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Abbreviations
DBH	� Diameter at breast height
FDT	� Forest development type
FLR	� Forest landscape restoration
IQR	� Interquantile range
LDT	� Large dimensioned timber > 50 cm DBH
MAC	� Mean annual cut
MAI	� Mean annual increment
MCS	� Monte Carlo simulation
NFI	� National forest inventory
ODS/ L	� Other deciduous with short/long life expectancy
RCM	� Regional climate model
RCP	� Representative concentration pathway
SDT	 �Small dimensioned timber ≤ 50 cm DBH
S100	� Survival probability at 100 years
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Abstract
Recent mortality pulses indicate pathways to restore maladapted forests towards more natural, mixed, resilient ecosys-
tems. Under climate change, carbon sequestering forests serve as forces for mitigation but face threats from disturbances. 
The uncertain development of this duality complicates stakeholder-relevant predictions of timber yield or tree species 
compositions. We analyzed uncertainty in forest development over 50  years, focusing primarily– but not exclusively– 
on Scots pine, the most important tree species in northern Germany,. Thereunto, i. future survival was examined on a 
site- and climate-specific basis. The novelty of the simulations lies in ii. quantifying the influence of irregular die-off on 
forests under stand-wise (discrete) or tree-wise (diffuse) mortality patterns to iii. investigate yield and harvest potentials. 
By spanning a scenario funnel from two management and two climate projections on 17,551 National Forest Inventory 
plots in northern Germany, we assess prospective uncertainties. The transition of forest composition through space and 
time with conditional hazard rates resembles a Markov process via Monte Carlo sampling. Prospectively, i. mortality 
doubles depending on the species. Compared to undisturbed development, ii. forest restoration outcomes are uncertain; 
stand-losses can accelerate restoration by up to 10%, while tree-losses might slow it down. Under disturbances, iii. volume 
increment and stand age decrease as harvests rise in the medium-term with large dimensioned timber increasing fivefold. 
Driven by climate change and forest demographics, the decline in yield and the remaining 40% monocultures are critical. 
Forest development is inert, therefore we suggest more differentiated silvicultural concepts for actively adapting forests 
to alarming changes.
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1  Introduction

Forests are solution and subject to climate change (Albrich 
et al. 2023; Seidl and Senf 2024). Inter alia, they seques-
ter carbon dioxide and cool landscapes down (Ellison 
et al. 2024), while being adversely affected by fragment-
ing and droughts (Haberstroh et al. 2022). In a changing 
environment, the multifunctional provision of ecological, 
economic and social forest ecosystem functions (Borrass et 
al. 2017; Simons et al. 2021) is altering: In Europe, forest 
health deteriorates (Patacca et al. 2023), yield gets uncertain 
(Chakraborty et al. 2024), and maladapted monocultures 
with little biodiversity are restoration patients to gain resil-
ience (Spathelf et al. 2018; Paul et al. 2020; Messier et al. 
2022).

As wood serves as both, a product and a means of pro-
duction, the interaction between forest growth and yield can 
mitigate the impacts of climate change but is also influenced 
by it (Pretzsch and Grote 2023; Gribbe et al. 2024). Pre-
viously closed forest cover has been opened up by biotic 
and abiotic disturbance agents (Seidl and Senf 2024) and 
yield becomes uncertain, as remnant trees can only com-
pensate the damages to a certain extent (Buras et al. 2018; 
Biber and Pretzsch 2022). If remaining stands are salvaged, 
new forests may not perform as expected (Staupendahl and 
Möhring 2011; Tamke et al. 2021). While growth losses and 
gains at gap edges have been researched at the stand scale 
(Preuhsler 1987; Biber and Pretzsch 2022), it is not clear 
how calamity-affected growth and yield react across the 
landscape level.

Prospective timber yield in North Germany, with its 
mainly poor, dry forest sites, relies largely on Scots pine 
(Pinus sylvestris L.). Here, pine is again being increasingly 
established (BMEL 2024a), although there are conflicting 
evaluations of its climate fitness (Haberstroh et al. 2022; 
Chakraborty et al. 2024). As further described in the info 
box 1, forest management, therefore, aims to diversify spe-
cies and structures in order to spread mortality risks (Mar-
kowitz 1991; Yachi and Loreau 1999) by using a site- and 
climate-specific approach (Spathelf and Ammer 2015). 
However, pine management has recorded serious mortal-
ity losses, which are increasingly caused by biotic agents 
(Patacca et al. 2023). The patterns (gap sizes) extend from 
mainly tree size (Hennert 1797, pp. 165; Brodde et al. 2023) 
to total stand size (Sommerfeld et al. 2018; Hentschel et al. 
2018). For Scots pine, survival time models indicate that 
currently only between 62% (Schoneberg 2017, p. 100) and 
92% (Staupendahl and Zucchini 2010) of stocked areas are 
likely to reach 100 years of age, which is about when trees 
are mature.

Due to mutual interactions, survival-time modelling 
is not trivial. Tree mortality can result from both planned 

(harvest), and unplanned causes, which include regular 
(competition) and irregular (biotic or abiotic stressors) die-
off (Brandl et al. 2020; Pretzsch and Grote 2023, p. 354; 
Seidl and Senf 2024), though its etiology cannot always be 
distinctly separated. E.g., background mortality, described 
as “low rates of tree mortality […] in the absence of acute 
stress[ors] like drought” (Das et al. 2016) is difficult to attri-
bute to regular or irregular mortality. To evaluate tree losses 
and distinguish planned harvests from unplanned salvage 
logging, appropriate spatio-temporal stochastic approaches 
must integrate forest growth, yield, and mortality aspects 
(Blattert et al. 2016; Ferretti et al. 2024).

In Europe, survival-time models are commonly derived 
from the forest condition survey (ICPF 2022), executed e.g. 
as k-tree sampling (Prodan 1968; Kleinn and Vilčko 2006; 
Staupendahl and Zucchini 2010), which assesses single 
trees. In the context of prevailing rotational forest manage-
ment (Mason et al. 2022), survival models are usually inter-
preted for discrete stand patterns (Knoke et al. 2021). They 
are, however, also valid for diffuse single tree patterns, if the 
entity of tree and growing space is considered (Saborowski 
et al. 1998; Staupendahl and Zucchini 2010; Schoneberg 
2017, pp. 90–92). Either way, area damage is examined.

Yet, there is no consensus on how climate change-
related uncertainty is best integrated into simulation studies, 
although the growth and yield developments are expected 
to differ substantially between mortality patterns (Hoogs-
tra and Schanz 2008; Blattert et al. 2016). Above all, cli-
mate uncertainty seems to be the major contributing factor 
(Hawkins and Sutton 2009; Nabuurs et al. 2022). Promising 
approaches model a stochastic Markov process to track, for 
example, species’ yield composition over time and space 
(Markov 1906; Pielou 1963). The key is to incorporate 
inherent pure randomness (yet moderated by anthropogenic 
management) at discrete intervals, with outcomes dependent 
on the current state of a stochastic mortality sub-process 
(Brandl et al. 2020). Then, disturbances are treated jointly 
as stochastic events, regardless of their agent (e.g., pest, 
drought; Knoke et al. 2021). If algorithms consider variabil-
ity within the sample unit and reflect prior mortality events 
on subsequent growth (Buras et al. 2018), error propagation 
is enhanced and stochasticity maintained. Therefore, the 
Monte Carlo method (Metropolis and Ulam 1949) quanti-
fies variability through repeated random sampling. The use 
of Monte Carlo sampling and Markov chains in forestry has 
been known since the 1960s (Pielou 1963; Jeffers 1964), but 
uncertainty in an infinite sample space remains inadequately 
addressed.

Failure to account for uncertain yield or changes in the 
composition and demography of forests can negatively 
impact national economics (Paul et al. 2020; Popkin 2021; 
Brichta et al. 2023), business economics (Mason et al. 
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2022), and ecology (Heinrichs et al. 2019; Turmukhametova 
et al. 2020). Timber sales fund forest restoration as a path 
away from unstable forests but this can come to a standstill 
(Spathelf et al. 2018; Höhl et al. 2020; Erdozain et al. 2024). 
For instance, if income is affected by planned global stock 
reduction with reforestation liabilities or unfavorable large 
timber assortments which are difficult to market (Mason et 
al. 2022). Von Berlepsch (1844, p. 73) is known as the first 
to consider that forestry has to account for stands not reach-
ing final harvest age after disturbances. Previous work has 
only focused on yield potential without including irregular 
mortality (BMEL 2017; Oehmichen et al. 2018; Rosen-
kranz et al. 2023). This information is needed, however, by 
stakeholders such as the timber industry or conservationists 
(Holm and Schweier 2024): The benefits from using explic-
itly modelled mortality serve policy making and impact 
assessment, and to evaluate other predictions.

Therefore, we improve predictive capabilities for estimat-
ing yield potentials by using survival models in a detailed, 
site- and climate-sensitive scenario funnel approach. On 
sample plots of the National Forest Inventory’s (NFI) sys-
tematic grid, the results are statistically representative. The 
novelty of our approach is to apply mortality risk of equal 
severity in simulations on a tree-wise (diffuse) basis and to 
contrast this with conventional stand-wise (discrete) use. 
Thus, single-tree death imitates the miscellaneous causes of 
low-rate background mortality (Das et al. 2016). To date, 
realistically simulated and disturbance-influenced forest 
development has not been evaluated based on inventory 
data. Because there are differences in disturbance severities 
(mortality patterns) and climate models, there is uncertainty 
in the future yield potential across six north German federal 
states. This study accounts for forest landscape restoration 
(FLR) of current pure stands towards mixtures contain-
ing, preferably, Scots pine. Projections are based on exist-
ing statutory, business-as-usual silvicultural management, 
which already considers climate change. Thus, the study 
is prescriptive as scenarios are selected according to actual 
ministerial directives. We investigate:

i.	 What is the uncertainty margin in future mortality risk 
of Scots pine and the other main tree species in northern 
Germany?

ii.	 Given the stochasticity in the disturbances, how does 
FLR of the main tree species, by region, accelerate 
under different mortality patterns and changing climate?

iii.	 How uncertain is the yield potential, by timber assort-
ment, between tree- and stand-wise mortality when for-
est development targets pine in simulation scenarios?

Info box 1
Background: German forestry…

... aims to enhance ecosystem resilience to climate change through 
a sustainable, and adaptive management. While many forests are 
privately owned and originate from even-aged plantings, the state 
of the art is close-to-nature silviculture with uneven-aged, thinned, 
mixed-species stands and continuous cover systems to promote 
biodiversity. In Germany’s densely settled landscape, managed 
stands have to achieve multifunctional objectives, balancing timber 
production integratively with nature conservation, and recreational 
use

2  Material and methods

2.1  Simulations

Concerning the research questions i  –iii., we i. apply the 
survival models of Brandl et al. (2020) to national climate 
and dendrometric data, ii.  –  iii. and couple climate sensi-
tive growth, regeneration (Hansen and Nagel 2014; Schmidt 
2020), and survival models to estimate yield potentials by 
simulating forest development until 2062, and i. – iii. assess 
the different outcomes as uncertainty. This article builds on 
Knocke et al. (2024), omitting two development pathways 
while further elaborating on the remaining ones. Instead 
of simulating idealized undisturbed yet managed forest 
development with only regular mortality, we predict a more 
realistic, disturbance-influenced and managed forest devel-
opment using novel methods and software conjunction in 
order to also implement irregular mortality. In our context, 
yield is not defined by the total volume growth of the stand, 
but rather represented by the gross periodic increment, har-
vests, and the development of the growing stock between 
2012 and 2062.

The simulations modulate the as-is state of the forest 
stands towards a target state in four scenarios. If a stand 
is harvested or salvaged, a new forest generation is estab-
lished, relying on both artificial and natural regeneration. 
While the target state is represented by forest development 
types (FDT), it is achieved through FLR. This is defined as 
restoring degraded (forest) landscapes (including land cover 
and land use change), with a focus on structure, functions, 
and socioeconomic constraints, but without necessarily rep-
licating natural forests (Stanturf 2016; Spathelf et al. 2018).
To assess uncertain yield potentials, we project four realis-
tic forest developments: moderate climate (b) with tree-wise 
(bt) or stand-wise (bs) mortality, and extreme climate (c) 
with tree-wise (ct) or stand-wise (cs) mortality, as shown in 
Fig. 1. They shape a scenario funnel.

In order to predict, guardrails of a business-as-usual for-
est management are implemented into the individual-based 
single-tree simulation software WaldPlaner, version 2.2. 
This software uses the forest growth library ‘Tree Growth 
Open Source Software’ (TreeGrOSS; Hansen and Nagel 
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height-dependent, species- and federal state-specific target 
basal area is exceeded, or target diameter share is reached, 
and logging amounts > 10 m3 ha−1.

Finally, the guard rails form a scenario funnel (Kosow 
and Gaßner 2008, pp. 15–17) with equally likely but outer-
most outcomes (Fig. 1). We emulate those silvicultural pre-
scriptions where Scots pine as a light-demanding xerophilic 
coniferous tree species, is promoted (BMEL 2024a), and 
monospecific stands are restored to mixed species stands.

For each simulation step of 5  years, different climate 
(moving) windows (Burggraef 2024, pp. 48–49) are consid-
ered. While FDT are selected for the fixed period of 2071–
2100, the climate- and site-sensitive height growth models 
dynamically average static site indices over the stand’s life-
time span. For mortality risk application however, the corre-
sponding last 30 years are used as the climate period, i.e. for 
a simulation from 2012 until 2017 the climate from 1983 to 
2012 is therefore decisive (see section ‘Climate covariates’).

We also simulate growth without forest management on 
strictly preserved stands, for instance national parks (Stein-
acker et al. 2023). However, besides these areas, we regard 
all tree mortality regardless of their quantity as dropout 
for logging, either planned or salvaged (unplanned). Thus, 
the timber emergence analyzed is therefore to be seen as 

2014). Herein, single tree tables (input) are modeled with 
explicit modeled coordinates and with special regard to 
regular (distance-dependent competition and senescence) 
mortality, increment, harvest (growth model), and ingrowth 
(regeneration model), before being issued again as a table 
(output). The conjunction of irregular mortality is described 
in section ‘Mortality risk application’.

First, for each NFI subplot, a simulation stand of uni-
formly 0.2 ha size (due to computing capacity) is created 
from the dendrometric data (as-is state), whose future 
species composition is dictated by FDT– the key in our 
simulations. Operationalizing the long-term targets for a 
directional evolution, FDT provide a quantitative mecha-
nism to reach site-specific mixed stands within the frame-
work of close-to-nature forestry (Abetz 1935; Larsen and 
Nielsen 2007; Knocke et al. 2023). With every forest opera-
tion, WaldPlaner gradually aims to reach the FDT species’ 
mixture composition.

Besides FDT, per site (Fig. 1b, c) depending on the cli-
mate, simulations require management settings (cp. Knocke 
et al. 2024): This includes thinning, maturity definitions, 
maximum densities causing regular mortality (Döbbeler and 
Spellmann 2002), and canopy cover periods (± extended 
timing of harvests). Forestry operations are carried out if the 

Fig. 1  Funnel with equally likely scenarios and spanned uncertainty: 
Over management time (x axis) yield potentials are affected by the 
FDT selection under climate conditions (y axis) and the effects of 
irregular mortality patterns (z axis). Today’s forests with restoration 
liabilities (a) that are simulated until 2062 under EC-Earth RACMO 
(bs, bt, b) and HadGEM WettReg (cs, ct, c) climate conditions within 

RCP8.5 are shown. Mean scenario values confine our uncertainty 
margins. The z-dimension is spanned by stand-wise (bs, cs) or tree-
wise (bt, ct) mortality patterns at equal survival probabilities, i.e. loss 
intensities (Brandl et al. 2020). For further comparison, undisturbed 
i.e. planned forest development (Knocke et al. 2024) is contrasted (b, 
c). Forest images based on Guimpel (1819)
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systematic grid of the third German National Forest Inven-
tory (NFI) (vTI 2015) with reference date 2012 (t′

0). It is 
characterized by a grid of permanent stratified one-phase 
cluster samples. The strata consist of regions with different 
sampling intensity (Riedel et al. 2017). Subplots are clus-
tered in a square formation (150  m distance) and form a 
plot. On each subplot located in the forest dendrometric data 
are collected using angle count sampling (Bitterlich 1947).

In most European countries, precise plot coordinates are 
kept confidential to ensure the integrity of unbiased measure-
ments (Päivinen et al. 2023). However, exact geographical 
location was critical for including soil and climate variables 
in our study. It was retrieved by the federal Thünen Institute 
of Forest Ecosystems (TI 2022).

A total of 17,551 subplots across 6,508 plots with site 
mapping data were included in this study. The mean altitude 
of the eastern sites is 104 m a.s.l., while the western stands 
are located, on average, at 184 m a.s.l. and the altitude range 
is from -3 to 1141 m a.s.l., so from at planar to submontane 
level (Leuschner and Ellenberg 2017, pp. 191–194).

2.3  Site and climate dynamics

In our study area, current climate conditions are oceanic 
to hemiboreal (Beck et al. 2018). Climate change directly 
affects the future water supply of the forest sites, while the 
supply of macronutrients (with the exception of nitrogen, 

a logging potential for compact wood   ≥ 7 cm diameter at 
breast height (DBH).

2.2  Study area and dendrometry

We assess the future development of temperate forests in six 
north German federal states, which accounts for about 40% 
of the total German forest cover of 11.4 million ha (m. ha) 
and 77% of its total Scots pine area. Due to differing climate 
and silviculture practices, we distinguish between western 
(Hesse, Lower Saxony, and Schleswig–Holstein), and east-
ern states (Brandenburg, Mecklenburg-Western Pomerania, 
and Saxony-Anhalt).

The study area encompasses the north German lowlands 
and central German hill country between 49°–55° N Lat. 
and 7°–15° W Lon. (Fig. 2). It contains a broad site gradient 
in terms of water and nutrient supply. Here, Scots pine natu-
rally (autochthonous) predominates due to the frequency of 
medium to poor and dry (xeric) soils. However, it also rep-
resents a synanthropic (allochthonous) range, with potential 
negative implications for fitness and survival (Leuschner 
and Ellenberg 2017, p. 324; Bonannella et al. 2024; Bose et 
al. 2024; Chakraborty et al. 2024).

In order to analyze forest development and its shifting 
species composition on a sound basis, the few sites without 
forest site mapping of soil nutrient and water supply were 
excluded. Statistical representativeness is provided by the 

Fig. 2  Natural (dark green; Bohn et al. 2004; Caudullo et al. 2017) and 
synanthropic (light green; de Rigo et al. 2016; Caudullo et al. 2017) 
distribution of Pinus sylvestris L. in Europe (white) and Mideast (grey) 
with a Scots pine sample plots (black dots) of ICP Forests (2022) for 
which the survival model of Brandl et al. (2020) was fitted and b sys-

tematic sample plots (grey dots) of the third German NFI (vTI 2015) 
which provide the basis of our work in the western (three left big poly-
gons with dots) and eastern study region. Boundaries based on © open-
datasoft/ OGL (2019) and © GeoBasis-DE/ BKG (2022)
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prescriptions depending on model results. Secondly, this 
study uses these climate values to take into account climate 
sensitive tree height growth under altering environmental 
conditions, such as future N-deposition, temperature and 
precipitation (Schmidt 2020).

Table 1 introduces current and future climate of the study 
area until the simulation end (2062), as well as the previous 
30 years average. An extended version of the table is pro-
vided as Supplementary material. Differences between the 
western and eastern region become apparent. Mean annual 
temperature rises about 2  °C until 2062 under aridizis-
ing conditions: Although there is about a 100 mm m−2 a−1 
higher annual precipitation, especially in the east, average 
and maximum temperatures rise simultaneously. Within the 
vegetation period, growing conditions turn more unfavor-
able in the extreme climate scenario (c) especially in the 
east. Altogether, the eastern region exhibits more extreme 
future conditions (comparatively colder or hotter days) 
underlining its continental characteristics and mainly planar 
elevation.

2.4  Mortality risk application

2.4.1  Definitions

Future forest development, and thus yield potentials are 
subject to uncertain mortality risks. While planned and reg-
ular (death from senescence and distance-dependent compe-
tition) mortality are already implemented in the WaldPlaner 
software, we couple the most accurate survival models 
available (that only comprise irregular mortality) with the 
growth and regeneration models of the simulation software. 
We execute the simulations in three steps using the envi-
ronment ‘R’, version 4.1.3 (R Core Team 2022) and Post-
greSQL databases (Conway et al. 2023).

as described below) is assumed to remain constant. In order 
to assess future uncertainty adequately, in projections, for-
est research uses ensemble approaches of different climate 
models.

In this work, we consider future climate by the two outer 
model runs from the ReKliEs-De core ensemble accord-
ing to ministerial directives. Here, seven combinations 
of dynamical and empirical-statistical downscaling with 
global climate models forge different regional climate mod-
els (RCM; Hübener et al. 2017; Warrach-Sagi et al. 2018). 
According to the principle ‘hope for the best and expect 
the worst’ and in order to span a climatic funnel, both were 
selected from the representative concentration pathway 
(RCP) 8.5 of the CMIP5 generation. Thus, the global cli-
mate model ‘HadGEM2’ in combination with the empirical-
statistical RCM ‘WettReg18’ were chosen to represent the 
most extreme climate projection (Martin et al. 2011; Kreien-
kamp et al. 2019), hereafter abbreviated as ‘c’. In contrast, 
the global climate model ‘EC-Earth12’ and its dynamical 
RCM ‘KNMI RACMO22E’ are considered a moderate pro-
jection (van Meijgaard et al. 2008; Hazeleger et al. 2012), 
hereafter abbreviated as ‘b’. The status quo, denoted as ‘a’, 
represents the recent climate in the reference period from 
1983 to 2012 and current stands surveyed from the NFI in 
2012 with restoration liabilities.

The two model combinations generate daily past (back-
cast) and future projected values from 1951 to 2100, which 
were further regionalized at a resolution of 50 m (Warrach-
Sagi et al. 2018; Schick et al. 2023). Firstly, this data set 
serves to estimate future climatic water balances, i.e. the 
difference between precipitation and evapotranspiration of 
dynamically predicted growing seasons (Sutmöller et al. 
2021; Nuske 2022). On this basis, specific FDT are deter-
mined, expert-based, by means of an algorithm (Hamkens 
et al. 2022) for each subplot (Knocke et al. 2024). Thus, tree 
species selection is dynamic, i.e. changing forest planning 

Table 1  Mean strata-weighted climatic conditions on the NFI subplots of the study area for the RCP8.5 moderate (b, EC-Earth RACMO) and 
extreme (c, HadGEM WettReg) scenarios at the start and end of our simulations that are the basis for 1. The FDT-selection, 2. The height growth 
correction via site indices (Schmidt 2020) and 3. The survival models of Brandl et al. (2020) (species-specific covariates are: cmin cm: minimum 
temperature of the coldest month (Fagus sylvatica); cyr: annual temperature (Abies alba, Pseudotsuga menziesii), cmax wm: maximum temperature 
of the warmest month (Picea abies, P. sylvestris, F. sylvatica, Quercus robur/ petraea), pwq: precipitation sum of the warmest quarter (P. abies, P. 
sylvestris), pyr: annual precipitation sum (P. menziesii), where in the survival models P. menziesii and P. abies are co-dependent on the admixture 
ratio)
Period Region Point/scenario cmin cm

[°C]
cyr
[°C]

cmax wm
[°C]

pwq
[mm m−2 a−1]

pyr
[mm m−2 a−1]

1983–2012 Total a − 13.2 9.0 32.0 181.8 673.2
West a − 12.8 8.9 31.7 199.0 765.9
East a − 13.5 9.0 32.5 161.7 565.9

2033–2062 Total b − 9.4 11.0 33.1 205.0 762.3
c − 9.2 11.2 33.8 173.5 714.6

West b − 9.1 10.9 32.7 222.6 857.0
c − 9.0 11.2 33.2 197.1 818.8

East b − 9.7 11.1 33.5 185.2 652.6
c − 9.5 11.3 34.2 146.2 594.1
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viduals, surveyed between 1994 and 2017 (ICPF 2022), 
Brandl et al. (2020) fitted survival time models for six com-
mon tree species across Europe and West Asia (cp. Figure 2 
for Scots pine). In doing so, an irregular mortality rate for 
tree-area-units older than 20 years (age threshold) was set in 
relation to WorldClim climatic means from the fixed period 
1971–2000 (Fick and Hijmans 2017) at a spatial scale of 
1 km. Besides species admixture ratio for Norway spruce 
and Douglas fir, the survival models of the six taxa used 
covariates as characterized in Table 1 above. No mixing 
effect on the survival of the other species (e.g., pine) was 
found.

First, to run these survival time models for our simula-
tions (research question i.), future climate data of sufficient 
spatio-temporal resolution, aligned with the FDT selection 
and height growth correction, is required. As the WorldClim 
dataset offers neither continuous future 30-year means at a 
detailed spatial scale, nor suitable RCM, which are funda-
mental for the scenario funnel (Fig. 1), for each subplot we 
chose climate variables from our selected RCM combina-
tions (b: EC-Earth RACMO, c: HadGEM WettReg) as sum-
marized in Table 1.

2.4.1.2  Layer separation  Second, the tree’s social position 
must be considered, i.e. its layer affiliation. ICP Forests 
(2022) only considers overstory layers for irregular mor-
tality, because the suppressed understory is dominated by 
regular die-off. According to Weise’s (1880, p. 37) sugges-
tion for Scots pine, the top height hw was defined from the 
20 % fraction of trees with the largest diameters by their 
80% height threshold (Assmann 1970, p. 91). It is also valid 
for uneven-aged multi-storyed stands. In order to factor 
the small diameter differentiation in young stands, if hw of 
stands is  ≤ 13 m, every tree is regarded as overstory.

In line with Brandl et al. (2020), per subplot, the domi-
nant tree species, the tree species share, as well as mean tree 
age are computed according to the number of trees, for the 
overstory.

For the lack of other models, we interpreted the taxa dif-
ferentiation of Brandl et al. (2020) sensu lato and assigned 
the following tree species groups for the application of mor-
tality risk (Table 2) according to national mortality rate time 
series (BMEL 2024b, pp. 46–48).

2.4.1.3  Hazard rates via Monte Carlo  Third, prospective 
yield potentials underlie uncertain tree survival probabili-
ties, which are valid for single-tree and stand considerations 
(Brandl et al. 2020). Irregular tree and stand losses must be 
implemented dynamically in WaldPlaner, i.e. updated for 
every simulation step, in order to answer research question 

We define disturbances as an “agent, or process, either 
biotic or abiotic, causing a perturbation (which includes 
stress) in an ecological […] system relative to” the initial 
state (Rykiel 1985). Effects are characterized, on the one 
hand, by temporary or permanent deviations (perturbations) 
and, on the other hand, by stress-induced vitality losses 
ranging from survival to lethal trauma (Rykiel 1985).

In WaldPlaner, we include the tree’s functional response 
(positive or negative growth trend after perturbation or 
survival stress) to changing climate and site properties by 
adapted site indices (Schmidt 2020). Lethal stress, repre-
sented as irregular mortality, is implemented from Brandl et 
al. (2020). Both models are driven by climate data described 
below. We distinguish between the mortality terms shown 
in the info box 2 as an effect to human, biotic and abiotic 
factors.

Info box 2
Mortality Definition Source
Regular ~  unplanned but natural thinning/ elimination 

of trees caused by inter- or intra-specific 
competition (alien- or self-thinning) for 
resources, and senescence (ontogene-sis)

Brandl 
et al. 
(2020); 
Pretzsch 
and 
Grote 
(2023), 
p. 355

Irregular ~  also catastrophic ~; unplanned tree elimina-
tion generally induced by extreme conditions 
(disturbances) such as storms or insects 
(abiotic and biotic factors) irrespective of the 
spatial extent

Planned ~  human elimination by regular forestry opera-
tions as thinning or harvest (final cut)

Back-
ground ~ 

low rates of tree mortality found in forests 
in the absence of acute stressors from any 
cause

Das 
et al. 
(2016)

Dropout 
from ~ 

removal subsequent to unplanned, i.e. regu-
lar or irregular mortality causes, and planned 
causes

2.4.1.1  Climate covariates  For stocked areas (entity of a 
tree and its crown cover) of dominant and codominant indi-

Table 2  Our assignments to the six taxa Brandl et al. (2020) focused 
on, as tree species groups
Tree species Brandl et al. 
(2020)

Trivial name Tree species 
assignment

Pinus sylvestris Scots pine Pinus spp., Larix spp.
Picea abies Norway 

spruce
Picea spp., other 
coniferous spp.

Fagus sylvatica European 
beech

Fagus sylvatica, ODS 
(spp. of Betula, Salix, 
Alnus,…)

Quercus robur/ petraea Oak Quercus spp., ODL 
(spp. of Fraxinus, 
Ulmus, Acer,…)

Abies alba Silver fir Abies spp.
Pseudotsuga menziesii Douglas fir Pseudotsuga menziesii
ODS/ L: Other Deciduous with Short/ Long life expectancy, spp.: 
species pluralis
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and simulation step of 5 years. In 2062, per repetition, all 
sampling units include around 11 million single trees.

In case of a stand-wise loss of s we consider salvage log-
ging of both overstory and understory and thus an estab-
lishment of a new stand in line with its FDT prescription. 
Conversely, if a tree s dies, possibly together with its neigh-
bour, the understory is preserved.

2.5  Uncertainty margins

To answer research question i., we simulate with the focus 
on pine. For validation purposes, the other three main tree 
species spruce, beech and oak are also assessed. Uncertainty 
is calculated as follows: For each tree- and stand-area-unit 
s at each time step (i.e., age and year) at each subplot, a 
specific survival probability is obtained. At the level of the 
six federal states, this provides an uncertainty margin for 
the survival of the species and equals a sensitivity analysis. 
Therefore, we calculate an empiric median as well as the cor-
responding 95% interquantile range (IQR; Q0.975−Q0.025) 
of effectively realized S(t) values for each possible combi-
nation of covariates (admixture, climate) over the years– but 
only on subplots where the tree species actually (will) grow. 
We contrast 30-year means from WorldClim data (1971–
2000), on the one hand, and from our RCM (1983–2062) 
on the other, which results in deviations to the sensitivity 
analysis of Brandl et al. (2020).

To address research questions ii. and iii., it is essential to 
differentiate between two cases of calculation, as outlined in 
the following two sections:

2.5.1  Single samples

Research question ii. shall be answered by calculating the 
FLR rate per plot as drafted by Knocke et al. (2024). As a 
first case, from WaldPlaner results for scenarios b and c as 
the single sample (one repetition without mortality risk), the 
mean of a target variable x per stratum h(h = 1, . . . , L) (see 
section ‘Study area and dendrometry’) and per repetition r 
is

xrh = 1
mh

nh∑
i=1

mi∑
j=1

xrhij � (2)

where mh is the total number of subplots in stratum, nh is 
the number of sample plots in stratum h, mi is the number 
of subplots at sample plot (cluster) i, and j is the index for 
the subplot. The repetition index is r = 1 in this first case. In 
the following, the cultivation area arh is the target variable. 
Then, the change rate z per repetition r of pure stands can 
be considered by computing

iii. Our approach considers hazard rates h (t) as a means 
to build transition probabilities (Staupendahl and Möhring 
2011) by deriving the survival function S(t). A specific real-
isation of T  (age at the time of an irregular loss) is denoted 
t (Klein and Moeschberger 2003). The individual observa-
tion unit in our application is the site with its tree-area-unit/ 
stand-area-unit, denoted s.

In order to simulate the binary event of s to die– or not to 
die– within the next 5 years, i.e. between t′ and t′′, a random 
number u is realized from a uniform distribution between 
0 and S(ts

′), u ∼ U [0, S (ts)]. Whilst holding the subject’s 
covariates (i.e. admixture, climate)– except its age for the 
single simulation step– constant, s dies when

S (ts
′) − S (ts

′′) ≤ u� (1)

Hence, we set the year of death for the irregular loss T  at t′. 
In the tree-wise mortality scenario (bt, ct) the hazard rates 
are applied randomly upon overstory single trees, and in the 
stand-wise scenario (bs, cs) for the whole stand by means of 
the main tree species group and an average stem-weighted 
overstory age.
Theorem  Our approach described here is equivalent 
to a simulation for the binary event of s to die– or not 
to die– within the next 5  years with u ∼ U [0 , 1 ] and 
S(t′)−S(t′′)

S(t′) ≤ u as commonly used (Staupendahl and 
Möhring 2011; Knoke et al. 2021).

Proof  Let’s denote ũ ∼ U [0, S (t′
s)] and u ∼ U [0, 1] with 

the following relationship: ũ
S(t′) = u. As an example: S(t′)

= 0.75 and u = 0.9 is then ũ = 0.75 · 0.9 = 0.675, which 
is equal to 90% quantile of U [0, 0.75]. In our approach, 
we compare ũ < S(t′) − S(t′′), which is– using ũ

S(t′) = u

– equivalent to u · S (t′) < S (t′) − S (t′′), and then this is 

(since S(t′) > 0): u <
S(t′)−S(t′′)

S(t′) , which is the alternative 
approach (End of proof).

Our application of hazard rates is based on the Monte 
Carlo Simulation approach (MCS; Metropolis and Ulam 
1949) with repeated random sampling for stochastic valida-
tion of the spatio-temporal distribution of irregular losses. 
Due to computing capacity, as single-tree simulations start 
2012 with more than 7 million trees across the 17,551 sam-
pling units (subplots), we repeated the random draws in ten 
MCS, as denoted by r = 10. Hence, according to Senf et al. 
(2021), a sample size of 175,510 was realized per scenario 
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2.5.2  Repeated random sampling

Regarding research question iii., in the second case, for the 
MCS (scenarios bs, bt, cs, ct) with a tenfold iteration of the 
subplot simulations, all target variables FLR, iv, cv, . . .  are 
calculated by averaging among the repetitions r1 . . . r10 to 
achieve a scenario mean. Furthermore, we define the sce-
nario funnel to be delineated by the scenario means and not 
their particular spread (Kosow and Gaßner 2008, p. 54).

Beyond that, we denote FLR, MAI  and MAC to be 
the mean forest landscape restoration rate, the mean annual 
increment and mean annual cut among all scenario means. 
We decided on this method of averaging the scenario means 
because we regard the hazard rates of Brandl et al. (2020) as 
the most pessimistic form of future mortality, so that a real-
istic forest development could be assumed to be between 
‘only regular mortality’ and this pessimistic additional 
‘irregular mortality’.

3  Results

3.1  Survival probabilities

In our projections, survival time probabilities will consid-
erably decrease for the main tree species Scots pine, Nor-
way spruce, Sessile/ Pedunculate oak and European beech 
(research question i.). In the style of a sensitivity analysis, 
the decline is depicted in Fig. 3 (dashed lines) and Table 3, 
when projecting our RCM's climate data from 1983 to 2012 
until 2033–2062. Note that before the age-threshold of 20 
no irregular mortality takes place and slope is steepest at 
younger ages ≤ 60.

While beech has the highest mortality probability in sim-
ulations, pine and oak are depicted as being rather stable 
regarding their mortality risk. The IQR of our RCM shows 
comparably greater magnitudes (cp. Table 3), i.e. slightly 
increasing uncertainty margins for the survival of the 
respective species in our study area over time.

Only Spruce’s IQR boundaries are overlapping between 
the climate used by Brandl et al. (2020) and our RCM’s. 
In contrast, on a given sample plot, the other species only 
allow an interspecific change of the curve order within the 
parametrization (1971–2000) or the projection (1983–2062) 
values, i.e. per subplot beech could range above spruce (cp. 
Fig. 3) and it’s S(t)-curve can have a different slope than 
the median.

zr = a′′

a′ =
∑L

h=1 Wha′′
rh∑L

h=1 Wha′
rh

� (3)

with a′
h as the estimated mean cultivation area in stratum h 

for time t′
0 (2012); a′′

h is the estimated strata mean cultiva-
tion area for any time t′′

0+∆t and Wh is the stratum weight 
depending on the land area. The FLRr ratio is then derived 
by (1 − zr) × 100. The plot, instead of the subplot, is con-
sidered as the sample unit in order to examine particularly 
pronounced monospecific clusters in forests (Bolte et al. 
2021).

Regarding research question iii., we consider yield 
potentials with variables volume increment, harvest volume 
and growing stock. For the latter, we assess small and large 
dimensioned timber (SDT/ LDT) below/ above the thresh-
old of 50 cm DBH over bark as an object of interest for the 
timber industry and nature conservation.

Also, as a first case, we compute the total annual volume 
increment ivr for simulation step t′ until t′′ according to 
Riedel et al. (2017, p. 62). It is defined as the periodic incre-
ment of the mean standing compact volume (growing stock, 
vrh) of trees multiplied with the stratum size Ah with

ivr =
L∑

h=1

Ah
v′′

rh − v′
rh

∆t
� (4)

Hence, in line with Gschwantner et al. (2024) for NFI 
framework, iv in our simulation represents a gross vol-
ume change that in fact disregards irregular losses. Thus, 
in the WaldPlaner software, regular mortality is represented 
exclusively in t′′ with the year of death designated as t′.

As next target variable, for the same simulation step, 
the harvest volume as total annual cut cvr is calculated as 
the sum quotient of dead trees volume and ∆t: We add up 
regular mortality in t′ (unplanned salvage logging displayed 
in t′′), harvests (planned thinning and final harvest) in t′′ 
as well as irregular mortality (unplanned salvage logging) 
in t′, such as those described in section ‘Hazard rates via 
Monte Carlo’. It is, according to Eq. (4), estimated by a sum 
in the numerator. Furthermore, in the subsequent figures, the 
5-year average for a simulation step, e.g. 2012 to 2017, is 
given as 2017. This mirrors a downstream salvage logging 
period after the year of death due to irregular and regular 
causes in 2012.

For computation of basic growing stock as well as mean 
ages, we refer to Riedel et al. (2017, p. 67) for further 
information.
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tree-wise (dotted lines) loss of competitors (compared to 
undisturbed development) on iv is hinted at in the more 
severe early mortality events (scenario c to 2027) and at the 
end of the simulations.

Heavy mortality pulses in pine lead to an instantly 
decreasing mean age of the pine overstory (Fig. 4c), when 
stand-wise losses occur. Undisturbed scenarios have the 
oldest overstory layers.

The collapsing increment in Fig. 4 is explained by high, 
but inherently uncertain harvest due to irregular mortality 
(solid line in Fig. 5a). Overall, salvage logging accounts for 
about one third of the future MAC. Due to this, already up 
to 111 m. m3 pine timber, on average, could already be lost 
within the first 20 years in our simulation, incorporating 26 
% of its growing stock on circa 20 % of its cultivation area. 
After initially high ratios of salvaged timber (41 % mean in 
2012), the proportion of planned cuts increases towards the 
projection period (69 % mean in 2062). Besides harvests 
(thinning), the ratio of planned final harvests increases from 
an average 21 % in 2012 to 63 % in 2062.

3.2  Uncertain pine increment and harvest 
potentials

The simulations result in an increasingly uncertain yield in 
the study region (research question iii.). Over all scenarios, 
MAC shows a distinct decline over time (Fig. 4a). For Scots 
pine, which shows the largest contribution of total volume 
increment, already the undisturbed development (solid 
lines; Fig. 4b) reveals a steady decline until 2062. This is 
caused by a planned reduction (i.e., more harvest than incre-
ment) due to a high proportion of old pines. Under irregular 
mortality (especially bs), this reduction intensifies around 
2037 and from 2052 onwards.

At times, irregular mortality is even able to mitigate pine 
reduction (dashed lines above solid lines, Fig.  4b). Only 
Spruce will constantly lose more growing stock than it 
grows back from 2032 onwards.

Stand-wise (dashed lines) calamity pulses (Fig.  4b) 
reduce pine’s increment and outnumber undisturbed sce-
narios (b, c) after 2052 or 2057, respectively, when young 
stands are restored. A positive compensatory effect by 

Table 3  Numerical range of S100 survival probabilities for main tree species at 100 years of age between climate means used from Brandl et al. 
(2020) and our RCM among scenarios for each feature characteristic of climate and mixture with actual occurrence of the particular taxa until 2062
Species WorldClim 1971–2000 EC-Earth/ HadGEM 1983–2062

Q0.975
Q0.5   Q0.025   Q0.975 Q0.5 Q0.025

Pine 74 68 65 57 49 44
Spruce 71 58 43 48 30 14
Beech 82 78 73 37 22 15
Oak 80 75 70 55 43 34

Fig. 3  Median survival probability of the main tree species for subplots 
in the study area with actual occurrence of the respective taxa as a func-
tion of age, depending on climate and admixture ratio (cp. Table 1), 
with a IQR for P. sylvestris for 1971–2000 climate’s means used by 
Brandl et al. (2020) (solid lines) and our RCM (EC-Earth RACMO & 

HadGEM WettReg) climate’s 30 years moving windows starting 1983 
and ending 2062 among scenarios (dashed lines). Subfig. b–d depict 
boundaries for spruce, oak and beech with overlapping IQR between 
the species, which can alter its subjective interspecific curve order and/ 
or slope per subplot
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Figure  5c also implies that the study area continues to 
contain old pine trees, which reach the age for final harvest 
(top curve bundle).

3.3  Uncertain pine stocks and restoration results

While the total growing stock among all tree species 
(research question iii.) will increase from 1193  m.  m3 in 
2012 to a maximum of 1443 m. m3 (b) in 2062 (under the 
projection without irregular mortality), disturbances, espe-
cially the persistent tree-wise mortality, cause a decline to a 
minimum of 1028 m. m3 (bt).

Even if Scots pine is promoted in forest management, 
a managed reduction in pine stock, from 424 m. m3 pine 
growing stock in 2012 down to between 312 m. m3 (bs) and 
339 m. m3 (ct) in 2062, has to be expected. However, sce-
narios with no mortality risk (b, c) also imply a drop of more 

The relative deviation from both the mean (total planned 
and unplanned harvests of pine timber) is shown in Fig. 5b. 
While the MAC among scenarios is set to zero, it emerges 
that the overall highest cuts are initially driven by the 
stand-wise mortality regime (dashed lines). By the end of 
the simulation, however, tree-wise mortality dominates the 
maximum harvest volumes.

The declining rate of unplanned stand-wise harvests 
(dashed lines) from 2027 onwards indicates a calamity pulse, 
i.e. tipping point, from which the average age of salvage 
logging falls abruptly from 65 to 20 years (Fig. 5c, bottom 
curve bundle). Thus, from then on a restrained stand-wise 
mortality is implied (age threshold). Both the age of planned 
final harvesting and unplanned harvesting due to tree-wise 
mortality (dotted lines) decrease steadily from circa 110 to 
70 or 65 to 50 years, respectively.

Fig. 5  a Estimated MAC in the 
study area of tree species groups 
over time (assigning pine other 
than P. sylvestris to larch). Error 
bars for pine depict uncertainty 
among scenarios (ece: EC-
Earth RACMO, had: HadGEM 
WettReg) while the lower grey 
line depicts the fraction of pine 
salvage cuts and b explains its 
relative deviation from the mean 
with c cutting age development 
(top: regular final harvests with-
out thinning, bottom: irregular 
salvage logging) of pine trees

 

Fig. 4  a Estimated MAI  in the study area of tree species groups over 
time (assigning other pine than P. sylvestris to larch). Error bars for 
pine depict uncertainty among scenarios (ece: EC-Earth RACMO, 

had: HadGEM WettReg) and b explains its absolute deviation from 
the mean with c diverging mid age of the pine overstory
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On the one hand, in our simulations, we see a marked 
decline of small dimensioned timber (SDT), down to half 
of the original amount for both inclusion and exclusion of 
irregular mortality risk (Fig. 6a). The largest amount of SDT 
occurs, when irregular mortality is excluded (solid lines; 
Fig. 6c) and it is only at the end of our projection of silvicul-
tural measures that the stand-wise mortality (dashed lines) 
might lead to more SDT, due to restored young stands.

On the other hand, large dimensioned timber (LDT) 
will increase fivefold (Fig.  6b). Here, irregular mortality 
uniformly reduces its occurrence, especially when whole 
stands are subject to loss (dashed lines; Fig. 6d). Compared 
to MAI  and MAC, absolute spreads around the pine mean 
growing stock are relatively small (Fig. 6a).

A forest management that targets Scots pine achieves a 
positive FLR (research question ii.; Fig. 7). For Scots pine 
in 2012, per plot, the west has about 133,000 ha and the east 
about 708,000 ha of monospecific stands.

In the western study region, under an atlantic climate, a 
higher thinning intensity at comparatively lower yield levels 
prevails. Accordingly, the west is relatively ahead in the res-
toration of monospecific pine stands until the middle of the 

than 70 m. m3 for pine only (see section ‘Uncertain pine 
increment and harvest potentials’).

The cross-reference in Table 4 shows that relative uncer-
tainties of the total pine stock in the total stock of all tree 
species in 2062 is influenced more by the mortality pattern 
than by the RCM. Nevertheless, the more restrained die-
off (stand-wise mortality) with regard to the age threshold 
seems to lead to a clearer differentiation (bs vs. cs) and more 
restrained extreme climate (cs vs. ct) seems to level differ-
ences in mortality pattern.

Table 4  Summary of relative uncertainty [%] arising from RCM (b: 
EC-Earth RACMO, c: HadGEM WettReg) and mortality patterns for 
the growing stock of Scots pine in 2062. While in 2012 pine amounts 
to 35.6% of the total growing stock among all tree species, its fraction 
increases under irregular mortality whereas absolute volumes decrease 
under mortality risk consideration (scenarios bs, cs, bt, ct). Bold num-
bers indicate crosswise-calculated differences.
RCM Only regu-

lar mortality
Stand-wise Tree-wise | Δ Irregu-

lar mortal-
ity pattern |

Moderate (b) 23.6 (bs) 27.4 (bt) 30.9 3.5
Extreme (c) 25.3 (cs) 29.6 (ct) 32.1 2.5
| Δ climate| 1.7 2.2 1.2

Fig.  6  Estimated growing stocks in the study area of tree species 
groups over time (assigning other pine than P. sylvestris to larch) sub-
divided by a, c small dimensioned timber (SDT) and b, d large dimen-

sioned timber (LDT). Error bars for pine depict uncertainty among 
scenarios (ece: EC-Earth RACMO, had: HadGEM WettReg). Subfig. 
c, d explain their relative deviation from the respective pine’s mean
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4  Discussion

4.1  On material and methods

For the first time, the present study successfully contrasts 
tree- and stand-wise irregular mortality (diffuse vs. discrete 
patterns) risk in single-tree based simulations by means of 
repeated random sampling on a representative NFI grid to 
narrow down uncertainty. Climate variability and mortality 
patterns modulate guardrails of a scenario funnel that arises 
from dendrometry of the third inventory cycle (vTI 2015). 
All tree species were simulated as the proportions of dif-
ferent species influence each other and have a significant 
impact on the overall forest development. However, special 
attention was given to Scots pine, as it is the most abundant 
tree species in northern Germany.

While the spread of future outcomes of forest develop-
ment are displayed as means among scenarios, prediction 
errors accumulating over time are not measured. This is 
why the comparably short simulation period of 50  years 

simulation period in 2037. However, the east almost catches 
up by 2062 (Fig. 7a, b). The site amplitude in the east results 
in wider uncertainty margins for all main tree species. How-
ever, at 63 %, the west achieves about 8 % more pine resto-
ration than the east across all scenarios in 2062. In total, the 
uncertainty within the west represents 4,000 ha and in the 
east 67,000 ha. In both regions, the restoration of spruce is 
most advanced and is less so for beech and oak.

The irregular mortality patterns both seem to accelerate 
the FLR over time, which is especially evident for stand-
wise losses (dashed lines) in the east (Fig.  7d). A similar 
trend is depicted in the western region until 2022 (Fig. 7c). 
A sharp initial rise in the rate of restoration is particularly 
evident in the east, which can be attributed to a sustained 
wave. In the west, this pulse quickly disappears.

In some periods, the tree-wise mortality pattern impedes 
the restoration (dotted above dashed and solid lines). Cli-
mate appears to amplify FLR in some stages, i.e. extreme 
climate with more severe mortality hinders the establish-
ment of new mixed stands (grey lines above black lines; cp. 
Fig. 7c, d).

Fig. 7  Estimated F LR in the study area of main tree species groups 
over time (assigning other pine than P. sylvestris to larch) subdivided 
by a, c western states and b, d eastern states. Light colored ribbons 

depict uncertainty among scenarios (ece: EC-Earth RACMO, had: 
HadGEM WettReg). Subfig. c, d explain the relative deviation from 
the respective pine’s mean
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trend between the parametrization dataset and our values, 
the extreme covariates (cmin cm and cmax wm) are offset 
from the WorldClim dataset. This is due, for example, to 
a specific slope correction and the exclusion of hot years 
like 2003 or 2018, which fall outside the WorldClim period 
until 2000. However, these aspects are key, since micro-site 
conditions drive fitness and survival (Martinez del Castillo 
et al. 2024). The comparison between the extreme HadGEM 
model and the moderate EC-Earth model shows that the lat-
ter initially exhibits a colder trend in the backcast, i.e. the 
backward modelling. However, these two models intersect 
over time (cp. supplementary material’s Fig.  8) and pro-
spectively induce warmer values for HadGEM. The use of 
the 30-year moving window with averaged values for this 
period assists in smoothing the climate model predictions 
and thus mitigating abrupt trend changes (Hawkins and 
Sutton 2009). We are treating the results with caution but 
emphasize that our climate input values are still within the 
calibration range of the Brandl et al. (2020) survival time 
models.

We see limitations, though, in these survival models and 
their previous application: In fact, interpreting disturbances 
only as stand-wise discrete losses (e.g., Knoke et al. 2021) 
is not biologically plausible (Feldmann et al. 2018; Fuchs 
et al. 2022; Brodde et al. 2023). Also, the age-threshold of 
20 years is to be questioned (Piri et al. 2021), which other 
authors dealt by adding a 2% global mortality for their use 
(Knoke et al. 2021). Finding no mixing effects apart from 
Douglas fir and spruce, contradicts other models (Schone-
berg 2017, p. 105). We acknowledge that simulating the 
extremes of diffuse, tree-wise and discrete, stand-wise mor-
tality does not capture the continuous severity gradients 
characterizing the disturbance regime of northern German 
pine forests (Knocke et al. 2025).

In line with the German NFI methods (Riedel et al. 2017) 
when using the WaldPlaner framework, we have to con-
sider the year of death of both regular and irregular losses 
as t′ and not the middle of the period t′ + ∆t/2. This is 
in contrast to Gschwantner et al. (2024) and might imply 
a statistical underestimation of the instant irregular death 
(i.e., trees might have had increment after t′) together with 
an overestimation of planned harvest volume at the end of 
a period (t′′). Both, under- and overestimation results in a 
balance that corresponds to practice and can be seen as a 
spread of salvage logging over the following 5 years, while 
planned harvests tend to be delayed (i.e., taking place at t′′). 
Gschwantner et al. (2024) assess this minor bias further.

However, we point out that our study is only an estimate 
describing a hypothetical future of outermost scenarios that 
could materialize: The use of a variety of heterogeneously 
measured and modelled data results in uncertainty at a meta 
level. From there, we want to make clear that the above 

was chosen (Hansen and Nagel 2014, p. 29), whereas other 
studies anticipate centuries (Knoke et al. 2021; Biber et al. 
2024).

As some studies created pooled simulation stands in 
order to generate over- with understocked NFI plots, an 
improvement in dendrometry is accompanied by a loss of 
exact climate- and site-data (Mey et al. 2021). When creat-
ing the present simulation stands, we acknowledge that we 
have reduced overstocked plots unilaterally, however this 
is in line with other studies (Albert et al. 2018). Creating 
virtual stands from sample plots could neglect some aspects 
of forests, e.g. neighbourhood circumstances (Fischer and 
Mölder 2017) and simplifying complex forests. Thus, 
results are only valid on large scales and not for evaluat-
ing few plots. We deal with this fact by tenfold repeated 
random sampling, which is in line with other studies (Senf 
et al. 2021; Albrich et al. 2023; Suárez-Muñoz et al. 2023). 
Furthermore, the chosen layer separator (cp. section ‘Layer 
separation’) could potentially lower the overstory’s age and 
mixture, as in older stands the 20% of the number of largest 
trees used for hw might have also included non-dominant 
trees. Yet, our stand sizes of 2000 m2 are above the lower 
limit of 1000  m2 identified by Assmann (1970, p. 91) to 
separate an independent spatial stand layer.

Because the subplots are to be regarded as dependent 
(autocorrelated), the NFI sample unit is the plot. As the sub-
plots, which lie 150 m apart, can have different soil nutrient 
and water levels, different FDT have to be applied in order 
to project a realistic development and obtain yield poten-
tials on a sound basis. Thus, in contrast to the German NFI 
design, in order to manage forest development directionally, 
we consider the subplot as the sampling unit. Only for the 
assessment of a robust FLR progress and in line with Bolte 
et al. (2021), for particularly prone monocultures, we do 
view the cluster, with up to 4 subplots, as being the decisive 
scale (cf. Eqs. 2–3).

In the German context, the survival models of Brandl et 
al. (2020) are comprehendible and consider the major tree 
species: In contrast to other studies (e.g., Hülsmann et al. 
2017; Tamke et al. 2021; Maringer et al. 2021), they encom-
pass climate, admixture, a European-West Asian gradient 
and the tree’s entire life span, while excluding regular mor-
tality. Thus, these models have been used in recent scien-
tific work (Paul et al. 2019; Knoke et al. 2021; Fuchs et al. 
2022). Furthermore, practitioners apply the survival mod-
els from Brandl et al. (2020), coupled with TreeGrOSS, for 
certification purposes. However, they neglect site-specific 
climate input and determine the year of death imprecisely 
beforehand using survival probabilities and not conditional 
hazard rates (Vohrer 2023).

Climate data input has a great effect on the survival model 
performance (e.g., Fig.  4b). While there is no directional 
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manifested by decreasing increments, especially for stand-
wise losses, along with rising cuts, most notably for tree-
wise mortality. Salvage logging accounts on average for 41 
% of the total cuts in 2012 and 31 % in 2062. While all 
age measures (Fig. 4c; i.e., age of overstory, planned and 
unplanned harvests) together with small dimensioned tim-
ber (SDT) are decreasing, the amount of large dimensioned 
timber (LDT) increases steadily.

German forestry expects an overall declining yield 
potential even without irregular mortality risk, i.e. planned 
reduction. This results from a right-skewed age class dis-
tribution (old tree demography) of stands that were estab-
lished in the context of the second world war (Nelson 2005; 
Popkin 2021; Rosenkranz et al. 2023, p. 11). With special 
regard to climate change, declining growth and yield, as 
well as dropping growing stock, has to be expected (Albrich 
et al. 2023; Krasovskiy et al. 2024). A strong age effect 
influencing yield potentials was also found by other studies 
(Suárez-Muñoz et al. 2023; Krasovskiy et al. 2024; Vangi et 
al. 2024). However, an irregular mortality-induced lowering 
of tree age (Senf et al. 2021) might be attenuated if single-
tree mortality is assumed to be prevailing (Fuchs et al. 2022; 
suppl.), and shown in Fig.  4c. Also, an overall accelera-
tion of diameter growth due to consequent thinning from 
above and previous (moderate) climate change was found 
in Germany, which also affects the mean ages (Oehmichen 
et al. 2018, p. 42; Pretzsch et al. 2021) and enhances sur-
vival probabilities (Schoneberg 2017, p. 100). Thus, trees 
reach maturity earlier nowadays. On the one hand, negative 
effects for biodiversity are assumed because of less habitat 
structures in young stands (Turmukhametova et al. 2020; 
Senf et al. 2021). On the other hand– in reality– younger 
trees will likely be healthier (Schweingruber and Wirth 
2009), which contradicts the modelled peak mortality rates 
below 60 years.

In cases of declining yield or understocked forest man-
agement classes, the default top-down approach of decadal 
forest planning distributes final harvests over a period of, 
for example, 40  years (Gerhardt 1923), in order to retain 
mature growing stock to finance the adaption efforts of FLR 
and artificial regeneration (Albert et al. 2017; Erdozain et 
al. 2024). This will be more important, if irregular mortal-
ity and an age-effect reduces the gross increment further 
(Fig. 4).

At the stand level, depending on age and species, growth 
in trees at the edges of forest gaps can compensate between 
20% (pine: Preuhsler 1987, p. 148) and 50% (spruce and 
beech: Kramer 1958) of lost stock. Competition reduction 
and increased resource availability explain only 70–85% 
of this overyielding (Biber and Pretzsch 2022). Accord-
ingly, we found that tree-wise mortality buffers some of the 
losses in the short term, but no corresponding stand-wise 

described effects can even be reversed, e.g. if the Gulf 
Stream were to collapse (O’Hare 2011) or politics place 
large forest areas under strict nature conservation (Law-
rence 2017). Thus, our results have to be interpreted as deep 
uncertainty and the scenario funnel determines guardrails in 
order to deal with the ‘unknown unknowns’ (Marchau et al. 
2019, p. 6).

4.2  Uncertain survival chances

Our study reveals clearly lower and more uncertain S100 val-
ues than found by Brandl et al. (2020), which affects yield 
estimates. Under climate change, it is inherent in these pri-
marily climate-dependent survival models that mortality can 
only increase in response to more extreme covariate input.

For Scots pine, our median survival S100 is 49 %, with an 
IQR from 44 to 57%, which is similar to findings by previ-
ous research with 64 % (Dittrich 1986, pp. 51–53; accord-
ing to Staupendahl 2011) for the prevailing conditions at the 
time of the study. If we acknowledge steadily rising mor-
tality rates, as found by several authors (Sommerfeld et al. 
2018; Senf et al. 2021; Patacca et al. 2023; BMEL 2024b, p. 
46), our approach is expecting the worst but is still realistic. 
This pessimistic outlook is justified by our use of climate 
models under the RCP8.5 scenario, which represents a high-
emission pathway and predicts severest impacts on forest 
health.

For the commonly assessed Spruce, in our simulations 
we use a median survival of only 30 % (IQR 14 to 48 %) 
tree- or stand-area-units reaching 100 years of age. In simi-
lar projections, under RCP8.5, other authors also found val-
ues reaching 37 % (Paul et al. 2019) or 41% (Knoke et al. 
2021), which are within our IQR.

To mitigate mortality risk, forestry should increase 
uneven-aged and well-suited mixed-species stands in a dif-
ferentiated manner, guided by the principles of portfolio the-
ory (Markowitz 1991; Yachi and Loreau 1999). However, at 
the stand level, adaptive forest management must maintain 
the functionality of specific ecosystem services, even if this 
necessitates preserving a limited number of monospecific or 
even-aged stands (Schall et al. 2018). Such an approach can 
support the restoration of forest landscapes (Spathelf et al. 
2018), enhances γ-diversity (Schuler et al. 2017; Heinrichs 
et al. 2019; Schall et al. 2020), and depletes disturbances 
(Sebald et al. 2021). Also no-regret-options, such as occa-
sionally creating canopy openings, represent straightfor-
ward measures for adaptation (Muys and Messier 2023).

4.3  Shifting yield potential

For Scots pine, this study documents a strongly declining 
yield along with increasing uncertainties (Fig.  4). This is 

1 3

5105



Stochastic Environmental Research and Risk Assessment (2025) 39:5091–5113

harvested. Dying trees can contribute to the spread of patho-
gens such as bark and jewel beetles. However, generalized 
removals need to be carefully considered because they 
destabilize remaining stands, warm up their interior climate 
and can have negative ecological effects (Thorn et al. 2018). 
Altogether, it was found that salvage logging is not always 
economically favourable (Knoke et al. 2021; Popkin 2021).

Interestingly, among our MCS, many plots manifested 
repeated losses at the very same simulation steps, especially 
at low elevations (cp. Albert et al. 2015; Albrich et al. 2023; 
Bonannella et al. 2024; Bose et al. 2024; Ogana et al. 2024; 
Enderle et al. 2024). We conclude, that the survival time 
models of Brandl et al. (2020) work very specifically. Cer-
tainly, pines in our eastern (planar) region are more endan-
gered, which can already today be proven by the spread of 
biotic agents under Poland’s continental climate (Jabłoński 
et al. 2019). Yet, we are not surprised by the stockpiling of 
LDT, which was previously expected mainly in the absence 
of mortality risk (Spellmann and Fischer 2016; Knocke et 
al. 2024). For Scots pine, Biber et al. (2024) also found ini-
tially increasingly mature stands under a steady mortality 
regime.

Although there may be ecological advantages, we would 
like to point out the economic challenges and the need to 
re-orient the industry: Because European softwood saw-
mills are primarily equipped for SDT, large dimensioned 
assortments, in particular, can pose challenges to the timber 
industry (Spellmann and Fischer 2016; Mason et al. 2022). 
We conclude that future timber markets will be massively 
overstrained by both the LDT and the quantities of salvage 
logging, especially when occurring in pulses (Popkin 2021; 
Patacca et al. 2023; Biber et al. 2024).

4.4  Inert forest landscape restoration progress

We show that, as FLR is driving timber yield potentials, 
accounting for uncertainty is key. FLR exhibits particular 
differences between the study regions that are primarily 
caused by age, thinning intensities, and mortality. While 
relative differences are small, when looking at the absolute 
figures, more forests in the eastern part need to be restored 
and uncertainty spreads are greatest, there. Overall, after 
a 50  year period of assumed optimal circumstances (i.e. 
recruitment, seedling availability, and timber marketing in 
order to execute final harvests), FLR has only accelerated by 
10 % overall when compared to undisturbed development.

This inertness can be explained, on the one hand, by the 
fact of promoting light-demanding species like pine. In 
comparison, underplanting of shade-tolerant species can 
take place earlier and promotes FLR (Knocke et al. 2024). 
On the other hand, mortality is severest in young ages 
(curve’s slope, cp. Figure  3), which has to be interpreted 

compensation is evident. The latter only performs better in 
the long run, if young productive stands are successfully 
restored. In fact, higher MAC resulting from tree-wise 
mortality demonstrates that salvage logging adds to planned 
harvests. Similar to low-rate background mortality, thin-
nings do not undercut the prescribed target basal area. Con-
sequently, they are carried out throughout the simulation of 
tree-wise mortality in a planned manner, while still being 
constrained by a maximum volume removal of 80 m3 ha−1 
per 5-year operation cycle (cp. Knocke et al. 2024).

This pertains to the optimum basal area range (Vospernik 
et al. 2015) with the highest increments, which, in case of 
pine, ranges proportionately from 0.8 to 0.9 of the maximum 
density (Assmann 1970, p. 231). Within the regional climate 
model (RCM), the differences between tree- and stand-wise 
mortality account for about 13% (2012) and 115% of the 
undisturbed MAI . Already the choice of provenances can 
increase volumes by 40% (Haapanen et al. 2016) or incre-
ment by up to 150% (in 2061 under RCP8.5) as found by 
Chakraborty et al. (2024). Thus, we interpret the mortality-
pattern induced spread of yield as notable but not crucial.

In Europe, salvage logging currently accounts for 16% 
of the total harvested volume (Patacca et al. 2023), and pro-
spectively increase to 40% (Bolte 2022, p. 262). For spruce, 
even ≥ 100% of the planned harvests can be salvages (Kra-
sovskiy et al. 2024). For comparison, a Standardized Distur-
bance Index was defined (Patacca et al. 2023): In Czechia 
among all tree species, it lately ranged up to 4.3 m3 ha−1 a−1. 
Accordingly, for Scots pine in our study area, we identify 
index values from 3.8 (mean) to 6.1  m3  ha−1  a−1 (maxi-
mum) in 2012 (regular and irregular mortality), of which 
1.3 m3 ha−1 a−1 are caused by competition (regular mortal-
ity, minimum). Figure 5b illustrates that tree-wise mortal-
ity is generally higher than stand-wise mortality patterns. 
Our corresponding scenarios (bt, ct) represent permanent 
low-rate mortality patterns resulting from both regular and 
irregular die-off. As WaldPlaner calculates competition-
related mortality in a distance-dependent manner (Hansen 
and Nagel 2014, p. 140) subsequent to the dropout of irregu-
lar mortality (as imported into the software), an interpre-
tation as interdependent, disturbance-induced background 
mortality is justified (Das et al. 2016; Archambeau et al. 
2020). The quantity is also in line with Bonannella et al. 
(2024), who found Scots pine to be comparatively heav-
ily affected by irregular mortality. We see our high values, 
of up to 6.1 m3 ha−1 a−1, and for stand-wise mortality also 
comprising understory trees, as being realistic, as Patacca 
et al. (2023) remark, that small amounts are not likely to 
be salvaged because they are not detected in their remote 
sensing approach or, in practice, from ground staff. On the 
other hand, Patacca et al. (2023) discuss that, in practice, a 
proportion of healthy trees at the disturbance edges are also 
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which is rather unrealistic (Feldmann et al. 2018; Patacca 
et al. 2023). Altogether, we see strong improvement in the 
current prediction abilities (BMEL 2017; Rosenkranz et al. 
2023) for yield potentials using single-tree growth simula-
tors such as WaldPlaner.

In European forests, not only the cultivation area and 
growing stock (Knocke et al. 2024), but also their increment 
and yield potential are undergoing profound, yet uncertain 
changes in the twenty-first century, as demonstrated by our 
research: i. overall, mortality risk and uncertainty increase 
over time while ii. FLR only accelerates under persisting 
stand-wise losses. The target basal area cannot be undercut 
below a sustainable threshold due to self-imposed commit-
ments and legal regulations, which may in reality result in 
tree-wise (background) mortality further impeding adapta-
tion (lagging species mixture control and tending in sparse 
stands). Also, iii. increment collapses in the medium term, 
which could only be modulated in the long term by stand-
wise mortality with immediate reforestations. Harvest peaks 
will be driven by disturbances, leading to salvage logging, 
which will complement an already anticipated planned 
stock reduction (Schmitz 2019). Thus, the yield situation 
is about to deteriorate. As timber sequesters carbon diox-
ide, after long periods of sink, north German forests could 
become a source of carbon (Albrich et al. 2023; Cienciala 
and Melichar 2024).

However, with a view to the growing stock, contrasting 
mortality patterns generates more uncertainty than vari-
ability in the two projected climate models. The uncer-
tainty, understood as the divergence between scenarios, 
would increase if additional climate model strands (e.g., 
RCP4.5) were considered. Surprisingly, other predictions, 
which exclude irregular mortality risk, are also valid to a 
certain extent, since the planned stock reduction dominates 
the yield potential. Here, the main driver is the old forest 
demography, with its right-skewed age class distribution. 
Thus, in addition to silvicultural management and climate 
models (Knocke et al. 2024), we have identified that varying 
patterns of irregular mortality introduce relevant additional 
uncertainty to a future theoretical managed forest develop-
ment under disturbances.

Both, the management (FDT) and mortality patterns are 
dependent on the changing climate, as expressed by the 
moderate RACMO EC-Earth12 and extreme WettReg18 
HadGEM2 model of the RCP8.5. strand. Uncertainty ranges 
are in line with conservative estimates, which are hoping for 
the best but expecting the worst. We infer:
Ad i.)

1.	 To buffer increasing magnitudes and frequencies of 
climate change-attributed mortality and uncertainty, 

as youth risk (Staupendahl and Möhring 2011). Thus, for 
both mortality patterns, it is not old monocultures being 
replaced by young mixed plantings, but middle-aged stands 
dying off, as illustrated by decreasing SDT (Fig. 6). Middle 
age stands are likely to already be mixed, if established 
after the 1990s (Spathelf and Ammer 2015; Borrass et al. 
2017). Furthermore, the stand-wise mortality pattern only 
accelerates FLR until circa 2032 (Fig. 7d), when it comes 
to a standstill and all plots with adverse climate and mixture 
covariates are dropped out. Other retrospective studies that 
included past mortality risk found similar FLR rates (Höher 
1994, p. 50; Vrška et al. 2017). In simulations that target 
pine, Suárez‑Muñoz et al. (2023) point out the effects of 
stand age plus management intensity on FLR progress and 
describe higher stocking changes under RCP8.5. However, 
their study underestimated mortality and only determined 
20 % decrease in pure pine stands in Spain until 2100. For 
central Europe, Krasovskiy et al. (2024) also point out to 
manage forests more intensively in order to adapt to climate 
change and assume irregular mortality to shape forest struc-
ture largely. Under RCP8.5, they indicate that volume-based 
forest composition change will account for less than  ± 10 
%, relative to the as-is state, of coniferous species by 2060.

All studies consider (oder: emphasize) the immense cost 
of future FLR, even if natural regeneration prevails. Even if 
the adaption effort towards climate-smart forests excludes 
planting, soil scarification, fencing, or pre-commercial thin-
ning still have to take place (Albert et al. 2017; Mason et al. 
2022; Vacek et al. 2023).

Our results are in line with other studies, as from 2012 
until 2025, there actually were disturbance pulses for Scots 
pine (Senf and Seidl 2021; Rohde et al. 2023, p. 26; Seidl 
and Senf 2024).

5  Conclusion

We conclude that six aspects of novelty have been addressed: 
Considering (1) actual algorithm-selected, site- and climate-
specific FDT with realistic growth under perturbation and 
stress (Schmidt 2020), and (2) recognizing a federal state-
specific business-as-usual silviculture practice with differ-
ent management settings. Additionally, for the first time, we 
(3) apply conditional hazard rates for tree-wise (diffuse) or 
stand-wise (discrete) irregular mortality patterns, emphasiz-
ing a realistic disturbance-influenced forest development. 
In a simplified approach, (4) random numbers are drawn 
between 0 and S (t′

s) 5.) on a representative inventory grid, 
driven by 6.) climate moving windows (Burggraef 2024, p. 
48) in order to enhance predictions. The default approach 
in survival predictions has previously been that only entire 
stands are assumed to die discretely (Knoke et al. 2021) 
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