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Abstract
Compared with far-developed measures and methods for mono-specific forest stands, the silvicultural prescriptions for 
mixed-species stands are at their early beginning. However, they are essential for the well-conceived establishment, design, 
and control of mixed-species stands, currently promoted in many countries worldwide. Here, we review the state of the art 
and we further develop silvicultural prescriptions for mixed-species stands for steering of experiments, stand modeling, 
and silviculture. We review which aspects of tree species mixing are most relevant for management goal achievement. We 
found the maintenance of species diversity and structural heterogeneity for ecological purpose, stabilizing productivity, and 
social-economic performance as main objectives. We give an overview of quantitatively formulated silvicultural prescrip-
tions for steering mixed-species stands for forest practice, long-term experiments, forest stand models. Compared with the 
sophisticated guidelines for mono-specific stands, prescriptions for mixed stand are often mainly qualitative and vague. Then, 
we introduce methodological approaches in development for steering mixture: measures for spatial and temporal separation, 
species-specific growing space requirements for crop trees, coefficients for equivalence and density modification, and basic 
relationships for steering tree number and area-based mixing proportions. Finally, we draw conclusions for further develop-
ment of methodological approaches for silvicultural steering of experiments, implementation in stand simulators, and for 
silvicultural operations. We see the need for improving the quantitative spatially explicit rules based at tree or cohort level, 
for substantiating the knowledge on species-specific allometry, growing area, tree-to-tree distances, and position-dependent 
competition indices for steering tree removal. We discuss the prospects and limitations of establishing silvicultural prescrip-
tions for mixed-species stands that inevitably will be more complicated than those for mono-specific stands, and we draw 
conclusions for next steps in science and practice.

Keywords Species-mixing experiments · Thinning algorithms · Temporal and spatial separation · Equivalence coefficients · 
Silvicultural steering · Individual tree models · Scenario analyses

Introduction. Motivation and objectives

In many regions of the world, mixed-species stands are 
discussed as management option and are on the advance 
(Bravo-Oviedo et al. 2014). Especially under environmen-
tal changes, they seem to provide many ecosystem services 
better than monocultures (Jactel et al. 2018). Many recently 
published works improve the understanding of the spatial 
structure, intrinsic mechanisms, and dynamics of mixed-
species stands. A state of knowledge has been provided 
among others by the monographs by Bravo-Oviedo et al. 
(2018a), Pretzsch et al. (2017) and previous contributions 
by Scherer-Lorenzen et al. (2005), Olsthoorn et al. (1999), 
and Kelty (1992). A broad overview of interactions between 
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tree species and mixing effects on growth provided the meta-
analyses and big data analyses by Jactel et al. (2018), Liang 
et al. (2016), and Piotto et al. (2008) and the modeling stud-
ies by Morin et al. (2011), Gonzalez de Andres et al. (2017), 
and Rötzer et al. (2009). However, we found hardly research 
into quantitative prescriptions for the design of mixed-spe-
cies stands. There is a lack of know-how to parameterize 
silvicultural guidelines for mixed-species stands, how to 
develop sufficiently simplistic rules for steering long-term 
experiments on a standardized basis, to implement silvi-
cultural guidelines into simulation models and to introduce 
quantitatively based silvicultural steering of mixed-species 
stands into forest practice (Brzeziecki et al. 2021, Bravo 
et al. 2019, Bielak et al. 2014, Coll et al. 2018, Mason et al. 
2018). Notice that for reason of clarity throughout the whole 
review, we define some essential terms such as "silvicul-
tural interventions," "silvicultural prescription," "algorithm," 
"regulation" or "steering" Glossary Box 1.

In contrast with mono-specific stands, silvicultural inter-
ventions in mixed-species stands may be imperative to main-
tain a species or desired species composition and to achieve 
a defined target state. In many cases, interventions according 
to silvicultural prescriptions are highly necessary to guaran-
tee the coexistence of various species and the maintenance 

of a given tree species composition. Despite of many advan-
tages of mixed versus mono-specific stands, there are still 
hurdles to advance with their spread (Nichols et al. 2006). 
One reason may be the lack of common guidelines for the 
successful application of interventions in experiments, mod-
els and practical forest management (Kelty and Cameron 
1995, p. 328). Latter authors suggested to add complexity 
to the steering and analysis of mixed-species stands, e.g., to 
introduce more complicated approaches of species-specific 
mixing pattern and proportions.

The few studies on silvicultural prescriptions of mixed 
stands are often derived from mono-specific stands and do 
not sufficiently consider that mixed stands are more than 
only the weighted means of the respective mono-specific 
stands (Forrester 2014). In mixed stands, the maximum 
stand density can be different from monocultures (Ducey 
et al. 2017; Pretzsch and Biber 2016), the tree species can 
have different growing space requirements (Ammer 2008; 
Juchheim et al. 2017), and the growth rhythms may differ 
per se between species (Mitscherlich 1970) due to emergent 
mixing effects (Pretzsch and Zenner 2017; Pretzsch et al. 
2015c). Available prescriptions are often just qualitatively 
and vaguely formulated. As long as just qualitatively for-
mulated, they may be difficult to parametrize for practical 

Glossary Box 1  Overview of the main terms used in this review, their definition and respective references

Term or concept Definition/explanation Source/References

Density equivalence coefficient A mathematical expression assessing the stand density and growing area 
requirement for one species in relation to the requirement of other species, 
assuming the same diameter

Pretzsch and del Río (2020)

Equivalence coefficients Coefficients that allow to convert the size, growing area, or competitive effect 
of one species into the other

Begon et al. 1998, pp. 177–180

Regulation Guiding or controlling the development of a forest system based on the initial 
conditions, the time exogenous variables

and dynamic rules that can be modified as a function of the current develop-
ment of the system

Berg and Kuhlman (1993)

Silvicultural prescription A planned series of treatments designed to change current forest structure to 
one meeting the goals and objectives established for an area

Helms (1998)

Steering Guiding or controlling the development of a forest system based on the initial 
conditions, the time exogenous variables and static rules (e.g., guide-curve)

Berg and Kuhlman (1993)

Thinning Intermediate cuttings used to modify the growth, quality, vigor, composition, 
or structure of a forest stand after its establishment and prior to its final 
harvest

Assmann (1970)

Thinning algorithm Set of instructions programmed within the forest simulation model aiming to 
the automatic selection of the trees to be thinned by specification of thinning 
concept, thinning strength and thinning interval

Fabrika and Dursky (2005)

Thinning experiment A manipulative experiments focusing on modifying composition, density 
and spatial arrangement of the individuals by means of cutting, in order to 
observe a response in terms of growth & productivity or any other dynamic 
or functional process. Levels of thinning must be randomized, replicated and 
objectively reproducible, while environmental conditions should be kept as 
constant as possible

Larocque et al. (2013)

Treatment rule Basic unit for describing a single forest intervention, comprising locational 
and temporal aspects, strength definition and procedure description. A set of 
sequential treatment rules define a silvicultural prescription

Schwaiger et al. (2018),
Nyland (2016)
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use and also difficult to control. A quantitative formula-
tion is also required for their translation into algorithms 
and integration into simulation models for prognosis and 
planning, analogous to the algorithms for the treatment of 
monospecific stands (Pretzsch et al. 2015a). Such quantita-
tive silvicultural prescriptions may subsequently promote the 
transition from the analysis to the design of mixed-species 
stands and their increased implementation and successful 
regulation. They are essential for the well-conceived estab-
lishment, the design and control of mixed-species stands, 
promoted in many places. This is the reason to review the 
state of the art of silvicultural prescriptions in mixed-species 
stands for practical silviculture, steering of experiments, and 
modeling.

To review and advance with the silvicultural prescrip-
tions for mixed-species forest stands, our overall aims were: 
(i) to review which aspects of tree species mixing are most 
relevant for management goal achievement (Sect. "General 
considerations about silvicultural prescriptions for forest 
management"), (ii) to summarize the available concepts 
and prescriptions for the silvicultural steering of mixed-
species stands in experiments, models, and forest practice 
(Sect. "Steering and regulating tree species mixture in exper-
iments, models, and forest practice"), (iii) to introduce new 
methodological approaches for steering mixture and develop 
perspectives for moving forward with quantitative guide-
lines (Sect. "Challenges, objectives, and concepts for further 
development of silviculturalprescriptions for mixed-species 
stands"). Finally, we conclude how to advance with quanti-
tatively based silvicultural prescriptions for regulation and 
steering of tree species mixtures in models, experiments, and 
forest practice (Sect. "Conclusions").

This review considers mainly mono-layered and even-
aged mixed-species stands (Nyland 2016, p. 31). In this 
sense, we will include mixtures where the different tree 
species may occupy slightly different canopy levels, e.g., 
stands with dominating pine and subdominant oak. We will 
deal with stands in which the mixed species are maintained 
over the whole rotation, as they have increasing relevance 
in Europe (Bravo-Oviedo et al. 2018a; Brus et al. 2012). We 
also will not consider the regeneration process, but deal with 
prescriptions that start with established stands with various 
spatial and temporal configurations of initial structure, and 
that end with the final harvest. Finally, we will focus on 
both human-created and naturally established mixtures and 
on appropriate silvicultural prescriptions in order to achieve 
defined objectives (e.g., stress resilience, tree species diver-
sity, level, and temporal stability of productivity). This 
review deals with the silvicultural prescriptions defined for 
the stand level and realized by intervening at the individual 
tree level; it will not consider the landscape level.

We first review which aspects of tree species mixing and 
silvicultural criteria are most relevant for goal achievement 

of forest management (Sect. "General considerations about 
silvicultural prescriptions for forest management"). Then, 
we give an overview of quantitatively formulated silvicul-
tural prescriptions for steering mixed-species stands in for-
est practice, on long-term experiments, and in forest mod-
els (Sect. "Steering and regulating tree species mixture in 
experiments, models, and forest practice"). We subsequently 
introduce new approaches for steering mixtures (Sect. "Chal-
lenges, objectives, and concepts for further development of 
silviculturalprescriptions for mixed-species stands") and 
finally draw conclusions for the next steps in science and 
practice (Sect.  "Conclusions"). Note, that this publica-
tion provides Online Supplementary Material for further 
information.

General considerations about silvicultural 
prescriptions for forest management

Knowledge for target achievement

Silvicultural prescriptions aim at the development of forest 
stands from a current state to a target state, e.g., they may 
recommend how to maintain a mixture in a stand from the 
early to the late development state or how to transform a 
monoculture of Norway spruce to a mixed-species stand of 
Norway spruce and beech. In this way, silvicultural prescrip-
tions essentially contribute to forest ecosystem management. 
If we assume a particular actual state of a forest, e.g., a pure 
Norway spruce stand, then forest ecosystem management 
involves the development of a target state for the system, and 
the transformation of the actual, into the target state (Fig. 1). 
The definition of a target state, in our example a mixed Nor-
way spruce and European beech stand, results from nego-
tiations among the people concerned, e.g., forest owners, 
stakeholders, NGOs. In the figure, the negotiation process 
is symbolized by the round table that has become common 
for participative development of management plans. If the 
target state is defined clearly and formulated quantitatively, 
practical rules can be developed as guidelines for the realiza-
tion of the target transformation (feedback loop in the middle 
of Fig. 1).

The concept presented in Fig. 1 reveals the two most 
promising gateways for introducing scientific knowledge 
into forest ecosystem management. The first is the supply 
of target knowledge for the development of objectives, e.g., 
deciding which species mixture would optimize the expected 
forest functions and services in a municipal forest. Of pri-
mary interest may be, for instance, recreation options or 
stand stability in the face of storms given the forest’s vicin-
ity to houses. The second gateway for scientific knowledge 
transfer is the supply of transformation knowledge by silvi-
cultural prescriptions. This follows after setting an objective, 
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e.g., which practice to use to transform a pure stand into a 
mixed stand, which stand thinning regime to use so that a 
maximum number of trees with a prescribed threshold diam-
eter can be harvested, or which stand treatments should be 
implemented to maximize stability against wind-throw. For 
both gateways simulation models, appropriate for mixed-
species stands are essential (see Sect. "The principles of 
regulation and steering for the development and application 
ofsilvicultural prescriptions").

Silvicultural prescriptions represent the knowledge how 
to design and transform forest stands in order to achieve a 
given management target. They certainly depend on both, 
the current state of a forest and the target stand. As the sil-
vicultural prescriptions should support the transformation 
of an initial, current stand to a target state, they should be 
specific and unambiguous enough to reach the target but also 
simple enough to be practically realizable. Silvicultural pre-
scriptions may be based on setpoint measures and variables 
that are relatively easy to assess in forest stands.

Relevance of tree species mixture for target 
achievement

Tree species mixing can be an efficacious method for achiev-
ing defined silvicultural targets in the course of forest eco-
system management (Fig. 1), but it requires well-conceived 
design.

Tree species mixing may cause an improvement in bio-
mass growth in plantations by admixture of nitrogen-fixing 
species, e.g., Acacia sp. (Bauhus et al. 2000; Bristow et al. 
2006; Forrester et al. 2005). It is also as a well-known ben-
efit of tree species mixing that stem shape and wood qual-
ity of sessile and common oak may be promoted by mixed 
species such as European beech, hornbeam, or lime tree 
(Andrzejczyk and Brzeziecki 2018; Attocchi 2015; Hoch-
bichler 1993) but decrease in the absence of them (Kerr 
1996). Another very current example is the stand stabiliza-
tion against various damages (Bauhus et al. 2017). Conifer 

stands may become more resistant against windthrow and 
pests by admixture of broadleaved species such as Euro-
pean beech (Keane et al. 2018; Griess and Knoke 2011; 
Neuner et al. 2015).

However, when two, three, or even more initially prom-
ising species are mixed, they often compete with each 
other in an undesirable way. With proceeding stand devel-
opment, more dominant species may suppress or even out-
compete others (Pretzsch and Zenner 2017). Silvicultural 
interventions may become necessary in order to maintain 
a defined mixture proportion per species over the whole 
rotation (Kairiūkštis and Juodvalkis 2005). For example, 
birch in mixture with spruce (Fahlvik et al. 2015; Felton 
et al. 2010) or pine in mixture with oak (Mosandl and 
Kleinert 1998, Pretzsch et al. 2019a, b, 2020) may need 
long-term promotion in order to keep a desired tree num-
ber proportion and quality.

The maintenance of tree species mixing throughout 
a rotation may require continuous thinning (Fig. 2). For 
example, in the mixed stands of Norway spruce and Euro-
pean beech in Oderhaus/Northern Germany, height growth 
(Fig. 2a) of beech is so inferior to spruce that it needs 
permanent release from competing spruces in order to be 
kept in the play. This may result in a reduction in the stand 
density and standing volume of the mixed stand far below 
the level of the pure stand (N.sp. + E.be. versus N.sp. pure, 
see Fig. 2b). Another common example is the competitive 
imbalance between European beech and sessile oak on many 
sites in Central Europe (see e.g., Andrzejczyk 2009, p 176) 
indicated by the intersection of their species-specific height 
growth curves at about age 50 (Fig. 2c). If not controlled by 
thinning, European beech may over-top and outcompete the 
accompanying species in mixed stands. In naturally estab-
lished mixed stands, the tree species composition must be 
heavily regulated during initial stages, as without early pro-
motion of the initially slower growing species these are out-
competed or after delayed thinnings shifted to a secondary 
layer (Kairiūkštis and Juodvalkis 1985).

Fig. 1  Concept for forest 
management and the role of 
silvicultural prescriptions for 
practical transformation of ini-
tial stands to target states. Given 
an initial state (forest stand, 
landscape unit), the aim of for-
est management is to transform 
a system into a target state. The 
normative values of society and 
scientific knowledge contribute 
to the development and achieve-
ment of the objective
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The main criteria of thinning interventions

Initially, thinning was defined for mono-specific stands at the 
stand or tree cohort level (Schwappach 1908, 1911; Wiede-
mann 1951) or individual tree level (Nyland 2016; Kerr and 
Haufe 2011; Schädelin 1942). For the main criteria, variants 
and measures for defining and quantifying thinning interven-
tions according to Assmann (1961, 1970) and Abetz and 
Mitscherlich (1969) (see Supplement Table 1). When mov-
ing from monocultures to mixed stands, the potential range 
of thinning methods and variants is significantly enlarged 
and variants and measures need to be defined for each of the 
main tree species or species groups in the stand specifically.

The most important basic concepts for kind, strength, and 
frequency of thinning and their extensions to mixed-species 
stands are visualized in Fig. 3.

Figure 3a shows a geometric thinning by removal of every 
2nd row in monospecific stands. Extension of this method 
is applied in mixed stands where species are planted in sin-
gle species clusters or strips consisting of several rows, and 
the edge row mostly outcompeted/overcompeted is elimi-
nated (for example, Scots pine and birch mixture in bands 
of 5–9 single species rows where the exterior birch rows 
are eliminated) (Jaworski 2012; Juodvalkis and Kairiūkštis 
2009). As common examples for a schematic type of thin-
ning in mixtures, we can mention the promotion of one spe-
cies by the removal of the individuals of the second spe-
cies located within a predefined critical distance (Fig. 3b) 
and the schematic removal of all the individuals of species 
2 within groups of species 1 (Fig. 3c). Such interventions 
are common and in younger stands are essential in order to 

regulate the tree species proportions if one species might 
be outcompeted by the other. Examples are the promotion 
of sessile oak or Scots pine by removal of competing Euro-
pean beech (Stimm et al. 2021; Spellmann 2008), promotion 
of Pyrenean oak when mixed with Scots pine (González-
Molina 1996), and release of slower growing Norway spruce 
when mixed with naturally regenerated birch, aspen, and 
grey alder (Kairiūkštis 1973). In all the cases, in order to 
keep the mixtures the light demanding species (such as Scots 
pine, sessile oak, or European larch) often need a promotion 
by schematic release or selective treatment (based on nega-
tive selection) of neighboring more shade-tolerant species 
(Hilmers et al. 2020).

In monocultures, the strength of thinning is often quanti-
tatively defined at the stand level by a guide curve relating 
number of standing trees per ha with average tree diameters 
(Fig. 3d). Another option is the selection of a defined num-
ber of future crop trees (Abetz 1974) and to propose the 
release by removal of a defined number of neighbors. Simi-
lar methods may be proposed for mixed stands, but taking 
into account the number of trees per species to be released / 
removed. As an example, although initial conditions of mix-
tures presented in Figs. 3e and f are similar, in Fig. 3e the 
selection of crop trees aims at a balanced mixing proportion 
(50:50) between two species, while the situation in Fig. 3f 
aims at the promotion of the species indicated by triangles 
by both selection of a higher number of crop trees and their 
stronger release.

Figure 3g–i finally provides examples how the frequency 
of thinning interventions may be scheduled by stand age or 
even better by mean height or diameter in mixed stands in 

Fig. 2  Examples for inter-specific competition that may require silvi-
cultural interventions in order to keep both species in the stand. (a 
and b) On the long-term mixing experiment of Norway spruce and 
European beech (Oderhaus/Harz, Lower Saxony), European beech is 
inferior to spruce in height growth (a) and needs permanent promo-
tion by removal of competing spruces (b). (c) On the mixing experi-

ments of European beech and sessile oak in Steigerwald in Bavaria, 
European beech may overtop and outcompete sessile oak beginning 
at age 50, if not controlled by thinning. N. sp. pure, Norway spruce 
in pure stand; N. sp. mixed, Norway spruce in mixed stand; E. be. 
mixed, European beech in the mixed stand; N.sp. + E.be. mixed stand 
of Norway spruce and European beech in total
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contrast with monospecific stands. A very common sched-
ule for thinning frequency is based on a tree number-mean 
tree size attribute (mean height or mean diameter) curve 
as shown in Fig. 3g. Based on this, the frequency of inter-
ventions may be scheduled by mean height (or diameter 
intervals), i.e., the height or mean squared diameter growth 
is used as measure for the timing of interventions (Abetz 
1988). This makes sense, as the tree growth determines 
the inter-individual competition; on rich site where growth 
proceeds faster, dimensions planned for interventions are 
achieved earlier, so that the frequency is higher than on 
poor sites with slower development and delayed inter-indi-
vidual competition. In mixed-species stands, the thinning 
frequency may be scheduled based on the same principle, 

but the set-point tree number must be defined separately for 
each tree species separately and also for the stand in total 
(Fig. 3h). Another option of a biologically scheduled inter-
vention frequency is shown in Fig. 3i. In this case, it is taken 
into account that every species has individual characteristics 
on shade tolerance and height growth within shade gradient 
differs reaching highest growth under partial shade condi-
tions (Kairiūkštis and Juodvalkis 1985). In order to spare 
species 1 from being altered by crown shading of species 
2, the interventions might be scheduled depending on the 
critical height difference between both species or on the dif-
ference between the height to crown based of species 1 and 
the tree height of species 2; interventions may be prescribed 
as soon as species 2 approaches the crown space of species 

Fig. 3  Descriptions of kind, 
strength, and frequency of 
thinning further developed from 
monospecific to mixed-species 
stands. (a–c) From geometric 
elimination of every second 
row in monospecific stands to 
schematic release of a preferred 
species from competitors 
in individual tree or group 
mixture. (d–f) From density 
reduction based on tree number 
stem diameter trajectories to 
species-specific density reduc-
tion by future crop tree (black) 
selection and removal of their 
neighbors (white and marked 
with a cross when removed). 
(g–i) From frequency of thin-
ning determined by height 
growth in mono-specific stands 
to species-specific tree number-
height guidelines and interven-
tions based on vertical crown 
competition
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1. In this way, the dynamic of both species and their rela-
tive strength in terms of height growth is used as biological 
indicator for scheduling the frequency of thinning.

Steering and regulating tree species mixture 
in experiments, models, and forest practice

Quantitative concepts for experiments

There are many suggestions for designing plantations for 
tree species mixtures by combined spacing and mixing 
patterns (Goelz 2001; Harper 1977; Vanclay et al. 2013; 
Vanclay 2006; Kelty and Cameron 1995). It is amazing 
that many of such studies do not address the silvicultural 
operations, although many of them will require such treat-
ment in advanced stages (Amoroso and Turnblom 2006; 
Erickson et al. 2009; Forrester 2014; Forrester et al. 2006). 
Thus, these publications are supportive for establishing 
mixed stand trials, but they hardly tell anything about how 
to experimentally steer the treatment variants after stand 
establishment.

Thinning experiments on mixed stands focus on modi-
fying composition, density, and spatial arrangement of the 
individuals in order to observe a response in terms of growth 
and productivity or any other dynamic or functional process, 
commonly considering most advanced stages of stand devel-
opment. In this case, the intrinsic heterogeneity of natural 
forests, the large number of potential combinations, and the 
difficulty for attaining the predefined levels of each factor 
deepens the complexity for the establishment of complete 
replicated experiments, e.g., comparing different rates of 
proportion under the same stocking level or the same rate of 
proportion under different stocking levels.

The examples in Table 1 represent the main common 
concepts for regulating the kind, strength, and frequency of 
interventions in mixed-species experiments.

The kind of thinning is mostly thinning from above 
defined by the removal of social tree classes (Kairiūkštis 
and Juodvalkis 1985; Kennel 1965; Pretzsch 2009). The pat-
tern of tree removal is either schematic (removals of rows) 
or selective (removal of competing neighbors) (Piotto et al. 
2003). In case of mixing in groups or clusters, prescriptions 
focus on determining patch size and number of trees per 
species in a patch (Kennel 1965). If all tree coordinates are 
available, the spatial arrangement may be quantified by indi-
ces for the spatial tree distribution (del Rio et al. 2016, Pom-
merening 2002) or Ripley’s K-function at the whole stand 
and species level (Pretzsch 2009, pp. 256–266).

The strength of thinning is defined by set point tree num-
bers (Hynynen et al. 2011, Piotto 2003), basal area (Aldea 
et al. 2017, de-Dios-García et al. 2015), or standing volume 

(Beliajeva and Ischuk 2010; Danilov et al. 2014; Jacobsen 
and Thorsen 2003; Lundqvist et al. 2014; Zalesova et al. 
2016). The removal results from the reduction in the stand-
ing stock to the set point level. The set point level is defined 
for each tree species separately. In this way, a desired mixing 
proportion can be achieved. The mixing proportions may be 
quantified based on tree number, stand basal area, SDI, or 
stand volume; the results can differ considerably in mixtures 
with different species-specific growing area requirements 
(Dirnberger and Sterba 2014).

The frequency of thinning is mainly defined through the 
time interval in years (Hynynen et al. 2011) or the develop-
ment of tree size (Kairiūkštis and Juodvalkis 1985). Com-
pared with the silvicultural prescriptions and guidelines for 
practice and forest management, the quantitative assessment 
and prescriptions for experiments in mixed stands are often 
more complex and detailed and may require previous calcu-
lations. For instance, the species-specific basal area and stem 
positions of the total stand may be inventoried first in order 
to calculate the setpoint of the removal basal area per species 
and the number of removed competitors around preselected 
future crop trees.

The simple proportion by stem number per ha or basal 
area is not meaningful in the case tree species have not the 
same size or potential site growth (Dirnberger and Sterba 
2014). As way out, Pretzsch and del Río (2020) proposed 
to compute the mixing proportions of species with different 
growing area requirements based on equivalence coefficients 
as the ratio between species maximum SDI (or basal area) 
observed in fully stocked monospecific stands. In this sense, 
Nowak (1995) proposed an approach for designing thinning 
experiments in mixed forests based on prescribing a final 
relative density or basal area (percentage with respect to the 
observed maximum density) and a target mixed proportion 
which is computed taking into account the frequencies of 
the diameter distribution of each species within the stand.

A more detailed quantitative description of mixture 
proportions is based on describing tree-level between and 
within species competition using spatial indices as area 
potential available (APA), describing the growing space for 
each tree by means of Voronoi diagrams (Brown 1965; Jack 
1968; Moore et al. 1973; Pelz 1978). Similar approaches are 
area overlap indices (AOI), which describe competition as 
the sum of the overlap of the influence areas of each neigh-
bor with respect to the tree, being the radius of the influ-
ence zone a function of the size and the species (Bella 1971; 
de-Dios-García et al. 2015). Finally, also competition indi-
ces (CI), for instance, based on stem diameter and distances 
(A-value according to Johann 1982), vertical angles (Puk-
kala et al. 1998), or light cone method (Pretzsch et al. 2002) 
can be used for steering for characterizing the competitive 
status of each tree and prescribing their treatment (remain 
or removal). For instance, they may be used for determining 
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the target growing space for each tree, or the target level of 
inter- and intraspecific competition in the course of crop 
tree thinning. Neighbors may be removed until a setpoint of 
space or competition level is achieved. Competition indices 
may also be used for steering at the cohort level. In this case, 
a defined target distribution of frequencies of the indexes 
for each species (percentage of trees within a given class 
of competition-composition indices) may be achieved by 
thinning.

The steering based on individual competition indices or 
on frequency distributions is a quantitative analogon to the 
traditional qualitative description of individual trees, their 

position, and their removal according to Kraft (1884). More 
detailed classifications as introduced by Assman (1961), 
Kairiūkštis (1972), and Kairūkštis and Juodvalkis (2005) 
based among others on detailed crown and stem char-
acteristics, tree age, and development phase may be use-
ful for analyzing the productivity and structure of mixed 
stands but are too complex and qualitatively based for being 
applied for modeling or silvicultural steering mixed-species 
experiments.

Finally, the description and characterization of the spa-
tial arrangement at stand level can be approached by means 
of the bivariate spatial point pattern processes, as Ripley’s 

Table 1  Silvicultural prescriptions for regulating mixed tree species experiments. Examples are presented in alphabetical order

Tree species combination Research question Factor regime Quantitative
measures for regulation

References

P. pinaster, Quercus pyr-
enaica

Growth response to thin-
ning

Basal area. Mixing pro-
portion

Basal area of dominating 
species (P. pinaster)

Aldea et al. (2017)

Betulua sp., Alnus sp., 
Pinus sylvestris, Picea 
abies

Productivity Stand density reduction,
mixing proportion

Volume removed
Standardized mixing 

proportion

Beliajeva and Ischuk (2010)

Pinus sylvestris, Picea 
abies

Growth, stem structure Stand density reduction Volume removed
Standardized mixing 

proportion

Danilov et al. (2014)

P. pinea, Quercus sp. Juni-
perus sp.

Modeling
Competition
Functional complemen-

tarity

Stand density
Age

Stand basal area
Min. proportion of BA for 

accompanying species

de-Dios-García et al. (2015)

Pinus sylvestris, Betula 
pendula

Volume yield, mean diam-
eter and height growth

Strength and timing of 
thinning

Tree number removed 
five year intervals of 
interventions

Hynynen et al. (2005, 2011)

Picea abies, Picea sitch-
ensis

Economic optimization 
under climate change

Density Volume
proportion

Jacobsen and Thorsen 
(2003)

Quercus sp. and Fraxinus 
sp. mixtures with Betulua 
sp. and Alnus sp.

(a) Crown development, 
use of extra spacing of 
different social class tree;

(b) Length and degree of 
the volume increment 
increase

Stand density reduction, 
mixing composition

Diameter, height and 
crown horizontal projec-
tion increment of A, B, 
C tree social classes after 
intensive thinnings

Kairiūkštis and Juodvalkis 
(1985)

Pica abies, Fagus sylvatica Productivity increase Stand density,
mixing proportion

Stand basal area,
basal area proportion

Kennel (1965)

Pica abies, Betulua sp. Pure and mixed
understory growth

Stand density reduction Volume removed Lundqvist et al. (2014)

12 native tropical tree 
species

Growth and thinning reac-
tions

Density,
stem form, vitality

2 × systematic removal of 
rows,

1 × selective thinning

Piotto et al. (2003)

P. sylvestris
Q. robur
Q. petrea
Betula pendula

Overyielding,
Quality improvement

Standardized SDI
Standardized mixing 

proportion

Pretzsch et al. (2013, 2019b)
Liziniewicz et al. (2016)

Picea abies, Abies alba, 
Fagus sylvatica

Productivity
Natural regeneration

Stand density reduction Density reduction in rela-
tion to unthinned plots

Pretzsch et al. (2015b)

Betula pendula, Alnus sp., 
Pinus sylvestris, Picea 
abies

Stand composition Stand density reduction,
mixing proportion

Volume removed
Standardized mixing 

proportion

Zalesova et al. (2016)
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cross-k function, in order to characterize whether the indi-
viduals of the different species are clustered, dispersed or 
randomly distributed, as well as the size of the patches 
(Pommerening 2002; Renshaw et al. 2009; del Río et al. 
2016). A given prescription could also aim to attain a given 
target spatial pattern. Less restrictive prescriptions could 
focus on determining patch size and target number of trees 
per species in a patch (Graham and Jain 2005).

Representation of silvicultural treatments in models

In this section, we sketch the six main approaches how the 
tree number reduction and thinning prescriptions have been 
implemented in forest stand models (Table 2, Fig. 4). There 
are no principle differences in the technical integration of 
prescriptions for mixed and mono-specific stands (Bravo 
et al. 2019). However, the variety of treatment variants 
increases with the number of tree species and the structural 
heterogeneity of a stand. This means that a flexible inte-
gration of a library of different rules becomes much more 
important in case of mixed-species stands.

Models that simulate long-term successional processes 
do not consider forest management at all, as their focus is on 
the natural stand development under disturbances or climate 
change. Such models put emphasis on a realistic representa-
tion of competition, regeneration, and thus natural mortality 
(Fig. 4, concept 1). Typical examples are gap models (e.g., 
Köhler and Huth 1998, Shugart et al. 2018, further summa-
rized by Bugmann 2001), and matrix models as summarized 
by Liang and Picard (2013). McCook (1994) give an over-
view of the underlying causalities and theories. Also models 
that aim at the understanding of climate and weather effects 
on carbon allocation do not consider the effects of forest 
management. Such physiological models put emphasis on 
the description of tree intrinsic processes (e.g., Grote and 

Pretzsch 2002, Grant et al. 2007, Grote et al. 2011, further 
summarized by Landsberg 2003).

In contrast, models for forest management consider stand 
development as dependent on the stock being removed over 
time (Fig. 4, concept 2). Well-established representatives of 
that group are descriptively based yield tables that beyond 
monospecific stands (e.g., Gehrhardt 1909) have even con-
sidered mixed stands (e.g., Wiedemann 1942). They are 
typically based on one defined thinning prescription, e.g., 
moderate thinning from below as in the Wiedemann yield 
table for pine (1943). Like yield tables for monospecific 
stands, also tables for mixed stands assume one statically 
defined strength of thinning and course of mixing propor-
tions throughout the rotation. Such tables have been obtained 
from long-term experimental plots (Wiedemann 1942) or 
inventory plots (Payandeh and Wang 1996; Penner 2008), 
the latter for representing an average situation of managed 
stands being considered.

Stand simulators, e.g., by Assmann and Franz (1965), 
Franz (1974), Curtis et  al. 1982), Nagel (1985) or von 
Gadow (1987), provide the basis of computer generated 
yield table constructions. They consider at least a basic 
description of thinning (Fig. 4, concept 2) in addition to 
natural mortality (Fig. 4, concept 1). Such a description 
may be a thinning curve (e.g., Assman and Franz 1965) or a 
proportion of maximum stand density. That straightforward 
representation of thinning is also part of simulators which 
put emphasis on a physiological description of growth, e.g., 
3D-CMCC (Collalti et al. 2014), rather than on the spatially 
explicit description of interventions.

Concept 3 (Fig. 4, concept 3), moreover, enables the 
interactive steering of stand development. Such a phase-
related intervention is of particular relevance for the devel-
opment of new thinning guidelines. Models which apply 
that steering concept are typically individual tree models 

Table 2  Examples of thinning prescriptions integrated in forest stand models

Model approach Guideline, rule, algorithm References

Yield table Basal area proportion
defined depending on age

Bonnemann (1939),
Wiedemann (1942), Christmann (1949)

Mean tree and cumulative
stand variable based simulators

Tree number per hectare Franz (1983)

Distant-independent individual tree simulator Relative stand densities, basal area mixing propor-
tions, stem volume removal according to inventory 
data

Nagel (1985), Döbbeler and Spellmann 
(2001), Döbbeler (2004)

Spatially dependent individual tree simulator Species-specific stand basal area curves Pukkala et al. (1994)
Spatially dependent individual tree simulator
with optimizing tool for silvicultural treatment

Species-specific stand basal area curves
and tree-size-specific removal based on 3 size classes

Pukkala et al. (1998)

Spatially explicit individual
tree simulator

Species-specific tree number depending on
stand mean height

Pretzsch et al. (2002)

Simulator in batch mode Species-specific tree number, growing area require-
ment and maximum stand density as reference

Schwaiger et al. (2018)
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(Pretzsch et al. 2015a). In many cases, concept 3 models 
consider the spatial stand structure and enable the selection 
of spatial explicit silvicultural treatment, such as crop tree 
selection or selective thinning. Such treatments often imply 
the definition of a target stand density given by a thinning 
curve, as in concept 2. Users of concept 3 monitor stand 
development over time and select an appropriate treatment 
option interactively, e.g., per 5-year time step. For exam-
ple, such an option has been implemented in PROGNAUS 
(Ledermann 2004) and in SILVA (Pretzsch et al. 2002). The 
BWINPro simulator by Nagel et al. (2006) enables a crop 

tree selection based on the following criteria: tree vitality, 
stem quality, relative tree dimension, distance between crop 
trees, and prescribed number of crop trees per species. Some 
individual tree models may refrain from the consideration 
of individual tree positions (e.g., PROGNAUS). Moreover, 
they may consider the effect of local competition in the 
vicinity of each individual tree and therefore consider the 
position of each individual tree growth and thinning (e.g., 
SILVA). Such distance-dependent individual tree models, 
if integrated into virtualization environments, even enable 

Fig. 4  Technical concepts of treatment implementation; concept 1 is 
typical for succession models, physiological or matrix models within 
their original field of application: thinning is an exclusive result of 
natural mortality; concept 2 is typical for models of concept 1 when 
extended for application in forestry: tree removal is an effect of thin-
ning in addition, based on a thinning curve or a percentage of maxi-
mum density; concept 3 is typical for stand simulators when applied 
in education or consulting: the user selects from a group of alterna-
tive treatments, each time the system has come to a particular target 
state, e.g., given through stand age; concept 4 is typical for simulators 

applied within larger scale studies related to a whole forest manage-
ment unit or landscape: the simulator determines the stand’s devel-
opmental state based on stand statistics, such as a top height or the 
QMD and based of that current state selects a treatment rule, in order 
to approach a desired development. Simulator concept 5 is an exten-
sion to concept  4 that compares the stand’s state (e.g., height, spe-
cies composition) to a database that holds treatment instructions as 
dependent on stand state. The optimizer concept 6 embeds concept 5 
into an optimization framework
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the selection of individual trees for felling on a per time-step 
basis (Roßmann et al. 2018).

If a model is to be applied in forest management and 
decision-making, the routinely simulation and compari-
son of various management pathways are a well-reasoned 
requirement. To reduce user interaction, the selection of 
the appropriate treatment per time step may be based on 
an indicator of the stand’s developmental state, such as top 
height, instead of user input (concept 4, Fig. 4). Examples 
of models that use such a rule-based treatment simulation 
are ForCEEPS (Morin et al. 2011; Morin 2014), IBERO 
(Bravo et al. 2012), PINEA (Calama et al. 2007; Madri-
gal et al. 2009), PROGNAUS, and SILVA. Concepts 3 and 
4 often apply to individual tree simulators and to distance 
dependent individual tree models, where each treatment may 
imply the selection of individual trees based on user interac-
tion or model algorithms.

Simulation studies that consider whole forest manage-
ment units or landscapes require the predefinition of ade-
quate treatment based on stand attributes (Fig. 4e, concept 
5). Such attributes may comprise the growth potential of the 
site being considered, the stand’s species composition, and 
the developmental phase of the stand. That concept has often 
been implemented in individual tree models, such as HEU-
REKA (Wikström et al. 2011), PROGNAUS, and SILVA.

Simulations on the spatial levels of a forest management 
unit or landscape may aim at the optimization of wood 
production (Pukkala et al. 1998; Pukkala 2006) or on fur-
ther target variables of multifunctional forestry (Öhman 
et al. 2011; Eggers et al. 2020). To this end, models that 
implement concept 5 have been embedded into optimiza-
tion frameworks (summarized by Segura et al. 2014) which 
adjust the thinning concept in order to maximize an objec-
tive function (Fig. 4, concept 6). Such systems may even 
provide a variety of optimization algorithms (e.g., Pukkala 
2009). Typically, the optimizer works on a set of simula-
tion results that has yet been generated by the embedded 
simulation model (e.g., Pukkala 2009; Eggers et al. 2020). 
The scope of eligible treatment schedules may be narrowed 
down to a subset of yet pre-configured options (Knoke 2012; 
Messerer et al. 2017; Hilmers et al. 2020).

Representation of treatment in currently existing 
silvicultural guidelines for mixed stands

Quantitatively formulated prescriptions for silvicultural 
treatment of monospecific stands are commonly presented 
for a specific set of conditions (e.g., age, site quality, spe-
cies). Each rule should comprise kind, strength, and fre-
quency of thinning (Schwaiger et al. 2018). The thinning 
prescription in Table 3 for mixed-species stands is analo-
gously defined by a set of treatment rules, where each rule 

adheres to a particular period of stand development before 
the onset of regeneration cut and harvest.

Compared with the rules for mixed-species experiments 
(Table 2), the prescriptions for practical management are 
less sophisticated. The kind of thinning is often only indi-
rectly addressed: In case of the selection of crop trees and 
subsequent release of them, the guideline prescribes a thin-
ning from above (e.g., Bastien 1997; BaySF 2009; Llobet 
2004).

The strength of thinning is mostly defined for the species 
assemblage in total or for the species separately, e.g., by the 
target tree number (Gonzalez-Molina 1996; Llobet 2004), 
basal area (BaySF 2009), target crown closure (Ryakhin 
and Kharitonova 1999), or % of removed stand volume 
(Guovernement du Québec 2003).

The frequency of thinning is prescribed by intervals of 
years and ages (Llobet 2004) or height increment (Gonzalez-
Molina 1996; Bastien 1997; Valkonen and Valsta 2001). The 
mixing proportion is regulated by the number of selected 
final crop trees (Bastien 1997; BaySF 2009), by the pro-
portion of species-specific total tree number (Llobet 2004), 
basal area (Calama et al. 2020; Piqué et al. 2011, 2015), or 
standing volume (Gouvernement du Québec 2003). Thin-
nings are recommended to be repeated in defined n-year 
time steps in Lithuania (Juodvalkis and Kairiūkštis 2009). 
On some occasions, timing is not defined by a fixed value 
but for a fixed interval, as is the case of the prescriptions 
for mixed fir-beech forests in Provence Alps (CRPF-PACA 
2004), where thinnings are prescribed on a fixed 15–20 year-
intervals. Other prescriptions determine (Piqué et al. 2011) 
the moment of thinning by means of both dominant height 
and a given density that should be attained before applying 
thinning. However, characterization of the temporal aspect 
in mixtures using some size related trait (top height or mean 
diameter) results in additional complexity if species in the 
mixture have clearly different functional characteristics (e.g., 
one of them is occupying the dominant stratum). In this case, 
it is necessary to determine which species should be selected 
for promotion to fix the rule (commonly the dominating one, 
e.g., Bastien el al. 1997), or if prescriptions should consider 
both species (e.g., guidelines for mixtures of Pinus halepen-
sis and Quercus ilex, Llobet 2004).

Thus, if compared with monospecific stands, thinning 
rules for mixtures often include at least two additional 
issues: the species, and the rate or proportion of each one. 
Prescriptions consider the spatial and temporal aspect of the 
intervention, together with the definition of the strength, and 
a detailed characterization on how to steer it. While a pre-
scription should be defined at two different levels: stand-
level and tree level, currently existing guidelines for steer-
ing mixed stands commonly lack of this detailed description 
(Table 3). Apart from stand-level prescriptions, downscaling 
stand-level decisions into tree level operation (i.e., selection 
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of trees to be released) require more detailed descriptive 
procedures concerning, e.g., qualitative criteria for selecting 
trees to release or definition of the spatial arrangement of the 
mixture (Gonzalez-Molina 1996).

For stand-level decisions, available quantitative prescrip-
tions are based on contrasting current stand stocking with a 
target stand stocking to be reached at a given developmental 
stage of the stand. That is the case of the prescriptions for 
mixed oak and sweet chestnut forests in North Spain (Princi-
pado de Asturias 2015) where thinning treatment is uniquely 
defined by means of dominant height of the stand, or pre-
scriptions for mixtures of conifers, birch, and other broad-
leaved species in Québec (Gouvernment du Québec 2003), 
where stand age is the only driver defining interventions.

Timing of the first thinning in mixtures is a topic com-
monly ignored, fixing it based on rules for pure stands. How-
ever, it should be recommended to start earlier in mixtures 
than in monocultures, when first signs of between-species 
negative interactions are shown (Kerr and Haufe 2011, p. 
37–38). This is especially important as noble hardwoods like 
Castanea sativa Mill., Ulmus sp., Sorbus domestica L. grow 
much slower than conifers (SW Europe), or Picea abies, 
Quercus sp., Fraxinus excelsior loose against Betula sp., 
and Populus tremula (NE Europe). In this sense, delayed 
thinnings is a common reason of loosing a significant pro-
portion of valuable species and high-quality timber volume 
(Juodvalkis and Kairiūkštis 2009).

Challenges, objectives, and concepts 
for further development of silvicultural 
prescriptions for mixed‑species stands

In this section, we will review the currently existing and 
under-development concepts and approaches for quantita-
tively assessing and describing thinning operation, paying 
special attention to the case of mixed stands. Table 4 shows 
which main aspects of tree species mixture may be consid-
ered, how they are described quantitatively, and the metrics 
we suggest for their quantitative description.

Steering the spatial arrangement and temporal 
separation

Mixtures in which one species gets ahead in height growth 
and exerts a strong shading effect on the admixed species 
may cause strong alien-thinning, segregation/demixing or 
even the complete loss of one species. Inter-specific com-
petition may be reduced, and the mixture may be stabilized 
over time by spatially or temporally separating the constitu-
ent species (Figs. 5, a and b), i.e., by establishing each spe-
cies in groups or clusters instead of intermixing the different 
species at wider spaced individual tree level. Another option 
is the establishment of the different species in different lay-
ers that have different ages instead of establishing a mono-
layered mixture like in case of beech and larch (Andrzejczyk 
et al. 2011) or Scots pine and European beech (Pretzsch et al. 
2015c) on excellent sites.

A spatial or temporal separation of tree species as shown 
in Fig.  5 can be established by planting them in rows, 
groups, or clusters (Fig. 5a) or planting them with a tempo-
ral delay of some years or decades (Fig. 5b). In this way, the 
interspecific competition may be reduced in order to keep 

Table 4  Overview of various aspects of steering mixed-species stands and appropriate metrics, measures, and prescriptions that are under devel-
opment (references are hardly available as most of the approaches are in the state of development and testing and not published yet)

Aspects of steering mixed-species stands Metrics, measures, prescriptions

Spatial separation of inter-specific competition Standardized area definitions for troops, groups, etc. of mixing,
number of clusters per ha

Temporal separation of inter-specific competition Quantification of lags between species establishment by Δ time or Δ tree height 
between the species

Spacing, species-specific number of crop trees, thinning, 
and competition regulation

Species-specific crown size of mature dominant trees,
mean distances between mature trees, crown or growing area of dominant trees

Species overarching mixing proportions Density equivalence coefficients, DEC, for species overarching steering of mixing 
proportions,

percentages in terms of tree numbers, basal area, growing area, based on tree 
number, basal area, SDI

Species overarching stand density regulation Density modification coefficients, DMC, for considering species-specific increase 
in packing density by mixing

Individual tree removal criteria for different kind of thinning Competition indices, threshold tree-tree-distances, social classes, n-nearest neigh-
bors



 European Journal of Forest Research

1 3

all species in the play. The size of a troop, group, and cluster 
may be defined by the contiguous area per species. The delay 
of establishment of a species may be defined by years or tree 
height difference.

Species combination with weak inter-specific competition 
might be established and kept in individual tree mixtures or 
small groups, whereas the pressure between species with 
strong competition may be reduced by spatial separation and 
cultivation in groups or clusters.

In the case of naturally regenerated stands (or planta-
tions not initially considering the desired spatio-temporal 
arrangement), both the spatial and temporal separation may 
be achieved by species-specific removal or in the course 
of thinning interventions, and release of advanced natu-
ral regeneration (or underplanting) of the desired species 
(Bravo-Oviedo et al. 2014; Schütz 2002).

The design of the initial mixing pattern as well as the 
necessary silvicultural measures would benefit from a clear 
definition and quantification of mixing patterns. In the litera-
ture, the definition of mixing units such as troops, groups, or 
clusters is sometimes based on patch diameter (Niedersäch-
sisches Ministerium für Ernährung, Landwirtschaft und For-
sten 1987, Pretzsch 1997, 2009, p. 152). Mayer (1984, p. 

297–298) described coarsely scaled mixing patterns as fol-
lows: cluster (diameter of the area at least as the height of a 
dominant tree of the species in mature age, i. e, ≈ 1000–5000 
 m2), group ( growing area of about 5 mature trees of the 
respective species, i. e., ≈ 500–1000  m2), troop (growing 
area of less than 5 mature trees of the respective species, 
i. e., ≈ 50–500  m2). Burschel and Huss (1987) base the 
description of macro-structure on a multiple of the growing 
area requirement for mature trees (Burschel and Huss 1987).

A clear definition as exemplarily shown in Fig. 6a may 
help to clarify, standardize and establish reproducible pat-
tern structures allied by guidelines for practice, experiments, 
and scenario analyses. A standardization may clarify the 
area units when establishing mixed stands by planting and 
also when shaping mixing patterns by silviculturally steering 
naturally regenerated mixed stands. Silvicultural operations 
in young stands often require a regulation of the mixing pat-
tern and proportion by reducing inter-specific competition; 
this may be done by de-mixing of area units of defined sizes 
by elimination of one or the other tree species.

For standardizing overarching mixing experiments 
regarding the mixing patterns, it is not the assignment of 
the technical terms like troops, groups, etc. to defined areas, 

Fig. 5  Measures of steering tree 
species mixtures by spatial or 
temporal separation. (a) The 
stronger the interspecific com-
petition between tree species is, 
the more the tree species require 
a spatial separation in rows, 
groups or clusters to be main-
tained in the play. (b) Delayed 
establishment or temporal 
removal and restrain of species 
2 may reduce inter-specific 
competition and outcompeting 
of one by the other tree species 
(Schütz 2002)

Fig. 6  Concepts for further 
developing silvicultural pre-
scriptions for mixed-species 
stands. (a) Standardized area 
definitions for troops, groups, 
clusters of mixing. (b) Species-
specific crown size and growing 
area development over stem 
size. (c) Equivalence coeffi-
cients may be derived for more 
species combination and based 
on species-specific slopes of the 
cpa-d relationship
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but the definition of the mixing structure by the number and 
size of the mixing units in  m2 on a hectare. For the shaping 
of mixing units in naturally regenerated stands as well as for 
the establishing of gaps, a clear size information in terms of 
 m2 is helpful.

Species‑specific growing area for steering mixing 
proportion and competition

The species-specific crown projection area or growing area 
for a given or target stem diameter (Fig. 6b) is useful for ini-
tial spacing and spatial arrangement, for fixing the number 
of crop trees per species on a hectare and the target mixing 
proportion in the mature stand, and for distance and density 
regulation during stand development. Tree species with the 
same tree diameter can differ considerably in crown size 
and required growing space. Figure 7 shows this for selected 
tree species (1–21). Figure 7 reflects that, e.g., for a given 
tree diameter of 30 cm, the mean crown area and growing 
space requirements can vary between 10 and nearly 50  m2 
and, for a tree diameter of 100 cm, the range is between 
50 and 250  m2. The relationship between the crown size 
and growing space requirements of different species can 

be quantified by equivalence coefficients that indicate, for 
example, how much growing space a beech may need on 
average in relation to a spruce of approximately the same 
tree diameter and stem volume (see subsequent Sect. "Den-
sity equivalence coefficients for species overarching steering 
of mixing proportions").

Kairiūkštis and Juodvalkis (1985) provided analogously 
stem diameter-crown projection area relationships for trees 
of different social classes. Such crown projection areas and 
related tree-to-tree distances may be used for mixing and dis-
tance regulation in more structured stands. Crown size-tree 
diameter allometry for a given species in mixed stands may 
vary from the allometry observed in mono-specific stands 
(Pretzsch 2019a). Thus, definition of growing area may be 
also affected, and specific allometries should be developed 
for mixtures. Thus, while information on specific growing 
requirement shown in Figs. 7 and 8 may be a first basis, more 
detailed studies on this topic should be issue in the future.

The crown projection area values and the resulting radii 
may vary with site conditions and stand structure (spe-
cies composition, mixing pattern, vertical structure). This 
requires further derivation of statistical relationships in order 
to better predict the final crop tree dimensions and space 
requirements; however, as long as such data are missing, 
the respective crown information from predominant trees 
or solitary trees growing in mono-specific stands (e.g., in 
Nelder trials see among others Kuehne et al. 2013; Vanclay 
2006) may serve as a makeshift (first guess).

When determining the number of selected future crop 
trees and a density regulation based on number of trees per 
ha and species, it should be considered that the respective 
numbers need to be defined according to the space require-
ment of the respective tree species (Pretzsch and Zenner 

Fig. 7  Tree species of the same tree diameter can differ considerably 
in crown size and required growing space of dominant trees. This 
is demonstrated for (1) Quercus nigra L., (2) Platanus x hispanica 
Münchh., (3) Carpinus betulus L., (4) Tilia cordata Mill., (5) Khaya 
senegalensis [Desr.] A. Juss., (6) Fagus sylvatica l., (7) Aesculus 
hippocastanum, (8) Robinia pseudoacacia L., (9) Alnus glutinosa 
[L.] Gaertn., (10) Araucaria cunninghamii aiton ex. D.Don, (11) 
Pseudotsuga menziesii [Mirb.], (12) Abies alba Mill., (13) Sorbus 
aucuparia L., (14) Betula pendula roth, (15) Acer pseudoplatanus 
L., (16) Abies sachalinensis Mast., (17) Quercus petraea [Matt.] 
liebl., (18) Pinus sylvestris L., (19) Larix decidua Mill., (20) Fraxi-
nus excelsior L., (21) and Picea abies [L.] Karst. (after Pretzsch and 
Zenner 2017)

Fig. 8  Crown projection area and stem diameter relations for aspen 
(Populus tremula L.) depending on the stem diameter and the social 
position of the tree (adapted from Kairiūkštis and Juodvalkis 1985, p. 
37, Fig. 3.4)
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2017). Examples for calculating species-specific tree-to-tree 
threshold distances and potential numbers of final crops trees 
are provided in Supplement Part A.

Different species-specific growing space requirements 
also need to be considered when regulating mixing propor-
tions. Similarly, to achieve a desired tree number or stand-
ing volume per hectare, different species-specific growing 
space proportions may be required. Species-specific crown 
size-stem diameter relationships may be used as substitute 
for growing area requirement and for steering mixing pro-
portion and density reduction by thinning (Hemery et al. 
2005). In the case of spatially explicit guidelines, the crown 
size development of trees, and especially the crown growing 
area cpatar of trees when reaching their target diameter, is 
valuable. The relationship between tree size (stem diameter 
or tree height) and the crown projection area may be derived 
from available empirical research (Abetz 1974; Kairiūkštis 
and Juodvalkis 1985). Of special interest are the  cpatar values 
of the predominant trees at the target diameter dtar , as they 
can be supposed to have the size of the future crop trees. 
Figure 6b shows the dependency of crown projection area 
as depending on species and stem diameter; the broken ver-
tical line indicates the respective cpatar values when a tree 
arrives at dtar.

Density equivalence coefficients for species 
overarching steering of mixing proportions

Recently, Pretzsch and del Río (2020) introduced species-
specific density equivalence coefficients, DEC, that are suit-
able for the conversion of the stand density of one species 
into that of another species (Fig. 6c). In this way, DEC val-
ues enable the species-overarching analyses (Condes et al. 
2017) and steering (Thurm and Pretzsch 2021) of spacing, 
stand density, and mixing proportion. The concept uses the 
DEC values for standardizing the density of all occurring 
species to a defined common reference species (e.g., Nor-
way spruce, European beech). Examples for applying density 
equivalence coefficients for species overarching steering of 
mixing proportions are provided in Supplement Part B.

DEC depends strongly on the species combination. 
In the case of European beech, if mixed with Scots pine 
(Table 5b), the densities and changes of shape with increas-
ing size growth differ less than if mixed with Norway 
spruce (Table 5a). Scots pine displays lower tree numbers 
than European beech at the beginning, but, with increasing 
diameter, the densities and growing space of both species 
converge.

The right upper corners of the matrix show DEC values 
when Norway spruce and Scots pine, respectively, have the 
greater growth and the bottom left corner when European 
beech has the lead in diameter growth. DEC values and their 
dependency on the species-specific stem diameters  dq1 and 
 dq2 will be used to adjust different tree species to the same 

Table 5  Diameter-dependent density equivalence coefficient, DECE.b→N.sp , for species combinations of species 1 Norway spruce and species 2 
European beech (a) and DECE.b→S.p for species 1 Scots pine and species 2 European beech (b) (according to Pretzsch and del Río 2020)

(a)

dq species 2: dq species 1: Norway spruce

E. beech 10 20 25 30 40 50
10 1.27 0.41 0.28 0.21 0.13 0.09
20 4.70 1.50 1.04 0.77 0.48 0.33
25 7.16 2.28 1.58 1.17 0.73 0.50
30 10.10 3.22 2.23 1.65 1.03 0.71
40 17.39 5.54 3.83 2.84 1.76 1.22
50 26.49 8.44 5.84 4.32 2.69 1.86

(b)

dq dq of species 1: Scots pine

E. beech 10 20 25 30 40 50
10 0.85 0.24 0.16 0.12 0.07 0.05
20 3.13 0.91 0.61 0.44 0.26 0.18
25 4.77 1.38 0.93 0.67 0.40 0.27
30 6.72 1.95 1.31 0.94 0.56 0.38
40 11.57 3.35 2.25 1.62 0.97 0.65
50 17.63 5.10 3.42 2.47 1.48 0.99
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scale level and to upscale from a standard scale to different 
species and species combinations.

Equivalence coefficients help to compare species and con-
vert growing area requirements from one species to the other 
in order to steer mixing proportions (Sect. "Density Modi-
fication Coefficients for steering stand density and mixing 
proportions"). Due to the deficit of specific DEC coefficients 
for mixed stands, they were derived so far mainly from the 
allometric relationships between the crown projection area, 
cpa, and stem diameter, d, in mono-specific stands. However, 
we see the necessity of further developing equivalence coef-
ficient concept by deriving such coefficients on a broader set 
of mono-specific and mixed stands and for a broader range 
of site conditions.

Density Modification Coefficients for steering stand 
density and mixing proportions

Another contrast to mono-specific stands is that mixed-
species stands may have higher maximum stand densities 
due to the niche complementary and higher packing density 
(Pretzsch 2014). Based on a broad comparison between the 
SDI values for mixed versus mono-specific stands, Pretzsch 
and Biber (2016) found mixed stands up to 36% denser.

To account for alterations induced by tree species mix-
ing, the maximum stand density of the mono-specific stand 
may be modified through the concept of Density Modifi-
cation Coefficients (DMC) introduced by Pretzsch and del 
Río (2020). The DMC is computed as the quotient of the 
maximum stand density of mixed stands divided by that of 
monospecific stands, derived from respective self-thinning 
lines. If the mean tree diameters of the two species are equal, 
the expression of DMC is the following: DMC =  (N1,(2)/
DECsp2→sp1 +  N(1),2)/N2. This coefficient was derived from 
long-term experiments for different tree species in mixtures. 
DMC values shown in Table 6 were calculated for sets of 
triplets of two mono-specific and one mixed-species stand. 
These values indicate that mixed stands had by 2–28% 
higher maximum stand densities, i.e., the density of mono-
specific stand should be multiplied by the DEC coefficients 
in order to estimate the maximum stand density of mixed 
stands of the given species combination. The resulting mean 

DMC values can be used for the example applications in 
next section. 

In the following we show how density equivalence, DEC, 
and density modification coefficients, DMC, can be used 
in defining quantitative prescriptions for mixed stands. We 
start with the tree number per hectare, N, and the quadratic 
mean diameter dq of a stand. Based on the ln(N) − ln(dq) 
relationship of a reference tree species ( Nref ,mono ) in mono-
specific stands, the ln(N) − ln(dq) relationship of any other 
species (e.g., N1,mono,N2,mono ) can be derived by density 
equivalence coefficients, DEC. Using the reference density 
( Nref ,mono ) in mono-specific stands, density modification 
coefficients, DMC, allow the estimation of the stand den-
sity of mixed-species stands ( Nref ,mixed ). Based on Nref ,mixed , 
density equivalence coefficients may be applied for predict-
ing the tree numbers of various mixing proportions. Fur-
thermore, the maximum stand density ( Nref ,mixed ) can be 
used as reference for scheduling the stand density reduc-
tion by thinning, resulting in a ln(N) − ln(dq) relationship 
as thinning prescriptions for both species in the mixture 
( N1,mixed,thinned,N2,mixed,thinned).

In this way, the silvicultural regulation of mono-specific 
stands and mixed-species stands becomes a continuum; 
mono-specific stands represent a borderline case of mixed-
species stands. The introduced concept is suitable for design 
of silvicultural guidelines and the algorithms for their imple-
mentation in simulators for scenario analyses.

Figure 9a shows that N1,mono,N2,mono in monospecific 
stands can be derived by DEC from the tree number of a 
chosen reference tree species Nref ,mono , the tree numbers of 
a reference tree species in monospecific stands. The respec-
tive tree number Nref ,mixed of this species in the mixed stand 
results from multiplication with DMC as shown in Fig. 9b. 
This means that the tree number of a reference tree species 
in the mixed stands can be derived by DMC, as they predict 
any general over- or underdensity of mixed versus monospe-
cific stands. The maximum tree numbers N1mixed,N2,mixed for 
species 1 and 2 and a defined mixing proportion in mixed-
species stands can be calculated by respective DEC values 
shown in Fig. 9c. Finally, N1,mixed,thinned,N2,mixed,thinned guide 
curves for tree numbers for defined thinning may be sched-
uled for both tree species in a mixture based on the maxi-
mum curves as reference (Fig. 9d).

In addition to the graphical explanation, Supplement 
Table 3 introduces the respective formulas for deriving the 
tree number by species in mixed stands from the tree number 
of a reference species in monospecific stands  N1,2 for species 
proportions m, defined by number of trees  (mN1 and  mN2) or 
area  (mA1 and  mA2).

Table 6  Mean ratios of mixed versus monospecific stand density, 
DMC, for species combinations represented by data and analyzed so 
far

Species
combination

N. spruce
E. beech

s. oak
E. beech

S. pine
E. beech

Douglas-fir
E. beech

S. pine
s. oak

n 178 254 32 18 36
mean 1.020 1.257 1.130 1.281 1.137
SE 0.015 0.046 0.054 0.141 0.040
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Quantitative criteria for individual tree based 
removal criteria for different types of thinning

The rules for removal of competitors of crop trees are based 
on information about the size and identity of the crop tree 
(Fig. 10, central tree i), the size and identity of the neigh-
bors/competitors (Fig. 10, neighbor j, k…), and the distances 
( disti,j=1…n ) between crop tree and neighbors. The variables 
in Fig. 10 mean hcbi height to the crown base of the central 
tree, �i angle between the horizontal and the crown tip of 
the neighbors, disti,j tree-to-tree distance between central 
tree and its competitors, tan�t = 45° half opening angle 
of the virtual light cone; tan

�
 opposite axis/adjacent axis, 

tan�j = (hj − hcbi)∕disti,j , tan�k = (hk − hcbi)∕disti,k angle 
between the horizontal and the connecting line between 
height to the crown base of the central tree and the tips of 

each neighbor. For an example of the quantification of the 
competition and competition release by removal of neigh-
bors, see Supplement Part C.

Auxiliary relationships

Maximum stand density as reference

Steering of stand density means a reduction in the tree num-
ber below the level maximum stand density that is defined 
as the density of fully stocked stands under self-thinning 
conditions (Fig. 11a). In order to schedule the strength of 
thinning, i.e., of stand density reduction, the maximum 
stand density should be known. However, in contrast with 
mono-specific stands, knowledge is still scarce of the site-
specific stand density of mixed stands. We know that tree 
species mixing can change both the level and the slope of 
the self-thinning (Pretzsch and Biber 2016). Bravo-Oviedo 
et al. (2018b) found reasons for these changes, Ducey and 
Knapp (2010a, 2010b) provided metrics to quantify density 
in mixed-species stands, but empirical findings about density 
in mixed versus monospecific stands are still scarce.

One approach for filling knowledge gap may be the inte-
gration of unthinned mono-specific and mixed species plots 
when establishing thinning trials for mixed stands. Then, the 
density of the mixed plots may be used as a reference, and 
the other variants may be steered in dependence on the maxi-
mum density, e.g., by permanent or temporary reduction to 
80, 50 or 30% of the maximum stand density. More labori-
ous but stable and more general and overarching in appli-
cation is the derivation of general overarching site-specific 
maximum stand density lines for various tree species com-
binations. A makeshift may be multiplicators, introduced 

Fig. 9  Application of species-specific coefficients DEC, for density 
equivalence, and DMC, for density modification, for density regula-
tion in mixed-species stands based on the ln(N) − ln(dq) diagrams 
in schematic representation. Explanation in the text. (a) Based on 
the ln(N) − ln(dq) relationship of a reference tree species ( Nref ,mono ) 
in mono-specific stands, the ln(N) − ln(dq) relationship of any other 
species (e.g., N1,mono,N2,mono ) can be derived by density equivalence 
coefficients. (b) Based on the reference density ( Nref ,mono ) in mono-

specific stands, density modification coefficients, DMC, allow the 
estimation of the stand density of mixed-species stands ( Nref ,mixed ). 
(c) Based on Nref ,mixed , density equivalence coefficients may be 
applied for predicting the tree numbers of various mixing propor-
tions. (d) Furthermore, the maximum stand density ( Nref ,mixed ) can be 
used as reference for scheduling the stand density reduction by thin-
ning, resulting in ln(N) − ln(dq) relationship as thinning prescriptions 
for both species in the mixture ( N1,mixed,thinned ,N2,mixed,thinned)

Fig. 10  Concepts for further developing silvicultural prescriptions for 
mixed-species stands. Individual tree-based removal criteria for dif-
ferent kinds of thinning
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by Pretzsch and del Río (2020), which enable the derivation 
of mixed stand density from monospecific stands by a set of 
multipliers (see Sect. "Density Modification Coefficients for 
steering stand density and mixing proportions").

In any case, the objective is to have relationships that 
reflect the maximum tree number, stand basal area, or 
stand volume depending on mean tree size or stand age for 
a defined species combination and specific site conditions 
as reference for quantifying and scheduling the strength of 
density reduction by thinning.

Curves of tree height and height to crown base

The site-specific age–height curve of a tree species indi-
cates aspects of its fitness and the relationship between 
the height curves of different tree species reveal essential 
aspects of their inter-specific competition. An intersec-
tion of the specific height curves at early or mean ages as 
shown in Fig. 11b may cause strong competition or even 
the loss of the slower, lower, and inferior species first or of 
the outcompeted tree species in advanced stand ages. Com-
petition may be released by a temporal distance between 
the establishment of the species or a removal of the domi-
nating tree species in the neighborhood of the endangered 
trees of the other species. The site-specific height curves of 
mono-specific stands or even better the respective curves of 
the species in mixed stands are an essential component for 
developing thinning prescriptions (Petri 1978). The relation-
ship between height curves may be used for deriving the 
necessary temporal distance t between the establishment 
of the species, for the timing of the removal of the com-
pletion tree species, or even against establishing a special 
mixture at all in case that the competition will require too 

extensive steering activities. An additional valuable infor-
mation may be the height to crown base curve as shown in 
Fig. 11b exemplarily for species 1 and site index 24. Both 
the intersection of the height curve of species 2 with the 
height to crown base curve (black diamond) and with the 
height curve (black circles) may be essential for developing 
the design of mixing, the strength and frequency of removal. 
The time when tree species 2 enters the crown space (gray 
area) of species 1 (see site indices 24) indicates the critical 
need of promoting tree species 1 by competition release, if 
species 1 should be kept in the stand. If species 1 is light 
demanding the critical distance must ensure slight distance 
between crowns.

The site-specific height curves of monospecific stands as 
shown for tree species 2 in the inserted graph top left may 
be a first orientation. However, more suitable for guidelines 
are the site-specific height curves for mixed stands as shown 
in the main graph; due to inter-specific competition they 
may differ. They can be developed, among others, based on 
unmanaged long-term experimental plots, or fully stocked 
and unmanaged inventory plots (Pretzsch 2019b; Mitscher-
lich 1970, 112–122).

Species‑specific relationships for transforming tree number 
based mixing proportions to growing area related mixing 
proportions

The mixing proportions based on the tree number and grow-
ing area can be very different. Species with large crowns may 
have low tree numbers (and basal area and stand volume) 
proportions but high growing area proportions (Fig. 11c, 
curves above the bisector line). Species with similar crown 
allometry and growing space requirements may result in an 

Fig. 11  Concepts for further developing silvicultural prescriptions 
for mixed-species stands. The main graphs address the concepts for 
mixed-species stands in schematic representation; the insertions in 
(a), (b) show the corresponding relationships for mono-specific stand. 
(a) Maximum stand density relationships for two-species stands on 

rich ( +), medium ( ±), and poor (−) sites in comparison with mono-
specific stands (see insertion bottom left). (b) Site-dependent curves 
of tree height and height to crown base. (c) Species-specific functions 
for transforming tree number-based mixing proportions to growing 
area-related mixing proportions
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equality of tree number based mixing proportions and grow-
ing area related mixing proportions (see Fig. 11c bisector 
line). A tree species with comparably low growing space 
requirements may result in curves below the bisector line 
(Fig. 11c). High tree and volume portions require under-
proportional shares of stand area (e.g., Norway spruce vs. 
European beech). The relationships can be used for steering 
mixing proportions; they allow to determine the space that 
should be reserved for a species in order to guarantee a tar-
get share to tree number or volume of this species (Pretzsch 
and Zenner 2017, Pretzsch and Río 2019). Further research 
should focus on developing such relationships for a broad 
range of tree species assemblages and different stand devel-
opment phases (young, middle-aged mature).

Further developed thinning algorithms 
for mixed‑species stands

In the following, we sketch the abstraction and algorithm 
which are in both the mind of a practical working silvicultur-
ist and the program code of a forest stand simulator when 
facing the task of thinning stands. Special attention will be 
drawn to aspects that additionally matter in mixed compared 
with monospecific stands. At any rate, we assume that a 
specific target state (goal) and prescription (guideline) have 
been defined for the situation at hand. With these precondi-
tions in mind, we try to break down the complex algorithms 
for their realization into five main steps.

(i) Calibration for the respective environment and forest 
stand. For the treatment of mixed stands the site index 
per species, the expected overyielding and potential 
overdensity compared to monospecific stands are useful 
information. If there is overyielding, it is important to 
know if this is due to the profit of some species on the 
expense of the others or if a situation of mutual profit 
prevails.

  As a basis for all subsequent steps, silvicultural steer-
ing requires information about the respective site (e.g., 
site conditions, the site index) and about the stand (e.g., 
species combination, past stand development).

(ii)  Identification of the respective stand development 
phase. Here we need an assessment of the development 
phase for each species separately. In addition, the age 
or height difference between the species (symmetric/
asymmetric competitive pressure) is useful for sched-
uling species-specific interventions. Unlike in mono-
specific stands, a classification of a species ‘ devel-
opment phase in mixed stands must consider that the 
characteristic variables (e.g., mean diameter) do not 
only depend from age and the treatment history; there 
is also a strong influence of interspecific interaction. 

Therefore, the characteristic social status of a given 
species in a given stand has to be taken into account 
when assessing its development phase.

  The stand development phase may be character-
ized by the mean or dominant diameter or height of 
the stand or by the age. When characterizing thinning 
interventions, most prescriptions distinguish between 
the sapling, pole and pre-mature forest stage.

(iii)  Sapling stage. Here we apply metrics for scheduling 
the species-specific pattern of spatial distribution. On 
this stage rough species proportions are determined. 
For the fixation of the species-specific number of final 
crop trees and the mixing proportions, information 
of the final growing area requirement and the species 
overarching density is required. The interspecific spa-
tial mixing pattern is also important in this context. If 
the competitive potentials of all species on a given site 
are about equal, a single-tree-wise mixture is feasible 
and often comes with positive structural side effects. 
If this is not the case, the area intended to be covered 
by one species must be divided into greater patches in 
order to guarantee the desired final situation.

  Precommercial thinning by negative selection (e.g., 
elimination of predominant bad quality trees), tree 
number reduction, infrastructure provision (e.g., lanes 
and skid trails) for thinning.

(iv)  Pole stage. Both the steering of the kind and the 
strength of thinning require information about the max-
imum density, the growing area requirement, and tree-
to-tree distances of crop trees for all the represented 
tree species. On this stage, improvement in species 
proportion in limited extent is still possible. In order to 
keep the final goal, species priorities have to be defined, 
like "in two of three cases when crop trees compete, 
remove a spruce in favor of a beech tree." Such consid-
erations are of special importance at the border zones 
of patches covered by different species.

  Most common is the schematic thinning without or 
selective thinning with selection of future crop trees. 
The kind of thinning may be scheduled by elimination 
of trees of defined social classes, competition indices, 
diameter range. In the case of selective thinning, the 
crop trees get released by elimination of competing 
neighbors. The strength of thinning may be defined 
at the stand level by setpoint remaining tree numbers, 
basal area, or standing volume. Or the strength of thin-
ning may be defined at the individual tree level by the 
number of crop trees and the number of eliminated 
neighbors. Finally, the strength of thinning may be 
defined by combining tree and stand level as follows; a 
defined number of future crop trees are released (tree 
level definition) by the removal of their neighbors until 
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a defined setpoint basal area is reached (stand level def-
inition).

  The frequency of thinning is commonly defined by 
recurrence every nth year or by defined intervals of 
height or diameter development (e.g., in steps of 3 m 
height increase).

  A crucial information for scheduling the frequency 
of thinning is the height growth of the most inferior tree 
species if this should be kept in the play for the whole 
rotation. If the growth rate falls below a given thresh-
old, a recurrence of thinning intervention may be due. 
However, as long as the situation of the most inferior 
species does not become critical, the opposite aspect, 
i.e., the height growth of the most dominant species, 
will serve as a good indicator for scheduling thinning 
intervals, because it represents the most rapid develop-
ment going on, which shapes the growth conditions for 
all other species.

(v)  Mature forest stage. All measures are analogous to the 
approach in mono-specific stands, however, the species 
specific growing area requirements, stand densities, and 
the species interactions in terms of overyielding and 
overdensity have to be taken into consideration. Thin-
ning interval scheduling, species priorities, species 
patch sizes to be kept apply in the same way as pointed 
out above.

  In this phase, again the steering of the kind, severity, 
and frequency of thinning are in the focus.

  The kind of thinning mostly follows the kind of thin-
ning chosen and started in the pole stage. The steering 
of the strength of thinning is no longer based on the tree 
number but on the basal area or SDI; due to the pro-

gressing size differentiation, trees may have very dif-
ferent basal area and volumes and tree number becomes 
an equivocal metrics for steering density. In this stage, 
the size development (e.g., mean height) is often used 
as indicator for the frequency of thinning.

The principles of regulation and steering 
for the development and application of silvicultural 
prescriptions

Model-based scenario analysis may contribute to deriving an 
appropriate silvicultural objective and to derive silvicultural 
prescriptions for arriving at a given target state (Fig. 12). 
For this purpose, various treatment variants may be imple-
mented algorithmically in a growth model, e.g., various 
tree number-mean tree height guidelines (N–h-curves) for 
steering the stand development over time (Fig. 12a). For 
each of i = 1 … n treatment options, the stand development 
is simulated and the result compared with the target. The 
treatment options which show the best approximation of the 
stand to the defined target may be of special interest in order 
to maintain a suitable guideline for practical application. The 
derivation is often based on a combination of a normative, 
an experimental, and a simulation approach and includes 
also ecological and socio-economical conditions.

The involvement of a scenario analysis requires a quan-
titative formulation of a set of treatment options and finally 
provides as a result a quantitatively based treatment option 
that might be used for target-oriented silvicultural steering 
in practice.

This model-based derivation of a silvicultural treatment 
guideline represents a regulation process. By definition 

Fig. 12  Regulation process for the derivation of silvicultural pre-
scriptions and steering process when applying selected silvicultural 
prescriptions in practice. (a) The effects of silvicultural treatments 
on the stand development may be simulated by a model. The stand 
development can be compared with the target, and the repeated modi-
fication of the treatment and simulation generates a set of scenarios 

with some of them appropriate for the defined target. The feedback 
between the simulated stand development and the treatment option 
makes this process a regulation. (b) A derived silvicultural treatment 
may be applied as silviculture guideline for stand management. As 
there is no feedback between stand development and guideline char-
acteristics, this process is called steering
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(Berg and Kuhlmann 1993), regulation means that a devel-
opment is controlled by the initial conditions, the time exog-
enous variables, and that the rules can be modified by a 
feedback between the current development and the applied 
rules (closed-loop-control).

The application of this once derived curve for stand treat-
ment represents steering (Fig. 12b). Steering means that a 
system development is controlled just by the initial condi-
tions, the time exogenous variables, and static rules (open-
loop control). In this case, once derived and prescribed rule 
(e. g., guideline curve or threshold) provides the set point 
stand characteristic (e.g., density, mixing proportion, num-
ber of future crop trees) to that, the stand is adjusted by 
silvicultural interventions in defined intervals. In the case 
of steering, there is no feedback between the stand develop-
ment and the once fixed guideline. The application of a given 
silvicultural treatment in forest practice, i.e., the thinning of 
a stand based on a defined N–h curve, represents steering.

Conclusions

Although forest practice has a wealth of experience of which 
objectives can be achieved and which aspects are relevant for 
goal achievement by mixed-species stands (e.g., density reg-
ulation, frequency of thinning, necessity of promoting one or 
the other species), this knowledge is hardly yet formulated 
quantitatively and algorithmic (Pretzsch and del Río 2020). 
Moreover, some of the existing quantitative silvicultural 
prescriptions are aimed for the reduction in mixed stands 
instead of promoting them (Ministry of Natural Resources 
and Ecology of Russian Federation 2017).

Silvicultural experts often refuse to develop or follow 
quantitatively formulated guidelines for complex forest 
stands. They may prefer a free style silviculture rather than 
feeling restricted in their creativity and flexibility by silvi-
cultural prescriptions based on numbers (Brzeziecki et al. 
2021, Diaci et al. 2011, Schädelin 1942, p. 95, Schütz 2002). 
However, purely qualitative based-expert approaches may 
have the disadvantages that they are situational based and 
less long-term target oriented. Their compliance and suc-
cess are difficult to control. Quantitatively based silvicultural 
prescriptions, even being highly dependent on the large vari-
ability among site and within site conditions and the preva-
lence of numerous non-controlled factors, show convincing 
advantages over qualitative approaches also for complex 
mixed-species stands. By a quantitative description, silvicul-
tural prescriptions become nonindividual related, objective, 
and transferable. By quantitative formulation, silvicultural 
prescriptions for mixed-species stands may be implemented 
as algorithms in simulation models. Quantitative formula-
tion—despite of complexity—permits objectivity and repro-
ducibility of defined prescriptions. Furthermore, quantitative 

formulations make the steering of experiments less individ-
ual related. They make it easier to steer stands in practice 
or long-term experiments continuously even under personal 
changeover. Already in the past, the length of employment of 
staff in practice and science for a given task was short related 
to forest cycles. However, at present many faculties, research 
stations, and forest enterprises increase the turnover of their 
staff members and reduce the length of responsibility for a 
given task. In both science and practice, a continuity in stand 
treatment is important and this is supported by quantitative 
silvicultural prescriptions.

We presented a further development of the steering of 
the spatial arrangement and temporal separation in mixed 
stands, the steering of the density and mixing proportion, 
and the steering of the species-specific growing space at the 
individual tree and stand level. The further development of 
respective prescriptions requires species-specific auxiliary 
relationships regarding the site-specific maximum stand 
density, the growing space requirement, and allometry of 
trees in mixed in contrast to monospecific stands. In sake 
of simplicity, we referred to two-species stands when intro-
ducing various approaches, methods, and measures in this 
review. However, all approaches can be analogously applied 
for mixtures with more than two tree species. Guidelines for 
management beyond the stand level, e.g., based on natural 
disturbance dynamics concepts, are similarly qualitative 
and require additional improvement in order to make them 
reproducible and implementable in simulators (Bergeron et 
a. 1999). Most of the reviewed prescriptions are based either 
on measures at the tree or at the stand level or on a combina-
tion of both (Table 4). However, many present silvicultural 
techniques presently work on a scale in between. They may 
tend, thin, remove trees, natural regenerate, or plant at the 
scale of macro-structure such as slits, gaps, troops, etc., and 
a combination and assembly of several structural patterns 
may be beginning with cable crane lines, proceeding with 
slits and gaps (Hilmers et al. 2020). Future prescriptions 
should standardize such patterns in shape and size, and 
model algorithms should be flexible enough to simulate the 
creation of such structures and the tree development on such 
sub-stand areas.

Algorithmic and modular formulation of silvicultural pre-
scriptions enables their integration and use in tree and stand 
simulators for prognosis, scenario analyses, and develop-
ment of future silvicultural guidelines. This is particularly 
relevant as the steering of mixed forest stands implies more 
degrees of freedom than that of pure stands. There is now 
an upcoming interest in harmonizing the implementation 
of thinning prescriptions through embedding of a common 
thinning module into the whole spectrum of simulators being 
applied. Such common use of a thinning module among dif-
ferent expert groups will be possible through an accordingly 
general module interface. Sharing thinning algorithms is 
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particularly relevant, where novel thinning algorithms that 
take into account mixture effects are to be commonly imple-
mented inside a variety of simulation models in order to be 
shared among international expert groups and make their 
scenario analyses better comparable.

A future challenge is to reconcile the subjective and often 
normative approaches by practitioners and the quantitatively 
based algorithms applied when steering experiments and 
scheduling thinning modules for stand simulators. Against 
that background, methods of artificial intelligence like deep 
neural networks that can be trained to mimic the decisions of 
experienced practitioners become a highly promising option.
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