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Abstract: Understanding Earth as a complex, dynamic, and interconnected system is crucial to
addressing contemporary environmental challenges intensified in the Anthropocene. This article
reviews foundational Earth System Science (ESS) developments, emphasizing its transdisciplinary
nature and highlighting how it has evolved to address critical issues like climate change, biodiversity
loss, and sustainability. Concurrently, Earth System Education (ESE) has emerged as an educational
approach to foster holistic understanding, environmental insight, and geoethical values among
citizens. Integrating geoethics into ESE equips citizens with scientific knowledge and the ethical
reasoning necessary for responsible decision-making and proactive engagement in sustainability
efforts. This article identifies systems thinking and environmental insight as key competencies that
enable individuals to appreciate the interconnectedness of Earth’s subsystems and humanity’s role
within this complex framework. The study advocates embedding a holistic and geoethical view of
the Earth system into formal and non-formal education, promoting inclusive, participatory, and
action-oriented learning experiences. This educational shift is essential for empowering citizens to
effectively address environmental, social, and economic dimensions of sustainability, thereby
fostering resilient, informed, and ethically responsible global citizenship in the Anthropocene.

Keywords: anthropocene; earth system education; earth system science; geoethics

We live on a unique and extraordinary planet. Home to millions of life forms, Earth maintains a
delicate and dynamic balance shaped by countless natural processes across vast spatial and temporal
scales. Over its 4.56-billion-year evolution, Earth has developed conditions that support life.
However, this dynamic homeostasis is increasingly threatened by human-induced impacts.

Due to Earth’s systemic and adaptive nature, actions affecting one subsystem can trigger
feedback across others. Human activities — both individual and collective — can disrupt planetary
dynamics in ways that are often far-reaching and difficult to predict. Climate change is one of the
most visible consequences, mainly driven by greenhouse gas emissions from fossil fuel use,
deforestation, and industrial agriculture. These emissions contribute to rising global temperatures,
intensifying extreme weather events, sea-level rise, coastal erosion, ocean acidification, and
biodiversity loss — ultimately threatening food security and human well-being. Exponential
population growth and unsustainable consumption patterns further amplify pressure on natural
resources, leading to ecosystem degradation and increased carbon emissions, reinforcing the cycle of
environmental decline.

Addressing these complex and interconnected challenges requires a holistic and geoethical
perspective that recognizes Earth as a dynamic system and humanity as an integral part of it.
Developing such a worldview involves system thinking, pro-environmental behaviours, and
geoethical values, which are essential for informed decision-making and the pursuit of sustainable
solutions across environmental, social, and economic dimensions.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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1. Earth System Science (ESS): An Integrated Understanding of the Planet

“In the world today, there is a feeling like that before a coming war, or of the ominous calm that precedes a
tropical hurricane. With a hurricane we know what to do before it comes, what precautions to take, where to go
to escape disaster. For the changes that threaten the world now, we have no detailed guide, we can only guess
what they will be. Change may come gradually, but more often in a stressed system it arrives in a sequence of
abrupt events, stepping from one level to another. We are in for surprises, events that could not have been
predicted.” ([1], p.16).

James Lovelock (1919-2022)

As referenced in scientific literature, Earth System Science (ESS) represents a field of study
dedicated to understanding the Earth as a holistic, complex, and adaptive system [2]. This
transdisciplinary domain bridges multiple scientific areas — such as geosciences, biology, chemistry,
physics, and mathematics — to describe, understand, simulate, and predict complex phenomena and
processes within the Earth system [3,4]. Research within the scope of ESS contributes significantly to
our understanding of the urgency of the climate crisis, as it fosters critical reflection on the
anthropogenic impacts on the dynamics of the Earth system [5].

ESS conceptualizes the Earth system as comprising five open subsystems: the atmosphere,
biosphere, cryosphere, geosphere, and hydrosphere [2,3]. The atmosphere refers to the gaseous layer
surrounding the planet. The biosphere encompasses all forms of life. The cryosphere includes all
solid-state water stored in polar ice caps and glaciers, while the hydrosphere involves liquid water
reservoirs such as oceans, rivers, lakes, and aquifers. The geosphere consists of all solid or molten
rock materials from the Earth’s interior to its surface [6]. These subsystems are intricately
interconnected, exchanging matter via geochemical and biogeochemical cycles and energy through
various fluxes [2,7-9].

Multiple authors advocate for a holistic perspective of the planet, positing that Earth behaves as
a unique, complex, and adaptive system [2,10,11]. From this viewpoint, a change in one subsystem
may trigger one or more cascading effects across others to restore dynamic balance [5,8]. These
responses often involve non-linear feedback mechanisms — both positive and negative [3,7,10,12,13].
The holistic perspective of the Earth system is thus the result of several decades of research and
interdisciplinary contributions, which are synthesized in the following sections.

1.1. Early Ideas Leading to Earth System Science (ESS)

This section discusses the early ideas and lines of thought that gave rise to Earth System Science
(ESS) (Figure 1). These concepts are closely connected to the pioneering work of the Russian
mineralogist and geochemist Vladimir Vernadsky (1863-1945), frequently cited as one of the
founders of geochemistry and biogeochemistry and credited with developing the theory of the
biosphere.
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Figure 1. Main precursor events of Earth System Science (ESS).

Vernadsky argued that living organisms represented a significant geological force capable of
physically and chemically altering environmental characteristics, particularly those of the
atmosphere [3,14,15]. Although his seminal work entitled Biosphera was initially published in 1926
[15], his ideas were slow to reach the Western world, primarily due to language barriers. The first
translation appeared in French in 1929 and later in English, initially published partially in 1986 and
entirely only in 1998, over seven decades after the original publication [16].

The emergence of ESS was strongly influenced by the historical and sociopolitical context of the
Cold War period (1947-1991). This era was marked by enhanced financial investment in Earth
sciences, especially geophysics, due to the strategic relevance of environmental monitoring [2,17-19].
The late 1950s was marked by the International Geophysical Year (IGY, 1957-58), a collaborative
scientific effort involving sixty-seven countries focusing on disciplines such as meteorology,
oceanography, and glaciology, to deepen the collective understanding of Earth [2,20]. The IGY
significantly influenced research methodologies, promoting a shift towards the integration of
advanced field instrumentation, computational modelling, and systematic, continuous monitoring of
various quantitative environmental parameters. This contrasted with previous qualitative and
interpretive methodologies based predominantly on direct field observations. Such changes were
critical to advancing the fields of plate tectonics, ecology, and contemporary climatology [2,21-23].

Environmental movements that arose from the 1960s onward also played a significant role in
fostering the development of ESS, amplifying awareness among the public and scientific community.
Several influential events, often considered catalysts of the environmental movement, include the
publication of the influential book Silent Spring by American biologist Rachel Carson (1907-1964) in
1962 [24], the Club of Rome’s impactful report Limits to Growth in 1972 [25], and the United Nations’
landmark speech Only one Earth delivered at the Conference on the Human Environment in that same
year [2,3].

This historical background, combined with Vernadsky’s pioneering contributions and the
conceptual insights of Scottish naturalist and geologist James Hutton (1726-1797) — who viewed Earth
as a superorganism interpretable through “geophysiology” [26] — provided foundational elements
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for the Gaia hypothesis, formulated by James Lovelock (1919-2022) and Lynn Margulis (1938-2011)
in 1972 [27,28].

Lovelock and Margulis proposed that interactions between biotic and abiotic components
formed a self-regulating Earth system capable of maintaining stable atmospheric conditions, climate,
and habitability — an idea recognized as the conceptual foundation of ESS in scientific literature
[2,3,14,27-30]. Although initially received with criticism and scepticism [31], the Gaia hypothesis
introduced a new conceptual framework for understanding interactions between living organisms
and their abiotic environment [2].

1.2. Establishment and Evolution of Earth System Science (ESS)

During the 1980s, growing awareness of climate change, repeated warnings regarding ozone
layer depletion, and a series of influential reports and conferences highlighting the urgency of the
climate crisis made clear the need for a new branch of Earth science. This emerging discipline aimed
to study the planet as a single, interconnected entity — the Earth System [2,32].

In 1983, the term ESS emerged with the establishment of a resolute committee by the National
Aeronautics and Space Administration (NASA) — the NASA Earth System Science Committee — chaired by
mathematician and meteorologist Francis Bretherton (1935-2021) [2,33] (Figure 2). This committee
aimed to foster ESS research by using the Earth Observing System satellite network, focusing on data
collection through observational methods and modelling of Earth’s processes [2].
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Figure 2. Establishment and development of Earth System Science (ESS).

As a result of this work, the first schematic representation of the Earth system appeared, known
as the NASA Bretherton Committee Diagram, featured in the publication Earth System Science: Overview:
A Program for Global Change [2,4,33]. The Bretherton Diagram, developed by the NASA Bretherton
Committee, illustrated the dynamic interactions within the Earth system, emphasizing how the
physical climate system interacts with biogeochemical cycles and incorporates anthropogenic
activities interconnected by feedback mechanisms. In this representation, humanity is portrayed as
an active agent capable of influencing Earth’s system, for example, through carbon dioxide and
pollutant emissions or changes in land use [2—4,33,34]. The diagram reinforced an understanding of
Earth’s interconnectedness by integrating physical, chemical, and biological processes, highlighting
the necessity of mobilizing knowledge across different scientific disciplines [2] (Figure 3).
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Figure 3. Diagram of the NASA Bretherton Committee (adapted from [4], p.19).

The 1980s brought a significant shift in ESS by promoting a systemic, integrated, and
transdisciplinary view of the planet, contrasting sharply with traditional reductionist approaches, in
which Earth’s processes and phenomena were studied separately and in isolation. ESS thus distanced
itself from fragmented and reductionist scientific perspectives [2,9,30]. Additionally, given the global
scope of ESS, the phenomena studied inherently transcended disciplinary boundaries and
geographical and political divisions [2]. To address these challenges, the International Geosphere-
Biosphere Programme (IGBP) was established in 1986 by the International Council for Science (ICSU),
focusing on biogeochemical aspects such as hydrological and carbon cycles. The IGBP complemented
the earlier World Climate Research Programme (WCRP), initiated in 1980, focusing on Earth’s climate
system [2,33,35]. Collaboration among disciplines created favourable conditions for ESS
development, promoting the transition from interdisciplinary to transdisciplinary approaches to
address complex planetary-scale problems [2,36]. With growing political ambition to tackle climate
change and rising interest in sustainable development, this paradigm shift culminated in the
publication of the influential Brundtland report Our Common Future in 1987 [2,37]. This landmark
event significantly influenced environmental policymaking, highlighting the relevance of
transdisciplinary approaches such as ESS for effective Earth system governance [2].

The early 1990s spotted increased ecological research addressing climate change, biodiversity
loss, and sustainability. In 1991, the DIVERSITAS Research Program emerged, intending to investigate
global biodiversity loss and complement the work of IGBP related to terrestrial and marine
ecosystems [2,38]. By the mid-1990s, social sciences were integrated into ESS research to examine
human factors affecting the Earth system, their consequences for societal well-being, and mitigation
strategies. This integration established the International Human Dimensions Programme (IHDP) on
Global Environmental Change in 1996 [2,39]. At the end of the decade, German physicist Hans
Schellnhuber (1950-) introduced two concepts critical to ESS: firstly, the concept of a dynamic and
co-evolutionary relationship between humanity and Earth, embedding human dynamics within the
Earth system; secondly, he drew attention to the risks of catastrophic global changes induced by
human activity, potentially leading to rapid and irreversible shifts affecting planetary stability and
human well-being [2,29,40]. The turn of the millennium popularized concepts such as
“sustainability” and “sustainability science”, reflecting the evolution of ESS definitions [2]. The
human impact on the Earth also introduced terms such as Anthropocene and Anthroposphere [9].

In 2001, the Challenges of a Changing Earth Conference was held in Amsterdam, attracting around
1400 participants from diverse professional backgrounds across 105 countries. The conference was
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jointly supported by the previously mentioned international programs — IGBP, IHDP, WCRP, and
DIVERSITAS — and resulted in the Amsterdam Declaration, which established the Earth System Science
Partnership (ESSP). The ESSP aimed to link ESS research directly to issues critical for human well-
being, including food, health, and energy [2,41]. This conference was an essential milestone in
producing the Amsterdam Declaration. This document explicitly stated that research conducted over
previous decades within ESS confirms the significant yet still incompletely quantified impact of
human activities on the Earth system. Due to their complexity and spatiotemporal scale, these
impacts cannot be disregarded, highlighting the necessity of establishing an ethical framework for
responsible Earth system governance [42].

The first decade of the 21st century facilitated the consolidation of ESS as a distinct scientific
field, driven by the efforts of the previously mentioned programs and enhanced integration among
them. In 2015, these programs merged into a new initiative known as the Future Earth Program [2,43].
This program consisted of a global network of researchers focused on deepening understanding of
Earth’s complex system dynamics, aiming to inform and support policies and strategies aligned with
sustainable development through systemic approaches characteristic of ESS [43].

In 2000, the proposal of a new geological epoch — the Anthropocene [44] — became a unifying
concept encompassing various environmental issues, including climate change, biodiversity loss, and
pollution, as well as social challenges such as excessive consumption, growing inequalities, and
urbanization [2,45,46]. The concept of the Anthropocene, introduced by the Dutch chemist Paul
Crutzen (1933-2021), who served as vice-president of the IGBP [47,48], created a favourable context
for more profound integration among natural, social, and human sciences, offering significant
contributions toward sustainable development [2,46].

1.3. The Anthropocene: Challenges of a New Geological Epoch in Earth System Science (ESS)

The Anthropocene was proposed by Crutzen as a new geological epoch during an International
Geosphere-Biosphere Programme (IGBP) meeting held in Mexico in 2000 [49-51]. Crutzen argued that
the intensified impact of human activities was causing significant geological and morphological
changes in the Earth system, thus justifying the definition of this new geological epoch [47,52,53].
Multiple lines of evidence support the proposal for this epoch, with the primary one being the
increased concentrations of gases such as carbon dioxide and methane trapped in polar ice. When
dated, this increase coincides with the second half of the 18th century, associated with the invention
of the steam engine by the engineer and mathematician James Watt (1736-1819) in 1784, at the onset
of the Industrial Revolution [54].

Nevertheless, there is no consensus within the scientific community yet regarding formally
accepting this geological epoch [49]. The term “Anthropocene” itself is derived from an earlier term,
“Anthropozoic”, introduced by the Italian geologist and science communicator Antonio Stoppani
(1824-1891) in 1873, referring in his case to a new geological era [50-52,55,56].

The human impact on the Earth system has intensified significantly and become increasingly
evident in the past century [47,52,57]. Moreover, human impacts have yet to be fully incorporated
into current Earth system models, leaving the exact feedback mechanisms associated with the
Anthropocene inadequately addressed. This gap includes often neglected social dimensions, such as
societal norms and individual values [58]. Additionally, the literature indicates that changes imposed
on the Earth system trigger feedback mechanisms affecting human behaviours, values, and norms,
establishing a complex co-evolutionary network. Addressing this network today demands research
frameworks in ESS that integrate social sciences with natural sciences, enabling a deeper
understanding of these interactions [58-60]. Within this context, the term “Anthroposphere” also
emerged, referring not only to human populations but also encompassing the constructed and
modified environments, including all components of the Earth system altered or influenced by
human activities [9].

Therefore, the scope of ESS research in the 21st century is vast. In addition to understanding the
Earth system’s past, interpreting its present, and predicting its future, ESS seeks to incorporate and
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address complex environmental, social, and economic issues. This approach is crucial for defining a
sustainable future for humanity within the Earth system. Consequently, ESS integrates relevant
issues such as food security, water supply, human health, biodiversity, and energy security [3,60],
highlighted by international documents like the United Nations’ 2030 Agenda for Sustainable
Development [61]. In this perspective, understanding the Earth system must involve articulating
complex feedback processes across environmental, social, and economic dimensions. Integrating
these factors and their interactions is necessary for developing more accurate and realistic models of
Earth’s functioning, thus enabling the holistic analysis, prediction, and simulation of various
spatiotemporal phenomena and processes [62]. However, this understanding requires developing a
systemic and holistic vision of Earth’s functioning. Current circumstances demand broader
awareness from society — from ordinary citizens to policymakers — to address and solve the social,
environmental, and economic challenges facing humanity more effectively. Sustainability within the
Earth system cannot be effectively tackled without recognizing its global dynamics and
interconnectedness, emphasizing the importance of ongoing research in ESS [60].

Planetary and human sustainability depends on citizens” understanding of Earth’s systemic,
holistic, complex, and adaptive functioning. Despite significant advances in ESS research, this holistic
Earth system perspective remains relatively new, making it unfamiliar to most citizens. This
perspective is still insufficiently incorporated into formal education across many countries [53]. It
thus becomes essential to critically reconsider current teaching and learning processes in science,
particularly in geosciences, abandoning fragmented and disconnected multidisciplinary approaches
and embracing inter- or transdisciplinary ones — an emerging trend already observed internationally
[10,63].

2. Earth System Education (ESE): A Systemic Educational Approach to Teach
Science

Learning to live harmoniously with the Earth system’s dynamic, complex, and fragile balance
represents a significant challenge and an essential condition for achieving sustainability and
conserving the planet’s biodiversity and geodiversity in continuous global change. However,
understanding the holistic functioning of Earth requires developing various competencies,
particularly system and critical thinking. Current problems related to Earth system governance and
sustainability are exceptionally complex, spanning environmental, social, and economic dimensions.
These challenges reflect the Earth system’s intrinsic complexity and dynamic equilibrium
susceptibility to human-induced changes.

Seeking solutions to mitigate the effects of human actions on Earth requires interdisciplinary
approaches and specific competencies — knowledge, attitudes, and skills — as well as active
participation by all citizens, collectively adopting behaviours aligned with planetary dynamics.
Raising awareness among citizens about this importance and their ethical responsibilities
(individually and collectively) implies fostering knowledge, attitudes, pro-environmental
behaviours, and (geo)ethical values. This enables citizens to understand their actions” impacts and
make informed and responsible decisions. Education in geosciences, within a systemic and geoethical
vision, is crucial for shaping citizens’ understanding of Earth’s dynamics and their responsibilities
toward its conservation [13,64,65].

Geosciences represent an interdisciplinary field aiming to study diverse aspects of the planet
[64], including scientific domains such as geology, climatology, oceanography, and seismology,
among others. Due to Earth’s holistic nature, comprehending its functioning demands developing
competencies such as system thinking, three-dimensional thinking, and cyclic thinking. These
competencies enable the interpretation, prediction, and retrodiction of geological processes and
phenomena at various spatial and temporal scales [7,10,13,66,67]. Such competencies are necessary
for informed decision-making regarding the Earth system and solving contemporary challenges.
Consequently, geoscience education can play an essential role due to the inherent historical,
interpretative, and systemic nature of Earth sciences thinking [13,64,66].
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2.1. The Emergence of Earth System Education (ESE) in the Science Education Landscape

The establishment of Earth System Education (ESE) is connected to the increasing recognition of
science following the end of the Cold War (1947-1991) and citizens’ low scientific literacy regarding
the Earth system. By the late 20th century, these two factors created favourable conditions for
developing the first curricula based on a systemic approach to understanding the planet [11,68,69].
This educational movement began in the United States of America (USA) within secondary education
curricula, arising from reflections on the importance of science and science education in the post-war
era [11]. It emphasized science’s critical role in managing both the planet and society. This new,
restructured science curriculum addressed social and environmental problems resulting from the
Cold War, such as global warming, ozone depletion, and natural resource degradation. The
redesigned curriculum aimed to dismantle rigid boundaries separating physics, chemistry, biology,
mathematics, and technology, fostering synergies among these fields and relating them to the Earth
system, thereby promoting interdisciplinary curricular approaches [11,68,69]. Thus, a pressing need
emerged to shift the theoretical framework of geoscience education by incorporating an Earth system
approach based on a holistic and systemic perspective in science curricula [8,68]. This approach
aligned closely with the Gaia hypothesis. Lovelock and Margulis advocated abandoning reductionist
approaches in environmental research, arguing instead for interdisciplinary and multidimensional
perspectives that would provide a global and integrated view of the Earth system [8].

In 1988, a five-day conference took place in Washington, D.C. (USA), complementing Project
2061 of the American Association for the Advancement of Science (AAAS), bringing together geoscientists,
educators, and contributors from the Bretherton Report. This conference laid the groundwork for the
initial theoretical framework of ESE [11,69]. The event initiated a nationwide discussion within the
USA, leading to the establishment of ESE and its subsequent consolidation at Ohio State University
[11,68]. Thus, ESE emerged to develop a deeper understanding of Earth’s processes and phenomena,
incorporating social dimensions for comprehensive problem-solving [69].

The Program for Leadership in Earth Systems Education (PLESE), led by American geoscience
educator and geologist Victor Mayer (1933-2011) and funded by the Teacher Enhancement Division of
the National Science Foundation, became a significant historical milestone, consolidating ESE as a
theoretical reference for Earth science education. This program involved a series of three-week
workshops attended by around two hundred teachers, jointly promoted by Ohio State University
and the University of Northern Colorado between 1990 and 1994 [68,69].

All these previous developments led to the emergence and establishment of ESE as an integrated
approach within science education [8,68]. The PLESE project, founded by Victor Mayer (1933-2011),
represented the starting point for ESE. However, Mayer initially proposed a theoretical framework,
requiring further research and educational practice to develop a more robust structure informed by
empirical research and practical application. Currently, ESE’s theoretical framework aligns closely
with ESS research advancements. Thus, Earth is viewed as a single, complex, and adaptive system
comprising five interconnected subsystems. These subsystems exchange energy and matter through
geochemical and biogeochemical cycles, including the rock cycle, hydrological cycle, food chains, and
carbon cycle, all of which integrate human activities [2,10,53,59,70].

2.2. From System Thinking to the Development of Environmental Insight

In science education, particularly within an inquiry-based teaching framework, it becomes
essential to cultivate investigative competencies specific to scientific practice. An educational
approach grounded in ESE requires developing competencies such as advanced-level system
thinking, the ability to analyse and predict geological processes and phenomena retrospectively, and
the capacity to understand these phenomena across diverse spatial and temporal scales [7,10,71].

System thinking is crucial in the context of ESE, as the educational effectiveness of this approach
strongly depends on developing this particular competency [7,65,71]. System thinking involves
recognising that systems and their subsystems are inherently interconnected, responding collectively
and producing outcomes more significant than the sum of their parts [71,72]. The development of
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system thinking depends on hierarchical characteristics, organised within what these authors name
the System Thinking Hierarchical Model (STHM) [73].

The STHM includes eight characteristics essential for developing systems thinking, illustrated
here using the hydrological cycle as an example [73]. Initially, learners must identify system
components (such as oceans, rivers, lakes, and glaciers) and processes (e.g., evaporation and
precipitation). Next, they recognise relationships between these components, such as the interaction
between water’s mineral composition and the rocks it traverses. Subsequently, learners explore
dynamic interactions within the system, including anthropogenic impacts like groundwater
pollution from fertilisers or pesticides. They then organise these components and processes into a
structured network of simultaneous interactions, exemplified by the hydrological cycle’s
interconnected terrestrial and oceanic processes. Understanding the cyclic nature of systems is
crucial, recognising that the hydrological cycle consists of interconnected subcycles, such as
evaporation-precipitation and plant transpiration-water absorption. Learners establish
generalisations, understanding that the hydrological cycle exemplifies a dynamic cyclic system
whose principles broadly address environmental threats within the hydrosphere. Moreover, learners
grasp hidden dimensions of the system by identifying deeper patterns, such as groundwater
interactions. Lastly, temporal thinking — both retrospective and predictive — is developed, allowing
learners to understand current drinking water quality as a product of historical geological and human
events and anticipate potential impacts from industrial activities on future water quality.

System thinking competency is essential to achieving the main objective of ESE: developing
environmental insight [59]. Environmental insight is defined as the competency to overcome
cognitive conflicts arising from system thinking and the integration of diverse concepts required to
understand abstract phenomena across different spatial and temporal scales [10]. Literature
emphasises three factors necessary for developing environmental insight: (i) recognising Earth as a
cyclic system composed of interacting subsystems exchanging matter and energy; (ii) understanding
humanity as an integral component of the Earth system, both influencing and being influenced by
planetary dynamics; and (iii) acknowledging the need for humans to coexist harmoniously within
Earth’s dynamics [10,13,59,65,74].

The prosperity of humanity depends on the development of environmental insight. System
thinking provides the reasoning necessary to understand social, technological, and scientific domains
alongside environmental insight, which is essential for reflecting upon sustainability [7,13,71]. In this
sense, ESE provides a practical and theoretical framework in science education to foster sustainable
coexistence with Earth by educating citizens about its holistic functioning [13,64].

Research indicates that understanding Earth as a dynamic, complex, and adaptive system
represents the highest level of comprehension. However, studies show significant difficulties among
students and adults [8,72,75]. The main challenges identified in ESE include (i) grasping Earth as a
dynamic system, (ii) comprehending Earth as holistic rather than fragmented, (iii) having inadequate
mental models of Earth’s subsystems, and (iv) lacking conceptual knowledge regarding
counterintuitive causal mechanisms [30,70,76,77]. The broad spatial-temporal scales of Earth system
processes further intensify these difficulties. To overcome these challenges, a practical ESE approach
must (i) be contextualised and relevant to everyday life, (ii) promote environmental insight, and (iii)
follow a social constructivist approach [8,64]. Additionally, an important feature of ESE is the
integration of indoor (classroom or laboratory) and outdoor (fieldwork) learning environments
[10,64,78]. Field experiences, when methodologically structured and equipped with appropriate
strategies and resources, foster systems, cyclic, logical, three-dimensional, and spatial-temporal
thinking by connecting classroom concepts with real-world phenomena and materials, providing
authentic sensorimotor experiences [10,74,79,80].

A holistic approach to science education, such as ESE, is valuable for empowering citizens with
competencies to make informed decisions concerning their responsibility towards the planet,
ultimately achieving environmental insight and harmony with Earth’s dynamics [10,13]. Science
education, particularly geoscience education, is well-suited to employing diverse methodologies and
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teaching strategies both inside and outside the classroom, significantly contributing to sustainability
across its three dimensions — environmental, social, and economic — through sustainability education
and environmental education [78,81,82].

More than ever, society must strive toward sustainability, necessitating profound changes in
individual and collective knowledge, values, attitudes, and behaviours [81]. Citizens must critically
reflect on how they interact, behave, and think regarding Earth’s biotic and abiotic components
[10,81]. System thinking combined with environmental insight is crucial for understanding the
complexity of human impacts on Earth. These impacts extend beyond environmental issues,
requiring interdisciplinary approaches and coordinated participation from global society.

2.3. Developing Pro-Environmental Knowledge, Attitudes, and Behaviors within Earth System Education
(ESE)

Humanity faces various sustainability challenges stemming from complex, often nonlinear
interactions within the Earth system, resulting in incomplete or insufficient understanding of these
issues [81]. Individual and collective decisions can intensify environmental, economic, and social
problems, effectively necessitating interdisciplinary knowledge to address them [81,83]. Educating
citizens about these issues is central to environmental education, education for sustainability, and
ESE, which aim to foster pro-environmental knowledge, attitudes, and behaviours supportive of
sustainability [64,83-86].

Pro-environmental attitudes — consisting of individual beliefs, values, and intentions — can, but
do not necessarily, translate into pro-environmental behaviours, which are concrete actions beneficial
to the environment [87-89]. Understanding the factors influencing pro-environmental behaviour is
crucial in environmental education, sustainability education, and environmental psychology [88].
Research has extensively explored the relationship among knowledge, attitudes, and behaviours,
identifying multiple internal and external factors affecting their adoption [84-87,90]. While early
research emphasized knowledge as a key predictor [88,91-93], subsequent studies have shown values
and beliefs exert a more substantial, more stable influence on pro-environmental behaviour, similar
to the role of attitudes [88,92,94,95].

By promoting environmental insight, ESE fosters a more profound understanding and increased
awareness of human-induced environmental issues [10,13]. Enhanced comprehension,
environmental sensitivity, and personal responsibility potentially contribute to developing pro-
environmental knowledge, attitudes, and behaviours. This, in turn, can encourage proactive
engagement in sustainability and conservation of the Earth system.

Amidst an unprecedented environmental crisis [96], the active involvement and participation of
all citizens become imperative, as human behaviours are recognized as the root cause of most
sustainability challenges, though not necessarily intentionally harmful [81,97]. Raising awareness
among citizens about environmental issues aims to develop their skills, attitudes, knowledge, and
values, empowering them to act as change agents towards sustainability. Science education is critical
in promoting active and responsible citizenship by engaging individuals with socioscientific issues
[96]. Geoethics education significantly contributes to raising awareness about environmental, social,
and economic impacts resulting from human behaviours [98].

3. Geoethics and Earth System Education (ESE): From Reflection to Action

Protecting the Earth system is a fundamental responsibility of humanity, and awareness of this
responsibility must be instilled in citizens from an early age. This awareness promotes preventive
behaviours against negative impacts on the planet and encourages sustainable practices. Geoscience
education thus plays a crucial role by fostering an understanding of Earth’s systemic functioning and
developing essential competencies and core principles and values relevant to daily life. To fully grasp
Earth’s holistic functioning and act according to planetary dynamics, science education must adopt
approaches that comprehensively address the complexity of issues involving social, environmental,
economic, political, and ethical factors resulting from human integration into the Earth system. These
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interconnected dimensions often present challenges, requiring thoughtful reflection to accommodate
each situation’s diverse and specific needs effectively. Geoethics is a field that explores and reflects
upon the core values guiding human behaviours and practices when interacting with the Earth
system [99,100]. Geoethics thus promotes a balanced and harmonious relationship between humans
and the Earth system.

Geoethics recognizes humans as agents of change, making it essential to establish a clear set of
values guiding human actions [99,100]. Three main categories of values emerge — ethical, social, and
cultural - offering multiple perspectives on complex issues and promoting geoethical practices when
followed. It is crucial to acknowledge that these value groups are not independent but deeply
interconnected [55,99,100]. To respect specific values, it is necessary to uphold others as well. For
example, the social value of prevention depends upon transparency and honesty (ethical values)
when communicating with decision-makers and the public. This need for an ethical framework to
manage the Earth system was also highlighted in the Amsterdam Declaration from the Challenges of a
Changing Earth Conference.

3.1. Geoethics in Earth System Education (ESE): Insights into How to Live in the Anthropocene

Geosciences focus on understanding the processes and dynamics of the Earth system, providing
knowledge essential to maintaining planetary habitability [13,66,101,102]. However, beyond
scientific knowledge, education should foster critical reflection on the multiple dimensions — ethical,
social, economic, and environmental — of human interactions with Earth [100,103,104]. Geoethics
addresses these dimensions by promoting ethical thinking and responsible actions that reflect Earth’s
holistic nature [13,101,105]. Contemporary issues, such as ocean stratification and deoxygenation,
non-renewable resource exploitation, climate change, and geological risks, require society’s
comprehensive understanding, integrating scientific knowledge with ethical and socio-economic
considerations [101,105]. Effective science education should enable individuals to recognize the
consequences of human activities, encouraging holistic Earth system understanding and promoting
geoethical thinking and behaviours [10,13,55,101].

Geoethics is central to ESE, bridging geosciences with social sciences to respond effectively to
socio-cultural challenges [10,101,106]. Therefore, integrating geoethics into curricula and societal
outreach is essential [10,101,107-109]. Both formal and non-formal educational approaches should be
inclusive, participatory, and proactive, fostering personal responsibility and active engagement in
sustainability issues [13,100,103]. Non-formal education, in particular, can make geoethics more
accessible and relevant, potentially encouraging its inclusion in formal curricula [108].

Applying geoethics through high ethical standards in professional geosciences practice,
education, and communication enhances societal understanding, increasing trust in science and
scientists [10,13,101]. Geosciences thus significantly contribute to ecosystem protection, equitable
resource distribution, and the scientific, educational, and cultural appreciation of bio- and
geodiversity [106,110]. Teaching geoethics fosters critical thinking, reflection, argumentation, and
interdisciplinary problem-solving skills, emphasizing the holistic nature of the Earth system [13,111].
Geoethics enhances environmental insight and holistic Earth system understanding by enabling
citizens to (i) comprehend the interconnectedness between humanity and the Earth subsystems, (ii)
recognize humanity’s integral role and responsibilities within the Earth system, and (iii) appreciate
the necessity of living sustainably and respectfully in alignment with planetary dynamics.

Geoethics education should be student-centred, actively engaging learners by translating
abstract concepts into practical responses to specific cases, thereby cultivating geoethical thinking,
actions, and environmental insight [10,13,64,101,102,108]. It is crucial to increase citizens’ awareness
regarding the issues they currently face and those they will encounter in the future. This presents an
opportunity to embed geoethical values into educational practices framed within an ESE approach.
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Figure 4. Integration of a holistic and geoethical perspective of the Earth system.

In the end, embedding geoethics into ESE can provide citizens not only with scientific
understanding but also with the ethical awareness and social responsibility necessary to navigate the
complex challenges of the Anthropocene (Figure 4). By fostering critical and systemic thinking,
environmental insight, and a deep appreciation of humanity’s role within the Earth system, geoethics
empowers citizens to act consciously and collaboratively toward a more just, sustainable, and
resilient future.

Final Remarks

Understanding Earth as a complex, interconnected, and dynamic system is essential to
addressing the multifaceted challenges of the Anthropocene. ESS offers a transdisciplinary
framework to interpret the planet’s functioning across diverse temporal and spatial scales, revealing
anthropogenic actions’ intricate feedback and consequences. Complementarily, ESE emerges as a
powerful pedagogical approach to equip citizens with the knowledge, attitudes, skills, values, and
ethical responsibility necessary to engage with sustainability issues critically and constructively.

Integrating geoethics within ESE adds an essential dimension, enabling individuals to
understand scientific phenomena and reflect ethically on human-Earth interactions. In this context,
developing systems thinking and environmental insight becomes crucial to empower citizens to act
as agents of change, making informed decisions that consider environmental, social, and economic
sustainability. Ultimately, preparing citizens to live responsibly in the Anthropocene requires a
change in thinking in science education — one that promotes holistic understanding, geoethical
engagement, and active participation in the governance and preservation of the Earth system. ESS
and ESE together offer a foundation upon which more sustainable and equitable futures can be
envisioned and built.
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