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Conceptual overview of  biogeochemical cycles linking Earth’s spheres, energy flow, and 
ecosystem carbon dynamics

This issue of Microbial Planet is 
adapted from material developed 
for Dynamic Earth II: Biogeo-

chemical Cycles, a graduate course in 
the Department of Earth Sciences at 
Southern Methodist University (SMU). 
The course is built around a central 
question: how do energy, water, carbon, 
nutrients, organisms, and Earth materi-
als interact to produce the functioning 
biosphere? Rather than treating bio-
geochemical cycles as static diagrams 
of elemental movement, the course 
emphasizes fluxes, transformations, 
feedbacks, and constraints across the 
atmosphere, hydrosphere, lithosphere, 
and biosphere.

	 These dispatches translate sev-
eral core themes from the course into 
short conceptual essays. The first traces 
the evolution of the biosphere, empha-
sizing how early microbial metabo-
lisms transformed Earth’s atmosphere, 
oceans, and redox chemistry. The sec-
ond examines how solar radiation and 
water movement structure ecosystem 
dynamics, from surface energy balance 
to the soil–plant–atmosphere continu-
um. The third focuses on carbon inputs, 

comparing how terrestrial plants and 
pelagic phytoplankton convert light, nu-
trients, and carbon dioxide into organic 
matter. The final dispatch follows that 
carbon after fixation, asking whether 
organic matter is respired, recycled, 
stabilized, exported, or buried.

	 The issue is broadly inspired 
by the ecosystem and ocean biogeo-
chemistry frameworks developed in F. 
Stuart Chapin III, Pamela A. Matson, 
and Peter M. Vitousek’s Principles of 
Terrestrial Ecosystem Ecology and Steven 
Emerson and John Hedges’ Chemical 
Oceanography and the Marine Carbon 
Cycle. Together, these pieces frame bio-
geochemical cycling as a dynamic Earth 
system process: life captures energy, 
transforms matter, alters planetary 
chemistry, and feeds back on the physi-
cal environments that sustain it.

“You will die but the carbon will not; its career does not end with you. It will return to 
the soil, and there a plant may take it up again in time, sending it once more on a cycle 
of plant and animal life.”

— Jacob Bronowski
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Evolution of the 
Biosphere
Earth history is often divided by geology, but much of  that 
history was shaped by biology. For more than three billion 
years, life was overwhelmingly microbial, and microbial 
metabolisms transformed the chemistry of  oceans, rocks, 
atmosphere, and climate.

By Alexander B. Chase, Ph.D.
Department of  Earth Sciences, Southern Methodist University, Dallas, TX

MARCH 10, 2024

Microbial metabolism transformed early Earth into a living biosphere

Earth’s history is often divided into 
geological intervals, but biology 
provides one of the most import-

ant boundaries. For most of the plan-
et’s history, life was microbial1. Long 
before plants, animals, forests, reefs, or 
soils, unicellular organisms dominated 
Earth’s biosphere and drove many of the 
chemical transformations that made 
later ecosystems possible. The evolution 
of the biosphere is therefore not only 
a story about when life appeared, but 
how microbial metabolism became a 
planetary force.

	 Life requires three broad ingre-
dients: liquid water, organic molecules, 
and usable energy. Organic molecules 
include carbohydrates, lipids, proteins, 
and nucleic acids. Carbohydrates such 
as sugars store chemical energy and 
can be assembled into polysaccha-
rides that contribute to cell structure, 
energy storage, and organismal de-
velopment. Lipids provide energy, 
form membranes, and act as signaling 
molecules. Proteins, built from amino 
acids, perform much of the catalytic 

and structural work of cells, including 
enzyme activity. Nucleotides form DNA 
and RNA, allowing biological informa-
tion to be stored, copied, and expressed. 
Together, these molecules point to the 
elemental requirements of life: carbon, 
hydrogen, oxygen, nitrogen, phospho-
rus, and sulfur.

	 One question is where these 
building blocks came from. Classic 
origin-of-life experiments, including the 
Miller-Urey experiments, showed that 
simple organic compounds could form 
abiotically under reducing conditions. 
This matters because oxygen would 
have oxidized many simple organic 
products, making early organic synthe-
sis more difficult. The early atmosphere 
likely differed substantially from the 
modern atmosphere, with little free oxy-

“The totality of life, known as the biosphere to scientists and creation to theologians, 
is a membrane of organisms wrapped around Earth so thin it cannot be seen edgewise 
from a space shuttle, yet so internally complex that most species composing it remains 
undiscovered.”

— EO Wilson
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WHY IT MATTERS

The biosphere did not simply appear 
on Earth as a layer of  living organ-
isms. It emerged from planetary con-
ditions that made life possible: liquid 
water, organic molecules, essential 
elements, and usable energy. Once 
life originated, microbial metabo-
lisms began altering Earth’s surface 
chemistry, eventually producing 
oxygen, changing global redox condi-
tions, and enabling the later evolution 
of  complex life. Understanding the 
evolution of  the biosphere therefore 
requires connecting origin-of-life 
chemistry, early microbial metab-
olism, biogeochemical cycling, and 
the genomic record of  life’s shared 
ancestry.
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gen and gases such as carbon dioxide, 
nitrogen, water vapor, and reduced 
compounds supplied in part by volcanic 
activity. Under those conditions, simple 
organics may have formed through 
atmospheric chemistry, hydrothermal 
processes, impacts, or reactions occur-
ring at mineral surfaces.

	 Energy was equally important. 
On modern Earth, most ecosystems are 
ultimately powered by the sun. Photo-
synthetic organisms capture photons 
and convert that energy into organic 
compounds, which then move through 
food webs. At each step, some energy 
is lost as heat through metabolism, 
but matter and energy continue to be 
redistributed through ecosystems. This 
redistribution reflects a larger planetary 

principle: Earth receives incoming solar 
radiation, redistributes heat through the 
atmosphere and oceans, and maintains 
an energy balance with space. Life 
evolved within that physical system and 
eventually became one of the major 
mechanisms by which energy and mat-
ter move through the biosphere2.

	 Liquid water provided the 
medium in which early chemistry could 
become biology. As Earth cooled, water 
vapor released from volcanic outgassing 
and molten rocks condensed into rain, 
eventually contributing to ocean for-
mation. Water is unusually well suited 
for life. Its high specific heat capacity 
and high latent heat of vaporization 
buffer temperature changes, support-
ing cellular and habitat stability. Its 
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polarity allows cohesion, adhesion, and 
solubility of ions and polar molecules. 
As a solvent, water enables chemical 
reactions, including redox reactions that 
are central to metabolism. Its density 
properties allow aquatic life to persist 
beneath ice, and its transparency allows 
light to penetrate water, supporting pho-
tosynthesis in aquatic environments.

	 Even with water, organics, 
and energy, the origin of life remains 
a major unresolved problem. Moving 
from simple molecules to macro-
molecules, from macromolecules to 
metabolism, and from metabolism to 
cells with heritable information is a 
large conceptual gap. One hypothesis is 
that life began in hydrothermal sys-
tems, where water, chemical gradients, 
reduced compounds, minerals, and 
energy sources were all present. These 
environments could support chemoau-
totrophic reactions, although they also 
impose extreme conditions, including 
high temperature, variable pH, and high 
salinity.

	 Another possibility is that early 
life emerged through metabolism-first 
processes. In this view, networks of 
carbon-based reactions could have 
begun as abiotic chemical cycles, using 
redox gradients to move electrons and 
form increasingly complex molecules. 
Biology is, in many ways, organized 
redox chemistry. Cells harvest energy 
by moving electrons from donors to ac-
ceptors. If early environments provided 
favorable electron donors, electron ac-
ceptors, and catalytic mineral surfaces, 
then primitive metabolic networks may 

Earth’s history is delineated by biology, especially the 3 billion years of  unicellular microbial life.
From Chen et al. 2022.
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have preceded modern genetic systems.

	 Early microbial metabolism 
was likely anaerobic because free 
oxygen was absent. Simple chemohet-
erotrophic reactions and methanogen-
esis may have been among the earliest 
energy strategies. Acetate fermentation 
and methanogenesis remain common 
in anaerobic environments today, 
especially as terminal steps in organic 
matter degradation. Methanogenesis 
through carbon dioxide reduction may 
have followed, using hydrogen as an 
electron donor and carbon dioxide as 
an electron acceptor. Nitrogen fixation 
likely evolved in an anoxic world, reduc-
ing atmospheric nitrogen to ammonia 
and making biologically usable nitrogen 
available. Other chemoautotrophic 
metabolisms, including hydrogen 
oxidation, sulfur oxidation, and iron 
oxidation, could exploit reduced gases 
or minerals associated with volcanic ac-
tivity, hydrothermal systems, and anoxic 
rock weathering.

	 The largest metabolic tran-
sition was oxygenic photosynthesis. 
Capturing solar energy required major 
biochemical innovation, but the energy 
payoff was enormous. Oxygenic photo-
synthesis split water, released oxygen, 
and produced organic matter. At first, 
this oxygen did not accumulate in the 

atmosphere. It reacted with reduced 
compounds, especially ferrous iron, 
producing ferric iron minerals that 
formed banded iron formations. These 
deposits record a global redox transfor-
mation between roughly 3.8 and 2.8 bil-
lion years ago. Only after major reduced 
sinks were depleted could oxygen begin 
to accumulate in the atmosphere.

	 Oxygen changed Earth. It 
became an excellent terminal electron 
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acceptor, enabling more efficient aer-
obic metabolism. It also allowed older 
reduced metabolic byproducts, such 
as ammonia and sulfide, to be oxidized 
through nitrification and sulfur oxida-
tion. These reactions then enabled addi-
tional anaerobic metabolisms, including 
denitrification and sulfate reduction, 
because oxidized nitrogen and sulfur 
compounds became available. Oxygen 
also contributed to ozone formation, 
which eventually shielded Earth’s sur-
face from damaging ultraviolet radia-
tion. That shielding was essential for 
the later expansion of complex life onto 
land3.

	 Reconstructing this history 
is difficult because the fossil record is 

“Life also needs a course of energy to power chemical reactions, and redox chemistry 
appears to be universal…Redox and proton gradients were likely the two main mecha-
nisms involved in the origin of life, initiating the necessary energy flux to drive metabo-
lism and growth.”

— Merino et al. 2019.

Atmospheric oxygen levels and the evolution of  life across Earth’s history.
From Gacesa et al. 2016.
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limited. Most visible fossils come from 
the Phanerozoic, while the first three 
billion years of life were dominated by 
single-celled organisms that left few 
direct remains. Some ancient microfos-
sil claims, such as those from the Apex 
Chert or graphite inclusions from the 
Isua supracrustal belt, have been debat-
ed or reinterpreted. This raises a central 
problem: what counts as biological 
evidence when the organisms are gone 
and only chemical or mineral traces 
remain?

	 Some of the strongest early 
evidence is geochemical rather than 
organismal. Stromatolites, such as 
those from the Strelley Pool Formation, 
are laminated sedimentary structures 
produced through interactions among 
microbial mats, minerals, and sed-
iment. Banded iron formations are 
another example. They are not fossils 
of organisms, but global geochemical 
signatures that imply biological process-
es had altered Earth’s redox balance. If 
oxygen was accumulating in oceans and 
reacting with iron, then oxygen-pro-
ducing metabolisms must already have 
existed.

	 Molecular preservation offers 
another partial record. DNA and pro-
teins degrade rapidly over geological 
time, but some lipids can persist far 
longer and may act as biomarkers for 
ancient microbial groups or metabo-
lisms. These signatures are powerful 

5

DISPATCH BIOGEOCHEMISTRY•

but difficult to interpret because lipids 
can be altered by heat, pressure, and 
geological processing. As a result, the 
deepest history of life is reconstructed 
through a combination of geochemistry, 
sedimentology, molecular biomarkers, 
comparative genomics, and evolution-
ary inference.

	 The genomic record may 
be the most important archive of the 
early biosphere5. All known life uses 
shared molecular machinery: nucleic 
acids encode information, ribosomes 
translate that information into proteins, 
and proteins catalyze metabolism. The 
universality of the genetic code and the 
shared use of L-amino acids suggest 
common ancestry. RNA may have 
preceded DNA as an early genetic and 
catalytic molecule because RNA can 
store information and catalyze reactions 
through ribozymes. Yet RNA is unstable, 
and the pathway from short nucleotides 

Elongation of  random oligonucleotides can lead to the creation 
of  long, highly structured sequences; however, these are still ex-
tremely short segments to lead to the eventual emergence of  life.
From Kudella et al. 2021.

Design and creation of  a “minimal genome” for an autonomously replicating cell, which includes 473 genes (149 are 
of  unknown funciton but required for growth).

From Hutchinson et al. 2016.
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to self-replicating systems remains 
unresolved4.

	 Modern synthetic biology high-
lights how difficult this transition is. 
Even minimal cells require hundreds of 
genes to self-replicate, and many essen-
tial genes still have unknown functions6. 
Life as we know it is already complex. 
This suggests that the earliest stages of 
life may have involved many failed or 
extinct molecular systems before one 
lineage produced a stable, heritable, 
evolvable architecture.

	 The evolution of the biosphere 
is therefore both a chemical and evolu-
tionary story. We do not have a complete 
fossil record of early life, but we can 
infer deep history from shared genes, 
conserved metabolisms, ancestral state 
reconstructions, and the distribution 

of traits across modern organisms. 
This record remains incomplete. Only 
a fraction of microbial diversity has 
been sequenced, and even the deepest 
branches of the tree of life remain de-
bated, especially with the discovery of 
Asgard archaea and their implications 
for the origin of eukaryotes.

	 What is clear is that microbial 
life transformed Earth before com-
plex life appeared. Early metabolisms 
altered carbon, nitrogen, sulfur, iron, 
and oxygen cycling. Oxygenic photo-
synthesis changed the atmosphere and 
ocean chemistry. Genomes preserved 
the inheritance system that allowed bi-
ological innovation to accumulate. The 
biosphere began as microbial chemis-
try, but over billions of years it became 
a planetary system.
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KEY FINDINGS

•	 Most of  Earth history was dominated by 
unicellular microbial life.

•	 Life requires water, organic building 
blocks, essential elements, and energy 
sources.

•	 Early Earth likely provided reducing con-
ditions that favored abiotic synthesis 
of  simple organics.

•	 Water’s chemical and physical properties 
made it an ideal medium for early 
metabolism.

•	 Early microbial metabolisms transformed 
global redox chemistry before oxygen 
accumulated.

•	 The genomic record preserves evolu-
tionary signals from deep time when 
fossils are sparse.

1. G Chen et al. 2022. Reconstructing Earth’s atmospheric oxygenation history using machine learning. Nature Communications
2. N Merino et al. 2019. Living at the Extremes: Extremophiles and the Limits of Life in a Planetary Context. Frontiers in Microbiology
3. R Gacesa et al. 2016. Rising levels of atmospheric oxygen and evolution of Nrf2. Scientific Reports
4. PW Kudella et al. 2021. Structured sequences emerge from random pool when replicated by templated ligation. PNAS
5. Magnabosco et al. 2024. Toward a natural history of microbial life. Annual Review of Earth and Planetary Sciences
6. CA Hutchinson et al. 2016. Design and synthesis of a minimal bacterial genome. Science
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Water, Energy, and 
Ecosystem Dynamics
Ecosystems are physical and biological systems in which 
solar energy, water, and matter move together. Their dynam-
ics emerge from the coupling of  radiation, climate, soils, 
vegetation, microbial activity, and hydrologic flow.

By Alexander B. Chase, Ph.D.
Department of  Earth Sciences, Southern Methodist University, Dallas, TX

APRIL 16, 2024

Solar radiation, water movement, soil structure, and vegetation traits jointly regulate ecosystem 
energy and material fluxes across spatial scales

Ecosystems are often described 
through their organisms: forests, 
grasslands, wetlands, deserts, 

microbial mats, plankton communi-
ties, or soils. But ecosystems are also 
physical systems. They are defined by 
the movement of energy and matter 
through organisms and their environ-
ments. The biosphere, atmosphere, 
hydrosphere, and lithosphere do not op-
erate as separate compartments. They 
interact continuously through radiation, 
water movement, gas exchange, mineral 
weathering, biological uptake, decom-
position, and microbial metabolism.

	 The organizing principle is 
that solar radiation creates gradients, 
water moves along those gradients, and 
organisms regulate that movement. Cli-
mate, soils, vegetation, and hydrology 
are therefore not separate controls on 
ecosystem function; they are different 
parts of the same coupled energy–water 
system. This is why ecosystem ecology 
sits at the intersection of earth system 
science, climatology, hydrology, soil 
science, geochemistry, community ecol-
ogy, population ecology, and organismal 
physiology.

	 Energy enters most ecosystems 
as sunlight. Some incoming radiation 
is reflected back to space, some is 
absorbed by the atmosphere, and some 
reaches Earth’s surface. The radiation 
absorbed at the surface warms land 
and water, powers the water cycle, and 
provides the energy captured through 
photosynthesis. Because the equator 
receives more solar radiation than the 
poles, Earth has an unequal distribution 
of heat. Atmospheric circulation, ocean 
currents, and gyres redistribute energy 
from the tropics toward higher lati-
tudes, helping balance the global radia-
tion budget. These ocean–atmosphere 
interactions regulate the distribution of 
energy, water, matter, and momentum 
across the planet.

	 This physical redistribution of 
energy is one reason climate is such a 
strong control on ecosystems. Tempera-
ture, precipitation, seasonality, wind, 

“The energy and water budgets of ecosystems are inextricably linked because net radi-
ation is the major driving force for evapotranspiration, and evapotranspiration is a large 
component of both water and energy flux from ecosystems.”

— Chapin et al. 2011.
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WHY IT MATTERS

To understand ecosystems is to 
understand flux. Organisms interact 
with their physical environment as 
part of  an integrated Earth system, 
linking the biosphere, atmosphere, 
hydrosphere, and lithosphere. Energy 
enters primarily as solar radiation, is 
transformed by photosynthesis, heat 
exchange, and water movement, and 
is redistributed through organisms, 
soils, air, and water. Matter is not 
used up in the same way energy is; 
elements cycle among pools and are 
continually transformed, retained, 
transported, and recycled. Ecosystem 
ecology therefore asks how energy 
and materials move through coupled 
biological and physical systems, and 
how organisms regulate those move-
ments across scales.
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and radiation shape the global distri-
bution of biomes. Climate constrains 
which organisms can persist, how much 
biomass ecosystems can support, how 
fast biological reactions occur, and how 
communities respond to environmen-
tal change. Tropical forests, temperate 
forests, grasslands, deserts, tundra, and 
wetlands differ not only in species com-
position, but in how they receive, store, 
and dissipate energy and water.

	 The crucial link is surface 
energy balance. Once radiation is 
absorbed by an ecosystem, that energy 
must go somewhere. It can heat the 
ground, warm the air, evaporate water, 
or be stored as chemical energy through 
photosynthesis. Photosynthesis rep-
resents a relatively small fraction of the 
total energy budget, but it is the domi-
nant entry point for carbon into ecosys-
tems. Most absorbed energy is trans-
ferred through nonradiative processes, 
especially sensible heat and latent heat. 
Sensible heat warms the air. Latent heat 
converts liquid water into vapor through 
evaporation and transpiration.

	 This means that ecosystem 
energy flux is inseparable from water 
flux. When an ecosystem uses ab-
sorbed radiation to evaporate water, it 
is moving both energy and water to the 
atmosphere. The Bowen ratio, the ratio 
of sensible to latent heat flux, captures 
this partitioning. Wet ecosystems, such 
as open water, wetlands, or moist forest 
canopies, tend to have low Bowen ratios 
because much of their absorbed energy 
leaves as evapotranspiration1. Dry eco-
systems tend to transfer more energy as 
sensible heat because water is limited.

	 Water therefore acts as a 
central currency of ecosystem func-
tion. Ecosystems receive water through 
precipitation and lose water through 
runoff, drainage, evaporation, and 
transpiration. The balance among these 
pathways depends on climate, soil 
structure, vegetation, rooting depth, 
leaf area, canopy architecture, and 
atmospheric demand. Water also moves 
matter. Dissolved nutrients, organic 
compounds, ions, weathering products, 
and sediments are transported through 
hydrologic flow. Biogeochemical cycles 
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are therefore closely tied to the water 
cycle because water connects biological 
pools, mineral pools, aquatic systems, 
soils, and the atmosphere.

	 Soils regulate this coupling 
between water, energy, and biology. Soil 
is a mixture of mineral particles, or-
ganic matter, roots, microbes, animals, 
gases, and water arranged into hori-
zons and profiles. Classic soil science 
describes soils as a function of climate, 
organisms, relief or topography, parent 
material, and time. These state factors 
shape texture, mineralogy, aggrega-
tion, pore structure, bulk density, and 
organic matter content. They also de-
termine water-holding capacity, oxygen 
diffusion, and redox potential. These 
physical properties strongly influence 
microbial activity, root function, de-
composition, nutrient availability, and 
greenhouse gas production.

	 Vegetation also regulates the 

Energy and material fluxes connect organisms to the physical environment, providing a framework for understanding 
ecosystem function across spatial scales.

Bowen ratios across different vegetation types and climates.
From Wilson et al. 2002.


