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Abstract

Managing forests for increased structural complexity as well as acknowledging them as ‘complex adaptive systems’ has become

a paradigm in modern silviculture. Primary forests usually show greater structural complexity than managed forests since

forest management often aims for several reasons at less complex but specific structures, e.g. for the production of desired

wood assortments. Therefore, the question why natural forests seem to gravitate towards maximum structural complexity, at

least aboveground, remains. Here we argue that the consideration of thermodynamic theory in forest ecosystem research holds

great potential for a deeper understanding as to why structural complexity is beneficial to forests when it comes to evolutionary

adaptation. We bring together several existing theories and highlight how structural complexity relates to thermodynamic

principles and correspondingly forest productivity, potentially also providing us a means to quantify forests’ adaptive capacity.

Towards a causal understanding of the relationship between structural complexity, productiv-
ity and adaptability of forests based on principles of thermodynamics

Abstract

Managing forests for increased structural complexity as well as acknowledging them as ‘complex adaptive
systems’ has become a paradigm in modern silviculture. Primary forests usually show greater structural
complexity than managed forests since forest management often aims for several reasons at less complex but
specific structures, e.g. for the production of desired wood assortments. Therefore, the questionwhy natural
forests seem to gravitate towards maximum structural complexity, at least aboveground, remains. Here we
argue that the consideration of thermodynamic theory in forest ecosystem research holds great potential for
a deeper understanding as to why structural complexity is beneficial to forests when it comes to evolutionary
adaptation. We bring together several existing theories and highlight how structural complexity relates to
thermodynamic principles and correspondingly forest productivity, potentially also providing us a means to
quantify forests’ adaptive capacity.

Keywords: forest, exergy, complexity, entropy, buffer capacity

Introduction

The structural complexity of a forest can be defined as all dimensional, architectural, and distributional
patterns of plant individuals and their organs in a given space at a given point in time (Seidel et al. 2020).
Today, it is possible to quantify the complexity of forest structures objectively, holistically, and efficiently
based on light detection and ranging (LiDAR) technology (e.g. Ehbrecht et al. 2021, Heidenreich and Seidel
2022). Structural complexity in general was shown to have beneficial effects on various ecosystem functions
and services provided by forests (Lindenmayer et al. 2000, Knoke and Seifert 2008, D’Amato et al. 2011,
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Neill and Puettmann 2013). Therefore, managing forests for increased structural complexity and for its
maintenance, as well as acknowledging them as ‘complex adaptive systems’ (Holland 1992, Gell-Man and
Lloyd 1996, Levin 2003) has become a paradigm in modern silviculture in many countries (Messier et al.
2013). In fact, Möller (1922) who developed the idea of a ‘continuous cover’ forest management had predicted
such beneficial effects already 100 years ago (Ammer 2021). Interestingly, there is solid quantitative evidence
that, all others things being equal, primary forests possess (on average) a greater structural complexity
than managed forests. This was shown for temperate coniferous forests (e.g. Seidel et al. 2016), temperate
deciduous forests (e.g. Stiers et al. 2018, 2020), tropical forests (Camaretta et al. 2021), and also boreal
forests (Kuuluvainen et al. 1996), but on different absolute levels of structural complexity. Some forests have
been explicitly managed for high vertical and horizontal as well compositional heterogeneity over decades
and provide a largely uneven-aged structure (Heliwell 1997, Stiers et al. 2020). Such stands can possess high
structural complexity, approaching that observed for primary forests (Stiers et al. 2020). Beside management,
the absolute level of above-ground structural complexity is determined by the abiotic environment. For
example, it was shown that structural complexity of primary forests on global scale strongly increases with
the available water (Ehbrecht et al. 2021). Therefore, the global pattern in forest complexity clearly peaks in
the tropics, drops drastically to the subtropics, rises strongly towards the temperate zone and finally flattens
out at the polar regions (Ehbrecht et al. 2021). Water availability and sufficient time to spatially arrange
plant tissue without major disturbance can therefore be described as critical factors for a high structural
complexity in forest systems.

While forest management aims at a specific stand structure according to the management goal, the question
remains why natural forests seem to gravitate towards maximum structural complexity, at least aboveground.
To answer this, it might be helpful to see forests through the lens of thermodynamic theory.

Forests through the lens of thermodynamics

Already 30 years ago, scientists argued that it might be a promising endeavor to apply the principles of ther-
modynamics to ecosystems (Jørgensen 1990, 1992, Abel and Trevors 2006). Originally developed to describe
the energy budgets in closed systems, thermodynamic theory was never utilized to help understanding tree
or forest structural complexity.

The first law of thermodynamic states that in a closed system, energy cannot be created or destroyed, it can
only be converted from one form to another (Clausius 1850). The second law of thermodynamics tells us that
in a closed system, entropy can never be eliminated, it can only remain steady or increase (Clausius 1854).
In such a system, all processes therefore result in the conversion of higher-quality energy to lower-quality
energy and heat production. This change in energy quality is unidirectional (only from high to low quality)
and describes a decreasing availability of exergy, which is that part of energy that can be used to do actual
‘work’ (Nielsen et al. 2020). Brillouin (1960) already described this descending quality of energy from high
quality with low entropy (e.g. radiation) to low quality with high entropy (heat). From this, it is obvious
that the non-living physical world, for which the laws of thermodynamics have been developed, inevitably
runs into a condition of maximized entropy, with entropy being best defined as the “level of dissipation that
already happened” (cf. Nielsen et al. 2020). Anything that could have happened already happened at the
end of this development, all energy will have been converted to heat. However, it is known since more than
100 years (e.g. Lotka 1922) that this does not hold for living systems, like plants.

Living organisms are able to make use of external energy sources to power their own biophysical processes,
basically to sustain their own life, through the creation of structures in the form of complex molecules
(Lotka 1922, Fonseca et al. 2002, Ludovisi 2014). Here, mechanisms involve energy trapping, transduction
and storage or immediate utilization for cellular work (Abel and Trevors 2006). Nielsen et al. (2020) stated
that the key question is therefore how the thermodynamic balances are handled by living organisms to allow
for the build-up of ordered and efficient structures. It was proposed that living systems exploit an energy
source (e.g. light) as effectively as possible to maximize the intake of energy (here: exergy or eco-exergy;
e.g. Fonseca et al. 2002) in their system to be used for their own processes and in order to create their
own structures which are necessary to support the biochemical processes (sensu Lotka 1922). Thereby, the
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metabolism of living organisms never violates the second law of thermodynamics (Abel and Trevors 2006).
Through the utilization and storage however, living systems delay the process of entropy production, often
referred to as the creation of anentropy or negentropy (Schrödinger 1944, Nicolis and Prigogine 1971, Nielsen
et a. 2020). This was proposed to serve as handy criteria to define what life is (cf. Nielsen et al. 2020) and
earlier, to express what evolution might strive for, i.e. energy efficiency and maximized energy throughflow
(Lotka 1922).

The first implication of this, when applied to forest ecosystems, is rather trivial: the energy provided by the
sun can be interpreted as the fundamental source for the development of forest structures. The second one is
less trivial, since one can derive from the above said that forests might actually develop complex structures
to enable an efficient use of sunlight (cf. Odum and Pinkerton 1955, Schneider and Kay 1994). If complex
structures allow using light as energy source as efficiently as possible on the way between the forest top
and the ground floor, structural complex forest have more aboveground resources available to be invested
in growth, defense, storage, adaptation or reproduction. Some evidence for this hypothesis exists, since it
could be shown that net primary productivity of forests is positively correlated with structural complexity
(Harthun 2017, Gough et al. 2019). For trees, a positive relationship between the structural complexity and
growth efficiency (wooden tree volume to crown surface area) was discovered (Seidel et al. 2019), as well
as a positive relationship between the structural complexity and the productivity of individual trees across
more than 40 species (Seidel 2018, Seidel et al. 2019, Dorji et al. 2021). However, the primary productivity
of the entire ecosystem (forest) is still difficult to quantify, since it is not possible to quantify belowground
productivity well enough. Even for the aboveground parts of a forest, inventories usually do not consider
trees smaller than 7 cm in diameter at breast height.

Structural complexity and productivity

In literature, there is a hypothesis as to why forests with high complexity might grow so well: Jørgensen
(1992) argued that mature and complex ecosystems, including forests, are able to capture more exergy (usable
energy) than immature ecosystems with low complexity. In a study incorporating forests across the eastern
United States, it was shown that the fraction of photosynthetically absorbed radiation increases with canopy
structural complexity of the stands (Atkins et al. 2018a). Accordingly, when analyzing monocultures and
mixed stands, Forrester et al. (2018) found that the light absorption of stands increases as canopy volume
increases. The light capturing rate is hypothesized to flatten out when maturity is reached (see Jørgensen
1992) and, in case of a fully stocked mature and unmanaged forest, it likely oscillates around a high level in
absence of major disturbances. Since maturity of a forest ecosystem usually corresponds to a larger leaf area
per unit ground area, it is not surprising that this measure was shown to relate closely to forest productivity
(e.g. Bolstad et al. 2001). However, stand growth depends more directly on light absorption than on leaf
area (Binkley et al. 2013). Thus, a given photosynthetically active surface area distributed over a larger
vertical extent (multi-layered forest) results not only in a higher structural complexity of the stand when
compared to the same leaf area being located in a thin canopy layer (single-layered forest), but possibly also
in a higher light absorption and consequently a higher productivity (e.g. Juchheim et al. 2017). Since such
multi-layeredness results in more stable microclimate conditions (Ehbrecht et al. 2019), heat loads in the
canopy are lower than in single layered stands due to higher exergy uptake. A strongly vertically distributed
light absorption and reduced heat loads would also reduce heat stress, and enable efficient photosynthesis
which is thermosensitive process (e.g. Wang et al. 2008). In fact, Weigel et al. (2022) stated that it is likely
that direct and negative effects of heat on leaf physiology are often underestimated.

Structural complexity and adaptability

Mature (complex) ecosystems are also said to have a higher exergystorage when compared to immature (less
complex) systems (Jørgensen 1992, Ludovisi 2014). Schneider and Kay (1994), based on data from Luvall
and Holbo (1989) provided evidence for this hypothesis based on calculations of the exergy storage derived
from remote sensing data of forests in different stages of development. They showed that along the gradient
from a quarry without significant amounts of vegetation, through a clear-cut site, a Douglas fir plantation,
a natural secondary forest to a 400-year-old Douglas fir-dominated forest the percent of net incoming solar
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radiation not used for increasing the system’s temperature, increased with the degree of ecosystem maturity.
It was argued that biological systems, through the optimization of processes in terms of thermodynamic
efficiency, reach a maximized capacity to store exergy, which supposedly translates into a maximized ‘buffer
capacity’ of the system or a maximized ability of the system to adapt to changing conditions (e.g. Mejer and
Jørgensen 1979, Jørgensen and Mejer 1981, Jørgensen 2002). If so, this would have important implications
for the adaptation of forests to climate change. We hypothesize that structurally complex forests can more
easily adapt to changing climate conditions than less complex ones. It remains to be tested whether they
are even less vulnerable and thus more resilient to climate changes. However, the buffer capacity and the
adaptive capacity (adaptability) do not necessarily mean the same thing. While often used interchangeably
in literature, here we argue that ‘buffer capacity’ should be used when referring to the ability to resist
an external effect or disturbance without system collapse or significant changes in system functions and
structure, e.g. a storm event that did not result in a large wind-throw. Buffer capacity may therefore be
the synonym to ‘ecological stability’, originally defined in the 70’s as the ability to resist changes from the
outside (cf. Rutledge 1974, Rutledge et al. 1976). In contrast, ‘adaptability’, in our understanding, refers to
the potential of a system to adapt to a disturbance or altered conditions without losing its integrity, e.g. a
mixed-forests survives a bark-beetle infestation since only a few percent of the tree species in the stand are
susceptible to the pest, the overall stand, however, continues to exist as a modified version of its previous self.
However, buffer capacity and adaptability share that they are considered positive properties of an ecosystem.

In any case, the question remains how a greater buffer capacity or adaptive capacity of structurally complex
forests may be explained. We hypothesize that in case of a forest, complex structures are usually related to the
presence of many plant organs of different size, e.g. leaves, twigs, regeneration, dominant trees, intermediate
trees and small trees in a given space. A large biomass is not necessarily related to a high complexity, since
most biomass is stored in the stems, which contribute little to the stand level complexity. That is why previous
research in primary forests around the world showed that the structural complexity and the basal area (as a
proxy for biomass) of a forest, do not necessarily correlate (Ehbrecht et al. 2021). Also, biomass alone is not
a satisfying proxy for the buffering or adaptive capacity of a forest. In contrast, it was shown that beside
climatic changes high growing stock was an important factor when explaining the increased disturbances
in forests (Seidl et al. 2011). While maximization of exergy storage might be achieved through ecosystem
maturity (sensu Ludovisi 2014), it is important to consider that large biomass combined with low exergy
storage was also described as an indication for a sub-optimal system (Jørgensen et al. 1995, Bendoricchio and
Jørgensen 1997). Note that optimal in terms of maximizing exergy capture is not equivalent to the optimal
in the sense of timber production where exergy is usually low since biomass is preferentially allocated to
stemwood. Considering only the amount of biomass present in a forest is hence likely not a suitable measure
to quantify the efficiency of the energy conversion in a forest system or its adaptive capacity.

For a high energetic efficiency, the amount of green (photosynthetically active material) is likely a better proxy
than the wooden biomass stocked in the stand, since it is the leaves that capture the light, delivering exergy
to the tree while woody biomass deals with the energy storage. Even for the quantification of energy storage
it is unlike that biomass alone is a good proxy, since wood-bound biomass does not contain particularly
much exergy that could be used for adaptational processes. Wood rather stores anergy (energy not usable
in the system; sensu Nielsen et al. 2020) that cannot be mobilized easily, unless decomposition takes over or
the trees catch fire, releasing large amounts of energy in the form of heat, not usable by the tree itself. In
contrast, fine roots, younger shoots, twigs and leaves possess a greater ability to respond to altered conditions
or disturbances, for example by changing the growing direction or growing angle, halting or increasing lateral
growth, etc. Leaves and fine roots can even respond by modifying the efficiency of resource use (Shipley and
Meziane 2002). In addition, it is in the leaves where trees perform stress relief through enzymatic feedback
systems when drought and high temperatures that result in oxidative stress, need to be compensated by an
antioxidant system (Rennenberg et al. 2006) which requires exergy.

Significance of structural complexity

Against the background that future challenges due to climate change might result in a dramatically increased
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importance of the buffer or adaptive capacity of an ecosystem, the above said has important implications.
If it is possible to measure structural complexity of an ecosystem, one might be able to provide a proxy for
its adaptive capacity. For trees and forests, the quantification of the overall structural complexity in three-
dimensional (3D) space is today possible based on terrestrial, mobile and airborne 3D laser scanning (Atkins
et al. 2018b, Ehbrecht et al. 2017; 2021, Seidel 2018, Dorji et al. 2021, Stiers et al. 2020, Willim et al. 2020).
Global approaches based on spaceborne laser scanning from the international space station (ISS) by means
of NASA’s GEDI (global ecosystem dynamics investigation) also provide tools for an assessment of forest
complexity and structure mapping (e.g. Schneider et al. 2020). With structure and complexity available, it is
equally important to gain information on tree species identity. Here, large progress has also been made when
it comes to species identification for example from infrared sensors (e.g. Pan et al. 2022). Silviculturists know
ways to increase the complexity of managed forests (Peck et al. 2014), mimicking natural developments (e.g.
Messier et al. 2013) or admixing additional tree species, resulting in forests that produce timber but that are
almost as complex as primary forests at the same time (e.g. Stiers et al. 2020). Figure 1 provides a visual
representation of the theoretical ideas present here.

Hosted file

image1.emf available at https://authorea.com/users/564504/articles/611290-towards-a-

causal-understanding-of-the-relationship-between-structural-complexity-productivity-

and-adaptability-of-forests-based-on-principles-of-thermodynamics

Figure 1: Causal framework of the relationship between structural complexity, productivity and adaptability
of forests

Conclusions

Here we argue that the consideration of thermodynamic theory in forest ecosystem research holds great
potential for a meaningful interpretation of the effects of forest structural complexity. We propose that higher
structural complexity positively relates to the photosynthetic capabilities of a forest, which relate to optimized
thermodynamic processes and hence increased energy uptake, exergy storage and ultimately increased energy
turnover and thus adaptability, two ultimate properties of evolutionary processes. More research is needed
to empirically confirm that the hypothesized causal chain is true for forest ecosystems, consequently that
structural complexity is a driver of a forest’s ability to deal (buffer or adapt) with environmental stress. If
so, management for complexity would be a reasonable option to increase the adaptability of forests to future
challenges, particularly climate change, and it should be considered that such complex forest structures
cannot be created overnight, meaning that management towards higher structural complexity is urgently
needed.
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Clausius, R. (1854). Über eine veränderte Form des zweiten Hauptsatzes der mechanischen Wärmetheorie.
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