGIS Development Team,
2022).

2.6.1. Time series correlation of spruce crown damage and spruce mortality

A cross-correlation of the two time series of spruce crown damage,
assessed as annual mean values of spruce trees with >25 % crown defolia-
tion and annual mean spruce mortality from all study sites (Fig. A.8) was
carried out using the cross-correlation function (base::ccf) following
Hyndman and Athanasopoulos (2021). The correlation of the two time se-
ries data (Fig. A.9) was plotted with time series plots using the function
timetk::plot_time_series from Dancho and Vaughan (2022) and calculated
using Spearman's rank correlation test (Fig. A.11).

2.6.2. Lag effects of drought indicators

We used a polynomial lag approach in order to assess possible lagged ef-
fects of the drought indicator. Regression coefficients of the drought vari-
ables of the current and the five preceding years were constrained to four
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degrees of freedom by a third degree polynomial of the lag. The four
resulting weighted means of the lagged drought variables (i.e. defined by
constant (u0), linear (ul), quadratic (u2) and cubic (u3) weights, respec-
tively) were then orthogonalized using the brms::brm function (Biirkner,
2017). For model comparison we used the Bayesian leave-one-out cross-
validation (LOO) estimate of the expected log point wise predictive density
(ELPD) (Vehtari et al., 2017). The best model was chosen according to the
smallest ELPD (Table B.6). For the final spruce mortality model weighted
lag effects were calculated for the three lagged years according to the poly-
nomial lag model (Fig. A.13).

2.6.3. Spruce mortality model

Mortality of spruce trees was assessed by the odds of dead trees, defined
as a binomial factor of the number of dead trees and the number of living
trees. The number of dead trees is recorded once a year in summer and in-
cludes felled trees due to bark beetle damages. We used a Bayesian general-
ised multivariate multilevel regression with a zero-inflated binomial
response and a logit-link to predict the probability of annual spruce mortal-
ity with the brms::brm function (Biirkner, 2017), with sites as random ef-
fects. All predictors were centred and scaled and default priors were used
from the brms package (Biirkner, 2017) following Koontz et al. (2021). Pre-
dictor variables (Table B.9) were pre-selected according to expert knowl-
edge and previous studies about spruce tree mortality in Switzerland
(Braun et al., 2015, 2021b; Etzold et al., 2016). We ensured that the se-
lected predictor variables were correlated with a Pearson correlation coef-
ficient <0.65 (highest correlation coefficients = —0.51 between N
deposition and stand age, with a Variation inflation factor (VIF) < 1.8, see
Fig. A1) following Brandl et al. (2020). The Watanabe-Akaike information
criterion (WAIC) was used for backwards model selection, with a model im-
provement threshold of A WAIC < 5 (Carlin and Louis, 2008). Interaction
and non-linearity of the predictor variables were tested. In order to ensure
the model selection a Bayesian model evaluation was applied using ex-
pected log point wise predictive density (ELPD) calculated by leave-one-
out cross-validation (loo) (Vehtari et al., 2017). We used 10,000 iterations
and 4 chains for the model fitting and confirmed chain convergence by en-
suring that Rhat values were smaller than 1.1 (Brooks and Gelman, 1998)
and that the bulk and tail effective sample sizes (ESS) for each estimated pa-
rameter were >100 times the number of chains (Table 2). Posterior predic-
tive checks were calculated with the function bayesplot::pp_check (Gabry
et al., 2019) to visually confirm model performance by overlaying the den-
sity curves of the predicted and observed tree mortality rate using 150 ran-
dom samples from the model fit (Fig. A2). A Bayesian version of the
variance explained (R?) by the fixed effects was calculated according to
Gelman et al. (2019). Effect estimates of the posterior distribution are
presented as the mean (point estimate) including lower and upper 95 %
credible intervals (CI) (Gelman and Greenland, 2019) following Korner-
Nievergelt et al. (2015). Due to the confounding effects of altitude with im-
portant predictors (see correlation matrix in Fig. A1) we fitted a second
Bayesian zero-inflated binomial multilevel regression model with altitude
as fixed effect (Table B.1) and a third Bayesian model with forest stand
types as fixed and sites as random effects (Table B.3).

2.6.4. Bayesian change-point regression

We used a Bayesian change-point regression (BCR) according to Roth
et al. (2022) to model critical loads for nitrogen based on the long-term obser-
vation data of spruce mortality. Similar to the model used for spruce mortal-
ity, we included the main influencing factor in the BCR of the lagged drought
indicator, foliar P and K contents, soil base saturation, stand age, year and the
interaction of N deposition and the lagged drought indicator (Table B.2).

3. Results
3.1. Mortality rate

During the 37 years of permanent forest monitoring 1’350 trees from
134’348 died. The long-term average mortality rate 1985-2022 was



Table 1

Site characteristics of long-term observation of Norway spruce from the Intercantonal permanent observation program. Conifer describes the proportion of conifer species. Stand age describes the approximate age of study site. Start
and end dates of the forest monitoring are given and if the study site is a mixture between Fagus sylvatica and Picea abies (forest stand). Precipitation and mean annual temperature (MAT) were calculated as a site specific long-term
mean from annual data 1984-2021. The C/N ratio is defined by the total C and N concentrations in soil samples from the top soil layer. Base saturation values were obtained from the most recent soil sampling campaign in 2016.
Total N deposition are modelled values including dry and wet N depositions from the current estimations by Rihm and Kiinzle (2019). Mortality rate is defined as the average annual mortality rate per site and the number of died
trees is the cumulative number of died trees per site.

No. Site name Canton Forest type Conifer Stand Start End  Altitude MAT Precipitation C/N Soil base ph N deposition Mortality rate  Trees

(%) age (m a.s.l.) Q) (mma~1) ratio saturation (%)  (CaCl,) (kgNha='a™l) (%) died
1 Aeschau BE Mixed 85 302 1990 940 7.6 1488 26 26.9 3.8 32 0.26 3
2 Aeschi SO Mixed 52 113 1995 510 9.5 1126 21.2 9.5 3.7 36 0.88 13
3 Albis ZH Mixed 50 128 1984 780 8.3 1276 13.4 99.9 6.2 27 0.82 21
4 Allschwil BL Conifer 98 47 1997 350 10.9 893 14 77.5 4.3 27 0.9 16
5 Alvaneu GR Conifer 100 181 1985 1560 5.5 1000 29.8 98.6 6.1 11 0.12 5
6 Appenzell Al Conifer 929 120 2001 1000 8.3 1611 15.4 11.5 3.6 36 0.12 2
7 Bachtel Fi ZH Conifer 99 132 1984 1040 7.6 1734 24.8 10.5 3.6 34 0.73 17
8 Beromiinster LU Conifer 99 64 2015 640 9.2 1148 23.1 84.4 5 81 2.15 10
9 Bichelsee TG Conifer 95 58 2006 740 8.7 1391 17.6 99.9 5.6 33 0.08 1
10 Braunau TG Conifer 98 129 2006 710 8.9 1152 19.8 31 3.5 41 0 0
11 Bremgartenwald BE Mixed 57 162 1989 2020 530 9.6 1023 18 59.7 4.2 30 2.04 35
12 Brislach BL Conifer 86 111 1996 435 10.2 1020 23.3 18.1 3.8 26 0.75 17
13 Brusio GR Conifer 100 169 2016 1710 4.2 1079 22 25 3.4 10 0 0
14 Briitten ZH Conifer 96 117 1995 620 9 1231 14.2 99.4 5.6 34 0.55 15
15 Biirglen UR Conifer 929 85 2015 640 10 1505 22.2 99.3 4.8 32 0.18 1
16 Biisserach SO Conifer 75 149 1996 600 9.4 1168 16.7 100 7.1 23 0.1 2
17 Busswil BE Conifer 100 127 1999 600 9.3 1168 18.9 8.9 3.7 35 0.06 1
18 Cademario TI Conifer 100 49 2001 780 9.5 1880 19.9 14.7 3.8 29 0.11 2
19 Courtelary BE Conifer 81 152 1996 1110 7.2 1390 14.5 99.9 6.5 20 0.05 1
20 Davos GR Conifer 100 126 1985 1620 3.6 1070 25.3 31.4 3.6 13 0.07 3
21 Diessenhofen TG Conifer 920 98 2006 2020 520 9.5 895 20.8 12,5 3.5 23 7.29 72
22 Erlenbach Nordhang BE Conifer 100 252 1989 1430 5.3 1453 25.9 99.8 6.9 17 1.31 36
23 Erlenbach Siidhang BE Conifer 100 202 1989 1430 6.6 1429 24.5 99.9 6.6 19 0.72 19
24 Evoléne Vs Conifer 100 131 2010 1360 6.1 796 24.3 97.2 5.7 9 0.23 2
25 Faido TI Mixed 64 195 1996 800 9.4 1432 24.2 59 4.5 25 0 0
26 Frienisberg BE Mixed 57 142 1989 725 8.5 1174 21.2 24.4 4 28 0.19 5
27 Grenchenberg SO Mixed 45 186 1996 1220 6 1418 15.1 99.8 5.1 19 0.24 4
28 Grosswangen LU Conifer 100 96 2015 600 9.6 984 21.9 12.9 3.5 52 0 0
29 Gubrist ZH Conifer 100 127 1995 2006 610 9 1163 18.8 72.7 4.1 33 6.27 114
30 Gubrist neu ZH Conifer 90 63 2007 2018 610 9.5 1109 30.9 73.2 4.3 27 12.94 60
31 Habsburg Kontrolle AG Conifer 91 91 2003 430 10.1 1002 20.1 9.8 3.7 28 0 0
32 Hauenstein SO Mixed 53 136 2008 810 8.4 1179 14.6 99.9 7.3 24 0 0
33 Himmelried neu SO Conifer 97 77 2009 680 9.3 1138 17.4 99.8 6.1 21 0.75 7
34 Hinwil ZH Conifer 100 127 1995 650 9 1448 15.4 95.6 5.1 41 0.19 5
35 Holstein Exp BL Mixed 37 150 2018 540 10.3 989 22 99.7 7.1 21 11.56 26
36 Hori ZH Conifer 76 142 1995 2019 460 9.7 1012 22 27.3 3.8 31 5.03 106
37 Innertkirchen BE Conifer 92 182 1994 950 7.2 1592 25.7 90.9 4.7 18 0.1 2
38 Jaunpass BE Conifer 100 192 1989 1520 5.1 1498 16.6 45.3 3.9 17 1.67 41
39 Klosters GR Conifer 100 126 1985 1360 5.3 1332 28.8 99.9 6.5 15 0.23 5
40 Krattigen BE Conifer 100 212 1989 1410 6 1376 24.2 82.1 4.4 16 0.52 10
41 La Brévine NE Conifer 97 191 2001 1090 5.7 1382 23 99.8 5.3 22 0.8 11
42 Le Chatelard FR Conifer 98 119 2006 1010 7.5 1572 29.3 24.2 3.7 33 0.23 3
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Fig. 1. Selected study sites from the Swiss long-term Intercantonal forest observation program including site number (Table 1). Forest types with the predominant tree species
Norway spruce are shown as rectangles and the mixture of European beech and spruce as dots. Background: map of total N deposition according to Rihm and Kiinzle (2019).

0.80 % per year (Table B.5). Increased mortality rates have been recorded
in recent years, with peak mortality rates of 5.1 % in 2019 and 5.3 % in
2020. This corresponds to an increase by a factor of 6.3 for 2019 and 6.6
for 2020 compared to the long-term average. The most recent drought in
2022 was comparable to the increase in mortality for the years 2019 and
2020 with a mortality rate of 4.7 %. The heat wave 2003 and the increased
mortality rates in 2005 and 2006 were lower, but still 3 times larger com-
pared to the long-term average (Fig. 2). Mortality rate was higher by a fac-
tor of 1.8 in spruce forest stands, consisting of mainly Picea abies tree
species, compared to mixed forest stands with broadleaved species,
consisting of mainly Fagus sylvatica. The estimated mean long-term annual
mortality rate were 0.68 % for mixed forest stands and 1.0 % for spruce for-
est stands (Table B.4, Fig. A.14).

Table 2

3.2. Correlation between spruce crown damage and spruce mortality

Time series plots of annual mean values of damaged crowns (>25 %
crown defoliation) and annual mean spruce mortality averaged over all
study sites show a convergence increase of both mortality and damaged
crowns of spruce trees after 2003 and a strong increase after 2015
(Fig. A.9). Cross-correlation analysis suggested to include two year lag ef-
fect of spruce crown damage (Fig. A.8). We found a positive correlation
(Spearman's R = 0.37) of spruce crown damage (average of current and
two year lag) with annual mean spruce mortality rate (Fig. A.13). Spruce
mortality rate was increased, if about 20 % of the spruce trees have mean
annual crown damages >25 % (average of current and 2 years lag), taking
into account 95 % CI of the loess regression fitting.

Summary of posterior distribution of the Bayesian zero-inflated binomial multilevel regression model with sites as random effect and spruce mortality as response variable y.
Number of chains = 4, Number of iterations = 10,000, CI = credible intervals, ESS = Effective sample size, SD = standard deviation. Bayesian R? of fixed ef-

fects = 0.17 = 0.03. Effect plots are given in Fig. 4.

Estimate SD Lower Upper Rhat Bulk Tail

95 % CI 95 % CI ESS ESS
Intercept —4.47 0.28 —-5.04 -3.93 1.00 4116 6789
Cumulative drought 1.35 0.10 1.16 1.55 1.00 12,564 13,349
N deposition 0.57 0.26 0.08 1.08 1.00 7324 9576
Soil base saturation 0.30 0.26 -0.20 0.82 1.00 4300 7738
Year 0.19 0.12 —0.04 0.42 1.00 9851 13,017
Stand age 0.62 0.29 0.05 1.21 1.00 5651 8030
Phosphorus -0.15 0.13 —-0.40 0.11 1.00 13,947 13,940
Potassium -0.32 0.10 —-0.53 -0.12 1.00 15,339 14,827
Cumulative drought:N deposition 0.49 0.13 0.24 0.75 1.00 15,190 15,080
N deposition:Phosphorus -0.57 0.14 -0.86 -0.29 1.00 10,825 13,417
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Fig. 2. Annual average mortality rates of Norway spruce in Switzerland. Annual average mortality rate of all sites is given in black and in colours according to forest types.
Number of dead trees and observation sites are given in Figs. A.1 & A.2. Possible causes of observed increase in tree mortality rate are shown with arrows and text. The es-

timation of variance is given as 95 % CI (Table B.8).

3.3. Lagged drought effect on spruce mortality

We found strong evidence of an increasing frequency of severe droughts
during the vegetation period over time in our study sites (Fig. 3). The rela-
tive change in the drought indicator ETa/ETp was strongest for the year
2018 (—13 %) and 2022 (—14 %) compared to the mean ETa/ETp ratio
in all study sites (0.87) from 1985 to 2022. The best model for assessing
the lagged effect of the drought indicator ETa/ETp on spruce mortality
was the quadratic polynomial lag model (Table B.6). Based on the esti-
mated lag effects (Fig. A.13) we included up to three years of lag effects
in the final model, calculated as weighted cumulative drought indicator.
The relative change in the three year lagged drought indicator can be
found in Fig. A.7.

3.4. Driving factors of spruce mortality

The cumulative drought years had the largest effect on spruce mortality.
Besides stand age, N deposition was an important factor affecting spruce
mortality. Moreover, we found that drought showed an interaction with
N deposition, which is shown in Fig. 4. Drought effects were more severe
with increased N deposition. A second interaction with N deposition was
found with foliar phosphorus concentrations. The effect of N deposition
on spruce mortality was stronger if the phosphorus concentration was
below the threshold for balanced nutrition according to Gottlein (2015).
In addition, we found a higher probability of tree mortality with low foliar
potassium concentrations, lower elevation and in pure spruce stands
(Fig. A.14). Those effects were smaller by a factor of 10 compared to the
other effects (Fig. 5). The effects of foliar phosphorus as well as soil base sat-
uration were not significant (Table 2), nevertheless they were kept in the
final Bayesian zero-inflated binomial multilevel regression model, because
they improved the model.

3.5. Estimated critical loads of nitrogen for Norway spruce

Within the framework of the Bayesian change-point regression models
(Roth et al., 2022) we estimated a mean critical empirical load for nitrogen
for spruce of 10.9 + 4.2kgNha~'a~! (Table B.2), taking into account the
interaction with the drought indicator (Fig. 6).

4. Discussion

Increased drought periods are affecting forests worldwide. It is expected
that forests will have an increased tree mortality rate in response to drought
stress, also in regions with previously sufficient water supply (Allen et al.,
2010; Arend et al., 2021; Pretzsch et al., 2020). The long-term forest mon-
itoring data of managed mixed and pure spruce stands presented in this
study contributes to the understanding of the extent and magnitude of
climate change induced droughts and other factors affecting temperate
forests.

4.1. Effects of droughts on spruce mortality

4.1.1. Cumulative drought years assessed by lagged drought indicator

Climate change scenarios for Switzerland predict that precipitation dur-
ing summer will decrease by 25 % by the middle of the 21st century, while
heavy rainfall events will increase (+10 %) and heat waves in particular
will become more intense and frequent (Berset et al., 2020). In this study
we used the ratio of actual and potential evapotranspiration (ETa/ETp) of
the vegetation period as an indicator for the actual drought stress, as it
was the best indicator for modelling tree mortality of temperate spruce for-
ests (Braun, 2015). The closer this ratio is to 0, the more evapotranspiration
is restricted and the greater the drought stress. Comparing the two major
droughts in the last decades, we found that the average ETa/ETp ratio
was even lower in 2018 and 2022 than 2003. In addition, the drought of
2018 followed drought stress in 2015 and 2017 and most importantly,
was followed by droughts in 2019-2020 and 2022 (Fig. 3). The relatively
wet and cold year 2021 led to a short-term decrease in mortality. However,
the recent drought in 2022 led to an increase in spruce mortality almost to
the same level as in 2019 and 2020. The extreme drought stress in 2018 was
more severe than in 2003, not only in Switzerland, but also in other parts of
Central and Northern Europe (Buras et al., 2020), causing serious damages
especially to forest ecosystems (Braun et al., 2021b; Schuldt et al., 2020).
Comparing the relative change to the long-term average ETa/ETp ratio in
our study sites from 1985 to 2022, we found evidence of more frequent
and intense droughts in recent years (Fig. 3). The polynomial lag model ap-
proach indicated that we should consider a cumulative effect of drought of
the current year and additionally three years back. This cumulative impact
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Fig. 3. Relative changes in the drought indicator ETa/ETp during the vegetation period compared to the long-term average in ETa/ETp (0.87) in all study sites from 1985 to
2022. The drought indicator was calculated with the hydrological model WaSiM-ETH (Schulla, 2019). The relative change in the three year lagged drought indicator can be

found in Fig. A.7.

of drought had the strongest effect correlation on spruce mortality (Fig. 5,
Table 2), with a high increase in mortality risk below an averaged ETa/
ETp ratio of approximately 0.8. The cumulative effect of drought on tree
mortality has also been shown for other tree species such as European
beech (Braun et al., 2021b).

4.1.2. Relation between mortality and crown dieback

The observed effect of drought on spruce mortality can be linked to the
severe drought damages in Fagus sylvatica found after the summer drought
2018 in Switzerland (Braun et al., 2021b). Drought, assessed as the mini-
mum site water balance, was the driving force in the increased mortality
and crown transparency. Until recently, such an extensive crown dieback
due to hydraulic failure has not been known for beech trees in Central
Europe. Long-term observations of Fagus sylvatica of the Intercantonal for-
est observation program, showed that beside tree mortality, also the pro-
portion of trees with strong crown damages (>60 %) was related to
cumulated droughts (Braun et al., 2021b). In this study, we showed that
spruce with crown damages >25 % including two year lag were correlated
with increasing mean annual mortality rates, especially in years with in-
creased mortality rates following droughts in 2003 and 2018-2020. The
low drought stress tolerance of Norway spruce (Krejza et al., 2021; Vitali
et al., 2017), especially under high N deposition (Eatough Jones et al.,
2004) decreased the resistance to plant pathogens such as fungi or insects
(e.g. Ips typographus).

4.1.3. Comparing mortality rates across countries and species

We found an increase in mortality rate of spruce by a factor of 6.3 in
2019, 6.6 in 2020 and 5.9 in 2022 compared to the long-term average
(1985-2022). This increase was mainly due to weakening parasites such
as bark beetles attacking already weakened trees. The decline of Norway
spruce with the recent drought events can also be found in forests in
neighbouring countries, for example in Germany, where spruce mortality
was increased compared to the long-term mean (1990-2022) by a factor
of 1.5 1in 2019, 8.7 in 2020 and 8.8 for 2022 (BMEL, 2023). The numbers
are even higher in certain regions of Germany, such as Sachsen-Anhalt
(Dammann and Paar, 2021) or Hessen (Paar and Dammann, 2021).

The mortality of Picea abies in this study, compared to Fagus sylvatica re-
ported by Braun et al. (2021b), was more than tenfold higher for Picea abies
(mortality rates 2019: P. abies = 5.28 %, F. sylvatica = 0.45 %, mortality
rates 2020: P. abies = 5.31 %, F. sylvatica = 0.33 %). This is comparable
to the differences in mortality between spruce and beech found in
Germany (BMEL, 2021), which was higher for spruce by a factor of 14.2
(2020 spruce mortality rate = 4.3 %, beech mortality rate = 0.30 %).
The higher drought damages in Norway spruce compared to European
beech is also in line with findings from Pretzsch et al. (2020), analysing
drought effects on stem growth with throughfall exclusion roofs. They
show that both tree species have higher mortality rates under induced
drought conditions, being five-times higher for spruce, which is consistent
with increased mortality rates found under real world conditions in this
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study. Furthermore, Pretzsch et al. (2020) found higher resistance of
Norway spruce in mixed conifer-broadleaved stands. Similarly, we found
a tendency of lower estimated mean annual mortality rates (factor 1.8)
for mixed forest stands with mainly Fagus sylvatica tree species
(Fig. A.14). The differences between the forest types were especially pro-
nounced during drought situations (Fig. 2), which might be explained by
the increased drought resistance of bacterial populations in mixed forest
root zones (Wilhelm et al., 2023). This relates to findings by Messier et al.
(2022), stating that diverse tree species rich forests provide more ecosystem
services and have an increased resilience compared to monospecific forests.
Additionally, mixtures of beech and coniferous species can improve water
and mineral nutrient access by the complementary use of the root space
and improve soil quality via litter fall (Pretzsch et al., 2015).

4.2. Effect of N deposition on spruce mortality

In addition to drought and site characteristics, air pollution can increase
tree mortality by making trees more susceptible to plant pathogens (Allen
et al., 2010; Eatough Jones et al., 2004). Originally, most temperate forest
tree species were N limited (Tamm, 1991), but chronic N deposition re-
sulted in a saturation with N in many forests located close to industry, traf-
fic or agriculture areas. At this point N input no longer stimulates growth
but rather changes the functioning of ecosystems (Bobbink et al., 2022).
There is increasing evidence of tree growth decrease in regions with high
N deposition (Kint et al., 2012; Nabuurs et al., 2013). Effects of high N de-
position may be species specific, with some species being less affected by at-
mospheric deposition. However, a cross continental analysis of the U.S.
found that a vast majority of tree species react with a significant decrease
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The dashed line in D and E indicates the lower threshold value for normal nutrition according Gottlein (2015).
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in growth and survival (Horn et al., 2019). Nevertheless, the mechanisms
behind the decline in growth and survival are still unclear, it could be
both direct negative effects from soil acidification due to increased N con-
tent or indirect negative effects from competition with neighbours that
benefit more from N deposition or a combination (Horn et al., 2019). There-
fore, it is crucial to better understand how different tree species respond to
N deposition (Pardo et al., 2011; Simkin et al., 2016) and how soil functions
are changing (Lladé et al., 2017) in order to assess the resilience of forests to
chronic N deposition. For instance, data from the UK have shown that C:N
ratio in forest floor falls below a critical value of 25 (threshold for NO5
leaching suggested by Gundersen et al. (1998)) when N depositions are
higher than 20 kg N ha™! a~! (Vanguelova et al., 2013).

Not only in Switzerland (Augustin and Achermann, 2012) but also in
central Europe (Bobbink et al., 2022) total N depositions are decreasing
since the 1990s. In contrast to reduced N (NH,) depositions, which have
been remaining stable for the last ten years and are not expected to decrease
significantly in future (Schmitz et al., 2019). In the present study, two thirds
(75.4 %) of the study sites are above the upper critical empirical load for N
of 1I5kg N ha~!a~! (Bobbink et al., 2022) in temperate coniferous wood-
land (Fig. A.12). The median N deposition for all sites (1985-2022) is
25 kg N ha~' a~!. This N rates are close to the high N addition treatment
in a long-term N fertilisation study of 31.4 kg N ha~! a~! by McNulty
et al. (2005), where N saturation and a decrease in basal area have been
found. The number of sites exceeding the CL.mpN is actually lower in this
study compared to all woodland areas in Switzerland, where 89 % is
above this critical value (Rihm and Kiinzle, 2019). This is due to the higher
proportion of alpine and pre-alpine study sites in the Intercantonal forest
observation program (Braun et al., 2021a). Apart from the direct negative
effects of N deposition on tree mortality, we found evidence of an interac-
tion between drought and N deposition, increasing drought related
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damages in sites with high N deposition, thus contributing to a further
increase in tree mortality.

4.3. Searching for explanations of the observed drought damages

Observations from Arend et al. (2021) of a forest drought simulation ex-
periment site in Northwestern Switzerland have provided evidence of
drought induced mortality due to fast dehydration and hydraulic collapse
after the 2018 drought. According to Salomoén et al. (2022) the driving
force for the observed tree mortality was not a lack of carbon or photosyn-
thetic potential, but the lack of moisture. In addition, Zweifel et al. (2021)
showed with 8 years of point dendrometer measurements that the availabil-
ity of water is also the major limiting factor for tree growth for both conif-
erous and deciduous trees.

Other studies support our findings and have found interactions between
N deposition and drought tolerance leading to growth reduction or even
tree mortality (Bobbink et al., 2022). For example negative effects of
drought on stem increment of European beech and Norway spruce was en-
hanced with N deposition (Braun et al., 2017). Drought effects may also be
enhanced with N deposition due to the decrease in fine roots and mycor-
rhiza root colonisation and diversity (de Witte et al., 2017; van der Linde
et al., 2018). This ectomycorrhizal symbiosis between trees and fungi is es-
sential for nutrient and water uptake (Smith and Read, 2008), especially for
limited nutrients such as P and K, which can decrease indirectly with high N
deposition due to the decrease in ectomycorrhiza diversity (de Witte et al.,
2017). In this study we found increased mortality rates if P and K were
below the lower value for normal nutrition and in the case of P we have
found an interaction with N deposition on tree mortality. Interactions be-
tween drought and N deposition on tree health have also been reported
from dendrochronological studies with enhanced drought effects with
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high N deposition (Hess et al., 2018; Kint et al., 2012; Latte et al., 2016;
Maes et al., 2019).

Another aspect of high N deposition is the decreased ability of natural
forest regeneration for spruce forests (McNulty et al., 2017).

4.4. Estimated critical loads of N for Norway spruce based on mortality data

The CLerpN is defined as a threshold value, below which damaging ef-
fects do not occur based on latest scientific knowledge (Bobbink et al.,
2022). With the framework of the Bayesian change-point regression models
we estimated a critical threshold for N of 10.9 + 4.2kgNha™'a™%, taking
into account the most important influencing factors and interactions affect-
ing the long-term observation of spruce mortality. This estimated empirical
threshold is in agreement to the critical load for N of 3-15 kg Nha~'a~*
defined in the Convention on Long-range Transboundary Air Pollution
(Bobbink et al., 2022). A boxplot comparison of grouped N deposition
data (pin-point method Bobbink et al. (2010)) supports the estimated criti-
cal threshold for N of the more complex CPR approach, which should be
<15 kg N ha='a~! (Fig. A.10). A limitation of this data set is that sites
below 10 kg N ha™* a~! are difficult to find in Swiss forests.

5. Conclusion

Norway spruce is still an important tree species in Central Europe, both
economically and ecologically. However, its spatial extent is shrinking due
to abiotic and biotic disturbances fuelled by intensified and longer summer
droughts. In this study, we present major factors affecting spruce mortality
risk in a long-term forest observation monitoring program in Switzerland.
We show, that average mortality rate has been increased more than fivefold
for the years 2019 and 2020 and 2022 compared to the long-term average
of 37 years. Our data suggests, that not only do stand characteristics such as
stand age or soil properties and tree species mixture affect spruce mortality,
but also the amount of N deposition. The proportion of damaged trees with
a crown defoliation >25 % correlated with increased mortality rates, espe-
cially after the droughts in 2003 and 2018. Taking the field observations to-
gether, we conclude that, drought triggered spruce mortality probably by
increasing cavitation and making trees more susceptible to pathogens
such as bark beetles. Interestingly, we found evidence of an interaction be-
tween N deposition and drought, meaning that the negative effects of
droughts on spruce mortality were enhanced with high N deposition. Fur-
thermore, we present an estimated critical threshold for nitrogen deposi-
tion of temperate Norway spruce forests, which is in line with current
valid CLempN estimations of the UNECE, above which future plantings of
Norway spruce in Switzerland might not be a sustainable option due to
the interaction of drought and N deposition.

Funding

The long-term Intercantonal forest observation program of Switzerland
running since 1984 is funded by the cantons AG, BE, BL, BS, SO, GR, TG and
ZH and the cantons of Central Switzerland (LU, OW, NW, SZ, ZG and UR)
with support by the Federal Office for the Environment (FOEN).

CRediT authorship contribution statement

Simon Tresch: Writing — review & editing, Formal analysis, Visualiza-
tion, Investigation. Tobias Roth: Formal analysis, Software. Christian
Schindler: Formal analysis. Sven-Eric Hopf: Writing — review & editing,
Investigation. Jan Remund: Writing — review & editing. Sabine Braun:
Writing — review & editing, Conceptualization, Supervision, Investigation.

Data availability

All R codes including the RMarkdown file can be found in the appendix of
this article and the data in the mendeley data repository (DOI: 10.17632/
y8hvtzzkb4.1).

11

Science of the Total Environment 892 (2023) 164223

Declaration of competing interest

The authors declare that they have no known competing financial inter-
ests or personal relationships that could have appeared to influence the
work reported in this paper.

Acknowledgements

We express our gratitude to all local forest managers and forest owners
for their patience and part in the long-term Intercantonal forest observation
program of Switzerland. We thank to all additional helpers including stu-
dents and trainees over the last 38 years and we thank to the field (Dieter
Bader, Moise Groelly and Roland Woéffray) and laboratory team (Delphine
Antoni, Ute Schroder, and Caroline Stritt) of IAP working with enormous
passion and endurance. In addition, we thank Beat Rihm from Meteotest
for his comments and the data about N depositions for Switzerland, which
was founded by FOEN. We also thank Dr. Sabine Augustin for her valuable
comments and inputs.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.164223.

References

Allen, C.D., Macalady, A.K., Chenchouni, H., Bachelet, D., McDowell, N., Vennetier, M.,
Kitzberger, T., Rigling, A., Breshears, D.D., Hogg, E.H. (Ted), Gonzalez, P., Fensham, R.,
Zhang, Z., Castro, J., Demidova, N., Lim, J.-H., Allard, G., Running, S.W., Semerci, A.,
Cobb, N., 2010. A global overview of drought and heat-induced tree mortality reveals
emerging climate change risks for forests. For. Ecol. Manag. 259, 660-684. https://doi.
org/10.1016/j.foreco.2009.09.001.

Allen, C.D., Breshears, D.D., McDowell, N.G., 2015. On underestimation of global vulnerabil-
ity to tree mortality and forest die-off from hotter drought in the Anthropocene. Eco-
sphere 6, art129. https://doi.org/10.1890/ES15-00203.1.

Arend, M., Link, R.M., Patthey, R., Hoch, G., Schuldt, B., Kahmen, A., 2021. Rapid hydraulic
collapse as cause of drought-induced mortality in conifers. Proc. Natl. Acad. Sci. 118,
€2025251118. https://doi.org/10.1073/pnas.2025251118.

Augustin, S., Achermann, B., 2012. Deposition von Luftschadstoffen in der Schweiz:
Entwicklung, aktueller Stand und Bewertung. Schweiz. Z. fur Forstwes. 163, 323-330.
https://doi.org/10.3188/szf.2012.0323.

Ault, T.R., 2020. On the essentials of drought in a changing climate. Science 368, 256-260.
https://doi.org/10.1126/science.aaz5492 (80-. ).

Berset, A., Bucher, R., Gicquel, G., Gross, C., Kleppek, S., Ramer, R., Ruprecht-Martignoli, S.,
Schellenberger, A., Schilt, A., Zoller, M., Barben, M., Herold, T., Schmocker-Fackel, P.,
Schiirch, M., Jakob, A., Kozel, R., Sieber, U.W., Briinisholz, G.S., Stdhli, R., Dagani, D.,
Thommen, M., Walther, G.-R., Augustin, S., Diirr, C., Scharpf, C.M., Scheuthle, H.,
Bader, S., Begert, M., Duding, O., Tetzlaff, A.D., Fischer, A., Gehrig, R., Isotta, F.,
Kotlarski, S., Panziera, L., Scherrer, S., Schwierz, C., Zubler, E., Gicquel, M., Spycher, F.,
Gutzwiller, L., Leoni Jossen, A.T., Werner, C., Huss, M., Notzli, J., Miiller, P., Ragettli,
M., Sattler, T., 2020. Klimawandel in der Schweiz. Indikatoren zu Ursachen,
Auswirkungen, Massnahmen. Umwelt-Zustand 2013. , p. 105. www.bafu.admin.ch/uz-
2013-d.

BMEL, 2021. Waldzustandserhebung 2021 (Bonn).

BMEL, 2023. Waldzustandserhebung 2022 (Bonn).

Bobbink, R., Hicks, K., Galloway, J., Spranger, T., Alkemade, R., Ashmore, M., Bustamante,
M., Cinderby, S., Davidson, E., Dentener, F., Emmett, B., Erisman, J.-W., Fenn, M.,
Gilliam, F., Nordin, A., Pardo, L., De Vries, W., 2010. Global assessment of nitrogen depo-
sition effects on terrestrial plant diversity: a synthesis. Ecol. Appl. 20, 30-59. https://doi.
org/10.1890/08-1140.1.

Bobbink, R., Loran, C., Tomassen, H., 2022. Review and revision of empirical critical loads of
nitrogen for Europe. Texte Umweltbundesamt. vol. 110, pp. 1-358.

Bonan, G.B., 2008. Forests and climate change: forcings, feedbacks, and the climate benefits
of forests. Science 320, 1444-1449. https://doi.org/10.1126/science.1155121 (80-. ).

Bowman, W.D., Cleveland, C.C., Halada, L., Hresko, J., Baron, J.S., 2008. Negative impact of
nitrogen deposition on soil buffering capacity. Nat. Geosci. 1, 767-770. https://doi.org/
10.1038/nge0339.

Brandl, S., Paul, C., Knoke, T., Falk, W., 2020. The influence of climate and management on
survival probability for Germany’s most important tree species. For. Ecol. Manag. 458,
117652. https://doi.org/10.1016/j.foreco.2019.117652.

Braun, S., 2015. Die Eignung verschiedener Trockenheitsindices zur Abschétzung des
Trockenheitsrisikos fiir den Wald und ihre standortspezifische Entwicklung bis 2050/
2100.

Braun, S., Rihm, B., Schindler, C., Fliickiger, W., 1999. Growth of mature beech in relation to
ozone and nitrogen deposition: an epidemiological approach. Water Air Soil Pollut. 116,
357-364. https://doi.org/10.1023/A:1005209831728.

Braun, S., Schindler, C., Volz, R., Fliickiger, W., 2003. Forest damages by the storm “Lothar” in
permanent observation plots in Switzerland: the significance of soil acidification and


http://dx.doi.org/10.17632/y8hvtzzkb4.1
http://dx.doi.org/10.17632/y8hvtzzkb4.1
https://doi.org/10.1016/j.scitotenv.2023.164223
https://doi.org/10.1016/j.scitotenv.2023.164223
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1890/ES15-00203.1
https://doi.org/10.1073/pnas.2025251118
https://doi.org/10.3188/szf.2012.0323
https://doi.org/10.1126/science.aaz5492
http://www.bafu.admin.ch/uz-2013-d
http://www.bafu.admin.ch/uz-2013-d
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0035
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0040
https://doi.org/10.1890/08-1140.1
https://doi.org/10.1890/08-1140.1
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0050
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0050
https://doi.org/10.1126/science.1155121
https://doi.org/10.1038/ngeo339
https://doi.org/10.1038/ngeo339
https://doi.org/10.1016/j.foreco.2019.117652
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0070
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0070
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0070
https://doi.org/10.1023/A:1005209831728

S. Tresch et al.

nitrogen deposition. Water Air Soil Pollut. 142, 327-340. https://doi.org/10.1023/A:
1022088806060.

Braun, S., Schindler, C., Rihm, B., 2014. Growth losses in Swiss forests caused by ozone: epi-
demiological data analysis of stem increment of Fagus sylvatica L. and Picea abies Karst.
Environ. Pollut. 192, 129-138. https://doi.org/10.1016/j.envpol.2014.05.016.

Braun, S., Remund, J., Rihm, B., 2015. Indikatoren zur Schétzung des Trockenheitsrisikos in
Buchen- und Fichtenwildern. Schweiz. Z. fur Forstwes. 166, 361-371. https://doi.org/
10.3188/52f.2015.0361.

Braun, S., Schindler, C., Rihm, B., 2017. Growth trends of beech and Norway spruce in
Switzerland: the role of nitrogen deposition, ozone, mineral nutrition and climate. Sci.
Total Environ. 599-600, 637-646. https://doi.org/10.1016/j.scitotenv.2017.04.230.

Braun, S., Schindler, C., Rihm, B., 2020a. Foliar nutrient concentrations of European beech in
Switzerland: relations with nitrogen deposition, ozone, climate and soil chemistry. Front.
For. Glob. Chang. 3, 1-15. https://doi.org/10.3389/ffgc.2020.00033.

Braun, S., Tresch, S., Augustin, S., 2020b. Soil solution in Swiss forest stands: a 20 year’s time
series. PLoS One 15, €0227530. https://doi.org/10.1371/journal.pone.0227530.

Braun, S., Hopf, S.-E., de Witte, L., Tresch, S., 2021a. How is Our Forest? 38 Years of Forest
Observation. Witterswil, Switzerland https://doi.org/10.5281/zenodo.5724756.

Braun, S., Hopf, S.-E., Tresch, S., Remund, J., Schindler, C., 2021b. 37 years of forest monitor-
ing in Switzerland: drought effects on Fagus sylvatica. Front. For. Glob. Chang. 4, 1-10.
https://doi.org/10.3389/ffgc.2021.765782.

Braun, S., Ahrends, B., Alonso, R., Augustin, S., Garcia-Gémez, H., Hiinov4, 1., Karlsson, P.E.,
Karlsson, G.P., Schmitz, A., Thimonier, A., 2022. Nitrogen deposition in forests: statistical
modeling of total deposition from throughfall loads. Front. For. Glob. Chang. 5, 1-9.
https://doi.org/10.3389/ffgc.2022.1062223.

Brooks, S.P., Gelman, A., 1998. General methods for monitoring convergence of iterative sim-
ulations. J. Comput. Graph. Stat. 7, 434-455. https://doi.org/10.1080/10618600.1998.
10474787.

Biinemann, E.K., Bongiorno, G., Bai, Z., Creamer, R.E., De Deyn, G., de Goede, R., Fleskens, L.,
Geissen, V., Kuyper, T.W., Méder, P., Pulleman, M., Sukkel, W., van Groenigen, J.W.,
Brussaard, L., 2018. Soil quality — a critical review. Soil Biol. Biochem. 120, 105-125.
https://doi.org/10.1016/j.s0ilbio.2018.01.030.

Buras, A., Rammig, A., Zang, C.S., 2020. Quantifying impacts of the 2018 drought on
European ecosystems in comparison to 2003. Biogeosciences 17, 1655-1672. https://
doi.org/10.5194/bg-17-1655-2020.

Biirkner, P.-C., 2017. brms: an R package for Bayesian multilevel models using Stan. J. Stat.
Softw. 80. https://doi.org/10.18637/jss.v080.i01.

Butchart, S.H.M., Walpole, M., Collen, B., van Strien, A., Scharlemann, J.P.W., Almond,
R.E.A,, Baillie, J.E.M., Bomhard, B., Brown, C., Bruno, J., Carpenter, K.E., Carr, G.M.,
Chanson, J., Chenery, A.M., Csirke, J., Davidson, N.C., Dentener, F., Foster, M., Galli,
A., Galloway, J.N., Genovesi, P., Gregory, R.D., Hockings, M., Kapos, V., Lamarque, J.-
F., Leverington, F., Loh, J., McGeoch, M.A., McRae, L., Minasyan, A., Morcillo, M.H.,
Oldfield, T.E.E., Pauly, D., Quader, S., Revenga, C., Sauer, J.R., Skolnik, B., Spear, D.,
Stanwell-Smith, D., Stuart, S.N., Symes, A., Tierney, M., Tyrrell, T.D., Vie, J.-C.,
Watson, R., 2010. Global biodiversity: indicators of recent declines. Science 328,
1164-1168. https://doi.org/10.1126/science.1187512 (80-. ).

Carlin, B.P., Louis, T.A., 2008. Bayesian Methods for Data Analysis. Chapman and Hall/CRC
https://doi.org/10.1201/b14884.

Caudullo, G., Tinner, W., de Rigo, D., 2016. Picea abies in Europe: Distribution, Habitat, Usage
and Threats.

Choat, B., Brodribb, T.J., Brodersen, C.R., Duursma, R.A., Lopez, R., Medlyn, B.E., 2018. Trig-
gers of tree mortality under drought. Nature 558, 531-539. https://doi.org/10.1038/
541586-018-0240-x.

Choat, B., Nolf, M., Lopez, R., Peters, J.M.R., Carins-Murphy, M.R., Creek, D., Brodribb, T.J.,
2019. Non-invasive imaging shows no evidence of embolism repair after drought in tree spe-
cies of two genera. Tree Physiol. 39, 113-121. https://doi.org/10.1093/treephys/tpy093.

Christiansen, E., Horntvedt, R., 1983. Combined Ips/Ceratocystis attack on Norway spruce,
and defensive mechanisms of the trees1. Z. Angew. Entomol. 96, 110-118. https://doi.
0rg/10.1111/j.1439-0418.1983.tb03650.x.

Cioldi, F., Allgaier Leuch, B., 2020. Der Fichtenvorrat verlagert sich ins Gebirge. Wald und
Holz. vol. 101, pp. 26-29.

Dammann, L., Paar, U., 2021. WZE-Ergebnisse fiir alle Baumarten. Waldzustandsbericht 2021
Fiir Schleswig-Holstein. Nordwestdeutsche Forstliche Versuchsanstalt, pp. 8-17 https://
doi.org/10.5281/zenodo.5717785.

Dancho, M., Vaughan, D., 2022. timetk: A Tool Kit for Working With Time Series in R.

de Witte, L.C., Rosenstock, N.P., van der Linde, S., Braun, S., 2017. Nitrogen deposition
changes ectomycorrhizal communities in Swiss beech forests. Sci. Total Environ.
605-606, 1083-1096. https://doi.org/10.1016/j.scitotenv.2017.06.142.

Eatough Jones, M., Paine, T.D., Fenn, M.E., Poth, M.A., 2004. Influence of ozone and nitrogen
deposition on bark beetle activity under drought conditions. For. Ecol. Manag. 200,
67-76. https://doi.org/10.1016/j.foreco.2004.06.003.

Etzold, S., Wunder, J., Braun, S., Rohner, B., Bigler, C., Abegg, M., Rigling, A., 2016.
Mortalitdt von Waldbdumen: Ursachen und Trends. In: Pluess, A.R., Augustin, S.,
Brang, P. (Eds.), Wald Im Klimawandel. Haupt, Bern, Stuttgart, Wien, pp. 177-196.

Forzieri, G., Girardello, M., Ceccherini, G., Spinoni, J., Feyen, L., Hartmann, H., Beck, P.S.A.,
Camps-Valls, G., Chirici, G., Mauri, A., Cescatti, A., 2021. Emergent vulnerability to
climate-driven disturbances in European forests. Nat. Commun. 12, 1081. https://doi.
0rg/10.1038/541467-021-21399-7.

Fowler, D., Coyle, M., Skiba, U., Sutton, M.A., Cape, J.N., Reis, S., Sheppard, L.J., Jenkins, A.,
Grizzetti, B., Galloway, J.N., Vitousek, P., Leach, A., Bouwman, A.F., Butterbach-Bahl, K.,
Dentener, F., Stevenson, D., Amann, M., Voss, M., 2013. The global nitrogen cycle in the
twenty-first century. Philos. Trans. R. Soc. B Biol. Sci. 368, 20130164. https://doi.org/10.
1098/rstb.2013.0164.

Gabry, J., Simpson, D., Vehtari, A., Betancourt, M., Gelman, A., 2019. Visualization in Bayes-
ian workflow. J. R. Stat. Soc. Ser. A (Statistics Soc.) 182, 389-402. https://doi.org/10.
1111/rssa.12378.

12

Science of the Total Environment 892 (2023) 164223

Gelman, A., Greenland, S., 2019. Are confidence intervals better termed “uncertainty inter-
vals”? BMJ 366, 15381. https://doi.org/10.1136,/bm;j.15381.

Gelman, A., Goodrich, B., Gabry, J., Vehtari, A., 2019. R-squared for Bayesian regression
models. Am. Stat. 73, 307-309. https://doi.org/10.1080/00031305.2018.1549100.
Godfree, R.C., Knerr, N., Godfree, D., Busby, J., Robertson, B., Encinas-Viso, F., 2019. Histor-
ical reconstruction unveils the risk of mass mortality and ecosystem collapse during
pancontinental megadrought. Proc. Natl. Acad. Sci. 116, 15580-15589. https://doi.

0rg/10.1073/pnas.1902046116.

Goéttlein, A., 2015. Grenzwertbereiche fiir die erndhrungsdiagnostische Einwertung der
Hauptbaumarten Fichte, Kiefer, Eiche, Buche. Allg. Forst Jagdztg. 186, 110-116.

Gundersen, P., Callesen, I., De Vries, W., 1998. Nitrate leaching in forest ecosystems is related
to forest floor C/N ratios. Environ. Pollut. 102. https://doi.org/10.1016/50269-7491(98)
80060-2.

Hartmann, H., Moura, C.F., Anderegg, W.R.L., Ruehr, N.K., Salmon, Y., Allen, C.D., Arndt,
S.K., Breshears, D.D., Davi, H., Galbraith, D., Ruthrof, K.X., Wunder, J., Adams, H.D.,
Bloemen, J., Cailleret, M., Cobb, R., Gessler, A., Grams, T.E.E., Jansen, S., Kautz, M.,
Lloret, F., O’Brien, M., 2018. Research frontiers for improving our understanding of
drought-induced tree and forest mortality. New Phytol. 218, 15-28. https://doi.org/10.
1111/nph.15048.

Hess, C., Niemeyer, T., Fichtner, A., Jansen, K., Kunz, M., Maneke, M., von Wehrden, H.,
Quante, M., Walmsley, D., von Oheimb, G., Hardtle, W., 2018. Anthropogenic nitrogen
deposition alters growth responses of European beech (Fagus sylvativa L.) to climate
change. Environ. Pollut. 233. https://doi.org/10.1016/j.envpol.2017.10.024.

Horn, K.J., Quinn Thomas, R., Clark, C.M., Pardo, L.H., Fenn, M.E., Lawrence, G.B., Perakis,
S.S., Smithwick, E.A.H., Baldwin, D., Braun, S., Nordin, A., Perry, C.H., Phelan, J.N.,
Schaberg, P.G., St. Clair, S.B., Warby, R., Watmough, S., 2019. Correction: growth and
survival relationships of 71 tree species with nitrogen and sulfur deposition across the
conterminous U.S. PLoS ONE 13 (10), e0205296. https://doi.org/10.1371/journal.
pone.0205296 (PLoS One 14, e0205296. doi:10.1371/journal.pone.0212984, 2018).

Hyndman, R.J., Athanasopoulos, G., 2021. Forecasting: Principles and Practice. 3rd ed.
Otexts.

ICP Forests, 2016. Manual on Methods and Criteria for Hamonized Sampling, Assessment,
Monitoring and Analysis of the Effects of Air Pollution on Forests.

IPCC, 2021. Climate Change 2021 the Physical Science Basis Working Group I Contribution to
the Sixth Assessment Report of the Intergovernmental Panel on Climate Change Sum-
mary for Policymakers, Climate Change 2021: The Physical Science Basis.

Jones, M.E., Fenn, M.E., Paine, T.D., 2011. The effect of nitrogen additions on bracken fern
and its insect herbivores at sites with high and low atmospheric pollution. Arthropod
Plant Interact. 5, 163-173. https://doi.org/10.1007/s11829-011-9125-8.

Kautz, M., Meddens, A.J.H., Hall, R.J., Arneth, A., 2017. Biotic disturbances in northern hemi-
sphere forests - a synthesis of recent data, uncertainties and implications for forest monitor-
ing and modelling. Glob. Ecol. Biogeogr. 26, 533-552. https://doi.org/10.1111/geb.12558.

Kint, V., Aertsen, W., Campioli, M., Vansteenkiste, D., Delcloo, A., Muys, B., 2012. Radial growth
change of temperate tree species in response to altered regional climate and air quality in the
period 1901-2008. Clim. Chang. 115. https://doi.org/10.1007/510584-012-0465-x.

Koontz, M.J., Latimer, A.M., Mortenson, L.A., Fettig, C.J., North, M.P., 2021. Cross-scale inter-
action of host tree size and climatic water deficit governs bark beetle-induced tree mor-
tality. Nat. Commun. 12, 129. https://doi.org/10.1038/541467-020-20455-y.

Korner, C., 2015. Paradigm shift in plant growth control. Curr. Opin. Plant Biol. 25, 107-114.
https://doi.org/10.1016/j.pbi.2015.05.003.

Korner, C., 2019. No need for pipes when the well is dry—a comment on hydraulic failure in
trees. Tree Physiol. 39, 695-700. https://doi.org/10.1093/treephys/tpz030.

Korner-Nievergelt, F., Roth, T., Von Felten, S., Guélat, J., Almasi, B., Korner-Nievergelt, P.,
2015. Bayesian Data Analysis in Ecology Using Linear Models With R, BUGS, and
STAN. Elsevier https://doi.org/10.1016/C2013-0-23227-X.

Kotlarski, S., Gobiet, A., Morin, S., Olefs, M., Rajczak, J., Samacoits, R., 2022. 21st Century al-
pine climate change. Clim. Dyn. https://doi.org/10.1007 /s00382-022-06303-3.

Krejza, J., Cienciala, E., Svétlik, J., Bellan, M., Noyer, E., Horacek, P., Stépanek, P., Marek,
M.V., 2021. Evidence of climate-induced stress of Norway spruce along elevation gradi-
ent preceding the current dieback in Central Europe. Trees 35, 103-119. https://doi.
0rg/10.1007/500468-020-02022-6.

Krejza, J., Haeni, M., Darenova, E., Foltynovd, L., Fajstavr, M., Svétlik, Jan, Nezval, O.,
Bednéf, P., §igut, L., Horacek, P., Zweifel, R., 2022. Disentangling carbon uptake and al-
location in the stems of a spruce forest. Environ. Exp. Bot. 196, 104787. https://doi.org/
10.1016/j.envexpbot.2022.104787.

Lamarque, J.-F., 2005. Assessing future nitrogen deposition and carbon cycle feedback using a
multimodel approach: analysis of nitrogen deposition. J. Geophys. Res. 110, D19303.
https://doi.org/10.1029/2005JD005825.

Latte, N., Perin, J., Kint, V., Lebourgeois, F., Claessens, H., 2016. Major changes in growth rate
and growth variability of beech (Fagus sylvatica L.) related to soil alteration and climate
change in Belgium. Forests 7, 174.

Lladé, S., Lopez-Mondéjar, R., Baldrian, P., 2017. Forest soil bacteria: diversity, involvement
in ecosystem processes, and response to global change. Microbiol. Mol. Biol. Rev. 81,
1-27. https://doi.org/10.1128/mmbr.00063-16.

Machado Nunes Romeiro, J., Eid, T., Antén-Fernandez, C., Kangas, A., Trgmborg, E., 2022.
Natural disturbances risks in European Boreal and Temperate forests and their links to cli-
mate change — a review of modelling approaches. For. Ecol. Manag. 509, 120071.
https://doi.org/10.1016/j.foreco.2022.120071.

Maes, S.L., Perring, M.P., Vanhellemont, M., Depauw, L., Van den Bulcke, J., Brimelis, G.,
Brunet, J., Decocq, G., den Ouden, J., Hardtle, W., Hédl, R., Heinken, T., Heinrichs, S.,
Jaroszewicz, B., Kopecky, M., Mlis, F., Wulf, M., Verheyen, K., 2019. Environmental
drivers interactively affect individual tree growth across temperate European forests.
Glob. Chang. Biol. 25, 201-217. https://doi.org/10.1111/gcb.14493.

McDowell, N.G., Allen, C.D., Anderson-Teixeira, K., Aukema, B.H., Bond-Lamberty, B., Chini,
L., Clark, J.S., Dietze, M., Grossiord, C., Hanbury-Brown, A., Hurtt, G.C., Jackson, R.B.,
Johnson, D.J., Kueppers, L., Lichstein, J.W., Ogle, K., Poulter, B., Pugh, T.A.M., Seidl,


https://doi.org/10.1023/A:1022088806060
https://doi.org/10.1023/A:1022088806060
https://doi.org/10.1016/j.envpol.2014.05.016
https://doi.org/10.3188/szf.2015.0361
https://doi.org/10.3188/szf.2015.0361
https://doi.org/10.1016/j.scitotenv.2017.04.230
https://doi.org/10.3389/ffgc.2020.00033
https://doi.org/10.1371/journal.pone.0227530
https://doi.org/10.5281/zenodo.5724756
https://doi.org/10.3389/ffgc.2021.765782
https://doi.org/10.3389/ffgc.2022.1062223
https://doi.org/10.1080/10618600.1998.10474787
https://doi.org/10.1080/10618600.1998.10474787
https://doi.org/10.1016/j.soilbio.2018.01.030
https://doi.org/10.5194/bg-17-1655-2020
https://doi.org/10.5194/bg-17-1655-2020
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.1126/science.1187512
https://doi.org/10.1201/b14884
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0155
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0155
https://doi.org/10.1038/s41586-018-0240-x
https://doi.org/10.1038/s41586-018-0240-x
https://doi.org/10.1093/treephys/tpy093
https://doi.org/10.1111/j.1439-0418.1983.tb03650.x
https://doi.org/10.1111/j.1439-0418.1983.tb03650.x
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0175
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0175
https://doi.org/10.5281/zenodo.5717785
https://doi.org/10.5281/zenodo.5717785
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0185
https://doi.org/10.1016/j.scitotenv.2017.06.142
https://doi.org/10.1016/j.foreco.2004.06.003
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0200
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0200
https://doi.org/10.1038/s41467-021-21399-7
https://doi.org/10.1038/s41467-021-21399-7
https://doi.org/10.1098/rstb.2013.0164
https://doi.org/10.1098/rstb.2013.0164
https://doi.org/10.1111/rssa.12378
https://doi.org/10.1111/rssa.12378
https://doi.org/10.1136/bmj.l5381
https://doi.org/10.1080/00031305.2018.1549100
https://doi.org/10.1073/pnas.1902046116
https://doi.org/10.1073/pnas.1902046116
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0235
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0235
https://doi.org/10.1016/S0269-7491(98)80060-2
https://doi.org/10.1016/S0269-7491(98)80060-2
https://doi.org/10.1111/nph.15048
https://doi.org/10.1111/nph.15048
https://doi.org/10.1016/j.envpol.2017.10.024
https://doi.org/10.1371/journal.pone.0205296
https://doi.org/10.1371/journal.pone.0205296
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0260
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0260
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0265
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0265
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0270
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0270
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0270
https://doi.org/10.1007/s11829-011-9125-8
https://doi.org/10.1111/geb.12558
https://doi.org/10.1007/s10584-012-0465-x
https://doi.org/10.1038/s41467-020-20455-y
https://doi.org/10.1016/j.pbi.2015.05.003
https://doi.org/10.1093/treephys/tpz030
https://doi.org/10.1016/C2013-0-23227-X
https://doi.org/10.1007/s00382-022-06303-3
https://doi.org/10.1007/s00468-020-02022-6
https://doi.org/10.1007/s00468-020-02022-6
https://doi.org/10.1016/j.envexpbot.2022.104787
https://doi.org/10.1016/j.envexpbot.2022.104787
https://doi.org/10.1029/2005JD005825
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0330
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0330
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0330
https://doi.org/10.1128/mmbr.00063-16
https://doi.org/10.1016/j.foreco.2022.120071
https://doi.org/10.1111/gcb.14493

S. Tresch et al.

R., Turner, M.G., Uriarte, M., Walker, A.P., Xu, C., 2020. Pervasive shifts in forest dynam-
ics in a changing world. Science, 368 https://doi.org/10.1126/science.aaz9463 (80-. ).

McNulty, S.G., Boggs, J., Aber, J.D., Rustad, L., Magill, A., 2005. Red spruce ecosystem level
changes following 14 years of chronic N fertilization. For. Ecol. Manag. 219, 279-291.
https://doi.org/10.1016/j.foreco.2005.09.004.

McNulty, S.G., Boggs, J.L., Aber, J.D., Rustad, L.E., 2017. Spruce-fir forest changes during a
30-year nitrogen saturation experiment. Sci. Total Environ. 605-606, 376-390. https://
doi.org/10.1016/j.scitotenv.2017.06.147.

Messier, C., Bauhus, J., Sousa-Silva, R., Auge, H., Baeten, L., Barsoum, N., Bruelheide, H.,
Caldwell, B., Cavender-Bares, J., Dhiedt, E., Eisenhauer, N., Ganade, G., Gravel, D.,
Guillemot, J., Hall, J.S., Hector, A., Hérault, B., Jactel, H., Koricheva, J., Kreft, H.,
Mereu, S., Muys, B., Nock, C.A., Paquette, A., Parker, J.D., Perring, M.P., Ponette, Q.,
Potvin, C., Reich, P.B., Scherer-Lorenzen, M., Schnabel, F., Verheyen, K., Weih, M.,
Wollni, M., Zemp, D.C., 2022. For the sake of resilience and multifunctionality, let’s diver-
sify planted forests! Conserv. Lett. 15, 1-8. https://doi.org/10.1111/conl.12829.

Millar, C.I., Stephenson, N.L., 2015. Temperate forest health in an era of emerging
megadisturbance. Science 349, 823-826. https://doi.org/10.1126/science.aaa9933
(80-.).

Mori, A.S., Lertzman, K.P., Gustafsson, L., 2017. Biodiversity and ecosystem services in forest
ecosystems: a research agenda for applied forest ecology. J. Appl. Ecol. 54, 12-27.
https://doi.org/10.1111/1365-2664.12669.

Nabuurs, G.J., Lindner, M., Verkerk, P.J., Gunia, K., Deda, P., Michalak, R., Grassi, G., 2013.
First signs of carbon sink saturation in European forest biomass. Nat. Clim. Chang. 3,
792-796. https://doi.org/10.1038/nclimate1853.

Netherer, S., Matthews, B., Katzensteiner, K., Blackwell, E., Henschke, P., Hietz, P.,
Pennerstorfer, J., Rosner, S., Kikuta, S., Schume, H., Schopf, A., 2015. Do water-
limiting conditions predispose Norway spruce to bark beetle attack? New Phytol. 205,
1128-1141. https://doi.org/10.1111/nph.13166.

Paar, U., Dammann, L., 2021. WZE-Ergebnisse fiir alle Baumarten. Waldzustandsbericht 2021
Fiir Hessen, pp. 9-15 https://doi.org/10.5281/zenodo.5569022.

Pardo, L.H., Fenn, M.E., Goodale, C.L., Geiser, L.H., Driscoll, C.T., Allen, E.B., Baron, J.S.,
Bobbink, R., Bowman, W.D., Clark, C.M., Emmett, B., Gilliam, F.S., Greaver, T.L., Hall,
S.J., Lilleskov, E.A,, Liu, L., Lynch, J.A., Nadelhoffer, K.J., Perakis, S.S., Robin-Abbott,
M.J., Stoddard, J.L., Weathers, K.C., Dennis, R.L., 2011. Effects of nitrogen deposition
and empirical nitrogen critical loads for ecoregions of the United States. Ecol. Appl. 21,
3049-3082. https://doi.org/10.1890/10-2341.1.

Peters, W., Bastos, A., Ciais, P., Vermeulen, A., 2020. A historical, geographical and ecological
perspective on the 2018 European summer drought. Philos. Trans. R. Soc. B Biol. Sci.
375, 20190505. https://doi.org/10.1098/rstb.2019.0505.

Pretzsch, H., del Rio, M., Ammer, C., Avdagic, A., Barbeito, I., Bielak, K., Brazaitis, G., Coll, L.,
Dirnberger, G., Drossler, L., Fabrika, M., Forrester, D.I., Godvod, K., Heym, M., Hurt, V.,
Kurylyak, V., Lof, M., Lombardi, F., Matovi¢, B., Mohren, F., Motta, R., den Ouden, J.,
Pach, M., Ponette, Q., Schiitze, G., Schweig, J., Skrzyszewski, J., Sramek, V., Sterba, H.,
Stojanovié, D., Svoboda, M., Vanhellemont, M., Verheyen, K., Wellhausen, K., Zlatanov,
T., Bravo-Oviedo, A., 2015. Growth and yield of mixed versus pure stands of Scots pine
(Pinus sylvestris L.) and European beech (Fagus sylvatica L.) analysed along a productivity
gradient through Europe. Eur. J. For. Res. 134, 927-947. https://doi.org/10.1007/
510342-015-0900-4.

Pretzsch, H., Grams, T., Hdberle, K.H., Pritsch, K., Bauerle, T., Rotzer, T., 2020. Growth and
mortality of Norway spruce and European beech in monospecific and mixed-species
stands under natural episodic and experimentally extended drought. Results of the
KROOF throughfall exclusion experiment. Trees 34, 957-970. https://doi.org/10.1007/
500468-020-01973-0.

QGIS Development Team, 2022. QGIS Geographic Information System.

Rakovec, O., Samaniego, L., Hari, V., Markonis, Y., Moravec, V., Thober, S., Hanel, M., Kumar,
R., 2022. The 2018-2020 multi-year drought sets a new benchmark in Europe. Earth’s
Futur. 10, 1-11. https://doi.org/10.1029/2021EF002394.

RCore Team, 2022. R: A Language and Environment for Statistical Computing.

Rihm, B., Kiinzle, T., 2019. Mapping nitrogen deposition 2015 for Switzerland. Technical Re-
port on the Update of Critical Loads and Exceedance, Including the years 1990, 2000,
2005 and 2010. Federal Office for the Environment FOEN, Air Pollution Control and
Chemicals Division, Bern.

Roth, T., Tresch, S., Du, E., Braun, S., 2022. Hierarchical change-point regression models in-
cluding random effects to estimate empirical critical loads for nitrogen using Bayesian Re-
gression Models (brms) and JAGS. MethodsX 9, 101902. https://doi.org/10.1016/j.mex.
2022.101902.

Salomén, R.L., Peters, R.L., Zweifel, R., Sass-Klaassen, U.G.W., Stegehuis, A.IL, Smiljanic, M.,
Poyatos, R., Babst, F., Cienciala, E., Fonti, P., Lerink, B.J.W., Lindner, M., Martinez-
Vilalta, J., Mencuccini, M., Nabuurs, G.-J., van der Maaten, E., von Arx, G., Bér, A.,
Akhmetzyanov, L., Balanzategui, D., Bellan, M., Bendix, J., Berveiller, D., BlaZenec, M.,
Cada, V., Carraro, V., Cecchini, S., Chan, T., Conedera, M., Delpierre, N., Delzon, S.,
Ditmarova, L., Dolezal, J., Dufréne, E., Edvardsson, J., Ehekircher, S., Forner, A., Frouz,
J., Ganthaler, A., Gryc, V., Giiney, A., Heinrich, I., Hentschel, R., Janda, P., Jezik, M.,
Kahle, H.-P., Kniisel, S., Krejza, J., Kuberski, L., Kucera, J., Lebourgeois, F., Mikolas, M.,
Matula, R., Mayr, S., Oberhuber, W., Obojes, N., Osborne, B., Paljakka, T., Plichta, R.,
Rabbel, 1., Rathgeber, C.B.K., Salmon, Y., Saunders, M., Scharnweber, T., Sitkové, Z.,
Stangler, D.F., Stereficzak, K., Stojanovi¢, M., Stfelcova, K., Svétlik, J., Svoboda, M.,
Tobin, B., Trotsiuk, V., Urban, J., Valladares, F., Vavr¢ik, H., Vejpustkova, M., Walthert,
L., Wilmking, M., Zin, E., Zou, J., Steppe, K., 2022. The 2018 European heatwave led
to stem dehydration but not to consistent growth reductions in forests. Nat. Commun.
13, 28. https://doi.org/10.1038/s41467-021-27579-9.

13

Science of the Total Environment 892 (2023) 164223

Schmitz, A., Sanders, T.G.M., Bolte, A., Bussotti, F., Dirnbock, T., Johnson, J., Pefiuelas, J.,
Pollastrini, M., Prescher, A K., Sardans, J., Verstraeten, A., de Vries, W., 2019. Responses
of forest ecosystems in Europe to decreasing nitrogen deposition. Environ. Pollut. 244,
980-994. https://doi.org/10.1016/j.envpol.2018.09.101.

Schuldt, B., Buras, A., Arend, M., Vitasse, Y., Beierkuhnlein, C., Damm, A., Gharun, M., Grams,
T.E.E., Hauck, M., Hajek, P., Hartmann, H., Hiltbrunner, E., Hoch, G., Holloway-Phillips,
M., Korner, C., Larysch, E., Liibbe, T., Nelson, D.B., Rammig, A., Rigling, A., Rose, L.,
Ruehr, N.K., Schumann, K., Weiser, F., Werner, C., Wohlgemuth, T., Zang, C.S.,
Kahmen, A., 2020. A first assessment of the impact of the extreme 2018 summer drought
on Central European forests. Basic Appl. Ecol. 45, 86-103. https://doi.org/10.1016/j.
baae.2020.04.003.

Schulla, J., 2019. Model Description WaSiM-ETH. Hydrology Software Consulting J. Schulla,
Ziirich.

Seidl, R., Thom, D., Kautz, M., Martin-Benito, D., Peltoniemi, M., Vacchiano, G., Wild, J.,
Ascoli, D., Petr, M., Honkaniemi, J., Lexer, M.J., Trotsiuk, V., Mairota, P., Svoboda, M.,
Fabrika, M., Nagel, T.A., Reyer, C.P.O., 2017. Forest disturbances under climate change.
Nat. Clim. Chang. 7, 395-402. https://doi.org/10.1038/nclimate3303.

Simkin, S.M., Allen, E.B., Bowman, W.D., Clark, C.M., Belnap, J., Brooks, M.L., Cade, B.S.,
Collins, S.L., Geiser, L.H., Gilliam, F.S., Jovan, S.E., Pardo, L.H., Schulz, B.K., Stevens,
C.J., Suding, K.N., Throop, H.L., Waller, D.M., 2016. Conditional vulnerability of plant di-
versity to atmospheric nitrogen deposition across the United States. Proc. Natl. Acad. Sci.
113, 4086-4091. https://doi.org/10.1073/pnas.1515241113.

Smith, S.E., Read, D.J., 2008. Mycorrhizal Symbiosis. Elsevier, London https://doi.org/10.
1016/B978-0-12-370526-6.X5001-6.

Steffen, W., Richardson, K., Rockstrom, J., Cornell, S.E., Fetzer, 1., Bennett, E.M., Biggs, R.,
Carpenter, S.R., de Vries, W., de Wit, C.A., Folke, C., Gerten, D., Heinke, J., Mace, G.M.,
Persson, L.M., Ramanathan, V., Reyers, B., Sorlin, S., 2015. Planetary boundaries: guiding
human development on a changing planet. Science 347. https://doi.org/10.1126/sci-
ence.1259855.

Tamm, C.O., 1991. Nitrogen in Terrestrial Ecosystems.

Thimonier, A., Kosonen, Z., Braun, S., Rihm, B., Schleppi, P., Schmitt, M., Seitler, E., Waldner,
P., Thoni, L., 2019. Total deposition of nitrogen in Swiss forests: comparison of assess-
ment methods and evaluation of changes over two decades. Atmos. Environ. 198,
335-350. https://doi.org/10.1016/j.atmosenv.2018.10.051.

Thorn, S., Miiller, J., Leverkus, A.B., 2019. Preventing European forest diebacks. Science 365.
https://doi.org/10.1126/science.aaz3476.

Tresch, S., Braun, S., Hopf, S.-E., 2023. Data Set: The Cumulative Impacts of Droughts and N
Deposition on Norway Spruce (Picea abies) in Switzerland Based on 38 Years of Forest
Monitoring. https://doi.org/10.17632/y8hvtzzkb4.3.

Triiby, P., Aldinger, E., 1984. Eine Methode zur schnellen Bestimmung der effektiv
austauschbaren Kationen. 39. Allgemeine Forstzeitschrift, pp. 1302-1304.

van der Linde, S., Suz, L.M., Orme, C.D.L., Cox, F., Andreae, H., Asi, E., Atkinson, B., Benham,
S., Carroll, C., Cools, N., De Vos, B., Dietrich, H.-P., Eichhorn, J., Gehrmann, J., Grebenc,
T., Gweon, H.S., Hansen, K., Jacob, F., Kristofel, F., Lech, P., Manninger, M., Martin, J.,
Meesenburg, H., Merild, P., Nicolas, M., Pavlenda, P., Rautio, P., Schaub, M., Schrock,
H.-W., Seidling, W., Sramek, V., Thimonier, A., Thomsen, .M., Titeux, H., Vanguelova,
E., Verstraeten, A., Vesterdal, L., Waldner, P., Wijk, S., Zhang, Y., Zlindra, D.,
Bidartondo, M.L, 2018. Environment and host as large-scale controls of ectomycorrhizal
fungi. Nature 558, 243-248. https://doi.org/10.1038/541586-018-0189-9.

Vanguelova, E.I, Nisbet, T.R., Moffat, A.J., Broadmeadow, S., Sanders, T.G.M., Morison, J.LL.,
2013. A new evaluation of carbon stocks in British forest soils. Soil Use Manag. 29,
169-181. https://doi.org/10.1111/sum.12025.

Vehtari, A., Gelman, A., Gabry, J., 2017. Practical Bayesian model evaluation using leave-one-
out cross-validation and WAIC. Stat. Comput. 27, 1413-1432. https://doi.org/10.1007/
511222-016-9696-4.

Vinceti, B., Manica, M., Lauridsen, N., Verkerk, P.J., Lindner, M., Fady, B., 2020. Managing
forest genetic resources as a strategy to adapt forests to climate change: perceptions of
European forest owners and managers. Eur. J. For. Res. 139, 1107-1119. https://doi.
0rg/10.1007/s10342-020-01311-6.

Vitali, V., Biintgen, U., Bauhus, J., 2017. Silver fir and Douglas fir are more tolerant to extreme
droughts than Norway spruce in south-western Germany. Glob. Chang. Biol. 23,
5108-5119. https://doi.org/10.1111/gcb.13774.

Walinga, I., van der Lee, J.J., Houba, V.J., van Vark, W., Novozamsky, 1., 1995. Plant Analysis
Manual.

Walthert, L., Ganthaler, A., Mayr, S., Saurer, M., Waldner, P., Walser, M., Zweifel, R., von Arx,
G., 2021. From the comfort zone to crown dieback: sequence of physiological stress
thresholds in mature European beech trees across progressive drought. Sci. Total Environ.
753, 141792. https://doi.org/10.1016/j.scitotenv.2020.141792.

Westin, J., Haapanen, M., 2013. Norway spruce — Picea abies (L.) Karst. In: Mullin, T.J., Lee, S.
(Eds.), Best Practice for Tree Breeding in Europe. Skogforsk, p. 97.

Wilhelm, R.C., Mufioz-Ucros, J., Weikl, F., Pritsch, K., Goebel, M., Buckley, D.H., Bauerle, T.L.,
2023. The effects of mixed-species root zones on the resistance of soil bacteria and fungi
to long-term experimental and natural reductions in soil moisture. Sci. Total Environ.
873, 162266. https://doi.org/10.1016/j.scitotenv.2023.162266.

Zweifel, R., Sterck, F., Braun, S., Buchmann, N., Eugster, W., Gessler, A., Hani, M., Peters, R.L.,
Walthert, L., Wilhelm, M., Ziemiriska, K., Etzold, S., 2021. Why trees grow at night. New
Phytol. 231, 2174-2185. https://doi.org/10.1111/nph.17552.


https://doi.org/10.1126/science.aaz9463
https://doi.org/10.1016/j.foreco.2005.09.004
https://doi.org/10.1016/j.scitotenv.2017.06.147
https://doi.org/10.1016/j.scitotenv.2017.06.147
https://doi.org/10.1111/conl.12829
https://doi.org/10.1126/science.aaa9933
https://doi.org/10.1111/1365-2664.12669
https://doi.org/10.1038/nclimate1853
https://doi.org/10.1111/nph.13166
https://doi.org/10.5281/zenodo.5569022
https://doi.org/10.1890/10-2341.1
https://doi.org/10.1098/rstb.2019.0505
https://doi.org/10.1007/s10342-015-0900-4
https://doi.org/10.1007/s10342-015-0900-4
https://doi.org/10.1007/s00468-020-01973-0
https://doi.org/10.1007/s00468-020-01973-0
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0415
https://doi.org/10.1029/2021EF002394
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0425
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0430
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0430
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0430
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0430
https://doi.org/10.1016/j.mex.2022.101902
https://doi.org/10.1016/j.mex.2022.101902
https://doi.org/10.1038/s41467-021-27579-9
https://doi.org/10.1016/j.envpol.2018.09.101
https://doi.org/10.1016/j.baae.2020.04.003
https://doi.org/10.1016/j.baae.2020.04.003
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0455
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0455
https://doi.org/10.1038/nclimate3303
https://doi.org/10.1073/pnas.1515241113
https://doi.org/10.1016/B978-0-12-370526-6.X5001-6
https://doi.org/10.1016/B978-0-12-370526-6.X5001-6
https://doi.org/10.1126/science.1259855
https://doi.org/10.1126/science.1259855
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0480
https://doi.org/10.1016/j.atmosenv.2018.10.051
https://doi.org/10.1126/science.aaz3476
https://doi.org/10.17632/y8hvtzzkb4.3
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf202306022247052780
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf202306022247052780
https://doi.org/10.1038/s41586-018-0189-9
https://doi.org/10.1111/sum.12025
https://doi.org/10.1007/s11222-016-9696-4
https://doi.org/10.1007/s11222-016-9696-4
https://doi.org/10.1007/s10342-020-01311-6
https://doi.org/10.1007/s10342-020-01311-6
https://doi.org/10.1111/gcb.13774
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0530
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0530
https://doi.org/10.1016/j.scitotenv.2020.141792
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0540
http://refhub.elsevier.com/S0048-9697(23)02844-9/rf0540
https://doi.org/10.1016/j.scitotenv.2023.162266
https://doi.org/10.1111/nph.17552

	The cumulative impacts of droughts and N deposition on Norway spruce (Picea abies) in Switzerland based on 37 years of fore...
	1. Introduction
	2. Material and methods
	2.1. Study sites
	2.2. Tree mortality rates and crown defoliation
	2.3. Soil properties
	2.4. Foliar nutrients
	2.5. Total N deposition and drought indicators
	2.6. Data analysis
	2.6.1. Time series correlation of spruce crown damage and spruce mortality
	2.6.2. Lag effects of drought indicators
	2.6.3. Spruce mortality model
	2.6.4. Bayesian change-point regression


	3. Results
	3.1. Mortality rate
	3.2. Correlation between spruce crown damage and spruce mortality
	3.3. Lagged drought effect on spruce mortality
	3.4. Driving factors of spruce mortality
	3.5. Estimated critical loads of nitrogen for Norway spruce

	4. Discussion
	4.1. Effects of droughts on spruce mortality
	4.1.1. Cumulative drought years assessed by lagged drought indicator
	4.1.2. Relation between mortality and crown dieback
	4.1.3. Comparing mortality rates across countries and species

	4.2. Effect of N deposition on spruce mortality
	4.3. Searching for explanations of the observed drought damages
	4.4. Estimated critical loads of N for Norway spruce based on mortality data

	5. Conclusion
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References




