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ABSTRACT
The foundational article on Gaia was published in Tellus in 1974. Contrary to the popular 
story, that this triggered scientific controversy with evolutionary biologists, Gaia’s central 
legacy is within Earth and environmental sciences. The constitution of Earth system 
science from the 1980s onwards is one of the major scientific legacies of Gaia. However, 
we show that Gaia is a distinct entity from the Earth system, which has inspired different 
scientific questions and a different relationship between science and politics – emphasising 
a particular way to think about the Earth as the most useful for action. This is a healthy 
plurality that can continue to enrich both fields. Gaia research elucidates aspects of 
habitability that Earth system science overlooks.
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GAIA AND TELLUS

The most iconic article on Gaia, by James Lovelock and 
Lynn Margulis, was published in Tellus in 1974 (Lovelock 
& Margulis, 1974). ‘Atmospheric homeostasis by and for 
the biosphere: the Gaia hypothesis’ came out two years 
after a short letter from Lovelock that introduced Gaia 
in Atmospheric Environment (Lovelock, 1972). The Tellus 
article, however, has come to be seen as the foundational 
exposition of the Gaia hypothesis. These articles present 
Gaia both as the name of a new entity – the total ensemble of 
all living beings (‘Life’) and the parts of the Earth with which 
they interact – and a new ‘hypothesis’ – that living beings’ 
collective influence on their environment can explain the 
long-term maintenance of Earth’s habitability – including 
maintaining equable temperatures despite increasing solar 
luminosity (Figure 1).

As both the content of the article and the audience of 
Tellus suggest, Gaia was principally addressed to Earth 
and environmental scientists. It is often portrayed that the 
article’s teleological phrasing (‘by and for the biosphere’) 
triggered a controversy with evolutionary biologists. They 
certainly have a long-lasting acquaintance with this issue 
and take for granted that teleological functions can only 
be assigned to a narrow class of entities that have evolved 
by natural selection (Ruse, 2013). A couple of prominent 
biologists later argued that Gaia cannot arise by natural 
selection because it is a population of one (Dawkins, 1982) 
or would require untenable altruism on the part of its 
constituents (Doolittle, 1981). But scrutiny shows there was 

no real controversy as (these exceptions aside) evolutionary 
biologists were mostly just not interested in Gaia (Dutreuil, 
2024). By contrast the Tellus article instigated a rich, deep, 
and often passionate relationship between Gaia and the 
Earth and environmental sciences.

It is often said that the name Gaia was to blame for a 
mixed reaction from Earth scientists: science is a serious 
thing not to be interwoven with mythological phrasings. 
Some did indeed dismiss Gaia as pseudo-science. However, 
‘Tellus’ is not just the name of a (serious) scientific 
journal but also Gaia’s name in Roman mythology. So, we 
need to look elsewhere to explain Earth scientists’ mixed 
reactions. In the following we first trace Gaia’s scientific 
legacy. Then we unpack the relationship between Gaia 
and later conceptions of the Earth system, including the 
different entities at stake, the different scientific questions 
addressed, and their different scientific practices and 
relationships with politics. This offers a different 
scientific history of Gaia. We close with an outlook for 
Gaia research.

GAIA’S SCIENTIFIC LEGACY

The scientific history of Gaia is challenging to decipher for 
a practical reason. A traditional method of science studies is 
to search for keywords to map controversies, but that misses 
the biggest part of the story, because taboo around the name 
Gaia led to much of its legacy continuing under another 
name.

Figure 1 The mean surface temperature of the Earth as portrayed by Lovelock & Margulis (1974), highlighting the faint young Sun puzzle – 
that with current atmospheric composition the early Earth would have been frozen. The shaded area is described as the ‘temperature range 
deduced from the geological record and the persistence of life’. Nowadays a 30% increase in solar output since the formation of the Earth 
(4.56 × 109 years) is considered realistic, and an interval of considerable early stellar mass loss producing cooling from high temperatures is 
considered unrealistic (Basinger et al., 2024) – thus exacerbating the faint young Sun puzzle. Reproduced from Lovelock & Margulis (1974) 
under CC BY (DOI: https://doi.org/10.3402/tellusa.v26i1-2.9731).

https://doi.org/10.3402/tellusa.v26i1-2.9731
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Searching for Gaia as a keyword in scientific literature 
yields roughly a couple of hundred articles and a dozen 
scientific books. This is a decent tally compared to what 
one would expect if Gaia were pseudo-science. Much of 
this literature stems from a further seminal paper in Tellus, 
by Andrew Watson and James Lovelock introducing the 
‘Daisyworld’ model (Watson & Lovelock, 1983). ‘Biological 
homeostasis of the global environment: the parable of 
Daisyworld’ demonstrates in an idealized way that self-
regulation of climate by Life is, in principle, possible in 
the presence of natural selection at lower levels without 
requiring unworkable altruism (Figure 2).

The original Daisyworld model was conceived as an 
illustration of how Gaia could work without contradicting 
established theory (Dutreuil, 2014; Kirchner, 1989). The 
growing Daisyworld literature that followed provided a 
theoretical framework for Gaia – a mathematical approach 
to spanning the space and time scales between the growth 
and evolution of organisms and planetary habitability. The 
reaction of John Maddox, the editor of Nature, is telling of 
the interest in Gaia in the 1980s: he wrote to Lovelock to 
lament that Nature missed the paper and urged him to send 
the next Gaia piece to him (Letter from Maddox to Lovelock, 
24 April 1985, for details see Dutreuil (2024)). Lovelock later 
obliged with what became known as the ‘CLAW’ hypothesis 
(after the initials of the authors Charlson, Lovelock, 
Andreae, & Warren, 1987).

Yet, the Gaia scientific literature remains a ridiculously 
small one when compared to, physical climatology, or to 
claims sometimes made by Lovelock or those researching 
Gaia that Gaia represents a scientific and philosophical 
revolution; perhaps as important as the one which laid the 

foundation of modern science. It also comes mostly from 
a small group of less than twenty scientists, many of them 
in the UK, with personal connections to Lovelock. This 
constantly intrigued Bruno Latour (Latour, 2017): how could 
an idea of such scientific and philosophical magnitude be 
worked upon by only a handful of scientists in the world?

Lovelock often complained that Earth and environmental 
scientists have tacitly accepted Gaia’s major points – 
that living beings have a major influence on the global 
environment; and that this influence may be ‘regulatory’ 
– but have abandoned Gaia’s name, and often, Lovelock’s 
credit. There is a major scientific legacy, involving thousands 
of scientists, but Gaia’s name was taboo and dropped along 
the way in favor of another label ‘Earth system science’. This 
is why just looking for the keyword Gaia can miss the whole 
story.

Earth system science emerged in the 1980s out of an 
institutional effervescence targeting ‘global change’ in 
all major scientific institutions structuring and funding 
sciences in the US and at an international level. It gained 
traction in the late 1990s and early 2000s, when IGBP made 
a point to promote the label ‘Earth system’, which initially 
originated at NASA. In response, Lovelock, Margulis, and 
other Gaia researchers consistently argued that Earth system 
science was Gaia by another name, or as Lynn put it ‘none 
other than Gaia herself decked in futuristic garb and made 
palatable to the ‘hard rock’ scientists’ (Margulis, 2004).

The argument that Earth system science is the major 
institutional legacy of Gaia, even though the names of Gaia, 
Lovelock, and Margulis are infrequent, has two sources. 
One is the fact that Gaia’s scientific legitimacy was disputed: 
in the turmoil, those researching Gaia grabbed whatever 

Figure 2 The Daisyworld model as introduced in Tellus (Watson & Lovelock, 1983). The top panel shows the areal coverage of black and 
white daisies (albedos 0.25 and 0.75, respectively). The bottom panel shows global temperature, as solar luminosity is increased (the dotted 
line indicates the temperature of the planet without life). Reproduced from Watson & Lovelock (1983) under CC BY (DOI: https://doi.
org/10.3402/tellusb.v35i4.14616).

https://doi.org/10.3402/tellusb.v35i4.14616
https://doi.org/10.3402/tellusb.v35i4.14616
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they could to restore Gaia’s scientific image. The other 
is that there is a truth to it: Gaia did put to the fore a new 
conception of the Earth in the 1960s and 1970s, which was 
then very influential in the definition of the ‘Earth system’ 
in the 1980s and 1990s. Many Gaia researchers have driven 
Earth system science. This was not sufficiently recognized in 
the late 1990s, but it is now commonly accepted and can be 
traced in minute detail (Dutreuil, 2024).

Because Gaia’s important scientific legacy in the 
constitution of Earth system science is now recognized, we 
take it as a given. This new starting point invites a different 
question: in which ways do Gaia and Earth system science 
differ? Here we show that although ‘Gaia’ and the ‘Earth 
system’ are related entities, they are distinct, they address 
different scientific questions, and there are key differences 
in scientific practices and their relationship with collective 
action.

DIFFERENT ENTITIES AT STAKE

The label Gaia ‘hypothesis’ has driven some Popperian 
scientists to argue that it lacks ‘scientific’ testable 
propositions (Kirchner, 1989; Kirchner, 1991). This misses 
the central point: Gaia’s major scientific contribution is an 
ontological one not a testable hypothesis. Gaia changed the 
sciences by presenting a new entity. For a historical parallel, 
think about how a new ontological partition between living 
and non-living entities paved the way for the constitution 
of biology in the early 19th century, out of the remnants of 
Natural History (Foucault, 1966; Huneman, 2008).

The greater scientific effects do not come from the 
formulation of a hypothesis about the causal relationships 
between two entities (e.g. the atmosphere and the biosphere), 
but from the presentation of a new object to be studied (e.g. 
Gaia). While testing a new hypothesis can lead to theoretical 
refinement within existing fields, introducing a new entity 
can lead to the constitution of new fields of study, raising 
an array of questions about the new entity. In the case of 
Gaia, the major effects, in terms of the number of scientists 
concerned, are clearly those resulting from the presentation 
of a new entity (Dutreuil, 2024). The discussion of the 
‘hypothesis’ and then ‘theory’ concerned a much smaller 
scientific literature.

Gaia differed from the major conceptions of the Earth 
at stake at the time in the 1960s and 1970s. Without 
being exhaustive, we can list several of these. The basis of 
climatology and plate tectonics came from the geophysics of 
the Cold War: the climate system (Figure 3) (NRC, 1975) and 
the solid Earth are both physical systems thought of in terms 
of their mechanical and thermal properties. Meanwhile 
geochemistry conceived the Earth as a huge chemical 
factory made of reservoirs and fluxes of matter (Figure 4) 
(Siever, 1968). In contrast, Gaia put to the fore living beings 
(Figure 5) (Lovelock, 1986) and their underrecognized 
influence on the physical, chemical, and geological 
properties of Earth’s surface. Gaia was also distinct from 
other trendy contemporary conceptions of the Earth, such 
as ‘Spaceship Earth’, popular in economic circles and the 
United Nations (Höhler, 2015; Selcer, 2018).

Biogeochemistry developed alongside Gaia, but despite 
adding the influence of living beings to geochemistry, 

Figure 3 A 1970s rendering of the physical climate system, where ‘The full arrows are examples of external processes, and the open arrows 
are examples of internal processes in climatic change’ (National Research Council, 1975, p. 14). Life (‘vegetation’) is viewed as external 
to the climate system. Credit: National Research Council, 1975. Understanding Climatic Change: A Program for Action (DOI: https://
doi.org/10.17226/27501). Reproduced with permission from the National Academy of Sciences, courtesy of National Academies Press, 
Washington, DC.

https://doi.org/10.17226/27501
https://doi.org/10.17226/27501
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Lovelock (1986) accurately noted several distinctions 
(Figure 5). Notably, biogeochemistry failed to recognize 
the central importance of the regulation of the global 
environment through feedback loops involving living 
beings. Furthermore, Gaia considers all properties relevant 
to Earth’s habitability (e.g., climate), not just chemical ones 
(as in biogeochemistry).

After Gaia, two different guises of the ‘Earth system’ 
arose in the 1980s, which also considered an interconnection 
of the biosphere, hydrosphere, atmosphere, and parts of 
the lithosphere studied through cybernetics and system 
thinking (IGBP, 1989; NASA, 1986).

One guise came from NASA (1986), faced with the threat 
of massive cuts in funding from the Reagan administration, 
the space agency turned towards the Earth and formulated 
Earth system science as a bold new global change research 
program (Conway, 2008; Goldstein, 2009). This necessitated 
defining the Earth system, and needing the political support 
of solid Earth geophysics, NASA’s Earth system included the 
whole inner planet on geologic timescales (Figure 6) (NASA, 
1986).

At the same time (1986), IGBP was founded (IGBP, 1989) 
and started to define the Earth system by identifying human 
conditions of existence and connecting these conditions of 
existence to all known materials and processes affecting 
them, including human activities. IGBP’s Earth system 
only considers shorter timescales – study of Earth’s past is 
restricted to recent history – and thus it only scratches the 
surface of the lithosphere.

These Earth systems, especially IGBP’s, inherit several 
aspects from Gaia: living activities are considered, a language 

Figure 4 A late1960s rendering of geochemical cycling described as ‘A chemical engineering analogy to the surface geochemical cycle’ (Siever, 
1968). Life (‘photosynthesis’) is one part of the chemical factory. Reproduced from Siever (1968) (DOI: https://doi.org/10.1111/j.1365-3091.1968.
tb00837.x) with permission from John Wiley and Sons.

Figure 5 Lovelock’s (1986) contrasting of (top) a geophysiological 
(Gaian) model, and (bottom) a biogeochemical model. Reproduced 
from (Lovelock, 1986) (DOI: https://doi.org/10.1175/1520-0477-
67.4.390) with permission from the American Meteorological Society.

https://doi.org/10.1111/j.1365-3091.1968.tb00837.x
https://doi.org/10.1111/j.1365-3091.1968.tb00837.x
https://doi.org/10.1175/1520-0477-67.4.390
https://doi.org/10.1175/1520-0477-67.4.390
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of ‘whole’ and ‘complexities’ pervade both perspectives, and 
the tools of complexity sciences are used to study the system. 
Still, there are important differences.

NASA’s Earth system is fundamentally abiotic in that it 
predates (and will postdate) Life (and therefore Gaia) and 
there can be, for example, a Mars system. It also carries a 
narrow, abiotic notion of habitability: the presence of liquid 
water. IGBP’s Earth system in contrast focuses on habitability 
for humans, but this takes for granted several conditions of 
existence created by other life forms, such as an oxygen-rich 
and CO2-poor (and therefore cooler) atmosphere.

When Will Steffen led IGBP (1998–2004) he put the 
question ‘What is the nature of the Earth?’ at the center of 
Earth system science’s theoretical efforts (Steffen, 1998). 
The corresponding 2001 Amsterdam Declaration on Global 
Change states that ‘The Earth System behaves as a single, 
self-regulating system comprised of physical, chemical, 
biological, and human components’. Yet something about 
Gaia is missing: the Declaration does not say towards 
which state the system self-regulates – there is no linking 
to habitability.

More deeply, reading Lovelock (and other Gaia 
researchers), a key attitude prevails: Life is not just one part 
of the Earth system among others – such as the atmosphere 
or hydrosphere – it is special and central. It is the very 
starting point of the definition of the entity: if you want to 
draw the boundaries of Gaia, it’s easy, you just need to start 

to recognize all living beings on Earth, then track down all 
their interactions with their outside environment. Gaia is 
the result of these interactions (for a philosophical analysis 
of this mode of individuation see Huneman 2014a; 2014b).

The material boundaries of living beings no longer stop at 
their membranes; they expand as far as their influence on the 
‘geological’ environment can reach. What was beforehand 
thought of as ‘abiotic’ such as the atmosphere, can now be 
seen as a living part ‘like the fur of a mink or the shell of 
a snail’ (Lovelock, 1979). The resulting Gaia phenomenon 
has extended itself in space and time within the frame of 
reference provided by NASA’s Earth system.

IGBP’s Earth system in contrast shifts the focus from ‘all 
living entities’ to ‘humanity’: Gaia raised the problem of 
Earth’s habitability for all Life since its origin and for the 
coming billion years; IGBP’s research program inherited 
the importance of ‘habitability’ but centered the question 
on what mattered for humanity in the coming centuries 
(Steffen et al., 2020).

DIFFERENT SCIENTIFIC QUESTIONS

Because Gaia introduced a new entity with Life at its core, 
and habitability as a central concern, it asked different 
scientific questions to other views of the Earth system, 
leading to new discoveries. Here we consider the small 

Figure 6 NASA’s schematic view of the Earth system including the whole inner planet, from NASA (1986). Credit: National Research 
Council. 1986. Earth System Science: Overview: A Program for Global Change (DOI: https://doi.org/10.17226/19210). Reproduced with 
permission from the National Academy of Sciences, courtesy of National Academies Press, Washington, DC.

https://doi.org/10.17226/19210
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scientific literature which accepted using the label ‘Gaia’ 
and discuss the questions it raised, the reactions of Earth 
scientists, and the responses.

Firstly, Gaia asked what are all the global environmental 
consequences of the actions of Life? The exercise of tracking 
these down led, for example, to the discovery of the biogenic 
gases dimethyl sulphide (DMS) (Lovelock et al., 1972) 
and methyl iodide (Lovelock et al., 1973) in the remote 
marine atmosphere. Further tracing the consequences 
of DMS emissions led to recognizing their role as cloud 
condensation nuclei affecting cloud albedo and climate, 
with possible feedback(s) on DMS production, encapsulated 
in the ‘CLAW’ hypothesis (Charlson et al., 1987).

Second, Gaia asked how could aspects of the global 
environment be regulated in a habitable state through 
mechanisms involving Life? This led to new proposals of 
feedback mechanisms. For example, experiments showed 
the sensitivity of ignition and thus terrestrial vegetation to 
atmospheric oxygen levels (Watson et al., 1978), inspiring 
proposals of oxygen regulators (Kump, 1988; Watson et al., 
1978).

Third, Gaia asked how could planetary-scale self-
regulation in a habitable state come about? This inspired 
the formulation of new models and theory, starting with 
Daisyworld (Figure 2), which demonstrated one way in 
which self-regulation of climate by Life is possible (in 
principle) (Watson & Lovelock, 1983).

More broadly, Gaia tackled new theoretical questions: 
What is a ‘global environment’? What is the relationship 
between Life and its global environment?

How did Earth scientists respond to the new entity, 
Gaia? Several objected to it. Their early criticisms can be 
summarized (non-exhaustively) as: (i) Abiotic mechanisms 
can explain Earth’s long-term habitability (i.e. Gaia is 
redundant). (ii) Regulation is imperfect (i.e. Gaia is not 
optimizing; or the ‘benefit’ that Life gains from regulation 
is ill-defined). (iii) Life causes environmental instability as 
well as stability (i.e. Gaia is not homeostatic).

An abiotic regulator (i) was proposed in the ‘WHAK’ 
hypothesis of a negative feedback mechanism for the long-
term stabilization of Earth’s surface temperature (named 
after the initials of the authors Walker, Hays, & Kasting, 
1981). This involves the CO2 and temperature sensitivity 
of silicate weathering, a key long-term removal process for 
CO2. However, Gaia researchers were quick to point out that 
terrestrial biota enhance weathering and are sensitive to CO2 
and temperature levels, thus strengthening this regulator 
and lowering its set point (Lovelock & Watson, 1982; 
Schwartzman & Volk, 1989). Thus, Life could prolong its 
lifespan on Earth (Lovelock & Whitfield, 1982), enhancing 
habitability.

Geochemists responded by recognizing that the 
regulation of atmospheric CO2 and climate involves biotic 
as well as abiotic factors, but they continued to query the 
relative importance of Life (Holland, 1991). They also 
noted that atmospheric oxygen regulation involves abiotic 

(tectonic) as well as biotic processes (Berner, 1991; Holland, 
1991). Lovelock’s response was that he was always talking 
about the self-regulation of a system with both biotic and 
abiotic components (Lovelock, 1986; Lovelock, 1988).

Earth scientists further noted that (ii) regulation of 
atmospheric oxygen, CO2 and climate is imperfect (Berner, 
1991; Holland, 1991; Schidlowski, 1991). Therefore, Gaia 
is not optimizing (Kirchner, 1991). Indeed, defining an 
optimum for Life at any given time is problematic (given 
that different life forms have different environmental 
preferences), and if one can be defined it must have changed 
e.g. from an originally anaerobic to an aerobic biosphere 
(Kirchner, 1991).

The claim of optimality stemmed from Lovelock (1972), 
reflecting his transferring physiological knowledge directly 
to Gaia. Margulis and Lovelock (1974) recognized, however, 
that Gaia has had different regulatory regimes (and 
therefore different optima), notably before and after the 
Great Oxidation of Earth’s atmosphere.

Thus, Margulis and Lovelock (1974) already recognized 
that (iii) Life has caused environmental instability as well 
as stability, most notably the Great Oxidation of Earth’s 
atmosphere. This led Margulis especially to favor the 
descriptor homeorhesis (over homeostasis) – meaning 
the ability of a dynamic system to return to a particular 
trajectory after being disturbed (Waddington, 1957).

Earth scientists noted this and other instances of Life 
destabilizing environmental conditions as a critique of 
homeostasis (Kirchner, 1989; Kirchner, 1991). They also 
noted that Daisyworld is a special case, concocting variants 
of the model with life forms that destabilize environmental 
conditions for each other (Keeling, 1991; Kirchner, 1989). 
However, in a sufficiently complex system, containing a 
source of novelty, there are always going to be instances of 
destabilization.

The real (Gaia) question thus became whether there is 
any probabilistic tendency towards outcomes that regulate 
the environment in a habitable state, or not? Critiques of 
Gaia from evolutionary theorists also led to this question 
(Lenton, 1998). Meanwhile, there was a shift in emphasis of 
the properties of Gaia to be explained. It was recognized that 
a key contributor to habitability in a nearly materially closed 
Earth system is the recycling by Life of all the elements it 
needs to flourish (Lenton, 1998; Volk, 1998). So, how could 
the extraordinary recycling of some elements be explained?

This reframing of the Gaia debate inspired new 
theoretical and modelling approaches. Evolutionary models 
were developed where different effects of organisms on 
their environment could arise (at random) with resultant 
feedback and selection (Arthur & Nicholson, 2017; Downing 
& Zvirinsky, 1999; Lenton, 1998; Williams & Lenton, 2007; 
Williams & Lenton, 2008; Williams & Lenton, 2010). The 
aim was to understand whether recycling and/or regulation 
were expected or improbable outcomes.

The models showed that there could be a probabilistic 
tendency towards recycling (Williams & Lenton, 2007) 
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and environmental regulation (Williams & Lenton, 2008). 
To understand this tendency, researchers have drawn on 
principles of cybernetics, statistical mechanics (maximizing 
informational entropy) (Arthur & Nicholson, 2017; Arthur & 
Nicholson, 2022; Lenton, 2025) or have generalized natural 
selection (Doolittle, 2017; Lenton, 2025; Lenton et al., 2018).

This research has had little influence on Earth system 
science, because it is not concerned with the evolutionary 
question of how regulation or recycling could arise. Here, 
the relatively small scientific literature on Gaia can be 
explained by lying at the intersection of life sciences (ecology, 
evolutionary biology) and Earth and environmental sciences 
and requiring training and interest in both fields. Gaia’s 
fundamental questions dealt with objects and scales entirely 
foreign to evolutionary biologists (global climatic and 
chemical properties are ‘external constraints’ to evolutionary 
biologists, not their objects of study); and they required a 
theoretical familiarity with, and interest in, life sciences 
rarely taught in Earth science curricula.

However, the elucidating of Life’s role in specific feedback 
mechanisms has had a clear legacy. Following NASA’s Earth 
system science, the biological enhancement of weathering 
has become an established part of long-term carbon cycle 
models, tested against geologic data (e.g. CO2 proxies) 
(Bergman et al., 2004; Berner, 1997). Fire- and vegetation-
mediated atmospheric oxygen regulators have also become 
integral to these models, tested against geochemical records 
(Bergman et al., 2004; Lenton & Watson, 2000; Vitali et al., 
2026). Following IGBP’s Earth system science, Earth system 
models of contemporary global change have increasingly 
incorporated feedback involving Life (Bonan & Doney, 2018; 
Dahan, 2010; Lashof, 1989; Steffen et al., 2020).

That said, the different entities at stake in Gaia and Earth 
system science, and the latter’s focus on Earth’s short-term 
habitability for humanity, has led to a different relationship 
with environmental politics.

DIFFERENT PRACTICES AND 
POLITICS OF SCIENCE

Physical climatology, Gaia research, and Earth system 
science all aim to produce scientific knowledge about the 
global environment, and by so doing, somehow change 
the course of collective action. But the way this scientific 
knowledge is produced, the kind of knowledge produced, 
its audiences and relationships with collective action 
are different in all three cases. To offer some caricatures 
(while recognizing that many researchers lie on a spectrum 
between these extremes, and may identify with more than 
one of these labels):

Climatologists talk collectively (and almost anonymously) 
to political leaders through massive scientific reports from 
Working Group 1 of the Intergovernmental Panel on Climate 
Change (IPCC, 2021). These review scientific facts about 
changes in the climate and quantitative predictions made by 

climate models based on different scenarios. Science aims 
to be policy relevant but not policy prescriptive. Political 
leaders and stakeholders are expected to take the ‘right’ 
decision by evaluating the different predictive outcomes 
of the possible scenarios (although, in reality, they decide 
based on their own values).

Earth system science, defined in a narrow sense, 
functions very differently, although it is often confused with 
climatology. The medium is different: the most recognized 
products are scientific articles in high impact journals, 
publicized by IGBP and now Future Earth. The authorship 
differs: mostly a handful of theoreticians with long-standing 
collaborations. The most visible scientific achievements are 
not quantitative predictions and facts, but concepts such 
as the Anthropocene, planetary boundaries, and tipping 
points, which are meant to change the way we think about 
the Earth as an entity and our place within it. Finally, the 
audience is broader: in the same paper, Earth system science 
talks to the global change science community, political 
leaders, economic actors, civil society, climate activists – 
whoever is up to branding the concepts. It aims somehow 
to reach cultural representations, albeit through respectable 
scientific journals.

Before Earth system science, Gaia already insisted on 
changing our views of the Earth (ontology) rather than 
solely on facts, data and predictions. Beyond presenting a 
new entity for scientific consideration (Gaia), Lovelock and 
Margulis developed a new scientific practice, reminiscent of 
18th century theories of the Earth (Rudwick, 2005; Rudwick, 
2014). Biologists and physicists are used to thinking about 
the nature of their objects – witness journals such as 
Biological Theory in which reflections on the nature of life 
are common. But this kind of practice was somehow absent 
in Earth Sciences in the 1960s and 1970s. This practice tends 
to be more normative than the IPCC approach: the task 
is not to collect objective facts on which everyone would 
agree but to show that there are different ways to think 
about the Earth, and to promote one of these views as the 
most correct or useful for action (e.g. seeing the Earth as a 
complex system susceptible to abrupt transitions rather than 
responding linearly to perturbations).

But what ultimately separates Gaia from Earth system 
science is that Lovelock used all available media to reach 
not only scientific colleagues, political leaders (e.g. he 
advised Margaret Thatcher) but also to trigger a large 
cultural appropriation of Gaia. The same idea was written 
in scientific journals, popular books, the press, and all the 
outlets and networks of the environmental counterculture 
(e.g. the Whole Earth Catalog in the US, Resurgence and The 
Ecologist in the UK). The mythological name of Gaia and 
the liberal attitude of Lovelock also favored the idea that 
Gaia was not just to be elaborated within scientific circles: 
propagating the ‘right’ view of the Earth is not the privilege 
of theoreticians, as in Earth system science.

So, if the historical link between Earth system science 
and Gaia is true, why was Gaia taboo in the Earth and 
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environmental sciences? Lovelock’s political position on 
environmental matters is an important part of the answer, 
as the outcome of the relationship between Gaia and 
Tellus suggests. Bert Bolin had originally welcomed Gaia 
in Tellus, in the early 1970s, but later tended to keep his 
distance from Lovelock after the latter took a controversial 
political position in the ‘ozone war’ – the intense scientific, 
industrial, and political battle during the 1970s and 1980s 
regarding the destruction of the stratospheric ozone layer 
by man-made chemicals (Dotto & Schiff, 1978). Specifically, 
Lovelock opposed an absolute ban on CFCs and testified to 
US Congress in 1974 on behalf of DuPont.

Paul Crutzen’s position is also telling. Crutzen knew about 
Gaia from its inception. Crutzen and Lovelock, with the same 
chemical and engineering background, were two of the most 
prominent actors of the CFC and ozone affair in the 1970s. But 
the only interval when Crutzen wrote about Gaia (Crutzen, 
2002; Crutzen, 2004) is exactly when he was busy promoting 
the Anthropocene concept (Crutzen & Stoermer, 2000). 
Crutzen’s message is clear: given Lovelock’s controversial 
position on environmental issues, ‘the Anthropocene’ is a 
better ‘buzzword’ (Bensaude Vincent, 2014) than Gaia to 
direct our scientific efforts on global change.

OUTLOOK

So, given these distinctions from physical climatology and 
Earth system science, what is the outlook for Gaia research?

Looking ahead, a key scientific task is to go beyond generic 
understanding of how global environmental regulation 
involving Life could ‘evolve’ to a more specific understanding 
of the evolutionary assembly of Earth’s biosphere (Lenton, 
2025). Advances in theory, modelling and molecular 
phylogenetics are bringing new understanding of the 
origin and evolution of biogeochemical cycles. New theory 
posits that biogeochemical cycles can be viewed as units 
of persistence-based selection (Doolittle & Inkpen, 2018) 
and recent modelling shows how such selection between 
cycles could work (Boyle et al., 2025; Szathmáry, 2025). A 
synthesis with molecular phylogenetics to reconstruct the 
evolutionary assembly of the biosphere and then simulate it, 
could test predictions of this model against the sedimentary 
record (Lenton, 2025; Moody et al., 2024; Moody et al., 2025).

Together with advances in the theory and modelling of 
environmental regulation, and the study of Earth system 
response to past perturbations, this new understanding can 
help inform how resilient or vulnerable the contemporary 
Earth system is to anthropogenic perturbation (Lenton 
& Watson, 2011). Notably, if current resource cycles and 
regulatory mechanisms arose purely by chance, then the 
overall system is less robust than if there is some overall 
tendency towards recycling and regulation.

While Gaia has already inspired some inclusion of Life in 
Earth system models, it tends to be a few, fixed functional types 
of life that do not evolve in response to changing environmental 
conditions. Progress on evolutionary modelling of Gaia has 

(in part) inspired more evolutionary adaptive models of 
marine Life (Clark et al., 2011; Clark et al., 2013; Daines et 
al., 2014; Toseland et al., 2013; Ward et al., 2019) and more 
diverse vegetation models (Pavlick et al., 2013). Pursuing this 
approach can enable simulating the adaptive response of the 
biosphere to global change. Alongside this, human activities 
are beginning to be included as an interactive part of Earth 
system models (rather than a prescribed external boundary 
condition) (Calvin & Bond-Lamberty, 2018; Donges et al., 
2020; Galbraith, 2021).

Gaia is already inspiring extensions of evolutionary theory 
that also apply to understanding the evolution of clades (in 
Earth history), of ecosystems, and of human social-ecological 
systems (Lenton et al., 2021; Lenton & Scheffer, 2024). Gaia 
can further contribute to sustainability science, elucidating 
a recipe for long-term sustainability and how human 
collective self-awareness might become part of planetary 
self-regulation, offering a distinct perspective on humanity’s 
possible path(s) forward (Lenton & Latour, 2018).

The developing theory and modelling of Gaia is finding 
new relevance in the search for life on extra-solar planets 
(Chopra & Lineweaver, 2016). Gaia has long contributed to 
astrobiology, providing a fundamental approach to detecting 
life on extra-solar planets (Lovelock, 1965). More recently 
Gaia models have started informing the search for life on 
extra-solar planets, including what biosignatures to expect 
(Nicholson et al., 2022) and what distributions of exo-
biospheres to expect (Nicholson et al., 2018). If, and when, 
exo-biospheres are detected, their observed distribution can 
in turn provide a test of the probabilistic reframing of the 
Gaia hypothesis (Lenton, 2025).

CONCLUSION

Gaia made a pivotal contribution to the constitution of 
Earth system science, with lasting effects. Yet Gaia and 
the Earth system are distinct entities, inspiring different 
scientific practices and relationships to collective action. 
Gaia provides a healthy plurality with Earth system science 
and physical climatology. Some scientists identify with all 
three fields; others acknowledge an inspiration from Gaia. 
Looking ahead, Gaia can continue to add to Earth system 
science: revealing the aspects of habitability it overlooks. 
Gaia can also make key contributions to evolutionary theory, 
sustainability science, and astrobiology.

On a more philosophical level, Gaia has brought back from 
the late 18th century a scientific style and practice relevant 
to the understanding of the contemporary relationship 
between Earth sciences, environmental policies, and cultural 
representations of nature: a theoretical reflection on the 
nature of the Earth. This is what fueled a renewed interest in 
Gaia from the humanities and social sciences (Latour, 2017). 
It also explains why ‘the Anthropocene’ – coming from the 
same ‘scientific genre’ – has proven so powerful in binding 
together natural sciences, politics, humanities, and social 
sciences.



169Lenton and Dutreuil Tellus DOI: 10.16993/tellus.4132

ACKNOWLEDGEMENTS

Our gratitude to the late Bruno Latour for his extraordinary 
capacity to assemble collectives and for his deep passion for 
inquiry that inspired our thinking on these topics. We thank 
the convenors of the Tellus 75th anniversary symposium for 
inviting us to contribute.

COMPETING INTERESTS

The authors have no competing interests to declare.

AUTHOR CONTRIBUTIONS

The authors contributed equally to conceiving and writing 
the paper.

AUTHOR AFFILIATIONS

Timothy M. Lenton  orcid.org/0000-0002-6725-7498 
Global Systems Institute, University of Exeter, Exeter, 
United Kingdom
Sébastien Dutreuil  orcid.org/0000-0003-3415-5265  
Aix-Marseille University, Centre Gilles Gaston Granger, CNRS, 
Aix-en-Provence, France

REFERENCES

Arthur, R., & Nicholson, A. (2017). An entropic model of Gaia. 
Journal of Theoretical Biology, 430, 177–184. https://doi.
org/10.1016/j.jtbi.2017.07.005

Arthur, R., & Nicholson, A. (2022). Selection principles for 
Gaia. Journal of Theoretical Biology, 533, 110940. https://doi.
org/10.1016/j.jtbi.2021.110940

Basinger, C., Pinsonneault, M., Bastelberger, S. T., Gaudi, 
B. S., & Domagal-Goldman, S. D. (2024). Constraints 
on the early luminosity history of the Sun: Applications 
to the Faint Young Sun problem. Monthly Notices of the 
Royal Astronomical Society, 534(3), 2968–2985. https://doi.
org/10.1093/mnras/stae2280

Bensaude Vincent, B. (2014). The politics of buzzwords 
at the interface of technoscience, market and society: 
The case of ‘public engagement in science’. Public 
Understanding of Science, 23(3), 238–253. https://doi.
org/10.1177/0963662513515371

Bergman, N. M., Lenton, T. M., & Watson, A. J. (2004). COPSE: 
A new model of biogeochemical cycling over Phanerozoic 
time. Am. J. Sci., 304, 397–437. https://doi.org/10.2475/
ajs.304.5.397

Berner, R. A. (1991). Atmospheric oxygen, tectonics, and life. In 
S. H. Schneider & P. J. Boston (Eds.), Scientists on Gaia (pp. 
161–166). MIT Press.

Berner, R. A. (1997). The rise of plants and their effect on 
weathering and atmospheric CO2. Science, 276, 544–546. 
https://doi.org/10.1126/science.276.5312.544

Bonan, G. B., & Doney, S. C. (2018). Climate, ecosystems, and 
planetary futures: The challenge to predict life in Earth 
system models. Science, 359(6375), eaam8328. https://doi.
org/10.1126/science.aam8328

Boyle, R. A., Moody, E. R. R., Babcock, G., McShea, D. W., 
Álvarez-Carretero, S., Lenton, T. M., & Donoghue, 
P. C. J. (2025). Persistence selection between simulated 
biogeochemical cycle variants for their distinct effects on 
the Earth system. Proceedings of the National Academy of 
Sciences, 122(7), e2406344122. https://doi.org/10.1073/
pnas.2406344122

Calvin, K., & Bond-Lamberty, B. (2018). Integrated human-earth 
system modeling—state of the science and future directions. 
Environmental Research Letters, 13(6), 063006. https://doi.
org/10.1088/1748-9326/aac642

Charlson, R. J., Lovelock, J. E., Andreae, M. O., & Warren, 
S. G. (1987). Oceanic phytoplankton, atmospheric sulphur, 
cloud albedo and climate. Nature, 326, 655–661. https://doi.
org/10.1038/326655a0

Chopra, A., & Lineweaver, C. H. (2016). The case for a gaian 
bottleneck: The biology of habitability. Astrobiology, 16(1), 
7–22. https://doi.org/10.1089/ast.2015.1387

Clark, J. R., Daines, S. J., Lenton, T. M., Watson, A. J., & 
Williams, H. T. P. (2011). Individual-based modelling 
of adaptation in marine microbial populations using 
genetically defined physiological parameters. Ecological 
Modelling, 222(23–24), 3823–3837. https://doi.org/10.1016/j.
ecolmodel.2011.10.001

Clark, J. R., Lenton, T. M., Williams, H. T. P., & Daines, S. 
J. (2013). Environmental selection and resource allocation 
determine global patterns in picophytoplankton cell size. 
Limnology and Oceanography, 58(3), 1008–1022. https://doi.
org/10.4319/lo.2013.58.3.1008

Conway, E. M. (2008). Atmospheric science at NASA: A history. 
Johns Hopkins University Press. https://doi.org/10.1353/
book.3472

Crutzen, P. (2004). Anti-gaia. In W. Steffen, A. Sanderson, P. 
Tyson, J. Jager, P. Matson, B. Moore III, F. Oldfield, K. 
Richardson, H. J. Schellnhuber, B. L. Turner II, & R. J. Wasson 
(Eds.), Global Change and the Earth System – A Planet Under 
Pressure (pp. 72). Springer-Verlag.

Crutzen, P. J. (2002). A critical analysis of the gaia hypothesis as a 
model for climate/biosphere interactions. Gaia, 11(2), 96–103. 
https://doi.org/10.14512/gaia.11.2.5

Crutzen, P. J., & Stoermer, E. F. (2000). The ‘Anthropocene’. 
IGBP Newsletter, 41, 17–18.

Dahan, A. (2010). Putting the Earth System in a numerical box? 
The evolution from climate modeling toward global change. 
Studies in History and Philosophy of Science Part B: Studies 
in History and Philosophy of Modern Physics, 41(3), 282–292. 
https://doi.org/10.1016/j.shpsb.2010.08.002

Daines, S. J., Clark, J. R., & Lenton, T. M. (2014). Multiple 
environmental controls on phytoplankton growth strategies 

https://orcid.org/0000-0002-6725-7498
https://orcid.org/0000-0002-6725-7498
https://orcid.org/0000-0003-3415-5265
https://orcid.org/0000-0003-3415-5265
https://doi.org/10.1016/j.jtbi.2017.07.005
https://doi.org/10.1016/j.jtbi.2017.07.005
https://doi.org/10.1016/j.jtbi.2021.110940
https://doi.org/10.1016/j.jtbi.2021.110940
https://doi.org/10.1093/mnras/stae2280
https://doi.org/10.1093/mnras/stae2280
https://doi.org/10.1177/0963662513515371
https://doi.org/10.1177/0963662513515371
https://doi.org/10.2475/ajs.304.5.397
https://doi.org/10.2475/ajs.304.5.397
https://doi.org/10.1126/science.276.5312.544
https://doi.org/10.1126/science.aam8328
https://doi.org/10.1126/science.aam8328
https://doi.org/10.1073/pnas.2406344122
https://doi.org/10.1073/pnas.2406344122
https://doi.org/10.1088/1748-9326/aac642
https://doi.org/10.1088/1748-9326/aac642
https://doi.org/10.1038/326655a0
https://doi.org/10.1038/326655a0
https://doi.org/10.1089/ast.2015.1387
https://doi.org/10.1016/j.ecolmodel.2011.10.001
https://doi.org/10.1016/j.ecolmodel.2011.10.001
https://doi.org/10.4319/lo.2013.58.3.1008
https://doi.org/10.4319/lo.2013.58.3.1008
https://doi.org/10.1353/book.3472
https://doi.org/10.1353/book.3472
https://doi.org/10.14512/gaia.11.2.5
https://doi.org/10.1016/j.shpsb.2010.08.002


170Lenton and Dutreuil Tellus DOI: 10.16993/tellus.4132

determine adaptive responses of the N:P ratio. Ecology Letters, 
17(4), 414–425. https://doi.org/10.1111/ele.12239

Dawkins, R. (1982). The extended phenotype. Oxford University 
Press.

Donges, J. F., Heitzig, J., Barfuss, W., Wiedermann, M., 
Kassel, J. A., Kittel, T., Kolb, J. J., Kolster, T., Müller-
Hansen, F., Otto, I. M., Zimmerer, K. B., & Lucht, W. 
(2020). Earth system modeling with endogenous and dynamic 
human societies: the copan: CORE open World–Earth 
modeling framework. Earth Syststem Dynamic, 11(2), 395–
413. https://doi.org/10.5194/esd-11-395-2020

Doolittle, W. F. (1981). Is nature really motherly? The CoEvolution 
Quarterly, Spring, 58–63.

Doolittle, W. F. (2017). Darwinizing Gaia. Journal of Theoretical 
Biology, 434(Supplement C), 11–19. https://doi.org/10.1016/j.
jtbi.2017.02.015

Doolittle, W. F., & Inkpen, S. A. (2018). Processes and patterns 
of interaction as units of selection: An introduction to ITSNTS 
thinking. Proceedings of the National Academy of Sciences, 
115(16), 4006–4014. https://doi.org/10.1073/pnas.1722232115

Dotto, L., & Schiff, H. (1978). The ozone war. Doubleday & 
Company.

Downing, K., & Zvirinsky, P. (1999). The simulated evolution 
of biochemical guilds: Reconciling Gaia theory and 
natural selection. Artificial Life, 5(4), 291–318. https://doi.
org/10.1162/106454699568791

Dutreuil, S. (2014). What good are abstract and what-if models? 
Lessons from the Gaïa hypothesis [journal article]. History 
and Philosophy of the Life Sciences, 36(1), 16–41. https://doi.
org/10.1007/s40656-014-0003-4

Dutreuil, S. (2024). Gaïa, Terre vivante : Histoire d’une nouvelle 
conception de la Terre. La Découverte.

Foucault, M. (1966). Les mots et les choses. Gallimard.
Galbraith, E. D. (2021). Earth system economics: A biophysical 

approach to the human component of the Earth system. Earth 
System. Dynamics, 12(2), 671–687. https://doi.org/10.5194/
esd-12-671-2021

Goldstein, E. S. (2009). NASA’s Earth science program: The space 
agency’s mission to our home planet. In S. J. Dick (Ed.), NASA’s 
First 50 years: Historical Perspectives (pp. 503–542). NASA.

Höhler, S. (2015). Spaceship Earth in the environmental age,1960–
1990. Routledge. https://doi.org/10.4324/9781315653921

Holland, H. D. (1991). The mechanisms that control the carbon 
dioxide and the oxygen content of the atmosphere. In S. H. 
Schneider & P. J. Boston (Eds.), Scientists on Gaia (pp. 174–
179). MIT Press.

Huneman, P. (2008). Métaphysique et biologie Kant et la 
constitution du concept d’organisme. Éditions Kimé.

Huneman, P. (2014a). Individuality as a theoretical scheme. I. 
Formal and material concepts of individuality. Biological 
Theory, 9(4), 361–373. https://doi.org/10.1007/s13752-014-
0192-9

Huneman, P. (2014b). Individuality as a theoretical scheme. II. 
About the weak individuality of organisms and ecosystems. 
Biological Theory, 9(4), 374–381. https://doi.org/10.1007/
s13752-014-0193-8

IGBP. (1989). Global change newsletter. http://www.igbp.net/
download/18.950c2fa1495db7081e186/1417001102419/
NL_011989.pdf

IPCC. (2021). Climate change 2021: The physical science basis. 
Contribution of Working Group I to the Sixth Assessment Report 
of the Intergovernmental Panel on Climate Change. Cambridge 
University Press.

Keeling, R. (1991). Mechanisms for stabilization and 
destabilization of a simple biosphere: catastrophe on 
Daisyworld. In S. H. Schneider & P. J. Boston (Eds.), Scientists 
on Gaia (pp. 118–120). The MIT Press.

Kirchner, J. W. (1989). The Gaia hypothesis: Can it be tested? 
Reviews of Geophysics, 27(2), 223–235. https://doi.org/10.1029/
RG027i002p00223

Kirchner, J. W. (1991). The Gaia hypotheses: Are they testable? 
Are they useful? In S. H. Schneider & P. J. Boston (Eds.), 
Scientists on Gaia (pp. 38–46). MIT Press.

Kump, L. R. (1988). Terrestrial feedback in atmospheric oxygen 
regulation by fire and phosphorus. Nature, 335, 152–154. 
https://doi.org/10.1038/335152a0

Lashof, D. A. (1989). The dynamic greenhouse: Feedback 
processes that may influence future concentrations of 
atmospheric trace gases and climatic change. Climatic 
Change, 14, 213–242. https://doi.org/10.1007/BF00134964

Latour, B. (2017). Facing Gaia: Eight lectures on the new climatic 
regime. Polity.

Lenton, T. M. (1998). Gaia and natural selection. Nature, 394, 
439–447. https://doi.org/10.1038/28792

Lenton, T. M. (2025). The evolution of Gaia(s). Philosophical 
Transactions of the Royal Society B: Biological Sciences, 
380(1931), rstb.2024.0095. https://doi.org/10.1098/
rstb.2024.0095

Lenton, T. M., Daines, S. J., Dyke, J. G., Nicholson, A. E., 
Wilkinson, D. M., & Williams, H. T. P. (2018). Selection 
for Gaia across multiple scales. Trends in Ecology & Evolution, 
33(8), 633–645. https://doi.org/10.1016/j.tree.2018.05.006

Lenton, T. M., Kohler, T. A., Marquet, P. A., Boyle, R. A., 
Crucifix, M., Wilkinson, D. M., & Scheffer, M. (2021). 
Survival of the systems. Trends in Ecology & Evolution, 36(4), 
333–344. https://doi.org/10.1016/j.tree.2020.12.003

Lenton, T. M., & Latour, B. (2018). Gaia 2.0. Science, 361(6407), 
1066–1068. https://doi.org/10.1126/science.aau0427

Lenton, T. M., & Scheffer, M. (2024). Spread of the cycles: A 
feedback perspective on the Anthropocene. Philosophical 
Transactions of the Royal Society B: Biological Sciences, 
379(1893), 20220254. https://doi.org/10.1098/rstb.2022.0254

Lenton, T. M., & Watson, A. J. (2000). Redfield revisited: 2. 
What regulates the oxygen content of the atmosphere? 
Global Biogeochemical Cycles, 14(1), 249–268. https://doi.
org/10.1029/1999GB900076

Lenton, T. M., & Watson, A. J. (2011). Revolutions that made the 
Earth. Oxford University Press. https://doi.org/10.1093/acprof
:oso/9780199587049.001.0001

Lovelock, J. E. (1965). A physical basis for life detection 
experiments. Nature, 207(4997), 568–570. https://doi.
org/10.1038/207568a0

https://doi.org/10.1111/ele.12239
https://doi.org/10.5194/esd-11-395-2020
https://doi.org/10.1016/j.jtbi.2017.02.015
https://doi.org/10.1016/j.jtbi.2017.02.015
https://doi.org/10.1073/pnas.1722232115
https://doi.org/10.1162/106454699568791
https://doi.org/10.1162/106454699568791
https://doi.org/10.1007/s40656-014-0003-4
https://doi.org/10.1007/s40656-014-0003-4
https://doi.org/10.5194/esd-12-671-2021
https://doi.org/10.5194/esd-12-671-2021
https://doi.org/10.4324/9781315653921
https://doi.org/10.1007/s13752-014-0192-9
https://doi.org/10.1007/s13752-014-0192-9
https://doi.org/10.1007/s13752-014-0193-8
https://doi.org/10.1007/s13752-014-0193-8
http://www.igbp.net/download/18.950c2fa1495db7081e186/1417001102419/NL_011989.pdf
http://www.igbp.net/download/18.950c2fa1495db7081e186/1417001102419/NL_011989.pdf
http://www.igbp.net/download/18.950c2fa1495db7081e186/1417001102419/NL_011989.pdf
https://doi.org/10.1029/RG027i002p00223
https://doi.org/10.1029/RG027i002p00223
https://doi.org/10.1038/335152a0
https://doi.org/10.1007/BF00134964
https://doi.org/10.1038/28792
https://doi.org/10.1098/rstb.2024.0095
https://doi.org/10.1098/rstb.2024.0095
https://doi.org/10.1016/j.tree.2018.05.006
https://doi.org/10.1016/j.tree.2020.12.003
https://doi.org/10.1126/science.aau0427
https://doi.org/10.1098/rstb.2022.0254
https://doi.org/10.1029/1999GB900076
https://doi.org/10.1029/1999GB900076
https://doi.org/10.1093/acprof:oso/9780199587049.001.0001
https://doi.org/10.1093/acprof:oso/9780199587049.001.0001
https://doi.org/10.1038/207568a0
https://doi.org/10.1038/207568a0


171Lenton and Dutreuil Tellus DOI: 10.16993/tellus.4132

Lovelock, J. E. (1972). Gaia as seen through the atmosphere. 
Atmospheric Environment, 6, 579–580. https://doi.
org/10.1016/0004-6981(72)90076-5

Lovelock, J. E. (1979). Gaia – A New Look at Life on Earth. Oxford 
University Press.

Lovelock, J. E. (1986). Geophysiology: A New Look at Earth 
Science. Bulletin of the American Meteorological Society, 67, 
392–397.

Lovelock, J. E. (1988). The ages of Gaia – A biography of our living 
Earth. W. W. Norton & Co.

Lovelock, J. E., Maggs, R. J., & Rasmussen, R. A. (1972). 
Atmospheric dimethyl sulphide and the natural sulphur cycle. 
Nature, 237, 452–453. https://doi.org/10.1038/237452a0

Lovelock, J. E., Maggs, R. J., & Wade, R. J. (1973). Halogenated 
hydrocarbons in and over the Atlantic. Nature, 241, 194–196. 
https://doi.org/10.1038/241194a0

Lovelock, J. E., & Margulis, L. M. (1974). Atmospheric 
homeostasis by and for the biosphere: The Gaia hypothesis. 
Tellus, 26, 2–10. https://doi.org/10.1111/j.2153-3490.1974.
tb01946.x

Lovelock, J. E., & Watson, A. J. (1982). The regulation of carbon 
dioxide and climate: Gaia or geochemistry? Planetary and 
Space Science, 30(8), 795–802. https://doi.org/10.1016/0032-
0633(82)90112-X

Lovelock, J. E., & Whitfield, M. (1982). Life span of 
the biosphere. Nature, 296, 561–563. https://doi.
org/10.1038/296561a0

Margulis, L. (2004). Gaia by any other name. In S. H. Schneider, 
J. R. Miller, E. Crist, & P. J. Boston (Eds.), Scientists Debate 
Gaia: The Next Century (pp. 7–12). The MIT Press. https://doi.
org/10.7551/mitpress/6100.003.0004

Margulis, L., & Lovelock, J. E. (1974). Biological modulation 
of the Earth’s atmosphere. Icarus, 21, 471–489. https://doi.
org/10.1016/0019-1035(74)90150-X

Moody, E. R. R., Álvarez-Carretero, S., Mahendrarajah, T. 
A., Clark, J. W., Betts, H. C., Dombrowski, N., Szánthó, 
L. L., Boyle, R. A., Daines, S., Chen, X., Lane, N., Yang, 
Z., Shields, G. A., Szöllősi, G. J., Spang, A., Pisani, D., 
Williams, T. A., Lenton, T. M., & Donoghue, P. C. J. 
(2024). The nature of the last universal common ancestor 
and its impact on the early Earth system. Nature Ecology & 
Evolution, 8(9), 1654–1666. https://doi.org/10.1038/s41559-
024-02461-1

Moody, E. R. R., Williams, T. A., Álvarez-Carretero, S., 
Szöllősi, G. J., Pisani, D., Lenton, T. M., & Donoghue, 
P. C. J. (2025). The emergence of metabolisms through 
Earth history and implications for biospheric evolution. 
Philosophical Transactions of the Royal Society B: Biological 
Sciences, 380(1931), 20240097. https://doi.org/10.1098/
rstb.2024.0097

NASA, Earth System Science Committee. (1986). Earth system 
science: Overview: A program for global change. National 
Academies Press.

National Research Council. (1975). Understanding climatic 
change: A program for action. The National Academies Press. 
https://doi.org/10.17226/27501

Nicholson, A. E., Daines, S. J., Mayne, N. J., Eager-Nash, 
J. K., Lenton, T. M., & Kohary, K. (2022). Predicting 
biosignatures for nutrient-limited biospheres. Monthly Notices 
of the Royal Astronomical Society, 517(1), 222–239. https://doi.
org/10.1093/mnras/stac2086

Nicholson, A. E., Wilkinson, D. M., Williams, H. T. P., & 
Lenton, T. M. (2018). Gaian bottlenecks and planetary 
habitability maintained by evolving model biospheres: The 
ExoGaia model. Monthly Notices of the Royal Astronomical 
Society, 477(1), 727–740. https://doi.org/10.1093/mnras/sty658

Pavlick, R., Drewry, D. T., Bohn, K., Reu, B., & Kleidon, A. 
(2013). The Jena Diversity-Dynamic Global Vegetation Model 
(JeDi-DGVM): A diverse approach to representing terrestrial 
biogeography and biogeochemistry based on plant functional 
trade-offs. Biogeosciences, 10(6), 4137–4177. https://doi.
org/10.5194/bg-10-4137-2013

Rudwick, M. J. S. (2005). Bursting the limits of time: The 
reconstruction of geohistory in the age of revolution. 
University of Chicago Press. https://doi.org/10.7208/
chicago/9780226731148.001.0001

Rudwick, M. J. S. (2014). Earth’s deep history: How it was 
discovered and why it matters. University of Chicago Press. 
https://doi.org/10.7208/chicago/9780226204093.001.0001

Ruse, M. (2013). The Gaia hypothesis: Science on a pagan planet. 
University of Chicago Press. https://doi.org/10.7208/
chicago/9780226060392.001.0001

Schidlowski, M. (1991). Quantitative evolution of global biomass 
through time: Biological and geochemical constraints. In 
S. H. Schneider & P. J. Boston (Eds.), Scientists on Gaia (pp. 
211–222). MIT Press.

Schwartzman, D. W., & Volk, T. (1989). Biotic enhancement of 
weathering and the habitability of Earth. Nature, 340, 457–
460. https://doi.org/10.1038/340457a0

Selcer, P. (2018). The postwar origins of the global environment: 
How the United Nations built spaceship Earth. Columbia 
University Press. https://doi.org/10.7312/selc16648

Siever, R. (1968). Sedimentological consequences of a steady-state 
ocean-atmosphere. Sedimentology, 11(1–2), 5–29. https://doi.
org/10.1111/j.1365-3091.1968.tb00837.x

Steffen, W. (1998). How well do we understand the nature of 
Earth? IGBP Newsletter, 34, 6–7.

Steffen, W., Richardson, K., Rockstrom, J., Schellnhuber, H. 
J., Dube, O. P., Dutreuil, S., Lenton, T. M., & Lubchenco, 
J. (2020). The emergence and evolution of Earth System 
Science. Nature Reviews Earth and Environment, 1, 54–63. 
https://doi.org/10.1038/s43017-019-0005-6

Szathmáry, E. (2025). Component mechanisms of Gaia: 
Biogeochemical cycles are special. Proceedings of the National 
Academy of Sciences, 122(9), e2500741122. https://doi.
org/10.1073/pnas.2500741122

Toseland, A., Daines, S., Clark, J. R., Kirkham, A., Strauss, 
J., Uhlig, C., Lenton, T. M., Valentin, K., Pearson, G., 
Moulton, V., & Mock, T. (2013). The impact of temperature 
on marine phytoplankton resource allocation and metabolism 
Nature Climate Change, 3, 979–984. https://doi.org/10.1038/
nclimate1989

https://doi.org/10.1016/0004-6981(72)90076-5
https://doi.org/10.1016/0004-6981(72)90076-5
https://doi.org/10.1038/237452a0
https://doi.org/10.1038/241194a0
https://doi.org/10.1111/j.2153-3490.1974.tb01946.x
https://doi.org/10.1111/j.2153-3490.1974.tb01946.x
https://doi.org/10.1016/0032-0633(82)90112-X
https://doi.org/10.1016/0032-0633(82)90112-X
https://doi.org/10.1038/296561a0
https://doi.org/10.1038/296561a0
https://doi.org/10.7551/mitpress/6100.003.0004
https://doi.org/10.7551/mitpress/6100.003.0004
https://doi.org/10.1016/0019-1035(74)90150-X
https://doi.org/10.1016/0019-1035(74)90150-X
https://doi.org/10.1038/s41559-024-02461-1
https://doi.org/10.1038/s41559-024-02461-1
https://doi.org/10.1098/rstb.2024.0097
https://doi.org/10.1098/rstb.2024.0097
https://doi.org/10.17226/27501
https://doi.org/10.1093/mnras/stac2086
https://doi.org/10.1093/mnras/stac2086
https://doi.org/10.1093/mnras/sty658
https://doi.org/10.5194/bg-10-4137-2013
https://doi.org/10.5194/bg-10-4137-2013
https://doi.org/10.7208/chicago/9780226731148.001.0001
https://doi.org/10.7208/chicago/9780226731148.001.0001
https://doi.org/10.7208/chicago/9780226204093.001.0001
https://doi.org/10.7208/chicago/9780226060392.001.0001
https://doi.org/10.7208/chicago/9780226060392.001.0001
https://doi.org/10.1038/340457a0
https://doi.org/10.7312/selc16648
https://doi.org/10.1111/j.1365-3091.1968.tb00837.x
https://doi.org/10.1111/j.1365-3091.1968.tb00837.x
https://doi.org/10.1038/s43017-019-0005-6
https://doi.org/10.1073/pnas.2500741122
https://doi.org/10.1073/pnas.2500741122
https://doi.org/10.1038/nclimate1989
https://doi.org/10.1038/nclimate1989


172Lenton and Dutreuil Tellus DOI: 10.16993/tellus.4132

TO CITE THIS ARTICLE:
Lenton, T. M., & Dutreuil, S. (2026). Disentangling Gaia and the Earth System. Tellus, 79(1), 160–172. https://doi.org/10.16993/tellus.4132

Submitted: 18 November 2025     Accepted: 06 July 2026     Published: 23 July 2026

COPYRIGHT:
© 2026 The Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International 
License (CC-BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source 
are credited. See https://creativecommons.org/licenses/by/4.0/.

Tellus is a peer-reviewed open access journal published by Stockholm University Press.

Vitali, R., Belcher, C. M., Mills, B. J. W., & Watson, A. J. 
(2026). Combined effects of photorespiration and fire 
strongly regulate atmospheric oxygen levels. Science 
Advances, 12(2), eady0542. https://doi.org/10.1126/sciadv.
ady0542

Volk, T. (1998). Gaia’s body – Toward a physiology of the Earth. 
Copernicus.

Waddington, C. H. (1957). The strategy of the genes. Routledge.
Walker, J. C. G., Hays, P. B., & Kasting, J. F. (1981). A negative 

feedback mechanism for the long-term stabilisation 
of Earth’s surface temperature. Journal of Geophysical 
Research, 86(C10), 9776–9782. https://doi.org/10.1029/
JC086iC10p09776

Ward, B. A., Collins, S., Dutkiewicz, S., Gibbs, S., Bown, P., 
Ridgwell, A., Sauterey, B., Wilson, J. D., & Oschlies, A. 
(2019). Considering the role of adaptive evolution in models 
of the ocean and climate system. Journal of Advances in 
Modeling Earth Systems, 11(11), 3343–3361. https://doi.
org/10.1029/2018MS001452

Watson, A. J., & Lovelock, J. E. (1983). Biological homeostasis 
of the global environment: The parable of Daisyworld. Tellus, 
35B, 284–289. https://doi.org/10.3402/tellusb.v35i4.14616

Watson, A. J., Lovelock, J. E., & Margulis, L. (1978). 
Methanogenesis, fires and the regulation of atmospheric 
oxygen. Biosystems, 10, 293–298. https://doi.org/10.1016/0303-
2647(78)90012-6

Williams, H. T. P., & Lenton, T. M. (2007). The Flask model: 
Emergence of nutrient-recycling microbial ecosystems and 
their disruption by environment-altering ‘rebel’ organisms. 
Oikos, 116(7), 1087–1105. https://doi.org/10.1111/j.2007.0030-
1299.15721.x

Williams, H. T. P., & Lenton, T. M. (2008). Environmental 
regulation in a network of simulated microbial ecosystems. 
Proceedings of the National Academy of Sciences, 105(30), 
10432–10437. https://doi.org/10.1073/pnas.0800244105

Williams, H. T. P., & Lenton, T. M. (2010). Evolutionary regime 
shifts in simulated ecosystems. Oikos, 119(12), 1887–1899. 
https://doi.org/10.1111/j.1600-0706.2010.18127.x

https://doi.org/10.16993/tellus.4132
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1126/sciadv.ady0542
https://doi.org/10.1126/sciadv.ady0542
https://doi.org/10.1029/JC086iC10p09776
https://doi.org/10.1029/JC086iC10p09776
https://doi.org/10.1029/2018MS001452
https://doi.org/10.1029/2018MS001452
https://doi.org/10.3402/tellusb.v35i4.14616
https://doi.org/10.1016/0303-2647(78)90012-6
https://doi.org/10.1016/0303-2647(78)90012-6
https://doi.org/10.1111/j.2007.0030-1299.15721.x
https://doi.org/10.1111/j.2007.0030-1299.15721.x
https://doi.org/10.1073/pnas.0800244105
https://doi.org/10.1111/j.1600-0706.2010.18127.x

	﻿Gaia and Tellus

	﻿Gaia’s Scientific Legacy

	﻿Different Entities at Stake

	﻿Different Scientific Questions

	﻿Different Practices and Politics of Science

	﻿Outlook

	﻿Conclusion

	﻿Acknowledgements

	﻿Competing Interests

	﻿Author Contributions

	﻿﻿AUTHOR AFFILIATIONS

	﻿References


