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Abstract  
 
The history of systematic forest science is wood-centered, dominated by monospecific 
stands, and the homogenization of forests. Recently, demands on the forest have become 
very extensive and multi-criteria. The agricultural and urban greening sectors are facing 
similar challenges such as promoting biodiversity, increasing carbon stock, improving 
social services like landscape esthetics, human recreation, and health.  
In the first part will be shown that diversification of forest structure and species mixing 
can improve many ecosystem functions and services including productivity. In this way 
diversification paves the way to integrative forest ecosystem management. 
Second, will be stressed the need for information for establishment, planning, and steering 
of more complex forest stands. I address the need for long-term experiments to acquire 
knowledge of structure and growth dynamics of mixed-species stands. I will emphasize 
and prove the need for statistical models for scenario analyses and planning, and further 
show the need for simplified silvicultural prescriptions for feasible operational 
implementation and teaching and training tools such as marteloscopes. 
Third, is shown that the size ratio of humans and trees makes forests an ideal system to 
analyze and model tree-tree interactions such as competition, competition reduction, and 
facilitation. Forest scientists can enter forests and measure individual trees, their size, 
position, inclination, distances and also their interactions with other trees, including 
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 competition and facilitation nearly without disturbances, without artifacts. Thus, recent 
studies found that structural diversity can improve productivity and is even a better 
predictor of forest productivity than tree species diversity. Mixed species stands can be 
more heterogeneous, and their canopies by 10-30 % more densely packed, than 
monocultures. Competition reduction and facilitation can increase mixed species stand 
productivity by up to 50 %.  
As perspective I underline that there is no isolated forestry biodiversity, agriculture 
biodiversity, urban biodiversity. There is no isolated forestry health, agricultural health, 
or urban health. There is only one biodiversity, one carbon cycle, one health, and also 
only one sustainability. This suggests a cross-sectoral diversification. Recognizing the 
“One Biodiversity, One Carbon, One Health” paradigm and re-opening the borders 
between the established sectors to work towards common research, teaching, training, 
and planning is a great, innovative, cross-sectoral perspective. 
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 Estimado Rector Magnífico,  
Estimados miembros del Consejo Rector de la Universidad de Valladolid, 
Estimado Laudatário, 
Señoras y Señores, 
 
...como todos ustedes bien saben, la ciencia es trabajo, trabajo y más trabajo.  
Y de pronto, uno recibe una condecoración. Es un gran honor para mí y una gran 
motivación estar aquí hoy. Me siento muy orgulloso, ¡Muchas gracias! 
  
Desde hace tres años, durante unas semanas en primavera y en otoño, trabajo con el grupo 
del catedrático Felipe Bravo en el Campus de Palencia.  
En la Universidad Técnica de Múnich trabajo como en un grande y pesado petrolero.  
Sin embargo, cuando vengo aquí, me siento como en una lancha rápida y ligera.  
Aquí siempre encuentro una atmósfera innovadora e inspiradora.  
 
Doy las gracias a los hermanos Andrés y Felipe Bravo Oviedo y a Miren del Río.  
Ellos iniciaron esta cooperación a través de su red internacional.  
Doy las gracias también a mi esposa Martina Mehring por su comprensión, quien a veces 
también me acompaña y está hoy aquí conmigo. 
 
Estar tan a gusto aquí, no es solo por la pasión académica y la cooperación.  
Es también debido a la personalidad de las gentes, los austeros paisajes, la ancestral 
historia… ...y ahora, mi tardío amor por España, y por Castilla, recibe además este 
especial reconocimiento 
 
Los alemanes tienen fama de que les encantan los premios, las medallas y las 
condecoraciones.  
En Alemania existen más de tres mil quinientas (3500) condecoraciones.  
Pues, como buen alemán, me alegra enormemente la gran distinción que hoy recibo de 
esta universidad.  
 
Me alegro, de forma personal, pero también por mi campo, las ciencias forestales.  
La ciencia forestal es: el sector primario, las botas de goma, somos habitualmente los 
“underdogs” en el mundo científico moderno…. igual que las ciencias agrarias. 
… y aquí y hoy, donde se condecora a la Política, la Economía, la Literatura, la Historia… 
... como científico forestal me siento profundamente honrado y agradecido.  
 
Discúlpenme, por favor, mi reducido español es suficiente para sobrevivir en el campo, 
en el bosque o el día a día en el campus de la Universidad.  
No lo es tanto para una presentación científica. Por ello, continúo en inglés. 
 
 
1 Increasing requirements regarding the functions and services of ecosystems. Criteria 
for sustainable ecosystem management 
 
The history of systematic forest science is dominated by monospecific stands and the 
homogenization of forests (Yaffee 1999). The main reason is that inventory, planning, 
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 forest utilization, and processing of wood products from homogenized, domesticated 
ecosystems seems easier compared with heterogeneous forests (von Gadow et al. 2016). 
Even the concept of sustainability has been developed primarily for sustainable wood 
supply (von Carlowitz 1713) and is now extended to a broader set of ecosystem services 
and functions and to nearly all fields of existence (Lüttge 2024). 
 
Many of today’s forest scientists were socialized in monocultures. Figure 1 shows  a 
Norway spruce monocultures established for wood production after World War II far 
beyond the natural range of this species. In this stand the speaker is at the age of 2 playing 
with two of his older brothers. 
 

 
 
Figure 1: Typical Norway spruce monocultures established for wood production after 
World War II far beyond the natural range of this species. The PhD candidate of today 
was socialized by and in monocultures. Here he is at the age of 2 playing with two of his 
older brothers in summer 1959. 
 
 
So, in the past the wood production was the main goal of forest management, and it 
certainly still plays an important role. But nowadays we expect much, much more from 
forests then in the past. These multi-criteria expectations and objectives of forest 
management are well reflected by the six criteria of MCPFE (2006) shown in Figure 2.  
 
• Maintenance of the forest area and stock (forest area, carbon stock, standing volume…) 
• Health and vitality (tree mortality, crown defoliation, deposition…)  
• Forest growth, yield, wood production (annual growth, annual cut, assortment yield…)  
• Biological diversity (landscape fragmentation, deadwood, species richness…) 
• Protective functions (climate smartness, area for water protection, protection against erosion…) 
• Socio-economic functions (financial yield, number of employees, esthetic and recreational 

value…) 
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 Figure 2: For integrative management the European states agreed on the 6 criteria 
(MCPFE 2006, Helsinki-Geneva-Warsaw process) and selected indicators in brackets. 
 
 
The forest monocultures of the past centuries hardly match these criteria of sustainable 
forest management and the six respective criteria (Figure 2). After World War II 
deforestation, urgent need of building material, lack of suitable seeds or plants for other 
species than spruce and pine, resulted in the establishment of extensive unnatural 
monocultures. Such monocultures reduce biodiversity, forest health and vitality, but also 
carbon storage. Frequently calamities caused by fire, drought, storm, snow, late frost or 
bark beetle damage especially artifical monospecific stands (Griess et al. 2012, Knoke et 
al. 2008). One well knows these reports from all over the world, acid rain in Central 
Europe and Scandinavia, storm damages in France, Switzerland, Germany, bark beetle 
and mountain pine beetle in Europe and North America, drought damages in nearly all 
over the globe (Figure 3). 
Many monocultures as products of the green revolution in agriculture and horticulture 
also do not match the modern criteria of sustainable management in agriculture. Reduced 
biodiversity, loads of pesticides, antibiotics, and water quality reduced by nitrate are a 
topic. Maybe, such moncultures  fullfil the economical objective of an individual 
enterprise. But they often neglect the goals of  national, political economy for a country 
or a continent. The same applies to many monocultures in horticulture where a risk 
distribution might reduce damages by virus or bacteria (Paut et al. 2019). 
 

 
 
Figure 3: Monocultures, especially when cultivated beyond the natural range of the 
respective species, proved to be more susceptible to among other acid rain, storm, bark 
beetle calamities, and drought. 
 
Although in the past there was often hardly any alternative, presently the existing 
monocultures get strongly criticized. Those disadvantages of monocultures brought the 
whole green sector into disrepute and under suspicion of ignoring sustainability, although 
the paradigm of sustainable management originated from there (von Carlowitz 1713). 
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 Following Rousseau (1762) it is debated that nature without human interference may do 
best (Rousseau 1762) and huge proportions of the landscape may be entirely protected 
(EEA 2023). 
 
 
2 Diversification of structure and species 
 
Recently there is a tendency to replace monocultures by mixed species systems (Figure 
4) that show advantages such as higher C-storage, resilience against drought, or 
biodiversity and can even overyield monocultures (Locatelli et al. 2015). Monocultures 
are certainly easier in terms of establishment, planning, utilization, technology; however, 
diversified, mixed systems pave the way to integrating various ecosystem services 
including acceptance by the public (Huuskonen et al. 2021). 
 
 

 
 
Figure 4: Transition from mono-specific to mixed species stands (from left to right). 
Presently more diverse forest stands are on the rise in science and forest practice. 
 
What is meant by diversification in this context: The classical age class system of 
monocultures (Figure 5a) may be further developed towards uneven-aged monocultures 
(Figure 5b). Uneven-aged mixed stands may result in selection forests which are very 
stable, productive, and beautiful (Figure 5c). Here the trees are no longer growing in 
cohorts of different ages, but all ages are combined in the same stand. In the figures trees 
of different ages are represented by different symbol sizes. Figures 5, b-c visualizes 
diversification of structure or tree species within a stand. 
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Figure 5: Diversification can be achieved at the (b-c) tree level within a stand or (d-f) at 
the stand, strip, or framing level (according to del Rio et al. 2016 and Jactel et al. 2017). 
Another promising option is the diversification at the stand, patch, strip or framing level. 
A mixed pattern of monospecific areas no matter whether in squares, stripes, patches can 
diversify, create barriers against insect attacks, positive interactions in terms of matter 
cycle, biodiversity, esthetic and risk reduction (Zhai et al. 2022, Jactel et al 2018). 
Examples are combinations of squares, strips, framings (Figure 5, d-f). In all cases 
interactions between trees of different sizes or species come into play, at tree, patch, or 
stand level. 
Similar tendencies of mixing are in progress in agriculture, e.g. nitrogen fixing tree 
species are mixed with non-nitrogen fixing ones to harness facilitation and reduce 
fertilization, called new green revolution by Martin-Guay et al. (2018).  
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 Figure 6: Diversification of structure and species can significantly increase (a) 
biodiversity, (b) survival probability of stands when affected by storms, pathogens, and 
(c) drought resistance (according to Begon et al. 1998, Paul et al. 2019, and Pretzsch et 
al. 2013). 
 
 
Interestingly, diversity of structure and species promote most of the six criteria demanded 
by modern forest management. Figure 6 shows three examples. Many works show that 
structural diversity has mostly a positive effect on plant and animal biodiversity (Begon 
et al. 1998, Dieler et al. 2017) as shown schematically in Figure 6a. And the biodiversity 
can stabilize ecosystem functioning and integrity. Species diversity by tree species mixing 
can reduce the risk of storm damages (Paul et al. 2019) as shown in Figure 6b for mixed 
stands of Norway spruce and European beech. Figure 6c shows that resilience against 
drought stress can be improved by tree species mixing, due to spatial or temporal 
complementarity of resource use (del Rio et al. 2017, 2022, Pardos et al. 2021), hydraulic 
lift (Pretzsch et al. 2013, Hafner et al. 2017), or shading (Grote et al. 2016, Pretzsch et al. 
2018, 2022). 
 
Many recent studies show that species diversification can even increase the growth in 
terms of stand productivity, i.e. the classical forest ecosystem service (Jactel et al. 2018, 
Pretzsch and Schütze 2009, Kelty 1992). Due to a lack of multi-species experiments the 
mixing effects were mainly shown for two-species mixture in even-aged stands.  
The productivity of the mixed stand of different mixing proportions often exceeds the 
weighted mean of the two mono-cultures, which is called overyielding (Figure 7a). 
Overyielding was found to be 10-30 % (Pretzsch 2016) in common mixtures and up to 50 
% in mixtures with atmospheric nitrogen fixing tree species (Forrester et al. 2006). This 
means an increase without fertilization, tending, or continuous thinning. It is essential to 
realize this potential of tree species mixing. The overyielding can be harnessed just by 
knowledge-based design: by establishing the right species ensemble. 
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 Figure 7: Tree species mixing can cause overyielding in (a) two-species stands, (b) higher 
carbon stocks, (c) even higher overyielding in multi-species stands (according to Forrester 
and Pretzsch 2015, Pretzsch and Biber 2016, Liang et al. 2016) 
 
 
Overyielding is partly based on a higher tree packing density in mixed compared to 
monospecific stands (Pretzsch and Biber 2016). Due to complementarity in space and 
resource use, more trees can survive and grow in mixed compared to monospecific stands 
(Pretzsch 2014). The maximum stand density can be higher. This also means a higher 
carbon-storage capacity of mixed stands compared with monospecific stands especially 
in older ages (Kobler et al. 2024, Hulvey et al. 2013) as shown in Figure 7b. Strong crop 
tree thinning, for example, can certainly reduce the density in a way that the mixing effect 
in terms of density increase is “thinned away”. But mixed stands have the potential to 
have higher stocks of volume or carbon. Long-term tree species mixing experiments with 
more than 2 species are very rare (Bravo-Oviedo et al. 2018). Several research institutions 
now start to establish such experiments; but it needs some survey time until the first 
results will be available. As a substitute forest inventory data are presently used for getting 
insights into the effect of multi-species mixtures. A study by Liang et al. (2016) based on 
worldwide national forest inventories showed an asymptotic increase of stand 
productivity with increasing tree species number (Figure 7c). With increasing species 
number, the effect of niche complementarity if another species is added decreases. The 
redundancy of species functions and traits increases and also the marginal benefit in terms 
of stand productivity (Marquard et al. 2009, Hooper 2004). 
 
Diversity of structure and species’ promoted many ecosystem services and functions: 
biodiversity, drought resilience, forest health. But it also can improve classical aims such 
as productivity and carbon sequestration. Diversification by spatial or temporal 
combination of different plant species or farm animals at the stand or landscape level can 
be a strong tool of integrating various ecosystem services including nature conservation 
and production (Harvey et al. 2008). In this way diversity paves the way to integrative 
forest ecosystem management. This means integration of multiple forest functions and 
services on large areas and not segregation, which would mean conservation, national 
parks here versus high intensive wood production plantations there (Figure 8).  

 
 

   
 

  (a) (b) 
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 Figure 8: Concept of Integration versus Segregation. (a) Integrative forest ecosystem 
management. (b) Segregation of unmanaged and managed forests.  
 
Segregation would mean that large proportions of the landscape may be entirely protected 
while others may be managed intensively (Pittelkow et al. 2015, Bollmann and Braunisch 
2013, Milad et al. 2011). An alternative to this segregation is the integration of both nature 
conservation and food or wood production (Ma and Zhuge 2024, Boncina 2011). 
Certainly, the integration by diversification can also have disadvantages, such as the need 
for more sophisticated and expensive planning tools, or wood quality reduction due to 
more heterogeneous structure, or challenges for forest utilization and product transport in 
diverse forests.  
However, in densely populated areas in Europe where people use the agricultural and 
forest areas for both livelihood and recreation, humans are an important part of the 
system, and the option of segregation and set-aside is questionable. In such areas 
ecosystem services such as recreation value, esthetics, biodiversity, food and wood 
production are rather required on larger areas, and integration of sustainable management 
and conservation, forestry and agriculture have a high potential of reconciling various 
needs and stakeholders (Aggestam et al. 2020).    
 
Interim summary 1: Demands on the forest have become very extensive and multi-
criteria. Diversification of structure and species mixing can improve many ecosystem 
functions and services including stand productivity. In this way diversification paves the 
way to integrative forest ecosystem management. 
 
 
3 Reorientation of forest science towards more diverse systems. From measurement to 
modelling and silvicultural prescriptions 
 
To date, the majority of methods and tools in forest science have been developed for 
homogeneously structured monospecific stands. This applies to models, simulators, and 
silvicultural prescriptions as well as demonstration plots and model forests (Bravo et al. 
2019, Pretzsch et al. 2017). However, these methods and tools require adaptation to more 
diverse stands. This is because mixed species stands do not act like the weighted mean of 
monocultures. Instead, they exhibit synergistic and multiplicative effects regarding 
ecosystem functions and services. 
Long-term experiments in mixed stands are scarce. Thus, recent studies have frequently 
relied on inventory data or temporal triplets along ecological gradients to acquire 
information. However, inventory plots cannot reveal defined thinning effects (Figure 9a); 
and triplets along gradients often represent only medium stand ages (Figure 9b). 
Therefore, in the long term, only experimental plots that address experimental factors 
such as site condition, species combination, stand density, and mixing pattern can help us 
fill existing knowledge gaps (Figure 9c). Figure 9c shows an innovative experimental 
setup for promising tree species combinations that has now been established across 
various Central European countries. 
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Figure 9: Leveraging inventory data (a), temporary plots (b), and especially long-term 
experiments (c) to advance our understanding of mixed stands (Pretzsch 2019). 
 
Importantly, once new knowledge regarding mixed stands’ behavior has been acquired, 
it needs to be integrated into simulation models (Bravo et al. 2019) for scenario analyses 
(e.g., scenarios of different silvicultural prescriptions) and forest management planning 
(e.g., assessing what constitutes a sustainable annual cut). These models may be set up 
using information regarding forest structure and diversity derived from current 
inventories (Figure 10, left). Their output should include information concerning 
production, ecology, and socio-economy (Figure 10, right). Taken together, this may 
enable us to analyze different silvicultural treatment options (e.g., setaside, thinning from 
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 above, selection thinning) in terms of the above mentioned six criteria of sustainable 
ecosystem management (Figure 2). 
 

 
 
Figure 10: Models for knowledge integration, scenario analyses, and forest management 
planning (according to Pretzsch 2009). 
 
Finally, we require simplified silvicultural prescriptions which, among other things, help 
us analyse how best to mix species in space and time (Figure 11a), how to thin in order 
to maintain the mixture, or how to transfer existing monocultures to mixed species stands.  
 
For training and teaching purposes, marteloscope plots can be useful (Figure 11b). They 
combine real, existing forest stands with digital twins: the stand is spatially represented 
in a handheld computer. Specific trees can be selected for thinning on the plots and 
marked in the computer. The computer can then simulate the effect of these thinnings and 
compare different options regarding multiple criteria. This approach can reveal the effects 
of different management variants (e.g., spacing, thinning, mixing, final harvest, 
regeneration) on structure, diversity, growth, C-storage etc. The marteloscope approach 
is suitable for teaching integrative forest management and its beneficial effects on 
ecosystem services (Krumm et al. 2019, Soucy et al. 2016). Figure 11b shows 
marteloscopes in Krumbach/Germany and Portillo/Spain. The marteloscope approach 
might be extended to agro- and agroforest systems.  
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Figure 11: Demonstration plots and marteloscopes for training and teaching. (a) Douglas-
fir- beech-in Krumbach/Germany and (b) juniper-pine-oak close to Portillo/Spain. 
 
 
Interim summary 2: Forest owners need information to make decisions; and there is a lack 
of such information for planning, establishment, and steering of more complex forest 
stands. We need long-term experiments to acquire knowledge of structure and growth 
dynamics of mixed-species stands. We need statistical models for scenario analyses and 
planning. We further need simplified silvicultural prescriptions and teaching and training 
tools such as marteloscopes. 
 
 
4 Revealing mechanisms of competition, competition reduction, and facilitation 
 
The scale of forests and our ability to measure and model them offers a huge potential 
and advantage when analyzing these systems. In a Central European forest, the size ratio 
between a human body and a tree is 1:20. That means we can enter forests and measure 
individual trees, their size, position, inclination, distances and also their interactions with 
other trees, including competition and facilitation. We can do this nearly without 
disturbances, without artifacts. We can walk around in forests without causing much 
damage (Figure 12a). We even can enter forests with TLidar, i.e., mobile CT scanning, 
or take wood samples such as increment core, without causing significant damages or 
disturbances.  
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 In contrast, in agricultural systems, such as grassland or vegetable crops, the size ratio 
between humans and plants can be as low as 1:0.2; i.e., it is difficult to enter the systems, 
to measure individual plant traits for understanding plant-plant competition, competition 
reduction, facilitation, without causing disturbances or artifacts (Figure 12b).  

 
 (a)  (b)  (c) 

 
Figure 12 The size ratio between humans and plants in forest science is more conducive 
to spatially explicit research of tree-tree interaction and mixing effects than that in 
agricultural sciences. (a) the size ratio between humans and plants is 1:20 in mature forest 
systems, (b) but only 1:0.2 in agricultural systems. (c) Similar to Lewis Carroll’s Alice in 
Wonderland (Carroll 1865), humans would need to be 100 times smaller to get similar 
access to agricultural plants as to forest plants. 
 
 
The human body would need to be 100 times smaller than it is to gain the same access 
and similar options of entering, measuring and scanning agricultural systems as for forest 
systems (Figure 12c). This would require a shrinking, similar to Lewis Carroll’s (1865) 
Alice in Wonderland. For her, a mouse was terribly big, and a mousehole a large, 
dangerous cave. On the other hand, thanks to her small size, she could have measured 
herbs and legumes just as easily as we measure trees in forests. As long as we do not 
figure out how to shrink like Alice, agricultural science can benefit from forest science 
when it comes to individual plant-based research and modelling.   
 
With these theoretical considerations about the spatial dimension of forest- versus 
agroecosystems it is aimed to clarify that thanks to their spatial dimension, even-aged 
monospecific stands can be relatively easily measured throughout their whole stand 
development (Figure 13, a-c). The same is true for even-aged and mixed uneven-aged 
stands. Their structure can be followed individually and spatially through classical 
methods (caliper, hypsometer, increment cores) or remote sensing techniques (TLidar, 
electronical dendrometers, mobile CT). 
 
Thanks to easy accessibility, tree and stand development can be followed spatially 
explicitly over decades or even the whole lifetime of trees and stands, as shown 
schematically in Figure 13.  
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 Without any active management, Darwinian forces become visible in forest stands 
(Figure 13a). A very few tall trees claim most of the resources and space (Grams and 
Lüttge 2011). They dominate and overgrow the other trees. The resulting stand structure 
is composed of a few strongly growing, tall trees and multiple slowly growing, small 
trees. Without silvicultural interventions, the growth of a few initially dominating trees, 
e.g. twin trees or predominant trees, is maximized. Hence, a lack of management can 
maximize individual tree growth, but not the growth per unit area, i.e. not the stand 
productivity. Conversely, strong homogenization also causes suboptimal growth as the 
growing space and resources are not fully leveraged, especially in the mature stand 
development phase (Figure 13b). 

 
 
Figure 13 The structural diversity of mono-specific stands can significantly affect their 
productivity. Unthinned or homogenized stands (a and b) produce less than stands with a 
medium structural diversity (c). (d) Even within stands with the same density productivity 
can vary. Mean size heterogeneity and structural diversity can increase productivity by 
10-25 % (according to Pretzsch et al. 2024). 
 
 
Recent studies show that mean structural heterogeneity (Figure 13c) of forest stands can 
significantly increase stand productivity (Pretzsch et al. 2024). There seems to be an 
optimal relationship between structure and productivity. Strongly homogeneous and 
heterogeneous stands are suboptimal in productivity per unit area, whereas moderately 
structured stands can produce 10-25 % more. This is because moderate structural 
heterogeneity enables a better use of resources distributed over multiple layers and tree 
sizes in a stand. Resultantly, extremely inhomogeneous unthinned stands and stands 
homogenized by thinning from below (thinning the small trees) produce less than stands 
with a medium structural diversity (Figure 13d). 
Productivity can increase asymptotically in relation to the number of species in a given 
stand (Figure 14). There are exceptions to this rule: for example, Douglas-fir, Norway 
spruce, and eucalyptus are outperformers in terms of productivity and are difficult to beat 
in mixtures, at least not over one or two rotations (Liang et al. 2016, Forrester and 
Pretzsch 2015, Körner 2005).  
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 In most cases, however, mixed stands grow more than the weighted mean of neighboring 
monocultures. A main reason for this overyielding of mixed compared to monospecific 
stands is that in mixed stands, tree shapes and sizes are often more diverse (e.g., due to 
the different tree allometry, light demand, growth velocities). Consequently, the trees can 
exploit the available space and light resources more efficiently. Stand density is often 
higher in mixed compared to monospecific stands, and complementary traits can reduce 
competition for resources and space (Grams and Lüttge 2011). Overyielding increases 
with greater complementarity of the structural and functional traits of the mixed species. 
Figure 14, right shows mixture of species with different crown shapes which can better 
exploit the available canopy space for growth. Overyielding may increase by 10-15% in 
mixtures of similar tree species, and by 20-30% in stands with high complementarity.  
 
 

 
 
Figure 14 Stand productivity generally increases asymptotically with increasing species 
diversity. The strength of the mixing effect depends on the complementarity of the species 
ensemble (according to Jactel et al. 2018, Liang et al. 2016). 
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Figure 15 Mixing effects depend on the structural and functional characteristics of the 
combined tree species. Combining complementary traits, such as allometrically non-
plastic with plastic, or seasonal with evergreen species can reduce competition. 
Conversely, combining drought tolerant, deep rooting with drought intolerant, shallow 
rooting species, or N-fixing with non-N-fixing tree species (Bravo-Oviedo et al. 2018) 
can enhance facilitation. 
 
Significant overyielding can be expected when combining phenotypically non-plastic and 
plastic, light demanding and shade tolerant, shallow and deep rooting, seasonal and 
evergreen, or slow and fast growing tree species (Bravo-Oviedo et al. 2018), as shown in 
Figure 15.  
In addition, overyielding can be affected through facilitation (Figure 15) such as hydraulic 
lift (Hafner et al. 2017, Pretzsch et al. 2013), N-fixing tree species (Forrester et al. 2006), 
or shading trees and protecting smaller trees against extreme temperatures and drought 
(Grote et al. 2016, Pretzsch et al. 2022). These beneficial effects of competition reduction 
or facilitation can be achieved simply through the smart selection of species and design 
of mixtures. 
For a smarter knowledge-based design of productive and resource-efficient mixed species 
stands, we need more empirical studies: experiments with different species ensembles, 
site conditions, and mixing patterns as experimental factors. 
 
Interim summary 3: The size ratio of humans and trees makes forests an ideal system to 
analyze and model tree-tree relationships such as competition, competition reduction, and 
facilitation.  
Mean structural diversity leads to the highest productivity. Mixed species stands are more 
heterogeneous, and their canopies more densely packed, than monocultures. Competition 
reduction and facilitation can increase mixed species stand productivity. Differences in 
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 the trees’ structural and functional characteristics are key to understanding mixing effects 
and the extent of overyielding.  
 
 
5 Cross-sectoral perspectives. There is only one biodiversity, one carbon, one health, one 
sustainability 
 
The clearings during the Middle Ages resulted in the classic segregation between forests, 
and agricultural and urban ecosystems (Figure 16a). This segregation, commonly 
observed as rings around cities (with different systems and homogenizations within the 
rings) was first described by von Thünen (1783-1850) (see Samuelson 1983, von Thünen 
2022). The resulting concept of the “von Thünen rings” (Figure 16a) greatly simplified 
the product utilization, transport, planning, and continuous management.  
 
At the same time as ecosystems were segregated at the landscape-level, a segregation 
took place in the sciences: a division into the sectors and faculties of forest science, 
agricultural science, and urban and landscape planning. This institutional segregation in 
science, teaching, and planning exists to this day. The segregation between and the 
homogenization within the forestry and agriculture sector were even more consolidated 
by the trends towards monocultures in forestry in the last two centuries (Liu et al. 2018, 
Yaffee 1999) and by the green revolution in agriculture since the middle of the last 
century (Crews et al. 2018, Glaeser 2010). 
 
Within these segregated sectors and fields of science, many parallel developments and 
inadvertent duplications of discovery occurred. The self-thinning processes were 
analyzed and modeled by Reineke (1933) in forest science and by Yoda et al. (1963) in 
agriculture. Plant allometry was explored by Niklas (1994) and Enquist et al. (2001) in 
forests and by Weiner (2004) and Weiner and Thomas (1992) in agriculture. Mixing 
effects and overyielding were described by Kelty (1992) in forestry and Vandermeer 
(1992) in agroscience. Experiments with the design by Nelder (1962) were used and 
further developed for knowledge in both sectors (Pachas et al. 2018, Uhl et al. 2015). 
Finally, individual plant models were invented in parallel in forest and agricultural 
sciences (Grimm 2013, Fourcaud et al. 2008). 
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Figure 16 From homogenization to diversification at different spatial scales. (a) Classic 
segregation between forest, agriculture, and urban ecosystems (from left to right). (b) 
Diversification at the sector level. (c) Cross-sectoral diversification, e.g., through open 
areas or humid biotopes in forests, agroforest systems, or tiny forests and urban food 
gardens in urban areas. 
 
So far, we have mainly focused on the potential of diversification to enrich and improve 
ecosystem services within the forestry sector (Figure 16b). However, the very same trend 
of diversification of structure and species as it was described in forestry is emerging in 
agronomy and urban areas: cereals are mixed with legumes, and new species are 
introduced in urban areas. Urban planners are becoming increasingly aware that alleys 
with only one species are more vulnerable to pathogen attacks or climate change, and 
now mix provenances or species to mitigate the risk of total damages. Similarly, the 
multiplicative effect of diversification on ecosystem service provision applies not only to 
forests but also to other sectors. At the same time, forestry and these other sectors also 
face similar challenges (Figure 2) such as promoting biodiversity, increasing carbon 
stock, improving social services like landscape esthetics, human recreation and health 
(Martin-Guay et al. 2018). We think that this calls for a stronger cooperation in both 
science and practice. 
 
If we do this, different sectors can benefit and learn from each other: For examples, forest 
systems may offer a useful spatial resolution and good accessibility; agricultural systems 
a high temporal resolution enabling fast experiments; and urban areas a high relevance 
and level of knowledge about the effect of trees on human health and wellbeing (e.g. 
shading, cooling, air humidification, allergic risks). This interaction across sectors may 
lead to greater scientific productivity and maybe even to an overyielding of knowledge. 
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 The within-sector diversification in terms of biodiversity, carbon, or health is crucial. But 
we need to remember that there is no isolated forestry biodiversity, agriculture 
biodiversity, urban biodiversity, no forestry carbon, agriculture carbon and urban carbon, 
no isolated forestry health, agricultural health, or urban health. There is only one 
biodiversity, one carbon cycle, and one health (Adisasmito et al. 2022, Zinsstag et al. 
2011). And there is also only one sustainability (Lüttge 2024, Goodland 1995, von 
Carlowitz 1713).  
 
This suggests a cross-sectoral diversification as show in Figure 16c. Imagine open areas 
and humid  
biotopes in otherwise continuously covered forests. Trees enriching agricultural areas. 
Imagine tiny forests in urban areas (planting patches of multispecies to increase 
biodiversity), pair planting of urban trees (to distribute risk and enhance facilitation), and 
urban food gardens (crops in urban areas for food supply nearby). This kind of 
diversification may even have exponential effects on various ecosystem services.  
 

 
 
Figure 17: Cross-sectorial analyses, models, management prescriptions between forest 
science, agricultural science, and urban science as research perspective.  
 
Forests and agriculture systems cover 68% of the earth surface. Together with urban areas 
(1-2 %), they constitute approximately 70% of the earth surface. They are essential to the 
future of our globe and human life. Recognizing the “One Biodiversity, One Carbon, One 
Health, One Sustainability” paradigm and re-opening the borders between the established 
sectors to work towards common research, teaching, training, and planning (Figure 17) is 
a great, innovative, cross-sectoral perspective. 
 
De nuevo, mi más sincero agradecimiento por el honor de poder estar aquí hoy, por su 
tiempo y por su atención. 
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