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Abstract: In the Anthropocene, humans have become the dominant force behind the transformation of
the planet and its cultural landscapes. Inrecent decades, there has been a paradigm shift in the sciences,
changing the focus from the study of separate components to the study of wholes. In light of this,
several fields of study have attempted to address the dichotomous paradigm of nature versus society by
developing integrative concepts, such as ‘social metabolism’, to explain the inextricable interrelations
between nature and society for building a sustainable future. In this paper, we examine the metabolism
of cultural landscapes, considering the actions of social actors in their territories. Cultural landscapes
emerge from the artificialization of nature and the opening of the land, resulting in a landscape that
conforms to the culture and the availability of technologies, thus creating a whole system with either
higher or lower levels of life quality and sustainability. Three central elements operate interactively
in the construction of cultural landscapes: the territory, the social actors who act in the territory,
and the articulators (e.g., technology and regulations). The construction of cultural landscapes
gives rise to a gradient of territorial typologies, including wildland, rural and urban, which have
different requirements and consumption of resources and energy. In the Anthropocene, many cultural
landscapes have been constructed in such a way that they require and consume increasing amounts
of energy. We describe carrying capacity, polycentricity, and Universal Lawfulness as three of the
main considerations for the design of sustainable cultural landscapes.

Keywords: carrying capacity; complexity; nature artificialization; polycentricity; universal lawfulness;
landscape design; social metabolism

1. Introduction

In the Anthropocene, humans have become the dominant force behind the transformation of
territories and the construction of cultural landscapes [1,2]. Territorial problems and the increasing
degradation of social-ecological systems demonstrate, however, that we may lack the capacity to
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properly direct this force in order to construct landscapes that last over time [3,4]. A landscape, as part of
a worldview, is produced intellectually and materially by a certain social group [5]; a cultural landscape
can be considered as a complex geographic reality, existing in historical time, that functions as a system
of energy, material, and information flow interwoven in real, perceived, and symbolic ways [6]. It has
been increasingly acknowledged that whole-system approaches are required to inform national and
international agendas dealing with climate change, social-ecological degradation, and poverty in the
Anthropocene [7]. Such whole-system approaches should overcome epistemological barriers between
the natural sciences, social sciences, and the humanities, and deal with techno-economic and political
realms in which decisions concerning territories are implemented [8].

In the last 50 years, a paradigm shift has occurred in science with the emergence of the paradigm
of complexity [9], and so-called complexity science, in which the study object evolved from separate
components to a focus on the whole [10-12]. This shift has meant that many researchers no longer focus
on linear and deterministic processes but rather on self-organized networks of interactive actors that
give rise to complex systems [13—15]. This approach tried to overcome the limitations of mainstream
scientific knowledge, which posits the objectivity of scientific truths, acknowledging the need for
a comprehensive and contextual approach dealing with uncertainties [8,10,16,17]. This paradigm
shift also allowed addressing issues such as human social learning based on intentional and adaptive
collective cognition in the construction of sustainable cultural landscapes [3,8,18,19]. During the last
decades, researchers from different fields have nurtured the theory, principles, and methodologies of
complexity science and its applications. Morin [9], for example, proposed a general theory of complexity
for contemporary science; Capra [20] proposed understanding life as networks of relationships at
different levels; Padua [21] defined environmental history as an open, non-reductionist investigation
of the interrelationships between social and natural systems over long periods of time. The concept of
the cultural landscape is a whole-system study object, fundamental to comprehensively understand
current transformations and evolutionary dynamics of territories [22,23].

Several other authors have used the concept of social metabolism to explain the relations between
society and nature [24,25]. For example, some scholars have placed social metabolism at the heart
of the analysis concerning the main driving forces of land-use change [22,26]. Social metabolism
attempts to explore a particular system at a given historical moment, together with its social, ecological,
and physical dimensions [24]. Sociometabolic research is a systems” approach to study nature-society
relations at different spatiotemporal scales. It is based on the assumption that nature and people are
coupled complex systems that reproduce themselves, interact with each other, and co-evolve over
time [7,27]. The impact of social metabolism has grown exponentially since the 1990s, being used by
many authors of different scientific disciplines. In recent years, other related concepts have emerged
such as anthropospheric metabolism, urban metabolism, socio-ecological metabolism, socio-economic
metabolism, agrarian metabolism, and rural metabolism (e.g., [7]). Similarly, other concepts have
been coined based on scale, such as local, regional, national, and global metabolism [25]. Recently,
social metabolism has been at the core of academic and political debates concerning sustainability [25].

The objective of this paper is to put forward a discussion on the construction and metabolism
of cultural landscapes, that is, their emergence from the artificialization of nature. This discussion is
developed with a territory perspective and a framework of complexity, incorporating the actions of
social actors in their territories. We start by explaining how cultural landscapes and different territorial
typologies emerge from the process of artificialization of nature. Then, we introduce the metabolism
of cultural landscapes and its application to human societies, along with the use of this concept in
nature-society studies. In this section, we further describe the link between social metabolism and
the laws of thermodynamics. Finally, we describe critical considerations for the design of sustainable
cultural landscapes in the Anthropocene.
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2. Artificialization and the Construction of Cultural Landscapes

Artificialization is the transformation of nature by human interventions, causing a different
and dynamic state of the ecosystem and its natural components (e.g., soil, water, trees, or a forest,
meadow, mountain range, coastal border). The result of artificialization is cultural landscapes,
which are different from the most likely state that the ecosystem would have achieved without
human intervention. Throughout human history, the prevailing trend has been the intensification of
the artificialization of nature. The development of agriculture and the subsequent emergence and
construction of the first cultural landscapes took place around 11,000 years ago, when humans started
tilling the land and farming cereal grains and other cultivars, marking the beginning of the expansion
of the anthropogenic border [28].

The artificialization of nature is facilitated by the action of operators (i.e., the necessary stimulus
in a system to change from one state to another in a certain period) with a certain amount of
work and a certain probability of success [29]. The process of artificialization is geared toward the
conquest of niches and the optimization of the anthropogenic channeling of goods and services,
extracting and incorporating elements into the ecosystem, often simplifying it structurally and
functionally [1]. Three elements interact in the process of constructing a cultural landscape: the territory
with its natural and anthropogenic components, the social actors who act in the territory, and the
articulators (e.g., technology and regulations) of the interaction between the two previous elements.
The characteristics of these three elements differ between societies, according to their own cultures and
local ecosystems, giving rise to a diversity of cultural landscapes in the world. A cultural landscape,
in its space-time territorial expression, can be represented symbolically as:

P =f(S,Z, $, 0a) (1)

where:

S is space-time;

¥ is territorial units with social actors inhabiting and acting there;

¢ is flows within each territorial unit and between the territorial units;

oa is the system’s total response (output).

Each society establishes a relation of mutual adaptation with local nature [30,31] within the
complementary processes of humanization (artificialization) of nature and naturalization of the
human [32]. Naturalization is the reverse process of artificialization in the construction of cultural
landscapes. Both processes, artificialization and naturalization, interact and complement each other,
with relative magnitudes of each varying across territorial typologies: wildland, rural, and urban
(Figure 1). These territorial typologies are differentiated by the varying proportions of three territorial
components, including saltus, ager, and polis. Saltus is the territorial component that is not directly
affected by anthropogenic actions; ager is the spatially open territorial component with a moderate
degree of anthropogenic artificialization (i.e., “farming” as a predominant style of artificialization);
and polis is the territorial component with a high degree of artificialization (i.e., “infrastructures” as the
predominant style of artificialization) [1]. With the construction of a cultural landscape, a specialization
of the territory takes place and a gradient of different territorial typologies arise [33].
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Figure 1. Relative proportions of saltus, ager, and polis, which are characteristic of the gradient of the
territorial typologies” wildland, rural, and urban according to the degree and type of artificialization.
Saltus is the territorial component without extensive transformation by anthropogenic actions; ager is
the spatially open territorial component with a moderate degree of anthropogenic artificialization;
and polis is the territorial component with a high degree of artificialization (adapted from [1]).

3. Metabolism of Cultural Landscapes

The cultural landscape organizes itself in a process of artificialization, resulting in a complex
system that is far-from-equilibrium. The theory of dissipative structures [20,34,35], explores the
dynamics of such systems, in which order and disorder complement each other [34]. Dissipative
structures correspond to situations in which the dissipation of energy in the system can provide clues
for a local order at the expense of the growing chaos in its environment. At the same time, total entropy
keeps increasing according to the second law of thermodynamics [20,34]; in this way, the order
“floats in disorder”. For example, living organisms take ordered structures (food) from their
environment, use them as resources for their metabolic processes, and dissipate lower-order
structures (waste) into the environment. Living organisms are constantly kept in a state that is
far-from-equilibrium but stable, maintaining their general structure despite the incessant flow and
change of components. Prigogine’s concept of dissipative structure includes the idea of points of
instability and bifurcation, in which the behavior of the system is unpredictable and depends in part
on its history. These instabilities can lead to the spontaneous emergence of new forms of order, that is,
self-organization [20]. Prigogine’s theory of dissipative structures provides a theoretical basis to explain
the socio-cultural dynamics and mutations that seemed inexplicable in terms of energy flow or the effect
of adding instability to human ecosystems [36]. Moreover, a condition that is far-from-equilibrium
will be associated with a more significant potential for innovation, and thus a greater potential for
adaptation [37].

In biology, metabolism involves the sum of all the physical-chemical processes that occur within a
living organism. A parallel can be drawn with human social systems in terms of the reproduction of
societies, their economic production, and the consumption processes that require flows of matter and
energy. Fischer-Kowalski [38] used the term social-economic metabolism to describe the material and
energy flows between society and nature. This author stresses that these processes are subject to the laws
of thermodynamics and other physical limitations, including the availability of space [24]. In the 1990s,
the concept of social metabolism became formalized within the framework of social-environmental
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studies [25]. In practice, social metabolism established a new approach to the study of nature-society
relationships, primarily through the study of energy and material flows [25,27,39-42]. By focusing on
the metabolism of a specific society, the so-called externalities no longer correspond to sporadic market
failures or failures of government actions but acquire instead an unavoidable systemic character [42].
The study of the social metabolism helps to understand the history and development of cultural
landscapes in the present and in the past [24,43]. Furthermore, the social metabolism approach is
useful for addressing hybrid problems and for conducting transdisciplinary research in a complexity
science framework [25,44,45].

The societies that have existed throughout human history have exhibited various energy
consumption patterns [24]. For example, Tyler [45] divided human history into several ages
and estimated the average direct and indirect daily energy consumption per person. For each
one of these ages, the estimates of kilocalories/person/day were as follows: primitive society,
2000 kilocalories/person/day; hunter-gatherers, 5000 (both during approx. 30,000 years BC); early
agricultural age (around 10,000 BC), 12,000; advanced agricultural age (7000 BC), 20,000; early industrial
age (from the 18th century), 60,000; modern industrial age (20th century), 125,000; USA-style modern
industrial age (20th century), 230,000. Two unusually large increases in average energy consumption
per person can be observed, related to the shift to an “industrial metabolism”. First, with the shift from
the agricultural age to the early industrial age, consumption tripled. Then again, with the shift from
the early industrial age to the modern industrial age, consumption increased a little more than double.
It should also be noted that this last step took place in less than two centuries and involved a significant
increase in human population size and density. There are long-term studies that attempt to document
the transition in agriculture from pre-industrial to industrialized management [25]. The development
of articulators of artificialization has led to increased energy consumption, such as the introduction of
metal plows, animal traction, fertilizers, agricultural and rural works, and infrastructure.

The way that social actors act in the ecosystem through artificialization, and thus how a cultural
landscape is constructed, has implications for its metabolism. The metabolism varies between the
typologies of the territory (wildland, rural, and urban) as these have their specific characteristics in terms
of culture, lifestyle, population density, and technological level, resulting in different requirements and
consumption of resources and energy. The relative proportions of saltus, ager, and polis in the various
territories result in different metabolisms and energy consumption.

We propose that the metabolic energy load of a cultural landscape (i.e., the energy it requires for
its functioning) is primarily determined by the number of inhabitants of the territory and their average
energy consumption. The energy consumption will be determined by the lifestyle of the inhabitants
and the technology that exists in the territory, as described below:

K = NP *CMP *NT @)
where:
K is Metabolic load of the cultural landscape
NP is Number of people

CMP is Metabolic cost per person

NT is Technological level

The metabolism of a human society embraces the laws of thermodynamics for social exchanges;
energy and matter are transformed, broken down, and re-organized for other uses, forming the
so-called ecological pyramids [24]. For example, the flow chart that schematically depicts the energy
transformations of an agricultural system from primary production to final consumption is a balance
sheet that complies with the following laws: (1) the total amount of primary energy produced by
human labor in an agroecosystem cannot be increased or decreased, only transformed; (2) in each
transformation there is a loss in the form of heat, increasing entropy and thus reducing the useful energy
that can be used to carry out a task, through the losses derived from bio-conversion or combustion.
These two laws require a continuous input of energy into the system, whose flow originates from solar
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energy in the case of ecosystems [24]. The second law provides the key to understanding the efficiency
of the system by comparing the primary energy input to the proportion that can be consumed by human
societies [26]. A relevant point to understand social metabolism is how the laws of thermodynamics
relate to the physical space. According to the second law of thermodynamics, entropy increases
together with the number of possible paths resulting from the growing complexity of the system and
its spatial-territorial expansion [46].

It has been argued that the law of entropy is non-deterministic. This is important because,
without entropy, it would be impossible for humans to “reverse” high to low entropy and for
innovation to take place [47,48]. Therein lies the crucial role of technical, organizational, and cultural
innovation in improving the efficiency of the entire chain of processes to satisfy human needs, requiring
someone to envision ways in which to improve a particular exosomatic matrix [49]. From a biophysical
perspective, what economics dubs as “production” is, in fact, a succession of energy and material
transformations that allow primary resources with a high “useful task” or “exergy” potential to
be converted into other materials and forms of energy of lower exergy but higher economic value.
This conversion entails the “physical cost” of the total loss of “useful energy” (or exergy) generated by
the transformations as a whole, whereby a greater or lower degree of this physical cost depends on
the system’s energy and material efficiency [50]. Technology should aim to increase energy efficiency
in production and economic processes in general, as well as in social metabolism. In other words,
the economic value must be achieved by reducing the physical cost, minimizing the loss of useful
energy or energy potential to perform a particular task (exergy).

The current trend of constructing cultural landscapes whose functionality is mainly economic,
which is linked to the predominance of economic rationality, the prevailing economic model,
and technocracy, has resulted in significant implications for the metabolism and unsustainability of
these systems [48]. When agriculture economies ceased to be organic, large amounts of external inputs
were increasingly added to human labor. More than thirty years ago, it became evident that the increase
in final energy obtained with the growing number of external inputs associated with the so-called
green revolution in agriculture was much lower than its energy cost [50]. The transformation turned
into a reduction rather than an improvement in the energy efficiency of the global agricultural and
food system [26,51-53]. That is to say, how rural cultural landscapes have usually been constructed
since the middle of the last century has led to a more energy-inefficient metabolism.

Different schools of thought in sociometabolic research have focused mainly on studying the same
underlying process, that is, society’s use of biophysical material and energy resources [7]. However,
they have barely incorporated the sociocultural dimension, which, as shown in this article, is a critical
factor in the construction of cultural landscapes and the transformation and evolution of the territories.
Thus, some variables with high explanatory power have been poorly incorporated into the study of
the metabolisms of different societies, such as power relations and conflicts between social actors.
The school developed mainly by Toledo and Gonzalez de Molina has addressed such sociocultural
dimensions in-depth (e.g., [27]). The approach of the metabolism of cultural landscapes considers the
sociocultural dimension and is adequate to better critically understand, for example, power relations
and conflicts between social actors over a territory. Efforts to explicitly link sociometabolic research to
other social science studies can be strengthened for linking social metabolism with the behavior of
social actors in the emerging fields of sustainability transformation research [7].

4. Considerations for the Design of Sustainable Cultural Landscapes

4.1. Carrying Capacity of the System

The carrying capacity is a system’s limited ability to support or sustain a certain activity, considering
all the involved structures and processes. Therefore, the carrying capacity of the cultural landscape
corresponds to the system’s limited capacity to support or sustain the activities of the social actors in
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the territory, with their respective technological level, resource consumption, and waste generation,
all of which occur within a specific cultural context.

There is now ample evidence that oftentimes the actual territorial payload exceeds the respective
carrying capacity. The real payload on the territories, and more precisely the difference between it and
its respective carrying capacity, generates a pollution that is greater than that which the ecosystem and
the cultural landscape can assimilate. This generates a residual pollution that gradually accumulates,
which is unsustainable. In metabolic terms, this real payload is determined and explained by the
above-mentioned variables determining the metabolic payload of the cultural landscape: number of
people, metabolic cost per person (energy), and technological level. Moreover, the current metabolism
of the most industrialized societies could not be sustained without the natural resources of the less
industrialized, commodity-supplying societies at low prices; in which case, their environmental costs
in the context of social-ecological inter-territorial relations and unequal economic-ecological exchange
must be considered [25,54].

The prevailing pattern in which many cultural landscapes have been constructed usually entails
their simplification. The simplifying effect of human influence on the structure of cultural landscapes has
important ecological consequences [55,56]. Niches are simplified and often extinguished, which poses
a problem for biological diversity as well as for ecological processes and the provision of ecosystem
services. Moreover, it leads to a decline in the potential for ecological restoration and resilience
and a loss of adaptive capacity [48]. The adaptive capacity and resilience of a complex system are
conditioned mainly by its carrying capacity and the actions of social actors, which are both key for
designing sustainable cultural landscapes.

4.2. Polycentricity and Universal Lawfulness

An intentional construction of the cultural landscape entails comprehensive design as a basic
operator to steer the landscape toward a desired state. We now need to actively increase ecosystem and
territorial services; our task is not only to conserve but also to design and build [8] using a dynamic,
intentional, and collective integrated management.

In order to sustainably develop the territory, it is essential to design it by creating several
medium-sized population centers that provide the right conditions for self-sufficiency and quality of
life, well-being, and sustainability, rather than developing large cities that operate as territorial hubs,
thereby fostering a center-outskirts dichotomy with asymmetric relations between the two. Designing
territories with small and medium-sized villages, with a polycentric approach and a collective and
participatory design, is metabolically more efficient than a centralist approach and design. The concept
of polycentricity [57] implies multiple decision-making centers that act somewhat independently.
It is opposed to the idea that having many government units without a clear hierarchy is chaotic.
A polycentric territorial design allows for more sustainable urban territories and more symmetrical
relations between them and rural and wild territories. Maintaining the self-organization of nature,
as well as the construction of sustainable anthropogenic systems, cannot be achieved through
centralized management [58]; it requires localized and interconnected design and management.
The theory of non-linear systems far-from-equilibrium and dissipative structures shows and supports
the importance of local phenomena in the cultural landscape and thus of the development and evolution
of bottom-up forces.

In general, the design of cultural landscapes seeks to manage the system’s structure and spatially
distribute human activities. It aims to establish the best combination of these activities in the territory
according to the needs of society in terms of its culture on the one hand and ecological potentials
and constraints on the other. The objective of the design of sustainable cultural landscapes should
be to maximize the quality of life of the territory’s inhabitants (1). This design must consider and
incorporate the concept of “Universal Lawfulness”, which integrates the restrictions of the physical
and ecological levels for the management of and decision-making on social, technological, economic,
and political aspects in a territory (Figure 2) [1,59]. We must consider Universal Lawfulness as a basic
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and guiding consideration when assessing the metabolism of the cultural landscape and of any system
that is produced through the artificialization of nature.

Degrees of Freedom
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Physical

Intrinsic
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Figure 2. Generalized hierarchical structure and its degrees of freedom according to Universal
Lawfulness (adapted from [1]). Sustainable cultural landscapes should be designed within the licit
zone across all the hierarchical levels (from higher to lower) of the Universal Lawfulness.

Ecosystem vulnerability must be considered in the design for the sustainability of cultural
landscapes. In a highly vulnerable ecosystem, the additional maintenance costs needed to secure
ecosystem sustainability are greater than the benefits of artificialization for any level of technological
intensity, so that any artificialization is considered “illicit” (i.e., unsustainable; Figure 2). However,
by acting under a merely exploitative logic, only the unavoidable ecological costs of harvest for the
extraction of resources are absorbed, but the additional maintenance costs for ecosystem sustainability
are not. In this case, the artificialization is illicit because it produces an unsustainable cultural landscape.
When deterioration of the system’s resources and services occurs, it will later be abandoned. This is
often the case, for example, with deforestation by clear-cutting and intensive fruit orchards on steep
slopes [28].

5. Conclusions

We have shown that social metabolism helps to understand complex social-ecological systems
in the process of artificialization of nature for the construction of cultural landscapes. The territory,
social actors who act in the territory, and articulators (e.g., technology and regulations) are the
three elements that interact in the construction of cultural landscapes. The construction of cultural
landscapes gives rise to a gradient of territorial typologies, including wildland, rural and urban,
which have different requirements and consumption of resources and energy. We highlighted that the
metabolic energy load of a cultural landscape (i.e., the energy it requires for its functioning) is primarily
determined by the number of inhabitants of the territory and their average energy consumption.
Throughout the historical evolution of cultural landscapes, and especially in the Anthropocene, we can
observe that many have been constructed in such a way that they require and consume increasing
amounts of energy over time. Indeed, there has been an increasing simplification of cultural landscapes,
with detrimental consequences such as loss of the potential for their resilience and adaptive capacity.
In a context of crucial social-ecological changes, as is the case today, the adaptive capacity and resilience
of cultural landscapes are key to sustainability.

The approach of the metabolism of cultural landscapes, with a territorial perspective which
incorporates the actions of social actors and their cultural contexts, may be operational to promoting
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sustainability. For this, carrying capacity, polycentricity, and Universal Lawfulness are three important
considerations for the design of cultural landscapes. A major challenge is putting these considerations on
the political agenda and building multi-level governance to promote sustainability in the Anthropocene.
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