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Abstract

The triumph of the Gaia hypothesis was to spot the extraordinary influence of Life on the Earth.
‘Life’ is the clade including all extant living beings, as distinct from ‘life’ the class of properties
common to all living beings. ‘Gaia’ is Life plus its effects on habitability. Life’s influence on the
Earth was hard to spot for several reasons: biologists missed it because they focused on life not
Life; climatologists missed it because Life is hard to see in the Earth’s energy balance; Earth
system scientists opted instead for abiotic or human-centred approaches to the Earth system;
Scientists in general were repelled by teleological arguments that Life acts to maintain habitable
conditions. Instead, we reason from organisms’ metabolisms outwards, showing how Life’s cou-
pling to its environment has led to profound effects on Earth’s habitability. Recognising Life’s
impact on Earth and learning from it could be critical to understanding and successfully navigating
the Anthropocene.
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Introduction

Before being the name of a hypothesis, Gaia was the name of a new entity (Lovelock, 1972),
defined as ‘the biosphere and all of those parts of the Earth with which it actively interacts’
(Lovelock and Margulis, 1974a) — where the ‘biosphere’ meant ‘the total ensemble of living
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organisms’ and ‘the Earth’ refers to the entire planet as an object in the solar system. The
Gaia hypothesis proposed that living beings could collectively regulate aspects of their
global abiotic environment: the chemical composition of the atmosphere and oceans, and
potentially also the climate (Lovelock and Margulis, 1974a, 1974b; Margulis and Lovelock,
1974). The idea of ‘regulation’ often led Lovelock to compare Gaia with an organism, and
sometimes with a thermostat, since both are common examples of regulated phenomena.

Gaia fed into the emergence of Earth system science (ESS; Lenton, 2016; Steffen et al.,
2020) — where ‘the Earth system’ has been defined in different ways that we outline in the
following. It is often taken to refer to the life-supporting entity at the surface of the planet as
distinct from much of the inner Earth and its heat source (Lenton, 2016). Subsequently,
Lovelock has often said ‘the Earth system’ is just an alternative, scientifically correct name
for Gaia — suggesting there is a single global entity that should be a focus of scientific
attention. Many Earth system scientists have followed suit, treating Gaia and the Earth
system as synonymous. Biologists, however, seem to recognise that Gaia is a distinctly
biological proposition, but tend to dismiss it as unworkable in theory (Dawkins, 1982;
Doolittle, 1981). Here, we argue that Gaia and the Earth system are distinct and that we
are still in the process of discovering Gaia — not least because different scientific disciplines
have persistently missed the extraordinary and variable influence of Life on the Earth.

In the following, we examine four key historical reasons why Gaia was hard to spot or
hard to appreciate for many scientists. First, we examine the failure of biology to spot the
largest living entity — which following recent work we label ‘Life’ (with a capital L) to denote
the clade of all living beings stemming from the last universal common ancestor (Dutreuil,
2016, 2018; Mariscal and Doolittle, 2018). Second, we highlight the paradox that Life is
hard to spot in the Earth’s energy balance, yet in terms of information and order (negative
entropy) it is everywhere and radically changing things. Third, we examine the failure of
ESS to study Gaia, highlighting how Gaia is distinct from various definitions of the Earth
system (that were in part inspired by the Gaia concept).

As well as seeking to explain why Life was hard to spot and Gaia hard to appreciate, we
aim to show a path forwards. Rather than asserting Gaia as an entity, we reason from a
different starting point: We review the varying influences of Life on the Earth. When com-
bined with the constraints that non-living conditions impose on Life, this inevitably leads to
feedback between Life and its environment, which includes Life’s habitability requirements.
A range of resulting ‘complex system’ dynamics are possible, including stabilisation, desta-
bilisation and regulation of habitable conditions.

This leads us to the fourth and scientifically most challenging aspect of Gaia; that a
global scale entity was invoked exhibiting goal-directed behaviour — self-regulation of hab-
itable conditions. This seemingly required an engineer or designer where none exists. Such
teleological reasoning immediately repelled many scientists (although some began to
research feedbacks involving life). For biologists, it was compounded by the absence of a
workable evolutionary mechanism to account for it. But as we review, theoretical progress is
showing that there is an effective filtering mechanism whereby stabilising feedback regimes
tend to persist, increasing the chance of acquiring further stabilising mechanisms. This can
explain how Life has become involved in the regulation of habitable conditions — that is,
how Gaia has come about.

Such a filtering mechanism necessarily involves making errors — and current human
activities, which are globally destabilising, appear to be a case in point. Thus, the occurrence
of the Anthropocene does not disprove the existence of Gaia. However, ‘Gaia’ and the
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‘Anthropocene’ represent different frameworks for understanding global changes, from
contrasting perspectives. It is no coincidence that Paul Crutzen (2002, 2004) — who has
known Lovelock since the 1970s — chose to critique Gaia only after introducing the
Anthropocene. As such, Gaia offers something distinct from the Anthropocene version of
ESS — it provides a different understanding of the world and our place in it and something
that we could usefully learn from (Lenton and Latour, 2018).

From life to Life — the failure of biology to see the largest living entity

To understand Gaia, one needs to see that Lovelock was interested in a biological entity that
was not studied before by biologists: the biota or ‘Life’ (capital L). ‘Life’ designates a new
biological entity, localised in space and time comprising the total ensemble of all the living
beings stemming from their last common ancestor, which biologists designate as a ‘clade’’
(Doolittle, 2019; Dutreuil, 2016, 2018; Mariscal and Doolittle, 2018). This is distinct from
‘life’ (small 1), the class designating the properties common to all living beings. While
biologists study organisms, populations, species and so on, until very recently they had
never considered the long-lived entity Life as a phenomenon to be studied. While the envi-
ronment of living things includes other organisms as well as abiotic aspects, Life’s environ-
ment is purely abiotic because Life includes all living things.

Gaia is more than just Life in that it includes the effects of Life on habitability. Indeed,
the Gaia hypothesis proposed that Life would not have survived without affecting its own
habitability conditions. Biologists lack of interest in Life, in its large-scale effects, and in
what allows it to persist in the long run, is visible, for instance, in the parallel development of
Gaia and ‘niche construction theory’ (Laland et al., 2016). This theory, developed after
Lewontin (1983), also emphasised the importance of the effects living beings have on
their environment — and the potential adaptive effects which can ensue — but the empirical
examples worked upon are mostly local (beaver dams, bird’s nests, etc.; Dutreuil and
Pocheville, 2015).

Alongside failing to spot Life and Gaia, evolutionary biologists misread and misunder-
stood the idea of ‘regulation’ or ‘homeostasis’ in Gaia as something akin to a common good.
In their vocabulary, it was seen as something increasing the fitness of all individual living
beings — which ought to be explained by altruism — that is, behaviours which are costly (in
fitness) for the individuals performing them but beneficial for the collective (Kerr et al.,
2004). Yet, the entire absence of the vocabulary and theoretical framework of evolutionary
biologists (e.g. fitness, cost-benefit analysis, cheater, altruist) — in favour of cybernetic lan-
guage in Lovelock’s (1979) prose — along with Margulis having strongly criticised the cost-
benefit analysis underlying all the discussions about cooperation in biology — should have
alerted biologists to the fact that Lovelock and Margulis were after something else than
explaining a putative global altruism.

These two discrepancies — regarding the scale of the living entities considered and the
theoretical apparatus to study regulation — are neatly encapsulated in this quote from
Doolittle (1981):

...the rewards for good (Gaian) behaviors are as remote as penalties for bad behaviour. It is
difficult to accept that behaviors whose effects on atmospheric or oceanic composition or global
temperature will not be felt for thousands of generations can be selected for, especially when the
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first beneficiaries of those effects may be organisms which are not themselves responsible for
them. (p. 61)

Clearly Lovelock (Life) and Doolittle (life) were not concerned with the same entities — at
least not at the time — Doolittle is now keenly interested in Life (Doolittle, 2019; Mariscal
and Doolittle, 2018).

The paradox of invisible Gaia

Life on Earth was hard to spot for a simple reason: it is nearly invisible in the energy balance
of the Earth system. Life is powered by only a tiny fraction of the total absorbed solar
energy. Yet, in terms of negative entropy and information, Life is everywhere and radically
changing things. With that tiny fraction of available energy, Life has profoundly altered
atmospheric composition and hence the Earth’s longwave energy fluxes and has significantly
changed planetary albedo and hence the Earth’s shortwave energy fluxes, thus exerting
considerable leverage on the overall energy balance. This agency must come from the infor-
mational quality of Life. Thus, the energetic and entropic views of Life are very different.

Photosynthetic organisms manage to convert on average only ~0.5 W m 2 or ~0.3% of
the ~180 W m 2 solar radiation incident on the Earth’s surface into the chemical energy of
sugars in gross primary production. This total free energy input of ~264 TW (Dyke et al.,
2011) is the power supply for Life. Around half of it is respired by the photosynthesising
organisms, and the other half providing net primary production (food supply) to the rest of
Life. This power supply is tiny compared to the radiative energy balance of the planet
(which absorbs ~120,000 and ~80,000 TW at the surface) and modest compared to the
~900 TW power supply available from atmospheric circulation alone (Dyke et al., 2011).
However, it is considerably larger than the surface power supply from Earth’s internal heat
source (Dyke et al., 2011; Rosing et al., 2006).

Life has a somewhat larger hand in altering the Earth’s surface albedo and hence the total
~160 W m 2 of solar radiation absorbed at the surface. Only a small fraction of the photons
absorbed by photosynthetic organisms are successfully converted to chemical energy; hence,
the total absorption of sunlight used to fix carbon in photosynthesis is larger at ~1.8 W m >
(Dyke et al., 2011). Correspondingly, vegetation generally lowers land surface albedo, par-
ticularly in the boreal high latitudes (Betts, 2000), although grasslands can increase albedo
relative to bare soil. Phytoplankton also generally lower ocean surface albedo resulting in an
extra ~0.25 W m 2 absorption (Frouin and Iacobellis, 2002), although coccolithophore
blooms with their calcareous liths increase surface albedo. These biological effects on sur-
face albedo can clearly be seen in the visible spectrum, including from space (Sagan et al.,
1993), and some were very familiar long before the Gaia hypothesis, but their modest
magnitude barely hinted at Life’s existence.

Life on land increases evapotranspiration, cooling the surface and affecting cloud cover.
This has long been appreciated, but largely viewed as a local or regional effect. The majority
of the ~80 W m 2 lost from the Earth’s surface in evaporating water comes from the ocean.

We now know that Life has increased both atmospheric and cloud albedo through the
production of aerosols and cloud condensation nuclei (CCN) that scatter solar radiation,
affecting the ~80 W m 2 of incident solar radiation absorbed by the atmosphere and ~80 W
m 2 reflected by clouds. However, the discovery of these effects largely postdates (and was
inspired by) the Gaia hypothesis. When simply viewing the physics of atmosphere and cloud
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albedo (and even the aerosol chemistry leading to it), underlying biological drivers (where
present) are well hidden.

The largest effects of Life on the Earth’s energy balance come via altering atmospheric
composition and hence longwave fluxes. The atmosphere absorbs ~360 W m 2 of the
~400 W m ? radiated by Earth’s surface and re-radiates ~330 W m > back to the surface
— a phenomenon commonly termed the ‘greenhouse effect’. Life has had a major impact on
the ‘greenhouse effect’ by altering atmospheric composition — but this is well hidden when
just viewing the energy balance. Its discovery marked the start of the Gaia hypothesis.

The fact that Life is hard to spot in the energy balance of the Earth system — both in terms
of the small direct power supply to Life and the largely indirect and thus invisible nature of
biological influences on radiative fluxes — may be a key reason why climatologists have often
ignored the Gaia hypothesis. There are notable exceptions (McGuffie and Henderson-
Sellers, 2014). However, many prefer to see the climate system as a gigantic ‘heat engine’
that just redistributes and degrades the free energy (low-entropy, shortwave radiation)
coming from the Sun, using that to do work such as the movement of the atmosphere,
oceans and hydrological cycle.

From Gaia to the Earth systems - losing sight of Life

Gaia started off with the recognition of the new biological object — Life — and its effects on
atmospheric composition and hence its own conditions of habitability. It studied Life’s
expansion and connections with its surroundings, crystallising new scientific problems —
such as understanding its maintenance through time. The focus of Gaia on the long-lived
entity Life also marks out the difference between Gaia and various conceptions and defi-
nitions of ‘the’ Earth system — particularly what we will term the ‘NASA’ and ‘IGBP’ Earth
systems. From a historical point of view, Gaia influenced these conceptions of the Earth
system, but despite a shared recognition of the interactions between living things and their
environment, what constitutes the fascinating core of the Gaia idea — the centrality of Life —
was never adopted by them. Here, we contrast the different conceptions of Gaia and the
Earth system, touching on their historical context and focusing on the normative framework
from which their definitions followed. Table 1 summarises the different way in which their
boundaries are delineated.

Gaia

The recognition and definition of Gaia stemmed from two different sources. The first one,
emphasised by Lovelock, was the detection of life on other planets. Thinking about this
issue, Lovelock (1965) came to recognise, and then strongly emphasise (Lovelock, 1972),
that Life’s imprint on the Earth is visible in the constitution of the atmosphere, maintained
in chemical disequilibrium by living beings’ metabolism producing oxygen and methane
(and other reduced gases). The second source of reflection for Lovelock stemmed from
his daily activities as a consultant both for major scientific institutions of the Earth sciences
(such as the National Oceanic and Atmospheric Administration (NOAA) or the National
Center for Atmospheric Research (NCAR)) and for chemical and petroleum industries.
Armed with his Electron Capture Detector, Lovelock crossed the oceans and atmosphere
and found chemical entities produced by living beings, for example, dimethyl sulphide
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Table |. Different recipes for identifying Gaia and variants of the Earth system.

Entity Recipe for identification

Gaia I. Identify all living beings on Earth.
2. Trace the material interactions between these living beings and what is outside
their membranes.
3. Establish which of those connections are relevant to habitability.
4. Gaia is the entity isolated by the resulting network of connections.

NASA Earth system Identify all processes occurring on Earth and the way they interact
IGBP Earth system I. Identify human conditions of existence.
2. Connect these conditions of existence to all known material processes affecting
them.

NASA: National Aeronautics and Space Administration; IGBP: International Geosphere-Biosphere Programme.

(DMS; Lovelock et al., 1972), and by human activities, for example, chlorofluorocarbons
(CFCs; Lovelock et al., 1973).

Thinking about Life viewed from space, on the one hand, and tracing the delicate chem-
ical connections between Life (including humans) and its environment, on the other hand,
led to the recognition of a new entity and to the tracing of its boundaries, redefining our
conceptions of Life and the environment. If living beings produce aspects of their environ-
ment, then their material boundaries no longer stop at their membranes and epidermis, and
they expand as far as their influence on the environment can reach. Thus, what was before-
hand 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, 1972).

To trace Gaia’s boundaries thus requires (1) identifying all living beings (bacteria, horses,
etc.) on Earth, (2) tracing carefully the chemical and material interactions and connections
between these living beings and what is outside their membranes, (3) establishing which of
those connections are relevant to habitability (or to Life’s persistence) and (4) recognising
Gaia as the entity isolated by the resulting network of connections. Recognising and mea-
suring living beings’ massive influence on their environment, on the one hand, and thinking
about the puzzle of Earth’s long-term stability, on the other hand, led to the hypothesis that
it is precisely the former which accounts for the latter.

NASA

NASA'’s definition of the Earth system was guided by other imperatives during the 1980s.
NASA needed a bold and ambitious research programme to prevent the massive cuts in
funding promised by the Reagan administration arguing that we have already visited the
solar system (Goldstein, 2009). Hence, the space agency turned towards the Earth by devel-
oping a billion dollars programme of new satellites (Conway, 2008). The global changes
(climate change and the ozone hole) and the recent emergence of plate tectonics gave a new
vision of the Earth, more dynamic and interconnected than recognised beforehand. The two
massive outcomes of Cold War geophysics — plate tectonics and climatology — along with its
programmes and institutions (Doel, 2003; Edwards, 2010; Hamblin, 2013; Turchetti and
Roberts, 2014), thus paved the way for the realisation that the Earth system is a real object
comprising ‘physical, chemical, biological and human components’ and seen as ‘a related set
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of interacting processes operating on a wide range of spatial and temporal scales, rather
than as a collection of individual components’ (NASA ESSC, 1986). If studied in its entirety,
it thus ought to be studied in an interdisciplinary manner, linking biogeochemistry, clima-
tology, oceanography, solid Earth geophysics and so on. NASA’s ESS programme needed
the support of both the fluid Earth community and of solid Earth geophysics: thus, it
included all the timescales of Earth’s history (NASA ESSC, 1986). In order to organise
the scientific work in an interdisciplinary fashion, NASA proposed to structure the pro-
gramme according to the timescales of the processes studied (rather than according to their
material nature — biological, physical, chemical — as traditionally done by disciplines).

To delineate the boundaries of NASA’s Earth system thus requires identifying all pro-
cesses occurring on Earth and the way they interact. Notice here the main difference with
Gaia; one does not start with Life. Consequently, there can be a Mars system just as there
can be an Earth system (and a study of Mars’ climatology, past tectonics, etc.) even if there
was no life on Mars. Whereas in the absence of life, a ‘Martian Gaia’ would be meaningless.
Correspondingly, NASA’s ESS focuses on the presence of liquid water as the sine qua non
of habitability — which is really an abiotic definition of the potential for life. This leads to the
definition of a ‘habitable zone’ (around a given star) in terms of the range of surface
temperatures at which a planet can retain liquid water. Thus, NASA chose an abiotic
definition of habitability and lost sight of Life in the Earth system.

IGBP

IGBP was the institution that did the most to put forward the idea of ‘global change’ and to
expand it beyond a pure physics of climate to include biogeochemical cycles as well as
human aspects (Dutreuil, 2016; Kwa, 2005a, 2005b, 2006, Kwa and Rector, 2010;
Uhrqvist, 2014). At the inception of the IGBP, there was internal tension between the
proponents of a research programme which would aim at understanding and predicting
the future ‘guided by socioeconomic motivation’ and those advocating for IGBP’s research
programme to be an ‘intellectual challenge, guided by the scientific need to enhance the
understanding of the total earth system and its biota and the response of this system to
external inputs and anthropogenic influences’ (Roederer, 1986). This tension disappeared at
the end of the 1990s, during the great synthesis of the IGBP (Steffen et al., 2004), when the
‘Earth system’ expression was put to the forefront. Now, it was clear that the imperative was
to study the global changes affecting human existence. Schellnhuber proposed a formal-
isation of the idea of a sustainable development maintaining Earth’s habitability
(Schellnhuber, 1999; Schellnhuber and Wenzel, 1998). Crutzen and Stoermer (2000) then
introduced the Anthropocene concept, before the elaboration of other key concepts such as
‘tipping elements’ (Lenton et al., 2008) and ‘planetary boundaries’ (Rockstrom et al., 2009).

Whereas habitability in Gaia meant conditions sufficient for Life to persist, habitability
within the IGBP context meant habitability for human beings. To identify IGBP’s Earth
system and its boundaries thus requires (1) identifying human conditions of existence and (2)
connecting these conditions of existence to all known material and processes affecting it.
IGBP’s research programme was guided by the imperative to understand how global
changes will affect human conditions of existence in the future. For instance, the study of
the past of the Earth system (championed by the PAGES project) is largely restricted to
recent Earth history, because it can give us quantitative data useful to informing future



8 The Anthropocene Review 0(0)

projections. Thus, IGBP lost sight of Life by focusing more narrowly on what is required for
human life.

Other contexts

The ‘Earth system’ label has spread in other contexts, but none of these have put Life at its
centre. The Intergovernmental Panel on Climate Change (IPCC) eventually included the
‘Earth system’ label after IGBP’s important lobby within the World Climate Research
Programme (WCRP). Here, ‘Earth system model’ is used to designate models including a
dynamic carbon cycle (Dahan, 2010; Heymann and Dahan Dalmedico, 2019). This is far
from representing the complexity and richness of what the Earth system is for IGBP, NASA
or Gaia. In other fields, also connected to Gaia and Lovelock, ‘Earth system’ gets sporadic
re-use either simply to change the label of a discipline or to highlight a slight inflection of
what is going on in a discipline. For example, ‘Earth system’ is sometimes used to describe
long-term geosphere—biosphere interactions (Lenton et al., 2004). In geochemistry, ‘Earth
system’ was used to stress the importance of feedback vis-a-vis a simpler model of circula-
tion of matter (fluxes and reservoirs) first elaborated by Bob Garrels (Berner, 1999; Kump,
1988; Lenton and Watson, 2011; Lovelock, 1986). Solid Earth physics also sometimes uses
the ‘Earth system’ label to stress the important dynamic character of the Earth (Condie,
2005; Rollinson, 2007).

Similarities and distinctions

One important novelty, common to all the Earth systems here, is the interdisciplinary study
of a global object (crossing biological, chemical and physical entities), from a particular
perspective. A ‘perspective’ (Wimsatt, 1994) is what constrains one decomposition of an
object into parts or processes and the scientific problems to be solved within this perspective.
This perspective differs for each ‘system’ (Table 1): Gaia starts with Life and follows its
material connections with the environment and the way in which they affect Earth’s hab-
itability during the whole of Earth’s history; NASA tries to identify all the processes linked
together at a given timescale; IGBP strives to disentangle the processes affecting humans
thriving in the future. These differences have consequences for how a particular aspect of
‘the” Earth system is treated: for example, the IPCC conception usually treats humans as if
they were outside the Earth system (in that scenarios of human activity act as an external
forcing factor to Earth system models, the output of which then drives impacts models of
the consequences), whereas IGBP recognised that humans are clearly inside the Earth
system.

The different Earth systems carry different notions of habitability. In particular, NASA
sees the planetary frame (the Earth system) as ‘habitable’, whereas Gaia sees Life profound-
ly affecting its own conditions for survival and flourishing, and IGBP focuses on what is
habitable for humans and how humans are affecting that.

Cybernetic concepts — which would now be called complex systems concepts — while
widely used by Lovelock in his formulation of Gaia, are largely absent from the formulation
of ESS by NASA, which only stressed the interactions between components of the Earth
system, although it actually showed many feedback loops in the famous ‘Bretherton dia-
gram’ (NASA ESSC, 1986). Subsequent incarnations of ESS have placed more emphasis on
feedback, and the IGBP’s Amsterdam Declaration 2001 has gone as far as to suggest that
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‘the Earth System behaves as a single self-regulating system’. However, it stopped short of
saying what it regulates towards — that is, it stopped short of assigning the system a goal —
which would be habitable conditions in the cybernetic Gaia formulation — that is, homeo-
stasis. This is arguably a consequence of not having centred the definition of the system on
Life. This imputing of a goal function is one of the central objections to Gaia, which we
return to in the section ‘From the assertion of goal functions to a workable theory’.

The varying influences of Life on its material environment

Having highlighted why Life was hard to spot or side-lined from the perspectives of biology,
climatology and ESS, we now briefly review the influence of Life on the Earth. This retains
the procedural spirit apparent in the heydays of Gaia’s elaboration — captured by Latour
(2017): We strive to render Gaia visible by tracking down the influence of Life on its
environment.

Atmospheric composition

Lovelock originally noted the profound impact of Life on the balance of gases in Earth’s
atmosphere, creating an extraordinary state of thermodynamic disequilibrium (Hitchcock
and Lovelock, 1967; Lovelock, 1965; Lovelock and Giffin, 1969).

Oxygen at ~21% of today’s atmosphere is almost entirely a biological product (of oxy-
genic photosynthesis by cyanobacteria, algae and plants), which would have a surface con-
centration of only ~107'? atm in the absence of Life (Haqq-Misra et al., 2011). The
concentration of methane in this oxygen-rich atmosphere is a factor of ~10° greater
than expected at equilibrium, as are the concentrations of hydrogen and ammonia
(Lovelock, 1975b). This extraordinary order (negative entropy) in atmospheric composition
can only be explained by an input of free energy via photosynthetic Life. An estimated ~0.7
TW is required just to maintain the O,—CH, coexistence (Simoncini et al., 2013).

Carbon dioxide (CO,) is extraordinarily scarce in the Earth’s atmosphere when compared
to Mars and Venus (which have atmospheres dominated by CO,; Lovelock, 1972). Current
human activities notwithstanding, Life has turned CO, from a dominant component of the
atmosphere to a trace gas, by locking up organic carbon in sedimentary rocks and by
accelerating the weathering of continental silicate rocks and the resultant deposition of
carbonate sediments. In the absence of Life, atmospheric CO, would be up to ~10- to
100-fold higher producing a radiative forcing of ~10-20 W m > (Schwartzman and
Volk, 1989).

Recent work suggests that Life has also lowered atmospheric pressure by transferring
nitrogen (the largest constituent of the atmosphere) to the crust, by fixing atmospheric N,
and sequestering some of the resulting organic nitrogen in sedimentary rocks (Johnson and
Goldblatt, 2018). This weakens the greenhouse effect by reducing the ‘pressure broadening’
of longwave absorption lines of other gases, an effect which outweighs the reduced Rayleigh
scattering of solar radiation by N, (Goldblatt et al., 2009).

Other biogenic gases generate aerosols and sometimes CCN, principally affecting Earth’s
shortwave radiation balance. Biogenic DMS (Lovelock et al., 1972) produced by a range of
marine phytoplankton oxidises to form biogenic CCN, an increased density of which
increases the albedo of marine stratocumulus clouds (Charlson et al., 1987), generating a
radiative forcing of around —1 W m 2 (Boucher et al., 2003). Nearshore macro-algae also
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produce a range of aerosol and CCN precursors, including methyl iodide (Lovelock, 1975a).
Vegetation emits large amounts of isoprene, terpenes and other biogenic volatile organic
carbon compounds (BVOCs) that can also be a source of acrosols and CCN (Kesselmeier
and Staudt, 1999).

Biogeochemical cycling

Living organisms are made out of a range of elements in stoichiometric proportions that
contrast sometimes significantly from their natural abundance at Earth’s surface.
Importantly, the inputs of those essential elements in bio-available form to the Earth’s
surface are generally meagre compared to the total requirements of Life. Thus, for Life
to flourish, it must increase the inputs and/or (re)cycle the essential elements it needs (Volk,
1998). Furthermore, input and/or recycling needs to be greater for elements that are scarcer
relative to their biological requirements than those that are less scarce relative to biological
requirements. Table 2 summarises some of the effects of Life on the cycling of materials.

Carbon is the backbone of organic chemistry and photosynthetic and respiratory fluxes
of carbon exceed inputs to the surface Earth from the mantle and the tectonic recycling of
sedimentary rocks by a global ‘cycling ratio’ of around 400. Carbon input to the surface
from tectonic recycling of sediments is also increased somewhat by Life, because the sedi-
mentary organic carbon reservoir is entirely due to Life and its oxidation depends on a
biogenic oxygen-rich atmosphere (Lenton et al., 2018b). Furthermore, plankton have shifted
the locus of carbonate deposition somewhat from shelf seas to the deep ocean, increasing the
tectonic recycling of carbonate carbon (Volk, 1989). Even the supposedly ‘mantle’ input of
carbon is partly from what was once subducted organic carbon (Foley and Fischer, 2017).

Nitrogen has an essentially biological cycle in which organisms are responsible for all the
key transformations. The input of bio-available nitrogen (NO; and NH;) has been
increased by a factor of ~40 by biotic nitrogen fixation (prior to human activities)
relative to the small abiotic source from lightning strikes (Fowler et al., 2013). Nitrogen
uptake in net primary production is ~100-fold larger still, indicating a global nitrogen
cycling ratio of ~100.

Phosphorus has no significant gaseous form and all ultimately derives from continental
chemical weathering. Phosphorus weathering is amplified by Life, by an uncertain factor,
through innovations including organic acid production and selective dissolution of P-rich
apatite inclusions in rocks. Also, around 20% of the P weathering flux derives from sedi-
mentary rocks whose deposition depended on Life (Lenton et al., 2018b). Phosphorus
uptake in net primary production exceeds weathering by a global cycling ratio of ~1250,
higher than nitrogen or carbon, consistent with phosphorus being the ‘ultimate limiting
nutrient’.

Sulphur is widely used by Life in varying (and remarkably poorly known) proportions
(Linzon et al., 1979; Matrai and Keller, 1994). Life amplifies sulphur input by a factor of
~30 in that inputs of sulphur are dominated by sediment recycling (Lenton et al., 2018b)
rather than mantle input (Kagoshima et al., 2015) and the two major forms of sedimentary
sulphur are both attributable to Life: pyrite is a biogenic product and gypsum required
biogenic oxygen to produce the sulphate it contains. Sulphur uptake in net primary pro-
duction further exceeds sulphur input by a global cycling ratio of ~10-40.

Silicon is required by plants and diatoms (although not all primary producers) with a
weathering input that is biologically enhanced by an uncertain amount (Struyf et al., 2009).
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Plants take up ~10 times the weathering input and immobilise Si in organic matter, reducing
the river input to the ocean, where diatoms take up ~40 times the river input, indicating
marine recycling exceeds the global cycling ratio of ~10.

A wide range of micro-nutrients are necessary for primary production, or for other key
metabolisms, such as nitrogen fixation. The abundance of trace metals, relative to Life’s
requirements, varies and has changed with the changing oxidation state of the Earth’s sur-
face environments (Saito et al., 2003; Whitfield, 1981; Williams and Frausto da Silva,
2006). Life correspondingly exerts varying influence on the cycling of trace metals today,
particularly through the production of organic ligands of varying strength (Benner, 2011;
Sunda, 2012).

Despite iodine being the heaviest element commonly used by Life, volatile organic iodine
compounds, notably methyl iodide, are made in abundance by marine organisms. They play
an important role in atmospheric chemistry and aerosol formation and cycle some iodine
back from the ocean to the land (Lovelock et al., 1973). There is also considerably terrestrial
iodine cycling by Life (Amachi, 2008).

Some elements are not biologically required; hence, there is no incentive for Life to alter
their cycling. However, cycling may happen as an accidental consequence of chemical incor-
poration into biological products, or the chemical consequences of a biological product. A
famous example of the latter is the natural nuclear fission reactors from Oklo in Gabon
dating to ~1.7 Ga, which required the prior rise of atmospheric oxygen in the Great
Oxidation to concentrate fissionable >**U (Gauthier-Lafaye et al., 1996).

Rock cycling, continent formation and water retention

A large fraction of the diversity of Earth’s minerals are either biologically precipitated or
require oxygen (a biological product) in their creation and hence would not exist without
Life (Hazen et al., 2008). More fundamentally, it has been proposed that Life has altered the
planet’s rock cycle and played a role in continent formation. Life clearly has the energetic
potential to do so — its current power supply (264 TW) exceeds the power driving mantle
convection (~12 TW) by a factor >20 and that driving crust cycling (26 TW) by a factor of
~10 (Dyke et al., 2011). It also exceeds the work done by the atmospheric heat engine in
physical weathering (<50 TW) and sediment transport (<13 TW; Dyke et al., 2011).

The production of continental crust as granites requires hydration of the oceanic crust
(Campbell and Taylor, 1983). Recently, it has been hypothesised that early Life by perme-
ating the seafloor crust hydrated it and thus started the formation of micro-continents ~4.0—
3.5 Ga (Grosch and Hazen, 2015). Conceivably granite formation was energetically limited
prior to the evolution of oxygenic photosynthesis, which greatly increased the power supply
to Life (Rosing et al., 2006). The timing of onset of modern-style plate tectonics ~3.0 Ga is
at least consistent with current evidence for the timing of origin of oxygenic photosynthesis.
If a link to continent formation is corroborated, this would represent an extraordinary
consequence of Life.

Whether Earth would have lost its water in the absence of Life, making the planet
uninhabitable, is an open question. In the absence of Life, without biotic enhancement of
weathering and possibly without continents, atmospheric CO, and temperature would be
much higher, risking passing the runaway threshold to a ‘moist greenhouse’ atmosphere that
supports higher rates of hydrogen loss to space (Popp et al., 2016). Furthermore, by pro-
ducing an oxygen-rich atmosphere, an ozone layer, and the strong thermal stratification of
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the stratosphere, Life has created an effective ‘cold trap’ at the tropopause that prevents
water reaching the upper atmosphere where it can be split apart and hydrogen lost to space.
That said, before causing the rise of atmospheric oxygen, early methanogens likely
enhanced hydrogen loss to space by increasing atmospheric methane concentration
(Catling et al., 2001).

Distinguishing Earth system and Gaia perspectives

Biologists have had little interest in Life’s influence on the global environment — which is
understandable given that climate or ocean composition are not their major object of inqui-
ry. Earth system scientists have increasingly been studying the influence of living beings on
the environment — partly thanks to Gaia. But these ‘Earth system’ studies, important as their
discoveries have been, have tended to consider biological influences on earthly processes on
a par with other abiotic processes. Gaia scientists in contrast have stubbornly tracked down
Life’s influence to make it more visible. To render Gaia visible, an important counterfactual
— or what-if — question has been asked: how would Earth look had Life had not influenced
its environment? (Dietrich and Perron, 2006; Dutreuil, 2014; Lovelock, 1965).

From effects on to regulation of the environment

Lovelock’s (1965) realisation that Life massively alters its environment soon led him to
suggest that a new entity is formed by the interactions between Life and its environment
— Gaia — and that this ‘influence’ may not be ‘for nothing’: it can account for the very
survival and thriving of Life itself.

Blurring the boundaries between life and its environment

Organisms can only survive under particular conditions. As well as liquid water, a source of
free energy, and all the materials they need to build their bodies, organisms also require
particular physical conditions of temperature, pH, pressure, redox state and so on. More
complex organisms typically have more stringent habitability requirements than simpler
ones.

Studying the mechanisms by which organisms deal with their material environments has
led ecologists and physiologists — and occasionally evolutionary biologists — to realise how
fuzzy the boundaries are between organisms and their environment. Hence, the notion of
ecosystem, or more recently, that of ‘extended phenotype’, ‘niche construction’ or ‘extended
organism’. For example, if one is interested in how a single termite deals with its vital
requirement in terms of oxygen, CO, and temperature, one has to follow all the material
links involved in these processes. In so doing, one will cross the termite’s cuticles so many
times that the relevant biological entity to be studied — and so, in a sense, the material
boundary of this single termite — will be the whole termitary (Turner, 2000).

Early on, Lovelock and Margulis scaled up these two arguments. If organisms have
conditions of existence, then aggregating them all together necessary leads to the conclusion
that Life also has habitability bounds. Below a given minima and above a given maxima —
which may change with evolution — Life would cease to exist. Also, given Life massively
influences its environment, then, just as the argument goes for the termite (or for any eco-
system), the boundaries between Life and its environment are blurred and their interactions
constitute a complicated entity: Gaia.
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Recognising the existence of this entity, Lovelock and Margulis scaled up familiar bio-
logical questions and in so doing, introduced new biological puzzles. In particular, Has Life
maintained Earth’s habitability?

Habitability

The habitability discussion has focused on climate, after Lovelock and Margulis (1974)
proposed that the long-term stability of climate in spite of the Sun’s rising luminosity
(the ‘faint young Sun paradox’) may be explained by Life’s influence on the climate.
More concrete mechanisms were suggested after the proposal of an abiotic climate regulator
(Walker et al., 1981) in the form of a negative feedback involving silicate weathering and the
associated uptake of CO, that can buffer variations in planetary surface temperature and
thus maintain liquid water over a wider range of solar luminosity than in the absence of the
feedback. This abiotic feedback can broaden the habitable zone bounded by 0°C at which
runaway freezing occurs and ~70°C (rather than the boiling point of 100°C) at which a
‘moist greenhouse’ occurs (the oceans evaporate to create a pressure-cooker atmosphere).

The crucial difference with Life becoming intertwined in feedback loops is that it brings,
by definition, habitability constraints (as well as biotic effects) into those feedbacks loops:
Life affects environmental variables, just like other abiotic processes; but Life is sensitive to
what it does within habitable conditions, whereas abiotic processes are not. This can make
negative feedback stronger (a more effective regulator) than in the abiotic case. For exam-
ple, Life strongly amplifies the silicate weathering feedback on Earth today (Lovelock and
Watson, 1982; Lovelock and Whitfield, 1982) and by having organisms such as plants with
narrower habitability bounds than 0°C-70°C entwined in the feedback loop, gives rise to
narrower stabilising ranges. Furthermore, the biogenic weathering effect with plants may
now be so strong (Schwartzman and Volk, 1989) that it could be maintaining Earth in a
habitable state for plants, when without them it would by now have become (or could soon
become) uninhabitably hot for them (Lenton and von Bloh, 2001). This is supported by
recent modelling capturing the interacting effects of water vapour, CO, and N,, which
suggests the ‘habitable zone’ would be disappearing in the absence of Life, which has
broadened it considerably (Goldblatt, 2016).

Regulation

Alongside the habitability issue, Gaia scientists looked for examples where the activity of
certain living beings (certain parts of Life) regulate an environmental variable and thus
produce and maintain their own (and sometimes others’) condition of existence at a regional
or global scale.?

Climate, at various timescales, has again been an important focus of study. For example,
the famous Charlson—-Lovelock—Andreaec—Warren (CLAW) hypothesis highlighted the pos-
sibility for climate regulation via biogenic DMS production (Charlson et al., 1987). This
drew widespread attention from climatologists, biogeochemists and Earth system scientists.
Another important example is the large-scale effects of land plants on the hydrological cycle:
for instance, the increase of precipitation enabled by the evapotranspiration of the Amazon
rainforest is necessary for the rainforest to persist (Betts, 1999). More generally, evapotrans-
piration by plants increases the latent heat flux over land up to threefold relative to a desert
world (Kleidon et al., 2000). The resulting cooling effect is generally strongest in the tropics,
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where it outweighs the effect of vegetation lowering surface albedo (Betts, 1999). On longer
timescales, it has also been argued that planktonic calcifying organisms, by buffering
carbonate-ion concentration in the oceans and thus stabilising the carbon cycle, may have
prevented the return of catastrophic ‘snowball Earth’ events during the Phanerozoic
(Ridgwell et al., 2003).

The regulation of chemical components has also been scrutinised, such as the long-term
regulation of atmospheric oxygen, constrained within bounds not too high to allow sus-
tained vegetation and not too low to enable multicellular animal life using respiration.
Atmospheric O, regulation mechanisms were originally proposed to involve biogenic meth-
ane production and fires (Watson et al., 1978). Subsequent suggestions hinge on excess O,
causing fires that suppress land vegetation and make plant photosynthesis less efficient. In
one feedback, fires transfer phosphorus from the land to the ocean where less oxygen is
produced per unit of phosphorus (Kump, 1988). In another, suppressing vegetation sup-
presses phosphorus weathering thus limiting oxygen production (Lenton and Watson,
2000b). Both contribute to the long-term stabilisation of atmospheric oxygen (Lenton
et al., 2018b).

Proposals for what regulates bio-available nitrogen in the ocean actually predate the Gaia
hypothesis (Redfield, 1934, 1958) and are understood to involve a negative feedback on the
abundance of nitrogen fixers (that supply available nitrogen): Nitrogen fixation is highly
energy-intensive and only advantageous to perform where nitrogen is scarce, but it increases
nitrogen levels — limiting its own activity (Lenton and Watson, 2000a). This regulator results
in available nitrogen levels in the ocean tracking fluctuations in phosphorus levels — which
may be driven by varying input from the continents. Phosphorus levels in the ocean in turn
are regulated by the dependence of its biogenic burial (removal) flux on its concentration.
For example, an increase in phosphorus levels (and corresponding increase in nitrogen
fixation and nitrogen levels) is counteracted by greater productivity driving increased
burial of phosphorus (Lenton and Watson, 2000a).

Gaia, Earth system and biology

The empirical description of mechanisms by which Life can maintain habitable conditions
or certain living beings can regulate global/regional environmental variables have been the
hallmark of Gaia research. This research has fallen through the cracks between ESS and
biology: Earth system scientists had little interest in (non-human) living entities maintaining
their own conditions of existence; biologists had little interest in empirical material on
climate and the global environment and thought the theoretical issues had long been
dismissed.

From the assertion of goal functions to a workable theory

Now we turn to the final — and most often quoted — reason why many scientists rejected
Gaia: Lovelock’s invocation of goal functions and the apparent purposiveness that comes
with that. This was initially compounded by a lack of theoretical mechanisms that could
provide an explanation of how ‘global adaptation’ — especially a predominance of regulation
— could come about.
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The teleology provocation

At the very moment Lovelock discovered Gaia, he attributed it functions, goals and norms.
Lovelock was looking for the ‘role’ of the various influences of Life on the environment:
What is the function of methanogens within Gaia? Of the Amazonian rainforest?

Lovelock introduced the ideas of feedback, self-regulation, homeostasis and goal-seeking
behaviour from cybernetics. Functional talk has not generally hurt engineers or scientists
trained in cybernetics: it is very common in systems analysis — where the function of an
entity within a larger system studied by the scientist is reduced to the causal effects this
entity has on other parts of the system (Cummins, 1975). This type of functional talk does
not imply norms: it does not specify what the entity should do in this particular system. But
Lovelock, even though appealing to this cybernetic tradition, meant something more when
he talked about the ‘function’ of living parts of Gaia. He was also using a biological mean-
ing of function.

Lovelock attributed function to Gaian parts just as we do spontaneously with any other
living forms when we speak about (for example) the function of organs within a body. In
this context, attributing a function to an entity is normative: when we say that it is the
function of the heart to pump blood, we mean that the heart is supposed to pump blood.
This triggered Dawkins’ (1982) principal objection to Gaia: functional talk is only scientif-
ically sound when it applies to entities subject to natural selection — and in his view, being a
population of one with little sign of reproduction, Gaia was not subject to natural selection.

But of course the issue of teleology, even for organisms (i.e. life) —is a very difficult one. It
is embedded within discussions from 18th century natural theology, where the functions of
organs within organisms or of species at the surface of the Earth were designed by God or
where the apparent design of a biological entity was used to prove the existence of God. It is
also linked with the recognition of the specificity of life (small 1) as a particular class of entity
radically different from inorganic entities. Reflections about the specificity and status of
organisms led to the constitution of biology as a discipline and were accompanied by
broader reflections about the order of nature — most famously deployed by Kant
(Huneman, 2008). Even though Darwin is often said to have solved the biological issue
of organisms’ design, philosophers were, at the time Dawkins was writing, still struggling
hard to make sense of biological teleology, even for supposedly ‘easy’ cases where natural
selection occurs (Millikan, 1989; Neander, 1991; Wright, 1973). Hence, the dismissal of this
issue when an entirely new biological entity had been discovered was at best premature
(Latour and Lenton, 2019).

Biologists plead for mechanism, Earth system scientists miss the need for theory

The teleological critique was linked to a theoretical one: biologists argued that a mechanism
producing global regulation was lacking. Such a mechanism would need to do the same
explanatory work as natural selection does in explaining the adaptation of organisms and
legitimising functional talk in biology. But they could not see what such a mechanism be, if
natural selection cannot operate on Gaia because Gaia is not part of a population and does
not reproduce (Dawkins, 1982). Instead one or two, such as W. D. Hamilton, realised there
might be something somewhat akin to natural selection (Lenton, 2005) — that is, a filtering of
variation in which regulatory variants came to persist and therefore predominate
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(as opposed to members of a population that leave the most descendants coming to
predominate).

Over in ESS, there was never this recognition of the need for an ‘evolutionary’ mecha-
nism to explain Gaia. Instead critics of the Gaia hypothesis within ESS put forward exam-
ples of ‘destabilisation” by Life (Kirchner, 1989; Tyrrell, 2013), for example, oxygenic
photosynthesis introduced a poison for most of the biosphere at the time; the spread of
oxygenic photosynthesis has initiated glaciations, possibly including ‘Snowball Earth’ events
(Kopp et al., 2005); and disruption of the biological sulphur cycle may have been responsible
for the largest Phanerozoic extinction (Ward, 2009). But one need not wait for Kirchner
(1989) or Tyrrell (2013) to find examples refuting the idea that living beings a/ways regulate
their environment — the originators of Gaia had already provided them (Margulis and
Lovelock, 1974).

As Lovelock was well aware from the start, presenting cases of destabilisation as a ref-
utation of Gaia misses a basic understanding both of biology and of cybernetics. In biology,
just because we can suffer cancer does not mean we are not self-regulating organisms
(Doolittle, 2019). In cybernetics, any ‘hat function’ (e.g. inverted parabola) response of
Life to an environmental variable coupled with an effect of Life on that variable can give
rise to both positive feedback and negative feedback regimes. Lovelock enshrined this in the
formulation of the Daisyworld model (Watson and Lovelock, 1983) and has subsequently
emphasised, for example, that the DMS feedback can be positive or negative depending on
the circumstances (Lovelock and Kump, 1994). Lovelock’s second book ‘The Ages of Gaia’
(Lovelock, 1988) hinges on this recognition — intervals where destabilisation predominates
mark the boundaries between the ‘Ages’ in which regulation predominates.

‘If Gaia stabilizes and destabilises, is there any possible behaviour that is not Gaian’
asked Kirchner (1989), in response. Others have suggested that Gaia’s validity could be
resolved by simply tallying up stabilising and destabilising feedback mechanisms (Ward,
2009). This recurring argument highlights the fact that the majority of Earth system scien-
tists discussed Gaia at an empirical level and not a theoretical one. Of course, there was
theoretical work on other aspects of the Earth system — including how humans could main-
tain their own conditions of planetary habitability (Schellnhuber, 1999; Schellnhuber and
Wenzel, 1998) — but little theoretical engagement with Gaia. Meanwhile empirical examples
of global regulation were never going to be sufficient to answer biologists — because their
true interest lay in abstract properties of living entities. The only way out of this impasse was
to theorise about Gaia.

Models and theory in response

After biologists had abandoned the stage, and Earth system scientists had largely declined to
enter it, a small band took up the challenge of theorising about Gaia.

The Daisyworld model (or ‘parable’) was formulated to demonstrate an abstract mech-
anism by which living entities, could, in principle regulate the global environment without
any teleology or inconsistency with natural selection (Watson and Lovelock, 1983). This
model rapidly became the centre of theoretical discussion about Gaia (Betts and Lenton,
2007; Lenton et al., 2018a; Lenton and Lovelock, 2001; McDonald-Gibson et al., 2008;
Volk, 2002; Watson and Lovelock, 1983). After it was pointed out that the first version of
the model represented a special case of coupling between life and its environment (Kirchner,
1989), theoreticians focused their efforts on understanding the conditions under which a
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mechanism is regulatory or destabilising. Hence, they analysed the diversity of dynamic
behaviours in a Gaia system (oscillations, catastrophes, tipping points between regimes of
stability, etc.), how to shift from one behaviour to another, how frequent and likely is such
behaviour and so on (Lenton et al., 2018a; Wood et al., 2008). This could now be described
as a complex systems approach (Scheffer, 2009) — although Daisyworld significantly pre-
dates the rise of ‘complexity science’.

Answering the persistent confusion of Gaia with altruism, it was recognised that large-
scale and long timescale effects of Life ought to be based on by-products of selection (e.g.
the production of oxygen is a by-product of oxygenic photosynthesis, which is not selected
for oxygen production but for energy capture; Lenton, 1998; Volk, 1998; Wilkinson, 1999).
Constraints were also put on the conditions for regulation to emerge: for example, the
evolutionary dynamics of the trait responsible for the modification of the environment
ought to be faster than that of the environmental preferences of the living entities
(Lenton and Lovelock, 2001; McDonald-Gibson et al., 2008; Robertson and Robinson,
1998; Wood et al., 2006).

At smaller space scales and shorter timescales, elements of a Gaia theory at least ‘com-
patible’ with natural selection were sought. This meant either extending or hinging on
standard selection mechanisms such as group selection (Williams and Lenton, 2008); intro-
ducing concepts foreign to evolutionary thought such as ‘feedback on growth’ (a trait
benefitting indifferently to all living entities without any differential — i.e. selective — effects;
Lenton, 1998; Williams and Lenton, 2008) or extending the conditions of application of
selection mechanisms.

Recognising that critics of Gaia may have presumed too narrow a definition of how
evolution can occur — requiring variation within populations and replication with heritabil-
ity — two independent arguments have been made for cruder filtering mechanism not requir-
ing reproduction: the idea of ‘sequential selection’ (Betts and Lenton, 2007; Lenton et al.,
2018a), and that of ‘selection by survival alone’ that is, based on persistence through time
alone — which marked the return of Doolittle (2014), hinging on Bouchard (2014). In the
sequential selection mechanism, the central idea is that through a series of trials/experiments
over time, Life’s effects on its environment could have stumbled upon stable attractors,
which by definition then tend to persist. Selection based on persistence alone (Doolittle,
2014) then gives the opportunity for the resulting Gaia phenomenon to acquire further
persistence-enhancing (stabilising) mechanisms. Subsequently, Doolittle has offered either
biogeochemical cycles (Doolittle, 2017) or clades including Life (Doolittle, 2019) as relevant
units of selection based on differential persistence — noting that both form populations of a
sort.

Following a tradition of theoretical biology, all these researches put forward some specific
properties of life, which are both proper to living entities and necessary for regulatory
mechanisms to emerge: (1) the peaked response of growth to the variation of the environ-
ment; (2) the inevitable effect of metabolism on the environment and (3) the capacity for
extinction and the ability to restart.

The ongoing need for synthesis

Retrospectively, one can look at these modelling and theoretical endeavours as descriptions
of the abstract properties of Life and of Gaia — that is, Life plus its effects on habitability.
The decades encompassing the constitution of biology at the turn of the late 18th century
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were a time of active reflection about the abstract properties of life (from the specificity of
‘organisms’ to the nature of causality at stake in biology) and a time of intense empirical
observations and experiments (e.g. the advent of comparative and experimental embryolo-
gy; of comparative anatomy and palaecontology and of physiology and modern medicine).
Similarly, here, the recognition of the existence of Life and of Gaia required and still
requires empirical, theoretical and philosophical efforts.

Summary

Gaia has been famously criticised by biologists and by Earth system scientists. Biologists
pointed out the lack of theoretical mechanisms for regulation, tied in with a critique of
Lovelock’s teleological language when he took too seriously the idea that Gaia is alive.
Empirical examples of global regulation were of little interest to them, and having missed
the novelty of the entities Life and Gaia, they were perhaps too prompt to dismiss the theo-
retical issues as unsolvable. By contrast, Earth system scientists, having granted that living
beings are part of the Earth system, largely missed the theoretical and philosophical chal-
lenges raised by the centrality of Life in Gaia. In so doing, they largely restricted themselves to
empirical discussions about how the Earth system actually works. If they deployed theoretical
efforts at all — of the kind at stake in Daisyworld, that is, playing with toy models to explore
the possible space of behaviours — these efforts, even though influenced in some way by Gaian
research, were tied to the understanding of the Earth system humans inhabit and to conse-
quences of this understanding for future global changes (Schellnhuber and Wenzel, 1998).

The response to these critiques has generally been: (1) to repent from teleological lan-
guage and (2) to point to one important success of Gaia with the constitution of ESS. This
article has taken these two arguments backwards: (1) the teleological dimension of Gaia
must be confronted directly, rather than being avoided to please biologists; (2) ESS, though
influenced by Gaia in many ways, has lost sight of the central position of Life.

Lovelock’s central contribution, aided by Margulis, was to discover a new living entity;
Life. Too big and too foreign to be studied by biologists; too hard to spot in the energy
balance to be detected and taken into account by early climatologists; too living to be fully
embraced by Earth system scientists. Yet Life massively alters its global environment. So
much so that it becomes hard to separate Life’s boundaries from its environment, hence the
name given to the complicated entity which results from these interactions: Gaia. Studying
the physiological and ecological behaviour of this entity has been the central Gaia research
programme: could Life maintain its own condition of existence? What are the general prop-
erties and behaviour of a global entity constituted by the interaction of Life and its
environment?

The genius of Lovelock and Margulis was to detect the hard to spot Gaia amid the Earth
system. Two issues merit further discussion which we leave for further papers: a more
detailed history of ESS and its relationship with Gaia and a serious discussion of Gaia’s
teleology, linking the theoretical efforts developed by the Gaian scientific community with
philosophical debates on causality and on the way Gaia has changed what we mean by ‘life’.
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Notes

1. There must have been other living beings belonging to other clades that stemmed from the origin of
life (and were present at the time of the last universal common ancestor), all members of which have
now gone extinct. Hence ‘Life’ does not include everything that has ever lived on Earth.

2. These studies can be read either as part of the habitability discussion — for certain parts of Life to
maintain their conditions of existence at a sufficiently large scale is a fortiori to maintain habitable
conditions — or as new research programmes — since the large spatial scales involved were neglected
by biologists working on life—environment interaction at smaller scales.

References

Amachi S (2008) Microbial contribution to global iodine cycling: Volatilization, accumulation, reduc-
tion, oxidation, and sorption of iodine. Microbes and Environments 23: 269-276.

Benner R (2011) Loose ligands and available iron in the ocean. Proceedings of the National Academy of
Sciences of the United States of America 108: 893-894.

Berner RA (1999) A new look at the long-term carbon cycle. GSA Today 9: 1-6.

Betts RA (1999) Self-beneficial effects of vegetation on climate in an ocean-atmosphere general circu-
lation model. Geophysical Research Letters 26: 1457-1460.

Betts RA (2000) Offset of the potential carbon sink from boreal afforestation by decreases in surface
albedo. Nature 408: 187-190.

Betts RA and Lenton TM (2007) Second chances for Lucky Gaia: A hypothesis of sequential selection.
Gaia Circular 1: 4-6.

Bouchard F (2014) Ecosystem evolution is about variation and persistence, not populations and
reproduction. Biological Theory 9: 382-391.

Boucher O, Moulin C, Belviso S et al. (2003) DMS atmospheric concentrations and sulphate aerosol
indirect radiative forcing: A sensitivity study to the DMS source representation and oxidation.
Atmospheric Chemistry and Physics 3: 49-65.

Campbell IH and Taylor SR (1983) No water, no granites: No oceans, no continents. Geophysical
Research Letters 10: 1061-1064.

Catling DC, McKay CP and Zahnle KJ (2001) Biogenic methane, hydrogen escape, and the irrevers-
ible oxidation of early Earth. Science 293: 839-843.

Charlson RJ, Lovelock JE, Andreae MO et al. (1987) Oceanic phytoplankton, atmospheric sulphur,
cloud albedo and climate. Nature 326: 655-661.

Condie KC (2005) Earth as an Evolving Planetary System. Cambridge, MA: Academic Press.

Conway EM (2008) Atmospheric Science at NASA: A History. Baltimore, MD: Johns Hopkins
University Press.

Crutzen PJ (2002) A critical analysis of the Gaia hypothesis as a model for climate/biosphere inter-
actions. Gaia 11: 96-103.

Crutzen PJ (2004) Anti-Gaia. In: Steffen W, Sanderson A, Tyson P et al. (eds) Global Change and the
Earth System: A Planet Under Pressure. Berlin: Springer, p. 72.


https://orcid.org/0000-0002-6725-7498
https://orcid.org/0000-0002-6725-7498

Lenton et al. 21

Crutzen PJ and Stoermer EF (2000) The ‘Anthropocene’. IGBP Newsletter 41: 17-18.

Cummins R (1975) Functional analysis. The Journal of Philosophy 72: 741-765.

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: 282-292.

Dawkins R (1982) The Extended Phenotype. Oxford: Oxford University Press.

Dietrich WE and Perron JT (2006) The search for a topographic signature of life. Nature 439:
411-418.

Doel RE (2003) Constituting the postwar Earth sciences: The military’s influence on the environmental
sciences in the USA after 1945. Social Studies of Science 33: 635-666.

Doolittle WF (1981) Is nature really motherly? The Coevolution Quarterly 29: 58—63.

Doolittle WF (2014) Natural selection through survival alone, and the possibility of Gaia. Biology &
Philosophy 29: 415-423.

Doolittle WF (2017) Darwinizing Gaia. Journal of Theoretical Biology 434: 11-19.

Doolittle WF (2019) Making evolutionary sense of Gaia. Trends in Ecology & Evolution 34: 889-894.

Dutreuil S (2014) What good are abstract and what-if models? Lessons from the Gaia hypothesis.
History and Philosophy of the Life Sciences 36: 16-41.

Dutreuil S (2016) Gaia: hypothese, programme de recherche pour le systeme Terre, ou philosophie de
la nature? (PhD Thesis, Université Paris 1 Panthéon-Sorbonne, Paris, p. 859.).

Dutreuil S (2018) La vie en biologie: enjeux et problemes d’une définition, usages du terme. Philosophie
1: 67-94.

Dutreuil S and Pocheville A (2015) Les organismes et leur environnement: la construction de niche,
I’hypothese Gaia et la sélection naturelle. Bulletin d’histoire et d’épistémologie des sciences de la vie
22: 27-56.

Dyke JG, Gans F and Kleidon A (2011) Towards understanding how surface life can affect interior
geological processes: A non-equilibrium thermodynamics approach. Earth System Dynamics 2:
139-160.

Edwards PN (2010) 4 Vast Machine: Computer Models, Climate Data, and the Politics of Global
Warming. Cambridge, MA: MIT Press.

Foley SF and Fischer TP (2017) An essential role for continental rifts and lithosphere in the deep
carbon cycle. Nature Geoscience 10: 897-902.

Fowler D, Coyle M, Skiba U et al. (2013) The global nitrogen cycle in the twenty-first century.
Philosophical Transactions of the Royal Society B: Biological Sciences 368: 20130164.

Frouin R and Iacobellis SF (2002) Influence of phytoplankton on the global radiation budget. Journal
of Geophysical Research: Atmospheres 107: 4377.

Gauthier-Lafaye F, Holliger P and Blanc PL (1996) Natural fission reactors in the Franceville basin,
Gabon: A review of the conditions and results of a ‘critical event” in a geologic system. Geochimica
et Cosmochimica Acta 60: 4831-4852.

Goldblatt C (2016) The inhabitance paradox: How habitability and inhabitancy are inseparable (arxiv:
160300950). Available at: https://arxiv.org/abs/1603.00950

Goldblatt C, Claire MW, Lenton TM et al. (2009) Nitrogen-enhanced greenhouse warming on early
Earth. Nature Geoscience 2: 891-896.

Goldstein ES (2009) NASA’s Earth science program: The space agency’s mission to our home planet.
In: Dick SJ (ed.) Nasa’s First 50 Years: Historical Perspectives. Washington, DC: NASA,
pp. 503-542.

Grosch EG and Hazen RM (2015) Microbes, mineral evolution, and the rise of micro-continents:
Origin and co-evolution of life with early Earth. Astrobiology 15: 922-939.

Hamblin JD (2013) Arming Mother Nature: The Birth of Catastrophic Environmentalism. Oxford:
Oxford University Press.

Haqq-Misra JD, Kasting JF and Lee S (2011) Availability of O, and H,O, on pre-photosynthetic
Earth. Astrobiology 11: 293-302.


https://arxiv.org/abs/1603.00950

22 The Anthropocene Review 0(0)

Hazen RM, Papineau D, Bleeker W et al. (2008) Mineral evolution. American Mineralogist 93:
1693-1720.

Heymann M and Dahan Dalmedico A (2019) Epistemology and politics in Earth system modeling:
Historical perspectives. Journal of Advances in Modeling Earth Systems 11: 1139-1152.

Hitchcock DR and Lovelock JE (1967) Life detection by atmospheric analysis. Icarus 7: 149-159.

Huneman P (2008) Métaphysique et biologie Kant et la constitution du concept d’organisme: Editions
Kimé. Paris: Kime.

Johnson BW and Goldblatt C (2018) EarthN: A new Earth system nitrogen model. Geochemistry,
Geophysics, Geosystems 19: 2516-2542.

Kwa C and Rector R (2010) A data bias in interdisciplinary cooperation in the sciences: Ecology in
climate change research. In: Parker JN, Vermeulen N and Penders B (eds) Collaboration in the New
Life Sciences. Farnham: Ashgate, pp. 161-176.

Kagoshima T, Sano Y, Takahata N et al. (2015) Sulphur geodynamic cycle. Scientific Reports 5: 8330.

Kerr B, Godfrey-Smith P and Feldman MW (2004) What is altruism? Trends in Ecology & Evolution
19: 135-140.

Kesselmeier J and Staudt M (1999) Biogenic volatile organic compounds (VOC): An overview on
emission, physiology and ecology. Journal of Atmospheric Chemistry 33: 23-88.

Kirchner JW (1989) The Gaia hypothesis: Can it be tested? Reviews of Geophysics 27: 223-235.

Kleidon A, Fraedrich K and Heimann M (2000) A green planet versus a desert world: Estimating the
maximum effect of vegetation on the land surface climate. Climatic Change 44: 471-493.

Kopp RE, Kirschvink JL, Hilburn IA et al. (2005) The Paleoproterozoic snowball Earth: A climate
disaster triggered by the evolution of oxygenic photosynthesis. Proceedings of the National Academy
of Sciences of the United States of America 102: 11131-11136.

Kump LR (1988) Terrestrial feedback in atmospheric oxygen regulation by fire and phosphorus.
Nature 335: 152-154.

Kwa C (2005a) Interdisciplinarity and postmodernity in the environmental sciences. History and
Technology 21: 331-344.

Kwa C (2005b) Local ecologies and global science discourses and strategies of the international
geosphere-biosphere programme. Social Studies of Science 35: 923-950.

Kwa C (2006) The programming of interdisciplinary research through informal science-policy inter-
actions. Science and Public Policy 33: 457-467.

Laland K, Matthews B and Feldman MW (2016) An introduction to niche construction theory.
Evolutionary Ecology 30: 191-202.

Latour B (2017) Facing Gaia: Eight Lectures on the New Climatic Regime. Cambridge: Polity Press.

Latour B and Lenton TM (2019) Extending the Domain of Freedom, or Why Gaia Is So Hard to
Understand. Critical Inquiry 45: 659-680.

Lenton T (2016) Earth System Science: A Very Short Introduction. Oxford: Oxford University Press.

Lenton TM (1998) Gaia and natural selection. Nature 394: 439-447.

Lenton TM (2005) Hamilton and Gaia. In: Ridley M (ed.) Narrow Roads of Gene Land: The
Collected Papers of W. D. Hamilton: Last Words, vol. 3. Oxford: Oxford University Press,
pp. 257-264.

Lenton TM and Latour B (2018) Gaia 2.0. Science 361: 1066—1068.

Lenton TM and Lovelock JE (2001) Daisyworld revisited: Quantifying biological effects on planetary
self-regulation. Tellus B 53: 288-305.

Lenton TM and von Bloh W (2001) Biotic feedback extends the life span of the biosphere. Geophysical
Research Letters 28: 1715-1718.

Lenton TM and Watson AJ (2000a) Redfield revisited: 1: Regulation of nitrate, phosphate and oxygen
in the ocean. Global Biogeochemical Cycles 14: 225-248.

Lenton TM and Watson AJ (2000b) Redfield revisited: 2: What regulates the oxygen content of the
atmosphere? Global Biogeochemical Cycles 14: 249-268.

Lenton TM and Watson AJ (2011) Revolutions That Made the Earth. Oxford: Oxford University Press.



Lenton et al. 23

Lenton TM, Daines SJ, Dyke JG et al. (2018a) Selection for Gaia across multiple scales. Trends in
Ecology & Evolution 33: 633-645.

Lenton TM, Daines SJ and Mills BJW (2018b) COPSE reloaded: An improved model of biogeochem-
ical cycling over Phanerozoic time. Earth Science Reviews 178: 1-28.

Lenton TM, Held H, Kriegler E et al. (2008) Tipping elements in the Earth’s climate system.
Proceedings of the National Academy of Sciences of the United States of America 105: 1786-1793.

Lenton TM, Schellnhuber HJ and Szathmary E (2004) Climbing the co-evolution ladder. Nature
431: 913.

Lewontin RC (1983) The organism as the subject and object of evolution. Scientia 118: 63-82.

Linzon SN, Temple PJ and Pearson RG (1979) Sulfur concentrations in plant foliage and related
effects. Journal of the Air Pollution Control Association 29: 520-525.

Lovelock JE (1965) A physical basis for life detection experiments. Nature 207: 568-570.

Lovelock JE (1972) Gaia as seen through the atmosphere. Atmospheric Environment 6: 579-580.

Lovelock JE (1975a) Natural halocarbons in the air and in the sea. Nature 256: 193-194.

Lovelock JE (1975b) Thermodynamics and the recognition of alien biospheres. Proceedings of the
Royal Society of London 189: 167-181.

Lovelock JE (1979) Gaia: A New Look at Life on Earth. Oxford: Oxford University Press.

Lovelock JE (1986) Geophysiology: A new look at Earth science. Bulletin of the American
Meteorological Society 67: 392-397.

Lovelock JE (1988) The Ages of Gaia: A Biography of Our Living Earth. New York: W. W. Norton.

Lovelock JE and Giffin CE (1969) Planetary atmospheres: Compositional and other changes associ-
ated with the presence of life. In: Tiffany OL and Zaitzeff E (eds) Advances in the Astronautical
Sciences. Tarzana, CA: American Astronautical Society, pp. 179-193.

Lovelock JE and Kump LR (1994) Failure of climate regulation in a geophysiological model. Nature
369: 732-734.

Lovelock JE and Margulis LM (1974a) Atmospheric homeostasis by and for the biosphere: The Gaia
hypothesis. Tellus 26: 2-10.

Lovelock JE and Margulis LM (1974b) Homeostatic tendencies of the Earth’s atmosphere. Origins of
Life 5: 93-103.

Lovelock JE and Watson AJ (1982) The regulation of carbon dioxide and climate: Gaia or geochem-
istry? Planetary and Space Science 30: 795-802.

Lovelock JE and Whitfield M (1982) Life span of the biosphere. Nature 296: 561-563.

Lovelock JE, Maggs RJ and Rasmussen RA (1972) Atmospheric dimethyl sulphide and the natural
sulphur cycle. Nature 237: 452-453.

Lovelock JE, Maggs RJ and Wade RJ (1973) Halogenated hydrocarbons in and over the Atlantic.
Nature 241: 194-196.

McDonald-Gibson J, Dyke JG, Di Paolo EA et al. (2008) Environmental regulation can arise under
minimal assumptions. Journal of Theoretical Biology 251: 653-666.

McGuffie K and Henderson-Sellers A (2014) The Climate Modelling Primer. 4th edition. Chichester:
Wiley Blackwell.

Margulis L and Lovelock JE (1974) Biological modulation of the Earth’s atmosphere. Icarus 21:
471-489.

Mariscal C and Doolittle WF (2018) Life and life only: A radical alternative to life definitionism.
Synthese. Available at: https://doi.org/10.1007/s11229-018-1852-2

Matrai PA and Keller MD (1994) Total organic sulfur and dimethylsulfoniopropionate in marine
phytoplankton: Intracellular variations. Marine Biology 119: 61-68.

Millikan RG (1989) In defense of proper functions. Philosophy of Science 56: 288-302.

NASA ESSC (1986) Earth System Science: A Closer View. Washington, DC: National Aeronautics
and Space Administration.

Neander K (1991) Functions as selected effects: The conceptual analyst’s defense. Philosophy of
Science 58: 168—184.


https://doi.org/10.1007/s11229-018-1852-2

24 The Anthropocene Review 0(0)

Popp M, Schmidt H and Marotzke J (2016) Transition to a moist greenhouse with CO, and solar
forcing. Nature Communications 7: 10627.

Redfield AC (1934) On the Proportions of Organic Derivatives in Sea Water and Their Relation to the
Composition of Plankton (James Johnstone memorial volume). Liverpool: University of Liverpool,
pp. 176-192.

Redfield AC (1958) The biological control of chemical factors in the environment. American Scientist
46: 205-221.

Ridgwell AJ, Kennedy MJ and Caldeira K (2003) Carbonate deposition, climate stability, and
Neoproterozoic ice ages. Science 302: 859—862.

Robertson D and Robinson J (1998) Darwinian Daisyworld. Journal of Theoretical Biology 195:
129-134.

Rockstrom J, Steffen W, Noone K et al. (2009) A safe operating space for humanity. Nature 461: 472-475.

Roederer JG (1986) ICSU gives green light to IGBP. Eos, Transactions American Geophysical Union
67: 777-781.

Rollinson H (2007) Early Earth Systems: A Geochemical Approach. Oxford: Wiley Blackwell.
Rosing MT, Bird DK, Sleep NH et al. (2006) The rise of continents: An essay on the geologic
consequences of photosynthesis. Palaeogeography Palaeoclimatology Palacoecology 232: 99-113.
Sagan C, Thompson WR, Carlson R et al. (1993) A search for life on Earth from the Galileo space-

craft. Nature 365: 715-721.

Saito MA, Sigman DM and Morel FMM (2003) The bioinorganic chemistry of the ancient ocean: The
co-evolution of cyanobacterial metal requirements and biogeochemical cycles at the Archean-
Proterozoic boundary? Inorganica Chimica Acta 356: 308-318.

Scheffer M (2009) Critical Transitions in Nature and Society. Princeton, NJ: Princeton University
Press.

Schellnhuber HJ (1999) ‘Earth system’ analysis and the second Copernican revolution. Nature 402:
C19-C23.

Schellnhuber HJ and Wenzel V (1998) Earth System Analysis: integrating Science for Sustainability.
Berlin: Springer.

Schwartzman DW and Volk T (1989) Biotic enhancement of weathering and the habitability of Earth.
Nature 340: 457-460.

Simoncini E, Virgo N and Kleidon A (2013) Quantifying drivers of chemical disequilibrium: Theory
and application to methane in the Earth’s atmosphere. Earth System Dynamics 4: 317-331.

Steffen W, Richardson K, Rockstrom J et al. (2020) The emergence and evolution of Earth system
science. Nature Reviews Earth and Environment 1: 54-63.

Steffen W, Sanderson A, Tyson P et al. (2004) Global Change and the Earth System: A Planet Under
Pressure. Berlin: Springer.

Struyf E, Smis A, Van Damme S et al. (2009) The global biogeochemical silicon cycle. Silicon 1:
207-213.

Sunda W (2012) Feedback interactions between trace metal nutrients and phytoplankton in the ocean.
Frontiers in Microbiology 3: 204.

Turchetti S and Roberts P (2014) The Surveillance Imperative: Geosciences during the Cold War and
Beyond. New York: Palgrave Macmillan.

Turner JS (2000) The Extended Organism: The Physiology of Animal-Built Structures. Cambridge, MA:
Harvard University Press.

Tyrrell T (2013) On Gaia: A Critical Investigation of the Relationship between Life and Earth. Princeton,
NJ: Princeton University Press.

Uhrqvist O (2014) Seeing and knowing the Earth as a system: An effective history of global environ-
mental change research as scientific and political practice. Linkoping University. Available at:
https://www.diva-portal.org/smash/get/diva2:747930/FULLTEXTO1.pdf

Volk T (1989) Sensitivity of climate and atmospheric CO, to deep-ocean and shallow-ocean carbonate
burial. Nature 337: 637-640.


https://www.diva-portal.org/smash/get/diva2:747930/FULLTEXT01.pdf

Lenton et al. 25

Volk T (1998) Gaia’s Body: Toward a Physiology of the Earth. New York: Copernicus.

Volk T (2002) Toward a future for Gaia theory. Climatic Change 52: 423-430.

Walker JCG, Hays PB and Kasting JF (1981) A negative feedback mechanism for the long-term
stabilisation of Earth’s surface temperature. Journal of Geophysical Research 86: 9776-9782.

Ward PD (2009) The Medea Hypothesis: Is Life on Earth Ultimately Self-Destructive? Princeton, NJ:
Princeton University Press.

Watson AJ and Lovelock JE (1983) Biological homeostasis of the global environment: the parable of
Daisyworld. Tellus B: 35: 284-289.

Watson AJ, Lovelock JE and Margulis L (1978) Methanogenesis, fires and the regulation of atmo-
spheric oxygen. Biosystems 10: 293-298.

Whitfield M (1981) The world ocean: Mechanism or machination? Interdisciplinary Science Reviews
6: 12-35.

Wilkinson DM (1999) Is Gaia really conventional ecology? Oikos 84: 533-536.

Williams HTP and Lenton TM (2008) Environmental regulation in a network of simulated microbial
ecosystems. Proceedings of the National Academy of Sciences of the United States of America 105:
10432-10437.

Williams RJP and Frausto da Silva JIR (2006) The Chemistry of Evolution: The Development of Our
Ecosystem. Amsterdam: Elsevier.

Wimsatt WC (1994) The ontology of complex systems: Levels of organization, perspectives, and causal
thickets. Canadian Journal of Philosophy 24: 207-274.

Wood AJ, Ackland GJ and Lenton TM (2006) Mutation of albedo and growth response produces
oscillations in a spatial Daisyworld. Journal of Theoretical Biology 242: 188—198.

Wood AJ, Ackland GJ, Dyke J et al. (2008) Daisyworld: A review. Reviews of Geophysics 46: RG1001.

Wright L (1973) Functions. Philosophical Review 82: 139-168.



	table1-2053019620918939
	table-fn1-2053019620918939
	table-fn2-2053019620918939
	table-fn3-2053019620918939
	table-fn4-2053019620918939

