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ABSTRACT
This paper discusses the ecological gradient principle and shows interrelations of this concept with several 
approaches of ecosystem analysis and theory. After a general description of ecosystem self-organization, 
ecological gradients are introduced as emergent ecosystem properties, their characteristics are explained, and 
different gradient types are distinguished. On this basis, the gradient principle is related to some other theoretical 
approaches of ecosystem comprehension: hierarchy theory, network theory, and thermodynamics. Thereafter, 
while observing ecosystem development, gradients are related to orientor theory, and the roles of disturbances 
are discussed. Few outcomes of the gradient principle for environmental management are listed, reaching from 
indicator derivation, integrity utilization to ecosystem service-based valuations. Finally, Bossel’s basic orientor 
concept is used to show a gradient-related linkage between environmental and human systems.
Keywords: ecosystem theories, ecosystem gradients, self-organization, ecological orientors, ecological integrity, 
ecosystem services.

1 INTRODUCTION
The following pages are dedicated to our late colleague and friend Enzo Tiezzi. Enzo has been an 
inspiring analyst and supporter of ecosystem theories and a brilliant expert in closing the linkages 
between thermodynamics and ecosystem ecology. Besides his excellent scientifi c recognitions, 
Enzo Tiezzi was always open for interdisciplinary conceptions and he was extremely constructive in 
identifying and understanding interrelationships at all levels of science. Enzo was a wonderful host 
of ecosystem workshops, fostering dialogues between colleagues from very distant origins, offering 
an extraordinary hospitality and deep friendship. In his book ‘Steps towards an evolutionary physics’ 
([1], pp. 61–62), Enzo Tiezzi has written the following sentences: ‘Generation of patterns and shapes 
is a ubiquitous phenomenon in nature. It occurs from microscopic to macroscopic level in living and 
non-living systems alike. At every level of complexity, common features seem to relate ecosystem 
dynamics with the development or organization of biological and chemical systems. Understanding 
pattern generation is thus inherent to understanding the notion of complexity in open systems.”

With this paper we want to underline Enzo Tiezzi’s recognition of self-organized patterns, focus-
ing on the signifi cance of gradients in ecological and human-environmental systems. The article 
provides a broad overview of different approaches trying to illuminate the applicability of the gradi-
ent principle in ecosystem analysis and management. We will touch many different items that 
provide a huge range of interesting information and knowledge. Regrettably, many of the important 
details of those concepts cannot be discussed in detail, because the article will concentrate on the 
interrelations between them. The basic hypothesis is related to concentration profi les in and between 
ecological entities: ecosystems are self-organized networks of structural and functional gradients, 
which interact on different hierarchical levels. Within this assumption our main objectives are the 
following:

• To provide an overview of the gradient-based comprehension of ecosystems,

• To link the perception of ecosystem gradients with other approaches of ecosystem theories,
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• To provide information on applied concepts of the gradient approach in environmental manage-
ment, and

• To show gradient-based linkages between ecosystem theory and human-environmental systems 
analysis.

The structure of the paper includes a sequence of propositions related to ecosystem self- 
organization and ecological gradients that are comprehended as results and causes of self-organized 
processes. Thereafter, the gradient principle is correlated with different ecosystem theories and their 
concepts to understand ecosystem development. Finally we will discuss the applicability of the 
approach for environmental management and for the comprehension of human-environmental sys-
tems. A practical application can be found in the strongly related article ‘Can the principle of 
gradients be applied for human systems?’ by Kroll and Müller [2] in this journal.

2 ECOSYSTEM SELF-ORGANIZATION
To consider the creation of ecosystem gradients, the following questions have to be discussed briefl y: 
what is self-organization, which are the conditions of self-organized processes, and what are their 
outcomes? To introduce this topic we might conduct the well-known diffusion- ‘Gedankenexperiment’ 
(see Fig. 1): imagine a container with different chambers. In the chambers there are different gas 
molecules. Now we open the valves between the chambers, and the result will be a homogeneous 
distribution of the different elements. The system has achieved thermodynamic equilibrium which is 
the most probable state [3–5]. During this dissipation process the existing gradient – the concentration 
profi le within the whole box – has gone extinct, and we can observe an overall disorder. Amazingly, in 
open systems, there is the potential to create new gradients, without manipulations from outside. This 
process – the spontaneous creation of macroscopic structures from microscopic disorder – is called 
dissipative self-organization [6–8]. It works hand in hand with the noninfl uenced creation of new con-
centration profi les. Therefore, self-organization is closely correlated with gradient formation: the 
whole system obtains a complex structure on the base of interrelations between the parts.

Of course besides our interpretation many other defi nitions of self-organization are available. 
Some of them are documented in Table 1. The unifying nucleus of these aspects can be aggregated 
to three points:

Figure 1: Illustrating the basic outcomes of self-organized processes.

Hypothesis: Self-organized processes
are spontaneous irreversible processes
in nonlinear systems. They lead to 
complex structures of the whole entity
on the basis of cooperative effects of
the subsystems.

Relevance: Ecological gradients are  
products and processors of self- organi-
zation.
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• The structure of the system arises without explicit pressures from outside.

• The structure is created due to internal interactions and cooperation.

• Self-organization leads to new – emergent – properties that are related to the interactions of the 
whole system.

Self-organized processes have been observed in many different systems. For example in physics 
and chemistry, laser processes [9], convection clusters in Benard cells [10], and the Belousov-
Zhabotinsky reaction [11] have been studied intensively. Referring to biological systems, 
morphogenesis [12], fl ocking behavior of animals [13], evolutionary dynamics [14, 15], and the 
climate system [16, 17] have been fi elds of intensive synergetic research.

The respective processes only function under certain constraints in open systems which are able 
to exchange energy, matter, or information with the environment. Necessarily, we need an input of 
usable energy, which is called exergy [5]. It is the energy fraction that can be transformed into 
mechanical work. This captured exergy is used for irreversible processes, for example growth or 
reproduction. Thereby, parts of the captured energy are transformed into structures and informa-
tion, and the system will utilize other fractions of the input exergy for its energetic maintenance 
[26]. The produced entropy fraction, which can no more be used in the system is released into the 
environment. As a consequence, the open system will enlarge its distance from thermodynamic 
equilibrium on the base of self-regulated internal control mechanisms. It will build up a structure of 
spatial and functional gradients. These processes are limited to some basic conditions (see Table 2). 

Table 1: Different comprehensions of self-organization [18, 19].

An der Heiden ([20], p. 72) Those features and structures of a system that are induced by 
the dynamical interrelationships of the components are 
self-organized features.

Ebeling ([21], p.118) Self-organized processes are irreversible processes in nonlin-
ear  dynamical systems that lead to complex structures of 
the whole entity on the basis of cooperative effects of the 
subsystems. The resulting structures are not forced from 
the outside but arise due to internal interactions.

Krohn and Küppers ([22], p. 165) All systems in which the causes for changes are induced 
internally and in which external infl uences are not sig-
nifi cant are self-organized  systems. Such systems exhibit 
boundaries that delimit the system from its environment. 

Krohn and Küppers ([22], p. 395) A system is self-organized if its spatial and temporal struc-
tures are created by their internal dynamics only.

Roth ([23], p. 169) Self-organized processes are such physical and chemical pro-
cesses that lead to an ordered state or an ordered sequence 
of states from a broad range of potential initial conditions.

Salthe ([24], p. 323) Self-organization is a dynamic process in natural systems, 
which leads to an increase of complexity, size, infl uence, 
and throughput.

Von Förster ([25], p. 88) Self-organized processes are processes that cause an increase 
of the degree of complexity within a limited area due to 
self-referential interactions.



 F. Müller & F. Kroll, Int. J. of Design & Nature and Ecodynamics. Vol. 6, No. 4 (2011) 321

Besides the mentioned open energetic framework, self-organization only can occur as a product of 
cooperation between the parts of a system. Testing the respective criteria of Table 2 for the case of 
ecosystems will show that they are suitable concerning all items: ecosystems are self-organized 
systems.

3 GRADIENTS AS ECOSYSTEM PROPERTIES
In this chapter the focal questions will be: how can we better understand the relationships between 
structural and functional units of ecological systems? How can the spatiotemporal results of self-
organized processes be demonstrated?

3.1 Introducing gradients

If we want to investigate an ecosystem, we have to take into account many different structural fea-
tures as well as ecosystem processes like water fl ows, carbon and energy storages, or nutrient 

Table 2: Criteria and conditions for self-organizing processes [21, 27].

Openness Self-organizing systems exchange energy, matter, and 
 information with their environments.

Import of convertible energy Self-organizing systems need energy imports that 
are  transferable into mechanical work (exergy).

Suitable quantities of energy input Self-organizing systems can develop and maintain only 
within a certain energetic window.

Internal energy transformations Self-organizing systems transform the imported energy in 
physical and chemical, anabolic and catabolic processes.

Export of non-usable energy Self-organizing systems produce non-usable energy forms 
as a re]sult of the irreversible processes. This energy 
fraction is exported into the environment (entropy).

Distance from equilibrium Self-organizing systems build up internal structures and 
thereby increase their distances from thermodynamic 
 equilibrium.

Non-linearity Self-organizing systems can only develop if the changes of 
one state variable lead to nonlinear changes of other state 
variables.

Amplifi cation Self-organizing systems exhibit high fl uctuations when their 
states approach phase transitions.

Self-referentiality and cooperation Self-organizing systems are not regulated by external 
forces. Their dynamics arise as a result of the internal 
 interactions.

Hierarchies and constraints Self-organizing systems are internally coordinated by 
 processes on different scales.

Stability Self-organizing systems are able to buffer minor inputs 
when their dynamics are situated near steady state.

Historicity and irreversibility. Self-organizing systems develop on the basis of  irreversible 
processes. Therefore, their actual state can only be 
 understood in its historical context.
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dynamics. The gradient viewpoint offers a suitable starting point for the aspired integration: on the 
one hand gradients are structural items, creating concentration profi les along a distance. They 
describe differences in the quantities or qualities of specifi c variables in dependence of their posi-
tions in an observer-defi ned environment. On the other hand they are causes for all processes within 
the system, because the fl ows are usually directed from sources – areas of high concentrations – to 
sinks, which are regions with lower concentrations (see Fig. 2). The higher the difference between 
these locations, the higher is the potential of the respective fl ows. These processes are regulated by 
internal resistances.

We can use the example of soil erosion to demonstrate these contexts: the gradient (X) is built by 
selected positions along a slope that can be characterized by the slope length and its inclination. This 
gradient provides the potential (V) for erosive transports throughout heavy runoff processes (J). It 
can be degraded by erosion events with high precipitation intensities. The effi ciency of the event is 
regulated by the resistant site factors like erodibility, soil cover, or soil treatment (R).

The resulting ecological gradients are products of three main process classes (see Table 3). Trans-
port processes provide gradients, for example, in geomorphological patterns, in vertical distributions 

Hypothesis:  Gradients (X) provide the 
potentials (V) for all flows (J) in 
self-organized systems. Gradient dissip-
tion is regulated by process specific 
resistances (R).

Relevance: Ecosystems can be under-
tood  as  self-organized networks   of 
structural  and   functional    gradients, 
which interact on different  hierarchical 
levels.

Figure 2: Illustrating the basic features of ecological gradients.

Table 3: Some environmental processes of gradient creation (process types and examples).

A. Gradients are 
consequences of 
 mechanical transport 
processes

Geological, mineralogical processes (e.g. by tectonics)
Geomorphological dynamics (e.g. by wind, water, ice)
Pedological development (e.g. by leaching, soil aggregation)
Biological translocation processes (e.g. by litter fall)

B. Gradients are 
consequences of 
fi ltering processes

Sorting due to distinct porosities in soils
Molecule distinctions due to adsorption and desorption processes
Sorting of particles due to solution and precipitation processes 

C. Gradients are 
consequences of  active 
biotic  accumulation 
processes

Photosynthesis, respiration, specifi c food intake, food web 
fl ows, detritus formation, and human actions
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of soil characteristics, or through biological processes. A second class of processes which produce 
specifi c gradients is related to fi ltering processes. For example, in soils porosities and surface  features 
regulate the adsorption or desorption of nutrients, as well as solution and precipitation dynamics of 
chemical compounds. Finally there are active accumulation processes, like photosynthesis, food 
intake, food web fl ows, or detritus formation.

3.2 Gradients in ecological research

In ecology, mainly landscape scientists have investigated such patterns of concentration profi les 
intensively, mostly mapping vegetation distributions. Gradients are the focal items of Whittaker’s 
theory of vegetation distribution [28]. The methodology of gradient analysis [29] interrelates the 
profi les of environmental factors, population structures, and community characteristics. Similar con-
cepts are often used in autecology, correlating the ecological preferences of species with 
anthropogenic, biotic, or abiotic concentration profi les. Also macro ecology [30] typically refers to 
gradients, and many investigations of landscape ecology are based on an analysis of gradients: 
 heterogeneities, boundaries, ecotones, or patch dynamics implicitly are consequences of ecological 
gradients.

3.3 Gradient characteristics

Gradients can be characterized by their direction, steepness, steadiness, dynamics, or their proces-
sual potentials. According to the interrelated potentials, all fl ows, transfers, or movements can be 
viewed as reactions that form, maintain, or degrade gradients. Applying these relations to ecological 
processes, a general, thermodynamics-based equation can be set up [3, 31]: the ecological fl ux rates 
Ji can be induced by external signals or inputs. Fluxes thus are functions of the ecological gradients 
Xi and the material constants Li that control the adjustment of the gradient-induced potentials for 
mechanical or biochemical work:

 Ji = Li Xi 

This very general equation can be applied to several physicochemical processes in ecosystems on 
the basis of well-known equations, such as:

• Heat transfer processes: the fl ow of heat (I) results in the proportions of the heat conduction coef-
fi cient (λ) and the temperature gradient (dT) along a spatial distance (dx):

 Ih = λ(dT/dx) 

• Water transfer processes: the amount of water fl owing through an area (Q) can be formulated as a 
function of the water potential gradient (dψ) along a distance (dl) and the hydraulic conductivity k:

 Q= k(dψ/dl) 

• Diffusive transfer processes: The fl ow of ions in a solution (I) is a function of the difference of 
their concentrations (dC) along a distance (dx) and the specifi c features of the medium, which are 
represented by the diffusion coeffi cient (D); dC/dx defi nes the gradient within Fick’s law:

 Id = –D(dC/dx) 

Thus, the fundamental processes of the ecosystemic water, matter, and energy budgets are based 
on gradients, whereby the material constants play an important role for the development and the 
maintenance of the system: if they have a high infl uence on the fl ows, the site-specifi c resistances 
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will provide negative feedbacks. Thus the steady states of the fl ow schemes can be maintained, and 
the prevailing interior disequilibria can be kept in a metastable state. In the other case, instabilities 
will occur and the system will develop toward another attractor state.

If Li develops toward a higher value, there is a high propensity for accumulating processes that 
can enlarge the existing gradients.

Summarizing, gradients are products of self-organized accumulation procedures and driving 
forces of ecological processes. Taking into account thermodynamic arguments, even ecosystem 
existence and the general trends of ecosystem development are based on the presence of disequilib-
ria and gradients, because in a homogeneous distribution there are no structure-based potentials for 
living processes and autonomous, self-organized dynamics [10, 32–34].

3.4 Types of ecosystem gradients

In ecosystems we can distinguish two basic types of gradients: structural and functional gradients. 
They are separated on the basis of their reference dimensions: although the structural gradients are 
concentration profi les along a spatial axis, the functional gradients refer to the fl ow schemes between 
sources and sinks (for examples see Table 4). The general features of these types are the following:

• Structural gradients: From the conventional point-of-view, ecosystem structure displays the 
 spatiotemporal determination of selected system components, their abundance, and their 
 arrangement within the biotope [35]. Therefore, structural gradients arise from the spatial 

Table 4:  Examples for different gradient types observed in the Bornhöved Lakes 
District (for detailed descriptions see [41]).

Gradient type Examples

Structural gradients Soil parameters in a beech forest
Vegetation patterns at hedgerows
Vegetation patterns in wetlands 
Bathymetry of Lake Belau
Vertical gradients of soil fauna

Functional gradients: 

Energetic gradients

Energetic gradients maize vs. alder carr
Carbon allocation processes
Soil water gradients in arable land 
Evapotranspiration and energy balance Water balances
Chemical soil gradient 
Element concentrations in soils 
Energy balances at different scales
Bioconcentration factors of plants 
Food consumption in aquatic food web
Limnetic energy cascades

Hydrological gradients Hydrological gradients and abundances 
Vertical groundwater fl ow patterns

Chemical gradients Nitrogen fl uxes through shore types 
Nitrogen balances in lake Belau



 F. Müller & F. Kroll, Int. J. of Design & Nature and Ecodynamics. Vol. 6, No. 4 (2011) 325

 patterns of ecosystem elements and subsystems. Furthermore, ecosystem structure determines the 
 potentials for interactions that operate within the structural patterns. In this context, biodiversity 
can also be comprehended as a gradient system; it can be directly compared to the gas molecule 
depictions from Fig. 1: if there is a low diversity, there is homogeneity and consequently no sig-
nifi cant spatial gradients can be spanned. If there are many differences, high heterogeneity and 
variability, spatial gradients will turn up, positively correlated with the variation coeffi cients and 
negatively linked to dominant identities.

• Functional gradients: Functions are selected relations between ecosystem components, forming 
patterns of ecosystem processes [36]. They are related to fl ows, storages, and regulations between 
ecosystem compartments. The functional gradients arise along three process groups with typical 
developmental traits throughout the complexifying ecosystem succession (see also Chapter 5):

  Energetic gradients: Exergy capture (uptake of utilizable energy) is rising during the 
 undisturbed development, the total system throughput is growing (maximum power prin-
ciple, see [37]) as well as the articulation of fl ows (ascendency, see [38]). Due to the high 
number of processors and the growing amount of biomass, the energetic demand for main-
tenance processes and respiration is growing as well (entropy production, see [39]).

  Hydrological gradients: Throughout the undisturbed development of ecosystems and land-
scapes, more and more elements have to be provided with water. This means that espe-
cially the water fl ows through the vegetation compartments show typical orientor behavior 
[40] because they demonstrate an important prerequisite for all cycling activities in ter-
restrial ecosystems, namely the water uptake by plants, which is regulated by the degree of 
 transpiration.

  Chemical gradients: Imported nutrients are transferred within the biotic community with a 
growing partition throughout undisturbed ecosystem development. Therefore the  biological 
nutrient fractions are rising as well as the abiotic carbon and nutrient storages, the  cycling 
rate is growing, and the effi ciencies are improved. As a result, the loss of nutrients is 
 reduced.

Consequently, ecosystem organization in fact can be understood as a self-organized network of 
structural and functional gradients, which interact on different hierarchical levels.

4 GRADIENTS AND ECOSYSTEM THEORIES
Theories are representations of the proved knowledge of a scientifi c discipline, consisting of abstract 
descriptions and sets of hypotheses. As this paper is also related to the Prigogine Award, ecosystem 
theories can be introduced with respect to some winners of this prize. Taking into consideration the 
ideas of Prigogine, Sven-Erik Joergensen [5] has developed the ecological law of thermodynamics. 
It states that ecosystems tend to optimize exergy storage, meaning that they utilize the captured 
usable energy to enlarge their distance from thermodynamic equilibrium. Therefore, ecosystems 
increase their structural heterogeneity as well as their functional storage capacities. Both of these 
items are related to internal gradients, be it the information content, or be it biomass, nutrient con-
tents, or carbon pools. In addition to Joergensen’s theory, the group of Enzo Tiezzi [1] has investigated 
the embodied energies – the emergy – of ecosystems and correlated it to Joergensen’s results. Two 
other Prigogine prize winners have investigated ecosystems from a network perspective. They have 
quantifi ed the energy fl ows through the food webs of different ecosystems. Although Benhard Patten 
[42] has shown the dominance of indirect effects in ecosystem development, Robert Ulanowicz [43] 
has proposed the variable ascendency to characterize the long-term trajectory of community devel-
opment. Taking the viewpoint of gradients, these concepts can be adopted if the ecosystem cycles 
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are unfolded. In that case it becomes visible that in both pathways, the production based food web 
and the detritus based food web, the fl ows of energy follow the gradients of biomass, as has been 
suggested before. In the following chapters the linkages of the gradient approach will be highlighted 
referring to three selected theoretical approaches, which are hierarchy theory, thermodynamics, and 
network theory.

4.1 Gradients and hierarchy theory

Self-organized processes provide an enormous complexity, in the lab as well as in nature or in 
 society. To understand the interrelations between the multiple gradients, we have to reduce  complexity 
on a reliable theoretical basis. Let us look at a self-organized system from the viewpoint of signal 
transfer: we will fi nd very slow processes like the growth of whales in the ocean, and very fast 
actions like the generation turnover of microorganisms. The slow processes mostly operate on broad 
spatial extents – the whales need very large areas for their survival, while the fast ones can be 
assigned to smaller spaces – that would be the pore volumes of sediment aggregates for the bacteria 
(see Fig. 3). The fascinating feature of these hierarchies arises from the self-created regimes of con-
straints: the lower level units must react on changes of the higher levels. In the other direction, there 
are fi lters, thus the higher level does not immediately react on changes of the lower niveaus. This 
constellation operates during phases with small perturbations. In case of instabilities the hierarchies 
are broken and the system of hierarchical constraints functions no more [44–47].

Taking these cybernetic ideas into account, many sorts of hierarchies can be exemplifi ed. We can 
look at the biological sequence from organelles over cells to tissues, organs, populations, or com-
munities and ecosystems. And we will see that in fact there is not only a hierarchy of structural 
gradients, but also a hierarchy of regulations. While the lower levels, the small units provide the 
biological potential, the higher levels – which are formed by the lower ones – provide reductions of 
the degrees of freedom for the small scale processes.

Also the ecological processes can be distinguished on this hierarchical basis. There are the rela-
tively short life trajectories of single organisms, long-lasting dynamics of populations, processes in 
successions, or the long-term ecosystem evolution. And if we concentrate on an interdisciplinary 
ecosystem analysis, we will fi nd that the geologists work about long time scales and need large 

Hypothesis: Self-organized systems 
spontaneously create structural and 
functional hierarchies which provide
regulating asymmetric inter-actions 
between the organizational levels. 
Higher levels are based on low-level 
interactions and are able to provide 
constraints and controls.

Relevance: Ecosystem gradients are 
operating at different spatial and 
temporal scales.

Figure 3: Illustrating the basic principles of hierarchy theory.
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extents for their analyses. The soil structure depends on the geological setting, but it shows a higher 
variety and higher dynamics. The vegetation changes even more quickly with smaller extents, the 
fauna can develop even faster, and in the end we return to the microorganisms, with extremely fast 
reactions on small spaces. All of these sub-systems create structures, pools, and thus gradients; and 
the interactions between these gradients – the fl ows – operate with a respective sequence of frequen-
cies. Therefore, we can comprehend ecosystems as hierarchies of gradients and gradient-related 
interactions:

• Gradients are basic structural characteristics of holons, representing functionally autonomous 
entities (which are built up by inferior gradients) as well as subsystems of superior organizational 
units.

• Ecosystems thus are organized by an ensemble of gradients that are interacting through highly 
interrelated processes of gradient construction and gradient dissipation.

• An ecological hierarchy can be comprehended as a partly ordered set of gradients that are inter-
related by asymmetric interactions.

• The scale of a gradient determines its functionality as a single step in the whole systems’ control 
pattern.

4.2 Gradients and thermodynamics

Several items of the thermodynamic approach to ecosystems have already been mentioned. The 
initial question is related to the energetics of ecosystems: there is an input of exergy, the exploitable 
energy fraction that can perform mechanical work. It can be quantifi ed taking thermodynamic equi-
librium as a reference state. The ongoing processing of this energy leads to spontaneous gradient 
formations (see Fig. 4). On the one hand: the amount of energy invested into these structures – the 
embodied energy – can be represented by the emergy of the system [37]. On the other hand, several 
physiological processes are necessary to maintain the built-up structures and the functional linkages. 
As a result of these processes the ecosystem produces CO2, water vapor, and heat and it emits 
refl ected or heat-based radiations; all of these components are exported into the environment being 
no more usable for the ecosystem. The respective energy fraction indicates the entropy production 

Figure 4: Summarizing some thermodynamic fundamentals of gradient creation.

Hypothesis: Ecosystem processes are 
based on an import of exergy, which is 
transformed into structure (gradients), 
information and produced entropy.

Relevance: Gradients are products of 
self-organized processes and therefore 
depend on thermodynamic constraints, 
features and budgets.
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of the ecosystem. The relations between those processes show a regular directionality during the 
self-organized processes of ecosystem development, which have been summarized in two sets of 
hypotheses:

• The thermodynamic non-equilibrium principle of Kay and Schneider is related to fl ow and stor-
age of exergy [5, 32, 48]. The principle states that a system exposed to a fl ow of exergy from out-
side – which can be indicated by the energetic gradient imposed on the system – will be displaced 
from its optimum operating domain due to the exterior inputs. The response of the system will 
be a resistance against being moved from the attractor, by organizing itself so as to degrade the 
imported exergy – i.e. to reduce or destroy existing gradients – as thoroughly as the prevailing 
circumstances permit. The further the system is moved from equilibrium, the larger the number 
of all opportunities which are accessible and consequently, the more effective it will be in exergy 
degradation [32].

• While Schneider and Kay are stressing the system’s degradation capacity, Joergensen [48] puts 
emphasis on the development of gradients and structures. The respective formulation of his 
exergy optimization principle is the following: “If a system receives a throughfl ow of exergy, 
the system will utilize this exergy to move away from thermodynamic equilibrium. If the sys-
tem is offered more than one pathway to move away from thermodynamic equilibrium, the one 
yielding most stored exergy, i.e. with the most ordered structure or the longest distance from 
thermodynamic equilibrium by the prevailing conditions, will have a propensity to be selected” 
([48], p. 166).

Although at a fi rst glance these principles seem to be contradictory, in fact they are focussing the 
same object from different viewpoints and thus they are compatible to a very high degree: ecosystems 
are operating within the energetic gradient of solar radiation. The higher this is and the more suitable 
the site conditions are, the more solar exergy can be taken up by the plants. This imported exergy is 
converted into several fractions, which generally can be distinguished into three pools: biomass, non-
living resources, and structures, related to the system’s information. Although these pools are built up 
in a non-equilibrium, non-homogeneous manner (creating gradients), certain energetic fractions have 
to be used for the maintenance of the gradient structure: via respiration, transpiration, or nutrient loss, 
the imported exergy is converted into non-usable energy fractions (entropy production) throughout 
the degradation processes. Moreover, the more complex the structure is (the more exergy is stored 
and the more gradient features can be found), the more exergy has to be degraded to keep it alive. 
Therefore, by integrating these principles, the focal hypothesis reads: Living systems are degrading 
and utilizing external gradients by the self-organized formation of a hierarchy of nested internal 
gradients in correspondence with the energetic environment of the system.

4.3 Gradients and network theory

Network theory is trying to investigate the linkages among ecosystem compartments and the impli-
cations of the respective relationships. The transactions can be exchanges of energy, material, or 
information, which produce a certain fl ow pattern and an organizational structure [49]. Figure 5 
shows two examples of network illustration: Although the analysis of energy fl ows often ends in very 
complex network models and graphs [42], an aggregation, e.g. of the biomass of different trophic 
levels can provide another idea of the gradient approach: following the active exergy accumulation 
by photosynthesis, the subsequent fl ows follow a simple gradient through the trophic cascade, which 
includes recycling of the detritus store, and therefore promotes several indirect effects within the 
food web and several features which are changing throughout ecosystem development [50–53].
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5 GRADIENTS AND ECOSYSTEM DEVELOPMENT
The theories that have been sketched in the Chapter 4 have one important point in common: they are 
all related to growth and development of ecosystems, and they are all correlated with optimization 
principles [43].

These ideas have been aggregated in orientor theory [18, 26, 34, 54, 55]. The focal hypothesis of 
this concept is that during undisturbed self-organized developments, ecosystems tend to maximize 
complexity, up to a certain level, which is determined by the specifi c site conditions. The respective 
propositions are founded on empirical fi ndings from succession analysis and investigations of eco-
system dynamics. There are several variables which can be used to describe such a ‘directed’ 
development. They are called orientors. These orientors can be distinguished into several groups. 
For example we can observe thermodynamic orientors, such as exergy capture, exergy degradation, 
entropy production, exergy fl ows, or exergy storage. From an ecophysiological viewpoint it can be 
stated that there is a reduction of loss, an increase in the cycling index, and an increase in the internal 
fl ows within the system; the changes of fl ow schemes can be represented by network and informa-
tion theoretical orientors, such as direct/indirect effect, network utility, network homogenization, or 
ascendency [52, 56]. Looking at ecosystem structures it has been observed that heterogeneity, diver-
sity, and connectedness are optimized during undisturbed development. This trend is correlated with 
community based orientors, like niche diversity, the performance of symbiontic relationships or the 
body size of the living organisms. Last but not least, due to these dynamics, the emergence of gradi-
ents and the complexity of interrelations between them increase steadily.

Thus, we can keep in mind that self-organized processes regularly are accompanied by increases of 
complexity and related features, if the system is not disturbed. This leads to mature ecosystem states 
with a very high diversity and internal connectivity. Such ecosystem states are very often seen as the 
aspired conditions of an ecosystem from a conservational viewpoint: we can fi nd many different spe-
cies, there is a very high amount of biomass, and the systems seem to be very well-regulated. 
Regrettably this is also the ecosystem state with the highest risk, if the external constraints are changing. 
We have to take into account that the enormous amount of interrelationships is correlated with very 
strong mutual dependencies. Thus the change in one element of such a system can provoke extreme 
impacts into the whole structure: increasing connectivity is highly correlated with decreasing fl exibility.

Taking into account the gradient approach it can be summarized that during undisturbed succes-
sion, the number of gradients is steadily increasing, as well as the interrelations between them. 

Figure 5:  Summarizing some ideas from network theory and their consequences from a gradient-
related viewpoint. The fi gures in the left box show a food web model of the Lagoon of 
Venice, which has been kindly provided by Lucca Palmeri and an aggregation of the carbon 
stocks in different trophic levels of Lake Belau produced by Rainer Pöpperl and Sylvia Opitz. 

Hypothesis: The focal organismic 
interactions in ecosystems are trophic 
interrelations. They form complex 
networks with huge indirect effects.

Relevance: Unfolding networks leads 
to hierarchies of carbon or energy 
gradients between different trophic 
levels.
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This also implies that the demand for energetic maintenance to continue with that complexifying 
development steadily increases if no disturbances appear.

During the histories of ecosystems many ‘discrete events that disrupt ecosystems, community, or 
population structure and change resources, substrates, or the physical environment’, disturbances 
after Picket and White [59] occur, which modify the idealized orientor behavior: the created gradient 
structure is affected, gradient features break down, and the system has to fi nd a new operating state 
(Fig. 7). The effects of disturbances are also related to the developmental stage of the system. Hol-
ling [60] has proposed to look at ecosystem development in an adaptive-cycle manner (Fig. 8). The 
development starts with a pioneer stage, where we have low connectedness and low exergy storage. 
Thereafter a very long phase follows during which the complexity steadily rises until we reach the 
conservation stage. This period could be called the orientor-optimization phase. We have to keep in 

Hypothesis: Throughout the undis-
turbed development of  ecosystems 
certain attributes (orientors) are 
regularely optimized. These dynamics 
are consequences of self-organized 
processes, featuring emergent ecosystem 
properties.

Relevance: Gradient emergence and 
degradation  behave   in  an  orientor 
manner.

Figure 6: Illustrating some key orientor functions in ecosystem development.

Figure 7:  Illustrating some basic relations of disturbances. At the left side the spatial and temporal 
characteristics of some natural and anthropogenic disasters are depicted, following 
Vitousek [57], Di Castri and Hadley [58], Joergensen et al. [26].

Hypothesis: Disturbances comprise of 
specific temporal and spatial 
characteristics which strongly influence 
the related ecosystem processes (of a 
similar scale) and thus co-determine 
the respective effects.

Relevance: Effective disturbances 
degrade existing gradients.



 F. Müller & F. Kroll, Int. J. of Design & Nature and Ecodynamics. Vol. 6, No. 4 (2011) 331

mind that the system is operating within this trajectory for the longest time of its existence. Due to 
the extreme connectivity and mutual dependency, the mature states become brittle, and if the con-
straints are changing, e.g. due to disturbance or climate change, a breakdown of the system can 
occur. Very rapidly the structure is dissipated, the stored exergy is lost, and the developmental stage 
is set down to a new starting point. We have to be aware that during such destructions, the gradients 
that have been built up in long-term processes are degraded and that the system of stabilizing hier-
archical constraints is broken [61].

Holling has called this development creative destruction, because the reorganization phase pro-
vides new chances for the system to be better adapted, and to fi nd a new trajectory that will again 
lead to long-term processes of orientor optimization [62]. If we apply hierarchy theory at this point, 
we can imagine that destruction in fact may be creative: a sequence of subsequent adaptive cycles, 
changing between construction and destruction can be the basis for very long-term optimizations; 
thus, a local breakdown can be part of global complexifying development.

6 GRADIENT DYNAMICS AND ECOSYSTEM MANAGEMENT
In this chapter some outcomes of ecosystem theories for environmental management will be 
sketched. Thus the focal question is: are the thermodynamics-based concepts also applicable to 
describe human-environmental relations, and can we comprehend social-ecological systems as 
 self-organized units? The forthcoming text will propose some attempts, starting with the Drivers-
Pressures-State-Impact-Response (DPSIR) indicator approach and concentrating on its ecosystem 
related components integrity (state) and ecosystem services (impact), including the idea of overall 
basic orientors as joint descriptors of human and environmental systems.

The ecosystem approach of the CBD (http://www.cbd.int/ecosystem/) has successfully integrated 
some outcomes of ecosystem theories, and it correctly asks for an integration of ecosystems and 
human systems for sustainability management. Thus, several groups have tried to bring together the 
ideas about ecosystem health, biodiversity, and ecological integrity with socioeconomic entities 
[63–65]. Starting with a restrained concept we can apply the DPSIR approach [66] to landscape 
management problems (Fig. 9). We can use this model and try to quantify its components by indica-
tors in different case studies. The DPSIR concept starts with a new land use structure, which imposes 

Figure 8: Illustrating the basic dynamic conditions within the adaptive cycle metaphor.

Hypothesis: The maturity state of 
ecological systems is correlated with 
emerging risks. If the constraints are 
modified, the results of long-ermorientor 
development can be lost by a “creative 
destruction”, leading to new, possibly 
better adapted dynamics.

Relevance: The gradient expressions 
follow the dynamic phases of the 
adaptive cycle.
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pressures on landscape integrity from a structural as well as a functional point-of-view. As a conse-
quence of the altered ecosystem state, the provision of ecosystem services is modifi ed and following 
the ideas of the Millennium Assessment (http://www.maweb.org/en/Synthesis.aspx), this has impacts 
on human well-being. Such changes modify the motivations – the drivers – of the actors, provoking 
a decision making process – the response – and thus, eventually changing the land use strategy 
again. This adaptive management cycle is hierarchically constrained by socioeconomic and environ-
mental infl uences from outside. In this context we should be aware that all mentioned management 
steps are related to the performance of structural and functional patterns, thus all management com-
ponents provide an analytical perspective on all sorts of ecological and socioeconomic gradients. For 
the conception of a consequent application of the ideas of ecosystem self-organization, it is impor-
tant to note that both integrity and ecosystem services provide linkages between environmental 
issues and socioeconomic items. Therefore, a systemic view should be based on an expansion of the 
integrity concept toward a linkage with ecosystem services.

The DPSIR component ‘state’ can be described as an ecosystemic feature. Contributing to the 
overall idea of sustainable development, there are two major systems-based approaches of  ecosystem 
protection. On the one hand, ecosystem health mainly refers to the preservation of ecosystem 
 functions [63]. The second holistic management guideline is ecosystem integrity. The objective of 
integrity is to preserve those processes and structures that are essential prerequisites of the  ecological 
ability for self-organization [67]. We can also utilize Kay’s defi nition [68] which pronounces that, 
“an ecosystem has integrity if it retains its complexity and capacity for self-organization and 
 suffi cient diversity, within its structures and functions, to maintain the ecosystem’s self-organizing 
complexity through time.”

Resuming these concepts as guidelines, ecosystem management strategies should be based upon 
several of the values and qualities that have been stated before:

• Ecosystems are self-organized systems. All disturbances and management measures therefore 
infl uence the self-organizing capacity of these systems, mostly reducing the degrees of freedom 
for essential developmental processes.

Figure 9: Illustrating an adapted DPSIR management cycle.

Hypothesis: 
The “adaptive management cycle” will 
produce developmental patterns and 
gradients on the base of single steps and 
procedural sequences in the decision 
making D-P-S-I-R process (Drivers-
Pressures-State-Impact-Response).

Relevance: 
All items of the management cycle are 
related to ecological gradients.

Contextual
Constraints

Socio-Economy

Human 
well-being

Ecosystem
Services

Landscape
state/integrity

Structural
components

Land use 

Contextual
constraints

Environment

Pressure
State   

Im
pact   

D
rivers   

Response

Decision
processDrivers

Landscape
state/integrity

Func�onal
components



 F. Müller & F. Kroll, Int. J. of Design & Nature and Ecodynamics. Vol. 6, No. 4 (2011) 333

• Management should not be restricted to either structural items or functional units but should focus 
on the integration of these interdisciplinary spheres.

• Management should be aware of complexity and take into account that indirect effects are more 
signifi cant than direct relationships.

• Management should take into account that different processes operate on different scales and 
should not neglect a consideration of long-term dynamics.

• Management should consider the effects of activities on adjacent and other ecosystems.

• Management should realize that local decay can be part of global progress. It should consider the 
system’s resilience and adaptability and recognize that change is inevitable.

• Management should be aware that ecosystems are parts of human-environmental systems. Thus 
human use of an ecosystem should be optimized without damaging it.

• Management should enable the system to move forward in an orientor manner:

 Try to enhance exergy capture and the export of degraded exergy.

 Try to optimize storage capacities and minimize nutrient losses.

 Support cycling processes.

 Support the system’s effi ciencies, e.g. by enhancing transpiration.

 Allow the system to complexify and increase its heterogeneity.

• Management should be aware that ecosystems function on the basis of gradients which need 
long time spans to develop. Their degradation can be interrelated with enormous environmental 
risks.

These are challenging requirements. One question is how can we observe the outcome of 
 management measures in a quantitative mode? Several groups have proposed indicators to repre-
sent the demands stated above. One result was a small set of indicators which are as a whole 
capable of describing the state of ecosystem self-organization, refl ecting ecosystem structures as 
well as functions. In a fi rst case study [69] we could base the resulting diagram on intensive meas-
urements in the Ecosystem Research Project in the Bornhöved Lakes District (see Fig. 11). It made 
obvious the systemic differences of long-term land use, distinguishing a forest and a fi eld, which 
have been divided 100 years ago. It is visible that the farmer is optimizing his yield, the primary 
production (exergy capture). But that objective is correlated with reductions of most other  indicator 
values.

Figure 10: A defi nition of ecosystem integrity.

Relevance: The capacity for 
self-organized dynamics is strongly 
dependent on the gradient scheme of an 
ecosystem.

Hypothesis: The capacity for future 
self-organization is the basic item of 
the holistic management guideline 
“ecosystem integrity”.   
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In several case studies [67, 70, 71] we could fi nd a close relationship between the key indicators 
from Fig. 11 and the gradient approach. For example:

• Exergy capture was indicated by primary production, which is nothing else than the creation of 
biomass gradients.

• Metabolic effi ciencies quantify the relative degradation which is necessary for gradient creation 
and maintenance.

• Biotic water fl ows follow the hydrological gradients between soil and atmosphere and they are 
constraints for the matter cycling processes.

• Storage capacity can also be called gradient maintenance.

• Nutrient loss is the result of gradient dissipation, e.g. by mineralization.

• Heterogeneity and biodiversity refer to the horizontal gradients of parameter patterns, and

• Entropy export refers to exergy degradation due to metabolic demands, like respiration, but it can 
also be a proxy for stress, e.g. by extreme microbial respiration rates.

So far, it can be stated that the thermodynamic concepts of ecosystem development can be 
employed to characterize ecosystem states. But regrettably that is not suffi cient for developing 
ecosystem management strategies. Coming from ecosystem analysis and ecosystem theories it is 
of course very interesting to make the necessary step of linking environmental impacts with 
human attitudes. Therefore the indications of ecological integrity have to be coupled with eco-
system services. These are the goods and benefi ts which nature provides for human welfare [71]. 
Usually three service types are distinguished: provisioning services (e.g. food, fi ber, or drinking 
water), regulating services (e.g. climate regulation, nutrient regulation, or air quality regulation), 
and cultural services (e.g. recreation, aesthetics, or social relations). Recently this concept has 
experienced a big run of conceptions from many different disciplines, and several researchers 
and managers are thinking of restricting environmental evaluations on the ecosystem service 
indicators.

We have applied ecosystem service quantifi cation methods in some of our case studies [72], like 
a wetland restoration study which is sketched in Fig. 12. We have found that valuable information 

Figure 11: Ecosystem indicators to represent ecosystem integrity.

Hypothesis: A holistic indication of 
the states of an ecosystem must include 
structural and functional units as well 
as organizational features. Taking into 
account the basic ideas of ecosystem 
theories, the focal indicators should be 
derived from ecological orientors.

Relevance:  All integrity indicators are 
related to gradients in the ecosystem.
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can be provided by this approach, but we have also seen that focusing on services alone is not suf-
fi cient and that monetization may lead to non-satisfactory results. The problem is that a nature-near 
state (bright area) with high orientor values does produce a high amount of regulating and cultural 
services. But most of them are related to non-market values, whereas the agricultural productivity 
can easily be measured and accounted. Thus service valuation strongly depends on the respective 
evaluator, and the methods to quantify public goods like regulation or aesthetic services seem to be 
underdeveloped and arbitrary at the moment. Of course this can change in the future. Nevertheless, 
the inclusion of ecological information on the service providing potentials and their change for 
example under certain scenario conditions seems to be a topical and consequent step, i.e. if we 
understand the services as human benefi ts which arise from ecosystem performance, integrity, and 
organization.

Finally a direct transcription of the ecological orientor approach to human and human-environ-
mental systems, with which we are returning to the initial discussions on self-organizational 
potentials, will be proposed. In a very interdisciplinary context, Bossel has developed a target-related 
orientor theory which is applicable for all types of self-organized systems. Therefore his concept of 
basic orientors [73–75] can be used to characterize human systems with the same criteria as environ-
mental units. The idea is that all self-organized systems have to cope with similar challenges, which 
determine their behavior. Thus, there are some focal properties and necessities of a system’s environ-
ment which demand for certain solutions. Bossel [73] has listed the following main challenges:

• To maintain a normal environmental state,

• To cope with resource scarcity,

• To proceed in spite of environmental variety and variability,

• To react after changes of constraints,

• To account for other related systems.

In a subsequent step Bossel [73] has identifi ed six basic orientors for each self-organizing system 
(see Fig. 13). These are documented in Table 5. In addition to them, he has selected three basic 

Figure 12: Illustrating the necessity to indicate both environmental DPSIR components.

Hypothesis: The dynamics of 
ecosystem states and impacts can be 
indicated by indicators of integrity and 
ecosystem services. Both aspects 
should be considered in decision 
making processes.

Relevance: As gradients are basic 
elements of ecosystem integrity, their 
patterns strongly influence ecosystem 
services.
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 orientors which are relevant for self-reproducing, sentient, and conscious beings – e.g. human sys-
tem. They are: (i) psychological needs, (ii) responsibility, and (iii) reproduction [76, 77].

Following this theory, the basic orientors are valid for all self-organizing systems, independent of 
special characteristics, such as size, elements, or relations. If the orientors are satisfi ed, the system 
is fi t and has a better chance of achieving sustainability [74]. Satisfaction of the orientors must apply 
to all subsystems of the system considered. Thus orientors can be used to characterize a system’s 
viability due to the degree of satisfaction of all orientors. The basic orientors are unique for all sys-
tems, “because they have developed in response to certain ‘fundamental properties’ that are common 
to all system environments” ([73], p. 339).

These orientors are highly correlated with gradients: while the existence orientor demands a long-
term maintenance of the internal gradients of stocks and resources, the effectiveness orientor describes 
the loss minimization during transfers between gradients, which is typical for developing ecosys-
tems. The component freedom of action is related to the resilience of the gradient system, and security 

Hypothesis: There are ‘basic orientors 
that represent ‘fundamental interests’ 
and are common to all self-organizing 
systems, because they have developed 
in response to ‘fundamental properties’ 
that are common to all system 
environments. 

Relevance: Basic orientors allow an 
application of the thermodynamic 
principles in human-environmental 
systems.

Figure 13:  Illustrating the concept of basic orientors. The left side includes a comparison of different 
country types referring to the single orientors after Bossel [73].

Table 5: Basic orientors after Bossel [73, 74] and Omann [76].

Basic orientor Explanation

Existence ...ensures survival and subsistence of the system in the normal 
 environmental state.

Effectiveness ...enables the system to be effective to secure scarce resources
Freedom of action ...provides the opportunity to deal with challenges posed by the 

 environmental variety.
Security ...enables the system to protect structures and functions.
Adaptability ...makes it possible to adapt to challenges posed by environmental 

change.

Coexistence ...enables the system to adapt its behavior in response to the 
behavior and interests of other related systems.
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is a measure to protect the performance and the existence of the system. Adaptability has been defi ned 
by Müller et al. (2010) [65] as follows: a system has a high adaptability if the sum of all disturbances 
and changes in the attractor domains do not reduce the system’s degree of self-organization. Thus it 
is strongly related to Bossel’s coexistence orientor. In a linked article [2] the connections between 
gradients and basic orientors are analyzed using rural-urban profi les as case studies.

7 CONCLUSIONS
In this article, we have touched a high number of different scientifi c and management approaches to 
test their interrelations with the ecological gradient principle. Summarizing these concepts and link-
ages, it can be stated that:

• Ecosystem self-organization is connected with the creation of gradients and hierarchies.

• Gradients are causes for and results from ecological self-organization. Thus, they can be desig-
nated as emergent properties of ecosystems [78] and used as indices for the autocatalytic potential 
of ecological entities.

• Gradients are products of the interactions between creative and destructive ecological processes. 
They are consequences of accumulating processes on the one hand (gradient creation) and funda-
mentals for eroding processes on the other (gradient degradation).

• Gradients operate on distinct ecological scales. Between these scales, certain mechanisms of self-
regulation determine ecosystem development.

• Gradients develop as ecological orientors. Their size, extend, diversity, and the eco-physiological 
linkages between them are successional objects that are optimized throughout undisturbed eco-
system dynamics. Therefore, gradients can be used as fundamentals for the indication of devel-
opmental ecological states.

• Thermodynamic principles and network analyses can help to understand the pathways of ecosys-
tem development, including the elaboration of ecological orientors.

• Orientors can be used to derive systems-based indicator systems to depict integrity and adapt-
ability referring to the self-organization capacity of environmental systems.

• These indicators can be integrated into human-environmental systems analysis. In this context 
gradients can be correlated with the concept of basic orientors.

• Management should attempt to optimize the adaptability of environmental systems, taking into 
account the potential of ecosystems to continue self-organized process sequences and offering 
these systems the necessary degrees of freedom for such development.

• Due to the thermodynamic constraints, the respective guidelines should support the ecosys-
tems’ abilities to capture energy, to store nutrients and energy and optimize information, 
to transfer the maintenance products into the environment in a healthy manner, to increase 
 diversity, heterogeneity, and connectedness, to optimize internal fl ows and cycles and to 
 reduce losses, to unfold a diverse hierarchy of gradients, and to optimize the provision of 
ecosystem services.

• Gradients are suitable instruments to couple different ecological theories and to combine them 
with empirical and practical investigations.

Coming back to the initial citation of Tiezzi [1] from the introduction, it can be conformed that 
pattern formation is strongly linked to the creation of gradients. These processes operate on all hier-
archical levels, therefore the gradient ideas could be developed further to elaborate indicators with a 
similar dimension on different scales to better understand the enormous complexity of environmen-
tal systems.
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