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1. Introduction

Currently, the European beech (Fagus sylvatica) is 

the most common tree species in Germany. Beech 

forests cover an area of 1.68 million hectares, which 

represents approximately 15 % of Germany’s total forest 
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ABSTRACT

Forest management is known to beneficially influence stand structure and wood production, yet quantitative 
understanding as well as an illustrative depiction of the effects of different management approaches on tree 
growth and stand dynamics are still scarce. Long-term management of beech forests must balance public interests 
with ecological aspects. Efficient forest management requires the reliable prediction of tree growth change. We 
aimed to develop a novel hybrid simulation approach, which realistically simulates short- as well as long-term 
effects of different forest management regimes commonly applied, but not limited, to German low mountain 
ranges, including near-natural forest management based on single-tree selection harvesting. 

The model basically consists of three modules for (a) natural seedling regeneration, (b) mortality adjustment, 
and (c) tree growth simulation. In our approach, an existing validated growth model was used to calculate single 
year tree growth, and expanded on by including in a newly developed simulation process using calibrated modules 
based on practical experience in forest management and advice from the local forest. We included the following 
different beech forest-management scenarios that are representative for German low mountain ranges to our 
simulation tool: (1) plantation, (2) continuous cover forestry, and (3) reserved forest. The simulation results show 
a robust consistency with expert knowledge as well as a great comparability with mid-term monitoring data, 
indicating a strong model performance.

We successfully developed a hybrid simulation that realistically reflects different management strategies and 
tree growth in low mountain range. This study represents a basis for a new model calibration method, which 
has translational potential for further studies to develop reliable tailor-made models adjusted to local situations 
in beech forest management.
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요   약

숲을 체계적으로 관리하고 경영하기 위해서는 나무생장 변화에 대한 신뢰성 있는 예측이 필요하다. 독일의 아이펠 지역에
서는 주요 목재종인 유럽너도밤나무가 식재되어 관리되어 지고 있다. 본 지역의 산림관리자의 실제 산림경영의 경험과 조언
을 토대로, 다양한 산림 관리에 따른 단기 및 장기 효과를 예측하고자 지역 특수성을 지니는 시뮬레이션 모델의 접근방법을 
개발하고자 하였다. 시뮬레이션 모델은 (1) 묘목 생성, (2) 나무 사멸 조절 (3) 나무 생장의 세 가지 모듈로 구성된다. 산림관
리자에 의해 제공된 너도밤나무 숲의 실제 부피 변화를 근사화하기 위해 다양한 변수(나무수, 나무간 거리, 씨앗의 분포, 경
쟁)를 반복적으로 수정하여 세 가지 모듈을 결합한 하이브리드 시뮬레이션 모델을 개발할 수 있었다. 본 연구를 통해 유럽너
도밤나무 숲의 350년을 모의하여 생장 변화를 예측하였으며, 아이펠 지역의 세 가지 다른 관리 방법 (숲을 보호한 상태에서 
목재벌채, 선택적 벌목, 보호림) 시나리오를 적용하였을 때 모의된 결과를 비교하였다. 시뮬레이션 결과를 통해 나무 생장의 
변화가 현실적으로 잘 반영되었다는 것을 확인할 수 있었으며, 미래에 장기간 실제 축적된 산림 데이터를 획득하여, 검증과 
보정의 과정을 반복한다면 더 높은 정확도의 지역 맞춤형 모델이 개발될 수 있을 것으로 사료된다.

주요어 : 유럽너도밤나무, 하이브리드 시뮬레이션, 지역 숲 관리, 장기적인 숲 구조 변화
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area (BMEL, 2015). Due to past land-use conflicts 

between forestry and agriculture (Leys and Vanclay, 2010; 

Gillet et al., 2014), many forested sites are currently 

located within the low mountain ranges. Apart from 

timber production, these forests represent a fundamental 

ecosystem and host a high diversity of plant and animal 

species. Because German forests are predominantly 

cultivated, a near-natural stands management is pursued 

in order to conserve biodiversity and to sustain forest 

productivity and the provision of ecosystem services 

(Brunet et al. 2010). Since European beeches have a long 

lifespan of about 300 years (San-Miguel-Ayanz 2016), 

an adequate long-term management strategy plays an 

important role during forest growth in beech stands. 

Tree growth models are fundamental to forest 

management, especially with regard to a sustainable 

forest utilization. Simulation models can provide objective 

forecasts and decision support, offering forest managers 

the information needed to set harvest quantity and 

timeframe while maintaining a sustainable capacity of 

forest trees (Vanclay 1994). As forest management not 

only alters wood production but also transforms stand 

structure and dynamics, the effects of various forest 

management strategies have to be quantified and 

implemented in simulation tools in order to allow for 

reliable predictions of short- and long-term impacts of 

different forest management approaches. 

Models often used for the prediction of forest growth 

are FORMIND (Fischer et al. 2015), TREEMIG (Lischke 

et al. 2006) and SILVA (Pretzsch et al. 2002). FORMIND 

is an individual-species-based forest model on a hectare 

scale. It consists of four main processes, including 

growth of individual single trees, establishment of new 

trees, tree mortality, and competition among trees for 

light and space (Fischer et al. 2018). This model has 

recently been applied in various European regions and 

has been used in a variety of applications such as coupling 

remote sensing simulations (Knapp et al. 2018a), biomass 

change estimation (Knapp et al. 2018b), carbon stocks 

estimation (Rödig et al. 2018) and forest dynamics 

simulation (Armstrong et al. 2018). Despite this great 

versatility, the simulation of smaller special scales, 

especially when depicting spatial positions of individual 

trees within the stand, as well as the simulation of 

detailed and customized forest management methods is 

severely limited in FORMIND.

TREEMIG is a spatially explicit forest gap model 

which simulates the changes on forests of different 

scale (Thuiller et al. 2008). It is a grid-based forest- 

landscape model and this can be applied to a broad 

range of spatial scales with a resolution of 100 to 1000 

m (Lischke et al. 2006). The TREEMIG model simulates 

seed reproduction, growth dynamics and light intensity 

change based on multi-species population dynamics, 

and it is commonly executed to model changes in the 

abundance of tree species (Lischke et al. 2006). In 

terms of applicability, the model has been developed to 

identify climatic influences on tree species’ migration 

(Nabel et al. 2013), to increase the scale, and to minimize 

computational resource expenses by coupling several 

modules (Nabel 2015)

SILVA is a single tree-based spatially explicit stand 

growth simulator (Pretzsch et al. 2002). Due to its 

profound set of parameterization data from which the 

user can select suitable site conditions for customization, 

SILVA produces reliable simulation results for most 

parts of Germany (Hausler and Scherer-Lorenzen 2001). 

Schmid et al (2006) and Mette et al. (2009) evaluated 

the model in Switzerland and in South-West Germany. 

SILVA simulates forest dynamics at the individual tree 

level in five-year time steps considering the four main 

processes tree growth, competition, mortality, and forest 

management activities. Growth of an individual tree 

depends on its position within the forest stand, and the 

model accounts for the trees’ competition for space. 

SILVA has been remarkably successful in many respects. 

It was primarily designed to assist decision making in 

forest management (Schmid et al. 2006), nevertheless 

SILVA is widely used for general predictions of tree 

growth (Pretzsch and Schütze 2009) and for comparing 

stand growth performance under different management 

regimes (Hanewinkel and Pretzsch 2000). However, 

opportunities for realistically simulating long-term stand 

dynamics with SILVA are rather limited, especially 

with regard to near-natural forest management. Among 

the three models, the SILVA model was selected, which 
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considers the location of the individual tree and can 

easily apply the management strategy applied to the 

actual German forest. As a limitation, SILVA does not 

take into account how parent trees influence distribution 

of the offspring seedlings, and neither does SILVA 

account for irregular tree mortality that is caused by 

harvesting activities.

The aim of this study is to develop a regional forest 

stand dynamics model that realistically simulates the 

short- as well as the long-term effects of different forest 

management approaches including near-natural forest 

management based on single-tree selection harvesting. 

Intensive regeneration cutting or clear-cutting which 

has been widely applied for many decades in Europe is 

nowadays known to have many negative effects on beech 

forests (Brunet et al. 2010). Plantation and continuous 

cover forestry (CCF) have been the dominant forest 

management strategies worldwide (Pommerening and 

Grabarnik 2019). These two management approaches 

are also pervasive in the German Eifel region where 

regional forest policies have the declared goal to increase 

both quantity and quality of forests (Vandekerkhove et 

al. 2009). In addition, a small number of unmanaged 

forest reserves have been established in order to conserve 

biodiversity and natural processes (Brunet et al. 2010). 

In general, any model development needs to comprise 

several interrelated steps depending on the purpose and 

regional application of the model (Vanclay and Skovsgaard 

1997). In order to simulate natural forest development 

for the German low mountain region, we had to add 

natural forest regeneration into the model, adjust the 

parameters of tree mortality to age- and competition- 

based processes, and calibrate the model for specific 

site factors. In order to calibrate a forest growth model 

for a specific regional context, it is crucial to implement 

accurate information about the specific regional tree 

growth and the local management history. Such information 

can be gathered for instance from the literature, from 

forest managers, or from forest inventory data. The 

growth of beech trees varies with climate (Trasobares 

et al. 2016) and site conditions (González de Andrés et 

al. 2018). Furthermore, forest management strategies 

may differ regionally (Schall et al. 2018a; Schall et al. 

2018b; Barna and Bosela 2015). 

Hybrid models that integrate above-mentioned 

information are being used to build a local-comprehensive 

model. Cuddington et al. (2013) introduced different 

modeling approaches through the linkage between ecological 

theory, models and management. In various ecological 

fields, the hybrid modeling has been used for highly 

accurate estimation (Cabral and Schurr 2010; Liu et al. 

2018; Peng et al. 2002; Rinke et al. 2010; Scholz-Starke 

et al. 2013; Von Stosch et al. 2014). 

The current paper describes the process of developing 

a tailor-made model for short- and long-term stand 

dynamics of differently managed beech stands. To reflect 

realistic long-term stand dynamics under a specifically 

customized local management strategy with a simulation 

model, we developed (1) a seedling regeneration module 

and (2) a mortality adjustment module, and we (3) 

combined these modules with the tree growth simulator. 

We (4) parameterized our combined model with spatially 

explicit empirical field data and (5) calibrated it by 

taking expert knowledge from forest managers into 

account. Finally (6), we validated the calibrated model 

by comparing simulation results with expert knowledge 

from the local forest managers and with mid-term 

monitoring data (15 years), confirming that our model 

effectively explained actual tree growth with high 

coefficients of determination.

2. Methods

2.1 Model construction

2.1.1 Model structure

Our model consists of three modules: (1) seedling 

regeneration, (2) mortality adjustment and (3) tree 

growth simulation, which are further described in the 

following.

Empirical field data such as size and spatial information 

of each tree served as initial input for the simulation. 

In the first module, the seedlings are distributed in a 

circular area of canopy width around their parent tree 

by the regeneration module based on coupled gamma 

and binominal function. In the second module, tree 
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mortality is adjusted to a natural level. Data constructed 

by these modules are used as input data for the SILVA 

tree growth simulator in the third module. These three 

different modules are combined and iteratively run in a 

user-defined wrapper function (Fig. 1) to simulate long- 

term tree growth. The wrapper function opens data files, 

reads input data, executes calculations, links the modules, 

saves results and closes data files as a single model.

The calibration process involved iterative adjustments 

of parameters within each module until feasible values, 

guided by expert knowledge, were achieved. The 

interaction of the three modules is depicted in Fig. 1. 

Each parameter was manipulated until the feasible value 

under expert information was reached. For instance, 

when adjusting the number of seedlings of a single tree, 

other parameters were fixed to produce the simulation 

result. Using wrapper function, many iterations were 

performed during calibration over a long period (over 

100 years). The stepwise determination of optimal 

parameter values, guided by the expected forest structure 

derived from expert knowledge. The iterative calculations 

until the stem volume met the anticipated forest structure 

performed to achieving realistic simulation outcomes.

(1) Seedlings regeneration module

In order to realistically reflect short- and long-term 

forest development, we had to implement natural forest 

regeneration based on seedling recruitment. The number 

of established seedlings as well as their spatial distribution 

were implemented within our model.

Generally, the number of beech seedlings in beech 

forest depends on canopy openness and is thus reduced 

by increased canopy density (Madsen and Larsen 1997). 

Commarmot (2013) investigated primeval beech forest 

of about 10,000 ha in the Ukraine, containing between 

400 and 600 trees per ha. The number of seedlings 

produced by our model was adjusted to lie within that 

range. Beech can produce seeds at an age of about 40~60 

years (Diaci and Rozenbergar 2001), thus, trees over 40 

years are considered potential parent trees by the model. 

Our model calculates tree age by using morphometric 

factors based on the DBH according to Rozas (2003) in 

Eq. (1). 

(1)

The number of seedlings is an important parameter 

Fig. 1. Simulation and calibration process using wrapper-based approach
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for stand regeneration, calling for particular thoroughness 

in parametrizing it. During the model development, the 

number of seedlings was repeatedly adjusted to calculate 

realistic number of viable seedlings depending on a 

specific stand density. 

Dispersal of beech seeds is generally poor because 

the average beechnut weights about 350-400 mg and it 

has no specific adaptations for long-distance transport 

by animals or wind. Because of that, most beechnuts 

end up directly beneath the parent tree. Only few, mainly 

lighter seeds, might be blown away 20 to 35 m from 

their parent trees into canopy gaps (Diaci and Rozenbergar 

2001). 

We chose the gamma distribution (Burgin 1975; Wilk 

et al. 1962) for modelling seedling distribution here as 

well, as it assumes that seed distribution depends on 

the crown width of the respective parent tree based on 

the empirical observation of the forest manager. The 

general formula for the probability density function of 

the gamma distribution (Dennis and Patil 1984; Nelson 

1964) is shown in Eq. (2) where γ is the shape parameter, 

μ is the location parameter, β is the scale parameter, 

with Γ is the gamma function depending on time t in 

Eq. (3). The special case where μ = 0 and β = 1 is 

called standard gamma distribution. The equation for 

the standard gamma distribution reduces to Eq. (4). 

This module simulates the distribution of seedlings at 

specific points in time, utilizing distribution functions 

to create independent distributions at each time point 

instead of relying on various simulation paradigms. By 

directly incorporating distribution, the module efficiently 

generates distributions for seedlings at each time point, 

reducing the need for complex computations or iterations. 

Moreover, employing distribution functions allows for 

the inclusion of probabilistic elements, enhancing the 

realism of the model.

(2)

(3)

(4)

The binomial distribution can be used when there 

are exactly two mutually exclusive outcomes of a trial. 

These outcomes are appropriately labeled 0 and 1. The 

probability of x seeds being taken when each has a 

probability p is px, and the formula is given in Eq. (5) 

where n is number of trials, and p is the probability of 

success on each trial. To prevent a skewed gamma 

distribution of dispersed seedlings, the position of a 

selected number of seedlings was randomly converted 

to the opposite side of the parent tree, using the binominal 

function (Bliss and Fisher 1953; Bolker 2008; Guisan 

and Zimmermann 2000; Lindén and Mäntyniemi 2011). 

In our study, we converted seedling position as described 

above when the outcome of Eq. (5) was 0.

(5)

(2) Mortality adjustment module

Although Fagus sylvatica has a lifespan of about 

300 years (Giesecke et al. 2007), the simulation with 

SILVA assumes some large trees to unexpectedly die 

even if they did not reach maximum tree age yet. 

Natural tree mortality P is estimated in SILVA using 

the probability Eq. (6) (Pretzsch et al. 2002), where ig 

represents the estimated tree basal area growth (cm2 / 

5 years); SI is the site index, expressed as maximum 

stand height at age 50 years; a0,…,a4 are the estimated 

coefficients. All trees with P greater than a threshold of 

0.5 are defined as dying trees. 

To avoid such unexpected death of mature trees, we 

implemented a mortality adjustment module, in which 

tree mortality is made dependent on tree-tree competition. 

Pommerening and Grabarnik (2019) introduced a similar 

concept of a frame-tree method to describe a tree 

competition based on the nearest-neighbor principle. The 

trees that are superior to the competition were defined 

as frame trees. Using an R-script in Version 4.0.2 (R 

core team, 2015), these frame trees were selected to be 

excluded from dying, taking into account the distance 

between adjacent trees and the size of the competing 

trees. Suppressed trees that are outcompeted by others 

were determined to die. 
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Since trees are not homogeneously distributed in our 

model, the residuals of the P-function had been used to 

calibrate Pm function in Eq. (7) (with the probability 

value of single tree mortality Pm, b0,…,b2 the tree 

species-specific estimated parameters). 

(6)

(7)

(3) Tree growth module

The growth simulator SILVA was used to estimate 

tree growth during a single growth period 5 years. This 

model has been applied in the past for various forest 

management purposes by several German forestry 

authorities and private forest owners and has been 

validated with a huge database (Pretzsch et al. 2002). 

Mainly, DBH increment in Eq. (8), tree height growth 

in Eq. (9) and competition index in Eq. (10) are 

calculated by SILVA, where zdpot is the potential diameter 

increment (cm / 5 years); j1,j2,j3 the species-specific 

parameters, hpot is the potential tree height at age t, and 

A, k, p are the species-specific parameters.

(8)

(9)

(10)

The competition index (CI) is defined as the sum of 

all competitor contributions, with CIi = competition 

index for tree i; βj = angle between cone vertex and 

top of competitor j; CCAj, CCAi = crown cross-sectional 

area of trees j and i, respectively; TMj = species specific 

transmission coefficient for tree j (TM = 0.8 for European 

beech); n = number of competitors of tree i. The 

competition index reflects to which extend an individual 

tree occupies the limited growing space within a stand 

(ranging from 0 = dominant open grown trees to 30 = 

suppressed trees). In the study of Pretzsch and Schütze 

(2009), a long-term growth comparison was excluded 

due to varying and inconsistent results. The dominant 

beech trees survive up to 200-300 years (Diaci and 

Rozenbergar 2001) and it needs long-term simulations 

to observe at least one cycle of beech forest development 

due to this long lifespan. As introduced by Poschenrieder 

et al (2013), SILVA can be combined with other modules 

in order to improve the accuracy of model predictions.

2.1.2 Model parameterization

(1) Integrating site-specific management methods 

into SILVA

SILVA has various options to set different management 

scenarios. It includes thinning specifications, which allows 

to adjust the thinning actions during the simulation run. 

Three different harvesting specifications (final crop-tree 

concept, selective cutting, or no thinning) were used to 

reflect the three different management practices which 

will be used in model validation (plantation, continuous 

cover, and reserved forestry, respectively).

The final crop-tree concept particularly reflects managed 

stands in planation. Periodic thinning removes a sub-set 

of small trees, which stand in greater competition with 

each other. Plantation is generally considered regeneration 

of even-aged trees retaining widely spaced residual trees 

in order to achieve a uniform seed dispersal across the 

harvested area. During the final harvest, 8-12 shelterwood 

trees per 0.15 hectare (30x50m) are left in order to 

shelter forest regeneration. They are usually retained 

until the regeneration has been established. Thinning and 

shelter tree cut were controlled in our model by setting 

a maximum stand volume limit during the simulation runs.

Continuous cover forestry (CCF) was chosen to simulate 

near-naturally managed stands in SILVA. Some saplings 

were cut to release the future target trees from competition. 

To encourage fast growth in reduced under-story light, 

A-values (intensity of competition) by Johann (1982) 

were used. The option defines number of future trees 

and competitor trees and thinning intensity derived from 

Eq. (11) (with A: intensity of competition; e: elite tree 

(future target tree); c: competitor tree; Dce: distance 
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between future target tree and competitor).

(11)

For the beech reserves, no thinning option was 

selected in SILVA. To keep dominant trees alive in 

spite of the random mortality, some trees with large stem 

volume and small competition values were excluded 

from dying.

2.1.3 Simulation process

The simulation process (see Fig. 1) was initialized 

with empirical data on tree size and spatial reference 

(tree diameter, tree height and coordinates of individual 

trees) as well as specific stand management information. 

Based on the characteristics of the mature trees, new 

seedlings were generated by the regeneration module. 

Tree mortality in SILVA was adjusted by the mortality 

adjustment tool depending on tree–tree competition. 

The surviving trees and seedlings data were used in the 

tree growth module as input. New tree growth data were 

iteratively generated in five-year time steps. Based on 

the desired simulation time frame of 300 years, this 

iterative simulation cycle was performed 100 times. 

2.1.4 Validation

The results of the simulations were validated using 

expert knowledge for long-term and empirical mid-term 

monitoring data for a simulation period of 15 years. 

First, the simulated long-term forest development 

under different management regimes was validated by 

a local forest manager on the basis of his experience on 

stem volume and management concepts. Empirical 

stem volume and predicted stem volume were visually 

compared over time.  

Second, the mid-term simulation results were validated 

using actual monitoring data for a period of 15 years, 

which were provided by the International Cooperative 

Programme on Assessment and Monitoring of Air 

Pollution Effects on Forests (ICP Forests, 2018; Lorenz 

1995). Available ICP Validation Data were constrained 

to single-condition pure beech plots in the database. 

Plots that had been thinned during the monitoring period 

(i.e., 2000-2010) were excluded from the analysis. From 

the monitoring data of three stands meeting the specified 

criteria, tree growth was simulated for a 15-year period 

using the initial data from year 1. Simulated results were 

compared with actual monitoring data from year 15, 

focusing on stem volume, basal area, and tree count. 

According to the forest manager, the approximate 

stem volume ranges for each management method are 

as follows: 1) Under the plantation management method, 

harvesting is planned at intervals of 140 years. At the 

final harvest, the stem volume is expected to reach 500 m3. 

2) In continuous cover forestry management, where 

various tree ages coexist, the stem volume in a stand is 

typically maintained within the range of 250 to 350 m3. 

3) Under reserved forest management, the stem volume 

tends to gradually increase over time. However, it rarely 

surpasses 900 m3, with the management aiming to sustain 

a generally high stem volume despite fluctuations. It is 

crucial for these estimations to closely align with the 

final simulation results to ensure the accuracy and 

consistency of the simulation outcomes.

3. Results

3.1 Model calibration

3.1.1 Distribution of seedlings

We took into account that the weight of a beech 

seed is quite large. The seeds are scattered randomly by 

wind and weight itself and the probability is high that 

they are placed directly beneath the crown of the parent 

tree. We used a gamma function and a binominal function 

to distribute seedlings around the parent tree. At first, 

we applied a gamma function (Fig. 2 left). As it is skewed 

to the right side, we added a binominal function of 

discrete type (Fig. 2 right). The Combination of gamma 

function and binominal function resulted in distributing 

seedlings fairly around the parent tree, which fit better 

to empirical knowledge of the local forester. 

3.1.2 Number of seedlings

The number of seedlings that can be produced per 
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tree was set as a function of the total stand stem 

volume. Figure 3 shows the spatial seedling distribution 

based on different initial number of seedlings. When 

the stand stem volume is low, a relatively large number 

of seedlings are distributed around the parent trees 

whereas in very dense stands, the number of seedlings 

produced near the tree is limited. The numbers of 

seedlings have a tree density-dependent relationship. 

For instance, number of seedlings decrease when stand 

volume is very dense, and number relatively increases 

under opened forest stand (Webb, 1999).

3.1.3 Mortality adjustment

During the simulation in SILVA, some large trees 

unexpectedly die due to the mortality probability calculated 

in this simulator. This mortality was estimated using a 

probability equation (Eq. 6). To avoid such unexpected 

death, the trees that are superior to the competition 

were defined as dominant trees. Using an R-script, these 

trees were selected to be excluded from death considering 

the size and the distance between adjacent trees. Figure 

4 shows two comparable results when using SILVA 

(Fig. 4c) and combining the mortality adjustment module 

in which large and competitive trees are excluded from 

the death (Fig. 4b). Without the mortality adjustment 

module, some large trees randomly died during simulation 

and the resulting stand was very sparse. However, in 

practice, un-thinned forest should become a closed 

structure as time passes. The mortality-adjusted stands 

showed a much more realistic density compared to the 

simulation without mortality adjustment.

3.2 Model validation

3.2.1 Simulation and comparisons with ICP plots

Three ICP experimental plots were used to validate 

Fig. 2. Differently distributed seedlings by gamma function (left) and by a combination of gamma and binomial function (right)

Fig. 3. Seedlings Distribution with different initial number of seedlings in 0.15 ha. Marks used were stem diameter; 
sparse seedling density when each parent tree produces 3 seedlings (left), moderately dense with number of 

seedlings is 10 (centre) and highly dense with number of seedlings is 15 (right).



독일 아이펠의 지역적 관리에 따른 유럽너도밤나무 숲의 생장변화 추정을 위한 시뮬레이션 개발

제33권 제1호 2024년 3월 9

the simulation of 15 years tree growth (ICP forests, 

2018). The ICP dataset provides field monitoring data 

about individual tree characteristics such as number of 

trees per plot, diameter at breast height (1.3m) and tree 

height from 2000 to 2015, however, it does not include 

spatial information of each tree. Thus, the trees were 

randomly distributed for initial input to the model. The 

empirical stand density after 15 years of the three 

selected ICP plots are compared to simulation results in 

Figure 5. The trends of both show high similarities. 

Two trends were examined for statistical validity through 

cross- validation of simulation results. The coefficient 

of determination (R2) was computed from cross-validation 

between observed and predicted values. Basal area and 

stem volume were found to be well explained by the 

predicted values across regions a, b, and c. In contrast, 

the number of trees was not statistically significantly 

explained. The number of trees tends to fluctuate frequently 

due to small trees, leading to frequent variations in the 

number of trees depending on the locations of individual 

trees. The variability in tree numbers arises from 

substantial fluctuations in inter-tree competition, which 

are driven by the frequent changes in the number of 

small trees. 

3.2.2 Simulations on study sites compared to expert 

knowledge

The simulations conducted on the study sites, spanning 

350 years, were compared visually with expert knowledge. 

As illustrated in Figure 6, the results closely align with 

the desired stem volume targets and the management 

strategies provided by local foresters (see 2.1.4).

Plantations managed forests exhibited regular fluctuations 

in stand growth with a 140-year cycle, where growth 

experiences periodic decreases and increases. Continuous 

cover forestry regions maintained the quantitative structure 

of forests without significant alterations, effectively 

preserving the existing forest form. In reserved forest 

areas, the volume of timber steadily increased up to 

900 m3 and subsequently stabilizes at relatively stable 

levels with fluctuations thereafter. As mentioned in 

Section 2.1.4, these findings are consistent with the 

experiences of forest managers and the objectives of 

forest management.

4. Discussion

In this study, we developed a model based on expert 

knowledge, which is both as simple as possible and 

easy to parameterize. Two modules, seedling regeneration 

and mortality adjustment as sub-models, were developed 

and combined with the commonly used tree growth 

simulator SILVA. The combined model aims to generate 

realistic long-term simulations for beech tree growth 

and stand dynamics through customized management 

strategies. We focused on balancing simplicity and 

practicality. Simulation models need to have a good 

linkage between modeling and management considering 

regional growth characteristics. Vanclay and Skovsgaard 

(1997) advised modelers to be more proactive in discussing

Fig. 4. Spatial stem distribution by tree growth simulation. The size of the circle represents the relative size of the DBH 
and x symbol meanss dead stem; (a): Initial field data, (b): simulation result in 20 years by adding mortality adjustment, 

(c): simulation result after 20 years without mortality adjustment
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model evaluation with forest managers. Therefore, we 

intensively discussed model performance with the local 

forest manager within the iterative calibration process. 

To reflect the actual growth and management of regional 

forests, a method of customized calibration was developed 

and parameter estimation and modeling was processed. 

4.1 Model parameter calibration
Natural regeneration is difficult to predict since seed 

dispersal of beech is irregular and widely varied. 

Dominant trees typically produce 1850-3400 seeds per 

m2 in good mast years (Diaci and Rozenbergar 2001), 

so we used a large number of initial seeds at the 

beginning of the model calibration process. However, 

the calculation of the exact competition between seeds 

Fig. 5. Comparison between observed and predicted stand density. (left: Number of trees; mid: Basal area; right: Stem volume; 
a: Kadenbach in Western Germany; b: Unterlüß in Northern Germany; c: Aquila in Central Italy)
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Fig. 6. Growth dynamics for validating trend in stand volume, basal area and number of trees over time by 
simulating tree growth from the validation.
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and the existing trees appeared to be rather time-consuming. 

Moreover, simulation results showed the survival of 

only few seedlings. Therefore, we avoided time-consuming 

calculations by determining the number of seedlings a 

priori. 

In addition, the model generates interconnected 

results regarding the number of established seedlings, 

tree mortality, and forest management activities and the 

relationship affects simulation results during calibration. 

Thus, the parameters were adjusted between the simulation 

cycles. Through many iterative adjustments, the realistic 

number of seedlings was determined based on the 

expected stand growth provided by expert knowledge.

4.2 Simulations
Stand growth (as shown in Fig. 6) showed realistic 

dynamics for beech stands under different management 

regimes. The number of trees (dotted line in Fig. 6) 

showed significant differences depending on management 

types. Tree numbers in stand of plantation showed the 

highest variation over time between the maximum a 

number of trees (820 n/ha) and the minimum number 

of trees (433 n/ha); thus, stand structure differs markedly, 

indicating a high disturbance level as well as a high 

regeneration potential. The number of trees in near- 

naturally managed (CCF) and unmanaged forest constantly 

showed relatively low fluctuation. Applying management 

kept stand structure and regeneration homogenous over 

time. Also, in terms of stem volume (solid line Figure 

6), the simulations showed characteristic dynamics 

depending on management strategies. Planation forests 

reflected the rotation period of the shelterwood cutting 

system remarkably well, showing very regular patterns 

recurring every 140 years. However, the stem volumes 

at the final thinning stage are slightly different from 

each other. Different initial distributions of trees contribute 

to different growth patterns and resulting stem volume. 

Stem volumes in near-naturally managed and unmanaged 

stands were relatively constant over time due to the 

balancing of regeneration patterns and the cutting of 

older trees. The unmanaged forest was dense due to no 

human disturbance. It had the highest stem-volume ratio 

and its stand grew up to 1000 m3/ha. 

4.3 Model validation and assessment
Growth models may have deficiencies involving 

growth patterns, calibration procedures and performance 

in empirical tests. We confirmed that our developed 

model accurately simulated mid-term stand growth by 

comparing the simulation results to ICP field data for 

15 years. Figure 5b shows quite different number of 

trees between field data and the simulation result for 

Northern Germany. Because spatial information of individual 

tree is missing in ICP data, spatial information was 

randomly generated in the simulations. This may result 

in different interrelations between small and large trees 

compared to the ICP data. Since small trees under 10 

cm DBH (diameter at breast height) are vulnerable to 

strong competition, fluctuating dynamics in the number 

of trees are the consequence. Also converting tree 

densities per plot of the output data to numbers of trees 

per hectare causes an amplification of these differences 

between observed and predicted tree numbers. In the 

study of Pommerning and Grabarnik (2019, p. 58), the 

authors depicted general biomass development in different 

management approaches. It showed a trend similar to 

our simulation results and we accordingly confirmed 

that our model reflects general silvicultural regimes. 

Recent research predominantly relies on data-driven 

or statistically based simulations of long-term tree 

growth (Tatarinov et al. 2009; Matsushita et al. 2015; 

Halpin et al. 2016). While this approach facilitates 

simulations of typical tree growth patterns, accurately 

estimating and depicting the region of interest presents 

challenges. This is because each region’s forests are 

actively managed by local forest managers, and forest 

growth is influenced by various factors. Considering 

diverse factors like climate and soil could provide insights 

into more precise tree growth. However, simulating 

climate and soil changes also increases the complexity, 

introducing numerous variables that may reduce the 

accuracy of the intended tree growth calculations.

Given the diverse management practices specific to 

local forest regions, accurately estimating and characterizing 

the area presents a significant challenge. While incorporating 

these factors may provide more detailed insights into 

tree growth, it also increases model complexity and 
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introduces numerous variables. Therefore, by basing 

the simulation on the expertise of local experts in the 

desired region, iteratively refining the simulation, and 

achieving results that align with the predictions of 

actual experts, natural elements such as forests that 

require long-term predictions may actually benefit from 

estimating more accurate quantitative changes.

5. Conclusions

This study demonstrates a comprehensive approach 

to developing and validating a simulation for beech tree 

growth and stand dynamics. Our simulation development 

approach emphasized on creating a model that’s simple, 

easy to parameterize, and relevant for practical forest 

management scenarios. The simulation focused on 

integrating expert knowledge into the model’s development 

and calibration processes. The three modules such as 

seedling regeneration, mortality adjustment and Tree 

growth simulation played complementary roles in applying 

tree growth and forest management methods to the 

Eifel region. Each parameter within these modules 

underwent iterative adjustments until feasible values are 

achieved, leveraging expert input. Iterative adjustments 

occurred over a prolonged period (over 100 years) 

using a wrapper function to calibrate the model. During 

this process, parameters were manipulated while maintaining 

others fixed to achieve desired simulation outcomes.

Long-term tree growth estimated under various 

management strategies undergo a plausibility check led 

by a local forest manager. This validation ensured that 

simulated outcomes closely align with real-local observations 

and management practices. Optimal parameter values 

were determined sequentially, guided by expected forest 

structures derived from expert knowledge. Finally, by 

integrating the interconnected modules into a single 

simulation, it became possible to effectively simulate 

the specific dynamics of forest growth anticipated in 

the distant future.

There are still areas that need enhancement, notably 

in the complexity of seedling regeneration and the 

necessity for sufficient long-term validation data. Predicting 

natural regeneration requires additional verification and 

exploration due to the irregular distribution and quantity 

of seeds. While this study simulated tree growth over 

350 years and was validated by expert information, the 

availability of long-term monitored forest data could 

enable more robust calibration and validation through 

specific statistical validation.

Nevertheless, considering the forest management 

practices and growth characteristics unique to the Eifel 

region, this simulation approach continue to facilitate 

the application of tree growth and forest management 

practices tailored to the region. Also, the calibration 

process enhances the understanding of how the model 

was fine-tuned to simulate realistic forest dynamics 

under different management scenarios. It also underscores 

the importance of integrating expert knowledge and 

empirical validation into simulation modeling efforts 

for natural systems like forests.

References

Armstrong, A., Fischer, R., Huth, A., Shugart, H., 

Fatoyinbo, T., 2018. Simulating Forest Dynamics 

of Lowland Rainforests in Eastern Madagascar. 

Forests 9, 214.

Barna, M., Bosela, M., 2015. Tree species diversity 

change in natural regeneration of a beech forest 

under different management. Forest Ecology and 

Management 342, 93-102.

Bliss, C.I., Fisher, R.A., 1953. Fitting the negative 

binomial distribution to biological data. Biometrics 

9, 176-200.

Bolker, B.M., 2008. Ecological models and data in R. 

Princeton University Press.

Brunet, J., Fritz, Ö., Richnau, G., 2010. Biodiversity in 

European beech forests–a review with recommendations 

for sustainable forest management. Ecological Bulletins 

53, 77-94.

Bundesministerium fur Ernaehrung und Landwirtschaft 

[BMEL], 2015. The forests in Germany - Selected 

Results of the Third National Forest Inventory. 

Burgin, T., 1975. The gamma distribution and inventory 

control. Journal of the Operational Research Society 

26, 507-525.



변재균･마티나 로스 니콜 ･리차드 오터만스

14 한국시뮬레이션학회 논문지

Cabral, J.S., Schurr, F.M., 2010. Estimating demographic 

models for the range dynamics of plant species. 

Global Ecology and Biogeography 19, 85-97.

Commarmot, B., 2013. Inventory of the largest primeval 

beech forest in Europe: A Swiss-Ukrainian scientific 

adventure. Swiss Federal Inst. for Forest, Snow and 

Landscape Research.

Cuddington, K., Fortin, M.-J., Gerber, L., Hastings, A., 

Liebhold, A., O’connor, M., Ray, C., 2013. Process- 

based models are required to manage ecological 

systems in a changing world. Ecosphere 4, 1-12.

Dennis, B., Patil, G., 1984. The gamma distribution 

and weighted multimodal gamma distributions as 

models of population abundance. Mathematical 

Biosciences 68, 187-212.

Diaci, J., Rozenbergar, D.,, 2001. Regeneration 

processes in European beech forests. Nat-Man 

working report 3.

Fischer, R., Ensslin, A., Rutten, G., Fischer, M., Costa, 

D.S., Kleyer, M., Hemp, A., Paulick, S., Huth, A., 

2015. Simulating carbon stocks and fluxes of an 

African tropical montane forest with an individual- 

based forest model. PLoS One 10, e0123300.

Fischer, R., Rödig, E., Huth, A., 2018. Consequences 

of a Reduced Number of Plant Functional Types 

for the Simulation of Forest Productivity. Forests 9, 

460.

Giesecke, T., Hickler, T., Kunkel, T., Sykes, M.T., 

Bradshaw, R.H., 2007. Towards an understanding 

of the Holocene distribution of Fagus sylvatica L. 

Journal of biogeography 34, 118-131.

Gillet, V., McKay, J., Keremane, G., 2014. Moving 

from local to State water governance to resolve a 

local conflict between irrigated agriculture and 

commercial forestry in South Australia. Journal of 

Hydrology 519, 2456-2467.

González de Andrés, E., Camarero, J.J., Blanco, J.A., 

Imbert, J.B., Lo, Y.H., Sangüesa-Barreda, G., 

Castillo, F.J., 2018. Tree-to-tree competition in mixed 

European beech–Scots pine forests has different 

impacts on growth and water-use efficiency depending 

on site conditions. Journal of Ecology 106, 59-75.

Guisan, A., Zimmermann, N.E., 2000. Predictive habitat 

distribution models in ecology. Ecological modelling 

135, 147-186.

Halpin, C.R., Lorimer, C.G., 2016. Long-term trends in 

biomass and tree demography in northern hardwoods: 

An integrated field and simulation study. Ecological 

Monographs 86, 78-93.

Hanewinkel, M., Pretzsch, H., 2000. Modelling the 

conversion from even-aged to uneven-aged stands 

of Norway spruce (Picea abies L. Karst.) with a 

distance-dependent growth simulator. Forest Ecology 

and Management 134, 55-70.

Hausler, A., Scherer-Lorenzen, M., 2001. Sustainable 

forest management in Germany: the ecosystem 

approach of the biodiversity convention reconsidered. 

Federal Ministry of Environment.

International Co-operative Programme on Assessment 

and Monitoring of Air Pollution Effects on Forests. 

[ICP Forests], 2018. ICP Forests online database. 

Knapp, N., Fischer, R., Huth, A., 2018a. Linking lidar 

and forest modeling to assess biomass estimation 

across scales and disturbance states. Remote Sensing 

of Environment 205, 199-209.

Knapp, N., Huth, A., Kugler, F., Papathanassiou, K., 

Condit, R., Hubbell, S., Fischer, R., 2018b. Model- 

assisted estimation of tropical forest biomass change: 

a comparison of approaches. Remote Sensing 10, 

731.

Leys, A.J., Vanclay, J.K., 2010. Land-use change conflict 

arising from plantation forestry expansion: Views 

across Australian fencelines. International Forestry 

Review 12, 256-269.

Lindén, A., Mäntyniemi, S., 2011. Using the negative 

binomial distribution to model overdispersion in 

ecological count data. Ecology 92, 1414-1421.

Lischke, H., Zimmermann, N.E., Bolliger, J., Rickebusch, 

S., Löffler, T.J., 2006. TreeMig: a forest-landscape 

model for simulating spatio-temporal patterns from 

stand to landscape scale. Ecological modelling 199, 

409-420.

Liu, Z., Peng, C., Louis, D., Candau, J.-N., Zhou, X., 

Kneeshaw, D., 2018. Development of a new 

TRIPLEX-Insect model for simulating the effect of 

spruce budworm on forest carbon dynamics. Forests 



독일 아이펠의 지역적 관리에 따른 유럽너도밤나무 숲의 생장변화 추정을 위한 시뮬레이션 개발

제33권 제1호 2024년 3월 15

9, 513.

Lorenz, M., 1995. International co-operative programme 

on assessment and monitoring of air pollution 

effects on forests-ICP forests. Water, Air, and Soil 

Pollution 85, 1221-1226.

Madsen, P., Larsen, J.B., 1997. Natural regeneration of 

beech (Fagus sylvatica L.) with respect to canopy 

density, soil moisture and soil carbon content. 

Forest Ecology and Management 97, 95-105.

Matsushita, M., Takata, K., Hitsuma, G., Yagihashi, T., 

Noguchi, M., Shibata, M., Masaki, T., 2015. A 

novel growth model evaluating age–size effect on 

long-term trends in tree growth. Functional Ecology 

29, 1250-1259.

Mette, T., Albrecht, A., Ammer, C., Biber, P., Kohnle, 

U., Pretzsch, H., 2009. Evaluation of the forest 

growth simulator SILVA on dominant trees in 

mature mixed Silver fir–Norway spruce stands in 

South-West Germany. Ecological Modelling 220, 

1670-1680.

Nabel, J.E., Zurbriggen, N., Lischke, H.J.E.M., 2013. 

Interannual climate variability and population density 

thresholds can have a substantial impact on simulated 

tree species’ migration. 257, 88-100.

Nabel, J.E.J.G.M.D., 2015. Upscaling with the dynamic 

two-layer classification concept (D2C): TreeMig-2L, 

an efficient implementation of the forest-landscape 

model TreeMig. 8, 3563-3577.

Nelson, T.C., 1964. Diameter distribution and growth 

of loblolly pine. Forest Science 10, 105-114.

Peng, C., Liu, J., Dang, Q., Apps, M.J., Jiang, H., 2002. 

TRIPLEX: a generic hybrid model for predicting 

forest growth and carbon and nitrogen dynamics. 

Ecological modelling 153, 109-130.

Pommerening, A., Grabarnik, P., 2019. Individual-based 

Methods in Forest Ecology and Management. 

Springer.

Poschenrieder, W., Grote, R., Pretzsch, H., 2013. 

Extending a physiological forest growth model by 

an observation-based tree competition module 

improves spatial representation of diameter growth. 

European Journal of Forest Research 132, 943-958.

Pretzsch, H., Biber, P., Ďurský, J., 2002. The single 

tree-based stand simulator SILVA: construction, 

application and evaluation. Forest ecology and 

management 162, 3-21.

Pretzsch, H., Schütze, G., 2009. Transgressive overyielding 

in mixed compared with pure stands of Norway 

spruce and European beech in Central Europe: evidence 

on stand level and explanation on individual tree 

level. European Journal of Forest Research 128, 

183-204.

Rinke, K., Yeates, P., ROTHHAUPT, K.O., 2010. A 

simulation study of the feedback of phytoplankton 

on thermal structure via light extinction. Freshwater 

Biology 55, 1674-1693.

Rödig, E., Cuntz, M., Rammig, A., Fischer, R., Taubert, 

F., Huth, A., 2018. The importance of forest structure 

for carbon fluxes of the Amazon rainforest. 

Environmental Research Letters 13, 054013.

Rozas, V., 2003. Tree age estimates in Fagus sylvatica 

and Quercus robur: testing previous and improved 

methods. Plant Ecology 167, 193-212.

San-Miguel-Ayanz, J., de Rigo, D., Caudullo, G., 

Durrant, T.H., Mauri, A., Tinner, W., Ballian, D., 

Beck, P., Birks, H., Eaton, E., 2016. European atlas 

of forest tree species. p.94.

Schall, P., Gossner, M.M., Heinrichs, S., Fischer, M., 

Boch, S., Prati, D., Jung, K., Baumgartner, V., 

Blaser, S., Böhm, S., 2018a. The impact of even- 

aged and uneven-aged forest management on regional 

biodiversity of multiple taxa in European beech 

forests. Journal of Applied Ecology 55, 267-278.

Schall, P., Schulze, E.-D., Fischer, M., Ayasse, M., 

Ammer, C., 2018b. Relations between forest 

management, stand structure and productivity across 

different types of Central European forests. Basic 

and Applied Ecology 32, 39-52.

Schmid, S., Zingg, A., Biber, P., Bugmann, H., 2006. 

Evaluation of the forest growth model SILVA along 

an elevational gradient in Switzerland. European 

Journal of Forest Research 125, 43-55.

Scholz-Starke, B., Ottermanns, R., Rings, U., Floehr, 

T., Hollert, H., Hou, J., Li, B., Wu, L.L., Yuan, X., 

Strauch, K., 2013. An integrated approach to model 

the biomagnification of organic pollutants in aquatic 



변재균･마티나 로스 니콜 ･리차드 오터만스

16 한국시뮬레이션학회 논문지

food webs of the Yangtze Three Gorges Reservoir 

ecosystem using adapted pollution scenarios. 

Environmental Science and Pollution Research 20, 

7009-7026.

Tatarinov, F.A., Cienciala, E., 2009. Long-term simulation 

of the effect of climate changes on the growth of 

main Central-European forest tree species. Ecological 

Modelling 220, 3081-3088.

Team, R.C., 2015. R: A Language and Environment for 

Statistical Computing. R Foundation for Statistical 

Computing, Vienna.

Thuiller, W., Albert, C., Araujo, M.B., Berry, P.M., 

Cabeza, M., Guisan, A., Hickler, T., Midgley, G.F., 

Paterson, J., Schurr, F.M., 2008. Predicting global 

change impacts on plant species’ distributions: future 

challenges. Perspectives in plant ecology, evolution 

and systematics 9, 137-152.

Trasobares, A., Zingg, A., Walthert, L., Bigler, C., 2016. 

A climate-sensitive empirical growth and yield model 

for forest management planning of even-aged beech 

stands. European journal of forest research 135, 

263-282.

Vanclay, J.K., 1994. Modelling forest growth and yield: 

applications to mixed tropical forests. School of 

Environmental Science and Management Papers, 

537.

Vanclay, J.K., Skovsgaard, J.P., 1997. Evaluating forest 

growth models. Ecological Modelling 98, 1-12.

Vandekerkhove, K., De Keersmaeker, L., Menke, N., 

Meyer, P., Verschelde, P., 2009. When nature takes 

over from man: Dead wood accumulation in previously 

managed oak and beech woodlands in North-western 

and Central Europe. Forest Ecology and Management 

258, 425-435.

Von Stosch, M., Oliveira, R., Peres, J., de Azevedo, 

S.F., 2014. Hybrid semi-parametric modeling in 

process systems engineering: Past, present and future. 

Computers & Chemical Engineering 60, 86-101.

Webb, C.O., Peart, D.R., 1999. Seedling density dependence 

promotes coexistence of Bornean rain forest trees. 

Ecology 80, 2006-2017.

Wilk, M., Gnanadesikan, R., Huyett, M.M., 1962. 

Probability plots for the gamma distribution. 

Technometrics 4, 1-20.



독일 아이펠의 지역적 관리에 따른 유럽너도밤나무 숲의 생장변화 추정을 위한 시뮬레이션 개발

제33권 제1호 2024년 3월 17

변 재 균 (ORCID : https://orcid.org/0000-0002-6942-6398 / jaegyun.byun@bio5.rwth-aachen.de)

2008 부산대학교 화학과 학사

2011 고려대학교 환경생태공학부 석사

2022 독일 아헨공대 환경연구소 박사 수료

관심분야 : 시뮬레이션을 이용한 산림관리 및 계획

마티나 로스 니콜 (ORCID : https://orcid.org/0000-0002-6425-1728 / ross@bio5.rwth-aachen.de)

1990  아헨-마인츠대 생물 및 조경생태학 디플롬

1999  아헨 공대 생물학 박사 

2000  가이악 연구소 책임자

2000  아헨 공대 환경연구소 생태학 그룹 리더

2014~ 아헨 공대 환경연구소 교수 재직 중

관심분야 : 산림 및 생태 계획 및 평가

리차드 오터만스 (ORCID : https://orcid.org/0000-0002-2168-9455 / ottermanns@ifer.rwth-aachen.de)

1992  아헨대 응용과학 디플롬

2000  아헨 공대 환경 연구소 디플롬

2008  아헨 공대 환경 연구소 박사

2009~ 아헨 공대 환경 연구소 컴퓨터 생태 독성학 그룹 리더

관심분야 : 다변량 모델링을 이용한 통계 및 머신러닝 알고리즘 개발


