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Abstract

Modeling disturbance-based tree mortality is becoming increasingly important in the discussion of how to adapt forests to
climate change and to preserve their ecosystem services and mitigate the risk of economic losses. In this study, we fitted
species-specific interval-censored Accelerated Failure Time models for five major tree species to derive the influence of cli-
mate, soil, silvicultural measures, stand and tree characteristics on survival times. We coded all disturbance-based mortality
causes as events and analyzed 473,501 individual trees distributed across 2248 long-term (1929-2014) forest growth and
yield plots in southwestern Germany. We observed different survival probabilities among tree species with Douglas-fir hav-
ing the lowest survival probability at age 100 years, followed by Norway spruce and Silver fir. Contrastingly, beech and oak
had survival probabilities above 0.98 at age 100 years. Most important factor influencing these survival times was climate.
Higher summer temperature shortens the survival time of beech, Silver fir and oak, while Norway spruce suffers more from
warmer and wetter winters. Beside climatic factors, base saturation showed a significant positive relationship to survival
time for all investigated tree species, except for Norway spruce, which had shorter survival times with increasing cation
exchange capacity of the soil. Additionally, short-term effects of destabilization after thinning were found. In conclusion,
favoring broadleaved tree species, avoiding heavy thinning in older stands and limiting tree age reduce the probability of
disturbance-based tree mortality. However, some of the effects found that cause-unspecific mortality modeling has limited
potential to describe the mortality—climate change relation.
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Introduction ecological processes in forests (Adame et al. 2010). Regular

mortality, also known as self-thinning, occurs due to com-

Natural tree mortality resulting from vitality losses caused
by irregular (e.g., disturbances) or regular (e.g., self-thin-
ning, senescence) mortality is one of the most important
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petition for space, light, water and nutrients (Jutras et al.
2003). Irregular tree mortality is the response to climatic
extremes or disturbances that occur with varying frequen-
cies and intensities (Bigler et al. 2006; Zimmermann et al.
2009). Thereby, climate-related abiotic and biotic distur-
bance agents are expected to alter in magnitude and intensity
under future climate change causing augmented tree mortal-
ity (Seidl et al. 2017). This will cause feedback reactions in
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forest structures and communities as well as their ecosys-
tem services and functions (see Anderegg et al. 2012 for
review). Therefore, a good understanding of forces driving
disturbance-induced tree mortality is important for policy-
makers and forest managers responsible for implementing
adaptive measures to preserve multifunctional forest services
and mitigating the risk of economic losses (Hennon et al.
2012; Thapa and Burkhart 2015).

A variety of approaches has been used to describe and
model tree mortality at different scales, ranging from global
(Allen et al. 2015) to landscape (Breshears et al. 2005; Neu-
mann et al. 2017), to stand (Fortin et al. 2008; Thapa and
Burkhart 2015) or individual tree level (Eid and Tuhus 2001;
Boeck et al. 2014). All approaches faced the problem of
lacking detailed spatial and/or temporal data on tree sur-
vival. Tree-ring samples, e.g., have a high temporal resolu-
tion but assess only a limited number of species and sam-
ples (Kane and Kolb 2014). Inventory data contain much
larger sample sizes over a widespread area, but have usually
lower temporal resolutions (Staupendahl and Zucchini 2011;
Neumann et al. 2017). Nevertheless, they often provide a
broad range of silvicultural treatments, site conditions, forest
structures and tree characteristics, while the reasons for tree
mortality are often insufficiently documented.

The commonly used statistical approach to model tree
mortality is logistic regression analysis (e.g., Fernandez
2008). Logistic regressions base on a dichotomous response
variable modeled over uniform time intervals, which is often
not the case for inventory data (Boeck et al. 2014; Hiils-
mann et al. 2016). Data unification over a defined period
merges individuals who experienced the event of interest
at different time points within the study period, which may
eliminate meaningful variation in mortality patterns (Singer
and Willett 2003). Another important aspect is that indi-
viduals with unknown event time, i.e., those who do not
experience the event during the observation period, have
to be censored. Censored observation data call for survival
models such as the nonparametric Kaplan—Meier estimator
(Kaplan and Meier 1958), the semi-parametric Cox model
(Cox 1995) and parametric models (e.g., Accelerated Failure
Time Model). Parametric models have the advantage that
they are based on a distribution and the effect of predictors
is estimated in absolute numbers (e.g., years). Originally
developed for medical studies, they are currently becoming
popular in forest science (Staupendahl and Zucchini 2011;
Neuner et al. 2014; Neumann et al. 2017). So far, only time-
independent variables have been used in survival models,
but this generalization might be over-simplifying.

Therefore, we used an innovative approach to detect fac-
tors influencing disturbance-based tree mortality by using
Accelerated Failure Time Models with time-dependent vari-
ables on a long-term (1920-2014) inventory data set. The
originality of this study lies in the fact that we investigated

@ Springer

the role of time-varying variables concerning forest stand,
tree characteristic and climate factors for particular inven-
tory intervals using individual-based species-specific models
for European beech (Fagus sylvatica), Douglas-fir (Pseu-
dotsuga menziesii), Norway spruce (Picea abies), Silver fir
(Abies alba), Sessile oak (Quercus petraea) and Peduncu-
late oak (Q. robur). The research questions were: (1) Are
species-specific mortality trends distinguishable? (2) Did the
rates of disturbance-based mortality change over the obser-
vation periods? (3) How strong is the relative impact of cli-
matic variables compared with other explanatory variables?
(4) Are trends in mortality correlated with changing climatic
and environmental conditions, all other factors being con-
stant? (5) Are the climate-dependent mortality trends similar
among tree species?

Materials and methods
Study area and data collection

The study region, Baden-Wuerttemberg, is the southwestern
located federal state of Germany. Here, the Forest Research
Institute of Baden-Wuerttemberg established permanent
experimental research plots as early as 1872 distributed
across the entire federal state (see Fig. 1). They were origi-
nally designed to study growth and yield in response to dif-
fering silvicultural treatments.

The experimental research plots range in size between 0.1
and 1 ha, averaging to the most common size of 0.25 ha. They
are both located irregularly in the state and managed using
different silvicultural treatments depending on the protocol of
each experiment (Dénescu et al. 2016). The plots were man-
aged and investigated for varying periods ranging from one
to 95 years with a mean observation length of 34 years. Trees
on the research plots were measured every 4 years on average.
Standardized documentation of the mortality reason (cause
of removal) started around 1920, which constrained us to dis-
card earlier years. Since climate variables are monthly reported
until 2014, our final data refer to the period 1920-2014. This
leads to a total number of 2,100,016 individual tree obser-
vations, comprising Norway spruce (40%), European beech
(15%), Douglas-fir (15%), Silver fir (12%), Sessile oak and
Pedunculate oak (both oak species together 5.5%). The remain-
ing 12.5% of the data concerns other tree species not consid-
ered here. Within each plot, the diameter to breast height (at
1.3 m height, DBH) of all trees with DBH >7 cm was meas-
ured to the nearest millimeter on two perpendicular direc-
tions. Tree height was measured on random subsamples of 30
trees per species distributed over the whole DBH range and
estimated based on dendrometric diameter height equations
(Ehring et al. 1999) for the remaining individuals. Mean age
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Fig. 1 The Federal state of Baden-Wuerttemberg (Germany) with the location of the permanent research plots used in this study

was available as stand-level information (see list of variables
and abbreviations in Table 2).

According to the respective treatment designs, silvicultural
approaches on the experimental growth and yield plots con-
sisted of selective cutting, thinning, harvest and regeneration
cuts that were performed in coincidence with the respective
data measurements. Since these scheduled removals were not
caused by the mortality agents of interest in our study, trees
removed by experimental thinning or harvest were classified
as censored (i.e., not marked as events; Staupendahl 2011;
Neuner et al. 2014).

Data preparation

Classification of trees as disturbance-based mortality
events

During field measurements, the tree status (living; non-exist-
ing) and the cause for no longer existing trees are attributed
to each individual (Table 1). Trees experiencing mortality
due to undifferentiated salvage cutting, wind-throw, snow-
damage, insect calamities or fungi were classified as a failure
(event=1). Trees surviving until the end of the observation
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Table 1 Cause of removal and tree status (censored/failure)

Status Censored
(event=0)/
Failure
(event=1)

Existing and living 0

Non-existing due to experimental thinning or harvest 0

Non-existing due to undifferentiated salvage cutting 1

Existing but dead due to wind-throw 1

Existing but dead due to snow-break 1

Existing but dead due to insects 1

Existing but dead due to fungi 1

Existing but dead (b°j >b°) 0

Existing but dead (b°j <b° and reIDBHRank > 0.5) 1

Non-existing due to special investigation 0

Damage caused by game 0

Maintenance 0

Non-existing due to unknown reasons 0

be: the ratio between the basal area of a stand (b°j) and the basal area
derived from the yield table (b°); relDBHRank: the ratio between the
rank of a tree (based on the DBH sorted in ascending order) and the
rank of the largest diameter tree within a stand

period or experiencing mortality through scheduled har-
vest, special investigation, browsing by game, accidents by
maintenance measures or unknown reasons were classified
as censored (event=0). Trees that died due to competition
in the self-thinning stage were defined as censored since
density-based mortality was not the event of interest in our
study. This information was reconstructed by extracting trees
with unspecified death cause in densely packed stands that
are stands with basal areas greater than the average reported
in the corresponding yield tables (b°,>b°; see Table 1; MLR
1993). In stands of medium density (b°;<b°®), on the con-
trary, trees of the dominant or codominant stand strata (rela-
tive diameter rank > 0.5; Table 1) with unknown causes of
removal were classified as events.

Tree characteristics

The slenderness coefficient (ratio of height to diameter;
RatioHeightDBH)), the relative DBH (relDBHRank) and tree
height (relHeightRank) were considered as possible alterna-
tives to express the impact of a tree’s competitive position.
Additionally, the basal area of larger trees (BAL) and its
relative counterpart (relBAL) were calculated as indicators
for one-sided competition (Wykoff et al. 1982).

Stand structure and diversity

We calculated the Shannon and Evenness indices (Shannon
and Weaver 1949) for each stand as proxies for stand mixture
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and structure, which relate to the potential forest resistance
against biotic agents (Griess and Knoke 2011; Bauhus et al.
2017). We used Shannon’s Function H’ and its standardized
version Evenness to calculate tree species diversity (Es) and
tree diameter diversity (Ed), respectively. H' is calculated
from the equation H'=—-)p,(In p;,) where p; is the ratio
between the number of individuals of tree species i and the
total number of trees. For Evenness, H' is divided by the
theoretical maximum (the natural logarithm of the number
of species). Similarly, diameter diversity was calculated by
replacing the number of species with the number of DBH
classes for a stand (DBH classes in 1 cm units rounded to
the decimal place) as described in Ddnescu et al. (2016).

Basal area per hectare (BA) was calculated as indices for
two-sided measured (Bravo and Montero 2001). We calcu-
lated two thinning indices to consider possible short-term
effects on mortality of the remaining trees. First, we calcu-
lated the ratio between removed basal area and stand basal
area prior to the respective intervention (RelRemoval) as
proxy for thinning severity and second the mean DBH of
removed trees relative to the quadratic mean DBH of the
entire stand (ReIDBHRemoval) to characterize if dominant
(greater values) or suppressed trees (smaller values) were
predominantly removed.

Site characteristics

Variables on site characteristics were obtained from the
digital terrain model (resolution 1 m) and forest stand loca-
tion map of Baden-Wuerttemberg (Geobasisdaten 2018).
We used the indicators slope, aspect and elevation (ELE)
to assess topographical parameters influencing tree mortal-
ity. Soil conditions were characterized using usable water
retention (NFK) and cation exchange capacity (KAK) from
the soil map of Baden-Wuerttemberg at a scale of 1:50,000
(Landesamt fiir Geologie, Rohstoffe und Bergbau [LGRB]).
Additionally, we described soil conditions by using the base
saturation (%o) in 10-30 cm depth (base) and the mean rock
content (%o; rock; Hartmann et al. 2016). All variables were
obtained from the plot coordinates and digital maps using
QuantumGIS®, version 2.18 IS (Quantum GIS Development
Team 2017).

Climate variables

Precipitation and temperature are known to influence tree
mortality (Lines et al. 2010; Adams et al. 2010). We used
spatially interpolated temperature and precipitation data
with a monthly resolution (Deutscher Wetterdienst (DWD)
Climate Data Center 2018a, c¢) to calculate the thirty-years
average of both annual temperature (7,,.,,) and annual pre-
cipitation sum (Pg,,). The climatic values were calculated
for the specific geographic location of each plot and repeated
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Table 2 Species-specific tree characteristics and variables used in the
models for Norway spruce, European beech, Douglas-fir, Silver fir,
Sessile oak and Pedunculate oak separately listed for: number of trees
(Nrpees)> number of observations (Nopeervation)s Percentage of died trees
(Dead), mean diameter at breast height (DBH) and height, stand age,

relative removed basal area (RelRemoval), basal area (¢ BA), species
Evenness (Es), tree diameter Evenness (Ed), slope, aspect, elevation
(ELE), base saturation (base), soil rock content (rock) as well as for
maximum (7,,,.), minimum (7,;) and mean temperature (7,,.,,) and
similar for precipitation (P)

Unit European beech Douglas-fir Norway spruce Silver fir Sessile & Pedun- Vari-
culate oak able used in
models
General information
Number of plots 815 493 1188 480 436
Remeasured interval Year 4.1 3.2 3.5 4.2 3.7
Nrpees 84,527 84,775 211,895 60,191 32,113
Nobservation 127,756 361,718 955,707 292,190 127,756
Dead % 0.3 9.3 1.7 6.1 0.2
¢ DBH cm 20.3 21.6 21.5 23.5 18.8 ob: s delis, 0
relDBHRank ob>sp.dgl.s, 0
¢ height m 19.1 18.7 19.9 18.3 15.9 .
relHeightRank o del s 0
Variables used in the models
¢ age Year 81.5 32.7 57.7 80.6 60.3
¢ RelRemoval 0.05 0.06 0.04 0.05 0.06 .
RelDBHRemoval otP de!
¢ BA m?® ha™! 29.84 33.1 40.8 41 21.9 oP0
relBAL ob:sp dgl s
BAL obs 5P, dgl, s
¢ Es 0.35 0.06 0.13 0.42 0.35 .
¢ Ed 0.92 0.9 0.91 0.93 0.88 .
@ slope 14.3 18.03 9.4 17.9 10.6 .
Aspect .
¢ ELE m a.s.l. 533.7 520 641 668 408 osp: del s
@ base %o 422.1 231 256 216 243 .
¢ NFK Vol% 2.9 2.7 32 2.5 3.6 .
¢ KAK cmol/kg 32 2.63 3.1 2.6 32 .
Rock Yoo 165.5 193 152 179 37.8 .
O T ax °C 19.1 19.8 18.6 18.4 20.2 .
? Trin °C —-5.42 —-4.1 =55 -5.6 —-4.8 .
& Tpean °C 7.7 8.2 7.3 72 8.5 o0 sp.dels.0
0P mm 204.3 219 235 279.9 185.5 .
8 Pin mm 8.8 12.3 10.52 11.6 7.15 .
8 Py mm 943 1033 1042 1228 861 ob: 5P dgl.s, 0
Am cm/°C 21.5 23.5 24.7 25.8 19.8 oP:sp-dgl.s 0

Additional variables tested in the model are: (relative) basal area of larger trees (BAL, relBAL), ranked height (relHeightRank) and similar the

dbh (relDBHRank), aridity index (Am)

The “e” shows if the variable is used in the model. Superscript indicates whether the variable was excluded from the European beech (b), Doug-
las-fir (dgl), Norway spruce (sp), Silver fir (s) or oak (o) model due to high correlation (variance inflation factor > 3) with other variables

as a moving average for each plot observation. This means
that for an exemplary plot observation in 1987, the values of
the preceding 30-year period (1958-1987) were used.
Since tree species react often to alterations in frequency
and intensities of climatic extremes (Bigler et al. 2006;
Fuhrer et al. 2006; Pulliam 2000; Zimmermann et al.

2009), we calculated mean maximum (7,,,) and mean

minimum (7,;,) temperature of the warmest and coldest
month, respectively, and equivalently the precipitation
sums (Ppin. P (Deutscher Wetterdienst (DWD) Climate
Data Center 2018b, d; Vanoni et al. 2016). To consider cli-
matic extremes also for the first observation, we calculated
the mentioned parameters for the previous 5 years. Addi-
tionally, we calculated the De Martonne (1926) aridity
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index (Am), which is the ratio between the mean precipita-
tion (cm) and the mean temperature (°C) plus ten. A sum-
mary of the used variables is provided in Table 2.

Data analysis

The computations were performed in R (R Development
Core Team 2014) using the packages data.table (Dowle
et al. 2019) and dplyr (Wickham et al. 2018). Data explo-
ration followed the guidelines of Zuur et al. (2010), which
suggest the use of Pearson’s correlation coefficient and
the variance inflation factor (VIF) to detect collinearity
among variables. Variables with a VIF >3 were excluded
from further analysis.

Annual species-specific mortality rates, m, were calcu-
lated at the population level per inventory period based on
individual tree data (Sheil et al. 1995):

m=1—(N,/N)"*

where N, and N, are tree counts at the beginning and the end
of the inventory interval, respectively, with 7 representing
the length of the inventory interval in years. We used the
nonparametric Cox and Stuart Trend Test to detect trends in
a time series (Cox 1995).

With the aid of the survival package (Therneau 2018),
we used the nonparametric Kaplan—-Meier (Kaplan and
Meier 1958) estimator to detect substantial differences in
the observed survival probability among tree species. We
further tested differences in survival time using a log-rank
test. Stand age, 7, at the beginning and end of the observa-
tion interval together with the coded event (0/1) was the
focus of the survival analysis. We selected stand age instead
of other parameters (e.g., dbh, height) as time variable since
age is often used in forest economic simulations and is there-
fore comparable with other models (Griess and Knoke 2013;
Netherer et al. 2015; Paul et al. 2019; Brandl et al. 2020).
The nonpﬁrametric Kaplan—Meier estimator of the survival
function S(¢) of T is defined as (Kaplan and Meier 1958):

} d.
NOE 1- —’>
0) H < "
where .}9(0) = 1, d; is the trees that fail at 7, and n, represents
the total number of subjects at risk at 7;. The Kaplan-Meier
estimator was used to give a descriptive overview of a tree’s
survival probability considering no or one predictor. In addi-
tion to displaying survival probability as a function of age,
we also graphed it as a function of tree height. This has the
advantage of making sites of different fertility more compa-
rable since trees grow more rapidly in height on sites with

high fertility.
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Subsequently, we assessed factors influencing tree survival
time using parametric Accelerated Failure Time models (AFT
models), since they can handle censored data and calculate
the distribution form of survival time (Zhang 2016). Since
the investigated tree species, except Sessile and Pedunculate
oak (Eaton et al. 2016), have different ecological niches, we
performed species-specific AFT models. In contrast to pro-
portional hazard models, AFT models estimate the baseline
survival function. In the case of a survival time 7> 0, the natu-
ral logarithm of the survival time, ¥;=In(T)), is expressed as a
linear function of the covariates (Mills 2011):

Y, =1In(T) = xf + 3

with x; representing the vector of covariates for subject j,
P the vector of estimated regression coefficients and z; the
error term with density function f(z). The form of f{z) deter-
mines the regression model. In our case, f(z) is set to the
extreme value density so that we get the Weibull regression
model (Mills 2011).

The exponentiated form of f is the time ratio. In case exp(f)
is greater (less) than one, the covariate indicates a decreased
(increased) time to death—in other words shrinking (stretch-
ing) the baseline survivor function along the x-axis. Since
the data are left truncated and interval censored, we used the
eha-package developed by Brostrom (2017). The underlying
assumption of interval-censored data is that the hazard is con-
stant within each interval, but can vary across intervals (Mills
2011). Left truncation means that only individual trees whose
lifetimes lie within a certain interval (minimum observed stand
age to the maximum observed stand age) are considered in
the models. Truncation considers the existence and poten-
tial mortality events in stands before they entered the survey
(age < observed stand age).

Advantages of parametric AFT models include: (1) the
distribution of survival time can be estimated, (2) the effects
of covariates can be estimated in absolute terms (e.g., years),
(3) variation in observation intervals accompanied by time-
dependent covariates can be considered (Moore 2016) and (4)
the full maximum likelihood can be used to estimate param-
eters (Mills 2011; Zhang 2016). Since the survival time fol-
lows a particular distribution, we considered models using the
Weibull distribution. The best-fitting distribution was selected
based on the comparisons of (1) the modeled distribution with
the nonparametric Kaplan—-Meier curve, (2) the lowest Akaike
Information Criterion (AIC) (Burnham and Anderson 2002)
and (3) the maximized log-likelihood.

Model performance and selection
All models were tree individual based using stand age as

time scale. All continuous explanatory variables were z-score
transformed to facilitate the comparative interpretability of
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the estimated coefficients. As a first step, the potential influ-
ence of nominal and ordinal variables on the survival prob-
ability of the respective tree species was visualized with a
Kaplan—Meier curve. Since continuous variables cannot be
presented in a Kaplan—Meier curve, those variables were
divided into ranges below and above their median. Vari-
ables strongly differing in the Kaplan—Meier curves of the
two groups (above/below the median) were prioritized in
the first step of AFT model selection (Hosmer et al. 2008).
Based on the variable selection procedures as proposed
by Glomb (2007), each AFT model was first fitted for sin-
gle explanatory variables separately to detect significant
impacts on survival times. In the second step, significant
variables were combined in models until the species-specific
model with the lowest AIC and a baseline curve close to the
Kaplan—Meier curve were obtained. Finally, we added the
non-significant variables of the first step back to confirm or
reject the lack of statistical significance. During the variable
selection process, we tested interactions among variables.
The significance between models was tested by comparing
the complex with the nested model using the likelihood ratio
test.

The characterization of the model error was analyzed
based on a test data set (30% of the original data set ran-
domly chosen). The best individual tree model was applied
to the training data set, and the predicted survival probabil-
ity was graphed against observed values (Kaplan—Meier
curve). Additionally, models based on the test data set were
calculated with the same predictors as those for the train-
ing data set to evaluate the magnitude and direction of the
coefficients.

Results
Patterns in tree mortality

Comparing the observed survival probabilities by using
a log-rank test shows that survival rates differed signifi-
cantly (p <0.0001) among tree species. The nonparametric
Kaplan—Meier analysis showed that European beech had the
highest survival probability being above 0.9 over the entire
observed lifespan of 228 years (see Fig. 2). Similarly high
were the values for both oak species, which showed a sur-
vival probability of > 0.95 until the age of 170. Beyond that
age, the survival probability decreased to values between 0.8
and 0.9. Silver fir showed a survival probability similar to
European beech and the two oak species until the age of 75.
However, for older trees, the survival probability decreased
continuously showing values of 0.94 at age 100 and 0.7 at
age 200. Norway spruce showed intermediate probabili-
ties to survive with 0.83 at age 100 years. The survival
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probability of Douglas-fir rapidly decreased to 0.63 at the
age of 100 years.

The height-depending Kaplan—Meier curves were much
more uniform for the different tree species, showing similar
patterns for the different tree species, than the age-depending
Kaplan—Meier curves. Both European beech and oak showed
the highest survival probabilities with values above 0.99 at
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30 m height (Sy;: survival probability at height 30 m, see
Fig. 3). Intermediate survival probabilities were found for
Norway spruce (Sg3,=0.96) and Silver fir (Sy37,=0.96),
while the survival probability of Douglas-fir was lowest
(SH30=0.93) at the reference height of 30 m.

Temporal trends in tree mortality

Besides the overall mortality also the annual mortality
rates and the mortality agents for different decades dif-
fered among tree species (see Figs. 4 and 5). Wind-throw
and snow-damage were the predominant mortality agents
for all investigated species. Generally, mortality caused
by wind-throw increased since 1990 (Fig. 4). Within the
period 1950-1990, snow-damage caused mainly death in

European beech
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Norway spruce and Silver fir stands, whereas European
beech mainly died due to undifferentiated salvage cutting
(see Fig. 4).

Across the entire observation period from 1920 to 2014,
Douglas-fir showed the highest mean annual mortality
rate with 0.5%, followed by Norway spruce with 0.4%.
The annual mortality rates for Silver fir, European beech,
Sessile oak and Pedunculate oak were 0.22%, 0.07% and
0.06% (for both oak species), respectively. Results of the
Cox and Stuart Trend Test showed that the annual mortal-
ity has not significantly changed with time for all tree spe-
cies (European beech: p=0.06, Norway spruce: p=0.37,
Sessile & Pedunculate oak: p =0.24, Silver fir: p=0.25,
Douglas-fir: p=0.43).
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Fig.4 Shares of disturbance-based mortality occurring on the long-term research plots by agents (colors) and species (panels) across calendar
time. The solid black line indicates the periodic mean stand age of the plots in the survey
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Fig.5 Development of the
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Species-specific mortality models

Table 3 shows the estimated exponentiated coefficients of
the covariates, exp(f), which we integrated into the best
species-specific AFT models. Among the five different
species-specific AFT models, those including climate, soil
and silvicultural parameters provided the lowest AIC rep-
resenting the best goodness of fit. By holding all variables
in the model at their means, the survival probability at age
100 years ranges from 0.99 for European beech, Sessile and
Pedunculate oak to 0.75 for Douglas-fir. Silver fir and Nor-
way spruce show intermediate survival probabilities with
0.95 and 0.85, respectively (see Fig. 6).

The influence of climate parameters

The climatic variables influenced the survival times of
the tree species differently (see Table 3). P, extended
the survival time of Douglas-fir by 8% (coefficient value
0.92). T, significantly shortened the survival time of
European beech by 20% (coefficient value 1.2), both oak
species by 21% and Silver fir by 13%. In case of European
beech and Silver fir, the 0.05- and 0.95-percentile range for

1920 1940 1960 1980 2000

T ,ax corresponded to temperatures from 16.0 to 21.0 °C.
The corresponding T,,,, dimension for the two oak spe-
cies ranged from 18.4 to 21.9 °C (see Fig. 7). An opposite
effect was detected for Norway spruce, which seems to
suffer from warmer winter temperatures (7,,;, coefficient
1.37) and increasing maximum precipitation (P,,,, coef-

ficient 1.21).

max

The influence of soil characteristics

Besides climatic factors, also soil parameters showed
a significant relationship to survival time for all inves-
tigated tree species. Norway spruce displayed shorter
survival times by increasing cation exchange capacity of
the soils (see Fig. 8 and Table 3). Higher base saturation
extended the survival times for all tree species, except for
Norway spruce, ranging from 26% for the two oak species
(coefficient value 0.74, see Table 3) over 7% for Douglas-
fir (coefficient value 0.93, see Table 3) to 4% for both,
European beech and Silver fir (coefficient value 0.96, see
Table 3).
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Table 3 Exponentiated coefficients [exp(83)] of the species-specific AFT models

Models European beech Douglas-fir Norway spruce Silver fir Sessile & Pedunculate oak
exp(B) exp(B) exp(B) exp(B) exp(B)

Climate variables

T ax 1.20[£0.01]#%** - - 1.1[+£0.01]*%** 1.21[£0.04]#**

Toin 0.95[+0.02]* - 1.37[+£0.01]*** - -

P ax 1.97[+0.01]#%* - 1.21[+0.01]*** 1.02[+0.011™* -

Poin - 0.92[+0.02]*** - - -

P ox Tnin 1.02[+0.01]* - 0.84[+0.004]*** - -

Soil parameters

Base 0.96[+0.15]** 0.93[+0.01]*** - 0.96[+0.01]** 0.74[+0.08]***

KAK - - 1.2[+£0.005]*** - -

NFK - 0.94[+0.01]*** - - -

Rock - - - - 0.75[+0.06]***

Silvicultural measures

RelRemoval - - 1.12[+0.002]*** 1.26[+0.01]*%%* 1.45[+0.03]***

RelDBHRemoval 1.27[+0.00]**%* - - - -

Tree characteristic

Height - - - 0.87[+0.01]*** 0.83[+0.04]***

relHeightRank 0.87[£0.01]*** - - - -

Stand characteristic

BA - 1.07[+0.12]*** - - 1.39[+0.04]***

Es - - 0.94[+0.01]*** - -

Ed - 1.48[+0.02]*** - - -

Baseline parameters

Log(scale) 5.66[+0.03] 5.14[+0.03] 5.29[+0.008] 5.66[+0.03] 6.12[+0.14]

Log(shape) 1.49[+0.03] 0.84[+0.02] 1.009[+0.009] 0.44[+0.02] 0.93[+0.07]

Exponentiated coefficients below (above) one denote an extension (deceleration) of survival time. Standard errors are shown in square brackets
with the significance levels (***p <0.001; **p <0.01; *p <0.05; n.s., not significant). Log(scale) and log(shape) are the scale and shape param-
eters of the Weibull distribution, respectively

Interaction term

Fig.6 Comparison between
the modeled baseline survival

probability (gray line) and the
observed Kaplan—Meier curve
(red line) for all species-specific

models
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The influence of silvicultural treatments

The ratios between the removed basal area and the stand
basal area to the respective inventory (RelRemoval) were
significantly related to the survival times for all investi-
gated tree species, except for Douglas-fir. With increasing
removed basal area, the survival times shortened by 45% for
oak (coefficient value 1.45, see Table 3), 26% for Silver fir
(coefficient value 1.26) and 12% for Norway spruce (coef-
ficient value 1.12). For European beech, the mean DBH of
the removed trees relative to the quadratic mean DBH of

the entire stand (ReIDBHRemoval) was significant, mean-
ing that the survival times shortened for the remaining trees
in case the dominant trees were removed (coefficient value
1.27, see Table 3).

The influence of tree and stand characteristics
Both tree and stand characteristics were not ubiquitously sig-
nificant among species-specific models. Height was signifi-

cant in the Silver fir (coefficient value 0.87, see Table 3) and
oak models (coefficient value 0.83, see Table 3), indicating
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extended survival times for tall trees. In the case of Euro-
pean beech, the relative height was significant indicating an
extended survival time for trees taller than the mean stand
height (coefficient value 0.86, see Table 3).

Basal area was significant in the Douglas-fir (coefficient
value 1.07, see Table 3) and oak models (coefficient value
1.39, see Table 3), reducing the survival time with increas-
ing basal area. The species evenness index (Es) was signifi-
cant in the Norway spruce model (coefficient value 0.94, see
Table 3) showing an extension of survival time in mixed
stands, while the diversity of tree diameters had an opposite
effect in the Douglas-fir model (coefficient value 1.48, see
Table 3).

Discussion
Annual mortality rates and disturbance agents

In this study, we assessed the survival times and the driving
factors of five dominant tree species in southern Germany’s
forests over a period of more than 100 years. Despite the
limitations, which consequently limit the interpretation (dis-
cussed below), some clear patterns emerged: Annual mortal-
ity rates varied considerably across species ranging between
0.06% for oak and 0.22% for Silver fir. While the annual
mortality rates equal those found in Swiss forests (Etzold
et al. 2019), we could not detect any considerable changes
across time in the annual mortality rates as had been found
in the Swiss study. This may result from the fact that we
have not made any specific distinctions, e.g., by ecoregions
or elevation (Etzold et al. 2019).

However, our results show that disturbance agents dif-
fered among decadal periods. Storm damage, e.g., increased
for all species toward the end of the twentieth century, which
can be related to the exceptional storms in 1990 and 1999
(Schelhaas et al. 2003). The mortality regime of the first half
of the twentieth century was much more dominated by the
occurrence of snow-damage, especially for Norway spruce
and Silver fir.

Species-specific survival times

Our results further show that the observed age-dependent
survival probability differed among species. The highest
age-dependent survival probabilities were observed for the
long-lived species European beech, Sessile oak, Pedunculate
oak and Silver fir. Comparable survival probabilities at the
age of 100 years were obtained by Neumann et al. (2017)
and Neuner et al. (2014) for Norway spruce and European
beech, whereas others report lower survival probabilities
for Norway spruce at corresponding ages (Staupendahl and
Zucchini 2011; Griess et al. 2012; Brandl et al. 2020). This
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difference might result from (1) the spatial and temporal
differences in the underlying data, (2) by using different
approaches for calculating the Kaplan—Meier survival curves
(one observation period per tree versus multiple observa-
tions), (3) from the study design (crown condition data) or
(4) from generally differing environmental conditions.

Surprisingly, the non-native Douglas-fir had the lowest
observed survival probability (S;oy,=0.75) in our study
area. This goes in line with observations for entire Europe
(Brandl et al. 2020) but contradicts regionally specific mod-
els (Staupendahl and Zucchini 2011). Although the species
is known as a long-lived, shade-intolerant or semi-tolerant
tree in its natural distribution area in North America (Da
Ronch et al. 2016), the observed high mortality rate in the
study area may result from the species’ vulnerability to
wind-throw outside its natural range (Albrecht et al. 2013).
Douglas-fir’s mortality occurred especially in young stands.
We hypothesize that there may be unstable phases during
the development of younger and mid-aged stands (height
20-30 m, ages 40-60 years), which makes the species prone
to damage. In older phases, we found less damage compared
with the other species and we thus conclude that Douglas-fir
is predominantly exposed to risks in the first development
stages (see Kaplan—Meier curve in Fig. 2).

Interestingly, the significant differences between conifer-
ous and broadleaved species in the age-dependent survival
models were largely evened out when displaying the prob-
abilities over tree height. However, broadleaved species
still had a higher survival probability then conifers up to a
tree height of about 36 m. Our findings therefore also have
important implications for bio-economic studies, which
seek to integrate survival probabilities into the comparison
of economic risks and returns of different species or stand
types. In order to be more realistic, different species’ growth
characteristics, not only age, but also height should be taken
into account as a reference. Tree or stand ages are important
information for economic models and management decisions
that include adjustments of the rotation cycles under cli-
mate change (Staupendahl and Mdhring 2011; Mollmann
and Mohring 2017) and economic-based species selection
(Neuner and Knoke 2017; Paul et al. 2019). To perform eco-
nomic analyses, it is thus important to carry the variable tree
or stand age in any study. However, it can be necessary to
depict mortality probabilities as a function of tree or stand
height, since these variables compensate for site and fertil-
ity differences and may be more causally linked to certain
mortality agents than age (i.e., storm damage, snow break-
age). Additionally, to refer to practical forest management it
can also be necessary to show tree survival as a function of
tree height or tree diameter, since many silvicultural regimes
define harvestability based on these variables instead of rota-
tion age. Here, our use of the term “risk” is limited to tree
mortality. For comprehensive bio-economic analyses, the
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term “risk” needs to be broadened to represent the interplay
of survival probabilities with tree growth, timber price fluc-
tuations and harvesting costs (e.g., Mollmann and Mo6hring
2017; Neuner and Knoke 2017; Paul et al. 2019). Our find-
ings may, however, offer important insights to improve the
representation of survival probabilities in such bio-economic
studies to inform management decisions in face of great
uncertainty.

Drivers of survival times

The AFT models detected different mortality patterns among
species with climatic, soil and silvicultural parameters as
the most important drivers. The impact of climatic and sil-
vicultural parameters is nearly equivalent, while soil param-
eters are less important (see Table 3). It is often stated in
the literature that mostly climatic extremes drive irregular
tree mortality (Bigler et al. 2006; Zimmermann et al. 2009;
Neumann et al. 2017), like wind-throw under warmer winter
temperatures or the reduced resistance of trees to pathogens
under drought stress (Desprez-Loustau et al. 2006; Pretzsch
et al. 2012; Allen et al. 2015).

Similar to other studies, we found maximum (7,,,,) and
minimum (7 ;) temperatures of the warmest and coldest
month, respectively, influencing trees survival probabili-
ties (Vanoni et al. 2016; Neumann et al. 2017; Brandl et al.
2020). Maximum temperature shortens the survival time of
European beech, oak and Silver fir, which goes in line with
other studies (Landmann and Dreyer 2006; Gértner et al.
2008; Cailleret and Davi 2011; Schwarnweber et al. 2011;
Mette et al. 2013; Nestola et al. 2018; Brandl et al. 2020).
The influence became visible during the heatwave in summer
2003, in which the mortality of broadleaved species in the
European forest monitoring network-level I sites increased
from 0.2 to 0.5% year™!, and to 1.2% year™' for coniferous
species (Renaud and Nageleisen 2005). Although Norway
spruce is known to be a drought-sensitive species, maximum
temperature (7,,,) and aridity (Am) were not selected in its
model. Part of the non-significant correlation can certainly
be explained by the fact that Norway spruce suffers from
warmer temperatures mostly in the lowlands (Hartl et al.
2014; Etzold et al. 2019), while many of the studied plots
are located in the mountain regions. Another part of the non-
significant correlation may result from the fact that bark bee-
tle infestation could mask drought-caused death. Increasing
summer temperatures accompanied by lower precipitation
sums causes drought stress in Norway spruce stands, which
in turn make Norway spruce more susceptible to bark bee-
tle infestation (Temperli et al. 2013; Netherer et al. 2015).
Further, increasing temperatures extend the growth and
reproduction cycle of bark beetles, which in turn increases
the risk of Norway spruce to be infested (Wermelinger and
Seifert 1998). Further, the examined plots are all subjected

to regularly and partially heavy thinning, which can modu-
late the impact of drought and heat (Gebhardt et al. 2012;
Etzold et al. 2019).

In contrast, the Norway spruce model contained mini-
mum temperature, maximum precipitation and their inter-
action as significant variables. In northern habitats, winter
and spring temperatures have warmed faster than summer
and fall temperatures (Vose et al. 2005), which might have
a stronger influence on Norway spruce mortality. Winter
precipitation accompanied by warmer temperatures leads
to water-saturated soils, which causes tree’s destabilization,
especially when it coincidences with high winds (see review
Mitchell 2013).

Contrastingly to Norway spruce, European beech seems
to profit from warmer winter temperatures by showing an
extended survival time. This goes in line with Brandl et al.
(2020) and can be explained by the extension of the growing
seasons and a lower risk of severe frost damages (Hofman
et al. 2015).

Concerning water availability, our results suggest that
wetter periods increase mortality of European beech, Nor-
way spruce and Silver fir. Neumann et al. (2017) obtained
similar results and related lower survival probability to the
seasonal fluctuation. The vulnerability of beech to wetter
conditions was also observed in a long-term study in Swit-
zerland (Etzold et al. 2019) and may result from other co-
occurring abiotic conditions. However, the impact of harsh
weather conditions along with disturbances is influenced by
the forest stand conditions (Seidl et al. 2011; Etold et al.
2019). Due to the low number of mixed stands in the per-
manent research plots, we could not analyze the influence of
tree species admixture on survival probability as was done
by Neuner et al. (2014). Rather, we demonstrated the short-
term destabilization effect of thinning (RelRemoval and
RelDBHRemoval > 1, see Table 3) on the tree survival times
of the remaining trees. Thinning has been known to weaken
the collective stand stability after the intervention most
likely by disrupting the coherent canopy, making the stand
particularly prone to wind-throw for several years follow-
ing the thinning operation (Harrington and Reukema 1983;
Gardiner et al. 2005; Nielsen 1995). Dodson et al. (2013)
studied the effect of silvicultural practices in more detail by
differentiating between initial tree sizes. The authors stated
that trees with a smaller DBH seem to be more vulnerable
after thinning than larger ones, while the risk to die also
depended on the exact time of thinning prior to stochas-
tic events like wind-throw (Hamilton 1986). Contrastingly,
Ulvcrona et al. (2011) detected no influence of thinning on
tree mortality at all.

However, we were not able to determine for how many
years exactly the post-intervention temporary destabiliza-
tion lasts, but other authors have reported between 2 and
8 years with high likelihoods around 5-6 years (Cremer et al.
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1982; Lohmander and Helles 1987; Konig 1995). A poten-
tial aspect that is not represented in this finding, however,
is the long-term effect of thinning. Age is an inherent risk
factor in AFT models, and this means that trees, which are
favored by repeated thinning-based releases, will reach their
target diameters at a much younger age than their un-thinned
neighbors. Thus, they are exposed to the risk for a much
shorter time. However, the vulnerability of a tree depends on
the time and regularity of thinning and the reaction time of
the remaining trees. It can thus not be concluded that thin-
ning has a negative effect on stability in general. It rather
has a temporary effect of destabilization in the years directly
after a thinning but has been reported to have a stabilizing
effect in the long term (Klein 1978; Cremer et al. 1982; Mac-
currach 1991, Slodicak 1995; Miiller 2002).

In this context, our findings of shortened survival times
with increased basal area need interpretation: Since age and
basal area of forest stands are positively correlated, this
finding firstly indicates that in stands of the same age those
stands with lower basal area are expected to have a higher
survival time. Under this ceteris paribus view, thinned and
more sparsely stocked stands are interpreted as advanta-
geous. Secondly, however, there is an additional age penalty
included in this finding: in a longitudinal view of one spe-
cific stand, the later developmental stages, which are natu-
rally associated with higher stock and higher basal area, are
more prone to shortened survival times. Both of these effects
have to be considered when interpreting the impact of basal
area on survival time.

Soil characteristics are often neglected in mortality
studies. Even if soil characteristics change little from year
to year, they can have a distinct continuous influence on
tree mortality (Jim 1993) and can help to describe spatial
patterns of varying mortality on different sites (Staupen-
dahl and Zucchini 2011). Our findings indicate that higher
base saturation, a measure of nutrient concentration in the
soil, extends the survival time. On the other hand, it might
increase the probability of tree mortality, due to both higher
growth rates and fungi infestation rates (e.g., root rot), which
in turn increases the propensity for natural disturbances such
as wind-throw (Jim 1993; Stephenson et al. 2011; Griess
et al. 2012). Another potential explanation of the incon-
sistent findings is that the analyzed causes of mortality are
quite diverse and the physiological processes behind these
causes require different soil predictors based on plot-specific
information and/or even cause-specific survival models.
Although soil properties are important to explain mortality
patterns, we did not dispose of suitable predictors to detect
such potential effects.

The finding that survival time of beech, fir and oak is
extended for taller trees is counter-intuitive at first glance,
since tree height is regularly found to be one of the most
important risk factors for wind-throw and storm damage
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(Hanewinkel et al. 2011). One explanation for this effect is
the use of age as the variable for the abscissa. Since tree age
and tree height are highly positively correlated, the mere
depiction of tree survival over age already includes dimen-
sional and thus height effects to a large degree. What we
actually find in the detected coefficient values <1 for the
height variables in our survival models (Table 3) is more
the effect of the relative height of tree individuals within
stands, either as height rank, or even in the absolute height
term. It shows that taller individuals compared to shorter
neighbors within a stand are more likely to survive longer.
A second element to this finding is the cause-unspecific
approach of the study: Wind-throw, snow and insect dam-
age as well as unspecific salvage cuttings feature as events in
our response variable but have different causal relations with
tree height. For example, snow-damage occurs more fre-
quently in younger and mid-aged Norway spruce stands with
low taper (Valinger and Lundqvist 1992; Petty and Wor-
rel 1981; Jalkanen and Mattila 2000; Nykénen et al. 1997;
Paitalo 2000), while storm damage is known to be associ-
ated with very tall trees. Theses explanations underline our
arguing that it is more appropriate to model tree mortality
with cause-specific approaches when analyzing the climate
change to mortality relation.

Limitations of the study design

The longevity of tree species and the often stochastic, rare
and spatially varying mortality events make it difficult to
model tree mortality. The presented approach of individual
tree-based species-specific models allows the preservation
of observed spatial, temporal or nested dependencies (Fox
2001) and base on an outstanding database in terms of obser-
vation length (1920-2014), sample size (2248 plots, 473,501
trees) and single measurements (2,100,016 observations).
This enabled us to use time-dependent covariates. However,
it should be kept in mind that the sampling design was origi-
nally established to assess tree growth under different envi-
ronmental conditions and silvicultural treatments, whereas
tree mortality records including specific mortality agents
were only a byproduct. In combination with the lack of a
grid-based, systematic sampling design, this aspect reduces
the transferability of our findings in general and is a clear
limitation of our study. Nevertheless, mortality agents are
recorded since 1920, which is unique for Germany. How-
ever, mortality often results from multiple, interacting pre-
disposing factors acting sometimes over a long period prior
to the death event (Franklin and Harmon 1987; Bible 2001).
Wind-throw could, for example, affect a tree that has been
mechanically weakened by root or stem decay, fungi infes-
tation or forked crowns. None of the mentioned informa-
tion is provided in our data, making it difficult to classify
a tree removal as an event or non-event according to the
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mortality agent. Questionable is further the determination
of the precise time of death. Since the observation intervals
are plurennial and differ in length, the precise death time is
often not provided. Exceptions are made for undifferentiated
salvage logged trees for which the forester recorded the date
of death. In any case, we argue that potential inaccuracies
due to uncertainty of the exact cause of removal are limited
since our study focused on non-cause-specific modeling of
disturbance-based mortality.

Limitations in the statistical model approach

Additionally to the limitations in the study design, there are
also statistical restrictions. Model diagnostics are generally
assessed by calculating the residuals (observed minus the
predicted values in regression models). They are commonly
graphed versus each explanatory variable implemented and
not implemented in the model to check independence (Zuur
et al. 2009). However, things are getting more complex with
survival data due to the censored and/or truncated structure.
Mills (2011) recommends calculating the Cox—Snell, Sch-
oenfeld, Score and Martingale residuals to assess the overall
model fit, to identify influential points and to evaluate the
functional form of covariates. There are statistical methods
to calculate the mentioned residuals for right-censored data,
but to date, there are no methods for left-truncated and/or
interval-censored data (Brostrom 2018).

To our knowledge, the present studies use for the first
time individual tree information with time-varying covari-
ates in survival models to detect the influence of climatic
extremes and changing tree characteristics on mortality
instead of using average values or categorical variables
over the entire lifetime of a tree (Staupendahl 2011; Neuner
et al. 2014; Neumann et al. 2017). There is only a limited
amount of models, which can handle left-truncated and/or
interval-censored data with time-varying covariates (Bro-
strom 2017). To date, it is not obvious how to consider time-
varying covariates in model diagnostics (Brostrom 2018).
Against this background, we assessed the model perfor-
mance by comparing the modeled baseline with the observed
Kaplan—Meier survival curve (see Fig. 6) and compared the
model results based on the training data set (Table 3) with
those determined with the test data set (see A1) (Campbell
et al. 2010). The comparison between results obtained from
the models of the training dataset and the test dataset shows
that the magnitude and direction of the variables are similar
(compare Table 3 and Al).

Furthermore, we know from clinical studies that subjects
can experience mortality from more than one type of event and
that those events can interact in delivering mortality (Mosch-
berger et al. 2007). Ignoring such competing risks would
lead to an overestimation of the modeled mortality rates.
In terms of our study, it would lead to an overestimation of

disturbance-based mortality. One could argue that removing
trees by thinning operations compete with disturbance-based
mortality, but thinning operations in our study were not per-
formed systematically by favoring specific tree characteristics.
Therefore, there was no need to consider planned thinning as a
competing event and thinned trees were included as censored
in our models.

In clinical studies, survival models are used to answer
‘when’ and ‘why’ an event happens. The underlying assump-
tion is that all subjects have the same initial conditions before
the treatment and that such conditions may change after its
application. The length of the survival time is then measured
from the initial stage to the event or the end of the study. In for-
est inventory data, the observation starts when the tree reaches
a threshold-dbh. Therefore, the observation time does not cor-
respond to a particular treatment that may affect the survival
probability. Against this background, survival models based on
inventory data often use stand age instead of observation time
(Neuner and Knoke 2017; Nothdurft 2013; Brandl et al. 2020).

Considerations for adapting forests to climate
change

Tree mortality is an important aspect in the discussions of how
to adapt forests to climate change. Our study demonstrated
that climate impact was inconsistent across species showing
Norway spruce’s survival probability reduced under warmer
winter temperatures accompanied by wet periods, while Euro-
pean beech, oak and Silver fir suffer more from warmer sum-
mer temperatures. This effect was modulated by silvicultural
measures (heavy thinning causing short-term destabiliza-
tion effects) and soil parameters (increasing base saturation
extended survival probabilities). In conclusion, the long-term
data set of the experimental plots covering nearly a century
of observations highlights the complex interaction regarding
climate, silvicultural treatments and site characteristics. This
information is of paramount importance when aiming at reduc-
ing economic losses or preserving forest ecosystem services.
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