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Foreword

Bill McKibben

To say that this book is timely would be an understatement. It literally
couldn’t be more of the moment, more crucial, more necessary.

The Gaian idea—or really, the very framework of the Gaian idea, the
notion that we could think about the planet as a functional unit—seemed
largely abstract until the question of global warming emerged in the late
1980s. With it came the thought that we might have introduced a real
disequilibrium into the system whose remarkable stability for the dura-
tion of human civilization had masked the very existence of the Earth
system. But even global warming seemed a little abstract, hard for most
to picture, until the fall of 2007 when satellite pictures started appearing
of the rapid melt of sea ice in the Arctic. All of a sudden we could see
in virtually real time something that looked an awful lot like the experi-
ments first modeled in Daisyworld. The ice began to melt; as it disap-
peared, and albedo shifted, the melt seemed to accelerate. By the end of
September, the New York Times was describing scientists as “shaken”
by the pace. Instead of the long, slow problem many had imagined
climate change to be, we seemed to be staring at a dynamic system bent
on flipping into some new state. In early December, America’s foremost
climatologist, NASA’s James Hansen, gave a paper at the annual meeting
of the American Geophysical Union laying out the latest Arctic data, and
the most recent paleoclimatic interpretations: only if we somehow got
back beneath 350 parts per million CO, in the atmosphere was there
some hope of avoiding massive tipping points—a process that would
require leaving most of the carbon still underground safely in place.
Which would require, in turn, massive changes in human desire and
appetite, in societal trajectory and organization. This was, at least in the
loose sense, a Gaian diagnosis.
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And it wasn’t just scientists who were shaken. Any aware human
shudders at the pace of change, at the inability to weigh ourselves on the
old and reliable scales. At the same moment we seem very small against
the backdrop of the great tempest now underway, and very large—for
we have unleashed that tempest with our combustion. It is as disconcert-
ing a moment philosophically as it scientifically, Copernican and anti-
Copernican all at once. And we have no real clue what to make of it.

This remarkable collection will help. Its essays cover the gamut from
physics to metaphysics, from biology to phenomenology. They offer
something we badly need—a way to think about who we really are and
what place we actually occupy in the scheme of things. And in that
calibration there is some hope. James Lovelock notes that we are the
species who, at the least, managed to leave the Earth far enough to look
back in wonder. And David Abram, in a sparkling and compassionate
essay, reminds us that even the horrors of a warming world carry some
graces. “Only through the extremity of the weather are we brought to
notice the uncanny power and presence of the unseen medium, and so
compelled to remember our thorough immersion within the life of this
breathing planet,” he writes. “Only thus are we brought to realize that
our vaunted human intelligence is as nothing unless it’s allied with the
round intelligence of the animate Earth.”

This moment, in some sense, tests whether our brains and, more
important, our hearts have evolved enough to deal with the troubles
those same brains and hearts have created. Comprehending correctly the
place where this battle will be fought, and the rules that govern its
operation, is the first step in figuring out what to do, and what not to
do. Physics, chemistry, biology—Gaia—do not bargain. They won’t meet
us halfway, allow us the luxury of an easy and slow change. We will see
in the very near future if we’re up to meeting the challenge of our
moment, which calls us not to act heroically but humbly, to figure out
how to shrink ourselves and our impact, how to fit in instead of domi-
nate. It is the great challenge of our career as a species and hence,
of course, for each of us as individuals once we understand the stakes.
In every sense of the phrase, it is our moment.



Preface

With its new and at the same time ancient understanding of the Earth
as a living whole, the Gaian perspective has inspired awe, generated
controversy, and stimulated research collaboration. Since its inception
in the early 1970s as “the Gaia hypothesis,” the science has morphed
into a fruitful theoretical and research tradition. Gaian scientific inquiry,
and the related field of Earth system science, have become progressively
more established within the scientific community, yet understanding the
biosphere continues to be a work-in-progress. For example, both organic
and mechanical metaphors for the Earth abound in the Gaia literature;
Gaian scientists grapple with whether biotic interactions are powerful
enough to have tipped the Earth system into a habitable zone for bil-
lions of years; and Gaian theorists strive to articulate compelling formu-
lations of the congruence between Darwinian natural selection and the
evolution of a planetary living-cum-nonliving system.

Almost from its inception, Gaian inquiry took interdisciplinary
form. For forty years Gaian science—itself a fusion of life and Earth
sciences—has interfaced strongly with politics and culture: from the
contested naming of the planet after a goddess and the lively clash with
the selfish-gene view of life to the culturally celebrated (on the one hand)
and scientifically censured (on the other) animistic intimations of the
Gaian worldview. Gaian thinking has also had a stormy affair with green
politics, given the tension between understanding the biosphere as a
robust system versus an environmentalist view of our planet as fragile.

Since the turn of the twenty-first century, the ecological and political
implications of Gaia have intensified with the deepening awareness of
the effects human beings are having on Earth’s atmosphere, hydrosphere,
and land surface. The originator of the Gaia hypothesis, James Lovelock,
has galvanized scientific and environmental communities with his latest
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prognosis of a looming ecological-climatic crisis. Indeed Gaia theory has
led Lovelock to predict that unless arrested, the continued outpouring
of greenhouse gases will lead to disastrous consequences by overstepping
climatic thresholds. His ideas are now commanding increased attention,
finding their way into the broader scientific and political discourse on
global climate change.

This interdisciplinary volume forms a continuity with previous works
about Gaia. The edited collection of papers has long been an important
venue for Gaian science and scholarship—being an ideal medium for
diverse threads of an unfolding understanding of the biosphere and
allowing readers to experience the multidisciplinary nature of Gaian
knowledge. At the same time this volume breaks new ground by focusing
on global ecological problems in connection with Gaian knowledge.
Analyses from a diversity of perspectives—by natural scientists, social
scientists, philosophers, technologists, educators, and conservationists—
center on two immense challenges facing biosphere and humanity: climate
change and biodiversity destruction. We have concentrated especially on
these two interrelated problems because of their daunting spatial and
temporal scopes. Climate change and biodiversity destruction are occur-
ring on a planetary scale, at an accelerating tempo, and their devastating
repercussions will endure for millennia or longer. A correspondingly
broad context of understanding can contribute to meeting and preempt-
ing these catastrophes underway. A whole Earth view presents such
a context.

Gaian science investigates how the biosphere works as a whole. Today
such pragmatic knowledge offers both theoretical and practical tools
for navigating toward a future that seems increasingly uncertain. For
example, the Gaian understanding of the global carbon cycle provides a
biospheric baseline for the scale of its anthropogenic disruption and the
consequence of climate change, in particular. Exploring the ties among
biodiversity, nutrient and element cycling, and climatic patterns simi-
larly serves to highlight the enormous risks of dismantling the planet’s
biological wealth.

The Gaian worldview has often been criticized as presenting a rosy
picture of a biosphere inhabited by an integrated, interdependent, coop-
erative, and mutually supporting biota. It is true that Gaian science has
resisted joining the bandwagon of a recent “paradigm shift” in ecologi-
cal science: from the view of ecosystem as an integrated community of
organisms to that of ecosystem as a dynamic aggregate of individuals.
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The former, balance-of-nature perspective (currently out of favor) accents
ecological stability and cooperation, while the latter perspective (now in
vogue) highlights the pervasiveness of disturbance and competition.
We believe that to its credit, Gaian science has eschewed the wholesale
embrace of either paradigm (both with respect to smaller-scale ecosys-
tems and the biosphere as a whole). Indeed it is highly unlikely that
anything as magnificently complex as the Earth’s global ecosystem is
strictly describable by the lights of either model.

It is part of the richness of Gaian inquiry that it is equipped to perceive
an intricate biogeochemical unity on planet Earth, while resisting the
temptation to turn such a vision of exquisite integration into a spiritual
(or academic) metaphysic. In fact small and large catastrophes, instigated
from within or outside the planet, can and have happened to the bio-
sphere. Whether by sheer luck, or by virtue of the biota’s strong steering
hand, Earth has remained unbrokenly inhabited despite such dangerous
episodes as the first flooding of the atmosphere with poisonous biogenic
oxygen, planetesimal collisions, runway heating episodes, and other
extreme planetary events. Moreover the fact that fewer and fewer people
are today willing to contest is that humanity’s catastrophic impact has
become comparable in scale to that of an asteroid strike. Gaian science,
without unnecessary moralizing, illuminates why and how, from the
perspective of the biosphere, we can count our net effect as a calamity
that sooner or later will shift the Earth into a qualitatively different state.
The chapters in this book converge in making this urgent point.

Past catastrophic episodes have instigated major reshufflings of life
forms, climatic regimes, and proportions and cycles of chemical con-
stituents within the biosphere. Thus far in Earth’s 3.8 billion-year living
history, the postcalamity biosphere has each time resettled into new
states, stable enough for the evolutionary birthing and branching of
novel life forms that have both altered and reinforced, through their
interconnected adaptations, the biogeochemical regimes favoring them.
The renewal of Gaia after global catastrophes—via the eventual genera-
tion of yet another taxonomic, biome, and genetic biota (i.e., the
regeneration of biodiversity)—has always created a new chapter in the
biosphere’s wondrous natural history.

Even so, if humanity continues on the current path of excessive dis-
turbance of the Earth system, the eventuality of the biosphere’s self-
restoration should offer us little consolation. The restoration of Gaia, as
a whole, occurs within the range of millions of years—a time span that
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holds no meaning for human scales. Meaning of such timescales is cer-
tainly bountiful when we peer backward into deep time, using the powers
of our imagination and technologies, but such meaning is virtually non-
existent when we attempt to project our minds into the future. Gaian
science warns that without changing our way of life—without averting
the depletion of life forms and ecosystems as well as halting climate
change to at least current levels—we are heading into a biospheric period
of profound indigence and instability for all future human generations
as well as for much of our Holocene nonhuman cohort.

The role of technology in mediating the relationship between human
beings and the natural world has been both excoriated and exulted.
Sophisticated critics of modern civilization, from Lewis Mumford to
John Zerzan, have deplored the denaturing reach of the machine through
which wilderness is turned into playpen and artifact and the natural
world is substituted by virtual reality. On the other hand, technocrats
and planetary managers have put all their eggs in the solution-basket
of technological fixes as though sheer technical innovation could
reset our course toward a harmonious existence within the biosphere.
The contributors of this work stake a different ground about the role
of technologies—be they information, communication, or energy tech-
nologies—now and in the future. While technological approaches are
necessary, they are not by themselves sufficient to heal the relationship
between humanity and natural world. For example, while a drastic
technological shift (and speedy technological transfer) can go a long
way toward preempting the worst consequences of global warming,
there are no technological solutions for habitat destruction, mass extinc-
tion, the depletion of marine life, desertification, and the diminution of
freshwater sources. To address these problems, which are as pressing
as global climate change, demands not simply forgoing destructive tech-
nologies and adopting green ones but embodying an Earth ethic in how
we live. The chapters of this book thus support Lovelock’s call for
retreat—meaning an obligation to shrink our ecological footprint and
relinquish the malady of the growth imperative.

Many of the chapters discuss the importance of life in shaping the
global ecosystem called Gaia, accenting that long periods of relative
stability within the biosphere are created through networks of biogeo-
chemical cycles, the interaction between large-scale natural systems, the
exchange of nutrients, and the complementary metabolizing of wastes.
Yet there is neither scientific nor metaphysical guarantee that life forms
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always behave according to some etiquette of biospheric unity. Gaian
science also explores (via interpreting the geological record or through
computer modeling) what happens when life forms take the rogue path
of massively disrupting the relatively stable parameters of the biosphere
or of their local environments. It is sobering to contemplate that Homo
sapiens may be describable as what scientists Tim Lenton and Hywel
Williams in this volume call a “rebel” species—one that by overexploit-
ing the nutrient stocks of the biosphere may end up decimating both
itself and the global ecosystem.

This is admittedly the negative message of Gaian analysis: that we are
overexploiting the biosphere we are embedded within and dependent on.
The chapters of this book warn against such disturbance of the Earth
system, for it can have unpredictable, large-scale, and irreversible effects.
In this respect the politics of Gaian thinking are, for better or for worse,
alarmist—agitating for change in order to avert disasters and worst-case
scenarios. There is, however, also a deeply positive message coming from
the Gaian platform. Gaia, or an integrated conception of the biosphere,
can be a unifying idea of our time beyond national, ethnic, religious,
spiritual, or ideological boundaries. A Gaian perspective can connect
people, for it is as much an ancient and indigenous view as it is modern
and scientific: Earth as an integrated, living entity consisting of its air,
soils, rocks, waters, and all living beings.

The personification of the Earth as “living entity” is healthily broad
enough to accommodate a diversity of ways to enliven the image: from
mere linguistic metaphor and heuristic research concept to autopoietic
system or superorganism. As Aldo Leopold speculated in a 1923 paper
(first published in 1979) that foreshadowed the Gaia idea, the regard
of the Earth as “organism” rather than “dead object” can inspire the
respect and consideration we reserve, at least potentially, for living
beings. What Leopold described in that paper as the Earth’s indivisibility
is coextensive with the Gaian matrix of interconnected ecosystems,
nutrient flows, mutual consumption of waste by-products, recycling of
elements, and tuning of macro- and microclimates.

Perhaps more than anything else today we need such a universal and
fundamental vision of the global ecosystem to contextualize and solve
our ecological and social quandaries. For we all live within this self-
creating biosphere—one that is living in whatever sense we bring to that
idea as individuals or cultures, a biosphere exquisitely sensitive to the
impact of abundant life and fragile in the face of massive disruption, and
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one that deserves our respect as much for its dangerous unpredictability
as for its magnificent beauty. We know that Gaia is robust as far as its
lifespan is concerned—it is already measurable in the order of eons. But
as far as our window of opportunity, not just to survive within the bio-
sphere but to live the grace of our fullest potential as a species, time is
fleeting and apparently running out.
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1
One Grand Organic Whole

Eileen Crist and H. Bruce Rinker

In 1876 Alfred Russel Wallace, co-progenitor with Charles Darwin of
the theory of evolution by natural selection, wrote in his classic book,
The Geographical Distribution of Animals, that naturalists “who are
disposed to turn aside from the beaten track of research may find...a
study which will surely lead them to an increased appreciation of the
complex relations and mutual interdependence.” These, he continued,
“link together every animal and vegetable form, with the ever-changing
Earth which supports them, into one grand organic whole” (1876: vol.
2,553).

One could hardly find a more succinct description of Gaia than “one
grand organic whole.” It submits that biota and their environments have
been integral since the early eons of our ancient water world. It provides
for feedback on multiple scales—from global processes like climate
change and biogeochemical cycles to the minutiae of local environments.
It highlights the primary impact of living beings and processes on the
physiognomy of that world that even observers from the outer reaches
of the galaxy would recognize as a life-bearing planet. It describes Gaia
in a language of consilience that both scientists and religious thinkers
can understand." It underscores the unity and grandeur of the Earth by
choosing the capital “E” spelling over the lowercase alternative that,
regrettably, is still in extensive use. Gaia theory honors systems thinking
on a planetary scale. James Lovelock and Lynn Margulis established the
foundations of the paradigm decades ago, working assiduously and col-
laborating since those founding days to show its applicability across
disciplines and even in everyday society.

The Gaian perspective emerged from the observation that physical and
chemical conditions on Earth are inseparable from life’s ubiquitous pres-
ence. Powerful influences crisscross living and nonliving domains binding
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them inextricably. With the birth of Gaian science some forty years ago,
this intuitively grasped integration became the empirical subject matter
of an ever-burgeoning body of researchers. At a theoretical level, the
integration of living and nonliving domains was conceptualized as an
amalgamation so profound as to form a biogeochemical entity that
behaves as a self-regulating system. How the Earth system is best con-
ceived, and what metaphors should be deployed to describe it, are matters
of ongoing discussion and debate in the literature. James Lovelock has
often drawn on cybernetics to represent this system; Lynn Margulis
has called it a symbiotic planet and a global ecosystem; Tyler Volk has
invoked the concept of holarchy. Regardless of what metaphors are
chosen, and what power is ascribed (or not) to the Earth system’s regu-
lative abilities, Gaian thinkers converge on the idea that, as a whole,
the Earth has emergent properties that make it a drastically different
type of planet than a lifeless one (Lovelock 1979; Margulis 1998; Volk
1998).

Before the emergence of Gaian inquiry, conventional wisdom main-
tained that due to the wonderful serendipity of our planet being just the
right distance from the sun, the appropriate chemical and physical con-
ditions have existed for the emergence and continued presence of life on
Earth. Based on a comparison of the three sister-planets (Venus, Mars,
and Earth), this conception of a region in space favorable for life has
been called the habitable zone—or, more playfully, “the Goldilocks
view” in honor of Goldilocks’ exclamations upon tasting the three bowls
of porridge: Too hot! Too cold! Ah, just right!

What Gaian thinkers submit may one day be regarded as less extrav-
agant than the Goldilocks view of life’s persistence on Earth. Instead of
conditions being assessed as “just right” on account of the good fortune
of our planet’s positioning and size, viable conditions are regarded as
actively maintained by the biosphere.” To put it starkly, the biosphere is
not simply iz a habitable zone but also makes a habitable zone. Large-
scale physical and chemical environments of atmosphere, hydrosphere,
and upper lithosphere, along with the climates that these domains con-
tribute to forging, have been—for 3.8 billion unbroken years of life’s
existence—viable contexts for an ever-changing, increasingly complex,
and most often abundant biota. Gaia theory proposes that life’s endur-
ance during the unimaginable time span of over three and a half eons is
unlikely to be just a matter of luck: alternatively, early in life’s history
living and nonliving matter became entangled as a single entity within
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which organisms themselves may have been shaping conditions to their
adaptive advantage.

Many concepts have been used to describe this single entity: Gaia,
biosphere, geophysiology, and Earth system, as well as (more contro-
versially) living organism and superorganism. Originally the primal
personification of the Earth in classic Greek mythology, Gaia has its
counterparts in many prehistoric and historic cultures around the world:
the Middle East, Rome, Europe, India, Mexico, the High Andes, and
elsewhere. In its mythological guises, Gaia represents humanity’s visceral
grasp of origins, interdependency, and nurturing. The neologism bio-
sphere was coined by geologist Eduard Suess in 1875 and elaborated by
Russian geochemist Vladimir Vernadsky in his pioneering work, The
Biosphere (originally published in 1929 but not available in English until
1979). Vernadsky elaborated a scientific argument for life as a geological
force, and his ideas are now seen as anticipating Gaian science. Geo-
physiology was offered by Lovelock to highlight the interconnectedness
of all the Earth’s ecosystems on the analogy of the interrelations of
organs and systems within the physiology of an organism. Earth system
encompasses the planet’s interacting domains of biota, atmosphere, lith-
osphere, and hydrosphere as a unity. Earth system science (inspired in
part by Lovelock’s thought) is the interdisciplinary inquiry into the
complex workings of the Earth system, synthesizing such seemingly dis-
parate disciplines as biochemistry, geology, climatology, microbiology,
and ecology (see Wilkinson 2006).

Whatever name or conception best summarizes it, the Gaian perspec-
tive posits that “organisms and their material environment evolve as a
single coupled system from which emerges the sustained self-regulation
of climate and chemistry at a habitable state for whatever is the current
biota” (Lovelock 2003: 769). While in ordinary language the concept of
regulation connotes agency, in the context of Gaian science it is used
analogically with the nonconscious, complex ways an organism’s body
regulates its own temperature and chemical parameters: not at set points
but within acceptable ranges. According to Gaia theory, perturbations
that would tend to shift conditions away from their relatively stable
viable ranges are counteracted especially by means of negative feedback;
such counteracting responses are termed the system’s homeostatic ten-
dencies. In the early days of Gaian thinking, most especially, homeosta-
sis was identified—openly and implicitly—as the biosphere’s signal
feature. Over time, however, homeostasis has come to be seen as too
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static a paradigm to deliver the essence of a dynamic planet that has
exhibited extremely varied physicochemical states and biota types over
geological time. Homeostasis gave way conceptually to homeorrbesis,
an idea cognate to the evolutionary model of punctuated equilibrium
proposed by Niles Eldredge and Stephen Jay Gould: long periods of
stable parameters (e.g., of temperature, atmospheric composition, and
elemental cycling) are punctuated by planetary shifts, instigated by strong
internal or external forcings, into new stable states (Eldredge and Gould
1985; Margulis and Lovelock 1989; Lovelock 2006).

Perhaps no event illustrates more crucially the biosphere’s ability to
respond in an apparently nonrandom manner to an external forcing than
the Earth’s maintenance of a viable surface temperature despite the sun’s
25 percent increase in luminosity from the Archean to the present. (While
this change is quantitatively substantial, it has obviously unfolded very
slowly.) Prominent among the mechanisms of tuning temperature—in a
way that has preempted the Earth from linearly tracking this heat
increase—has been the gradual removal from the atmosphere of the
greenhouse gas CO,. How CO,is removed illustrates the exquisite chore-
ography of the Earth’s blended living and nonliving forces to yield a
consequence favorable to life overall. Carbon dioxide is removed by rain-
fall that chemically reacts on land with calcium-silicate rock to form the
soluble compound calcium bicarbonate, eventually flowing seaward. The
chemical reaction is known as rock weathering—or, in Gaian terms, bio-
logically enhanced rock weathering because the reaction is amplified, by
several orders of magnitude, by soil (a biological phenomenon), plants,
and other organisms (Schwartzman and Volk 1989; Williams 1996). But
this is only part of the story of CO, reduction. After the carbon molecules
of the once free-floating gas reach the seas, they are snatched up by organ-
isms known as coccolithophores and by other marine creatures for use in
constructing their exoskeletons. When these organisms die, their exoskel-
etons sink to the ocean floors. Through plate tectonics and volcanism
some of that carbon eventually returns to the atmosphere as CO,, but the
net result over time has been the reduction of this key greenhouse gas,
thereby countering—as Gaian scientists conjecture—the sun’s increasing
output (Westbroek 1991; Harding 2006).

The Earth story just described, involving the complex interplay of
solar energy, rocks, soil, chemistry, plants, water in many forms, micro-
organisms, marine life, and gravity (to mention a few of the obvious
factors), illustrates the seminal role life plays in shaping its environment.
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Indeed Gaians propose that life can only prevail over long spells of
time in the universe if it becomes chemically so powerful and physically
so abundant as to contribute significantly to molding its planetary
home. “In that sense, life is probably a property of planets rather than
individual organisms” (Morowitz in Volk 1998: 107).

In the first two decades of the Gaia hypothesis, Gaian ideas became
mired in scientific controversy and, to Lovelock’ chagrin, were often
greeted with silence and stonewalling. A piece of the chilly reception had
to do with the name Gaia—and its train of association with such nebu-
lous (or presumably disreputable) expressions as myth, metaphor, gender,
spirituality, and New Age culture brought into the arena of straight facts
and grounded theories. Another piece of the scientific establishment’s
initial recoil from Gaia involved its resurrection of an animistic view of
the Earth. After 400 years of being virtually shelved by dominant mech-
anistic and reductionist perspectives, not only is anima mundi unabash-
edly expressed in Gaian literature, it has been turned into a research
program within an interdisciplinary field charged to investigate it (see
Barlow 1991). While neither the nontechnical naming after the Greek
Earth goddess nor the extra-scientific intention to “animate Earth” (to
cite Stephan Harding’s recent title) have been abandoned, scientific rep-
resentations of Gaia have changed and diversified since the early period
of the 1970s. Changes ensued in response to critiques of the Gaia hypoth-
esis, and also as a consequence of the natural unfolding of a scientific
framework—in which numerous investigators have contributed to its
elaboration and refinement.

The early Gaia hypothesis boldly proposed that the biota controls
the global environment in order to keep planetary conditions habitable,
stable, and even optimal for all life. This definition of Gaia came to be
known as “strong Gaia” (and sometimes “optimizing Gaia”), and while
it is often still recited in nonscientific arenas, it is now downplayed in
the scientific literature for both conceptual and empirical reasons. The
conceptual reason involved the teleological overtones of the idea that
the biota can strive toward sustaining livable conditions. The critique
of the first Gaia concept as teleological was offered by neo-Darwinians
(Doolittle 1981; Dawkins 1982; Kirchner 1991), and it inspired greater
care in conceptualizing Gaia so as to avoid the scientifically unsupport-
able implication that life, as a unified whole, can have a goal. (The
neo-Darwinian critique also inspired the creation of the Daisyworld
model by Andrew Watson and James Lovelock to be discussed shortly.)
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The empirical reason for the rejection of strong Gaia involved the deep-
ening recognition that catastrophe and instability have been such integral
and reoccurring aspects of Earth’s history that notions of the biota being
in control, creating optimal states, or maintaining homeostatic condi-
tions seem unsustainable (see Huggett 2006). Geologists, in particular,
challenged the proposal that the biota—a “paper-thin” layer on the
planet’s surface—could possibly govern geological processes and cycles
that act on far slower time scales and vaster spatial scales than bio-
logical systems (see Holland 1984). Goaded by astute biological and
geological critiques, the Gaia hypothesis evolved into Gaia theory, while
Lovelock’s intention to unify Earth and life sciences inspired the emer-
gence of Earth system science—a field that is friendly toward but not
coextensive with Gaian thinking (e.g., Jacobson et al. 2000).

While strong Gaia has thus been on the wane for three decades, its
antipode, “weak Gaia” (also known as “influential Gaia”), was always
regarded as too self-evident to merit central status in the definition of
Gaia. Weak Gaia simply states that life physically and chemically influ-
ences the global environment—a fact with which few can disagree (e.g.,
the oceans’ microorganisms, alone, make 40 percent of the atmosphere’s
oxygen). James Kirchner (2002) pithily summarized the widely shared
verdict on the two perspectives: strong (or optimizing) Gaia is new but
not true while weak (or influential) Gaia is true but not new. This leaves
the mid terrain for articulating an empirically robust and theoretically
tenable understating of Gaia. Some have called this middle ground “co-
evolutionary Gaia”—the view that, by constantly impinging on one
another, geological and organismal domains form a coevolving unity that
indeed has always been habitable (Schneider 1986). But are nonliving
and living domains merely coevolving and otherwise coincidental influ-
ences, or are they coevolving as an integrated system that regulates
planetary conditions to some degree or other? Co-evolutionary Gaia
leaves the question unanswered but open.

As Jon Turney (2003) noted about the four decades of its transforma-
tions, Gaia theory has become more complex, richly associative, and
open to modification. Gaian thinking evolved from the provocative
hypothesis that life controls or optimizes planetary conditions for its own
benefit to a more nuanced theoretical framework that submits life (within
the co-evolving nexus of biotic and inorganic world) is a key player in
shaping the planet. Working out the details of the intense interaction
and feedbacks between the living and inorganic worlds, especially on
large-scale and global levels, comprises the Gaian research program.
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Perhaps the ultimate challenge of this program is to demonstrate that
life’s impact is so substantial as to be (or have been) the catalytic ingre-
dient of keeping Earth livable in the face of inexorable, often stupendous
cosmic, geophysical, and geochemical forces. To that end Gaian scientists
examine to what extent, by what mechanisms, and by what patterns
of (inter)action the biota may load the dice, so to speak, for its own
persistence beyond the play of chance.

How might the biota contribute to its own persistence without purpose,
intention, or as Richard Dawkins once quipped, public-minded collabo-
ration for the good of all life? The creation of the computer model
“Daisyworld” in the 1980s served to illustrate how organisms can tune
global conditions to their own advantage simply by doing what organ-
isms do best—growing abundantly (Watson and Lovelock 1983). In this
model a hypothetical planet (like Earth), orbiting a star that is increasing
in luminosity (like our sun), is seeded with daisies that come in black
and white varieties. The black daisies absorb sunlight and thus do best
in the early times of a cooler sun, while the white daisies reflect sunlight
and thus prosper as the sun gets hotter. The average surface temperature
of a Daisyworld without its daisies would directly correlate over time
with the linear increase of the sun’s output (assuming an unchanging
atmosphere). In a Daisyworld with thriving daisies, however, the average
surface temperature is stabilized over an extended period, within a daisy-
friendly range, by the thermostat-mimicking play of black and white
daisies growing; black ones predominating initially, followed by a black
and white planetary tapestry, and concluding with mostly white-daisy
cover. (The sun’s overbearing heat eventually trumps all varieties.) The
creation of Daisyworld in silico was a landmark moment in Gaian science.
Its power did not lie in modeling the Earth but in representing conceptu-
ally and mathematically that a living mechanism on a planet—provided
its global effects reinforce the benefits of its local effects—can literally
tune a planetary variable such as temperature in an automatic, nonde-
liberate, and morally neutral (requiring neither collaboration nor com-
petition) manner. Its simplicity notwithstanding, Daisyworld has
remained a memorable biospheric model for its perspicacity in making
a point.

Organisms’ exquisite ability to adapt to environmental exigencies has
been well established in the 150 years since the publication of Darwin’s
On the Origin of Species. The Gaian perspective complements this
knowledge by investigating life’s less explored capacity to tame the very
exigencies that impinge on it. The biota can have global impact as a
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consequence of its abundant products and processes of metabolism,
nutrition, respiration, and behavior. Its chemical and physical effects
add up to a collection of forcings that tip the Earth into a state very
different from what a lifeless one would be. A hypothetical Earth without
life—but endowed with the same size, distance from the sun, and initial
conditions—would be very different from the biosphere we know and
biospheres past. So, while the evolution of life is largely driven by natural
selection, Gaian scientists also insist on the significance of life itself
modulating the selective forces that act upon it.

In an influential paper seeking to wed Darwinism with a Gaian under-
standing, Tim Lenton (1998) proposed that organisms altering their
environment in ways that (happen to) benefit them could have greater
likelihood of being favored by natural selection than those organisms
creating effects that backfire on them (see also Lenton 2004; Lenton and
Williams, chapter 5 of this volume). Organismal traits that benefit their
carriers by increasing their short-term reproductive fitness certainly tend
to be selected for. To this classic Darwinian view, Gaian thinking adds
that if (many of) those same traits also perchance result in environmen-
tal effects (or by-products) that eventually provide positive feedback to
their carriers, the latter may be doubly favored: for such traits will confer
both short-term reproductive fitness and mid- to long-term reproductive
fitness via environment-enhancing consequences.

The Gaian perspective has never diverged from the Darwinian tenet
that life adapts to its conditions via, in large part, the mechanism of
natural selection that favors those organisms better suited to their par-
ticular conditions. Gaian scientists have noted, however, that when
natural selection is one-sidedly emphasized, as it is by some neo-
Darwinian thinkers, the latent message is a representation of living
organisms as more passive than they actually are: they are portrayed
as bystanders within an environment that, on one extreme, rewards
them with reproductive success, while on the other, wipes them out if
they are misfits. Some critics of Gaia, for example, James Kirchner
(2002), insist that the environment merely appears well-tailored to the
needs of life on account of straightforward Darwinian adaptation—only
those living organisms persist that were selected for their good fit to
their conditions. Gaian scientists counter that physical and chemical
variables are so inextricably entangled with the biological world—being
either a product of the biological world or hugely modified by it—that
it may make more sense to regard the environment as life’s extended
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phenotype, than to conceptualize the environment as a straightforward
independent variable that molds life.

The integrated framing of Earth as a biogeochemical entity has
generated new forms of inquiry since the early days of controversy.
Components of the biosphere can now be investigated for their poten-
tial roles within the whole; and the maintenance of those components
within certain ranges can be queried for the systemic functions thereby
served. Gaia theory famously drew attention, for example, to the long-
term stability of oxygen at around 21 percent. Inquiring into the poten-
tial function of oxygen within the biosphere, Gaians pointed out how
the respiration of animals, on the one hand, and the fire regimes of
forests, on the other, are both well served at this proportion; scientists
also posited mechanisms or feedbacks maintaining it in a 21 percent
range for perhaps 200 million years (Lovelock 2003). Emphasis on
elemental cycles and interconnections within the biosphere led Gaian
scientists to further suspect the existence of a mechanism by which
sulphur and iodine, drained into the seas by rain and rivers, are returned
to land; this eventuated the discovery that the biogenic gases methyl
iodide and dimethyl sulfide cycle those elements back to land. The
connection between dimethyl sulfide and cloud formation later added
another chapter to the ways that organisms—marine creatures, in this
case—influence temperature and create climate (Lovelock 1991).

In brief, much of the value of Gaian epistemology lies in offering a
framework within which new questions, new hypotheses, and new knowl-
edge can emerge. At the same time, and crucially for the present day, the
value of Gaian thinking lies in the ways scientific ideas, ethical realizations,
and environmental implications intersect within it: Gaia renews the
ancient understanding of the Earth as a living subject rather than an inani-
mate object. As David Abram offered, Gaia compels us “to recognize, ever
more vividly, our interdependence with the countless organisms that sur-
round us, and ultimately encourages us to speak of the encompassing
Earth in the manner of our oral ancestors, as an animate living presence”
(1996a: 302). This extra-scientific resonance of Gaia evinces in the broader
culture and in spiritual inquiry—a resonance that involves tropes of
intuition, sensing, love, religion, and compassion inside the planet’s
living presence (Abram 1990, 1996b; Primavesi 2000; Harding 2006).

The environmental dimensions of Gaia theory revolve around two
fundamental concepts: consequences of human-driven perturbations of
the biosphere, and implications of habitat destruction and fragmentation
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of the Earth’s ecosystems. While small-scale disturbances can be absorbed
by the biosphere, large-scale perturbations sooner or later trigger far-
reaching and uncontrollable consequences. Consider the matter of great
contemporary anxiety—CO,-loading of the atmosphere. The anthropo-
genic (or volcanic, for that matter) injection of relatively small amounts
of CO, can be countered by the biosphere via their absorption by the
oceans and the stimulation of the growth of photosynthetic organisms:
these responses are indeed conceptualized by Gaians as negative feedback
mechanisms of Earth’s global metabolism countering additional atmo-
spheric CO, (Williams 1996; Lenton 2002). But when CO, amounts
exceed the biospheric capacity to respond, then the forcing can make the
Earth system’s current equilibrium break down, shifting it into unknown
territory. As many scientists have warned, human beings and countless
other organisms are perched on the knife-edge of such a global shift.
Moreover the carbon cycle is only the most obvious and most publicized
of the element cycles that humans are disturbing; we are in fact profoundly
disturbing all the cycles of the Earth’s fundamental elements, including
sulfur, nitrogen, and phosphorus (see Williams 1996; Volk 2008). In some
cases we are seeing the effects of adverse synergies: for example, the recent
increase of dead zones in coastal waters reflects the disturbance of both
nitrogen and carbon cycles—as agricultural runoff is now spilling into
waters warmed by excess CO, in the air (Juncosa 2008).

As for anthropogenic habitat destruction and fragmentation, this
process began hundreds of years ago but has been escalated recklessly
in the last few centuries and decades. In a Gaian context of the Earth
as a global ecosystem, or a geophysiology, all ecosystems are intercon-
nected on a planetary scale—analogously to the ways that all organisms
are connected within their specific ecological communities. (The global
interconnection of ecosystems mediates biogeochemical cycles, the cre-
ation of climatic regimes, and the propagation of biodiversity via gene
flow and population migrations.) The demolition of natural habitats
has reached a level where it no longer constitutes a set of destructive
local or regional events, but reverberates into global repercussions—as
indeed humanity is experiencing with the effects of deforestation
and desertification, for example, reaching beyond their specific locales.
Gaian scientists—especially Lovelock and Harding—have emphasized
that the Earth cannot afford any more habitat destruction: if, following
current trends, the planet is turned into an agricultural, aqua-cultural,
and farm factory to feed increasing human consumption and popula-
tion, then the interconnected wild ecosystems of the Earth will no
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longer fulfill their functions of creating familiar climate, cycling ele-
ments and nutrients, removing wastes, and birthing new life forms.
From a Gaian perspective, we are perched on the knife-edge of convert-
ing the planet from a geophysiology—or a mantle of contiguous inter-
woven natural systems—into a sterile orb bearing life that merely serves
or is compatible with narrow human interests.

No place exists in the Gaian paradigm for the inflated anthropocentric
credo—be its origins religious or humanistic—that the Earth exists as an
object of human dominion. To rip into the planet’s rhythms, cycles, and
interconnections, as the civilization we have created is doing, signals
human folly not mastery. For one, the Earth system is ultimately unpre-
dictable and more powerful than humanity’s actions. Gaia theory pro-
poses that organisms inflicting damage on their surroundings will
eventually reap harsh consequences when feedback comes back to haunt
them. We are currently experiencing such feedback in the form of climate
change, ozone depletion, endocrine disruption, and desertification. More-
over there is no telling what other surprises await us, all the more as we
are now disrupting the biology, physics, and chemistry of the oceans that
cover three-quarters of the Earth’s surface: they create and cycle huge
components of the air we breathe, the climate we enjoy, not to mention
the food we eat. As many scientists and analysts have noted, tempering
so recklessly with the biosphere entrains the highest risks.

Further, by shredding the planet’s rhythms, cycles, and interconnec-
tions, we forfeit a quality of human life that can be of the highest caliber
in a world abundant in biodiversity and healthy ecosystems. Gaia teaches
us that we live connected with all biotic and abiotic elements inside a
planet that is more like a “physiology” than it is like a “spaceship” that
carries a random crew of life-forms. Whatever we inflict on the biosphere
does not only eventually have physical and survival consequences for
human beings, it has immediate experiential repercussions. We submit
that the increased entropy civilization is producing—through ecosystem
destruction and impoverishment, habitat fragmentation, unending devel-
opment, agro-industrial monocultures, and rampant extinction of species
and subspecies—returns to us in the form of epidemics of violence,
alienation, depression, disease, and nihilism across households, cultures,
tribes, nations, and religions (Roszak et al. 1995; Fisher 2002; McKibben
2007).

“Human activities,” Tim Lenton and his colleagues noted in a recent
climate-change publication (2008: 1786), “may have the potential to
push components of the Earth system past critical states into qualitatively
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different modes of operation, implying large-scale impacts on human and
ecological systems.” Such qualitative shifts can occur as a consequence
of what are called #ipping points, whereby relatively small changes in
input have long-term, large-scale, and often irreversible output (ibid.).
Improved climate models, recent climatic paleo-data, and on-the-ground
observations and measurements are driving home the realization that
such tipping points can make climate change manifest more like a switch
than a dial (Linden 2006; Flannery 2006; Lovelock 2006). The anthro-
pogenic amplification of the greenhouse effect underway is rapid and
large enough that it may unleash positive feedback—via loss of albedo
of light-reflecting surfaces (ice and snow), release of methane from the
tundra (and possibly even sea floors), and other consequences: positive
feedback, in turn, can trigger runaway heating. Such an eventuality will
not only cause widespread human suffering, it will transform the Earth
into a biological wasteland. Arriving at a time when the natural world is
already severely wounded by human activities, rapid climate change is
exacerbating biodepletion: it threatens to wipe out one million species or
more and is jeopardizing entire classes of ecosystems, namely the Ama-
zonian rainforest, coral reefs, boreal forests, polar landscapes, and marine
microorganisms and krill at the base of the ocean food chain (Thomas
et al. 2004; Lovejoy and Hannah 20035; Flannery 2006; Harding 2006).

While the specters of climate change now draw considerable attention
from scientists, policy makers, politicians, and the general public, the
equally if not more momentous event of the biodiversity crisis—which
includes the current human-driven mass extinction—has yet to pass a
critical threshold into collective awareness (Crist 2007). The impoverish-
ment of ecosystems and the depletion of wild species have occurred for
centuries (or longer), but these losses have escalated since the Industrial
Revolution with consumption increase, population growth, and techno-
logical sophistication reaching dizzying levels. The Earth is estimated to
be losing thousands or tens of thousands species yearly, and the 2005 Mil-
lennium Ecosystem Assessment found nearly two-thirds of the services
provided by nature to humankind in decline worldwide (Watson et al.
20035). While the biodiversity crisis has yet to be assessed for its potential
of destabilizing the Earth system—of overstepping a tipping point beyond
which lies a different planet—such an event horizon should not be required
to make the depletion of Earth’s biological wealth a calamity of unthink-
able proportions. Even though the mass extinction of species and
the wholesale decline of ecosystems have yet to trump contemporary
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fixations on the economy, politics, peak oil, terrorism, and entertainment,
biodepletion will undoubtedly be judged, in retrospect and not soon
enough, as the most momentous, far-reaching event of our time.

We still live in the Holocene and should resist the sirens of realism
that call for branding our human-dominated era by a new name.’ We
do not need the form of realism that surrenders to the seemingly unstop-
pable expansionism of human civilization in the biosphere, that resigns
itself to more ecological losses, and that calls for coping in piecemeal
fashion with consequences that come our way. Instead, we need an
enlightened form of realism in order to undertake the tasks that can make
the decisive difference: “at this point in our environmental freefall,” as
Paul Hawken (2007: 172) aptly surmised, “we need to preserve what
remains and dedicate ourselves to restoring what we have lost” (empha-
sis added). While the tasks of preservation and restoration of Gaia’s
natural systems can be assisted by on and off the ground technologies,
clearly, they cannot be effected by technological fixes. These tasks are
rooted in a vision of conservation at landscape and seascape levels,
involving the protection of natural areas and species, reconnecting frag-
mented habitats, reintroducing natives and removing invasives, growing
and harvesting food ecologically and ethically, and allowing the richness
of the biosphere to blossom again into a semblance of its erstwhile diver-
sity and abundance. Such a conservation vision calls for concerted work
at global, regional, and local levels. It requires what Lovelock (2006) has
so frankly called sustainable retreat: we must scale down our consump-
tion, shrink our ecological footprint, and generously share the biosphere
with all living beings.

The attraction and power of Gaian inquiry have always extended beyond
natural science to other academic disciplines and, of course, into the
broader culture. Its interdisciplinary nature is evident in the welding of
geological and life sciences, as reflected, for example, within the Gaia-
influenced arena of Earth system science. The interdisciplinary nature
of Gaia inquiry is also evident in the ongoing dialogues that Gaia has
inspired between the natural sciences, social sciences, and the humanities,
as reflected in major conferences as well as numerous edited works (e.g.,
Thompson 1987; Barlow 1991; Schneider and Boston 1991; Bunyard
1996; Schneider et al. 2004). A fascinating but also dismaying conse-
quence of this intense interdisciplinarity is that “Gaia” is articulated
in a bewildering diversity of ways, depending on the epistemological,
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political, ecological, or cultural contexts and purposes of its use. To
mention a pointed example, the shorthand description of Gaia through
the metaphor of “living planet” was first invoked by Lovelock himself
(1979). Yet science is not equipped to address the question of whether
the Earth is alive, since the question itself cannot be scientifically formu-
lated. Even so expressions of the intuition of Earth-as-living abound in
Gaia-inspired art, philosophy, spirituality, and even popularized science;
such expressions are as much a part of the legacy of Gaia as, for example,
strictly technical endeavors to describe Gaia as an emergent effect of
organisms’ waste by-products or to represent organisms’ regulatory
effects through computer modeling.

The present volume reflects Gaia’s longstanding disciplinary richness
and diversity of understanding. Some two dozen contributors—natural
scientists, social scientists, philosophers, theorists, technologists, and
educators among them—helped to shape it. We have partitioned the book
into three sections. Chapters in part I focus on the science of Gaia: the
fluxes of essential elements through the biosphere; the potentially critical
role of life in retaining abundant water on the planet since the Archean;
the interface between Earth-system thinking and levels of Darwinian
selection; and Gaian feedback mechanics connecting canopy and soil
organisms as a key ecological circuitry in the self-maintenance of forest
systems. Contributions in part Il examine global environmental quanda-
ries: the urgent matter of biodiversity destruction, especially given the
importance of biodiversity for the resilience of ecosystem functions and
of the Earth system as a whole; the dangers of the rapid climate change
underway, and the energy and policy shifts required to stabilize climate
within familiar ranges; the imminent freshwater crisis poised to imperil
millions (if not billions) of people, as well as freshwater species and
natural systems; the need for large-scale, restorative conservation strate-
gies—from assisted migrations in a world of shifting climate regimes and
fragmented habitats, to rewilding landscapes for the protection species,
ecosystems, and evolutionary processes. Chapters in part III explore the
influence of Gaian thinking on sociocultural visions and discourses—
environmental ethics, mind and experience, politics, technological
systems, and education. Broadening Aldo Leopold’s celebrated “land
ethic” into an “Earth ethic” that can encompass—in thought and policy—
the spatial and temporal scales of our global crises; remapping mind as
a property of the Earth in which all beings participate, and considering
the implications of such an understanding for human experience within
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the Earth’s elemental moods and beauties, as well as within the Earth’s
troubled times—now and ahead; dreaming a new (and hopefully rising)
political culture in which Gaian principles of symbiosis and embedded-
ness displace the psychosis of the growth imperative; querying how
emerging information technologies—able to document whole Earth pro-
cesses—once available to a growing grassroots environmental and justice
movement, can become a potent political tool and educational medium
for restoring the Earth; and critically dissecting trajectories and uses of
systems theory for understanding the biosphere.

After reading an advance copy of Darwin’s On the Origin of Species,
Thomas Henry Huxley, the widely proclaimed “bulldog” for the nascent
theory of evolution by natural selection, exclaimed: “How exceedingly
stupid not to have thought of that!” (see Huxley 1900). Like many of
the best ideas, evolution by natural selection seemed obvious once
someone had formulated it. A first reading of basic Gaia literature often
provokes the same emotional response: Isn’t that obvious? Yet it is not
obvious to everyone, and sometimes its presentation has required a near-
combativeness in its defense among its varied advocates. We hope that
this volume will provide readers a compelling understanding of Gaia as
a way of knowing: Earth, home to countless and evolving species, diverse
ecosystems, and complex biogeochemical processes, all interconnected
and awaiting not only discovery but, even more crucially, the awakening
of our gratitude and awe.

Notes

1. See Wilson (1998).

2. Following Tyler Volk’s convention, we use “Gaia” and “biosphere” inter-
changeably to signify the integrated whole of air, oceans, soil, and life that has
emergent effects on the planet.

3. We are referring to the circulating ill-thought proposal to rename our era the
Anthropocene.
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2

Our Sustainable Retreat

James Lovelock

It has been 42 years since the idea of a “living Earth” came to my mind
at the Jet Propulsion Laboratory in California. Shortly after this, Nobel
Prize winning novelist William Golding proposed that the hypothesis be
called Gaia after the ancient Greek Earth goddess. There was nothing
mystical in this proposal from a classical scholar since the name of the
same goddess is the root of geo, geography, geology, geophysics, and so
on. The concept of a live, self-regulating Earth was in the early 1970s
welcomed by climatologists, by a few geologists, and by the eminent
biologist Lynn Margulis, who joined with me in developing the science
of Gaia. The first predictions of the hypothesis concerned the natural
cycles of sulphur and iodine as were confirmed by direct measurements
and established quantitatively by the ocean chemist Peter Liss.

Why therefore, despite successful predictions, mathematical models,
and strong evidence, do many scientists still regard the concept of Gaia
as New Age mysticism and not part of science? The answer lies mainly
I think in the evolution of science during the two past centuries. The
reductionist approach was a stunning success. It led to the triumphs in
molecular biology and to the deconvolution of the code of life; in
physics, from subatomic to cosmological levels, there were successes of
comparable magnitude, all of this while science was integrating socially
within the universities. The very natural ambitions of strong-minded
professors encouraged and strengthened the separation of science into
those tribal territories called “disciplines.” In such a world there was no
place for the holistic science of Gaia. At most, there were interdisciplin-
ary gatherings that were oddly similar to international conferences of
politicians—far more was said than done.

Somehow the systems sciences, physiology, and the theoretical side
of engineering have managed to exist, despite their top-down not
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bottom-up approaches. Not surprisingly, the concept of Gaia found
expression as Earth systems science.

This halting pedestrian evolution of Gaian or Earth system thinking
would not much matter if we as a species had secure tenure on the Earth,
but climate changes that we have set in motion appear to be moving our
planet rapidly to one of its hot states, perhaps similar to the one that
existed 55 million years ago (see Lovelock 2006). If this happens, humans
could be joining the growing list of extinction candidates, or at best
surviving as a few breeding pairs on oases, large islands, and the Arctic
basin. It is painful to wonder if we would have avoided this fate had
Darwin developed a Gaian view as part of his concept of evolution.
When Darwin came upon the concept of evolution by natural selection,
he was almost wholly unaware that much of the environment, especially
the atmosphere, was a direct product of living organisms. Had he been
aware, I think he would have realized that organisms and their environ-
ment form a coupled system and that what evolved was this system, the
one that we call Gaia. Organisms and their environment do not evolve
separately. If Darwin had known this, Gaia might have been part of his
concept of evolution; we would have known sooner the consequences
of changing forests to farmland and of adding greenhouse gases to
the air.

If my pessimistic view seems stark, consider the clearly visible disap-
pearance of floating ice from the Arctic and Antarctic oceans. The change
of heat flux from this event now underway and accelerating will increase
the Earth’s heat flux by a quantity, more than one watt per square meter,
which is comparable with that from the infrared absorption of all the
fossil fuel CO, we have so far added. Other positive feedbacks from the
Earth system in its spontaneous move to a hotter stable state are already
adding heat at such a pace that the sum of them all may soon exceed
anything that we have so far caused. It would seem that we have pulled
the trigger that set in motion ineluctable climate change. Our only
comfort is that hot states in which life survives do seem to have existed
in the long history of the Earth, and there has always been recovery to
a cooler, more fertile Earth.

Is there nothing that we can do to bring back the lush and comfortable
Earth of a few hundred years ago? Probably not in times measured on
a human scale. There are three courses of action we could undertake as
part of a planned program for survival as a civilized animal on a changed
and hotter planet. First would be to prepare to adapt to anticipated
changes such as rising sea levels, intense storms, and unprecedented heat
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and drought. In doing so, we should pay special attention to those places
likely to escape the worst consequences of climate change, such as the
Arctic basin, large island nations, and high altitude places on the conti-
nents where rainfall is plentiful. At these refuges we would need new
cities to house the flood of climate refugees, ample supplies of energy,
raw materials, water, and food. It seems that we will need to swallow
unpopular options such as the use of nuclear energy and food synthesized
wholly or partially from raw chemicals. The second line of defense could
be geoengineering to reduce the input of radiation from the sun. Geo-
physicists Bala Govindasamy and Ken Caldeira have proposed using sun
shades in space. At different times climatologists Mikhail I. Budyko,
Robert E. Dickinson, and Paul J. Crutzen have suggested artificial strato-
spheric aerosols of sulphuric acid, while physicist John Latham proposed
a method for generating marine stratus clouds by spraying seawater.
Direct geoengineering of this kind might buy us the time needed to carry
through our planned evacuation and/or develop a more permanent way
of restoring the status quo. Unfortunately, in themselves these measures
resemble dialysis as a treatment for end-stage kidney failure—something
useful but no cure. The third approach is to think of the Earth as a live
self-regulating system and devise ways to alter the sign of the feedback
of climate-regulating processes from positive to negative.

In a recent letter to Nature, Chris Rapley (former director of the British
Antarctic Survey and current head of London’s Science Museum) and I
raised the possibility that feedback from the ocean ecosystems, 70 percent
of the Earth’s surface, might be made negative by mixing cool nutrient-
rich subsurface water with the stable but barren floating layer of the
ocean. This would feed algal growth, making the surface a more efficient
sink for CO,, while the algal growth would release DMS (a precursor of
clouds). This feedback might be achieved by a relatively simple system
of pipes and be driven automatically by wave energy. Small-scale attempts
to do this have been described and they appear to work. We were well
aware that there could be practical reasons why this simple idea might
not work, such as that the waters of the deeper ocean are richer in CO,
than the surface and to bring them up would add to the release of CO,
to the atmosphere. We raised the possibility to show the value of think-
ing of the Earth as a living system whose gigantic stores of energy might
be available for use in its and our interest. We hoped it might stimulate
other proposals of this kind and that among them was one or more that
could be effective. We also wanted to show that the Gaian approach of
stimulating the Earth to cure itself was more than mere rhetoric.
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Should we fail in our attempts to restrain the Earth’s move to a hot but
stable state we would have to devote all of our energies to sustaining a
civilized way of life on those few remaining oases where human life could
continue. Immense civil engineering projects would need to be devised to
offset flooding, including the technology to synthesize food and ensure that
an abundant and reliable supply of energy did not involve burning carbon
fuel. France has solved this last problem and draws 80 percent of its
electrical energy from nuclear fission and 20 percent from water power.

As well as technological needs there will be immense social problems.
Civilization is the most fragile component of society, and in the past
profound disorder is sometimes followed by primitive tribal societies run
by gang leaders.

For those pessimistic environmentalists who regard humanity as a
disease, as a pathology of the Earth, I offer the thought that although
we may be as bad as that, we do learn from our mistakes. More than
this, in the 3.5 or more billion years of evolution, Gaia has evolved a
species with the ability to think and communicate its thoughts. This
human species has allowed the Earth to see itself from space in all its
beauty and has begun to understand its place in the universe and itself.
Yes, we are part of Gaia, and therefore that top-down view was worth
her waiting a quarter the age of the universe.
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3
How the Biosphere Works

Tyler Volk

The Earth’s surface is a special system worthy of a name. As I will
elaborate in this chapter, all life and the three environmental matrices
of atmosphere, soil, and oceans form a closely integrated network that
can be called the biosphere. Its upper boundary is clearly the top of the
atmosphere. Its lower boundary is admittedly fuzzier. Groundwater
reaches kilometers down into pores of rock, and bacteria have been
found kilometers down as well. But for practical purposes, both in
terms of providing a rationale for our concepts and for technical model-
ing of the impacts of organisms on the chemistry of the global environ-
ment on relatively short timescales, we can exclude from the definition
of the biosphere the minerals in rocks underneath the soil because the
elements in those rocks have been out of active circulation for millions
or hundreds of millions of years.

Defining the Biosphere within the Gaia Perspective

Some Gaia theorists, like James Lovelock (2006) and Tim Lenton and
David Wilkinson (2003), use the word Gaia to be closely equivalent to
this chapter’s definition of the biosphere. But within Gaia they usually
include the surface rocks that have been affected by organisms in Earth’s
geologic past, such as carbonate rocks (limestone) that were laid down
from the accumulated shells of creatures many millions of years ago.
A Gaia that is larger than the biosphere as defined above does help us
grasp the fact that the effects of life stretch beyond any present slices
of time. But the point remains that those carbonate rock minerals
have been absent from active circulation for vast ages; as far as the
organisms living today are concerned, it is almost as if the carbonate
rock minerals did not exist. As will be shown, what is in or out of
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circulation is key to characterizing the biosphere as a unique system
worthy of a name.

The air circulates globally in about a year. Such rapid mixing is evident
from the fact that although most of the human-generated fossil-fuel
injections of CO, into the atmosphere take place from nations in the
Northern Hemisphere, the CO, at the South Pole has been rising at levels
and rates that are almost identical to those at sites in the Northern
Hemisphere—for example, at Mauna Loa, Hawaii, as is clear from
nearly fifty years of data (figure 3.1).

From studies of deep ocean currents' the ocean is known to turn over
and mix in about one thousand years. Soil, the third environmental
matrix in the biosphere, is stirred by creatures and the chemical circuits
of decomposition. Most of the matter in the soil is cycled over at time-
scales of tens to hundreds of years (for the most part). Organisms them-
selves “turn over” on the intervals that bound their lives: from days to
hundreds of years—though we should give a nod of honor to the much
longer-lived Methuselah trees, such as Bristlecone pines.
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Figure 3.1

Atmospheric CO, data from the South Pole Observatory (90°S, dark line), com-
pared with data from Mauna Loa, Hawaii (19°N, oscillating light line). Data
from the Carbon Dioxide Information Analysis Center.
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So what should we conclude from this survey of the timescales? Because
the air, ocean, and soil interconnect, the entire system—including the
organisms within these three largest environmental matrices—circulates
on about the same timescale as that of the ocean, namely, about one
thousand years. This is short with respect to the timescales of evolution,
during which species come and go across millions of years, so the com-
ponents inside the biosphere are interlinked like a single biochemical
stew, synchronized in what are virtually evolutionary instants by their
chemical connections to each other.

Sometimes, and I must emphasize the need to be wary about this point,
the word “biosphere” is taken to mean all of life. For example, a discus-
sion on how the atmosphere, hydrosphere, and biosphere interact would
make no sense in my terminology, in which the atmosphere and oceans
are internal parts of the greater biosphere. There is a perfectly good,
unambiguous word for the sum of all life: the biota. In a second alterna-
tive meaning, which I suggest is also infelicitous, sometimes “biosphere”
is used to refer to the zone where life is found, from the ocean sediments
to the tops of mountains. But this is highly abstract and without physi-
cal meaning. The entire atmosphere is mixed both horizontally and
vertically and so the chemical impacts of life are not confined to the air
only up to the tops of mountains.

Sometimes both of these renegade meanings of “biosphere” are used
in nearby sentences without even pointing out the incongruity to the
reader. One geologist has recommended the term “ecosphere” (Huggett
1999), but that term has not taken off in the competition for word
dominance, and so I will stick with “biosphere” as the integrated system
of air, oceans, soil, and life. It has often been used in this way, and there
are good reasons for wanting to think more about this united, well-mixed,
and amazingly complex thin shell of a system—within which we and all
other creatures live sandwiched between hard rock and black space.

Fluxes of Bio-essential Elements inside the Biosphere

With a definition in place, a good place to start inquiring into how the
biosphere works is to look at the magnitudes of fluxes of matter. Carbon
is a great choice for that because carbon is the core of the organic
molecules of life, whether terrestrial or marine. Carbon is in a key
atmospheric greenhouse gas (CO,). It is in a major ion in the ocean
(bicarbonate, HCOj", as well as in other marine forms). It is crucial to
the structure of soil, as humus, which provides nutrients, ion exchange,
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and moisture retention. The carbon cycle has been well studied, espe-
cially because of rising concentrations of CO, from the global combus-
tion of fossil fuels, releasing new carbon atoms now circulating in the
biosphere (figure 3.1). The cycle of carbon has received a lot of attention
in field studies and global inventories.

The interconnectedness of all the biosphere’s parts via the cycling of
elements can be illustrated by considering the fate of one carbon atom
that we exhale. We end up putting most of the carbon in the food we
eat into the atmosphere as CO, metabolic waste gas. An airborne carbon
atom from one of those waste molecules may end up in a couple years
in a bicarbonate ion in ocean water, next in the body of a green phyto-
plankton, then expelled as organic waste from a crab-like tiny zooplank-
ton that eats the algae, then consumed by bacteria and expelled as
inorganic waste and thus passed into bicarbonate again; from there, it
could be shunted back into the air as CO, in the process of air-sea gas
exchange (perhaps all within a half dozen years), and then it might be
placed by photosynthesis into the cellulose structure in the leaf of an oak
tree in China.

Within this vast circuitry—which gets as convoluted as the paint
strands in a Jackson Pollack—the tiny sizes of the molecules almost defy
imagination. The waste molecules of CO, that we exhale mix globally
throughout the atmosphere in about a year, across all those lands that
we have ever traveled and those we have not yet seen. I have calculated
that every green leaf that grows anywhere on the planet (e.g., in about
a year from now, to allow for the complete mixing of the atmosphere)
will contain a few dozen atoms of carbon from the 500 million trillion
new CO, molecules that we released from each and every one of our
exhalations.

The annual total release of CO, from all humans is relatively small,
compared with the CO, that comes out of the soil each year, generated
by soil organisms that feed on the organic carbon in the soil, which in
turn comes mostly from dead plants, their leaves, branches, and roots.
The respired CO, from those soil organisms enters the soil’s air and
then percolates up into the atmosphere. It comes from worms and
millipedes, fungi and beetle larvae, but mostly from soil bacteria—
a respired flux that totals about 60 billion tons of carbon in the form
of CO, each year.

That number is only about half of the flux of carbon that enters ter-
restrial green plants each year (120 billion tons) because about half the
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CO, that the plants take in for photosynthesis is respired back into the
air as the plants burn their own newly formed sugar molecules as a
source of energy to drive the subsequent chemical reactions they need to
form their proteins, lipids, and nucleic acids for maintenance and growth.
Another huge number comes from the exchange of carbon in the form
of CO, between ocean and air (100 billion tons per year, the air-sea gas
exchange referred to earlier). Figure 3.2 shows these numbers as fluxes
within circuits in the biosphere. In this simplified big picture, I have
ignored several levels of detail, such as the 80 billion tons of carbon
photosynthesized within the ocean’s surface by phytoplankton, the 40
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Figure 3.2

Massive fluxes of carbon in the cycle of nature: Air—ocean gas exchange of CO,
(100 billion tons of carbon each way per year), photosynthesis by terrestrial
plants that turns CO, into organic molecules of life (120 billion tons of carbon
per year), respiration by plants to build more complex molecules inside their
bodies and release of CO, (60 billion tons of carbon per year), transfer of
carbon primarily by plants but also by animals as detritus into the soil (60
billion tons of carbon per year), respiration by soil organisms, mostly bacteria,
releasing CO, into the soil and then up into the air (60 billion tons of carbon
per year; for simplicity this includes respiration by land animals from insects to
mammals of about 5 billion tons of carbon per year). The entry and exit fluxes
to and from the biosphere are much smaller, as shown. Not shown is the cycle
of photosynthesis and respiration in the ocean (see the text).
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billion tons they respire, the 40 billion tons consumed by zooplankton
and the other consumers in the ocean’s food webs, and the several billion
tons consumed by animals on land. There are also the other circuits of
carbon in the oceans associated with water currents and regeneration by
bacteria in deep water, in the details of how carbon circulates in ocean
sediments and in different kinds of terrestrial soils, and in a relatively
small flux that rivers carry to the ocean.

The simplified big picture allows me to get to a point that holds even
if more detail is considered. In figure 3.2, T have added the fluxes of
carbon that enter and leave the biosphere. These border fluxes are small
compared to the major fluxes of carbon shown within the biosphere.
Specifically, geologists estimate that half a billion tons of carbon enter
the biosphere as CO, from volcanoes and as carbonate ions (CO;*)
released when rocks such as limestone dissolve and pass their chemicals
into groundwater. About the same amount (which must be true on
long enough timescales) leaves the biosphere during what geologists call
carbon burial. Almost all burial takes place in ocean sediments, as carbon
exits the biosphere in the form of carbonate shells from organisms,
as well as in a smaller amount in unrecycled organic matter.

The amount of carbon the global hordes of photosynthesizers require
each year to live and grow is much larger than the half billion tons of
new carbon that enters the biosphere. Summing the net terrestrial plant
photosynthesis of 60 billion tons and the net marine photosynthesis of
40 billion tons yields 100 billion tons a year required for the current
biosphere’s annual growth of green living things, and all other creatures
are fully dependent for their livelihood on that primary amount that
infiltrates the various food webs. That amount of 100 billion tons per
year is a factor of 200 times larger than the fresh rate of carbon supply
into the biosphere. The flow of carbon into global photosynthesis is
therefore dependent on the cycles of carbon within the biosphere. We
have already seen the source of this supply: it comes from the respiration
of heterotrophs such as zooplankton, whales, fungi, centipedes, eagles,
people, and many other creatures, including the all important marine
and soil bacteria.

In considering the fluxes in the global carbon cycle, I have emphasized
the unity of the biosphere—that it is truly a system somewhat isolated
from the rocks below by its large internal system of fluxes compared to
the small fluxes back and forth across its lower boundary. I do not want
to make more of a tempting organic analogy than just what I will say
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here, but the biosphere’s large internal fluxes and small border fluxes
might be compared to the human body, with its large flows of blood
around the internal organs and relatively small fluxes of food and water
that go in and out each day. In addition to deriving a message about the
unity of the biosphere, we can see a second point from the big picture:
the workings of the biosphere are intricately tied to the fact that the
wastes from certain groups of creatures become nutrients to other groups
of creatures.

Waste Networks of Biochemical Guilds

I have previously suggested the name “biochemical guilds” for groups
of organisms that perform what are virtually equivalent metabolic trans-
formations of certain elements in the biogeochemical cycles of the bio-
sphere (Volk 2003a). For example, in the discussion about the magnitudes
of fluxes, I lumped all photosynthesizers to get a global number. T can
do this because they all take carbon from CO, and turn it into carbon
chemically bound in organic molecules. Most heterotrophs, on the other
hand, are members of the biochemical guild of respirers. Members of
this guild take the carbon from organic matter and turn it into CO,
waste, deriving material for their bodies and, crucially, energy for their
metabolisms. Admittedly, denoting lines between groups can get compli-
cated. For example, photosynthesizers perform some respiration as well.
Different categories can be generated, depending on who is doing the
analysis and for what purpose. The reality goes beyond any analysis, say
of an ecosystem, biome, or globe. There really are common metabolisms
out there. Furthermore in the cycles of the elements that are key to living
things the biochemical guilds can link up to each other because wastes
from one are nutrients to another.

The year 1958 marked the first real-time data for atmospheric CO, at
Mauna Loa. That year also premiered a television program called The
Naked City about police work in New York City. Each episode had a
concluding epilogue which always began, “There are eight million stories
in the naked city, this has been one of them....” If we were to look at
each carbon atom, for example, in a place called The Naked Biosphere,
then our narrator, in conclusion to any one story of those atoms would
have to say, “There are two million billion trillion quadrillion stories in
the global carbon cycle, this has been one of them....” (That is not a
random big number, see note 1 in the appendix for the calculation.) But
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because the atoms follow certain statistics, we, as audience, might be
more interested in how the life of an average atom of carbon compares,
say, to one of nitrogen or phosphorus. Those different elements have
substantially unique stories worth individual episodes. Furthermore,
because there are only a couple dozen bio-essential elements, following
an episode of big events in the biogeochemical cycle of carbon, the nar-
rator might say: “There are twenty stories in The Naked Biosphere, this
has been one of the them....”

So what about a second story? What gives with nitrogen? Here’s a
summary of several main steps. Nitrogen-fixing bacteria (and lightning,
to a smaller extent) convert nitrogen gas (N,) into ammonium (NH,*).
Bacteria called nitrifiers change ammonium (NH,*) into nitrate (NOjs").
Ammonium assimilation is performed by plants and algae that can alter
ammonium (NH,*) into nitrogen-containing organic compounds, such
as proteins (call it N,,). In ammonification, decomposers in the soil and
oceans break down those organic compounds in wastes (N, €.8., pro-
teins in decaying leaves of plants) into ammonium (NH,"). Bacteria called
denitrifiers take in nitrate (NO5") and excrete nitrogen gas (N,). Finally,
within the categories of nitrifiers and denitrification are groups of bac-
teria that create intermediate forms of nitrogen, such as nitrite (NO,")
and nitrous oxide (N,0O).

In the stories of the bio-essential elements in The Naked Biosphere,
sometimes the elements join together, while at other times they travel
separately. When carbon enters the leaf of a green plant as CO,, that
carbon atom might well get hooked up with an atom of nitrogen as a
bonded neighbor in an amino acid inside what will become a protein
molecule. The nitrogen atom came up into the plant through the roots,
dissolved as an ion of ammonium or nitrate in the water from the soil.
Then, after the decaying leaf (now on the soil litter) passes through the
guts of an earthworm, the carbon atom could exit the earthworm as CO,
and the nitrogen atom might go into the ammonium-salt waste. The
paths part of the once-joined atoms.

There is a second main point to the stories of the bio-essential ele-
ments. In one crucial way, broadly speaking, the stories of carbon and
nitrogen are similar. As already alluded to, the wastes from creatures in
one biochemical guild can be nutrients to those in another guild. CO, is
waste we expel, but it is airborne food to green plants. The nitrogen gas
N, is waste from the denitrifying bacteria but a nutrient to the nitrogen-
fixing bacteria. If you look at the parts of the nitrogen cycle outlined
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above, you can find several other pairings (or more complicated net-
works) in which a chemical form of an element is waste from one but
nutrient to another: ammonium as waste to ammoniaficators, but nutri-
ent to ammonium assimilators and nitrifiers; nitrate as waste from nitri-
fiers, but nutrient to denitrifiers.

Similar stories are found in the cycles of carbon with methanogens,
which produce methane as waste, and methanotrophs, which feed on
methane. Comparable stories are also in the cycle of sulfur, and more.
It all seems so amazing, as if there is some superdesign in the workings
of the biosphere knitting everything together.

The designer, of course, is none other than the blind watchmaker of
evolution. A waste in the environment that was ejected from an organ-
ism was always, at minimum, a potential source of raw material for
another type of organism that had (or could evolve) the metabolism to
use that waste, either as a source of matter or energy (when coupled with
other substances). Many details of when and how evolution played a
role in forging the biogeochemical cycles are still under scientific scrutiny
(e.g., there is no clear consensus about when oxygen-generating photo-
synthesis began). But without doubt the resulting biosphere is truly
phenomenal. The waste-nutrient networking gives us pause to think
anew about the mundane, elementary school story of the CO, photosyn-
thesis and respiration cycle, since the message therein is so much more
expansive—a systemic pattern.

The Term “Gaia” Can Personalize a Relationship with the Biosphere

We all have a personal relationship with the biosphere whether or not we
like it. With our breaths, our food intake, and our waste ejection, we
participate in food webs and in the great life-supporting, global biogeo-
chemical cycles that link us to the upper reaches of the atmosphere, to the
deepest cold reaches of the ocean, to the dark, pungent places in the soil,
as well as to every creature with which we cohabit all the corners of the
biosphere. Our links reach back in time, too. Every one of us is a product
of a 100 percent successful series of reproductive acts that go all the way
back without break to the beginnings of life and the earliest cells. And all
this continuous evolutionary unfolding took place within a biosphere that
was (as it had to be by definition) hospitable to life, even if the conditions
for the first two billion years, at least, were deadly inhospitable with
respect to today’s life, because of lack of oxygen and other “problems.”
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I have tried to provide some scientific facts about our togetherness
with all other species and environmental matrices in the biosphere. How
do Gaia and Gaia theory, according to the renowned British scientist
James Lovelock, fit into the picture I have drawn?

Terms that trigger our bonding instincts aid the creation of ties with
large entities that otherwise would be perceived as too abstract (Pinker
2002). Unions can be called brotherhoods, a nation might be hearkened
as the motherland, and corporations are sometimes blatantly termed
families. It seems clear that by labeling the biogeochemical entity that
we share with other creatures with the name of an ancient Greek Earth
goddess, Gaia, one evokes a greater sense of belonging than would be
possible with technical biogeochemical terminology.

Without doubt Lovelock has helped foster feelings of togetherness
with the bacteria and with the water of the oceans, to mention just a
couple members of the biosphere. And his writings and technical papers
have helped further a scientific focus on feedback loops within the bio-
sphere. Knowledge about such loops, as a general principle of global
biogeochemistry, were firmly in discussions of the global carbon cycle,
for instance, for years preceding Lovelock’s Gaia hypothesis in the 1970s.
But his own approach has helped focus attention on properties at the
biosphere scale.

Let’s look in more detail at what Lovelock is currently saying about
Gaia, using the definition of Gaia theory from his recent book (2006:
162), The Revenge of Gaia: “A view of the Earth that sees it as a self-
regulating system made up from the totality of organisms, the surface
rocks, the ocean, and the atmosphere tightly coupled as an evolving
system. The theory sees this system as having a goal—the regulation of
surface conditions so as always to be as favorable as possible for con-
temporary life. It is based on observations and theoretical models; it is
fruitful and has made ten successful predictions.”

I have no major squabbles with the first sentence. One could debate
the meaning of “self-regulation,” and I have found it to be a term that
Gaia theorists like to use without careful definition. But one could take
it to mean approximately what complexity theorists mean when they say
“self-organization,” which could be applied, for instance, to the forma-
tion of a hurricane. I have argued that any perceived stability in the
biogeochemical system of the biosphere is simply the result of the way
that any complex, dynamical chemical system would settle into zones of
limited behaviors (see note 2 in the appendix).
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I am less happy about calling Gaia “an evolving system.” Richard
Dawkins (1982) pointed out that Gaia is a population of one, and
therefore by definition cannot evolve. Evolution requires a population
of variants that can be selected based on their reproductive contribu-
tions to the next generations. So when I introduce Gaia in a classroom
at New York University to nonscience students on a course about the
biosphere, and compare the biosphere to an organism, I quickly follow
up with a denial of similarity because organisms evolve but Gaia does
not. I admit that T sometimes like to foster in the students a sense of
togetherness and concern by employing the personalized term Gaia.
However, I also want it known that Gaia does not evolve. Of course, in
a loose sense, such language is acceptable. Astronomers speak of the
evolution of galaxies, as they change from blobs to spirals.

My problems change from annoying nits I want to pick to issues more
serious in Lovelock’s second sentence. I reject as inherently problematic
Lovelock’s use of the word “goal.” A goal is a term that is usually
reserved for human-engineered cybernetic systems (computers, cars) that
are designed to perform in certain ways and, more generally, for the
representations that humans carry around in their minds about their
future states. The concept of goal can be appropriate for living creatures,
particularly those with nervous systems that change their behavior in the
face of environmental conditions. Granted, abstract concepts in language
can spread out like oil on the surface of a still lake and lead us to
extended uses for a word such as “goal.” But I wouldn’t want to say,
for example, that the water vapor in the sky has the goal of becoming a
cloud, even though most of it will end up in clouds. I also wouldn’t want
to say that clouds have the goal of removing water from the sky. So what
is the goal of Gaia? Is Gaia like a hungry fox chasing a rabbit or a cloud
generating raindrops?

Lovelock maintains that the goal is “the regulation of surface condi-
tions so as always to be as favorable as possible for contemporary life.”
Yet Stephen Schneider (1986) pointed out two decades ago the problem
with positing a metric like “as favorable as possible.” What does that
mean? Paraphrasing Schneider, favorable for penguins or for tropical
butterflies? Following my own analysis, environmental conditions in the
biosphere could be a lot more favorable, if we consider the metric of
global terrestrial photosynthesis (Volk 2003b). It is now about 60 billion
tons of carbon from CO, fixed into organic tissue annually. But most
plants would be more productive under higher CO, levels. That would
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provide more organic carbon for the food webs of animals, fungi, and
bacteria. More rain might be helpful too, as would a more favorable
supply of soil nutrients. Considering just these environmental constraints
on current productivity and maintaining biochemical machinery of
photosynthesis, the lands today are only about one-tenth as productive
as they could be, were the conditions “more favorable.” Speaking in the
language of “as favorable as possible” makes it sound that we are under
the care of a nurturing super-parent. Why hasn’t Gaia delivered on that
need for more rain? Or more nutrients?

A Gaia theorist might respond by saying “as favorable as possible”
does not mean in any possible world. The theorist might say that it is
not perfect, but only as good as it could be. But what does that mean?
All in all, T do not see Lovelock’s language as scientifically helpful. At
the same time Lovelock’s language has contributed to inculcating a per-
sonal relationship. His idea that we are part of a larger entity that has
a goal of creating favorable conditions reminds me of many traditional
religious viewpoints on the cosmos.

The biosphere has nurtured us in the sense that it consists of an
integrated network of biochemical cycles. Crucial parts of those
cycles are produced by guilds of organisms in which wastes from one
become nutrients to another. These wastes are goals in the sense that
organisms need to rid themselves of their wastes to detoxify—an
important process of living metabolisms. The wastes, however, are
not produced at cost to give to other creatures. (I just want to be
clear, I am not hinting that Gaia theorists say this.) The wastes are
simply by-products. The biosphere is a stupendous network of waste
by-products that are also nutrients. For me, this view connects the
daily ins and outs of my breaths to the hard-won knowledge about
the global biogeochemical cycles in a way that is both rationally and
emotionally fulfilling.

All, T hope, will soon know these basic principles about how the bio-
sphere works. Engineers, politicians, agronomists, voters, gardeners,
wilderness preservationists, and any global citizen who desires to seize
responsibilities and joys of life in the biosphere will be led to contemplate
and help collectively decide on courses of action in the specter of poten-
tially huge climate change. Knowledge about the working of the bio-
sphere is pragmatic knowledge for a shifting and uncertain future, and
the root cause of these changes is the perturbation of the global carbon
cycle.
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The increase in the concentration of atmospheric CO, shown in figure
3.1 is only about half the amount of CO, that was released from the
combustion of fossil fuels. The rest of the CO, went elsewhere. Indeed
much more than half went elsewhere, but then some came back directly
or came back as replacement fluxes from the oceans and land carbon
subsystems of vegetation and soils. The dynamics of the whole cycle are
shifting, resulting in such carbon-caused phenomena as ocean acidifica-
tion and crop and forest fertilization, in addition to the raw physics of
climate change. Issues such as carbon capture and storage for artificial
sequestration, the possible carbon neutrality of bioenergy crops, refor-
estation as natural sequestration, and the multitude of promising energy
systems that do not emit CO,—all are intimately bound up with the
carbon cycle, its present disruption, and potential solutions to the result-
ing climate change and other perturbations (see Volk 2008).

Appendix

1. Calculation of number of carbon atoms in the biosphere: about
40,000 billion metric tons of carbon in the biosphere (mostly in the
ocean) = 40,000 x 10” x 10°g/t = 40 x 10"*gC. At 12gC/mole and 6.02
x 10* atoms/mole (Avogadro’s number), the biosphere then contains 2
x 10* atoms of carbon. Partitioning the exponent 42, that’s 6 + 9 + 12
+ 15, thus about 2 million billion trillion quadrillion atoms of carbon.
2. To delve into more depth about some of the issues I raise here regard-
ing how the networks of biochemical by-products work, see my book
(Volk 2003a). I also recommend the recent book by Wilkinson (2006) that
explores the inevitability of chemical cycles and other fundamental pro-
cesses of the biosphere. Stephen Schneider, the editor of the journal Cli-
matic Change, wrote a prescient editorial (1986) about the conceptual
problems in formulating Gaia theory, and has recently sponsored the pub-
lication of views and debates about Gaia theory. See, for example, Kleidon
(2002, 2004), Lenton and Wilkinson (2003), Kirchner (2002, 2003),
Lenton (2002), Lovelock (2003), and Volk (2002, 2003b, 2003c, 2007).

Note

1. But primarily from the estimated age of marine radiocarbon (carbon-14),
which diffuses into the ocean as part of the carbon cycle after its formation in
the upper atmosphere.
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Water Gaia: 3.5 Thousand Million Years of
Wetness on Planet Earth

Stephan Harding and Lynn Margulis

Without continuous flows of carbon, hydrogen, nitrogen, sulfur, phos-
phorus, and other essential elements, primarily as compounds in watery
solution, no known life form continues to thrive. The purpose of life,
much like other thermodynamic systems open to the flow of matter
and energy, is to dissipate chemical and thermal gradients (differences
across distances) as elegantly detailed by Schneider and Sagan (2006).
The assurance of energy and matter flows in appropriate amounts, rates,
and useable chemical form is a sine qua non of the living state. All living
beings tend to overgrow their bounds and are invariably limited by
appropriate availability of energy and matter. The many limitations to
life’s intrinsic capacity for growth and diversification is the process
Charles Darwin (1809-1882) recognized as “natural selection.”

Our Thesis: Life Retained Planetary Water

We champion the poorly developed Gaian view that life has vigorously
helped maintain abundant water on the Earth’s surface over the last
three and a half thousand million years. We defend the idea that life’s
populations persist and continue to expand on Earth not because a
“lucky accident” has situated our moist planet at an optimal distance
from the sun; rather communities of living organisms have actively
maintained wet local surroundings. The result has been the retention
of moist habitability over geological time. We suggest that without
life’s involvement in complex geological, atmospheric, and metabolic
processes, Earth would long ago have lost its water, becoming a dry
and barren world much like Mars and Venus. Theoretical interpola-
tion of a lifeless planet Earth between that of Mars and Venus shows
that our planet now would be a dry, carbon dioxide-rich world
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with a temperature primarily determined by steady increase in solar
luminosity (Lovelock 2000).

In recognition that independence from the biosphere is death and that
life is a powerful geological force, V. I. Vernadsky (1863-19435) explained
that all life is connected through Earth’s fluid phase (Sagan 2007). This
comprises the atmosphere (air, including that in soil, caves, and dissolved
in water) and the hydrosphere (oceans, lakes, rivers, streams, springs,
etc.). Early in the twentieth century, Harvard University scholar L. ]J.
Henderson (1958) presented a persuasive but nearly forgotten argument
that life would not exist on this planet without the water that sustains
and supports it. He reviewed the salient features of life’s “universal
solvent system” in his chapter dedicated to the physics and chemistry of
water. The thermal properties of water (its specific heat, latent heat,
thermal conductivity, expansion before freezing) and its action upon
other substances (as a solvent, and by virtue of its ionization and surface
tension properties) are unique among solvents and are utterly required
by the physiological and ecological systems of life on our planet. The
eclipse of Henderson’s virtually unknown work may be attributable to
the tendency in evolutionary biology literature to overlook environmen-
tal chemistry in general and, in this case, the chemistry and biochemical
involvements of water in particular. What is remarkable is the fact that
Henderson’s analysis is not at all obsolete: we find it germane to any
Gaian analysis of the water anomaly on Earth relative to the other inner
planets.

In the spirit of Ian McHarg’s remarks we recommend that a modern
detailed reappraisal of Henderson’s concept of the “fitness of the envi-
ronment” be undertaken (Margulis and Lovelock 2007). McHarg adds
Henderson’s concept of the environmental importance of water to
Darwin’s work on evolution in his search for understanding the creative
survival of the living. For McHarg, there is a criterion by which living
(and other) processes can be evaluated for their creativity (and destruc-
tion). He calls it “creative fitting in health,” contrasting it with “reduc-
tive misfit revealed in pathology” (McHarg 2006). He points out that
whereas Darwin emphasized that the organism “is fit for the environ-
ment,” Henderson (whom McHarg admired as much as Darwin) main-
tained that “the actual environment, the actual world constitutes the
fittest possible abode for life.” McHarg unites Darwin’s and Henderson’s
viewpoints when he concludes that “there is a requirement for any
system—whether subcellular, cell, tissue, organism, individual, family,
institution—to find the most fit of all environments and to adapt both
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the environment and the system itself” (2006). Survivors, on McHarg’s
analysis, adapt by actively and continuously changing their environment
to accomplish fitting in a thermodynamically creative way. The sum of
active and incessant local environmental alteration, in this case by the
movement of water and matter with which life interacts, we recognize
as “Water Gaia.”

We expand the insights of our predecessors by elucidating the tight
correlations between life and water. Life, aptly called animated water by
Vernadsky and colleagues, is mandated by the presence and properties
of water. Life ensures its own continuity by retaining and interacting
with liquid water on our planet’s surface.

Water on Venus, Earth, and Mars

Scientists concur that all three inner planets Venus, Earth, and Mars,
prior to the Archean eon over 3,500 million years ago, began with
meteoric and probably subsurface water in abundance. Geomorpho-
logical observations of erosion by water, steady bombardment by water-
rich comets, asteroids, and meteorites, along with other evidence attest
to copious quantities of early water on Earth (Robert 2001). Further
evidence for the presence of surface liquid water on the Hadean Earth
comes from analyses of Hadean zircons (Wilde et al. 2001). Water must
have out-gassed from ancient tectonic activity, as all these planets and
their moons were bombarded by the water-rich bolides of the early
solar system. The surface of Venus, closer to the Sun, and that of Mars,
beyond Earth’s orbit, reveal riverine, lacustrine, or marine features that
suggest vast quantities of open water flowed on pristine active litho-
spheres of our early “sister planets.” Recent analysis of phyllosilicates
from Mars suggest that water-rich environments conducive to life were
widespread during its earliest geological history (Mustard et al. 2008).
Whereas much, perhaps even an ocean’s-worth or more of water, was
lost from both our neighbors, the early Earth retained its primordially
wet conditions.

Our hypothesis that water retention is a Gaian phenomenon is test-
able. Venus probably lost its water because its proximity to the Sun
meant that even early in the history of the solar system it would have
received 40 percent more solar radiation than today’s Earth. This high
radiative flux would have evaporated huge amounts of water vapor into
the atmosphere of Venus that set in train catastrophic positive feedback
on heating due to the powerful greenhouse effect of water vapor; this is
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known as the runaway greenhouse. Abundant water vapor in the strato-
sphere would have been photo-dissociated by ultraviolet radiation leading
to massive quantities of hydrogen loss to space (Kump et al. 2004).

Although Mars receives some 43 percent less solar radiation than
the Earth, it likely once had sufficient greenhouse gasses in its atmo-
sphere to generate temperatures high enough to liquefy water on its
surface. Carbon stripped out into carbonate rocks would not have been
returned to the atmosphere because of the absence or early demise of
plate tectonics on the planet (Kump et al. 2004). Some of this water
would then have evaporated into the thin Martian atmosphere,
followed by photo-dissociation of water vapor and hydrogen loss to
space. The extent to which water ice exists in the Martian north pole,
the south pole, or trapped under large areas of the Martian surface is
the subject of vigorous current research.

By comparison to the 10 centimeters, or fewer, precipitable water
measured today on dry and barren Mars and Venus, the Earth is shock-
ingly wet. More than 10* times the quantity of water expected on an
Earth without life is still here. From reconstruction of its past history
scientists conclude that throughout the geological eons our planet has
been watery. Today water is found mostly in its liquid phase within the
global oceans which cover some 70 percent of our planet’s surface.
Quantitatively small but climatically crucial amounts of water also exist
in the gas phase as clouds and water vapor. In the solid phase as sea and
glacial ice, frost, hailstones, and snow, water augments the Earth’s albedo
(i.e., greater reflectivity of solar energy to space).

The movements of water between these and other reservoirs consti-
tutes the hydrological cycle—“the largest movement of any substance
on Earth” (Cahine 1992). The hydrological cycle has massive effects on
climate because of the ways water determines the exchange of heat and
moisture between the atmosphere and the planet’s surface. Contempo-
rary organisms actively configure the Earth’s climate into a state suit-
able for water (and thus for the perpetuation of life) by influencing the
hydrological cycle through the process of evapotranspiration in trees
and plants. Evapotranspiration involves massive movements of water,
against gravity, from the entire root zone (rhizosphere) up a few to over
30 meters into the air. The flow of water up through tree trunks and
plant stems is powered by solar energy. Water is released as vapor
through the stomata—the active pores that open and close on the
undersides of leaves. Organisms also influence the hydrological cycle
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in important ways by retaining water in soils and by emitting a variety
of cloud-seeding chemicals over land and ocean (Hayden 1998; Bonan
2002). Furthermore bacteria such as Pseudomonas syringae that are
commonly swept up into clouds in large numbers exert a massive influ-
ence on the hydrological cycle. Proteins on the outer surfaces of these
bacteria facilitate the formation of ice crystals that eventually return
significant quantities of water to the Earth’s surface as rain and snow
(Christner et al. 2008).

Water and Gaia’s Thirst

Earth’s abundant water in comparison to Mars and Venus lead us to a
Gaian analysis of this “water anomaly.” Scientists often assume that
environments are physicochemical givens to which organisms must adapt
in order to survive. But unlike the prevalent assumption that life passively
adapts to its environment, Gaia researchers propose that life may con-
tribute to active regulation of biologically relevant aspects of Earth’s
surface within habitable limits (Lovelock 1972, 2000, 2005; Lovelock
and Margulis 1974). This regulation is posited to emerge from tightly
coordinated feedback subsystems that intrinsically and continuously
embed the biota in its abiotic surroundings (Lovelock 2005; Lenton
1998). In a masterful analysis of the Earth’s physicochemical history,
NASA geoscientist Paul Lowman and astronaut Neil Armstrong show
that during the Archean the major influences were the same as those
prevailing on Mars and Venus. But from the Proterozoic eon (2,500
million years ago) until the present day, Gaia’s unique signature is writ
large: Earth became the Gaian planet. Paucity of water, failure to detect
granite, vastly slower geochemical cycles of elements such as oxygen,
carbon, and phosphorus, and much other evidence testifies to the fact
that neither Venus nor Mars are Gaian (Lowman and Armstrong 2002).
Lowman and Currier (2009) provide a short accessible summary expla-
nation that connects Gaia theory with the uniqueness of water-dependent
lateral plate tectonic movement on Earth.

Life’s sensitivity to water quantity and saltiness seems to be the most
elemental of all senses. Thirst and the knowledge of desiccation level
is apparently universal. The universality of water detection and the
response of living cells to this ubiquitous solvent, that some equate with
life itself, lies apparently in the properties of the lipid-protein mem-
brane, the bilayer semipermeable external boundary of all cells. When
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breached and membrane integrity is lost, the autopoietic entity known
as the cell, whether a small bacterial cell or a large egg, dies. The ability
for material and energy flow is irretrievably lost, as water leaks into the
environment. This is what we call death. Self-maintenance and identity
are replaced by an inert puddle of carbon-hydrogen-nitrogen compounds
that immediately lose all signs of animation and become food for those
who retain their membranes and, with them, the profound ability to
sense water.

Life does indeed adapt itself and its environment as Henderson and
McHarg insisted. Yet, when used in a way that implies a passivity of life
and that ignores emergent synergies between our planet’s physics, chem-
istry, and biology, the term adaptation can hinder our understanding of
the Earth as a complex system.! We prefer statements of passive adapta-
tion of organisms to their surroundings to be replaced by a conception
of life’s “active fitting.” Gaia emerges directly from this active fitting,
writ large, since all organisms impact each other and their surroundings
through the exchange of heat, light, liquids, and gases, as well as a huge
array of metals, salts, sugars, and myriad other chemical compounds
(usually dissolved in water).

With regard to the hydrosphere, Gaia theory proposes a prospective
research program: that organisms have actively retained water by thwart-
ing its tendency to be lost. Without the involvement of life’s complex
and often metabolic innovations,” Earth would long ago also have lost
its water to space by atmospheric photolysis and hydrogen escape. We
propose that life does not regulate the amount of water on the planet
through a specific feedback process, but rather that it greatly reduces the
rate of water loss by metabolic hydrogen capture and by regulation of
relevant variables such as planetary temperature.

Here we explore the major abiotic processes that drive the loss of
water from our planet, including the photodissociation of water and
methane by solar UV radiation at the top of the troposphere and the
chemical reactions in seafloor basaltic rocks that strip out oxygen
atoms from water molecules. We then go on to outline the various ways
in which life prevents such processes from drying out the planet. We
include a discussion of how, by contributing to the regulation of the
planetary carbon cycle over geological time, organisms have kept the
planetary temperature suitable for the existence liquid water despite an
ever-brightening sun and ongoing outgassing of carbon dioxide from
volcanic activity.
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Modes of Water Retention by Life

Any chemical or physical process that liberates hydrogen from water
molecules may, in principle, lead to water loss from a planet. Hydrogen
(H,) gas has a mass so light that it reaches escape velocity from the
Earth’s gravitational field.

We summarize some chemical and biological processes that both liber-
ate and capture free hydrogen over geological time in table 4.1. They
exemplify our habitation of an Earth with abundant water and serve as
a guide to further detailed investigation. Geochemical processes that
result in the liberation of molecular hydrogen began at least in the
Archean and have continued until the present. They occur in basalt, the
major rock type of the world ocean bottom. Basalt contains ferrous oxide
(FeO), which, in the presence of carbon dioxide, strips out oxygen atoms
from seawater. The net effect is to remove oxygen and place it in solid
form in carbonate rock, a process that liberates hydrogen gas (reaction
1, Lovelock 2005). Hydrogen liberation via loss to space may entirely
desiccate an inner planet within two billion years (Lovelock 2005). Bac-
terial metabolic pathways also liberate hydrogen (e.g., anoxygenic photo-
synthesis, anoxic decomposition of dead organic matter [fermentation,
reaction 2], anaerobic glycolysis, and many others release hydrogen on
geologically instant time scales).

The Earth has evaded desiccation by many means that inspire further
investigation. Since Archean times bacterial communities have released
oxygen into the sediments, water, and air by oxygenic photosynthetic
processes that split water (reaction 3), a reaction that to this day is
limited to only three immensely talented inclusive taxa. In a purely
abiological process, hydrogen gas (e.g., that released from reaction 1)
combines with oxygen from photosynthesis, thereby regenerating water
(reaction 4). Oxygenic photosynthesis (reaction 3) also captures and
retains hydrogen extracted from water for carbon dioxide reduction,
thereby renewing organic matter in the making of food, body parts, and
energy storage molecules such as sugar and starch. New avenues of
oxygen liberation were opened up during the Proterozoic eon (some
1,200 million years ago) by photosynthetic algal protoctists, as well as
in the lower Phanerozoic eon (about 450 million years ago) by the first
land plants. All these oxygenic photosynthetic processes continue today
unabated. Even anti-Gaia scientists admit that chlorophyll a photo-
synthesis produced the oxygen-rich atmosphere that permanently altered
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Table 4.1

Selection of key biological and abiological processes that influence the retention

of water on planet Earth

Reaction and domain in
which it takes place

Reactants

Effect on Earth’s water

(1) 2FeO + 3CO, + H,0 —
Fez(CO3)3 + HZ
Abiological: geochemical

(2) 3CH,0 + H,0 —»
CH;COO™ + CO, + 2H, + H*
Biological: fermenting
bacteria in anoxic
environments

(3) CO, + H,O — CH,O
+ 02

Biological: oxygenic
photosynthesis by
bacteria, protoctists,

and plants

(4) 2H, + O, — 2H,0
Abiological: atmospheric
chemistry

(5) S+ H, - H,S
Biological: bacterial
reduction of elemental
sulphur

(6) 2H,S + O, — 28§

+ 2H,0

Biological: aerobic
chemautorophic bacteria

(7) COZ + 2H2 - CHzo
+ HzO

Biological: anaerobic
chemautorophic bacteria
(8) CO, + 4H, — CH, +
2H,0

Biological: anaerobic
methanogenic bacteria

Ferrous oxide in
sea floor basalt
reacts with carbon
dioxide and water

Organic matter and
water

Carbon dioxide and
water reacted by
photosynthesizers;
organic matter and
oxygen produced

Hydrogen and
oxygen, producing
water

Elemental sulphur
and hydrogen

Hydrogen sulphide
from reaction (35)
with oxygen from
reaction (3)

Carbon dioxide
and hydrogen

Carbon dioxide
and hydrogen

Desiccates the Earth by
liberating free hydrogen

Desiccates the Earth by
liberating free hydrogen

Oxygen available for
reaction with hydrogen,
potentially reconstituting
water

Free oxygen from (3) reacts
with free hydrogen,
reconstituting water
Sequesters hydrogen into
hydrogen sulphide gas

Reconstitutes water

Organic matter produced,
reconstituting water

Methane produced,
reconstituting water

Source: Data from Smil (2003) and Lovelock (2005).
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Earth and its evolutionary course. Without these bacterial metabolic
innovations, no animal would exist.

Another bacterial contribution to hydrogen capture comes from the
activities of bacteria such as Desulfovibrio that live in ocean sediments
in sulfur-rich habitats. Desulfovibrio and its many relatives liberate
hydrogen sulfide gas (reaction 5) as they reduce elemental sulfur, thio-
sulfate, or the sulfate ion itself by “breathing.” Water is reconstituted
when hydrogen sulfide is oxidized by aerobic chemoautotrophic bacteria
such as Sulfolobus or Beggiatoa that abide at oxygen-rich seawater/
sediment, caves, sulfur springs, and other interfaces (reaction 6).

An important metabolic pathway in certain bacteria hardly seems
possible, in principle. These bacteria reconstitute water by reacting
molecular hydrogen with carbon dioxide under conditions where oxygen
gas is absent (reaction 7). Known as anaerobic chemoautotrophy, in this
process hydrogen is used to reduce carbon dioxide to organic matter,
and water is thereby reconstituted. Also in regions without any oxygen
gas, methanogenic bacteria remove carbon dioxide and react it with free
hydrogen to produce methane and water (reaction 8). Reactions 7 and
8 both require anoxic habitats, such as marine, lacustrine, and riparian
sediments, or the intestines of insects and mammals.

Water Loss via the Photodissociation of Methane

A physical process that is thought to have led to hydrogen escape during
Earth’s geological history is the photodissociation of water by ultra-
violet radiation in the lower stratosphere. Yet relatively little hydrogen
must have escaped via this route because of the “cold trap” in the tro-
popause (Catling et al. 2001). Since Archean times, water vapor mole-
cules have frozen out in this region of very cold air and fallen back into
the lower atmosphere before they could be photodissociated by strato-
spheric ultraviolet radiation. David Catling and his colleagues suggest
that the photodissociation of methane provided the main exit route
for hydrogen during the Archean eon, and hypothesize that abundant
methane was the major greenhouse gas that counteracted the early
lower solar luminosity. Methane’s lower freezing point relative to water
allowed it to transit into the stratosphere through the cold trap in
gaseous form unaffected. There (much like the few water molecules that
managed to reach the lower stratosphere above the cold trap) the
methane was split by ultraviolet radiation, yielding molecular hydrogen
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that could escape to space and leaving carbon dioxide and oxygen in
the atmosphere.

These reactions are simplified and summarized as (Catling et al.
2001)

CO, + 2H,0 — CH, + 20, = CO, + O, + 4H (T space),

which is reaction 9. In this scenario the methane came from the bacterial
decomposition of organic material in which hydrogen from water was
originally fixed by oxygenic photosynthesis (reaction 3). One could thus
argue that methanogenic bacteria could have been responsible for life-
threatening water loss during the Archean (David Schwartzman, per-
sonal communication). However, life as a whole may have prevented this
eventuality in at least two ways. First of all, during the Archean, carbon
dioxide released mostly by decomposing bacteria would have permitted
hydrogen to accumulate in the lower atmosphere via a newly proposed
hydrodynamic mechanism that slows down the rate of hydrogen loss
except when carbon dioxide levels are very low (Stevenson et al. 2008).
Then, in the Proterozoic, biogenic oxygen would have captured the
hydrogen. Thus it seems that there might have been a rather dangerous
period during the Archean when biogenic methane production could
have accelerated water loss, but that this danger was avoided early on
thanks to biotic carbon dioxide release, and later on when biogenic
oxygen became sufficiently abundant to reconstitute water via reactions
4 and 10. Clearly, a synergy between robust photochemistry and sound
biology is required to further explore this issue.

Reaction 9 may have led to the so-called Great Oxidation Event that
took place between 2,400 and 1,800 million years ago during the
Proterozoic. This event involved a relatively rapid transition to an oxidiz-
ing atmosphere, and may have ultimately produced the high levels of
oxygen gas (ca. 20 percent) in today’s atmosphere. The rise of atmo-
spheric oxygen gas during the Proterozoic has been amply documented
in the geological record, especially by worldwide deposits of banded iron
formations, or BIFs (Cloud 1989). Apparently a relatively small increase
in the burial rate of organic carbon may have triggered a nonlinear
switch to a high oxygen atmosphere at that time (Goldblatt et al. 2006).
The stratospheric ozone layer that resulted has significantly influenced
the effectiveness of the cold trap to this day (Nisbet 1991).

Whatever led to the surplus of free oxygen gas in the Proterozoic, it
is agreed that hydrogen loss via the photo-dissociation of methane would
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have declined significantly when oxygen became sufficiently abundant to
oxidize methane to carbon dioxide and water via the reaction

CH4 + 202 - COZ + 2H20,

which is reaction 10. As the Archean atmosphere probably contained a
thousand times more methane than today’s value of 6 to 7 parts per
million, the rate of hydrogen loss must have been approximately three
hundred times greater than at present (Catling et al. 2001). The modern
biosphere’s effectiveness at preventing hydrogen loss, and hence plane-
tary desiccation, is illustrated by the very low rate of hydrogen loss to
space. The Earth currently loses a mere 50 tonnes of hydrogen per day
from an atmosphere with a total mass of around 50 x 10'* tonnes
(Morton 2007: 182).

The Great Oxidation Event marked a shift from methane to carbon
dioxide as the Earth’s dominant greenhouse gas (Lovelock 2000). Other
consequences for life and its effects on the planetary surface include the
appearance of early eukaryotic cells and their obligate relation to oxygen
respiration in symbiotic bacteria that became mitochondria (Margulis
et al. 2006) and a Gaian redistribution of many chemical elements such
as manganese, copper, phosphorus, lead, tin, and vanadium.

The metabolic versatility of bacteria permits oxidation of methane
even in the absence of oxygen gas. Sulfate reducers, such as Desulfovibrio
and some relatives, use oxygen in sulfate ions that are abundant in
seawater to reconstitute water from methane:

CH4 + SO42_ 4 HCOg_ + HS_ + Hzo,

which is reaction 11. Could these reactions (10 and 11) have produced
water in sufficient quantity to increase the depth of the global ocean
(S. Marashin, personal communication)?

Water and Earth’s Temperature

Why has Earth retained both life and abundant liquid water since the
Archean despite at least two strong external factors that have conspired
to enhance the similarities between Mars, Venus, and Earth? One exter-
nal factor is the increase of luminosity of the Sun (with an energy output
25 percent greater than it was 3,500 million years ago), and the second
is the continual eruption of carbon dioxide from volcanoes over the same
period. These and other observations lead us to conclude that global
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temperatures have been actively regulated within the range suitable for
liquid water by the Earth as a whole system. That the behavior, metab-
olism, and physiology of organisms are essential to this regulation is a
central tenet of Gaia theory (Lovelock 2000; Margulis and Lovelock
2007).

Much remains to be learned, but we can now state with some confi-
dence that organisms help to regulate the Earth’s temperature by manip-
ulating the ratios of greenhouse gases in the atmosphere and by altering
the planetary albedo (reflectivity), primarily by emitting cloud-seeding
chemicals. Other effects on temperature and hence water retention by
organisms involve the albedo of living beings themselves, such as the
extensive cover of dark coniferous trees in the far northern latitudes
that help to warm the modern Earth (Bonan 2002). Organisms can also
change the amount of surface water directly exposed to evaporation:
elephant bodies carve out ponds and thus expose subsurface water to
the surface; exudates of microbial mat organisms directly retard evapo-
ration; caves made by water flowing through limestone, or the conver-
sion of limestone to gypsum, protect water flow beneath the rocks.

We suggest that liquid water would have left the Earth’s surface long
ago if organisms had not regulated global temperatures by these and
other means. Continued volcanic activity that puts methane, water vapor,
carbon dioxide, and other greenhouse gases in the atmosphere in the face
of an ever-brightening sun would long ago have led the Earth into a
Venus-like runaway feedback on global heating. On the other hand, too
little carbon dioxide would have caused the oceans to freeze over, with
the consequent albedo increase plunging the planet into a permanent
frozen state via positive feedback (Ward and Brownlee 2000). A major
way in which life contributes to the regulation of global temperature is
through its involvement in the long-term carbon cycle in which calcium
carbonate from the weathering of basaltic and granitic (silicate) rocks is
deposited in the oceans (table 4.2, reactions 12 and 13).

On the land, reaction 12 is enhanced by organisms: roots and hydro-
philic microbial chemical exudates physically fracture the rock and
thereby increase its reactive surface area; microbial and plant root res-
piration increase carbon dioxide levels in the soil, and bioturbation of
the soil increases the flow of water onto particles of rock, taking water
into places it would not otherwise be able to access. This process, first
proposed by Lovelock and Whitfield (1982) and now referred to as
“biologically assisted silicate rock weathering,” amplifies the purely
chemical weathering rate between 10 to 1,000 times depending on
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Table 4.2
Reactions in the long-term carbon cycle

Reaction Effect on Earth’s temperature

(12) CaSiO; + 2CO, + 3H,O —»  CaSiO; is wollastonite, a simple mineral

Ca** + 2HCO;™ + H,Si0, representing the general chemical
composition of all silicate rocks. Note that
two carbon atoms are removed from the
atmosphere for each calcium ion weathered
out of the rock.

(13) Ca* + 2HCO;™ — Denotes the intracellular precipitation of

CaCO; + H,0 + CO, calcium carbonate. Note that one carbon
atom is released to the atmosphere for each
calcium ion precipitated. The net effect of
reactions 12 and 13 is thus to cool the Earth.

(14) CaCO; + SiO, — Granite is regenerated, and carbon dioxide is
CaSiO; + CO, liberated to the atmosphere via volcanoes,
thereby warming the Earth.

Source: Adapted from Kump et al. (2004).

location (Schwartzman and Volk 1989); it is greatest where high
temperatures combine with abundant rainfall.

Thus carbon that once resided in the atmosphere finds itself in calcium
bicarbonate flushed by rivers and groundwater into the oceans where it
is precipitated intracellularly as calcium carbonate by coccolithophorids
(haptophyte algae) and foraminifera in their scales and exoskeletons
(reaction 13). When these organisms die the calcium carbonate accumu-
lates in ocean sediments. Their fate is lithification into chalk and other
limestones. Huge quantities of carbon have been sequestered in this way
over geological time—the stock of carbon in the contemporary calcium
carbonate reservoir is 4 x 107 GtC, almost four orders of magnitude
greater than the carbon in present-day fossil fuel reserves (Kump et al.
2004). Chalk and limestone also contain significant quantities of silica
(from the silicic acid in reaction 12) that may be deposited as radiolarite
(chert rock that come from remains of radiolarian skeletons), or diatom
tests (shells) and glass sponge spicules (Lovelock 2005).

Such dynamics imply negative feedback with respect to the carbon
cycle (Lenton 1998) and hence surface temperatures suitable for liquid
water: if surface temperature increases (because of volcanic inputs of
carbon dioxide to the atmosphere, together with an ever-brightening
sun) so does rainfall. In a wetter and warmer world biologically assisted
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silicate rock weathering transfers more carbon from the atmosphere to
calcium carbonate in the ocean, which cools the Earth, potentially down
to a stable but lifeless frozen state. However, in a cooler and hence drier
world this fate is avoided because the terrestrial biosphere rapidly
becomes less effective at weathering silicate rocks, and so carbon dioxide
accumulates in the atmosphere from volcanoes, thereby raising the global
temperature (Lovelock 2005). An emergent property of this feedback has
been the regulation of planetary temperature within limits suitable for
life (and hence liquid water) over geological time.

The carbon dioxide that returns to the atmosphere via volcanoes is
regenerated when silica-rich carbonate sediments are subducted into the
mantle as the raised portions of descending slabs (plates) of the seafloor
(reaction 14, table 4.2). Here, at high temperature and under immense
pressure, the sediments metamorphose and produce carbon dioxide and
fresh granitic material that floats on top of the denser mantle to become
new continental land mass available to be weathered (Kump et al. 2004).
Without such recycling of Earth’s crustal materials, no terrestrial biota
would exist to enhance silicate weathering.

Water and Plate Tectonics

The long-term carbon cycle thus cannot operate without volcanic
activity, itself an integral component of the colossal processes of plate
tectonics, with its mountain chains, subduction zones, and large granitic
continents afloat on giant rafts of spreading seafloor basalt. These tec-
tonic processes, which are essential for the maintenance of all organic
life, cannot take place without huge quantities of liquid water.

Water infiltrates the laterally moving seafloor basalt, changing its
chemical nature so that it is pliable enough to sink into the Earth’s mantle
when it collides with the edge of a continent at a subduction zone. Sea-
floor basalt becomes extensively hydrated at the mid-oceanic ridges.
Here, magma chambers act as heat sources that drive local-scale convec-
tive systems that force hot seawater through fractures in the basalt. For
it to be effective at hydration of seafloor basalt, the process requires an
overlay of large amounts of water (Campbell and Taylor 1983). At sub-
duction zones, water-rich slabs of seafloor basalt are carried deep into
the mantle where the material melts to produce vast amounts of granitic
magma that rises up to form the continents. This process adds to the
granite generated by the metamorphism of silica-rich calcium carbonate
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sediments beneath subduction zones mentioned earlier. The volatility of
limestone produces watery carbon dioxide-rich lubricant, which enhances
the rates of plate tectonic activity. A vast amount of water has been
required to generate the Earth’s continents, 60 percent of which were
almost certainly present since the beginning of the Proterozoic some
2.5 billion years ago (Taylor and McLennan 1995).

Without subduction, plate tectonics would stop because there would
be no closure of the convective cycle that reaches down to the planet’s
outer core, in part driven by the decay of radioactive materials in the
Earth’s depths (Kump et al. 2004). Without plate tectonics, the return
of carbon to the atmosphere would be severely curtailed or perhaps
completely shut off. In tens of millions of years all the Earth’s land
masses would be removed by weathering, with no new granite to replace
this loss. The long-term carbon cycle would cease, and the Earth would
perhaps be plunged into a permanently frozen state (Ward and Brownlee
2000). We therefore propose an interesting and appropriately circular
Gaian dynamic here: no life, no water—no water, no plate tectonics—
no plate tectonics, no life.

Water and Culture

Western culture is expert at the abuse of our planet’s watery heritage.
Two examples will suffice to illustrate the scale of our misappropriation
of water. First: concrete. Scientists focus, rightly, on the massive emis-
sions of carbon dioxide liberated during the process of making this mate-
rial, but we should also be aware that prodigious amounts of water are
extracted from the water cycle when concrete is mixed, poured, and set.
Each decade, we lock up about 3,400 km?® of water in concrete—a volume
approximately equivalent to that of Lake Huron.? How long it will take
for these Huron-loads of water to return to the natural cycle is anyone’s
guess—clearly it depends on how timing of the weathering processes
liberate the water from its prison of artificial rock. Second: oil. Natural
hydrocarbon reservoirs (oil and gas wells) contain large amounts of
water, which is often brought to the surface during extraction as “pro-
duced water.” Much of this is pumped back down to extract more
hydrocarbons, but some remains at the surface where it becomes a
hazard to agriculture and other aspects of human and plant life due to
its saltiness, its oil and grease content, its burden of chemical additives
from extraction process, and sometimes its radioactivity from radio
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nuclide contamination. A recent estimate by Sergio Maraschin (personal
communication) suggests that up to 74.4 m’ of this oil water remains on
Earth’s surface annually. Sadly, every year, approximately 49 km® of clean
surface water is captured and used to force oil out of the ground. In some
places, notably the Middle East, so much surface water is pumped into
oil wells that rivers such as the Euphrates in Syria are in danger of drying
up. On the plus side, or so it would seem, our economic activities also
liberate water. As much as 62.7km’ per year is released when hydrocar-
bons are burned in our engines and generators. Thus, in total, the hydro-
carbon industry injects some 88.1km? per year of water into the natural
water cycle (S. Maraschin, personal communication). This sounds good,
until one realizes that much of this tailpipe water carries a contaminant
burden that affects human well-being in the global ecosystem.
Fortunately our culture is also capable of engaging in more benign
relationships with water. From the facts of a watery Gaian Earth can
be inferred knowledge and wisdom that extends beyond science
(Harding 2006). Recognition of the complex relationship of water, life,
and Earth history has recently become available in two oversized, gor-
geous books: Water (also published identically as Agua in 2006) and
Water Voices from Around the World (Marks 2007). The frontispiece
of the first states: “We need to create a new culture that acknowledges
and respects the value of water. The survival of future generations of
humans and all other species on this planet depends on such a new
culture.” The second is dedicated to our ancestor, Water, and bears
testimony of citizens from fifty countries around the world. Nobel lau-
reates figure in both books and the color photographs from satellite
to microscopic levels are remarkable. In Water Voices we learn about
Lake Sarez in Tajikistan formed by the 1911 earthquake’s landslide,
and kept in place by the largest natural dam in the world. Tajikistan’s
reverence for fresh water is palpable. The song of this Central Asian
country is joined by many human and nonhuman voices: a cayman
from Cuba most of whose close relatives have been extinguished, a Red
Eye tree frog from a Central American rain forest, wild salmon from
Kamchatka, clown fish and corals, and the tail of a humpback. The
spectacular photographs in Voices and those of Antonio Vizcaino in
Agua (Water) need no admonishment to induce us to protect our home
planet. We commend both these magnum opuses; they speak louder
than our words in search of Water Gaia. They represent a step, along
with others expressed in this volume, toward actions that respect the
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Earth. We end with a suggestion: that we properly rename our third
from the Sun inner planet after the humble, crucial chemical compound
that sustains us: Water!

Notes

We thank Richard Betts, Tim Lenton, James Lovelock, James MacAllister, Sergio
Maraschin, Will Provine, David Schwartzman, and Bruce Scofield for useful
discussion pertinent to the writing of this chapter. LM thanks The Tauber Fund,
Abe Gomel and the University of Massachusetts Graduate School for support.

1. In fact common claims of adaptation, with its passive connotations, may impede
investigation of the evolution of the Earth’s environment through geological time.
We recommend a re-examination of this ambiguous term. Usually biologists study
specific correlations of behavior, morphology, or chemistry of a given organism to
its immediate environment. But the assertion that any organism is well adapted to
its habitat has little meaning, since the adaptation is not measurable nor even
estimable in a communicable way. All organisms alive today are adapted by virtue
of the implied continuation of their ancestors from the past to the present.

2. Examples are lipid monolayer biosynthesis, calcium ion extrusion that induces
changes in carbonate, bicarbonate, and CO, equilibria, oxygenic photosynthesis,
and reversible protein absorption and release of water.

3. Unpublished experiments with three different kinds of concrete and calcula-
tions showed these to be repeatable results. B. Wartski, North Carolina, 2008
(personal communication).
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Gaia and Evolution

Timothy M. Lenton and Hywel T. P. Williams

We present in this chapter a search for Gaia in computer-generated
model worlds. The computer may seem like an odd place to be looking
for a planetary-sized phenomenon when we could be examining the real
world. However, with a sample size of only one Earth the inferences that
can be drawn about the likelihood of certain features are necessarily
limited. In particular, our existence as observers who can look back on
and marvel at Earth history is only consistent with a history in which
atmospheric oxygen built up to the levels necessary to support animals
with large brains (Watson 2004) and the climate became (or remained)
relatively cool (Schwartzman 1999). One can imagine myriad other
scenarios for Earth-like planets in which life never reaches the stage of
conscious observers, but by definition no observer is there to see such
histories. In the next few decades we may be fortunate to learn about
the atmospheric composition of planets orbiting other stars, and from
that information we may learn something about the presence or absence
of life on them (Lovelock 1965). This could increase the sample size of
inhabited planets above one. In the meantime, by creating many virtual
worlds in the computer, we can begin to examine whether features we
see on Earth, such as abundant recycling and environmental regulation,
are likely or unlikely phenomena once life has emerged on a planet.

Simulating Gaia

The search for “Gaia in the machine” (Downing 2004) began with
Daisyworld (Watson and Lovelock 1983; Lovelock 1983), and there
have been many variants of it since (Wood et al. 2007). Perhaps because
of Daisyworld’s elegant simplicity and great adaptability, relatively few
alternative model worlds have been developed. Notable exceptions are
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the Guild (Downing and Zvirinsky 1999) and Metamic (Downing 2002)
models, although these share some key assumptions with Daisyworld.
There are also stripped-down models based on Daisyworld that remove
many of its key assumptions (Staley 2002; McDonald-Gibson et al.
2008). The danger with modeling is that it is always possible to make a
model to illustrate a particular point. However, it is now possible to
make stochastic, evolutionary models with very many degrees of freedom
and a huge range of possible outcomes, many of which cannot be
anticipated by the modeler. This is the approach we take here, of “testing
Gaia theory with artificial life” (Lenton 1999). In this respect we follow
the pioneering work of Keith Downing who first applied “artificial life”
techniques to tackle Gaia questions (Downing and Zvirinsky 1999;
Downing 2002, 2004).

Gaia theory posits that a Gaia system will tend to self-regulate in a
habitable state, one in which life can survive. Here we follow our previ-
ous definitions of a Gaia system, using the terminology of regulation and
self-regulation (Lenton 2004). A “Gaia system” is a type of planetary-
scale, open thermodynamic system, with abundant life supported by a
flux of free energy from a nearby star. Regulation describes the return of
a variable to a stable state after a perturbation. Self-regulation describes
a system automatically bringing itself back to a stable state, rather than
an external agent imposing regulation or any conscious purpose (teleol-
ogy) within the system bringing about regulation. For internal consistency
of the definitions, and to distinguish a Gaia system from a planet in which,
for example, a few extremophiles survive below the surface, we narrow
the definition of “habitable state” to one which supports abundant life.
Here we also consider nutrient recycling, which can be defined as occur-
ring when the flux of a given nutrient through primary producers exceeds
the input flux of that nutrient into a system (Volk 1998).

Why Evolutionary Biologists Don’t (or Didn’t) Like Gaia

We begin by reviewing the evolutionary critiques of Gaia. At first glance
one might have expected biologists to greet with enthusiasm the idea that
life plays a major role in the regulation of the planet. After all, it gives
extra prominence to their subject area. Of course, eminent microbiolo-
gist Lynn Margulis championed Gaia (Margulis and Lovelock 1974;
Lovelock and Margulis 1974a; Lovelock and Margulis 1974b), and she
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was not (completely) alone in confronting the many neo-Darwinian evo-
lutionary theorists who reacted with vehement opposition when Gaia
was first proposed (Doolittle 1981; Dawkins 1983). While generally rec-
ognizing that the Earth does display some remarkable stabilizing proper-
ties, the critics contended that there was no mechanism by which “selfish”
genes and organisms could come to regulate the planet. In other words,
Gaia may work in practice but it will never work in theory!

The first protest was that the notion of “atmospheric homeostasis
by and for the biosphere” (Lovelock and Margulis 1974a) implies
teleology—some conscious foresight or planning on the part of uncon-
scious organisms. This was convincingly answered by the Daisyworld
model (Watson and Lovelock 1983; Lovelock 1983), which shows that
self-regulation can occur without teleology in a feedback system of life
coupled to its nonliving environment. This should surprise no one trained
in systems theory. In any coupled system with a mixture of positive and
negative effects forming multiple feedback loops there is a good chance
that the system will settle down in a negative feedback regime. However,
most evolutionary biologists (in contrast to their now distant colleagues
in physiology) seem blissfully unaware of systems theory. As Jim Love-
lock once put it (in conversation with T.M.L.); “I know professors of
biology who have trouble with the concept of self-regulation, but they
have no difficulty walking!”

The second protest was that while the self-regulating properties of
organisms have been refined by natural selection, the Earth exists in a
population of one, and therefore any self-regulation it displays cannot
have been shaped by natural selection at the global scale. Given the
obvious power of natural selection to engineer well-adapted individuals,
this may imply that self-regulation in organisms will be more finely
honed than any seen at the planetary scale. However, it does not deny
the existence of regulation at the planetary scale. Even in organisms,
natural selection cannot create self-regulation; it can only favor those
individuals that happen to display self-regulation in the sense that they
leave more descendants. Evolution by natural selection really comprises
three parts: the tendency toward exponential growth (creating competi-
tion and selection pressure), heritable variation based on (near) faithful
replication, and some source of innovations (new traits) that give dif-
ferential survival rates. The “innovation” of self-regulation need not
stem from a point mutation at some genetic locus; it may simply be the



64 Timothy M. Lenton and Hywel T. P. Williams

tendency of a sufficiently complex feedback system to settle in a negative
feedback regime, a mechanism that is just as applicable to the planet as
it is to organisms.

The third protest was that any system in which certain “altruistic”
life forms expended energy contributing to making a better global envi-
ronment would be vulnerable to “cheats”—organisms that enjoyed the
benefits of a better global environment but did not contribute to it.
Cheats would save energy and thus outcompete altruists, ultimately
destroying the regulatory system. The limitation of this argument is that
it is predicated on the ideas that organisms can “choose” whether or not
to alter the environment and that it will cost energy to do so. In fact as
anyone aware of thermodynamics should know, altering the environ-
ment is an unavoidable consequence of being alive and can be part of a
process that transfers energy to the organism (Schrodinger 1944). Living
organisms are highly ordered (low-entropy) structures, and to maintain
an ordered state, they must take in matter and free energy (often com-
bined together as “food”), transform the matter, and excrete waste
products that are of a lower free energy (higher entropy) state, with some
energy always degraded as heat. Plants and other photosynthesizers are
an exception in that they can use the free energy in sunlight to turn lower
energy compounds from the environment into higher energy compounds,
but even they must then break down these low-entropy compounds to
fuel their own metabolism.

An evolutionary biologist would rightly counter that in addition to the
inevitable change of the environment that comes about with metabolism,
most forms of Gaia (early hypothesis or later theory) postulate that life
forms have traits that have been selected for their environment-altering
properties. Daisyworld clearly invokes such traits—the blackness or
whiteness of daisies in Daisyworld is (presumably) not an inevitable con-
sequence of their being alive. These traits alter the local temperature of
each daisy and its progeny, and they also alter the global temperature in
the same direction. This means that traits that are good or bad at the level
of individual selection are correspondingly good or bad for global tem-
perature regulation (relative to the shared optimum of all the daisies). As
many evolutionists have pointed out, this makes the model a special case,
and one that is “designed” to give regulation. Many variants of the
model have been created and they generally show regulation (Wood et al.
2007). The main exception is when the optimum growth temperature of
the daisies is allowed to adapt unbounded, but that is an unrealistic
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scenario given the thermodynamic constraints on real biochemistry
(Lenton and Lovelock 2000).

Interestingly, when the system is rewired so that black daisies produce
white clouds that cool the global environment, regulation still occurs
(Watson and Lovelock 1983). This is far from being an altruistic world—
the white daisies are outcompeted and barely get a look in. However,
evolutionary biologists have persisted in seeing Gaia as involving some
form of altruism, and since William Hamilton’s seminal work in the
1960s it has been clear that the conditions under which altruism can
flourish are rather restrictive (Hamilton 1964, 1972). Furthermore, when
Gaia hit the popular consciousness in the late 1970s, neo-Darwinists
were struggling to rid their subject of arguments predicated on group
selection. Gaia appeared to be perhaps the most extravagant example of
altruism demanding higher level selection, consequently it was lumped in
with the worst examples of arguments “for the good of the species,” and
summarily dismissed. In the last few years there has been a resurgence of
interest in the evolution of cooperation (Nowak 2006) and multilevel
selection (Sober and Wilson 1997; Goodnight 2005; Bijma et al. 2007).
While by no means all of the evolutionary biology community approves
of explanations involving selection above the level of the individual (or
even above the gene), they are at least up for open discussion again. Thus,
in some sense, Lovelock and other early proponents of Gaia were unlucky
in their timing.

The final reason why evolutionary biologists and many other scientists
don’t like Gaia is the mythological name. Opinion varies considerably
from scientist to scientist—for example, John Maynard Smith described
it (in conversation with T.M.L.) as “an awful name for a theory,” but
Bill Hamilton had no objection and was happy to write a paper with
“Gaia” in the title (Hamilton and Lenton 1998), so long as it was
recognized that a Gaia system is a different class of system than an
organism or a superorganism such as a termite mound. Unfortunately,
Lovelock’s likening of Gaia first to an organism and then to a super-
organism agitated evolutionary theorists like Hamilton and Maynard
Smith, because they wished to reserve the terms “organism” and “super-
organism” for systems that can show adaptations due to natural selec-
tion. Kin selection can help explain the system level properties of the
wasp nest and the bee colony, and it is for such systems that evolution-
ary biologists want to reserve the term “superorganism” (Hamilton
1964; Maynard Smith 1964).
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Current Status of the Debate

The crux of the present Gaia debate is: Do we need to invoke individual-
level traits that have been selected for their environment-improving
properties in order to account for observed Gaian properties of the global
system? (And if we do, how can we avoid the problem of “cheats”?) Or,
can we construct a reasonable theory of regulation based entirely on
environment-altering properties that are simply by-products of metabolic
traits selected for other reasons? The concept of by-products was inde-
pendently introduced to the Gaia debate in the late 1990s by three dif-
ferent authors—Lenton (1998), Volk (1998), and Wilkinson (1999); and
it was Volk (1998) who promoted the term “by-product.” If regulation
arises in a system built entirely on by-products, this makes Gaia theory
much less vulnerable to criticisms from evolutionary theory. However,
some authors are skeptical that regulation via by-products can occur,
emphasizing recycling instead as the key Gaian property (Volk 1998).

To help understand the mechanisms at play in global regulation, one
of us (T.M.L.) introduced the distinction between “feedbacks on growth”
and “feedbacks on selection” (Lenton 1998). Feedback on growth occurs
when a trait alters the environment in a way that affects the growth of
its carriers and noncarriers in equal measure such that there is no change
in the forces of selection. Feedback on selection occurs when a trait alters
the environment in a way that affects the growth of its carriers and non-
carriers differentially, and thus influences its own selection. In either case
the responsible trait may initially arise as a selectively neutral by-product.
In the case where the trait generates only feedback on growth it will
remain a selectively neutral by-product, since it can offer no individual-
level selective advantage. However, if the trait generates feedback on
selection, it may become adaptive or maladaptive depending on its envi-
ronmental effects, and its neutral by-product status is lost.

In ecology the related concepts of “extended phenotype” (Dawkins
1983), “niche construction” (Odling-Smee et al. 2003), and “ecosystem
engineering” (Jones et al. 1994) involve the idea that genes or organisms
can shape their abiotic environment in a way that alters their selective
environment. We think feedback on selection may be most relevant in
systems with environmental heterogeneity at such intermediate scales.
However, we begin our modeling by removing the possibility of feedback
on selection.
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Our Search for Gaia

Our approach has been to build a system where environmental alter-
ation is entirely a no-cost by-product of metabolism, and to see what
conditions lead to the emergence of nutrient recycling and regulation.
We base our model around bacteria, since they are ubiquitous, have
a 3.8 billion year pedigree, run the global biogeochemical cycles,
and are highly adaptable. For reasons of tractability (of analysis as
well as computation) we look at a model microcosm, rather than the
global macrocosm, but the microcosm approach has other advantages.
We believe that similar principles must be at play in systems of all
scales so that we can learn something useful about the macrocosm
from the microcosm. Microcosm studies also offer the possibility of
empirical testing in the laboratory, something that would clearly be
impossible with a global model. We incorporate evolution by model-
ing individuals that each have a genetic code, and allowing selection
pressures on these individuals to emerge from the dynamics of the
microbial ecosystem.

The flask model (figure 5.1) simulates an evolving population of
microbes suspended in a flask of liquid, and hence the name (Williams
and Lenton 2007a, b). There is a prescribed supply flux of different
nutrients into the flask and corresponding removal fluxes proportional
to the concentration of each nutrient in the flask. There are also non-
nutrient “abiotic” environmental variables. The flask is seeded with a
clonal population of model microbes. Each microbe has a genetic code
that prescribes its uptake and release patterns for nutrients, its prefer-
ence for the abiotic environment, and its metabolic by-product effect
on abiotic environmental variables. We place only one genetic con-
straint on metabolism: an organism is not allowed to consume what it
excretes. However, an important constraint on metabolism is built into
the model in the form of a peaked metabolic rate function that declines
smoothly to zero as the state of the environment moves away from
optimal growth conditions. Reproduction is asexual, and at each repro-
duction event there is the possibility of random mutation. We remove
the possibility that individuals can differentially benefit from altering
their environment by assuming that the liquid environment inside each
flask is well mixed such that any environmental change is experienced
equally by all individuals.



68 Timothy M. Lenton and Hywel T. P. Williams

Nutrient Environmental
input variables

Nutrient ‘ .
recycling .

Microbes >
Nutrient
output

Figure 5.1
Schematic of the flask model.

The Emergence and Disruption of Nutrient Recycling

The emergence of nutrient recycling loops is a robust result in our model
system (Williams and Lenton 2007a). We measure recycling ratios (Volk
1998; Downing and Zvirinsky 1999) as the biological uptake flux of a
given nutrient at each time step divided by the input flux of that nutrient
to the flask. A value of 1 indicates efficient uptake of that nutrient. A
value greater than 1 indicates that recycling is occurring. Initially we ran
the model without any constraints on growth from the abiotic environ-
ment (and hence no environmental feedback) in order to concentrate on
the emergence of nutrient recycling.

Selection acting on nutrient consumption traits causes the community
to be dominated by specialist organisms adapted to take up a single
nutrient (Williams and Lenton 2007a). This occurs because organism
growth depends on the total quantity of nutrients consumed. Different
nutrients are always taken up in fixed proportions set by the genetic code
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of each individual such that overall consumption is limited by scarcity
of any required nutrient. Specializing on a single nutrient minimizes the
risk of limitation. Nutrient release patterns do not directly affect the
fecundity of individuals; therefore there is no selection of release traits.
Organisms typically excrete a mixture of nutrients (excluding the one
they consume).

In a typical run with four nutrients (figure 5.2), after initialization one
nutrient is efficiently taken up and the population is limited by its supply.
After around 8,000 time steps, adaptation of consumption traits allows
a second nutrient to be efficiently utilized, some nutrient recycling of the
two fully utilized nutrients begins, and the population increases. When
further adaptation allows a third nutrient to be efficiently utilized (after
around 18,000 time steps), the population size and recycling ratios rise
again, but it is the efficient uptake of the fourth nutrient (after around
30,000 time steps) that really boosts the population size and recycling
ratios. The population then reaches a carrying capacity that is set by the
prescribed inputs of nutrients and the assumption of a fixed fraction of
energy being lost as heat in metabolism.

When we introduce constraints on growth from the abiotic environ-
ment this leads to selection on the environmental preferences of the
organisms (Williams and Lenton 2007a). Once again single-nutrient
consumers dominate and efficient uptake and recycling of all nutrients
becomes established. Typically, after some initial meandering, the envi-
ronment settles in a fairly stable state and the community converges on
shared preferences for that environment. There is no selection of abiotic
effects on the environment because these cannot give differential benefit
to individuals (because of the well-mixed shared environment). Conse-
quently this part of the gene pool shows high diversity and genetic drift.
Genetic drift can cause the environment to shift to a different state and
the population’s environmental preferences adapt in response.

As we tighten the environmental constraints on growth a new phe-
nomenon emerges—the system becomes vulnerable to population crashes
(figure 5.3). Although “cheating” (in the sense meant by evolutionary
biologists) is not possible in a system built on by-products, “rebel”
species can appear that disrupt the system by rapidly shifting the environ-
ment into an inhospitable state as they exploit previously unused nutri-
ent stocks (Williams and Lenton 2007a). Vulnerability to such changes
is worsened by genetic convergence of the population around a shared
preferred environmental state. This convergence can cause a population
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Figure 5.2

Establishment of nutrient recycling in a typical run of the flask model with no
constraints from the abiotic environment: (a) Population size (solid line) and
analytically derived carrying capacity (dashed line), (b) nutrient recycling ratios
for the four nutrients in the system (each with a unique line type). Time is mea-
sured in 10* time steps (the plots show 50,000 time steps). Image adapted from
Williams and Lenton (2007a).
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Figure 5.3

Establishment, collapse, and subsequent recovery of nutrient recycling in a run
of the flask model with relatively tight environmental constraints on growth:
(a) Population size (solid line) and analytically derived carrying capacity (dashed
line), (b) nutrient recycling ratios for the four nutrients in the system (each with
a unique line type). Time is measured in 10* time steps, (the plots show 100,000
time steps). After around 35,000 time steps there is a crash in population size
and nutrient recycling caused by a “rebel” organism that utilizes an underused
nutrient while shifting the environment away from the state to which the
population is adapted. Image adapted from Williams and Lenton (2007a).
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crash when the environment moves too far from the condition to which
the population is adapted. Sometimes the population gradually adapts
to the new environmental state and efficient nutrient consumption and
recycling re-emerge, but in the worst case, extinction can occur. In this
latter case members of the “rebel” species destroy the ecosystem and
themselves with it—like an overvirulent parasite.

We ran large ensembles of runs for many versions of the model to
quantify the robustness of the results (Williams and Lenton 2007a). The
emergence of recycling is a robust result regardless of the tightness of
constraints from the abiotic environment. The average recycling ratio
typically asymptotes after around 50,000 time steps at a value that
depends on the efficiency of conversion of nutrients into biomass during
metabolism. For example, for a nutrient conversion efficiency of 60
percent, recycling ratio asymptotes at around 2, meaning that approxi-
mately the same amount of consumed material is from nutrient recycling
as from external supply. Extinction rates increase with tightened con-
straints from the abiotic environment (figure 5.4). These rates count both
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Figure 5.4

Number of extinct flasks in an ensemble of 500 runs as a function of the tight-
ness of environmental constraints on growth (determined by the parameter 7 in
the model). The line with crossed markers shows initial extinctions due to com-
munities being mismatched to their environment. The line with square markers
shows total extinctions at the end of a long run. The difference between the lines
indicates the internally generated extinctions due to “rebel” organisms during
the model runs. The number of initial extinctions and internally generated
extinctions both increase with tightening environmental constraints on growth.
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extinctions at initialization because the seed community is unsuited to
its environment and endogenously created extinction events caused by
rebel species. However, even for very tight constraints from the abiotic
environment, a significant fraction of systems survive.

In a single flask the abiotic environment can exhibit long intervals of
quasi-stability with relatively small variation, punctuated by brief epi-
sodes of large shifts in state. However, this is not true regulation because
the systems do not recover from perturbations. The dominant behavior
in the single-flask system is robust nutrient cycling with stochastic varia-
tion in environmental state caused by genetic drift in the environment-
altering traits of the population, sometimes with occasional discontinuities
caused by population crashes when abiotic constraints on growth are
tight.

The Emergence of Environmental Regulation

To continue our search for environmental regulation in our virtual
worlds, we constructed a spatial version of the flask model with multiple
interconnected flask ecosystems (Williams and Lenton 2008). Typically
we have ten flasks arranged in a ring with mixing between nearest neigh-
bors. Mixing occurs at each time step by transferring a fixed volume of
liquid between adjacent flasks. (Imagine simultaneously dipping and
swapping cups of liquid from neighbor to neighbor.) This simple approx-
imation to diffusive mixing transfers nutrients, abiotic factors, and
organisms between the flasks. We retain perfect mixing within each flask
but vary the degree of mixing between the flasks. Imperfect mixing
between flasks introduces environmental heterogeneity into the global
system: although the mixing process would eventually homogenize the
global environment, it does not happen on a fast enough timescale to
overcome the continual, differentiating metabolic activities of the local
microbe populations.

We have explored this system with and without adaptation of the
environmental preferences of the organisms. The same qualitative results
emerge but the interpretation is much easier in the case where we switch
off adaptation of environmental preferences and give all organisms the
same fixed environmental preference. We measure the “environmental
error” as the difference between the average environmental state and
the shared preference of the organisms. Thus with fixed preferences,
any reduction in environmental error must be due to the organisms
collectively shifting the environment toward their preference. Local
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endogenous extinctions can still occur within individual flasks, as they
did in the single-flask system. However, the rebel species responsible
rarely succeed in spreading to destroy the global system. It is more usual
to see instead the denuded flask being rapidly recolonized from its
neighbors—an example of metapopulation dynamics (Hanski 1998).
More interestingly, for intermediate mixing rates we see a reduction
in environmental error over time (figure 5.5), even when the system is
perturbed by periodically changing the input fluxes of nutrients and
the level of abiotic factors. The environmental error in an individual
run is not reduced to zero, but instead the system undertakes behavior
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Case study of the emergence of environmental regulation in a spatial system of
10 flask ecosystems connected in a ring. The solid line with error bars denotes
the actual state of the abiotic environment (mean value across all 10 flasks). The
dashed line indicates the calculated abiotic environmental state in the absence of
life. The dash-dot line indicates the universally shared microbial preference for
the abiotic environment. The dotted lines indicate the bounds of the habitable
range, found where metabolism exactly balances the maintenance costs of living.
The system is subject to random perturbations to the external forcing of the
abiotic environment every 5,000 time steps. The mismatch between the actual
state of the environment and the preferred state generally reduces over time and
the system counteracts perturbations.
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approximating to bounded stochastic variation between the upper and
lower limits of habitability. Here the bounds of habitability correspond
to the environmental states at which metabolism brings in just enough
energy to meet the essential maintenance costs of being alive. Across
an ensemble of runs (figure 5.6), the mean error asymptotes to a value
that represents the average distance from optimality of a system that is
undertaking a random walk between the habitability bounds.
Measurements of the variation of several system metrics (population
size, growth rate, nutrient availability) against environmental error
suggest that we have a system with two regimes, one in which nutrients
limit growth and the environment has no effect, and one in which the
environment limits growth and nutrients are abundant. The environment-
limited regime exists at and outside the bounds of habitability. When the
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Reduction in environmental error over time averaged over ensembles of 500
unperturbed runs (solid line) and 500 perturbed runs (dashed line) (where figure
5.5 is an example of a perturbed run). The “error” is simply the magnitude of
the difference between the preferred and the actual state of the abiotic environ-
ment. The dot-dash line indicates the expected size of the environmental error
in the absence of life. The dotted line indicates the boundary of the habitable
range, that on average the system would be in an uninhabitable state in the
absence of life.
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system strays outside these bounds then any ecosystem that collectively
improves the environment (drags it back toward the habitable region)
will experience positive feedback on growth, whereas any ecosystem that
collectively degrades the environment (pushes it further away from the
habitable region) will experience negative feedback on growth. However,
this does not explain why we typically observe environment-improving
local communities dominating the global system.

The observed dominance of environment-improving communities
requires a mechanism by which they outcompete environment-degrading
communities (figure 5.7). In the spatial flask model, this mechanism is
selection at the level of the local ecosystem based on their differential
rates of proliferation. Simply put, environment-improving communities
become larger because they reduce the limiting environmental constraint
on their growth, while environment-degrading communities become
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Figure 5.7

Schematic of the mechanism by which environment-improving ecosystems tend
to dominate the global system. In the feedback loops at the top, E denotes the
environmental state and G denotes growth. An ecosystem that collectively
improves its environment generates positive feedback on growth increasing
its population. An ecosystem that degrades its environment generates negative
feedback on growth restricting its population size. Mixing between flasks occurs
by an exchange of equal volumes of fluid and whatever microbes they contain.
Thus the environment-improving ecosystem with higher population density tends
to spread more rapidly than the environment-degrading ecosystem with lower
population density.
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smaller. Larger (and thus denser) communities spread more effectively
than smaller ones because the fixed-volume transfer mechanism between
flasks carries more individuals from a higher density population source
than it does from a lower density population. This imbalance allows the
members of environment-improving communities to eventually take over
the global system, shifting the global environment toward the optimum
for growth.

The hard-headed evolutionary biologist might suspect that the phenom-
ena we observe in our model do not involve higher level selection operat-
ing on whole ecosystems, and that they may instead be explained by the
implicit selection of a single “super-species” within an ecosystem that is
alone responsible for improving the environment. Indeed we have seen
such super-species in artificial ecosystem selection experiments with the
flask model (Williams and Lenton 2007b). However, inspection shows
that in the spatial system local communities are always highly diverse,
with many species interacting in complex ways subject to individual level
selection. There is high local diversity in values for the environment-
altering traits, showing that these traits are selectively neutral at the
individual level, but the global mean value of environment-altering traits
clearly alters to counteract changes in external forcing. This demonstrates
that selection pressure on these traits is active at some level, which our
analysis shows to be the level of the ecosystem. We do not claim any
long-term community-level adaptation (given the ongoing disruption
from migration and mutation) but only the presence of selection acting
over short timescales to promote the spread of communities that improve
their environment over those that degrade their environment.

Where Next?

Our search for Gaia in the computer appears to have succeeded. The
multiple-ecosystem flask model self-regulates (in the sense that it main-
tains a habitable environment and counteracts perturbations), despite
being built on by-products. Ensembles of runs with the spatial model
show a progressive improvement in the environment over time. These
results are especially interesting given arguments by others questioning
whether a global system built on by-products would tend to regulate
(Volk 1998). The mechanism of regulation involves multiple levels of
selection without needing selection at the level of the planet, and we
believe that it represents a novel mechanism for generating environ-
mental regulation. Although reproduction of an ecosystem is clearly less
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faithful in its replication than reproduction of an organism, there is still
enough short-term heritability of collective environment-improving
properties for communities with them to spread across the global system.
Interestingly our mechanism involves shifting the localization of the
environment to the ecosystem level so that our flask ecosystems become
somewhat akin to the daisies of Daisyworld.

We have run the model with evolvable preferences and obtain quali-
tatively similar results. It is harder to disentangle what is causing the
behavior when preferences evolve. This is because moving preferences
toward the environment has an environmental error-reducing effect
equivalent to that of moving the environment toward preferences. We
have done extensive parameter sensitivity studies of the model system
in both scenarios, and the results are robust. We have also reflected on
how evolutionary biologists might critique the model. Clearly, we have
built into the spatial model the necessary level of population structure
for multilevel selection to operate. Environmental heterogeneity at some
scale and corresponding selection of communities based upon it is criti-
cal to getting environmental regulation. However, such structure and
environmental heterogeneity exist in the real world.

Having homogenized the local environment in the model, and ban-
ished environment-altering traits that cost their carriers, one next step
would be to relax these assumptions. A more general model would allow
the possibility of individual-level environmental alteration and selection
of the traits responsible. Our contention is that there are cases in the real
world where costly environment-altering traits are selected because they
beneficially alter the immediate environment of the organism sufficiently
to outweigh the cost and bring a net fitness increase. This scheme may
be extended to improving the environment of one’s offspring or other
relatives, provided that the cost of such altruism is balanced by the
benefit accruing to kin (Hamilton 1964). Niche construction (Odling-
Smee et al. 2003) and its close relation, ecosystem engineering (Jones
et al. 1994), describe cases where the environment-altering activities of
an organism alter the selection pressures faced by the individual and its
descendants. Examples where costly environmental alterations offer a
selective benefit include the beaver’s dam, ant colonies, termite mounds,
and many more (Odling-Smee et al. 2003). There are also a host of
phenomena in terrestrial ecosystems, such as sphagnum moss forming
a peat bog that excludes trees, where it is unclear which mechanism
to invoke to explain what is going on. Hamilton argued (personal
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communication to T.M.L.) that multilevel selection might play a role in
shaping such systems. By allowing for a wider range of possibilities
in the model, we could address what is the most likely explanation
for specific scenarios in the real world.

Wider Implications

We have taken the constructive critics of Gaian regulation seriously and
built a model with environmental alteration based only on by-products
of metabolism. Recycling emerges as a robust Gaian property and in our
spatial system environmental self-regulation also occurs. This suggests
that what critics argue is the most “acceptable” version of Gaia theory
may need revising. Even if “Gaia is life in a wasteworld of by-products”
(Volk 2004), such a Gaia can still self-regulate, keeping the environment
within habitable bounds and counteracting perturbations. A necessary
condition for regulation is heterogeneity in the environment at some scale
(in our model, between local flask ecosystems). This means we cannot
apply the argument to truly well-mixed global variables such as the
dominant gases in the atmosphere, but in principle, it could apply to any
biologically-influenced non-nutrient variable that exhibits spatial gradi-
ents between different parts of the planet, such as aspects of the climate
(e.g., temperature).

We also suggest that one should not be too dogmatic in focusing only
on the version of the Gaia theory that is acceptable to critics—we
strongly suspect that there are more than just by-products at play in
shaping the real Gaia system. It is conceivable that an environment-
altering trait may start life as a by-product but then be selected for its
environmental effects, thus becoming adaptive. This was the argument
put forward by Hamilton and one of us (T.M.L.) when thinking about
the benefits of dimethyl sulphide emission and biogenic ice nucleation to
aerial dispersal of spora (Hamilton and Lenton 1998).

In our model worlds, seemingly “cooperative” enterprises such as
recycling and regulation robustly appear. In the spatial system, when
the environment is limiting to growth, ecosystems or communities that
“foul their nest” lose out to those that improve their local conditions.
This has implications beyond our model, such as for life on the early
Earth, for modern ecosystems, and for the human situation. There is
no “tragedy of the commons” (Hardin 1968) in our model worlds.
All individuals change their environment, but when the environment is
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limiting, environment-improving ecosystems Oor communities come to
dominate.

It is pertinent to ask whether any parallels can be drawn between our
model mechanism and the current predicament of human communities
causing and experiencing climate change. Up until now, we humans have
been a “rebel” species, altering the global environment as a by-product
of more locally selected activities; for example, carbon dioxide emissions
are a by-product of fossil fuel burning to produce energy. The “com-
munity-selection” mechanism cannot help solve the problem of rising
carbon dioxide levels because carbon dioxide is a globally well-mixed
variable. In this case the “tragedy of the commons” applies: communities
that lower their carbon dioxide emissions will not see a differential
climate benefit to those that increase theirs. However, if communities use
localized mechanisms to lower their temperature, then there may be some
scope for them to feel a differential benefit. Already there is inadvertent
aerosol cooling due to fossil fuel (especially dirty coal) burning, which
is masking greenhouse warming across some regions. If aerosol cooling
were taken away, these regions would experience the greenhouse warming
unmasked. In California, measures are being implemented to make build-
ing roofs and vehicles more reflective in order to counteract the combined
global warming and urban heat island effects. More radically the pros-
pect of climate engineering has been proposed, in particular, injecting
aerosol into the stratosphere to cool the surface. If nations, for example,
chose to deploy such strategies for their own benefit, this could introduce
interesting dynamics in the global system. Whether such strategies are
“selected” depends on their cost relative to the savings from avoided
climate change damages. However, it is now clear that climate change
damages could be expensive enough to restrict the growth of economies
(Stern 2006), raising the possibility that a form of economic “community
selection” could occur. The communities selected would be those that
deploy strategies to keep themselves cool that cost less than the climate
damages they manage to avoid. The community could be at a range of
scales, from villages to continents, depending on the strategy used.

Conclusion
Our search for Gaia in the computer has proved illuminating. In our

virtual worlds, recycling and self-regulation of the environment within
habitable bounds robustly emerge. If we draw an analogy between
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our model and microbial life on the early Earth, then we have some
confidence that once life got started it would have soon solved the
problem of nutrient recycling. Once there was a population of bacterial
ecosystems, perhaps in ponds in different meteorite craters, or in differ-
ent gyres of the ocean, or around different hydrothermal vents, environ-
mental self-regulation could have emerged. Self-regulation would have
worked best for somewhat heterogeneous environmental variables. We
are still a long way from addressing the question (raised at the start of
this chapter) of how probable a regulating and recycling Gaia system
like the one we inhabit today might be, given the existence of life on
a planet and 4 billion years of evolution. It is also important to remem-
ber the limitations of computer modeling and that artificial life in silico
is fundamentally different from biological life. However, with these
caveats in place, we nonetheless have increased confidence that a self-
regulating “microbial Gaia” is a probable outcome once life gets started
on a planet.
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6

Forest Systems and Gaia Theory

H. Bruce Rinker

Land, then, is not merely soil... [I]t is a sustained circuit, like a slowly augmented
revolving fund of life.

Aldo Leopold, Sand County Almanac, 1949

Gaia theory relies on the notion of feedback (Margulis and Sagan 1997;
Rapport et al. 1998). Clearly, for forest systems an association exists
between nutrient concentrations of tree foliage and the nutrient content
of forest soils (Innes 1993). The mineral nutrition of trees closely reflects
the availability of nutrients in specific soils that is determined by the
composition of bedrock. Soil quality has long been known to influence
forest productivity (Innes 1993; van Breeman 1992; Binkley and
Giardina 1998): “Soil supports the plants and animals that in turn create
and maintain the myriad hidden processes that translate into soil pro-
ductivity” (Maser 1993). At the same time many lines of evidence cor-
roborate the effects of trees on various soil types (Binkley and Giardina
1998), including those in marginal or degraded lands. Thus forests and
soils are coupled feedback systems wherein changes in one element affect
changes in the other, which subsequently feed back on the original
change (van Breeman 1992).

Forest Systems and Gaia Theory

In this chapter we will see that canopy insects and soil fauna—tiny organ-
isms such as springtails and mites—interact via inputs from the “upstairs”
to the “downstairs.” That story of interactions will be told through two
wide-ranging studies: one in the temperate forests of western North
Carolina, the second in the eastern rainforests of Puerto Rico. Until these
studies the complex interactions between “upstairs” and “downstairs”
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processes had not been quantified sufficiently in temperate and tropical
systems. The feedback mechanisms inherent in Gaia theory that operate
between forest canopies and forest soils, though mostly unformulated at
present, may prove to be important considerations for our conservation
strategies on local and global levels. No matter the scale of our scrutiny,
canopy herbivores and soil fauna may indeed be the warp and woof for
the ecological circuit of forests.

Ecological Links between Canopy and Ground

Canopy processes, such as decomposition and nutrient cycling, are
coupled to those of the forest floor through inputs of leaf and twig litter,
rainwater, and insect droppings (Schowalter and Sabin 1991; Schowalter
et al. 1991; Lovett and Ruesink 1995). Herbivory by insects in forests
may impact primary productivity and nutrient cycling (Mattson and
Addy 1975; Kitchell et al. 1979; Schowalter et al. 1991) and even alter
foliar chemistry (e.g., Feeny 1970; Mattson 1980; Swank et al. 1981;
Schultz and Baldwin 1982; Ritchie et al. 1998; Stadler and Michalzik
2000). Phytophagous, or leaf-eating, insects in forest canopies drop
materials into the soil community through two major pathways. First,
herbivores introduce frassfall (insect excreta), greenfall (fragmented leaf
tissue dropped during herbivory), and leaves abscised prematurely to the
forest floor (Schowalter and Sabin 1991; Schowalter et al. 1991; Risley
and Crossley 1993; Lovett and Ruesink 1995; Fonte and Schowalter
2004). Second, throughfall (rainwater modified by its passage through
the forest canopy) is altered by the combination of dissolved frassfall and
modified leachates, or dissolved organic material, from damaged leaves
(e.g., Stadler and Michalzik 2000; Reynolds and Hunter 2001). These
pathways sometimes combine to introduce increased amounts of carbon
(C), nitrogen (N), and phosphorus (P) into the soil community (Reynolds
et al. 2000; Reynolds and Hunter 2001). Increased activity by mites,
springtails, and other soil fauna, comminuting these herbivore-derived
inputs in the soil, then produce increased levels of leaf litter decomposi-
tion. Ecological links between canopy herbivores and soil fauna, however,
such as herbivory and decomposition, have long remained unquantified
(Schowalter et al. 1986; Risley and Crossley 1993; Reynolds and Hunter
2001; Rinker 2004a).

Organisms that comprise the decomposer food web include microflora
(e.g., bacteria and fungi), microfauna (e.g., protozoa and nematodes),
mesofauna (e.g., mites and springtails, also known as microarthropods),
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and macrofauna (e.g., earthworms and termites). Numerous researchers
(e.g., Seastedt 1984; Moore 1988; Moore et al. 1988, 2003; Laakso and
Setdld 1999; Wardle 2002) have summarized the integral roles of soil
mesofauna in ecosystem processes such as decomposition and nutrient
cycling. Unlike the “green food web” aboveground, where the primary
drivers are the autotrophs, the “brown food web” on the forest floor is
dominated by heterotrophic organisms. Either these multiscaled organ-
isms break down complex carbohydrates in plant-derived detritus
directly, mineralizing the associated nutrients by converting them from
an organic to an inorganic state, or they govern microbial processes by
feeding upon microbes and each other (Wardle 2002). The autotrophs
determine the amounts of carbon entering the food web, but the hetero-
trophs are responsible for governing the availability of nutrients required
for plant productivity: thus two subsystems locked into a kind of obligate
mutualism. Because of the vast range of body sizes of soil fauna, they
determine soil processes across broad spatial scales (Moore et al. 1988;
Laakso and Setila 1999; Wardle 2002). Soil microbes often perform the
initial breakdown of organic material, acting upon substrates to concen-
trate nutrients, modify toxic and recalcitrant substrates, and make sub-
strates more palatable (Moore et al. 1988). After bacteria and fungi
colonize the litter, arthropod-mediated comminution helps to accelerate
microbial activity and decomposition via facilitative succession (Moore
et al. 1988).

Forest soil mesofauna, sometimes called soil plankton (Johnston 2000),
consume fungi and bacteria as they comminute detritus, thereby affecting
primary production, decomposition, nutrient cycling, microbial structure
and activity, and food-web stability (Moore et al. 1988; Heneghan et al.
1999; Rinker 2004b). Ecologically, collembolans or springtails are clas-
sified as fungivores (Wardle 2002), but are also consumers of decaying
vegetation and associated microbes in ways that defy exact placement in
trophic groups. Most authors agree, however, that these opportunistic
microarthropods, as “r-selected” specialists,' play an important role in
rhizosphere dynamics (Coleman and Crossley 1996). As “K-selected”
specialists,” mites (especially the oribatids) are mixed feeders in detrital
food webs. Oribatid mites are usually fungivores or detritivores (Woolley
1960; Wallwork 1983). More numerous in temperate climates than in
tropical ones, prostigmatid mites have several feeding habits: many
species are predatory, but some are fungivorous or feed on microbes
(Luxton 1981). The mesostigmatid mites are nearly all carnivorous
(Hunter and Rosario 1998). Pseudoscorpions, of course, are miniature
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predators in forest litter layers; more numerous in tropical and sub-
tropical climates than in temperate ones, these diminutive cryptozoans
prey on worms, mites, and other small arthropods (Coleman and
Crossley 1996). Thus springtails and oribatids fragment forest litter that
then provides new surface areas for microbial colonization. Prostigma-
tids, mesostigmatids, pseudoscorpions, and other upper level mesofauna
affect the densities of the collembolans and oribatids, whose populations
may in turn influence rates of decomposition.

The hypothesis for the projects in North Carolina and Puerto Rico
was simple and straightforward: herbivore-derived inputs from the
canopy influence the decomposition of plant materials on the forest floor.
Further the researchers predicted that changes in frassfall, greenfall, and
throughfall from herbivory change the decomposition rates and the
abundance and diversity of soil mesofauna. Manipulating the pathways
between the “green food web” and the “brown food web” (viz., addi-
tions or exclusions of frassfall, greenfall, and throughfall) helped to
quantify the ecological links between aboveground and belowground
components of temperate and tropical forests and, thereby, demon-
strated their relevance for the systems’ overall health and conservation
(Rinker 2004a). Such links between the “green food web” and the
“brown food web” also hint at Gaian-type regulation of forest ecosys-
tems. Canopy leaves provide sugars for the ever-hungry herbivores that
then produce a plethora of materials to nourish the decomposers far
below on the forest floor, allowing them in turn to influence the trees
that produce the sugar-filled leaves.

A Temperate Forest in North Carolina

Barbara C. “Kitti” Reynolds and Mark D. Hunter, researchers from the
University of Georgia’s Institute of Ecology, conducted a comprehensive
ecological study over several years at the Coweeta Hydrologic Labora-
tory operated by the US Forest Service (see Reynolds and Hunter 2001;
Reynolds et al. 2003). The laboratory is located in the Nantahala
Mountain Range of western North Carolina (N35°03” W83°25") within
the Blue Ridge Physiographic Province (Swank and Crossley 1988). The
researchers selected three sites with similar physical aspects and vegeta-
tion, but ranging in elevation from 795m (low elevation) through
1,000m (mid-elevation) to 1,347m (high elevation) (Reynolds and
Crossley 1995). Common tree species on the low elevation, north-facing,
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cove terrain site included Liriodendron tulipifera (tulip poplar, Magno-
liaceae), Acer rubrum (red maple, Aceraceae), Quercus rubra (northern
red oak, Fagaceae), Betula lenta (sweet birch, Corylaceae), and Carya
sp. (hickory, Juglandaceae). The mid-elevation mixed-oak forest faced
northeast and was dominated by A. rubrum. Other important tree
species were Q. rubra, Q. prinus (chestnut oak, Fagaceae), B. lenta, A.
pennsylvanicum (striped maple, Aceraceae), and Tsuga canadensis
(eastern hemlock, Pinaceae) with Rhododendron maximum (great rho-
dodendron, Ericaceae) as the primary understory. The high-elevation
site was a northern hardwood stand that also faced northeast. The most
common trees were Q. rubra, A. rubrum, A. pennsylvanicum, and B.
lutea (yellow birch, Corylaceae) with an understory of R. maximum, R.
calendulaceum (flame azalea, Ericaceae), and Clethra acuminata (sweet
pepper bush, Clethraceae). Soil types, annual precipitation, and average
temperatures also varied with elevation.?

Litterbags and Tullgren extractors are standard equipment for quan-
titatively sampling leaf litter for microarthropods (Crossley and Hoglund
1962). Litterbags containing Q. rubra and A. rubrum litter were placed
at the three elevations along a moisture/productivity gradient and sampled
monthly for two years (see Crossley and Hoglund 1962). Microarthro-
pods, nematodes, and litter mass loss responses to the productivity
gradient were measured. The relative abundance of springtails and mites
was compared across the gradient. Herbivore inputs simulating the effect
of canopy herbivory on soil processes included frassfall additions,
throughfall additions, greenfall exclusions, and total litter exclusions as
experimental treatments. Treatment did not have a significant effect on
decomposition rates, but mass loss was greatest at the middle and high
elevations and greater on two-year-old litter than on one-year-old litter.
Nematode densities were also greater on the older litter. Experimental
additions of frassfall to plots on the low- and mid-elevation sites resulted
in an increase in springtail abundance in litterbags from those plots. Plots
with frassfall and throughfall additions also showed increased numbers
in some types of nematodes (bacterial and fungal feeders) in some months.
Numbers of some types of mites (i.e., oribatids and prostigmatids) were
reduced in litter exclusion plots. Thus results from the North Carolina
study suggest not only significant influences of elevation on litter decom-
position, and the abundance and diversity of soil fauna, but positive
correlations between canopy herbivory and responses in the population
densities of forest floor biota.
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A Tropical Forest in Puerto Rico

Steven J. Fonte, at the time a researcher from Oregon State University,
and I conducted this study in Puerto Rico’s Caribbean National Forest
near the El Verde Field Station at roughly 400-nm elevation. While Steve
focused on nutrient cycling, I examined the links between canopy her-
bivory and soil microarthropods such as mites and springtails (see Rinker
2004a). Because of constraints of time, budget, and staffing we studied
a single location rather than multiple elevation sites. The El Verde station
is located in the northwestern portion (N18°10” W65°30°) of Luquillo
Experimental Forest, a long-term ecological research site (LTER) within
the national forest in eastern Puerto Rico. Prior to its designation as
public land around 70 years ago, the site was part of a small farm for
coffee, fruit, and charcoal production. Vegetation is shallow-rooted with
the greatest root biomass in the upper 10 cm of soil. The subtropical wet
forest is dominated by Sloanea berteriana (motillo, Elaeocarpaceae),
Dacryodes excelsa (tabonuco, Burseraceae), Prestoea montana (sierra
palm, Arecaceae), and Casearia arborea (rabo raton, Flacourtiaceae).
The ecosystem is classified as subtropical moist and subtropical wet
forest in the Holdridge Life Zone System (Holdridge 1947; McDowell
et al. 1996). Its soil type, annual precipitation, and average temperature
varied dramatically from the North Carolina site.*

Litterbag samples, filled with recently senesced leaves of D. excelsa,
were measured for mass loss due to decomposition at six sample dates
through a 36-week treatment period at a single elevation site. They were
also analyzed for their abundance and diversity of springtails, three
suborders of mites (oribatids, prostigmatids, and mesostigmatids), pseu-
doscorpions, nematodes, and “other” soil mesofauna. As herbivore-
derived inputs, additions of frassfall, greenfall, and throughfall (or,
collectively, the experimental treatments) promoted the abundance and
diversity of some soil microarthropods and other mesofauna. No sig-
nificant treatment effects were observed, however, on litter decomposi-
tion. During the sample period numbers of most organisms increased
except at the transition between dry and wet seasons; the numbers of
mesostigmatids and “other” mesofauna, however, continued to rise. A
positive response was observed among total mesofauna to frassfall addi-
tions. Frassfall also had a dramatic positive effect on the densities of
microarthropods relative to those of the control groups. Pseudoscorpions
increased in response to throughfall additions. Numbers of nematodes
were negligible, so it was difficult to ascertain a treatment effect on these
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organisms. In terms of treatment effect on estimated numbers of meso-
fauna per meter square of forest litter, frassfall had the greatest relative
impact, followed by greenfall and then throughfall. When contrasted
against the controls, oscillations in the densities of some mesofauna in
the treatment litterbags indicated a predator—prey feedback system, espe-
cially for frassfall and greenfall additions. Further the densities of “other”
mesofauna increased over time, especially for frassfall additions; impor-
tantly, these “other” fauna included the larvae of numerous kinds of
macroinvertebrates, suggesting detrital succession in the litterbag micro-
cosms. Hence, like the North Carolina study, herbivore-derived inputs
also play a significant role in the spatial and temporal dynamics of
soil mesofauna in Puerto Rico. Such effects have important consequences
for decomposition and, ultimately, for the health of the entire forest
ecosystem.

Discussion and Future Direction

Wardle (2002) reported a wide range of consumer responses to plant
productivity in decomposer food webs due to (1) hidden factors that
co-vary with treatments, (2) context-dependent top-down or bottom-up
ecological forces, (3) competition between plants and decomposers for
carbon resources and other nutrients, and (4) active feedback systems
between decomposers (not just donor-driven) and plants (not just passive
providers). Terrestrial ecosystems consist of a producer subsystem and a
decomposer subsystem (Wardle 2002). These plant and decomposer
subsystems are obligate mutualists in carrying out processes required for
the long-term maintenance of forests—and thus the health of both is an
important consideration for ecological restoration and land-management
practices. The experimental design of the projects in North Carolina
and Puerto Rico partitioned different temporal and spatial components
involved in the transfer of crown, or canopy, materials to the floor in
temperate and tropical systems. Although these studies did not track the
entire ecological loop (i.e., the feedback from forest floor to forest
crown), their results helped quantify the first turn in the loop—the degree
to which herbivory in the treetops influences soil mesofauna over a
period of time. In the two experiments the positive effects of experimen-
tally manipulating canopy frassfall, greenfall, and throughfall on soil
invertebrates in temperate and tropical forests were unequivocal but
varied by study site. Table 6.1 provides site comparisons for treatment
effects from the North Carolina and Puerto Rico studies.
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Table 6.1

Site comparisons for Coweeta Hydrological Station in North Carolina and
Luquillo Experimental Forest in Puerto Rico

Aspect

Coweeta

Luquillo

Location
Forest type

Dominant canopy
species

Elevation for
experiment

Average rainfall
Average temperature
Decomposition rate

Density for mites and
springtails

Frassfall addition
Frassfall exclusion

Greenfall addition

Greenfall exclusion
Throughfall addition

Throughfall exclusion

Total litter exclusion

N35°03' W83°25'
Deciduous
Liriodendron tulipifera
Quercus rubra

Acer rubrum

Carya spp.

Multiple (795, 1,000,
and 1,347 m)

194 cm (low elevation)
to 245 cm per year
(high elevation)

17°C to 20.5°C (July)

Moderate; no
treatment effect

Varied by date and
elevation

Increased collembola
and prostigs

NA
NA

Increased collembola
at low elevation

Increased collembola
in August

NA

Decreased oribatids,

more at mid- than at
low elevation

N18°10' W65°30"
Tropical

Sloanea berteriana
Dacryodes excelsa
Prestoea montana
Casearia arborea

Single (350 m)

350 cm per year

21°C (Jan) to 25°C (May)

High; no treatment effect

111 to 787 per g DW litter;
22,000 to 98,000 per m?
litter (controls)

Increased total mesofauna
and increased “other”
mesofauna

NA
No treatment effects

NA
Increased pseudoscorpions

NA
NA

Source: National Science Foundation grant DEB-9815133.
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Experimental additions of canopy inputs to the research plots in North
Carolina and Puerto Rico did not affect the rates of decomposition in
forest litter. Of course, the sample period for the tropical site represented
only a portion of a year, overlapping both the wet and dry seasons. These
findings are consistent with reports from other researchers in temperate
and tropical regions (e.g., Seastedt 1984). Canopy inputs did seem,
however, to shape the abundance and diversity of mesofauna at both
locations. Such findings may indeed be another confirmation from the
field that ecological redundancy (a functional aspect of many detrital
food webs for both aquatic and terrestrial systems in which multiple
species seem to fill the same niche and, by definition, are individually
superfluous; Laakso and Setild 1999; Oldeman 2001) holds true on
multiple taxonomic levels for soil mesofauna, particularly for the rain-
forests of Puerto Rico: decay proceeds steadily and at a fairly constant
level, apart from canopy inputs and species composition. In other words,
collective system physiology—not community morphology—may be
primary to its ecological processes: it’s what they do, not what they are,
that may matter ultimately.

The densities of microarthropods per meter square of forest litter in
both the control and the treatment groups in Puerto Rico exceeded previ-
ously reported estimates. Seastedt (1984) found densities of micro-
arthropods in the tropics (and other areas with low amounts of soil
organic material) to be less than 50,000 per meter square. Pfeiffer (1996)
put forward an estimated 17,000 organisms per meter square for spring-
tails and mites combined for Puerto Rico. He attributed this relatively
low number to two factors: the scant levels of resources afforded by a rel-
atively sparse litter layer and the abundant array of arthropod predators
concentrated in a habitat with limited refuges for prey. Our experiment
in Puerto Rico, however, reported higher densities of mesofauna (includ-
ing microarthropods) per meter square of rainforest litter that generally
increased over time, whether among the controls or the treatment groups,
with some oscillations that may signal the emergence of a detrital succes-
sional community (table 6.1). A number of possibilities exist for
the apparent discrepancy between the results of this study and that of
other researchers: an enhanced leaf litter due to intervening hurricanes
and tropical storms, the proximity of a nutrient-rich stream in the study
site, abundant and heretofore undocumented refuges for prey species,
and the existence of biological “hotspots” for soil mesofauna previously
unmeasured. All of these possibilities deserve further evaluation.
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When the densities among the treatment groups in Puerto Rico were
compared to that of the controls, an intriguing pattern emerged. At the
onset of the experiment, nearly all groups exhibited a decline in density
except for the prostigmatids, whose numbers seemed enhanced by frass-
fall and throughfall. Then the densities of the microarthropods started
to oscillate, as compared to that of the controls, with vague initial resem-
blance to a standard Lotka—Volterra feedback model (see Odum 1971):
collembolan and oribatid populations had a positive effect on the popu-
lation sizes of predatory prostigmatids, mesostigmatids, and pseudoscor-
pions, which in turn had an inhibiting effect on their prey (figure 6.1).

For example, the positive correlation between throughfall and numbers
of pseudoscorpions could have reflected, at least in part, the increased
density of oribatids and other potential prey species that responded
similarly to treatment inputs. Did treatment trigger (or even accelerate)
predator—prey interplay as the litterbag communities became established?
Toward the end of the tropical experiment, however, these oscillations
in the litterbags—if in fact they continued—were obscured by the entry
of “other” arthropods, including macrofauna such as immature or larval
spiders, beetles, termites, isopods, and hemipterans, and thereby enhanced
the complexity of the litterbag microcosms by providing for an advanced
detrital succession (figure 6.2).

Soil moisture is usually considered the most important ecological
factor for those species, such as springtails, that cannot withstand low
humidity (Badejo and van Straalen 1993). As populations of these
moisture-sensitive species declined in Puerto Rico through the dry season,
so did many of the organisms that fed upon them. Exceptions included
mesostigmatids and “other” arthropods that, accordingly, could have
switched to other prey items. The data indicate that complexity in the
detrital food web developed in the litterbag microcosms, eventually
attracting macrofauna such as spiders, beetles, termites, isopods, and
hemipterans to the system (or at least their larval stages). These larger
organisms, residing in higher trophic levels, seemed less dependent on
humidity and more dependent on other ecological co-variables in the
forest litter for their survival. In the comminution of forest litter, then,
bacteria are the colonizers, microarthropods the pioneers, and larger
invertebrates a kind of staid occupier that enters the system only after it
has been primed by its smaller cousins—corroborated here by the emerg-
ing picture in Puerto Rico of the spatial-temporal links between forest
canopy and forest floor.
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Figure 6.1

Comparison between oscillations in litterbag populations of collembolans
(prey) and mesostigmatid (predator) mites from Puerto Rico, suggesting a Lotka—
Volterra feedback model, especially in early detrital successional stages. Trend
lines for frassfall (F), greenfall (G), and throughfall (T) manipulations are
provided for purposes of illustration.
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Figure 6.2

Changes in the litterbag populations of “other” mesofauna throughout the 36-
week study in Puerto Rico, indicating an advanced stage of detrital succession
as macrofauna enter the system to replace mesofauna; “other” mesofauna
included the larvae of macrofauna. Trend lines for frassfall (F), greenfall (G),
and throughfall (T) manipulations are provided for purposes of illustration.

Canopy inputs for Puerto Rico had other, somewhat ambiguous effects
on the abundance and diversity of soil fauna. Frassfall tended to affect
positive changes in abundance and diversity in comparison to other
canopy inputs. This finding paralleled similar studies in the same tropical
forest (e.g., Fonte 2003) and in North Carolina (e.g., Reynolds et al.
2003). Probably awash in bacteria and fungi and more readily decom-
posed than greenfall, insect excreta may present “islands of fertility”
(Wardle 2002), a spatial variability of organisms and processes in the
aboveground/belowground ecology of the forest that links herbivory to
decomposition. In the tropical study, pseudoscorpions responded posi-
tively to throughfall additions. This may have reflected a hidden treat-
ment effect on their major prey species (e.g., oribatids and larval forms of
macroinvertebrates) more than any direct influence on the predators
themselves. On the other hand, totals for collembolans and mites were
not significantly affected by treatment additions. For this specific project
the impact of canopy herbivory sometimes exceeded that of litter; that is,
enhanced frassfall, greenfall, and throughfall showed positive effects on
the abundance and diversity of soil mesofauna relative to the control
groups. Somewhat ambiguous results point, however, to the need for a
longer term study of the top-to-bottom ecological links in tropical forests.
Further, given that Puerto Rico is a tropical island (with its inherent
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resource limitations, climate, and endemic species), alternative sites in
locations such as the Amazon and Congo Basins for comparative studies
are strongly recommended. Such research might allow the more general,
or universal, links between herbivory and soil decomposition to emerge.
The results of these experiments in North Carolina and Puerto Rico
have added to the growing evidence that forest canopies and soils indeed
represent linked feedback loops through the processes of herbivory and
decomposition. Any study of forest ecosystems encompassing just a few
weeks or years cannot hope to address all the variation that occurs in the
system due to changes in microclimates, populations of herbivores and
their predators, interactions between microbes and soil nutrients, and a
host of other hidden, or unknown, factors and processes. Such a com-
prehensive perspective necessitates long-term ecological study of these
systems. On the other hand, the projects described herein demonstrated
that variations in the canopy can have significant influence on the abun-
dance and diversity of some soil invertebrates in temperate and tropical
forests, though not necessarily on the rates of decomposition. Manipula-
tions of frassfall, greenfall, and throughfall, as herbivore-derived inputs,
can play a quantifiable role in the spatial and temporal dynamics of
microarthropod populations. These are expected to have important con-
sequences for soil processes, reverberating back to the canopy and, ulti-
mately, affecting the health of the tropical forest ecosystem as a whole.
Food webs often serve as a basis for the development of ecosystem models
(especially for patterns of nutrient and energy flow) and can be used as
efficacious tools for management and decision making (Johnston 2000).
As feedback loops, they may also illustrate aspects of Gaia theory.
Numerous questions emerged from these studies that identify paths for
future study, providing a map for researchers as we continue our analy-
sis of the ecological links between the “green food webs” and the “brown
food webs” in temperate and tropical systems. Microarthropods, par-
ticularly springtails and oribatid mites, probably contribute much to the
aboveground food webs in temperate and tropical forests. What verte-
brates and macroinvertebrates feed upon these microarthropods directly?
How are their populations affected when vertebrates and macroinverte-
brates consume their major predators? What are some of the effects of
decomposer community structure on primary productivity in temperate
and tropical forests? That is, how are soil mesofauna linked back quan-
titatively to plants and their canopy herbivores? Is ecological redundancy
in edaphic communities (see Oldeman 2001) a reflection of scale? In other
words, is redundancy a reality or just an artifact of spatial/temporal scale
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inherent in the study? Further, is ecological redundancy a hint of Gaian
self-regulation of ecological services on a local scale? These questions
about ecological redundancy are not meant to be spurious arguments to
ameliorate the regretful consequences of human-caused extinction but an
encouragement to learn whether such redundancy is a reality as it seems
in other living systems (e.g., codons and protein synthesis). How can we
best compare the strength and vigor of feedback loops? Are top-down
influences more or less potent than bottom-up ones in temperate and
tropical forests? How are these influenced by extrinsic factors such as
temperature and moisture? And, finally, how can one best measure the
overall health of any biological system, whether on an organismal or an
ecological level? Both natural systems are open and thus vulnerable. Are
species richness and trophic dynamics sufficient indicators of health for
scales above the level of organism? What is the best way to quantify and
then compare these ecological links (e.g., via their vigor, resiliency, and
degree of trophic interconnectedness)?

Conclusion: “Upstairs” and “Downstairs” Processes in Forest Systems

Few studies have directly compared ecological processes between tropical
and temperate systems (but see Coley and Aide 1991; Lowman and
Wright 1994). One major difficulty of across-site comparisons has been
the lack of standardized protocols for field measurements. At a National
Science Foundation workshop (1995) on database management, partici-
pants stressed the value of standardized protocols for accurate com-
parisons among sites. Another recognized difficulty is the strong influence
that climate and vegetation exert on soil properties (Hobbie 1992).
Tropical rainforests typically have low-nutrient soils while temperate
forests generally have high-nutrient soils. Rates of nutrient allocation
and demand, along with local climate and soil microbes, make across-site
comparisons difficult. Plant and animal assemblages in tropical forests
also exhibit extreme patterns when compared to those in temperate
forests (MacArthur 1969), compounding any comparative ecological
studies for these biomes. For example, because the tropics have more
intense competition, predation, parasitism, and disease than temperate
areas, a lower ceiling exists on the abundance of any given species, thus
allowing more species to fit into equatorial forests.

Furthermore few studies have linked ecological processes between
forest canopies and ground-level soils via feedback loops. Intuitively and
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anecdotally, scientists have noted numerous differences in the micro-
environments for various vegetation strata yet few studies exist that
quantify possible links among these layers. Especially intriguing is the
apparent connection between canopy herbivory and soil decomposition
in temperate and tropical forests. Insect herbivores exert enormous, well-
documented pressure on photosynthetic tissue in treetops during out-
break and nonoutbreak settings. They also produce numerous canopy
inputs, including excrement and other droppings from their relentless
foraging. Soil decomposers are vital for nutrient cycling. Canopy inputs
seem essential for the ground-level nutrient cycle. If so, then conserva-
tionists must know something about this linkage for effective long-term
forest management.

Canopy ecologists are shifting their emphasis from a descriptive aut-
ecology of individuals to a more complex ecological approach including
the development of conceptual models (Lowman and Wittman 1996;
Reynolds and Hunter 2001). The complexity of temperate and tropical
systems demands such an interdisciplinary avenue of study. Canopy
researchers have predicted for some time that the emphasis of their work
would adjust inevitably to address relationships between plants and
animals (Schowalter et al. 1986) and between canopy and forest floor
(Lowman and Wittman 1996). Ecological studies that link vegetation
strata, address intrinsic differences in biota and seasonality, and compare
temperate and tropical associations are not only timely studies; they are
also indispensable ones for a pragmatic grasp of the energy circuit oper-
ating in the world’s forests. Such multifaceted linkages are embedded in
Gaia theory from their local to global levels of association. Even among
tiny canopy herbivores and soil decomposers munching away in temper-
ate and tropical forests, evidence of Gaia is measureable and ever-
evolving. More germane than reductive approaches to the complexities
of forest ecology, Gaia theory provides an appropriate conceptual model
for coupling the temporal-spatial aspects of forests in terms of intricate
feedback loops among the subsystems operative within them.

Notes

These studies were supported, in part, by the National Science Foundation (DEB-
9815133), the Robert and Patricia Switzer Foundation, the New Hampshire
Charitable Foundation, the Marie Selby Botanical Gardens (Sarasota, FL),
Coweeta Hydrologic Laboratory (Otto, NC), El Verde Field Station (Luquillo,
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Puerto Rico), and several private grants. Much appreciation is extended to Rita
Aughey, Sunny Birdsong, Eileen Crist, Amanda Durbak, Steven J. Fonte, Steven
J. Harper, Mark D. Hunter, Beth Kaplin, Donna J. Krabill, Saul Lowitt, Thomas
E. Lovejoy, Margaret D. “Canopy Meg” Lowman, Virginia Miller, Lynn
Margulis, Martin Ogle, Alonso Ramirez, Barbara C. “Kitti” Reynolds, Timothy
D. Schowalter, Rachel Thiet, and the Pinellas County (FL) Department of Envi-
ronmental Management.

1. An r-selected specialist—from the r term in the logistic equation—refers to
those species whose populations are controlled primarily by density-independent
factors. In general, such species have many offspring that are small, mature
rapidly, and receive little or no parental care.

2. A K-selected specialist—from the K term in the logistic equation—refers to
those species whose populations are controlled primarily by density-dependent
factors. In general, such species have few offspring that are large, mature slowly,
and often receive intensive parental care; consequently K-selected specialists tend
to be more vulnerable to extinction than r-selected specialists.

3. At the low-elevation site soils were typic and humic hapludults, at the mid-
elevation site typic hystrochrepts, and at the high-elevation site typic haplubrepts.
Mean annual precipitation increased from 193.9 cm for the low-elevation site to
245.08cm for the high-elevation site. Temperature decreased by 1°C to 2°C
during the growing season between the low- and mid-elevation locations, and
another 2°C between the mid- and high-elevation sites (20.5°, 19°, and 17°,
respectively, as the mean hourly reading in July).

4. Soils are generally acidic clays with nutrient content typical of tropical
montane forests (McDowell 1998). They are dominated by a zarzal-cristal
complex with deep oxisols of volcanic origin and are mostly well-drained clays
and silty clay loams. Hydrologic exports of N, P, and dissolved organic C are
modest, and weathering rates are high in many of the montane catchments
(McDowell et al. 1996; McDowell 1998).The area receives approximately 350 cm
annual precipitation (mostly orographic rains or precipitation from tropical
storms and hurricanes) that varies seasonally with 20 to 25cm per month from
January through April (dry season) and 35cm per month during the remainder
of the year. Precipitation exceeds evapotranspiration in all months (Fonte 2003).
The average monthly temperature varies from 21°C in January to 25°C in August
and September (Waide and Reagan 1996).

References

Badejo, M. A., and N. M. van Straalen. 1993. Seasonal abundance of springtails
in two contrasting environments. Biotropica 25: 222-28.

Binkley, D., and C. Giardina. 1998. Why do tree species affect soils? The warp
and woof of tree-soil interactions. Biogeochemistry 42: 89-106.

Coleman, D. C., and D. A. Crossley. 1996. Fundamentals of Soil Ecology. San
Diego: Academic Press.



Forest Systems and Gaia Theory 101

Coley, P. D., and T. M. Aide. 1991. Comparisons of herbivory and plant
defenses in temperate and tropical broad-leaved forests. In P. W. Price, T. M.
Lewinsohn, G. W. Fernandes, and W. W. Benson, eds., Plant-Animal Interac-
tions: Evolutionary Ecology in Tropical and Temperate Regions. New York:
Wiley, pp. 25-49.

Crossley, D. A., and M. P. Hoglund. 1962. A litter-bag method for the study of
microarthropods inhabiting leaf litter. Ecology 43 (3): 571-73.

Fenny, P. 1970. Seasonal changes in oak leaf tannins and nutrients as a cause of
spring feeding by winter moth caterpillars. Ecology 51 (4): 565-81.

Fonte, S. J. 2003. The influence of herbivore generated inputs on nutrient cycling
and soil processes in a lower montane tropical rain forest of Puerto Rico.
Master’s thesis. Oregon State University, Corvallis.

Fonte, S. J., and T. D. Schowalter. 2004. Decomposition of greenfall vs. senescent
foliage in a tropical forest ecosystem in Puerto Rico. Biotropica 36 (4): 474-82.

Heneghan, L., D. C. Coleman, X. Zou, D. A. Crossley, and B. L. Haines. 1999.
Soil microarthropod contributions to decomposition dynamics: Tropical-
temperate comparisons of a single substrate. Ecology 80 (6): 1873-82.

Hobbie, S. E. 1992. Effects of plant species on nutrient cycling. Trends in
Ecology and Evolution 7: 336-39.

Holdridge, L. R. 1947. Determination of world plant formations from simple
climatic data. Science 105: 367-68.

Hunter, P. E., and R. M. T. Rosario. 1998. Associations of mesostigmata with
other arthropods. Annual Review of Entomology 33: 393-417.

Innes, J. L. 1993. Forest Health: Its Assessment and Status. Wallingford, UK:
CAB International.

Johnston, J. M. 2000. The contribution of microarthropods to aboveground food
webs: A review and model of belowground transfer in a coniferous forest.
American Midland Naturalist 143: 226-38.

Kitchell, J. E, R. V. O°Neill, D. Webb, G. A. Gallep, S. M. Bartell, J. E. Koonce,
and B. S. Ausmus. 1979. Consumer regulation of nutrient cycling. Bioscience 29:
28-34.

Laakso, J., and H. Setdld. 1999. Sensitivity of primary production to changes in
the architectures of belowground food webs. Oikos 87: 57-64.

Leopold, A. 1949. A Sand County Almanac. Oxford: Oxford University Press.
Lovett, G. M., and A. E. Ruesink. 1995. Carbon and nitrogen mineralization
from decomposing Gypsy moth frass. Oecologia 104: 133-38.

Lowman, M. D., and P. K. Wittman, 1996. Forest canopies: Methods, hypoth-
eses, and future directions. Annual Review of Ecology and Systematics 27:
55-81.

Lowman, M. D., and S. J. Wright. 1994. A comparison of herbivory in the rain
forest canopies of Panama and Australia. Selbyana 15 (2): A14.



102 H. Bruce Rinker

Luxton, M. 1981. Studies on the prostigmatic mites of a Danish beech wood
soil. Pedobiologia 22: 277-303.

MacArthur, R. H. 1969. Patterns of communities in the tropics. Biological
Journal of the Linnaean Society 1 (April): 19-30.

Margulis, L., and D. Sagan. 1997. Slanted Truths: Essays on Gaia, Symbiosis,
and Evolution. New York: Springer.

Maser, C. 1993. Unexpected harmonies: Self-organization in liberal modernity
and ecology. Trumpeter 10 (2). http://trumpeter.athabascau.ca/index.php/
trumpet/article/view/394/631.

Mattson, W. J. 1980. Herbivory in relation to plant nitrogen content. Annual
Review of Ecology and Systematics 11: 119-61.

Mattson, W. J., and N. D. Addy. 1975. Phytophagous insects as regulators of
forest primary production. Science 190: 515-22.

McDowell, W. H. 1998. Internal nutrient fluxes in a Puerto Rican rain forest.
Journal of Tropical Ecology 14: 521-36.

McDowell, W. H., C. P. McSwiney, and W. B. Bowden. 1996. Effects of hur-
ricane disturbance on groundwater chemistry and riparian function in a tropical
rain forest. Biotropica 28 (4a): 577-84.

Moore, J. C. 1988. The influence of microarthropods on symbiotic and non-
symbiotic mutualism in detrital-based below-ground food webs. Agriculture,
Ecosystems, and Environment 24: 147-59.

Moore, J. C., K. McCann, H. Setild, and P. C. de Ruiter. 2003. Top-down is
bottom-up: does predation in the rhizosphere regulate aboveground dynamics?
Ecology 84 (4): 846-57.

Moore, J. C., D. W. Walter, and H. W. Hunt. 1988. Arthropod regulation
of micro- and mesobiota in below-ground food webs. Annual Review of
Entomology 33: 419-39.

National Science Foundation. 1995. Proceedings of the NSF Canopy Database
Workshop. Evergreen State College, Olympia, WA.

Odum, E. P. 1971. Fundamentals of Ecology. Philadelphia: Saunders.
Oldeman, R. A. A. 2001. Canopies in canopies in canopies. Selbyana 22 (2):
235-38.

Pfeiffer, W. J. 1996. Litter invertebrates. In D. P. Reagan and R. B. Waide, eds.,
The Food Web of a Tropical Rain Forest. Chicago: University of Chicago Press,
pp. 137-81.

Rapport, D., R. Costanza, P. R. Epstein, C. Gaudet, and R. Levins 1998.
Ecosystem Health. Oxford: Blackwell Science.

Reynolds, B. C., and D. A. Crossley. 1995. Use of a canopy walkway for
collecting arthropods and assessing leaf area removed. Selbyana 16: 21-23.
Reynolds, B. C., D. A. Crossley, and M. D. Hunter. 2003. Response of soil

invertebrates to forest canopy inputs along a productivity gradient. Pedobiologia
47:127-39.



Forest Systems and Gaia Theory 103

Reynolds, B. C., and M. D. Hunter. 2001. Responses of soil respiration, soil
nutrients, and litter decomposition to inputs from canopy herbivores. Soil Biology
and Biochemistry 33 (12/13): 1641-52.

Reynolds, B. C., M. D. Hunter, and D. A. Crossley. 2000. Effects of canopy
herbivory on nutrient cycling in a northern hardwood forest in western North
Carolina. Selbyana 21 (1/2): 74-78.

Rinker, H. B. 2004a. The effects of canopy herbivory on soil microarthropods
in a tropical rainforest. PhD dissertation. Antioch University Graduate School,
Keene, NH.

Rinker, H. B. 2004b. Soil microarthopods: belowground fauna that sustain forest
systems. In M. D. Lowman and H. B. Rinker, eds., Forest Canopies, 2nd ed.
San Diego: Elsevier Press, pp. 242-50.

Risley, R. S., and D. A. Crossley. 1993. Contribution of herbivore-caused green-
fall to litterfall nitrogen flux in several southern Appalachian forested water-
sheds. American Midland Naturalist 129: 67-74.

Ritchie, M. E., D. Tilman, and J. M. H. Knops. 1998. Herbivore effects on plant
and nitrogen dynamics in oak savanna. Ecology 79: 165-77.

Schowalter, T. D., W. W. Hargrove, and D. A. Crossley. 1986. Herbivory in
forested ecosystems. Annual Review of Entomology 31: 177-96.

Schowalter, T. D., and T. E. Sabin. 1991. Litter microarthropod responses to
canopy herbivory, season and decomposition in litterbags in a regenerating
conifer ecosystem in western Oregon. Biology and Fertility of Soils 11: 93-96.

Schowalter, T. D., T. E. Sabin, S. G. Stafford, and J. M. Sexton. 1991. Phyto-
phage effects on primary production, nutrient turnover, and litter decomposition
of young Douglas-fir in western Oregon. Forest Ecology and Management 42:
229-43.

Schultz, J. C., and I. T. Baldwin. 1982. Oak leaf quality declines in response to
defoliation by gypsy moth larvae. Science 217: 149-51.

Seastedt, T. R. 1984. The role of microarthropods in decomposition and miner-
alization processes. Annual Review of Entomology 29: 25-46.

Stadler, B., and B. Michalzik. 2000. Effects of phytophagous insects on micro-
organisms and throughfall chemistry in forested ecosystems: Herbivores as
switches for the nutrient dynamics in the canopy. Basic and Applied Ecology 1:
109-16.

Swank, W. T., and D. A. Crossley. 1988. Ecological Studies. Volume 66: Forest
Hydrology and Ecology at Coweeta. New York: Springer.

Swank, W. T., J. B. Waide, D. A Crossley Jr., and R. L. Todd. 1981. Insect
defoliation enhances nitrate export from forest ecosystems. Oecologia 51: 297-
99.

van Breemen, N. 1992. Soils: Biotic constructions in a Gaian sense? In A. Teller,
P. Mathy, and J. N. R. Jeffers, eds., Responses of Forest Ecosystems to Environ-

mental Changes (European Symposium on Terrestrial Ecosystems: Forests and
Woodland). New York: Elsevier Applied Science, pp. 189-207.



104 H. Bruce Rinker

Waide, J. B., and D. P. Reagan. 1996. The rain forest setting. In D. P. Reagan,
ed., The Food Web of a Tropical Rain Forest. Chicago: University of Chicago
Press, pp. 1-16.

Wallwork, J. A. 1983. Oribatids in forest ecosystems. Annual Review of Ento-
mology 28: 109-30.

Wardle, D. A. 2002. Communities and Ecosystems: Linking the Aboveground
and Belowground Components. Princeton: Princeton University Press.

Woolley, T. A. 1960. Some interesting aspects of oribatid ecology (Acarina).
Annals of the Entomological Society of America 53: 251-53.



I

Imperiled Biosphere






7

Gaia and Biodiversity

Stephan Harding

Biodiversity is the diversity of life at various levels of organization,
ranging from genes, species, and ecosystems to biomes and landscapes.
As far as we can tell, the Earth just before the appearance of modern
humans was the most biodiverse it had ever been during the 3.8 billion
years of life’s tenure; indeed before we began to upset things the Earth
hosted a total of 10 to 100 million species (Wilson 1992). The fossil
record reveals that there have been five mass extinctions in the last 500
million years or so, all due to natural causes such as meteorite impacts
and flood basalt events, or possibly because of drastic internal reorgani-
zations within biotic communities. The most recent mass extinction is
happening now and is entirely due to the economic activities of modern
industrial societies.

Losing Life’s Richness

We are hemorrhaging species at a rate up to 10,000 times the natural
rate of extinction (Wilson 2002); more prosaically, every day we are
losing about 80 species, mostly in the great tropical forests, because of
our endless desires for timber, soya, palm oil, and beef. Coral reefs and
the marine realm, in general, are not exempt from our destructive atten-
tions. The list of atrocities our culture has perpetrated on the living world
makes for chilling reading. Hundreds of thousands of species will be
driven to extinction in the next 50 years or so (Primack 2006). Accord-
ing to the TUCN’s Red List of Threatened Species, by 2000 about 11
percent of all bird species, 18 percent of mammals, 7 percent of fish, and
8 percent of all the world’s plants were threatened with extinction. By
2008 the Red List estimated that some 14 percent of bird species, 25
percent of mammals, and 32 percent of amphibians were in danger of
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extinction. According to the Living Planet Index, between 1970 and
2000 populations of forest species declined by 15 percent, those of fresh-
water species by a staggering 54 percent, and those of marine species by
35 percent.

Does the current mass extinction really matter? What does biodiversity
do for Gaia and for us? To anyone who is deeply in touch with the
natural world it is absurd to ask these questions—clearly, the current
mass extinction is a crime of vast proportions. Our intuitions and deep
experiences of belonging to the more than human world tell us that
biodiversity gives us three key benefits: integrity, stability, and beauty.
But what does science have to say about the importance of biodiversity?
To explore this question, we need a systems approach in order to assess
whether or not biodiversity contributes to the well-being of Gaia
(Agure 7.1).

First, human influences act either directly on biodiversity or indirectly
by changing Gaian processes such as climate and biogeochemical cycles.
Human-induced changes to biodiversity then affect aspects of ecosystem
health, such as how well an ecosystem resists and recovers from distur-
bances, how well it recycles its nutrients and how reliably, and how much
biomass it produces over a given period of time. These various aspects
of ecosystem health could feed back to influence biodiversity, as changes
in nutrient cycling or productivity have an impact on the species in the
ecosystem. Ecosystem health could also have repercussions for Gaian

Biodiversi
ty Human activities

Ecosystem health
- Nutrient cycling
- Productivity

Gaian processes

- Climate

- Biogeochemical cycles
(CHNOPS)

Figure 7.1
The importance of biodiversity for the health of Gaia.
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processes, such as the abundance of greenhouse gasses in the atmosphere
and the albedo of the planet, both of which influence climate. Every
species has a preferred climate in which it feels most comfortable, so
Gaian processes feed back to influence biodiversity. Last, altering biodi-
versity could expose human activities to feedbacks from two directions:
directly from changes to biodiversity, and indirectly if ecosystem health
and Gaian processes have been affected.

Let’s look at each of these relationships. First, how are human activi-
ties influencing biodiversity? The answer has been summarized in the
famous acronym HIPPO, which tells us that our lethal impacts on bio-
diversity are habitat destruction and fragmentation, invasive species,
pollution, population, and overharvesting.

Habitat Destruction and Fragmentation

Humans have been destroying habitats for a long time—we need only
think of the deforestation of regions such as the Mediterranean, North
Africa, and even China in ancient times to confirm this assertion. But
widespread habitat destruction became a well-orchestrated global pheno-
menon only during the nineteenth century, with the onset of the Indus-
trial Revolution. Before the beginning of widespread destructive human
impact during the nineteenth century, Gaia was clothed with a continu-
ous cover of wild habitats that melded gently into each other according
to how climates varied over her surface. If we had been standing in
Britain after the last ice age was well and truly over some 10,000 years
ago, we could have walked all the way from the south coast of England
to the north of Scotland without ever leaving the great mosaic of wild
forest and natural meadows that covered most of the country. We would
have experienced the same continuum on every continent. Crossing the
channel to France, we could have walked all the way across Eurasia to
the great rainforests of Burma, Thailand, and Vietnam without ever
encountering a major disturbance to nature’s vast wild domain. The
abundance of flying, leaping, and swimming creatures in this pristine
state astonished the first European settlers all over the world, who
quickly set about logging, hunting, fishing, and clearing for agriculture
with a demonic destructiveness that beggars the imagination (Pontin
2007).

Today, there is no habitat on Earth that has not been seriously
degraded by humans. All the great biomes face increasing threats,
including the mangrove swamps, the wetlands, the tropical dry forests,
the tundra, and the boreal forests—the future for all of them looks
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bleak. When humans attack the great wild, they generally leave a few
fragments of the original habitat here and there, perhaps out of laziness,
or because of a pang of conscience, or, most likely, because no money
could be made out of them. To begin with, these fragments are the last
refuges for the wild organisms that once spread freely over the untamed
Earth, but they soon turn into death camps for many of them as the
effects of fragmentation begin to bite. Each fragment is an island, often
surrounded by inhospitable habitats such as agricultural land, buildings,
and roads that for many creatures create insurmountable barriers to
foraging, dispersal, and colonization—even a small road in a nature
reserve can be a daunting obstacle to tiny insects. The refugees may not
be able to find the food they need in their fragments, or a good mate, or
even a good place to sleep. Edge effects creep into the fragments, par-
ticularly the smaller ones, making things too dry or too hot or too cold.
Pests and diseases can strike down the refugees more easily in the frag-
ments, and even if there are enough breeding individuals to keep a
population going, eventually lack of colonization from outside can lead
to seriously damaging inbreeding depression.

You never know who the big players are in the wild world—seemingly
insignificant, the dung beetles of the Amazon are critically important for
the health of the whole forest (Klein 1989). Near Manaus, in the Amazon
region of Brazil, a small dung beetle searches for food on the dry leafy
floor of a small forest fragment left behind when the surrounding forest
was cleared for pasture in 1982. In the old days, when the forest was
entire, a whole host of dung beetle species, large and small, killed off
parasites, buried seeds, and ensured that precious nutrients were quickly
recycled as they fed their underground larvae on buried dung. But in the
forest fragment there is little dung around, for most of the monkeys and
birds that provided it in abundance before the forest was fragmented
died or left a long time ago. Now there are fewer kinds of dung beetle,
and those that remain are smaller and not very numerous.

The dung beetle extinctions happened in many ways. Hot, dry winds
searing in from the pasture outside the fragment wiped out several
species by killing off their larvae. For many species there just weren’t
enough good quality mates to go around and the inhospitable pasture
prevented beetles from colonizing the fragment to boost numbers and
bring in new blood. The consequences for the fragment’s remaining
denizens have not been good. There are more diseases among the few
birds and mammals that remain, nutrients are washed away by heavy
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rains before roots can capture them, and the seeds of many plants have
not been able to germinate. Seemingly insignificant, the dung beetles of
the Amazon are major players in their ecological community—they are
one of the keystone species of the forest.

Invasive Species

Invasive species can cause extinctions even in areas where there has been
little habitat fragmentation, and they wipe out more species than pollu-
tion, population pressures, and overharvesting put together. They come
from all over the world—the goats, pigs, cats, rabbits, and many others—
brought to places they could never have reached without the help of
humans. According to the USDA Forest Service, about 4,000 exotic plant
species and 2,300 exotic animal species have been brought to the United
States alone, threatening 42 percent of species on the endangered species
list and causing billions of dollars of damage every year in sectors such
as forestry, agriculture, and fisheries. Introduced species often do well in
their new locales in the absence of natural predators and diseases. Most
don’t do much damage, but a small minority take hold and do massive
harm. Some are predators that exploit defenseless native prey species. A
famous example is the brown tree snake, Boiga irregularis, a native of
the Solomon Islands, New Guinea, northern and eastern Australia, and
eastern Indonesia (Wilson 2002). Introduced to some of the Pacific
islands, it has wiped out many endemic bird species. On Guam alone it
is responsible for driving twelve to fourteen endemic bird species beyond
the point of no return. Other introduced species are powerful competi-
tors like the American gray squirrel, Sciurus carolinensis, that has pushed
out the native red squirrel, Sciurus vulgaris, in most parts of Britain
(Reynolds 1985).

Pollution

Rachel Carson’s book Silent Spring was instrumental in starting the green
movement by bringing the dangers of pesticides to our attention in 1962.
Since then pollution of many kinds have become alarmingly widespread.
We are only too aware of gender-bending chemicals in water, and are
well informed about atmospheric pollution such as acid rain from power
stations and cancer-causing soot particles. One of the most insidious
pollutants today is carbon dioxide gas. This is not commonly thought
of as a contaminant because it is an essential nutrient for photosynthetic
beings that they harvest directly from the atmosphere. But carbon dioxide
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is also greenhouse gas, and too much of it causes the climatic mayhem
that is escalating the extinction crisis (Lovejoy and Hannah 2005; Love-
lock 2006).

Population

The human population has grown explosively, especially since the Indus-
trial Revolution. The current world population stands at about 6.7
billion, and is projected to level off at around 10 billion by 2150 (Wilson
2002)—provided that we curb carbon emissions and put in place policies
that are socially just and equitable. Otherwise, climate change could
trigger a massive reduction in global population. People need land,
water, food, and shelter, and often satisfy these needs by destroying wild
nature. But it is not just a matter of sheer numbers, for the amount of
resources consumed by each person is what really makes a difference to
our impact on the planet. Paul Ehrlich devised his famous [ = P x A X
T equation (pronounced IPAT) to make this point (O’Neill et al. 2004).
I stands for impact, P for population, A for affluence, and T for technol-
ogy. Human impact is a product of the last three terms, so that it is
possible to have a high population, so long as people do not overcon-
sume. In the current economic climate all the terms on the right-hand
side of the equation are increasing alarmingly. Today the world’s middle
class numbers about 20 percent of the population but consumes about
80 percent of the available resources. An oft-quoted fact uncovered by
the New Economics Foundation in the United Kingdom: if everyone in
the world were to consume as much as the average Briton, roughly three
extra planets would be required to provide the raw materials. Alterna-
tively, a solar-based energy infrastructure could stabilize population
and raise quality of life for all. For the moment the huge pressures of
the human population in a swiftly industrializing global society is the
underlying drive behind all the other causes of extinction, including
overharvesting.

Overharvesting

About one-third of endangered vertebrates are threatened in this way—
by unsustainable, direct killing. Often overharvesting is carried out by
poor rural people left with no other means of surviving after they have
been forced off their lands by global economic forces. The rich countries
of the North are also responsible for overharvesting and are especially
responsible for driving several key fisheries to the point of extinction—
the Grand Banks and the North Sea cod fisheries are sad examples. Many
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of the world’s great whales, the right, the bowhead, and the blue had
been pushed to the edge extinction by the early twentieth century.
Detailed mathematical models designed to calculate “maximum sustain-
able yield” for some of these species were spectacular failures that led
to catastrophic declines (Gulland 1971). Illegal whaling has been blamed
for this, but the difficulties of observing and quantifying whale behavior
in the wild were also responsible. Many whale species have been pro-
tected to some extent since 1946. A few, like the Minke whale, are
recovering, but many smaller cetaceans (e.g., dolphins) are killed every
year when they become entangled in the nets of the fleets that are
decimating the world’s fisheries.

The Impact of Biodiversity Losses

Is it conceivable that the huge losses in biodiversity could feed back to
influence the human enterprise in particular localities? To answer this
question, we need to explore two aspects. Do organisms living in a spe-
cific place link up into an ecological “superorganism”—with valuable
emergent properties such as climate regulation, better water retention,
nutrient cycling, and resistance to diseases—or are they no more than
collections of selfish individuals, each out to exploit as many of the
available resources as possible, even to the detriment of the ecological
community that enfolds them? If the former is true, then we will need
to protect entire ecological communities in order to preserve the ecosys-
tem services they provide. If the latter is the case, then we need only
bother to look after the key players, or to introduce those of our own
choosing.

These questions occupied the minds of the founders of ecology in the
first half of the twentieth century. The American ecologist Frederick
Clements, one the most influential ecologists of his day, studied how
plants colonize bare ground. He noticed that there was a series of stages,
beginning with an inherently unstable plant community and ending up
in a stable climax community in balance with its environment. In Devon,
from where I write, bare ground is first colonized by annual herbaceous
plants, then by brambles and shrubs, and eventually by oak forest, which
grows here because the mix of soil, temperature, rainfall, and wind are
just right. For Clements, the development of vegetation resembled the
growth process of an individual living being, and each plant was like an
individual cell in our own bodies. He thought of the climax community
as a complex organism in which the member species work together to
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create an emergent self-regulating network in which the whole is greater
than the sum of the parts (Worster 1994).

Within the scientific community, a struggle ensued between the organ-
ismic views of Clements, and the objectivist approach of the Oxford
botanist Sir Arthur Tansley and the American ecologist Henry Gleason.
Tansley declared that plant communities couldn’t be superorganisms
because they are nothing more than random assemblages of species with
no emergent properties. Tansley found Clements’s views difficult to
accept because they challenged our legitimacy as humans to remake
nature. Tansley wanted to remove the word “community” from the
ecologist’s vocabulary because he believed, in the words of Donald
Worster (1994), that “there can be no psychic bond between animals
and plants in a locality. They can have no true social order.” Tansley
represented a breed of ecologists who wanted to develop a completely
mechanistic understanding of nature, in which, according to Worster,
nature is seen as “a well-regulated assembly line, as nothing more than
a reflection of the modern corporate state.” For Tansley, agricultural
fields were no better or worse than wild plant communities. To para-
phrase Worster (1994), the reduction of nature to easily quantified
components removed any emotional impediments to its unrestrained
exploitation. Ecology, he argues, took on the economic language of
cost-benefit analysis, while economics learned nothing from ecology.

Which approach best describes biotic communities—organism or
mechanism? Out in the flatlands of Minnesota, at a place called Cedar
Creek, a long-term experiment is in progress that could have a bearing
on this question. A strange chequerboard of meter square plots filled
with prairie plants dots the landscape, tended by David Tilman, one of
the world’s leading ecologists. He has spent years investigating the rela-
tionship between the biodiversity in his plots and the ability of the small
ecological communities they contain to produce more biomass by captur-
ing sunlight and to survive stress. Tilman and his colleagues have set up
hundreds of plots, each with a different number of species chosen from
the native flora of the immediate locality. Halfway through one of these
experiments, Minnesota experienced a severe drought, and to Tilman’s
amazement the plots that survived best were those with the highest bio-
diversity (Tilman and Downing 1994). This was evidence in favor of
Clements and the organismic view, for the most diverse plots seemed to
have developed a powerful emergent protective network, as their various
members melded their individual survival skills into a greater whole
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linked by tight bonds of the plant kind. But there were critics. They
pointed out that because Tilman had fertilized his plots with different
amounts of nitrogen, the differences in drought resistance were due to
this and not to the effects of species diversity (Huston 1997).

To eliminate this possibility Tilman established a more extensive
experiment using 489 plots of two sizes with different amounts of plant
biodiversity seeded in identical soil and chosen from a maximum of four
“functional groups”: broad-leaved perennial herbs, nitrogen-fixing
legumes, warm season grasses, and cool season grasses (Tilman et al.
1997). This time the more diverse plots produced more biomass, fixed
more nitrogen, were better at resisting weed invasions, and were less
prone to fungal infections. The best plots were those that hosted a variety
of species from each of the four functional groups. Once again, here is
evidence that diverse biotic communities resemble organisms with pow-
erful emergent properties. But the news was not all good because Tilman
found that the benefits of having extra species in the community peaked
at around five to ten species. Beyond that, extra species didn’t seem to
improve ecological performance—what mattered most was having at
least one member of each functional group. One interpretation of these
results is that most species in wild ecosystems are dispensable, and that
the extinction crisis gives us nothing to worry about. But how are we to
know which species are expendable and which are not? Since we can’t
tell which are the keystone species, it makes more sense to protect as
many species as we can. Furthermore there is almost certainly an “insur-
ance effect” at work, in that more biodiverse communities are more
likely to contain species that can take over the work left vacant by any
keystone species that disappear but are is difficult to predict.

Tilman’s approach was extended by the BIODEPTH project, in which
plots with different amounts of native grassland biodiversity were set up
in eight European countries, from the cold north to the warm south
(Hector et al. 1999). Despite the wide range of climatic conditions, high
biodiversity in each country was strongly correlated with improvements
in many key ecological functions, such as nutrient cycling, resistance to
predators, and biomass production—once again evidence in favor of the
organismic view (figure 7.2). Until now the analysis of the BIODEPTH
data has focused on the impact of biodiversity on each ecosystem func-
tion in isolation from the rest, but a new analysis by Hector and Bagchi
(2007) has shown that in fact each species contributes to a wide variety
of ecosystem functions simultaneously, so that focusing on isolated
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Key result from the BIODEPTH experiment.

ecosystem functions seriously underestimates the level of biodiversity
needed to maintain the health of ecosystems.

Laboratory experiments also tend to support the idea that biodiversity
improves the health of ecosystems. Scientists at Imperial College, London,
have developed the “Ecotron,” a series of chambers with controlled light,
temperature, and humidity levels that house artificially assembled eco-
logical communities, each with differing amounts of biodiversity. The
main result of this research is that more diverse communities fixed more
carbon dioxide from the air (Naeem et al. 1994). This may seem a fairly
mundane finding, but it caused a stir in scientific circles by showing that
biodiversity could have a key role to play in absorbing some of the vast
amounts of the Earth-warming carbon dioxide gas that our economy is
emitting into the atmosphere; terrestrial biodiversity may be major help
combating global warming. New work in the Ecotron mimicked the
elevated carbon dioxide and temperature that are expected with climate
change. The surprising result was that climate change had little impact
on the fauna and flora living above ground, but that the community of
soil organisms was greatly altered. More carbon dioxide in the atmo-
sphere stimulated photosynthesis among the plants, which then trans-
ported some of this carbon to their roots as sugars. The extra soil carbon
changed the community of soil fungi, which in turn changed the com-
munity of fungus-eating spring tails (Jones et al. 1998). These changes
in below ground ecology could, if writ large, have a massive impact on
nutrient feedbacks and carbon storage in soils, but as yet no one knows
whether this means that soils will be able to hold more or less carbon.



Gaia and Biodiversity 117

The fact that there was a change raises concern and could have an effect
on future strategies for dealing with climate change.

In another series of experiments, scientists created artificial ecological
communities by seeding glass bottles containing water and nutrients with
diverse communities of bacteria and their larger protozoan predators. In
these experiments greater diversity led to less variability in the flow of
carbon dioxide in and out of the community (McGrady-Steed et al.
1997). The message here is that more diverse real-world communities
could provide more predictable and dependable emergent ecological
functions such as carbon capture and storage.

Mathematical modeling has also contributed to the new understand-
ing of the relationship between biodiversity and ecological health. We
now know from detailed fieldwork that ecological communities are
replete with weak interactions with many predators focusing on eating
a few individuals from a fairly wide range of species. Models that take
account of these insights show that virtual communities with realistic
feeding relationships and abundant weak interactions are more stable
than previously thought possible (McCann et al. 1998). Another group
of mathematical models known as community assembly models work
by creating a pool of virtual plants, herbivores, and carnivores, each
with its own body size and preferences for food and space. One species
at a time is placed in an virtual arena where it interacts with other
species that are already present. After a while, an astonishing thing
happens—persistent communities self-assemble with a final membership
of about fifteen species. As the number of species builds up, it becomes
harder and harder for an invader to find a toehold in the nexus of
interacting species. Communities that have existed for longer are harder
to invade than newly established ones, strongly suggesting that com-
munities develop an emergent protective network that becomes more
effective as the community matures. Amazingly the challenge for an
invader lies with the community as whole. An inferior competitor in a
mature, well-connected community has a better chance of surviving an
invasion from a superior competitor than it does as a member of a less
well-connected more recently established community (Drake 1990).

The research we have considered—from field, lab, and computer
modeling—tends to support Clements’s idea that ecological communi-
ties can indeed be thought of a “superorganisms” that function more
smoothly and predictably as their biodiversity increases. But perhaps
Clements and Tansley were both right after all, each having perceived
different sides of the same coin. If so, there is nothing inevitable about
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which species will colonize a bare patch of land, or indeed nothing
inevitable about how a particular succession will progress (Tansley),
but as soon as the species in a given place begin to web themselves
together, the whole community becomes a unit with powerful emergent
properties (Clements).

So far we have looked at the effects of biodiversity on ecological health
at the local level, but could there be a relationship between biodiversity
and the health of the planet as a whole? This question, considered absurd
by the scientific community as recently as ten years ago, is now beginning
to loom large in the minds of scientists trying to understand how humans
are changing the Earth, which is increasingly recognized as a fully
integrated system with life as a key player.

Biodiversity and the Health of Gaia

It is now generally agreed that life affects climate in at least two funda-
mental ways: by altering the composition of the atmosphere; and by
changing how solar energy heats up the Earth’s surface and how this
heat is distributed around the planet. But how could biodiversity be
involved in making these globally important processes work more effec-
tively? The Ecotron and BIODEPTH experiments have taught us that
diverse ecological communities on the land can change the composition
of our atmosphere by increasing the absorption of carbon dioxide. It is
almost certain that biodiversity in the oceans also enhances this effect.
Marine phytoplankton use carbon dioxide for photosynthesis much as
land plants do, drawing it out of the air and into their tiny bodies. Dead
phytoplankton sink, taking carbon that was once in the atmosphere with
them to a muddy grave in the sediments below. This “biological pump”
could also be more effective at removing carbon dioxide from the atmo-
sphere if it is the case that larger phytoplankton are more often found
in diverse communities, since it is known that these larger organisms
increase the slow drift of carbon to the ocean depths (Fasham 2003).
Biodiversity may also improve the absorption and distribution of
energy from the sun. It could be that more diverse communities on land
and in the ocean are better at seeding clouds, possibly via the emission
of more diverse cloud seeding chemicals, but this remains to be estab-
lished. What is more certain is that a greater diversity of land plants
could enhance cloud-making and energy distribution in two other impor-
tant ways—Dby transpiring more water from the soil through roots and
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out into the air from pores on the undersides of leaves, and by providing
more leaf surfaces from which rainwater can evaporate directly.

A big rainstorm has just finished watering several hundred square
kilometers of Amazon forest. The leaves are all wet, and those at the top
of the canopy glisten in the early afternoon sun. Some of the energy in
the sunlight passes deep into the leaf where it fuels photosynthesis, but
a fairly large portion is absorbed directly by the recently arrived film of
water on the leaf surfaces. As the water molecules receive a influx of
solar energy, they begin to gyrate like inspired dancers, and when suf-
ficiently energized, they dance their way into the air as water vapor. This
is evaporation. In the case of a leaf drying in the sun, the solar energy
that might have heated the leaf is transferred to water vapor, and as this
is swept away by the wind, the leaf is kept cool, just as we are when
we sweat.

The energy held in water vapor can be released as heat whenever
condensation converts it back into liquid water. This energy is called
“latent heat” because it remains invisible until condensation happens.
On the other hand, any solar energy absorbed by the surface of the leaf
causes the molecules there to vibrate and to immediately reemit the
energy as sensible heat, which one can detect directly with the skin or
indirectly with an infrared sensor.

But it is not just rainwater that evaporates from the surface of a leaf,
so does water that has traveled from the soil into the plant through tubes
leading all the way from the roots to the thousands of microscopic pores
beneath a leaf’s surface. This water, carrying with it life-giving nutrients
from the soil, eventually passes through the leaf pores into the air, a
process known as transpiration. Amazingly plants keep the flow of water
going without the kind of muscular contraction seen in animal circula-
tory systems. They do this by continually and deliberately leaking water
through the pores, thereby creating a mysterious kind of suction that
draws in new water all the way down at the roots. On warm days water
entering a leaf from the soil is heated up by the sun’s rays, and passes
out of the leaf pores as water vapor. The summed effect of evaporation
of water from leaf surfaces and transpiration of water from within the
plant is considered to be a single process known as “evapotranspiration,”
which is vitally important for Gaia’s climate. Because of it, a huge
amount of solar energy is stored as latent heat in water vapor that can
travel long distances before condensing to release its energy as heat,
sometimes thousands of kilometers away. But evapotranspiration also
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has local effects. In the southern boreal forests of western Canada, where
the deciduous trembling aspen (Populus tremuloides) is abundant, tem-
perature rises steeply in the early spring when, unimpeded by aspen
leaves, the sun’s rays warm the ground. But as the aspen leaves unfurl
and swell out to their full size, the rate of temperature increase drops
dramatically because evapotranspiration cools and moistens the air
(Hogg et al. 2000).

Foliage is thus very important in regulating the surface climate. In
general, the more leafy a forest, the more evapotranspiration and so the
more cloud production, local rainfall, local cooling, and plant matter
production by photosynthesis (Bonan 2002). A more diverse flora could
well improve transpiration by providing a bigger and more varied mat
of below-ground root structures with better water-trapping abilities, and
it could also enhance evaporation by providing a larger and more complex
total leaf surface area from which rainwater can evaporate. Both of these
effects would send more water vapor into the air for cloud-making. Some
plants evapotranspire more than others. Because they have far fewer leaf
pores, needle leaf trees pass less water into the air than their broadleaved
cousins, thereby keeping themselves warmer—an advantage in the high
latitudes (Bonan 2002).

Another climatically important characteristic of vegetation is its rough-
ness, a measure of how much resistance plants give to the wind (Bonan
2002). When wind blowing over the land surface encounters plants such
as trees, grasses, and shrubs, it transfers some of its energy to the leaves,
making them dance about. This sometimes frenzied leafy dance mixes
the air, making both evapotranspiration and the transfer of sensible heat
from leaf to air much more effective than on a perfectly still day. The
higher up the canopy you go, the more efficient are these transfers of
energy from wind and sun to leaf. A dense rainforest canopy, with its
high roughness, transfers much more energy to the air than the far less
leafy, low roughness grasses in a savannah. The intricate leaf surfaces of
a more diverse flora could create a rougher land surface that increases
air turbulence, and this might well increase the transfers of heat and
moisture to the air, influencing weather patterns on both local and global
scales.

These impacts of biodiversity on local and global climates in turn feed
back to influence biodiversity. Clouds seeded by biochemical substances
emitted by the Amazonian vegetation keep the forest cool and recycle its
water, thereby allowing the forest to persist and preventing the encroach-
ment of the nearby drought-tolerant savannah (Artaxo et al. 2001).
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The heat released when the clouds condense helps to configure the
Earth’s climate system as a whole into a state that favors forest growth
in the Amazon region. Herein lies a great lesson for living in peace with
Gaia, namely that the very structure of an ecosystem—which species are
present, the depths of its roots, the extent of its leafiness, its albedo, and
its release of cloud-seeding chemicals into the air—all have massive
effects not only on climate both locally and globally, but also on the
great cycling of chemical elements around the planet.

We have seen how biodiversity is a key player in creating habitable
conditions on the Earth, including a climate that favors our own exis-
tence as well as that of the rest of biosphere. Biodiversity also provides
the entire community of life with a host of other benefits, such the
stabilization of soil, recycling of nutrients, water purification, and
pollination. When they favor humans, these benefits have been called
“ecosystem services” by a new breed of economists who are attempting
to calculate how much these services are worth in financial terms. The
results are staggering—in 1997 global ecosystem services were estimated
to be worth one to two times the global GDP (Costanza et al. 1997).

Recently the results of the most comprehensive survey of the state of
the world’s ecosystem services were made public. The Millennium Eco-
system Assessment (20035), compiled by 1,360 scientists from 95 coun-
tries, deliberately took the approach of looking for the interconnections
between human well-being and ecosystem health. The results make for
sobering reading: 60 percent of the ecosystem services investigated have
been degraded. Human activity has changed ecosystems more rapidly in
the past fifty years than at any other time in human history. About 24
percent of the planet’s land surface is now under cultivation; a quarter
of all fish stocks are overharvested; 35 percent of the world’s mangroves
and 20 percent of its coral reefs have been destroyed since 1980; 40 to
60 percent of all available freshwater is now being diverted for human
use; forested tracts have been completely cleared from 25 countries and
forest cover has been reduced by 90 percent in another 29 countries;
more wild land has been ploughed since 1945 than during the eighteenth
and nineteenth centuries combined; demands on fisheries and freshwater
already outstrip supply; and fertilizer runoff is disturbing or suffocating
aquatic ecosystems.

The report makes it abundantly clear that the UN Millennium Devel-
opment Goals of halving poverty, hunger, and child mortality by 2015
cannot be met unless ecosystems are nurtured and protected, since it is
the poor who are most directly dependent on their services, particularly
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for freshwater and protein from wild fish and game. Furthermore it has
become clear from a handful of successful projects that the way forward
lies with encouraging local people to become involved in protecting their
own ecosystems. This has worked well in Fiji, where local fishermen
established restricted areas that reversed serious declines in fish stocks,
and in Tanzania, where villagers now harvest food and fuel from 3,500
square kilometers of degraded land that they were allowed to reforest
(Giles 2005).

All of this should be enough to convince the most hard-headed among
us that it is very much in our own interest to maintain as much of our
planet’s biodiversity as possible. At the same time utilitarian arguments
for protecting biodiversity may not prevent it from being seriously
degraded, for ultimately we may not be able to save what we do not
love. If we are to develop a worldview that has any chance of achiev-
ing genuine ecological sustainability, we will need to move away from
valuing everything around us only in terms of what we can get out of
it, recognizing instead that all life has intrinsic value regardless of its
use to us (Naess 1990). Scientific and economic arguments such as those
we have been exploring for protecting biodiversity can help a great deal,
but on their own they are not enough. We need, as a matter of the
utmost urgency, to recover the ancient view of Gaia as a fully integrated,
living being consisting of all her life-forms, air, rocks, soil, oceans, lakes,
and rivers if we are ever to halt the latest, and possibly greatest, mass
extinction.
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Global Warming, Rapid Climate Change,
and Renewable Energy Solutions for Gaia

Donald W. Aitken

The Gaian system refers to the interconnected natural responses of the
Earth to restabilize living and physical systems when perturbed beyond
normal bounds. Gaia is, of course, not limited to providing only for
human beings, but humans have a huge stake in the outcomes. Nowhere
is the strange abandonment of the Gaia stabilization responsibilities
of humans more evident or consequential than in our use of energy, in
particular in the burning of fossil fuels and its resulting climate destabi-
lization. While many other environmental problems may be deemed of
equal or greater urgency, the interaction of anthropogenic climate desta-
bilizations with all natural and human systems is leading many scientists
today to identify climate change (and its cause, global warming) as the
most pressing environmental issue that needs to be addressed by global
cooperation.

The Pivotal Energy Role of the Earth’s Atmosphere

This chapter explores the nature of global warming and some of the
impacts that are becoming evident today and appear to be heading the
Earth system toward tipping points beyond which recovery by human
actions will not be possible. I review the presently inadequate interna-
tional response. The scientifically agreed-upon upper limits for the
increase in global temperature and the concurrent maximum concentra-
tion of carbon dioxide in the atmosphere are presented to underscore
the need for the adoption of stringent new policy and energy transition
timetables for all nations. I conclude with a brief overview of energy
solutions, focusing on the enormous potential of the same renewable
energies that have been utilized in the Earth system during its entire
history.



126 Donald W. Aitken

All of the solar energy that is absorbed, used, and reused by the Earth’s
physical and living systems is ultimately re-radiated out to space, only
having resided for a time within the Earth’s cycles and masses, including
a tiny fraction parked in the Earth’s vegetation and other life forms. If this
outgoing radiation did not exactly equal the incoming energy from the
sun, on average, we would either be a frozen, presently lifeless planet like
Mars, or we would be an unbearable oven like Venus. After all, all three
planets are within the “life zone” around the sun, the region in the solar
system in which conditions for the emergence of life could arise. It is the
physical properties of the Earth’s atmosphere, then, that have been
pivotal to making the Earth’s temperature and climates livable and suit-
able for the development of life forms—including us. Tamper with those
properties and we are tampering with all life-supporting systems on
Earth.

Carbon dioxide along with the other greenhouse gases (e.g., water
vapor, nitrogen oxide, methane, and anthropogenic chlorinated com-
pounds) play a major role in the regulation of the flow of energy through
the atmosphere from the sun to the Earth, and the counterflow of rera-
diated energy from the Earth back out to space. The flows must remain
in balance to maintain thermal equilibrium. Even though these flows are
individually substantial, if they are just slightly mismatched, the desta-
bilizing effects can be great, for an altered energy balance requires that
the entire energy equilibrium of the Earth and its physical and living
systems must change.

The flows do get unbalanced from time to time. The sun goes through
small oscillations in brightness. The Earth’s axis periodically changes its
relationship to its orbit over long periods. And volcanoes erupt, injecting
huge amounts of both dust and carbon dioxide into the atmosphere. The
1991 eruption of Mt. Pinatubo in the Philippines, for example, injected
between 15 and 30 million tons of sulfur dioxide gas into the air. In two
weeks the cloud had gone around the Earth, and a two-year global
cooling was launched. Volcanic eruptions come and go, as do other
surface events on Earth. Over time they average out. But what humans
are now doing with the burning of fossil fuels is not averaging out;
carbon dioxide is accumulating in the Earth’s atmosphere. From the
standpoint of the Earth system, this has gone out of bounds leading to
increasing destabilizations of the planet’s energy, temperature, and
climate systems.
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Fossil-Fuel Burning and the Atmospheric Carbon Dioxide Balance

On Mars virtually all of the carbon dioxide is trapped in its soils and
rocks, and it is very cold with an average temperature of —50° Celsius.
On Venus 96 percent of the atmosphere is carbon dioxide, creating a
thermal blanket that surrounds and bakes that planet at an average
temperature of +420°C. On Earth, on the other hand, only about 0.04
percent of the atmosphere is carbon dioxide, but even this minute amount
plays a critical role in enabling our planet to stabilize at an ambient
average temperature of about 14.6°C (58° Fahrenheit).

Until recently we did not know how sensitive the Earth’s temperature
and climates were to this small but evidently critical amount of carbon
dioxide; we are now finding that out as we pour billions of tons of carbon
into the atmosphere. When fossil fuels are burned, the carbon that has
long dwelled in them is released as carbon dioxide into the atmosphere.
This is now yielding an average of 6.1 billion tons of new carbon into
the Earth’s cycles (about 1 metric ton of carbon for every person on
Earth). Even though much of this is absorbed into the oceans, and some
is also absorbed by a general increase in the growth rate of photosyn-
thetic plant life on the Earth’s surface, about 3.5 billion metric tons of
that new carbon is being added to the atmosphere each year. The con-
sistent accumulation of these small amounts of excess CO, over the past
150 years, however, has added up to about 39 percent more carbon
dioxide in the atmosphere than would otherwise be there from natural
processes alone (IPCC 2007).

Aerosols (dust and small particles) from fossil fuel combustion reduce
the flow of the incoming solar radiation while the carbon dioxide product
of that combustion, along with the other greenhouse gases injected into
the atmosphere by human actions, retard the flows of the outgoing radia-
tion. The two flows are not equally affected, with the outgoing radiation
flow impacted the most. The result has been a gradual net accumulation
of excess energy on the Earth’s surface and oceans at the rate of a little
under 1 watt/meter squared, averaged over the entire Earth. While seem-
ingly small in absolute amount, this imbalance rate, if it had existed and
continued unchecked during the previous 10,000 years, would have
raised the Earth’s temperature more than 100°C and boiled the oceans.

The amount of carbon dioxide in the atmosphere, and its effect on the
Earth’s energy balance, are steadily increasing to levels not seen for
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perhaps a million years or more, and growing at an extraordinarily rapid
rate compared with geological history during the development of the
human species. Both the present change and the rate of change of atmo-
spheric carbon dioxide are leading scientists to regard our predicament
as ominous.

Swiftly Unfolding Consequences

A number of research paths are converging on the history of atmospheric
carbon dioxide content and Earth temperatures that can be traced for
up to 750,000 years. The results show a straightforward relationship
between carbon dioxide and temperature: as the one increased or
decreased, so did the other. While the precise cause-and-effect details are
not clear, the overall patterns are clear, and can reasonably be expected
to continue to in the same relationship into the future (figure 8.1).
Equally clear from these various research results is that the burning of
fossil fuels has taken the Earth’s atmosphere, and hence energy flows and
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Present and projected future concentrations of carbon dioxide depicted on
the 400,000-year Vostok ice core data sets for both Earth temperature and
atmospheric carbon dioxide content. The IPPC is the Intergovernmental Panel
on Climate Change. Figure courtesy of Dr. Robert Correll.
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balances, into uncharted waters. Furthermore, since this has all happened
in a short 150 years or so, the rise in carbon dioxide and temperature
show up as sudden spikes at the end of charts of Earth’s recent tem-
perature and CO, histories. Both of those spikes are rising rapidly as the
world’s old and new fossil-fuel power plants (primarily the coal plants),
as well as other sources (e.g., transportation) continue to increase levels
of carbon dioxide in the atmosphere (figure 8.2).

So what can we expect to be the future results of our actions? Certainly
a rapid warming of the Earth now appears underway. But since “climate”
is the Earth’s mechanism for the redistribution of its surface energies,
it is equally inevitable that the Earth’s climate must change as well.

How significant might that change be? For the past 10,000 years, fol-
lowing the exit out of the last ice age, the Earth’s temperature has been
remarkably mild and stable—nicknamed a “sweet spot” by climate scien-
tist Robert Correll—not increasing or decreasing more than 0.5°C (see
Lempinen 2007). This set the climatological stage for the evolution of
great civilizations. The IPPC analyses, however, suggest that by the end

5
—>
4 Average temperature over past 10,000 years = 15°C 1.5°C
IPCC (2001) forecast
3L +2-3°C, with band
of uncertainty ——»»,
—~ ¢<— s this an anthropomorphic “sweet spot”? —>¢ i
©  2- : Mesopotamia | e
= . flourishes 1
o Agriculture - . 1 /’—»
@ 4L emerges Vikings in 1,/ 45°cC
2 : Greenland Ik/
S 0 NN AL N A
5 If Holocene \/\/\_/VI
© 1 optimum  Medieval 1940 21st
e 7T warm | ittle ice age century:
£ in Europe very rapid
S -2t (15th-18th rise
centuries)
End of |
-3 last !
ice age ! !
-4+ Younger | |
Dryas | |
-5t : :
1 1 1 1 1 1
20,000 10,000 2,000 1,000 300 100 Now +100
Number of years before present (quasi-long scale)
Figure 8.2

The last 10,000 years seems to have been ideal for the development of human
societies. Is this an historic “sweet spot” that enabled humans to flourish? Figure
and caption text by Dr. Robert Correll.
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of this century, in the absence of stringent global control of greenhouse
gas emissions, the Earth’s temperature could climb as much as 4.5°C
above that 10,000 year “sweet spot” average. This is roughly equal to the
temperature difference between the last ice age and today, demonstrating
how only a few degrees of warming or cooling can have extraordinary
consequences for the biosphere and for human civilizations within it.

We do not need to wait for decades to discover how sensitive the
Earth is to the impacts of our fossil fuel burnings, nor how quickly the
Earth’s energy systems can be unbalanced. The average temperature has
only risen by 0.74°C (about 1.3°F) in the past 100 years. What is
remarkable is the nature and pace of changes already taking place as the
result of this small change, and how much more rapidly those changes
are happening than even the projections of the best computer models.
This would suggest that, while the Earth system is inherently robust,
its balances are also very finely tuned.

Rather than offer a litany of all that might happen, then, T would
rather lean on a few examples of what is happening already to under-
score the urgency of the needed human response to the imperiling of the
Earth systems on which both human beings and our contemporaneous
species and ecosystems so vitally depend.

Are Hurricanes Telling Us Something?

We remember all too well how Hurricane Katrina devastated New
Orleans and other Gulf coastal regions in 2005, bringing untold suffer-
ing and damage. The previous year had seen four major hurricanes
striking the US shores. Was global warming the cause? While it cannot
be proved to be the cause of any particular storm, the accumulating
evidence is showing a disturbing overall pattern of climate change—
storms, floods, droughts—tracking the rate of carbon dioxide increase
in the atmosphere.

For example, evidence shows that the number of the most intense
tropical storms has increased by 80 percent over the past 35 years, and
that the average intensity (which produces the damage) of storms created
in the Atlantic Ocean has more than doubled during the 1983 to 2005
period (Webster et al. 2005; Kerr 2006). (Hurricane Wilma, on October
19, 2005, was for a while the strongest hurricane ever recorded with
sustained winds of 170 miles an hour.) Hurricanes spawned in the
North Atlantic further reveal an unambiguous correlation of increasing
hurricane strength with human emissions, scientifically distinguishable
from other possible natural causes (Mann and Emanual 2006). Recent
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theoretical models have improved to the point that some of these obser-
vations are predictable, although the models produce more complicated
correlations in different ocean basins, and the models are not all in
agreement. They do not, however, disagree with the statistical observa-
tions of hurricane intensity (Emanual et al. 2008). Hurricanes draw
their energy largely from the surface waters over which they pass. Since
research has shown unequivocally that the temperatures of the upper
layers of the world’s oceans are tracking the increase in lower atmo-
spheric temperatures, the correlations of increasing tropical storm and
hurricane strengths with increasing ocean surface temperatures is not
surprising, but expected.

The damage caused by Hurricane Katrina has variously been estimated
to be US$200 billion to $300 billion. Estimates for what it would have
cost in coastal protection to prevent most of this damage are in the range
of US$2 billion to $3 billion, or about 1 percent of the cost of the result-
ing damage. The message here is that prevention and mitigation of global
warming impacts will be, in the long run, an economic bargain compared
to the costs of inaction.

Events in the Arctic Ocean
Perhaps even more alarming than the increasing global temperatures and
intensities of storms worldwide are the unexpectedly rapid effects of
global warming in the Arctic and Antarctic regions. In the Arctic the
average temperature has been climbing for a number of decades twice
as fast as elsewhere. The temperature of Alaska has been growing 6 to
8 times faster than the rest of the world." The Antarctic peninsula is
warming more rapidly than anywhere else on Earth (Bell 2008). Increased
precipitation, shorter and warmer winters, and decreases in snow cover
are already being documented in Arctic regions. The reduced solar energy
reflection (or albedo) from the loss of ice and snow is moreover expected
to accelerate the warming trend, generating a feedback loop that may be
leading to runaway meltings and other far-reaching regional changes.
Summer sea ice in the Artic Ocean has been declining over the past
several decades, reaching an all time low in 2005. The steady decline
was replaced by a plummeting decline in 2007 when the summer Arctic
sea ice decreased by 23 percent from the 2005 low. Further examination
led to the startling discovery that more than two-thirds of the rapid sea-
ice melting is now happening from below, an amount representing 5
times the normal summer loss, caused by the warming of the waters,
rather than from above, as usually caused by the summer sun (Perkins
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2007). The 2005 melting had already led climate scientists—who have
been carefully modeling the potential impacts of global warming—to
note that rather than earlier calculations of taking 100 years for the
Arctic Ocean to become ice free in the summer, it could happen by 2050.
The 2007 melting has now led some to note that summer sea-ice melting
may be 20 years ahead of the theoretical projections; they have further
revised their estimate of an ice-free Arctic summer to 2030. Climatolo-
gists are surprised at how much faster these consequences are unfolding
than even the extreme scenarios of their models. Normally cautious
scientists are now stating openly that 2007 may prove to have been the
“tipping point”—the point at which the melting of summer Arctic sea
ice became self-perpetuating (ibid.).

Observations in Greenland and the Antarctic

The melting of floating sea ice alone does not raise sea levels. It is the
melting of land-based glaciers, especially those covering Greenland and
the Antarctic continent, that will contribute directly to sea-level increase.
The Greenland ice sheet would raise the oceans by 24 feet if it melts; a
melted west Antarctic ice sheet would increase sea level another 19 feet;
and if the east Antarctic ice sheets were to melt sea levels would increase
another 170 feet. These calculations give a total of 213 feet potential
sea-level rise from melting ice on land. It has long been assumed that
these meltings would take millennia.

But here again the effects appear to be accelerating at a pace well
beyond those expected from computer modeling. The ice-melt rate in
Greenland, for example, from 2004 to 2006 was 250 percent greater
than the ice-melt rate from 2002 to 2004. The record high Greenland
ice sheet melt of the last 50 years, set in 2005, was trumped in 2007.
Studies have demonstrated that, whereas the melting had been more
related to regional climate changes between 1960 and 1990, the pattern
of melting has since changed to reflect global temperature variations,
putting the fingerprint of global warming firmly on Greenland’s ice sheet
losses (Hanna et al. 2008).

The disquieting increase in Greenland’s ice melt is being matched on
the west Antarctic continent. Scientific studies have shown that between
1996 and 2006 there was a 59 to 75 percent increase in annual ice loss
from west Antarctica, accompanied by a 140 percent increase in ice
losses from the Antarctic peninsula; the ice loss from Antartica now
nearly equals that from Greenland. The most startling event was the
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complete collapse of the Rhode Island sized Larsen B iceshelf in a span
of two months in 2002, following 10,000 years of stability. The floating
ice shelves in front of glaciers and