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Abstract
This study combined an empirically based simulation with an analysis of the trade-off between structural heterogeneity and 
stand productivity depending on time, spatial scale, and silvicultural management, whereas volume growth and tree species 
diversity have been examined in detail, the role of forest structure and its interdependencies with stand productivity has 
only lately become a stronger research focus. We used the growth simulator SILVA to examine the development of stand 
structural heterogeneity and its trade-off with stand productivity in age-class versus uneven-aged pure and mixed spruce and 
beech stands at different spatial scales over 100 years. Those stands were based on typical forest types in Bavaria and were 
representative of forests in Central Europe. We examined how stand structure and its trade-off with productivity were modi-
fied by a multifunctional, a production-oriented, and a set-aside management scenario. The production-oriented management 
scenario applied to uneven-aged stands led to a reduction in structural heterogeneity per unit of productivity over time. In 
age-class stands, the production-oriented scenario was able to maintain the initial structural heterogeneity. The structural 
heterogeneity per unit of productivity increased more strongly with increasing spatial scale in age-class stands compared 
to uneven-aged stands. Combining forest stand simulation with scenario analyses is an exemplary method for testing the 
effect of silvicultural management alternatives on forest structure. This approach can later be connected to climate models 
considering long-term changes in growing conditions and support the planning of multifunctional forests.

Keywords Forest ecosystem functions and services · Forest stand growth · Management scenarios · Multifunctionality · 
Structural complexity · Virtual forest

Introduction

Sustainably maintaining multifunctional forest ecosystems 
has become a widespread objective of forest management 
(Manning et al. 2018; Schmithüsen 2008). This develop-
ment increases the interest in analyzing the potentially 
strong influence of tree species diversity (Paquette and 

Messier 2011; Gamfeldt et al. 2013; Liang et al. 2016) and 
forest structure on ecosystem functions and services (Felipe-
Lucia et al. 2018; Bohn et al. 2018; Bohn and Huth 2017). 
Previously established monospecific and even-aged forests 
had the aim of a high yield and the homogeneous provi-
sion of a narrow range of predominant products, which were 
produced with the aim to provide a homogeneous product 
quality (Puettmann et al. 2015). Silvicultural management 
has shifted its focus to multifunctional mixed forests (Salek 
and Sivacioğlu 2018). Here, stand structural heterogeneity 
emerges as an important factor when the aim of management 
is to provide a broad range of forest ecosystem functions and 
services (Felipe-Lucia et al. 2018). Different studies show 
positive (Danescu et al. 2016), but often negative (Soares 
et al. 2016; Bourdier et al. 2016) effects of stand structural 
heterogeneity on wood production. The potential negative 
effect of structural heterogeneity on wood production is bal-
anced by a broad range of beneficial effects on habitat het-
erogeneity (Ghadiri Khanaposhtani et al. 2012), biodiversity 
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(Lindenmayer et al. 2000; Tews et al. 2004), carbon storage 
(Ali et al. 2016), mechanical stability (Mason 2002; Gar-
diner et al. 2005), and resilience (O’Hara and Ramage 2013). 
When aiming at a high biodiversity, certain stand structural 
characteristics are particularly important as they help to 
create the needed habitats (Enquist et al. 2009). Tree size 
heterogeneity fosters bird habitats and the diversity of birds 
(MacArthur and MacArthur 1961) and different plant spe-
cies (Gärtner and Reif 2004). Old and large trees can serve 
as retention trees and can be important for many bird species 
(Lutz et al. 2013) and general habitat diversity (Ranius et al. 
2005; Gustafsson et al. 2012; Fedrowitz et al. 2014; Sefidi 
2018) resulting in a higher biodiversity (Nascimbene et al. 
2009; Fedrowitz et al. 2014).

Crown cover is important for birds (Heikkinen et al. 
2004), insects (Franc et al. 2007), and different plant species 
(Benítez et al. 2015). Further, the number of occupied forest 
layers is vital for birds (Tews et al. 2004), different plants 
(Mestre et al. 2017), and biodiversity in general (Mensah 
et al. 2018).

Stand structural heterogeneity is commonly quantified 
using indices based on tree size distribution (Pommerening 
2002; Bohn and Huth 2017). These indices are easily cal-
culated also by forest practitioners and based on data that is 
usually sampled in forest inventories (Sabatini et al. 2015; 
Fischer and Mölder 2017).

High structural heterogeneity originates partly from tree 
species mixing due to the differences in growth rates and 
requirements among tree species (del Río et al. 2015). In 
Germany, Norway spruce (Picea abies (L.) H. Karst.) and 
European beech (Fagus sylvatica L.) are the most common 
coniferous and deciduous tree species, respectively, and 
together represent about 40% of the forest area in the coun-
try (Bundesministerium für Ernährung und Landwirtschaft 
BMEL 2014). A shift from Norway spruce and Scots pine 
(Pinus sylvestris L.) monocultures to mixed continuous 
cover forests (Puettmann et al. 2015) is intended for many 
regions in Europe for economic (Pommerening 2006; Knoke 
2012), ecological (Nordström et al. 2013), and other reasons 
(Nordström et al. 2013). The advantages of a transition to 
species-diverse forests are also being discussed in other parts 
of Europe (Kuuluvainen et al. 2012; Dieler et al. 2017) and 
globally (Naeem et al. 2012; Liang et al. 2016).

Even-aged, or age-class stands still exist in Europe but 
have been increasingly transformed into uneven-aged stands 
(Sterba and Zingg 2001; Nyland 2003). The chosen initial 
stand structure and tree species composition therefore rep-
resent existing forest types that are of practical concern and 
part of the current debate on the sustainable and multifunc-
tional management of forests in Europe (Bundesministe-
rium für Ernährung, Landwirtschaft und Verbraucherschutz 
BMELV 2011; Gustafsson et al. 2012, 2019; Borrass et al. 
2017).

While taking into account and incorporating various 
ecosystem functions and services into the portfolio, forest 
management often still has to focus on a high wood pro-
duction due to high demands in wood products in Europe 
(Buongiorno et al. 2011). Production-oriented forestry is 
often associated with the above-mentioned age-class stands 
that automatically have a lower structural heterogeneity than 
uneven-aged stands. Germany is dominated by high-forests. 
Two common management approaches in high forest man-
agement concerning regeneration, thinning, and harvesting 
are age-class forest management and continuous cover for-
estry for uneven-aged stands (Burschel and Huss 2003; Pom-
merening and Murphy 2004). In the case of age-class forest 
management, artificial or natural regeneration is applied 
after harvesting at the end of the rotation period. There 
are usually only one or two tree layers present. The rota-
tion period is an important determinant of the amount and 
time of harvesting activities. The selection of tree species 
is rather focused on fast-growing conifers. Monocultures 
with one or two layers managed by age-class management 
are still present but have increasingly been transformed into 
uneven-aged stands and are now managed under the goal of 
a continuous cover forest.

In continuous cover forestry, trees of different ages grow 
next to each other, and selective cutting is applied. Regen-
eration also happens continuously below and in between 
older trees. Continuous cover forestry aims to provide con-
tinuous crown cover, tree species mixing, and regeneration 
with deciduous tree species. Continuous cover forestry also 
results in increased tree size inequality and thus increased 
structural heterogeneity. An increase in stand structural 
heterogeneity, however, has in many cases been found to 
negatively influence stand productivity (Mainwaring and 
Maguire 2004; Liang et al. 2007; Bourdier et al. 2016), 
particularly in pure stands (Soares et al. 2016; Zeller et al. 
2018). Continuous cover forestry further attempts to inte-
grate multifunctionality into production forests (Schwaiger 
et al. 2019).

In national parks or other set-aside areas, no commercial 
management is applied. This hands-off approach can reveal 
how forests develop without intervention, or after abandon-
ment. Structural heterogeneity can be higher than in produc-
tion forests and includes an old-growth phase with very old 
and large trees and parallel regeneration (Simonsson et al. 
2016).

To obtain a rough estimate on how silvicultural manage-
ment influences the structure–productivity relationship in 
both age-class and uneven-aged pure and mixed stands in the 
long-term, simulation has been demonstrated to be a useful 
tool (Laudon et al. 2011; Biber et al. 2015; Schwaiger et al. 
2018a). In this study, we generated virtual forest stands con-
sisting of mainly Norway spruce and European beech with 
different initial stand structures (age-class vs. uneven-aged) 
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and spatial arrangements (pure stands, single-tree mixture, 
and section-wise mixture). The stands were consecutively 
thinned with a selection thinning between heights of 12 and 
32 m according to different management scenarios.

We applied the three scenarios “production-oriented,” 
“multifunctional,” and “set-aside” to the virtual forest 
stands. The production-oriented scenario focused on thin-
ning from below and shorter rotation periods in conifer-
dominated stands, compared to the multifunctional scenario. 
After harvest, the broad-leaved stands were rather replanted 
with conifers in the production-oriented scenario, whereas 
the multifunctional scenario intended an increase in the 
share of oak.

These scenarios represent the common silvicultural man-
agement approaches applied in Germany that have resulted 
in the existing age-class forests, continuous cover forests, 
and set-aside forests, respectively (Bundesministerium für 
Ernährung, Landwirtschaft und Verbraucherschutz BMELV 
2011). By applying all three scenarios to both initial age-
class and uneven-aged pure and mixed stands, we tested the 
effects of management on the most common existing types 
of stand structure. This could either represent a continuing 
type of management or a sudden shift from one management 
approach to another, depending on the previous management 
that has led to the different forest types used as initial stands 
in this study.

The focus was on quantifying forest structural heteroge-
neity and putting it in a relation with stand productivity. 
The negative effect of high structural heterogeneity on the 
wood production found in some cases (Soares et al. 2016; 
Zeller et al. 2018) can result in a trade-off between stand 
structure and productivity (Dieler et al. 2017; Felipe-Lucia 
et al. 2018). It is of great interest how forest management 
can modify this conflict of interests since structural het-
erogeneity is key to many other ecosystem functions and 
services (Bohn and Huth 2017). In some cases, a high mul-
tifunctionality was best predicted by functional heterogene-
ity, rather than by size diversity (Mensah et al. 2020). Still, 
structural and functional heterogeneity can be interdepend-
ent and stand structure is determined by the functions and 
traits of the present species. A forest stand can, for exam-
ple, have multiple layers because of the species’ different 
light requirements. Since the focus of this study was the 
relative dependency between structural heterogeneity and 
productivity, quantifying the trade-off by a simple ratio was 
applicable. The aim of increasing either wood production or 
sacrificing productivity for a higher structural heterogeneity 
was incorporated in the management scenarios prioritizing 
different aims.

The extent of structural heterogeneity in forests more-
over depends on the spatial scale at which it is measured 
(Leimgruber et al. 2002; Stein et al. 2014; Bhakti et al. 
2018). Depending on the purpose of a forest, a provision of 

certain stand characteristics might be sufficient or particu-
larly important at a larger spatial scale (Saab 1999; van der 
Plas et al. 2016). In some cases, instead of a high structural 
heterogeneity at the tree level, habitat heterogeneity was 
found to be particularly important at larger spatial scales 
for overall biodiversity (Tews et al. 2004; Yang et al. 2015; 
Schall et al. 2018b). The selected virtual forest stands ena-
bled the comparison between structural heterogeneity at tree 
level (uneven-aged stands) and stand level (age-class stands).

This study represents an overarching approach comple-
menting existing findings on the effects of forest manage-
ment (Crow et al. 2002; Pukkala et al. 2011; Dieler et al. 
2017) and aims at linking aspects, such as stand structure, 
productivity, silvicultural management, time, and spatial 
scale, which are often examined individually (Coll et al. 
2018). It addresses the research on forest structure and for-
est growth as a basis for adjacent research on the multifunc-
tionality of forest ecosystems by examining the following 
research question:

How do stand structural heterogeneity and productivity in 
age-class vs. uneven-aged stands develop over time and with 
spatial scale in different management scenarios?

Materials and methods

Data and virtual stands

Virtual stands were formed based on patches of 16 ha (strata) 
that resulted from a stratification of the German National 
Forest Inventory. This process was part of the standard simu-
lation process of the forest simulator SILVA (Pretzsch 2001), 
which was then used to elaborate the scenarios. The individ-
ual inventory points for the State of Bavaria were grouped 
according to structural characteristics (tree size distribution, 
species composition) and to the ecological region that they 
represent. The strata were defined by specific structures and 
average spatial distributions. All data points belonging to 
each stratum were used to generate a representative stand 
of a defined area (16 ha) using the STRUGEN algorithm 
(Pretzsch 2009). During this process, simulated individual 
trees were iteratively distributed by point process algorithms 
over the area until the stand structure met the predefined 
structural parameters. This stratification process ensures that 
each stratum represented real forests in Bavaria (Bundesmin-
isterium für Ernährung und Landwirtschaft BMEL 2014).

We generated eight virtual forest stands that mainly 
consisted of Norway spruce and European beech in similar 
shares, according to standing volume; and very low numbers 
of pine and sessile oak (Quercus petraea (Matt.) Liebl.). The 
resulting eight different virtual forest stands consisted of 12 
strata (each 16 ha). The resulting total stand size was there-
fore 12 strata × 16 ha = 192 ha. One age-class stand and one 
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uneven-aged stand of each of the four types of species com-
positions were set up: pure spruce (Figure A 1 and Figure 
A 2) pure beech (Figure A 3 and Figure A4), a single-tree 
mixture of spruce and beech (Figure A5 and Figure A6), 
and a section-wise mixture that included 1 Sect. (96 ha) of 
pure spruce and 1 Sect. (96 ha) of pure beech next to each 
other (Figure A7 and Figure A8). For a comparable starting 
situation, the selected strata included a similar range of tree 
sizes (dbh and height distribution), number of trees per ha, 
and standing volume  (m3  ha−1) (Table 1, 2). Variation in the 
spatial allocation of the trees in the stand resulted from the 
age-class versus uneven-aged stand structure. In the con-
tinuous cover stands, the 12 different strata (each 16 ha) had 
similar diameter distributions with small, medium, and large 
diameters present. In the age-class stands, the diameters 
inside the strata were mostly of one age-class and therefore 
of similar size. At stand level (192 ha), there were conse-
quently different age-classes present.

The number of trees per ha and volume per ha was first 
calculated for each of the strata to show the variability 
among the 12 strata inside the 192 ha forest stands (Table 1). 
All strata forming the 192 ha stands were based on the same 
soil and growing conditions. Apart from the intended differ-
ences in the management and initial structure (age-class vs. 
uneven-aged), the stands were thus similar.

Growing window for different spatial scales

For the continuous analysis of structural heterogeneity at 
different spatial scales, we used a growing window technique 
(Cyganek 2005). A circle was drawn around each of the 30 
random points with increasing radius k for the radii 5, 10, 
25, 50, 75, 100, 150, 250, 500, 750, 1000, and 2000 m. The 
circles thus comprised an increasing area to be examined 
around each random point of 79  m2 up to the maximum 
area of the virtual forest stand (192 ha). A radius of 2000 m 
represented the diagonal of the stand, ensuring that largest 
circle around each random point covered the whole stand 
area, even if the random point was located in a corner of the 
stand. The area of each circle outside the stand borders was 
ignored, and mean values were calculated for the overlap-
ping area of each circle with the stand area. One mean value 
per stand, point in time, and radius were thus retrieved from 
the growing window analysis and use for the further analyses 
of this study.

Growth simulation by SILVA

The growth of the virtually designed forest stands was simu-
lated in 5-year steps over 100 years using the individual 
tree growth simulator SILVA (Pretzsch 1996). SILVA was 
developed, and evaluated, and has been successfully applied 
in forest practice since 1989 by the Chair of Forest Growth Ta
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and Yield of the Technical University of Munich. This 
simulation program is based on empirical data, considers 
individual tree positions, competition with neighbor trees, 
and is suitable for forests in Central Europe (Pretzsch 1992; 
Pretzsch et al. 2006). SILVA enables the testing of the effect 
of different types of silvicultural practices on forest growth 
and other ecosystem functions and services (Poschenrieder 
et al. 2018; Schwaiger et al. 2018a, 2018b).

Management scenarios

The management scenarios considered in this study com-
prised a large set of silvicultural practices that represent 
the current challenges in forest management (Pretzsch et al. 
2007). These provide species-specific details for every target 
tree species modeled in SILVA, which are Norway spruce, 
Scots pine, silver fir (Abies alba), European larch (Larix 
decidua), European beech, sessile (Quercus petraea (Matt.) 
Liebl.) and common oak (Quercus robur), Douglas-fir (Pseu-
dotsuga Menziesii), hardwood deciduous, and softwood 
deciduous (Pretzsch et al. 2002). Each intervention was 
defined depending on the dominant species in the stand and 
was applied specifically to the defined height phases, i.e., 
stand development stages. In our study, we have not included 
climate-related changes and have instead set climate as con-
stant to focus purely on the effect of management.

A multifunctional and a production-oriented scenario, 
respectively, were applied to show the differences in man-
agement impact, depending on the different initial struc-
tures (age-class vs. uneven-aged stands) in different species 
compositions (pure spruce, pure beech, single tree mixture 
spruce-beech, section-wise mixture spruce-beech). For refer-
ence, an unmanaged set-aside scenario was used.

The multifunctional scenario (Table A 1 and Fig. 1) inte-
grated ecosystem functions and services into the manage-
ment of production forests (Bayerische Staatsforsten 2008; 
Schwaiger et al. 2019) and included the goal of a continu-
ous crown cover, as well as a high structural heterogeneity 
and species diversity, including a higher share of deciduous 

species. Depending on the dominant tree species of each 
stratum, silvicultural treatments were conducted according 
to Table A 1, column 1. From stand establishment to the 
stand stage with a dominant height of 12 m, a stem number 
reduction and a removal of 15  m3 ha−1 of standing volume 
at maximum per intervention were carried out. Selective 
thinning was conducted at a dominant height between 12 
and 32 m, which removed up to 55  m3 ha−1 of standing vol-
ume in deciduous-dominated stands and up to 70  m3 ha−1 
in coniferous-dominated stands per intervention. The target 
diameter harvest phase started at a dominant height of 32 m 
and removed between 80 and 144  m3 ha−1 of conifers and 70 
 m3 ha−1 in deciduous-dominated stands. All the conducted 
treatments were applied in turns of two simulation periods 
(10 years) (Toraño Caicoya et al. 2018). In this scenario, nat-
ural regeneration was the main contributor to the ingrowth. 
To improve species diversity, Scots pine (500 trees  ha−1) 
was planted during the regeneration phase in the conifer-
dominated stands. In the deciduous-dominated stands, in 
addition to the natural regeneration, Scots pine (250 trees 
 ha−1), European beech (6000 trees  ha−1), and Douglas-fir 
(250 trees  ha−1) were planted during the regeneration phase 
to increase the multifunctionality.

The production-oriented scenario (Table A 2 and Fig. 1) 
focused on the production of wood, following the expected 
increase in the demand for wood products in Europe (Hur-
mekoski et al. 2015; O’Brien and Bringezu 2018). The 
amount of harvested wood was set as the first priority by 
reducing the rotation period and promoting conifers and 
fast-growing tree species. In the production-oriented sce-
nario, stem reduction was applied on deciduous tree spe-
cies, removing up to 25  m3 ha−1 per intervention, while no 
stem reduction was applied to conifer-dominated stands. In 
the deciduous stands starting at a dominant height of 12 m 
up to 17 m, a selective thinning and a thinning from below 
were then applied removing up to 25  m3 ha−1. The final fell-
ing was conducted by minor selective thinning and a target 
diameter felling of trees with a dbh between 20 and 200 cm 
and a removal of up to 500  m3 of the standing volume. In the 

Table 2  Overview of structural indicators applied in this study

Code Name Equation Description

Dbh.cv Coefficient of variation 
of dbh

dbh.cv =
sd
−

−

dbh

The dbh.cv (Brown 1998) relates the standard deviation sd to the mean 
−

dbh . It 
measures tree size heterogeneity within a defined area based on dbh

SDI Stand density index
SDI = 

N ∙

(

25

dq

)

−1.605 The SDI by Reineke (Reineke 1933) uses total stem number per ha, N =

∑N

i=1
ni , 

and the quadratic mean diameter dq. SDI enables the comparison of forest 
stands of different ages

Vol Standing volume Vol = m3  ha−1 The standing volume vol is the quantity of merchantable timber per ha
Ivol Volume increment Ivol = m3  ha−1 yr−1 The ivol quantifies the volume increment in merchantable timer per hectare and 

year
Rel.ivol Relative volume incre-

ment
Rel.ivol = ivol / vol The rel.ivol is the volume increment  (m3  ha−1 yr−1) per standing volume vol  (m3 

 ha−1) in %
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Fig. 1  Standing volume in the different stands (each 192 ha) under the multifunctional (blue), production-oriented (red), and set-aside (green) 
scenario
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conifer stands, strong selective thinning and target diameter 
felling were applied in two height phases. During the first 
phase from 12 to 19 m dominant height up to 60  m3 ha−1 
was removed targeting conifers with a dbh between 40 and 
200 cm and deciduous trees with diameters > 5 cm. During 
the second phase up to 120  m3 ha−1 of standing volume 
was removed for diameters between 50 and 200 cm for all 
species. The final felling phase was aimed at trees with a 
height > 31 m, applying a light selective thinning and a tar-
get diameter felling with a removed standing volume of up 
to 500  m3 ha−1 and a diameter between 5 and 200 cm for 
deciduous trees and a diameter between 20 and 200 cm for 
conifers. In this scenario, in addition to natural regenera-
tion (Poschenrieder et al. 2018), Norway spruce (4000 trees 
 ha−1), and Douglas-fir (Pseudotsuga menziesii) (100 trees 
 ha−1) were planted during the regeneration phase.

Characterizing the forest stands

We selected the coefficient of variation of dbh (diameter at 
breast height (1.3 m)) for our study because it is a commonly 
used measurement (Pretzsch 2009; del Río et al. 2015; Fis-
cher and Mölder 2017) and is suitable for describing stand 
structural heterogeneity in general. The Stand Density Index 
(SDI) by Reineke (Reineke 1933) was included as an inde-
pendent variable to cover the potential effects of stand den-
sity on stand structure. The standing volume  (m3  ha−1) was 
estimated based on dbh, tree height, and form factors fol-
lowing the DESER standard (Johann 1993) and represents 
the merchantable wood volume (log size > 7 cm diameter 
at smaller end) per hectare and year  (m3  ha−1). The volume 
increment ivol was defined by the increment in the standing 
volume per ha and year  (m3  ha−1 yr−1). The relative volume 
increment in % of the standing volume  (m3  ha−1) rel.ivol was 
included in the descriptive part to visualize the development 
of stand productivity in the different management scenarios.

Trade‑off

For the calculation of the trade-off between structural het-
erogeneity (dbh.cv) and productivity (ivol), both indicators 
were standardized for a comparable value range as applied 
by others (Bradford and D’Amato 2012; Qin et al. 2015). 
Standardized indicators are referred to as str and prod, 
respectively:

(1)stri,j,k =
dbh.cvi,j,k − min(dbh.cvi)

max
(

dbh.cvi
)

− min(dbh.cvi)

(2)prodi,j =
ivoli,j − min(ivoli)

max
(

ivoli
)

− min(ivoli)

i, j, and k indicate stand, year, and radius, respectively. The 
mean value of ivol  (m3  ha−1 year−1) per stand was calculated, 
because productivity was of interest only at the level of the 
whole stand. The stand was seen as a profit-making forest 
enterprise where the total value is of importance. The min 
and max are the minimum and maximum of dbh.cv of all 
stands, years, and spatial scales. The standardized str and 
prod values ranged from 0 to 1.

The trade-off between the standardized structural hetero-
geneity str and the standardized productivity prod was then 
set up. The trade-off therefore describes the level of struc-
tural heterogeneity in relation to a certain level of productiv-
ity. In this way, the relative level of structural heterogeneity 
per unit of productivity can be measured, even if stands have 
a different absolute level of productivity:

ti,j,k is the trade-off between str and prod on stand i in year j 
on the spatial scale k and prod of stand i in year j. A larger t 
value means that a stand provides more structural heteroge-
neity per unit of productivity. The trade-off t was calculated 
for each stand, point in time, radius, and each of the three 
management scenarios.

Statistical analysis

After a descriptive presentation, we used generalized addi-
tive mixed models (GAMMs) of the mgcv package (Wood 
2017; R Core Team 2018) to examine how the trade-off 
between structural heterogeneity and productivity ivol devel-
oped over time and with spatial scale under different man-
agement scenarios. For each of the two groups “age-class 
stands” and “uneven-aged stands,” the model function was 
applied to test differences for significance. The model was 
also applied to the spruce stand, beech stand, single-tree 
mixture, and section-wise mixture but those results were 
only presented visually as they were not the main focus of 
this study.

t was the trade-off str/prod per group (age-class vs. une-
ven-aged) in each initial stand i depending on the SDI, 
time (year) j, and space (radius) k. SDI for each stand i was 
included in the model function to cover effects that were 
only based on stand density. Scen was the management sce-
nario applied. The virtual forest stand i was also included as 
random effect to cover unknown dependencies between the 
forest stands. The model term ε covered the remaining unex-
plained variation. Smoothing terms in the mgcv package are 
generally based on low-rank versions of splines. We used 
thin plate regression splines and set bs = "ts,” which can be 

(3)ti,j,k =
stri,j,k

prodi,j

(4)tgroup = scen ∗ (f
(

SDIi
)

+ f
(

yearj
)

+ f
(

radiusk
)

) + �
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applied for any number of covariates. The number of knots 
was chosen automatically by generalized cross-validation 
after manually trying out several degrees of freedom that 
showed to substantial change in the results.

For testing the differences between the two groups “age-
class stands” vs “uneven-aged stands,” another model 
(GAMM) was set up that was applied to each of the three 
scenarios separately:

tscen was the trade-off str/prod in scenario scen. The fac-
tor variable group contained the age-class vs. uneven-aged 
stands. The other variables were used as mentioned above.

Results

We answered the research question: “How do stand struc-
tural heterogeneity and productivity in age-class vs. une-
ven-aged stands develop over time and with spatial scale in 
different management scenarios?” with a descriptive pres-
entation (3.1. Structural heterogeneity and relative produc-
tivity over time) and by applying models for investigating 
the trade-off between structural heterogeneity and produc-
tivity (3.2. Trade-off between structural heterogeneity and 
productivity).

(5)tscen = group ∗ (f
(

SDIi
)

+ f
(

yearj
)

+ f
(

radiusk
)

) + �

Structural heterogeneity and relative productivity 
over time

First, we provided an overview of the structural heterogene-
ity dbh.cv and the relative productivity rel.ivol over time in 
the different scenarios (Fig. 2).

In the age-class forest, a strong increase in the dbh.cv 
to > 0.70 was found for all scenarios in year 20, due to the 
regeneration ingrowth (Fig. 2, I row 1). After that, the dbh.
cv decreased in the multifunctional and the production-ori-
ented scenario resulting in a final value of ~ 0.7 and ~ 0.5, 
respectively. In the set-aside scenario, the dbh.cv remained 
higher over time and stabilized around 0.8. In the uneven-
aged stands (Fig. 2,II row 1), the dbh.cv increased up to 0.8 
in year 20 in all scenarios due to the regeneration ingrowth. 
After year 20, the dbh.cv decreased slightly in the multifunc-
tional scenario, resulting in a value of ~ 0.70 after 100 years 
and decreased strongly in the production-oriented scenario 
resulting in a value of ~ 0.40. The set-aside scenario led to a 
slight increase in dbh.cv up to a value of ~ 0.90.

The rel.ivol in age-class stands (Fig. 2, I row 2) was 
highest in the production-oriented scenario and stabilized 
around 5% over time. In the multifunctional scenario, the 
rel.ivol was around 3% and also mostly stable over time. In 
the set-aside, the rel.ivol was lowest and resulted in a value 
of ~ 2% in the long-term. In the uneven-aged stands (Fig. 2, 
II row 2), the rel.ivol was highest in the production-oriented 
scenario, compared to the other scenarios, with an increase 
from 4% up to 7.5% until year 60 and a decrease to 5% after 
that. In the multifunctional scenario, the rel.ivol remained 

Fig. 2  Coefficient of variation 
of dbh (dbh.cv) and the relative 
ivol rel.ivol (%) in (I) age-class 
stands and (II) uneven-aged 
stands over time in the multi-
functional, production-oriented, 
and set-aside scenario. Confi-
dence intervals at 95%
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at ~ 2.5%. In the set-aside scenario, a decrease from 2.5% 
to ~ 2% was found.

In sum, whereas in the age-class stands (Fig. 2) I the rel.
ivol and dbh.cv were mostly stable over time, the produc-
tion-oriented scenario led to contradicting trends of dbh.cv 
and rel.ivol in the uneven-aged stands (Fig. 2). The descrip-
tive part of the results already pointed at the conflicting 
relationship or trade-off between structural heterogeneity 
and productivity. For further investigation of this contrary 
trend, the trade-off between structural heterogeneity and 
productivity (str/prod) was set up and analyzed using the 
stated models.

Trade‑off between structural heterogeneity 
and productivity

The models showed changes in the trade-off between the 
standardized structural heterogeneity str and the standard-
ized productivity prod (str/prod) over time and with spatial 
scale depending on the applied silvicultural management 
while covering the potential effects of the SDI. The first 
model (Eq. 4) tested the difference in the above-mentioned 
relationships between the management scenarios. The sec-
ond model (Eq. 5) examined the differences between age-
class forest and uneven-aged forest. The models contained 
the significant variables. Non-significant variables were 
automatically excluded during the model run. Yet, GAMMs 
are generally best interpreted by visual examination. The 
black line in the graphs represented all age-class and une-
ven-aged stands, respectively, each containing a pure spruce 
stand, a pure beech stands, a single-tree mixed stand, and 
a section-wise mixed stand. The separation into pure and 
mixed spruce and beech stands was presented only visually 
by the differently colored model curves, as the difference 
between species was not the main focus of this study. If the 
difference between the different mixtures was relevant, it was 
seen in confidence bands that did not overlap. The model 
curves were centered around 0, meaning that the intercept 
was the overall mean of the response variable. The curves 
did therefore not only vary inside the span of the dependent 
variable but showed a negative (< 0) or positive (> 0) effect 
of the explaining variables on the mean of the response vari-
able. We focused on describing only effects that were both 
significant and relevant because of their extent; that is to say, 
the effects that were also visually present.

SDI has been included in the model to cover the potential 
relationship between stand density and productivity (Table 
A 3). In the age-class stands, in the multifunctional and the 
set-aside scenarios, the effect of SDI was switching from 
positive to negative at an SDI of around 800 (Fig. 3, row 
1, a and c). In the production-oriented scenario, SDI had 
a mostly negative effect on str/prod in the valid range cov-
ered with enough data (Fig. 3, row 1, b). In the uneven-aged 

stands, in the multifunctional and the set-aside scenario, SDI 
had a negative effect on str/prod when an SDI was below 
400 (Fig. 4, row 1, a and b). Only in the production-oriented 
scenario, the effect of SDI was positive up to an SDI of 
around 700. For a SDI > 700, an increasing SDI led to a 
lower str/prod. The effect of SDI on str/prod was found to 
be significantly different between age-class and uneven-aged 
forest (Table A 4).

Over time in the age-class stands, a significant difference 
in str/prod between the scenarios was found (Table A 3), 
especially between the multifunctional (Fig. 3, row 2, a) and 
the production-oriented scenario (Fig. 3, row 2, b). This dif-
ference was mostly seen in the pure beech stand, where str/
prod decreased over time only in the multifunctional sce-
nario. In the set-aside scenario (Fig. 3, row 3, c), str/prod 
increased toward year 100, whereas in the other scenarios, 
the effect only a slight positive effect over time was found.

The most important finding in uneven-aged stands was 
the difference in the development of str/prod between the 
multifunctional (Fig. 4, row 2, a) and the production-ori-
ented scenario (Fig. 4, row 2, b). Only in the production-
oriented scenario, the str/prod increased strongly until year 
20. After year 40, the effect of time on str/prod became 
negative, meaning a decrease in str/prod. Only in the set-
aside scenario, the str/prod increased over time in both pure 
and mixed stands. The largest difference (by visual checks) 
between the species in uneven-aged stands was seen in an 
increase in str/prod after year 50 in pure age-class spruce 
stands, where str/prod decreased over time in the multifunc-
tional but not in the production-oriented scenario (Fig. 4, 
row 2, a). The second model confirmed the significant dif-
ference between age-class and uneven-aged (Table A 4) 
concerning the development of str/prod over time. This was 
most clearly seen in the production-oriented scenario stands 
(Fig. 4, row 2, b versus Fig. 3, row 2, b).

In both age-class and uneven-aged stands, a stronger 
increase in str/prod with increasing spatial scale was found 
in the production-oriented scenario (Fig. 3, row 3, b and 
Fig. 4, row 3, b) compared to the multifunctional and the 
set-aside scenarios (Fig. 3, row 3, a and c and Fig. 4, row 3, 
a and c) (Table A 3). The increase in str/prod with increas-
ing spatial scale in the multifunctional and the production-
oriented scenarios was found to be significantly stronger in 
age-class stands than in the uneven-aged stands (Fig. 3, row 
3, a and b and Fig. 4, row 3, a and b) (Table A 4).

Results summary

The production-oriented scenario led to a decrease over time 
in structural heterogeneity in the uneven-aged stands, but not 
in the age-class stands. In cases where a high productivity 
was the first priority, age-class stands could be used without 
lowering the structural heterogeneity. With increasing spatial 
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scale, str/prod increased more strongly in the age-class 
stands than in the uneven-aged stands and more strongly in 
the production-oriented scenario than in the multifunctional 
and set-aside scenarios.

Discussion

Since the demand for wood products in Europe is pre-
sumed to increase in the future (Reid 2005), management 
is expected to retain a strong focus on wood production, 

even though other ecosystem functions and services need 
to be covered as well (Sikkema et al. 2017). Most forests 
in Europe are managed, which enables decision makers in 
forest management to shape the outcome of ecosystem func-
tions and services. Usually, except of in uneven-aged forests, 
tree size heterogeneity within a production-class decreases 
as soon as a forest is economically managed (Buongiorno 
et al. 1994). We noted this trend in the descriptive part of 
the analysis (Fig. 2). We then quantified the conflicting 
interest between high wood production and high structural 
heterogeneity by using a trade-off value (Fig. 3 and Fig. 4). 

Fig. 3  Model results showing the development of the effect on the 
trade-off coefficient of variation/ivol in the examined area in (I) age-
class stands depending on SDI (row 1), over time (row 2), and with 

spatial scale (row 3) in a a multifunctional, b production-oriented, 
and c set-aside scenario. Confidence intervals at 95%
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We used standardized measures to disentangle the trade-off 
from absolute values (which depended also on the setup of 
the virtual stands) in order to develop a ratio of structural 
heterogeneity per unit of productivity. An increase in the 
trade-off str/prod could therefore result from an increase in 
structural heterogeneity str or in a decrease in productivity 
prod. The focus on a high productivity remained the first 
priority and was incorporated already in the management 
scenarios (multifunctional, production-oriented, set-aside). 

If similar analyses are conducted on other plots with an 
overall lower or higher level of productivity, the conflicting 
relationship between structure and productivity can still be 
measured and compared.

Differences between the management scenarios and 
between age-class and uneven-aged stands were visible in 
the descriptive part of the results (Fig. 2) and statistically 
tested through the application of the models (Eq. 4, Eq. 5 
and Fig. 3 and Fig. 4).

Fig. 4  Model results showing the development of the effect on the 
trade-off coefficient of variation/ivol in the examined area in (II) 
uneven-aged stands depending on SDI (row 1), over time (row 2), 

and with spatial scale (row 3) in a a multifunctional, b production-
oriented, and c set-aside scenario. Confidence intervals at 95%



626 European Journal of Forest Research (2021) 140:615–634

1 3

The inclusion of SDI in the models used in this study 
enabled the specific testing of the effect of silvicultural 
management on structural heterogeneity in relation to stand 
productivity as it covered potential effects of higher stocking 
on stand structure and productivity (Uhl et al. 2015). In the 
age-class stands, SDI was negatively correlated with str/prod 
which indicated that a higher stocking led to a higher pro-
ductivity without leading to higher structural heterogeneity. 
In the uneven-aged stands, a higher SDI in combination with 
the multifunctional and set-aside scenario led to a higher 
str/prod, which can be explained by the focus of those two 
scenarios on species mixing and on a multi-layered stand 
through regeneration with different species (Fig. 3, row 1 
and Fig. 4, row 1).

In the production-oriented scenario, the structural het-
erogeneity per unit of productivity str/prod decreased sig-
nificantly over time in the case of the uneven-aged stands, 
compared to the age-class stands. The prescribed thinning in 
the production-oriented scenario incorporated a commercial 
use of competitor trees through regular thinning from below. 
In uneven-aged stands, the thinning operations were applied 
to the whole forest stand at the same time, which can lead 
to a more homogeneous tree size distribution resulting in a 
lower structural heterogeneity, as stated by others (Gradel 
et al. 2017). In the age-class stands, however, each age-class 
was thinned individually depending on tree height. A higher 
number of different age-classes and tree heights was there-
fore possible, at least when measured at the whole stand.

Those results are only valid when assuming a provision of 
structural heterogeneity at stand level instead of tree level. 
With increasing spatial scale, the structural heterogeneity 
per unit of productivity changed more strongly in age-class 
stands compared to uneven-aged stands due to the mosaic 
of differently aged strata next to each other. The maximum 
structural heterogeneity in age-class stands was therefore 
reached at a larger spatial scale. Also, str/prod increased 
with increasing spatial scale more strongly in the produc-
tion-oriented scenario compared to the multifunctional and 
the set-aside scenario. In both cases, the thinning operations 
rather homogenized the tree size distribution at a small spa-
tial scale (through strong thinning from below in the produc-
tion-oriented scenario and through the same type of thinning 
applied to a whole age-class in the age-class stands). In the 
multifunctional or set-aside scenarios, especially in une-
ven-aged stands, the selective thinning maintained a higher 
structural heterogeneity at tree level. With increasing spatial 
scale, the structural heterogeneity did therefore not increase 
so strongly because it was already high at tree level. If the 
size of each age-class is rather small (16 ha in this study), 
differently aged and sized trees can provide a heterogeneous 

forest even under the production-oriented scenario. This 
finding is especially interesting as the consequences can be 
a higher structural heterogeneity in age-class stands com-
pared to uneven-aged stands (Schall et al. 2018a; Nolet et al. 
2018), when measured at a larger spatial scale, due to the 
provided mosaic of different habitat types (Terraube et al. 
2016). Also, when considering the overall higher relative 
productivity in the production-oriented scenario (Fig. 2, row 
2), only the age-class stand could maintain a high structural 
heterogeneity through its mosaic of different age-classes. 
The need for open spaces, e.g., for light-demanding species, 
(Emborg 1998) can be embedded in a large heterogeneous 
mosaic and influence biodiversity at the landscape scale 
(Arellano and Halffter 2003; Zhang et al. 2015). Further 
can the stability at landscape scale be increased through this 
higher structural heterogeneity (Gardiner et al. 2005). Still, 
commercially used age-class forests are often assumed to 
provide a lower number of large and old trees, as most trees 
are cut before reaching the old-growth phase. This could 
be addressed through a set-aside of parts of the managed 
forests, as suggested by others (Simonsson et al. 2015). 
The virtual forest stands were based on real forest types in 
Bavaria. They are representative of forest ecosystems in 
Central Europe and enable an analysis of the effect of silvi-
cultural management. For testing the performance of forests 
under different management in terms of trade-offs between 
ecosystem functions and services in advance of application, 
simulation has proven to be a useful tool (Marques et al. 
2017). Still, over the large time span of 100 years, growing 
conditions can change and will need to be considered in 
future studies by incorporating climate models.

The simulation aimed at testing silvicultural management 
on already existing and partly mature stands. A negative or 
positive effect of structural heterogeneity on productivity in 
young and old stands, respectively, found by others (Zeller 
and Pretzsch 2019) could therefore not be compared to the 
virtual stands in this study. Further did the application of 
the management scenarios on the different types of stands 
represents a sudden shift compared to the previous manage-
ment that had formed the existing forest types. Such sudden 
changes in management might seem unrealistic in practice. 
Still, also in slowly developing ecosystems, like forests, 
strong changes in growing conditions in the future might 
require prompt decisions and adjustments of silvicultural 
management. Those could include, e.g., the establishment 
of national parks with sudden abandonment of previously 
managed forests or a shift from a monoculture that dropped 
out due to drought, to an uneven-aged mixed stand including 
foreign tree species. We therefore included and tested the 
different management scenarios on all initial stands, even if 
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the scenario could be a strong contrast to previously applied 
management for some of the stands, e.g., a planting with 
deciduous trees instead of the previously dominating coni-
fers. Such a transition in practice requires the consideration 
of species’ traits and light and space requirements, expected 
changes in growing conditions, and the future demand in the 
different wood products. For the quantification of structural 
heterogeneity, we chose the coefficient of variation as it is 
representative for both the diameter and height differentia-
tion of tree sizes. It can also easily be calculated based on a 
diameter distribution and is thus applicable in different types 
of inventories. Other measures of stand structural heteroge-
neity could of course be added in further studies due to their 
importance for the multifunctionality of forest ecosystems, 
such as the amount of deadwood (Bauhus et al. 2018), the 
number of tree layers, the canopy cover, or the spatial dis-
tribution of trees (Pommerening 2002).

Conclusions and outlook

Our approach of combining stand simulation with an analy-
sis of structural heterogeneity in relation to stand produc-
tivity can be understood as an exemplary study to identify 
and incorporate forest structure in the simulation of forest 
stand growth and put it in relation to the aim of a high pro-
ductivity. Continuous cover forestry has been promoted in 
the last decades for the purpose of increasing uneven-aged 
stands in temperate (Knoke 2012; von Gadow et al. 2002) 
and boreal regions (Bergeron et al. 2002; Kuuluvainen et al. 
2012; Axelsson and Angelstam 2011). This shows that the 
transition of age-class stands to uneven-aged forest stands is 
an up-to-date topic due to the importance of a high structural 
heterogeneity for multiple ecosystem functions and services 
(Pohjanmies et al. 2017). A comparison between stand types 
in terms of their performance in structural heterogeneity 
and productivity can help to estimate the outcome of man-
agement before transforming existing age-class stands to 
uneven-aged stands. Possibly, existing age-class stands can 
provide a high structural heterogeneity at a slightly larger 
spatial scale. We found this to be the case in the simulated 
age-class stands in the production-oriented scenario of this 
study, where a high structural heterogeneity and high pro-
ductivity could be ensured, at least at stand level. Of course, 
simulating the growth of virtual forest stands over a range 
of 100 years cannot directly lead to guidelines for the forest 
practice since silvicultural management only represents one 
of many factors determining the performance of forest eco-
systems. Our approach rather represents a small step toward 

an infrastructure that shall estimate forest growth under 
certain conditions and can later be connected to models 
considering long-term changes in climate, growing condi-
tions, and population dynamics. Our study shall increase the 
awareness of the importance of forest structure at different 
spatial scales and the possibilities for forest management 
to modify stand structure when dealing with a conflict of 
interest between different ecosystem functions and services 
in multifunctional forests.
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Table 5  Model results for differences between management scenarios

Str / prod Age-class Uneven-aged

Edf Ref.df F pvalue Sig R-sq. (adj) Edf Ref.df F pvalue Sig R-sq. (adj)

s(SDI):multi 4.05 9 16.00 0.000 *** 0.726 s(SDI):scen1 7.18 9.00 96.86 0.000 *** 0.658
s(SDI):prod 7.89 9 36.82 0.000 *** s(SDI):scen2 4.40 9.00 58.44 0.000 ***
s(SDI):set-aside 3.88 9 11.76 0.000 *** s(SDI):scen6 5.67 9.00 72.47 0.000 ***
s(year):multi 8.44 9 249.70 0.000 *** s(year):scen1 8.23 9.00 209.12 0.000 ***
s(year):prod 7.53 9 113.54 0.000 *** s(year):scen2 8.46 9.00 292.27 0.000 ***
s(year):set-aside 7.78 9 74.28 0.000 *** s(year):scen6 8.17 9.00 184.77 0.000 ***
s(radius):multi 7.87 9 48.03 0.000 *** s(radius):scen1 8.28 9.00 26.59 0.000 ***
s(radius):prod 3.02 9 38.31 0.000 *** s(radius):scen2 3.06 9.00 31.78 0.000 ***
s(radius):set-aside 2.93 9 12.69 0.000 *** s(radius):scen6 8.34 9.00 17.57 0.000 ***

Table 6  Model results for 
differences between age-class 
and uneven-aged stands

Multifunctional

edf Ref.df F pvalue sig R-sq

s(SDI):age-class 4.58 9 21.94 0.000 *** 0.653
s(SDI):uneven-aged 6.77 9 39.14 0.000 ***
s(year):age-class 8.65 9 339.98 0.000 ***
s(year):uneven-aged 7.84 9 172.03 0.000 ***
s(radius):age-class 8.20 9 64.11 0.000 ***
s(radius):uneven-aged 7.65 9 20.37 0.000 ***
Production-oriented

edf Ref.df F pvalue sig R-sq
s(SDI):age-class 6.84 9 23.81 0.000 *** 0.553
s(SDI):uneven-aged 1.66 9 29.91 0.000 ***
s(year):age-class 7.48 9 94.53 0.000 ***
s(year):uneven-aged 7.95 9 151.33 0.000 ***
s(radius):age-class 2.83 9 28.25 0.000 ***
s(radius):uneven-aged 2.57 9 15.40 0.000 ***

6.84 9 23.81 0.000 ***
Set-aside

edf Ref.df F pvalue sig R-sq
s(SDI):age-class 6.79 9 13.33 0.000 *** 0.794
s(SDI):uneven-aged 6.54 9 29.19 0.000 ***
s(year):age-class 8.50 9 99.36 0.000 ***
s(year):uneven-aged 8.77 9 225.98 0.000 ***
s(radius):age-class 7.63 9 46.30 0.000 ***
s(radius):uneven-aged 8.63 9 37.49 0.000 ***

Fig. 5  Age-class spruce stand Fig. 6  Uneven-aged spruce stand
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