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Chapter 15

Environmental Consequences of Life's Abundance

15.1 Introduction

This chapter considers the environmental consequences
of life’s abundance. But first, let’s recap a bit. The goal
of planetary biology theory is to understand how worlds
with life work. The first major task of this effort is to
find out how life achieves planet-changing stature in the
first place. How life circumvents environmental
obstacles and becomes so abundant that it begins to
influence the planetary surface environment in
interesting ways. This is what the previous chapters
have been about. Then the next task is to try to
understand how the activities of an abundant global
biota act to change the world. That is where we are right
now.

We will use Earth as our expert example. A combination
of circumstances led to the initiation of life on Earth
about 3.8 billion years ago. Earth then probably was
very different from today’s world. And so was life. Today,
life is very influential in many different ways. But these
powers weren’t there in the beginning. It took lots and
lots of time.

I regret that because of time constraints this chapter is
still incomplete. There are so many more things to say
about the consequences of life’s abundance. Still, you
should get an idea of the grand scale and broad scope
of this story — the planetary biology of Earth.

15.2 Life changed the planet and then itself and then the
planet and then�

Planet Earth’s history tells of a dynamic and interesting
world where life and the planet have changed and
matured together in their 3.8 billion-year relationship.
Life and the Earth have coevolved. Here, I must consult
planetary biology theory in order to see the structure of
life’s coevolutionary relationship with Earth. I
recommend that you go to chapter 2 and refer to
Figures 2.? and 2.? to see a flow diagram of the major
components of planetary biology theory.

About 3.8 billion years ago, early Earth provided a
suitable environment for life to gain a toehold. Once
established, life dispersed, intensified, became more
abundant and began to influence the planetary surface
environment. Life changed the atmosphere, the global
temperature, the soil and the planet’s overall
appearance. As these changes progressed, they

presented new and different environmental
circumstances to the living things that followed.
Sporting innovations, new and slightly different living
things appeared that exploited the changed world and
the life forms that created it. The quality and quantity of
newcomers contributed to ever more planetary changes,
setting the stage for the survival of yet newer
innovations. This cycle of circumstance, exploitation,
modification, new circumstance roughly describes what
happened to Earth once life took root. It is reasonable
that similar coevolutionary cycles could occur on other
worlds.

It took a very long time for life to achieve its current
planet-changing stature on Earth. Life changed the
planet incrementally. The following sections trace the
history of life’s growing influence on Earth’s planetary
surface environment.

15.3 3.8 billion years ago, thermophiles may have caused a
temperature revolution

Geologists, David Schwartzman, Mark McMenamin, and
Tyler Volk, support the notion that the Earth was a very
hot place 3.8 billion years ago. They propose that much
of the Earth could have been as hot as 160° F. They
base their estimates on the chemistry of ancient rocks.
Certain minerals (such as gypsum) were present in
rocks of this age. Gypsum forms at very high
temperatures. If the Earth was much hotter than today,
then modern life probably would have been impossible
— too hot for our enzymes.

Many paleontologists suspect that the first living things
were from a special group of bacteria-like Archaea
called Thermophiles. Thermophiles do best in extremely
hot conditions. However, the thermophiles later may
have been victims of their own success. As they spread
across the continents, they might have enhanced the
weathering of rock. As silicate rock weathers, CO2 from
the atmosphere combines with it to make calcium
carbonate. This reaction acts to permanently remove
CO2 from the atmosphere, reducing the greenhouse
effect and cooling the planet. Therefore, life could have
caused a temperature revolution by overturning the
original temperature regime and replacing it with a
cooler one.
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Oldest fossils (First life?)
Possibly heat-tolerant bacteria (Thermophiles)

3.5 BYA

First birds, mammals, and flowering plants180 MYA

First land plants. Life invades the continents and begins
to roughly double its overall presence on Earth.

450 MYA
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Today

Earth formed4.5 Billion Years Ago (BYA)
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Oldest  rocks - Western Greenland3.8 BYA

Appearance of all major animal phyla (groups)600 Million Years Ago (MYA)

First fish, amphibians, and insects350 MYA

First reptiles250 MYA
First dinosaurs230 MYA

Dinosaurs became extinct65 MYA
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eukaryotic cells.

Figure 15.1. Time line on
the coevolution of life and
Earth. Please note that
dates are rounded. Also,
important events have
been grouped together in
order to reduce the
quantity of data.
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Ironically, as the thermophiles spread and prospered,
they could have cooled the planet such that more heat
sensitive bacteria eventually displaced them. In other
words, the thermophiles worked themselves out of a job.
Nonetheless, by reducing the planet’s temperature, the
thermophiles created opportunities for the survival of
innovations that later led to a more robust
biochemistry.

And so began the reign of cellular life, led by the
thermophiles whose wastes of ammonia, methane, and
hydrogen sulfide could have made the atmosphere smell
like rotten eggs. There probably was little or no
molecular oxygen (O2 ) in this early atmosphere, since
nothing yet was making it.

15.4 Life helped reduce atmospheric CO
2
 mainly by calcium

carbonate precipitation

Life helped remove carbon dioxide from the atmosphere.
It did this mostly by turning dissolved calcium
carbonate into a hard substance. Here is how it works.

Atmospheric CO2 reacts with minerals on land to
become dissolved calcium carbonate. These wash into
the ocean where living things use it for shells and other
hard body parts. Once calcium carbonate is precipitated
into a hard substance, the original CO2 is taken out of
circulation, and becomes part of the rocks forming on
the ocean bottom.

Many kinds of aquatic organisms such as corals (fig.
15.2), clams, and plankton take advantage of the
rugged structural properties of calcium carbonate.
When they die, their shells are deposited on ocean
bottoms. Each year’s deposits of calcium carbonate
shells are overlain by the next year’s crop. This
continues for millions of years, the original layer of dead
organisms being buried deeper and deeper. This deep
burial results in huge pressures from the increasing
weight of additional layers. Eventually, the deepest
layers are compressed into a hard rock called limestone
(figs. 15.2, 15.3, 15.4). On Earth, about 20% of all
sedimentary rocks are limestone. This high proportion
of rock represents a huge burial of CO2 .

Life’s precipitation of calcium carbonate is important as
the sun gradually grew warmer. The reduction of
atmospheric carbon dioxide that accompanied calcium
carbonate precipitation would have reduced the
greenhouse effect. This would have helped keep the
planet from overheating.

15.5 The reduction of CO
2
 by life may be the best solution

to the weak Sun paradox

Astronomers understand that the sun and planets
formed at about the same time 4.5 billion years ago.
Remember that as stars grow older, they become more
luminous. This means that the sun is much hotter
today than when life first appeared on Earth. According
to the methods in chapter 5 of this book, the sun was
about 25-30% cooler when life began than it is today.
This presents us with a confusing historical problem.

The problem has to do with the relationship between
atmospheric carbon dioxide and global temperature.
Carbon dioxide is a greenhouse gas. The more carbon
dioxide in the atmosphere, the warmer the planet. If
today’s concentration of CO2 (0.032%) had been present
on early Earth, the average surface temperature would
have been below freezing. The sun simply wasn’t
supplying enough heat, and the atmosphere wouldn’t
act like much of a greenhouse. This would have meant
a cold and icy world with little or no liquid surface
water. However, geologic evidence suggests that liquid
water was abundant on Earth at the time life formed.
How could this be?

Figure 15.3. Mitchell Caverns in
southern California. These delightful
structures are made of limestone
deposited in an ancient sea, now the
Mojave desert.

Figure 15.2. The coral animals make hard foundations out of calcium carbonate (left) The
carbonate part of this substance comes from CO

2
. Over many millions of years the platforms

built by corals can be covered over by thousands of feet of sediment, thereby putting into
storage their pool of carbon in the form of limestone. Occasionally, these buried deposits are
re-exposed, such as the  impressive layers of limestone in the Grand Canyon (right).
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Figure 15.4. Carbon dioxide is permanently removed from the atmosphere
mainly by calcium carbonate precipitation. Oxygen accumulates in the
atmosphere following photosynthesis and the later burial of the remains of living
things.
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One solution to this problem is the suggestion that
instead of tiny amounts of CO2, maybe there was much
more CO2 in the early earth’s atmosphere (fig. 15.5).
Perhaps there was 100-1000 times more CO2 than there
is today. That would mean the early earth would have
an atmosphere of about 10% CO2. The presence of this
greenhouse gas in such high amounts could have acted
like a thicker greenhouse blanket, keeping the planet
warm, in spite of the cooler sun. This higher amount of
CO2 might been enough to sustain an average
temperature high enough to support liquid water over
most of Earth’s surface.

This idea is consistent with current thinking about the
early Earth. Geologists think the early earth’s
atmosphere was a product of volcanic gases. And we
know that CO2 makes up over 10% of the gaseous

output in today’s volcanoes. So, we have a potential
solution to our problem — except for one thing. With all
that CO2 in the atmosphere, couldn’t the planet
overheat as the Sun grew warmer?

The answer is yes. But we know that the planet did not
overheat. Instead, the planetary temperature somehow
remained fairly steady even though the sun grew hotter
and hotter over the billions of years. How could this be?
This problem is called the weak sun paradox. There is a
potential solution to it that involves life.

A solution to this paradox suggests that as the sun
changed, the Earth also changed. Earth changed in a
way that compensated for the sun’s greater luminosity.
According to this solution, life and geochemical
processes steadily removed CO2 from the atmosphere.
The thermophiles could have started this process a long
time ago.
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Marine organisms release sulfur to the
atmosphere

Like nitrogen, sulfur could pool in the
oceans and become unavailable for life
on land. Remember that sulfur is an
important element in the construction of
enzymes and other proteins. If all the
sulfur on the land ended up draining to
the ocean, life on land would virtually
disappear. But this does not happen.
According to studies by James Lovelock
and M.O. Andrae, the action of small
living things takes sulfur from the sea and
returns it to the atmosphere. The work is
done mainly by tiny marine organisms
called coccolithophores and other marine
microorganisms. They take in sulfur salts
that wash down from the land, then later
release the sulfur to the atmosphere as
dimethyl sulfide (DMS). The DMS then
drifts back over the continents and is
carried down to the ground by rain.
Once on the ground, the sulfur fertilizes
the plants, fungi and soil microbes. There
is another potential benefit of releasing
sulfur to the atmosphere, and it has to do
with making clouds..

The release of sulfur by marine
organisms may increase cloud formation
over the oceans

Meteorologists R. Charleston and S
Warren have postulated that the DMS
released by marine organisms could later
assist in the formation of clouds over the
oceans. Cloud formation over the open
oceans has long puzzled meteorologists.
This is because the tiny droplets that
make up clouds must have some small
object to condense upon. Without tiny
particles in the air, water vapor cannot
condense, and remains in a gaseous state.
For example, the practice of cloud
seeding builds on this principle. Farmers
in search of rain release tiny particles of
silver iodide into the atmosphere hoping
to speed up the formation of clouds and
rain drops. Clouds do form in the open
ocean but researchers have long
wondered what is the source of
condensing particles. Charleston and
Warren suggest that it may be the DMS
released by marine organisms.

Why is this interesting? Since oceans
cover two thirds of the Earth�s surface
they represent the largest single surface
for receiving the sun�s energy. In addition,
the oceans reflect very little incoming
energy. On the other hand, clouds reflect
lots incoming energy. Therefore, clouds
over the oceans can have a major impact
on the planet�s heat budget. In general,
the more clouds over the ocean, the
cooler the planet. The fewer clouds over
the ocean, the warmer the planet.

Lovelock has proposed that the
relationship between DMS-producing
marine organisms and cloud formation is
an example of how life could regulate the
global climate. For example, Lovelock
suggests that a warm planet stimulates
marine organisms to produce more DMS.
This would result in the production of
more clouds, counteracting the warm
conditions and cooling the planet.
Conversely, if the planet is cool, then
DMS production falls, leaving more of the
ocean exposed to the sun�s incoming
energy. This would counteract the cool
planet by warming the planet. This
scenario is one example of
biogeophysiology in which life might act
to regulate the global climate. For now,
this idea is still under investigation, but its
potential is very interesting.

Panel 15. 1 A possible connection between ocean life and cloud formation
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Figure 15.5. One way the Earth could have
stayed warm during the sun's early, and
cooler years would be that the Earth might
have had much more carbon dioxide in its
atmosphere. This would have increased the
greenhouse effect. As the Earth grew
warmer, CO2 could have been removed in
order to prevent the planet from overheating.

If this actually happened, there should be ample
evidence to support the idea because it would have been
necessary to remove billions of tons of CO2 from the
atmosphere. And this would need to be stored away
permanently. More about this later.

15.6 2.5 billion years ago, oxygenic photosynthesis created
an oxygen revolution

What about energy levels of the first living things? The
first archaea and bacteria could not photosynthesize.
They likely were dependent upon the energy content of
molecules that just happened to be available on the
earth. For example, they could have used hydrogen
sulfide to fix carbon by sulfur oxidation. Bacteria then
were entirely chemical resource scavengers. They had
little control over their energy world. Despite their
success, anaerobic bacteria failed to take full advantage
of the sun’s rich and constant shower of energy.
Sunshine represented a reward of unimaginable energy.
If a living thing could exploit this abundant resource,
then life on Earth and the whole the world would
change very quickly. And about 2.5 billion years ago, it
happened.

About 2.5 billion years ago, living cells achieved
powerful solutions to capture the sun’s energy for the
first time. Oxygenic photosynthesis appeared in the
biosynthetic repertoire of bacteria. It represented one of
the most potent technology advances since life began.
This new biosynthetic process enabled living things to
fix carbon and to make sugar with much greater vigor.

Using the sun’s light energy, it became possible for
organisms to achieve energy self-reliance and to break
free of the tyranny of limited and bland molecular
energy resources. Photosynthesizers no longer needed
to scavenge the earth for scraps of energy molecules.
The new life forms now could use the sun as a source of
energy for making high energy molecules.

And they could store more sugar. They could store more
energy. Photosynthetic organisms could consume
energy reserves when it was convenient for them.
Photosynthesis enabled life to tap in to the gigantic
nuclear fusion reactor at the center of the solar system.
As a result, photosynthesizers spread, but there was a
dangerous risk to all non-photosynthetic life on the
planet. The problem was molecular oxygen.

Oxygenic photosynthesis (as opposed to anoxygenic
photosynthesis, see chapter 7) produces molecular
oxygen (O2) which began to accumulate in the
atmosphere. Until this time, there was no molecular
oxygen present on Earth. The reason? It vigorously
reacts with other chemicals and combines with them to
make something new. In the process O2 strips other
chemicals of hydrogens and electrons, causing
permanent damage. It does this to living and non-living
molecules alike. By disrupting chemical machinery, O2

can kill anaerobic bacteria. So, O2 production by
photosynthesizers placed in jeopardy all of life on planet
earth – including the lives of the photosynthesizers
themselves. But it turns out that this new
environmental circumstance led to the development of
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new biosynthetic adaptations that at first provided
protection from oxygen. Then it later evolved into a new
biochemistry that exploited oxygen — aerobic
respiration.

There is still no way to tell exactly how aerobic
respiration came about. But it ultimately increased the
efficiency of extracting energy from sugar. This complex
chemical system uses the highly reactive molecular
oxygen to get rid of waste hydrogens that would
otherwise clog the system and shut it down. The
rewarding new energy duo of photosynthesis and
aerobic respiration enabled photosynthetic organisms to
surpass older types of bacteria in their ageless quest for
resources. Not only were pre-existing anaerobic bacteria
probably out competed for territory by the new
photosynthetic bacteria, they were also poisoned by the
steady buildup of molecular oxygen in the environment.

So, photosynthesis created an oxygen revolution on
Earth starting about 2.5 billion years ago.
Photosynthesis and aerobic respiration later energized
the development of multicellular life. Without this
energy system, macroorganisms might not have been
possible.

Don’t count anaerobic bacteria out. They are still with
us. They live in oxygen-poor environments like deep
muds in swamps and oceans, and in the digestive tracts
of animals. As simple as they are, anaerobic bacteria
remain valuable decomposers and recyclers of
important materials needed by life.

Although the advent of photosynthesis redirected life on
earth, it also began to transform the earth itself. Over
many millions of years, oxygenic photosynthesis was
destined to have an influential effect on the atmosphere.

15.7 The emergence of oxygenic photosynthesis
contributed oxygen to the atmosphere

There is strong evidence that the early Earth had little
or no free O2. Obviously, O2 later became part of the
atmosphere in a big way. But this didn’t happen for a
while. The rocks tell us that when free O2 showed up, it
may have appeared in the atmosphere quite suddenly.

One compelling class of evidence is the worldwide
appearance of iron oxide in rocks starting about 2
billion years ago (the red beds). From this ancient point
in time forward, these rusty deposits were laid down,
but not before. There are no such iron oxide deposits in
rocks older than 2 billion years. The presence of iron
oxide indicates that there was a large amount of free O2

in the atmosphere. The absence of iron oxide indicates
that free O2 was absent, or at very low values. Iron oxide
in the rocks indicates that abundant free O2 started to
appear in the atmosphere about 2 billion years ago.

Molecular oxygen in Earth’s atmosphere primarily is a
product of photosynthesis. The original producers
probably were the cyanobacteria. It is not possible to
tell exactly when photosynthesis technology first
appeared. It could have been soon after the first living
cells arrived, or much later. For example, microfossils
3.2 billion years old discovered in South Africa have the
appearance of cyanobacteria. We know that today’s
cyanobacteria are photosynthetic. Could they have
photosynthesized 3.2 billion years ago? We don’t know.
However, we do know that once the bands of iron oxide
began to be laid down in rocks 2 billion years ago,
photosynthesis probably was the cause, and we think it
was in full swing then. We also understand that the
cyanobacteria probably were well established 2 billion

years ago, and they were probably doing photosynthesis
then. So, whether they started 3.2 billion years ago or 2
billion years ago, it probably was the cyanobacteria that
profoundly changed the nature of Earth’s atmosphere.

The actual amount of oxygen in the atmosphere during
the Earth’s history is not firmly established, but there
are trends. For example, most scientists think that the
concentration of O2 started out low, then increased to
its present 21% (fig. 15.6). Some think that this
increase was not steady over time, but happened in
bursts. That is, O2 concentrations may have increased
in a sort of stair-step pattern. According to this idea, the
periodic increases may have been tied to what was
happening to the biological world. Let’s examine the link
between developments in biology, geology and
atmospheric O2.
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Figure 15.7. Sediments spewed into
the sea at the mouth of a river. Year
after year, rivers like these steadily
shower the sea floor with sediment.
The rain of silt preserves the story of
the sea floor like a page in a book.

Figure 15.9. Collecting peat near
Castlegregory, Ireland. Peat is high in
energy, and its abundance in Ireland
make it an economical fuel for heating
Irish homes against the frequent cool
weather. The storage of fixed carbon
like this results in a surplus of O

2
 in the

atmosphere.

Figure 15.8. Siberian Meadow in the Sierra
Nevada. Meadows like these have soggy soils
that have low oxygen content. This coupled with
cold weather means that organic materials
deposited here decompose very slowly. This
leads to a buildup of organic remains.
Depressions in places like these become bogs.
Instead of completely decomposing and
returning the CO2 to the atmosphere, the
organic remains become preserved,
permanently removing their load of carbon from
the atmosphere. If enough time passes, the
settled materials first turn to peat, then to coal.

15.8 Atmospheric oxygen must be constantly replenished

The Earth’s high concentration of atmospheric oxygen
(O2) makes it unique among the planets. Atmospheric
oxygen (O2) is a highly reactive substance. This means
that it likes to combine with other substances to make
something new. In doing this, the O2 molecule is
consumed, leaving less of it around.

For example, O2 likes to react with iron that we find in
many rocks. When it does, O2 combines with iron to
make a new substance called iron oxide (rust). The
atoms of oxygen are not destroyed. They just are
attached to something new... iron. As a result there will
be less molecular oxygen (O2) in the atmosphere. The
highly reactive nature of O2 means that in order for it to
persist in a planet’s atmosphere, it must be constantly
replenished. Otherwise, it will simply react itself into
new compounds on the planet’s surface and disappear
from the atmospheric scene.

15.9 Photosynthesis and the production of fossil fuels
increased atmospheric O

2

We saw in chapter 7 that oxygenic photosynthesis can
be perfectly coupled to aerobic respiration. This means
that if living things actively do both of them without
interference, they will just recycle the materials round
and round. Under this scenario, there should be no
large net movement of materials from one realm to

another. In other words, life would have little or no
impact on the planetary surface environment – as far as
atmospheric CO2 and O2 go. But Oxygen has built up
and carbon dioxide has dropped. In order for this to
happen, something must be interrupting this coupled
reaction set. The answer has to do with burial of fixed
carbon.

The primary way for O2  to accumulate in the
atmosphere involves burying the remains of organisms
in the rocks. Remember that, given the opportunity,
molecular oxygen vigorously reacts with the carbon-
based molecules of life. But, if the molecules of life are
removed from contact with O2  (i.e., buried), the reaction
set gets uncoupled and the O2 will accumulate in the
atmosphere as fixed carbon accumulates in the crust.

For example, when the plankton in the sea die, they
settle in the trillions to the bottom of near shore seas.
There, before they are completely decomposed, they are
covered over by sediments eroded from the nearby
continent (fig. 15.7). The result is that the carbon
molecules that made up the plankton now are
permanently stored deep under the ocean bottom (fig.
15.4). The molecular oxygen that was released in their
formation (by oxygenic photosynthesis) now is denied
access to them. So, atmospheric O2 accumulates.
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Figure 15.10. Layers of the Earth's atmosphere.
(a)  Troposphere (d)  Ionosphere
(b)  Stratosphere (e)  Exosphere
(c)  Mesosphere
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If this process continues for millions of years, the
undecomposed planktonic remains are buried deeper
and deeper, suffering more and more pressure from
above, and greater amounts of heat from below.
Eventually, their ancient grave turns into a gigantic
pressure cooker. The result is petroleum and natural
gas, two types of fossil fuels.

On land, green plants (that appear later in this story)
use photosynthesis to suck down CO2  and give off
waste O2 , like the plankton in the sea. Sometimes the
remains of these plants can get trapped deep in the
Earth. One place where this can happen is a swampy
place called a bog (fig. 15.8). The waterlogged realm of
the bog makes good fixin’s for coal, a fossil fuel with
high energy content. Because of poor circulation in the
bog oxygen levels in the bog are low and plant decay is
slow. Remember that the cellulose and lignin that make
up plant cell walls are very resistant to bacterial
decomposition. When vegetation in and around the bog
die, they settle to the bog bottom and instead of being
completely decomposed, their energy-rich remains are
compressed to become peat (fig. 15.9). Peat later is
compressed by layers of undecayed plants that follow.
Keep this up for several million years, and like
petroleum, the increased pressure and heat ‘cooks’ the
peat to make a hard, rocky substance called coal.

The fossil fuels of natural gas, petroleum, and coal are
the undecomposed remains of sea life and plants that
lived hundreds of millions of years ago. The carbon in
these fuels came from ancient atmospheres. The result
is that the formation of fossil fuels leaves huge amounts
of O2 to accumulate in the atmosphere.

15.10 The stratospheric ozone layer appeared after
photosynthesis

Getting back to the accomplishments of the ancient
cyanobacteria. One other way photosynthesis began to
impact the earth’s atmosphere had to do with reactions
involving molecular oxygen high in the atmosphere.

An interesting new phenomenon probably began to
develop high in the atmosphere soon after the
appearance of free O2. Some of the O2 drifted upward in
the atmosphere, encountered intense ultraviolet
radiation coming from the sun, and turned into new
substance called ozone (O3). At about 15 miles up,
ozone concentrations are slightly higher than elsewhere
in the atmosphere. This place is called the stratospheric
ozone layer (fig. 15.10). Ozone is formed in the
stratosphere because of ultraviolet radiation-induced
reactions with O2. Ironically, ozone also acts to
efficiently filter out this incoming ultraviolet radiation.
And this filtering action probably helped protect life on
land and in shallow water.

On early earth, the atmosphere was capable of doing
some filtering of ultraviolet, but much was still able to
penetrate to the surface. This high intensity radiation
could have presented a problem to the development of
life, especially on land. The problem is called radiation
poisoning. If you have ever had a bad sunburn, you
know what I’m talking about. This is how radiation
poisoning works. The ultraviolet radiation’s powerful
molecule-breaking action can constantly break apart
important biomolecules in cells like DNA and enzymes.
If enough biomolecules are destroyed, the cell will die. If
enough cells die, this could severely distress the overall
workings of the organism and it could die. The
appearance of ozone in the stratosphere provided
substantial relief from ultraviolet radiation.

The colonization of the planet by photosynthesizers
boosted ozone production in the stratosphere. As more
stratospheric ozone was produced, the levels of
ultraviolet radiation dropped. That circumstance
increased the survivability for creatures venturing out of
the water and onto dry land. If the stratospheric ozone
layer ever goes away, all life on land and in the shallow
ocean waters will suffer greatly from increased radiation
exposure.

With the protective powers of ozone, life on land was
possible without the need for shielding armor. The life
forms on a world with no comparable radiation
protection would look very different indeed. Earth’s
thick ozone layer made life on dry land much more
feasible.

So, about 2.5 billion years ago, the cyanobacteria began
to change the world in very important ways. But despite
their impressive photosynthetic power, cyanobacteria
could not exploit all possible opportunities available to
life on earth. In the ever competitive quest for more and
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Figure 15.11. Moon snail. This snail is
descended from similar ancestors that
crawled on the Earth's nearshore sea
bottoms about 600 million years ago.
Its protective shell is made out of
calcium carbonate. The carbonate
originated as carbon dioxide in the
atmosphere. As more shells were
made, more carbon dioxide was pulled
out of the atmosphere, sometimes
permanently. Over many millions of
years, this could have had a cooling
effect on the global climate.

more of the good stuff on the planet, each bacterium
represented nothing more than a microscopic teaspoon,
with armies of bacteria spooning in tiny rations of
limited resources. What would have been really useful
was the biological equivalent of a bulldozer. Get bigger
and consume more than your competitors. Get big, get
more.

There was only one problem. Single celled creatures
cannot grow very big. This is because they depend on
simple diffusion as the main way to transport materials
throughout the cell. Diffusion is a slow transport
process, deadly slow if you get too big. Considering the
limitations diffusion imposed, the only way to get big
was to combine many cells together. But this option
presented huge problems not faced by tiny bacteria.
Still, the potential rewards were huge. About 600
million years ago, life invented the mouth.

15.11 Animals began to eat the Earth�s resources sometime
before 600 million years ago

Large new mouth-bearing organisms appeared on the
Earth about 600 million years ago. These included
trilobites, snails, jellyfish (fig. 15.11). Initially, these
new, large, multi-celled organisms were restricted to the
oceans and they lived mainly in shallow near-shore
environments. For the moment, there was very little life
on dry land.

After 600 million years ago, organisms from a variety of
lineages adopted new adaptation that enabled them to
make hard body parts out of dissolved calcium
carbonate. The significance of this ability is twofold:
1) It provided a way of building structurally strong

body components

Calcium carbonate
enabled animals to
build structural
strength into limbs.
Therefore, jointed
appendages became
possible. This
capability vastly
improved mobility as
strong legs carried
larger and larger
creatures forth at
faster and faster
speeds. Calcium
carbonate also was
employed as armor.
Snails retreated
inside their calcium
carbonate shells to
avoid being eaten
(fig. 15.11). Living
things used calcium
carbonate

extensively. It is still used today to construct coral reefs
and harden the shells of crabs. Another possible benefit
of using calcium carbonate was that it shielded animals
from harmful ultraviolet radiation. Ultraviolet may have
been more intense 600 million years ago if the
stratospheric ozone layer wasn’t yet fully formed.
2) Its precipitation eventually led to profound changes

in the atmosphere.

The use of calcium carbonate by living things expedited
the reduction of carbon dioxide in the atmosphere.

The drop in atmospheric CO2 probably happened
because once incorporated into calcium carbonate,
most of the CO2 did not return to the atmosphere (in the
short term, anyway). Instead, the calcium carbonate in
the animals’ bodies remained in the crust as old coral
reefs, and deep ocean mud deposits.

Since CO2 is a gas that helps trap the sun’s heat,
wouldn’t its reduction in the atmosphere actually cause
the planet to become cooler? Certainly the potential is
there, but as the sun grows older, its heat output
increases. Maybe the consumption of calcium carbonate
(and so, CO2) actually helped keep the planet from
overheating while the sun grew steadily hotter.

Back to multicellular life in general. Multicellular life is
not without its dangers. For all their resource-
consuming prowess, the first macroorganisms
presented profitable food rewards for other new
organisms built along similar lines - predators.
Suddenly there were many new kinds of creatures, each
doing different things in the environment. The animals
were busy consuming resources, and this increased
their chances for survival. But they also became
pockets of high value resources themselves. This feature
made them targets and increased their environmental
stress. Soon new kinds of animals were consuming
other animals.

15.12 Pre-plant life on the continents was small, low-
growing and sparse

Before land plants, the fossils indicate that the
continents probably were covered by a thin veneer of
mostly cyanobacteria (photosynthetic prokaryotic
organisms). Later, lichens (a combined fungus and alga)
journeyed onto moist regions of the continents. But
these organisms were restricted mainly to the surface of
the Earth, and couldn’t penetrate deep into the soil.
This is significant since deep underground lay riches
out of their reach. The treasure I speak of is not gold or
diamonds. It is the water, nitrogen, phosphorous, sulfur
and other nutrients that support life. The problem for
life on the land was that these nutrients lay beneath the
soil surface, while the energy for life (exposure to
sunshine) was above it. Single-celled organisms could
not build bridges to connect these separate and
essential worlds of the continents. They were too small
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Hypersea is a term that means, the sea
above. It was coined by geologists Mark
and Diana McMenamin as they developed
a new way of looking at life on land.
Their Hypersea theory proposes that
each living thing on land can be thought
of conceptually as a collection of cells in
which the sea has folded over onto itself.
Living things on land envelope and
maintain their own internal fluid
environment. For example, all our cells
are filled with water, as are the cells of all
living things, on land or the sea. Hypersea
came about when living things on land
developed a means of keeping the

Panel 15.2 What is Hypersea?

internal fluids from escaping. In other
words, they developed ways to keep
from drying out. Also, life on land
developed �technology� to extract water
from the Earth and make it available to
life on land. According to Hypersea, all
the macrolife on land is made possible by
an animated network of life that reaches
deep into the Earth and brings nourishing
supplies to the surface. For example,
fungi absorb water and nutrients from
the soil. The soil fungi are intimately
attached to plant roots which absorb the
water and nutrients from the fungi. The
plants then move these materials to the

surface, and to their leaves where they
support the production of sugar and
other molecules in the leaves. Animals
and parasites consume the plants and
each other. As they do, Hypersea fluids
are passed along from one organism to
the next. The Hypersea idea also has
other intriguing elements in it, but our
interest right now is that plant-based
biota built itself mainly by being able to
retrieve moisture and nutrients from
underground.

and disorganized. However, plants developed ways to
mine this treasure. So, until the advent of plants, life on
the continents was essentially flat and sparse. And the
contribution to planetary influence was lackluster.

15.13 Plants developed the hardware to mine the Earth in
great quantities while harvesting carbon dioxide and
sunlight too

Talking about the technical characteristics of plants for
a moment.

One of the most powerful adaptations of plants was the
root (fig. 15.12). Roots are large structures that probe
deep into the earth to pump water and other nutrients
to the surface. Roots gave surface life access to the
stores of nutrients and ground water lurking below.
This resource extraction process inspired geologists
Mark and Diana McMenamin to develop their
remarkable Hypersea theory. See Panel 15.2 for a brief
explanation of Hypersea theory.

Leaves and branches played a role too. Leaves are large,
delicate structures that fan out to collect sunlight and
carbon dioxide. Their feathery figures increase the
surface area for collecting sunlight and CO2 . This
makes photosynthesis (and the making of sugar) more
convenient. Trunks and branches are strong structures
that lift leaves up and array them in three dimensions.
With the development of large plants, the amount of
photosynthetic activity on a given plot of land increased
significantly.

So, plants changed the surface of the Earth from a
flattened coating of tiny organisms to forests of large
three-dimensional plants. The big and vigorous
organisms of the forest mined deep into the Earth for its
buried resources of moisture and nutrients. Land plants

O2

H O2

CO2

and
Nutrients

Figure 15.12. A diagram of
a tree. Trees are powerful
resource consumers
largely because they have
the hardware to go out and
get them. Large roots pull
in water and nutrients from
the dark underworld, and
leaves take in the sun's
energy, and the
atmosphere's gases.
These kinds of structures
enabled plants to build
biological bridges between
the surface world and the
underground.

and their associated fungal and microbial biota
represent an impressive exploitation of the Earth’s
resources with corresponding impacts on the Earth’s
global environment. More about this later.

15.14 350 million years ago, plants invaded the continents

Back to the time line. Plants colonized dry land in large
numbers, starting about 350 million years ago (fig.
15.13). This was a major advance because it meant that
plants had begun to solve the biggest problems of
terrestrial life. Living on land posed special difficulties
for organisms not encountered while living in the water.
They included:
1) Drying out
2) Collecting water
3) Gathering nutrients needed to support biosynthesis
4) Reproducing
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Figure 15.13. A moss. Mosses are considered to be primitive
plants, especially when compared to complex flowering plants.
Mosses, or similar plants could have made the first tentative
ventures into moist areas away from the sea, leading the way to
the full colonization of the land.

The earliest land plants probably were similar to what
we know of today as mosses and liverworts. To keep
from drying out, they probably lived in wet
environments at first, along the banks of lakes, streams
and rivers. They developed new root systems (and
symbiotic relations with fungi) to obtain water and
nutrients from the soil. And, they relied on rain water to
transport sperm cells short distances to fertilize
neighboring plants. Plants had settled upon a
stationary lifestyle and were extremely limited in their
abilities to pioneer this new, continental frontier. Yet,
they were also an inviting food source for animals. And
much later, land plants would engage the services of
animals as unwitting yet willing helpers in plant
reproduction.

Eventually, with the invention of cellulose and lignin,
plants were able to construct larger and more robust
structures of greater durability. These included above
ground branching systems and underground root
systems.

15.15 Plant-based ecosystems roughly doubled life�s
influence on Earth

Plants and their associated biota of fungi and
microorganisms (like bacteria) represent the latest, most
aggressive stage in life’s ability to change the planet.
(NOTE: Actually, humans are more recent and more
aggressive.) Once plants executed the large-scale
colonization of the continents, they began to churn the
dry surface of the earth faster than the prokaryotic
organisms did before them.

Plants are very important since they added to life’s
overall influence on the atmosphere and global climate.
When plants began to colonize the continents, they
increased the overall presence of life on the planet by a
large fraction. Scientists, W. Post, Tsung-Hung Peng, W.

Emanuel, A. King, H. Dale, and D. DeAngelis have
estimated that land plants contain 98% of the Earth’s
standing biomass. In other words, of all the matter
found in living things, nearly all of it is in land plants.
But what about life in the sea?

If the above estimate is correct, then sea life makes up
only 2% of the world’s living matter. A very astonishing
comparison. This is not entirely surprising since most of
the sea is almost lifeless. Oceanographers refer to the
clear blue waters of the open sea as an aqueous desert.
Sea life tends to hug the coastlines of continents where
rivers export nutrients from the land, and because of
other events that make nutrients more plentiful (coastal
upwelling, for example) (fig.15.14). Even if this estimate
is off by many percent it suggests that land plants
significantly increased life’s overall abundance on the
planet.

Figure 15.14. A grey and white image showing regions of
photosynthesis in the sea. The areas of high photosynthesis
are shown dark. Light grey areas have low photosynthesis. Can
you make a general statement about the locations of high
photosynthesis versus locations of low photosynthesis in the
sea?
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15.16 Life on the continents may have helped increase
atmospheric O

2
 and decrease CO

2
 in several ways

From space, the earth was starting to show traces of
green along the banks of rivers and streams. As plants
later were able to move farther from the water, the green
of chlorophyll came to dominate the interiors of Earth’s
continents. The atmosphere probably felt the effects of
the plants’ advance. Through photosynthesis, plants
suck down CO2 and release molecular oxygen. As plants
spread across the continents, the opportunities
increased for the geologic deposition of fixed carbon. As
a result, the amount of atmospheric oxygen probably
increased.

As more plants appeared in new areas, the amount of
CO2 in the atmosphere decreased because of:
1) By using the CO2 to build themselves, their remains

of which get deposited in the rocks where they
remain undecomposed

2) By enhancing the rate of rock weathering.

The weathering of calcium silicate rocks is accompanied
by chemical reactions that remove CO2 from the
atmosphere. Weathering simply is a word describing the
breaking down of the crystal structure of rock. It is
caused by exposure to sunlight, heat and water. When
calcium silicate rocks on the Earth’s surface break
down (weather), the calcium that makes them up
becomes available for reactions with atmospheric CO2 .
This reaction produces solid calcium carbonate (fig.
15.4), thus removing CO2 from the atmosphere. The
reaction equation is shown below.

CaSiO3   +  CO2   <==>  CaCO3   +  SiO2

This process occurs whether life is present or not. But
there is new evidence that suggests that life may greatly
speed up the weathering of rock on land, and so speed
up the removal of CO2  from the atmosphere.

How does life enhance the weathering of rock? Life
speeds up rock weathering in the following ways:
1) The land biota (particularly the plants) increase the

stabilization of soils. On surfaces without life, soils
are quickly eroded away by wind and rainfall.

2) Soil enhances rock weathering by increasing the
surface area upon which chemical reactions take
place, thereby increasing the opportunity for CO2  -
removing reactions in a given location.

3) Plant roots release acids into the soil that increase
the rate of rock decay, making the chemicals in the
rock more available to reactions with CO2.

4) Roots and underground animals like worms and
insects stir up the soil, thus increasing the rate of
rock weathering and opportunities for chemical
reactions with the atmosphere.

Geochemists David Schwartzman and Tyler Volk
estimate that life may increase the speed of rock
weathering on land by as much as 1000 times. Their
estimates are consistent with (although somewhat
higher than) other weathering studies done by J.I.
Drever, T.A. Jackson, W.D. Keller, and Mark
McMenamin. Of the living things, plants by far have the
greatest potential to increase the speed of weathering.
Robert Berner demonstrated that plants make
weathering go seven times faster than weathering
caused by fungi and microorganisms. If these studies
are on the right track, they mean that as life (especially
plants) spread across the continents it hastened the
permanent removal of CO2 from the atmosphere by
about 1000 times. And this is just by enhancing rock
weathering. If we figure in the other ways life has
contributed to removal of CO2 , we begin to grasp the
sheer magnitude of life’s ability to impact the
atmosphere and global climate in powerful ways.

15.17 More oxygen in the atmosphere may have supported
more life on land in two ways

The increase in atmospheric oxygen was important for
the colonization of the continents by plants and animals
for two important reasons:
1) It supported the energy needs of land plants and

animals
2) It contributed to greater stratospheric ozone

production. I’ll discuss the significance of these
issues next.

Let’s look at the energy issue first. Crawling around on
dry land consumes much more energy than swimming
through water. This means more respiration and more
oxygen consumption. In the time before land plants
there might not have been enough oxygen to support
the high energy requirements of land-based locomotion.

Second, as plants contributed to the buildup of
atmospheric oxygen, ozone production in the upper
atmosphere increased as a result. This helped to protect
land dwellers from the sun’s dangerous ultraviolet
radiation. The more ozone, the greater the protection.
Ironically, as land plants produced more oxygen, they
began to transform the world to make it more inviting
for animals to follow. And follow they did, in enormous
numbers.

15.18 Insects were the first animals to move on to dry land

Insects (actually their many-legged ancestors) were the
first animals to exploit the vast land plant resources
(fig. 15.15). Perhaps their rugged external skeletons
protected them from ultraviolet radiation still leaking
through the immature stratospheric ozone layer. If so,
having an external skeleton surely would be an
advantage over an internal skeleton.
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Figure 15.15. A grasshopper. Insects
appeared in the fossils soon after land
plants. The spreading plants provided
an abundance of food for any animal
able to cope with the drying
environment of the land. Insects were
the first animals to solve these
problems. Once insects were
established, they represented a food
source for the first land-dwelling
vertebrates, the amphibians.

But this advantage
(if ever it was an
advantage) would
wane as the ozone
layer fully developed.
In spite of their early
successes, the
insects and other
invertebrates had
poorly equipped
respiratory and
circulatory systems.
They could not move
blood and oxygen
fast enough to keep
large organisms
alive. This meant
that insects and
their arthropod
cousins could never
have a large brain.
Instead, success for insects would be measured in
quantity not quality.

15.19 Insects aided in the development of flowering plants

The first insects and their close relatives probably did
not eat the plants directly. Instead, they fed on the dead
plant matter that lay on the ground. Later, these insects
were preyed upon by new kinds animals similar to
spiders and scorpions. Eventually, the insects began to
aggressively prey directly on the plants, particularly the
delicate reproductive organs. Their preference for plant
reproductive parts may have later led to the
development of flowering plants (which appear later in
this story).

15.20 The vertebrate body apparently held the promise for
greater size and complexity

Creatures with the most sophisticated organ systems
perhaps had the greatest opportunities for survival.
Several options were explored.

The invertebrates (including the insects) achieved rapid
success but their solutions would later limit further
opportunities (what paleontologist David Raup calls
phylogenetic constraint). The vertebrates (animals with
backbones)
developed much
later (fig. 15.16).
They were
successful perhaps
because they had
systems that made
it possible to grow
larger bodies.

The veterbrate body also enabled later refinements that
would far exceed any technology employed by the
invertebrates. For example, internal skeletons enabled
greater body size and convenient growth. Compare this
technique with the one used by insects and spiders.
They have external skeletons. External skeletons
provide good armor but were heavy, bulky and made
growth difficult. The is because the old external skeleton
has to be shed at each growth stage, a very
inconvenient and wasteful practice.

Vertebrates also later developed high-pressure, closed
circulatory systems. This capability enabled the blood to
deliver great quantities of oxygen and nutrients quite
rapidly to larger and larger brains. Brains consume
huge amounts of oxygen. The invertebrate circulatory
plan generally was a low-pressure system that could not
support a large brain. It is so interesting that the
configuration of the circulatory and respiratory systems
can powerfully constrain evolutionary possibilities for
the brain. Given these shortcomings, large brains did
not develop in trilobites, snails, or insects. But they
would later appear in the vertebrates.

15.21 Fish were the first vertebrates

Fish solidified the basic body plan for vertebrates  —
head up front, large brain case, paired eyes, big mouth
with teeth, skull attached to a long backbone, paired
appendages draped onto the backbone (fig. 15.17).
Larger brains in fish began controlling larger and
increasingly complex organisms. These creatures came
outfitted with sophisticated sensory and locomotory
systems. But the sea was becoming a crowded place,
harder to acquire resources, and dangerous with
hungry predators.

The move to dry land represented many opportunities to
vertebrates, including: escape from competition and
predation in aquatic environments; abundant food
supply (since the plants and insects were already there);
and lots of unclaimed territory to live in. The first
vertebrates to make the attempt were the amphibians
(fig. 12.14).

Figure 15.16  A Lancelet. This animal
has many characteristics that are
similar to animals with backbones
(vertebrates). Zoologists animals
similar to Lancelets may have led to
the first vertebrates.
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All of Earth�s organisms need nitrogen in
order to make such important
biomolecules as DNA, enzymes, and cell
membranes. Without a reliable supply of
nitrogen, no new DNA can be
synthesized, no new cells can be made.
Without nitrogen, growth of the
organism would halt.

In spite of all their photosynthetic
powers, plants alone cannot retrieve N

2

from the atmosphere. They need help,
and it comes from bacteria living in the
soil and in their roots. Nitrogen fixation
mostly is performed by a special kind of
soil bacterium called Rhizobium. This
bacterium lives in close association
(symbiosis) with certain kinds of plants,
mostly the legumes. The legumes include
clover, alfalfa, peas, and beans. All
ecosystems have some kind of plant that
harbors nitrogen-fixing bacteria, but not
all are legumes. For example, in forest
ecosystems, alder trees support nitrogen-
fixers, and in aquatic ecosystems,
nitrogen-fixation is performed by the
abundant cyanobacteria. So, what actually
happens during nitrogen fixation?

The nitrogen-fixing process involves
taking N

2
 out of the atmosphere and

chemically converting it to a form that
plants can take in through their roots.
This means the N

2
 must be changed from

a gas to something that will easily dissolve
into water and stay there � namely, a
salt of some kind. I am going to skip over
the details of the complex nitrogen cycle
for now, because they will not serve our
purpose here. Let�s just say that, in

Panel 15. 3 Bacteria managed nitrogen to the benefit of continental life

general, N
2
 is converted into a kind of

water soluble salt called nitrate (NO
3
-).

Now is where it gets interesting from an
atmospheric point of view.

The question arises, if bacteria are busy
consuming rare N

2
 gas from the

atmosphere, why does Earth still have an
atmosphere composed of so much N

2
?

Wouldn�t the bacteria eventually deplete
all the atmospheric N

2
? To find the

answers to these questions, let�s follow
the path of a N

2
 molecule and see what

happens. First, the N
2
 molecule enters

the soil near the roots of a peanut plant.
Rhizobium bacteria f ix the N

2
 and it

eventually is taken into the plant as
nitrate. The peanut plant uses the nitrate
to make amino acids, then proteins,
which it uses in its new cells. In time, the
plant dies and decomposing bacteria
utterly disassemble all of its biomolecules.
The decomposing bacteria convert the
proteins back into nitrates. Now it is
winter, and plant growth is slow. The
rains come and wash the nitrates into the
river which eventually leads to the sea.
There, the nitrates from all continents
collect, never to return... or so it would
appear.

If we understand this scenario correctly,
nearly all atmospheric N

2
 on Earth

should eventually be converted into
nitrates and washed to the world�s

oceans. Can you see a potential problem
for land plants if this were to happen?
Soon there would be no nitrogen
available to them, either in the air or in
the soil. Most of the nitrogen would pool
in the sea, and life on land would stop.
But this cannot be, because the process
has been going on for hundreds of
millions of years and we still have lots of
N

2
 in the atmosphere. So, something

must be converting the nitrates back into
N

2
 and releasing it to the atmosphere.

A very important group of bacteria called
the denitrifying bacteria save life on land by
returning N

2
 to the atmosphere. I want

to really emphasize the value of these
important organisms. All life on land
depends upon a steady supply of N

2
 in

the atmosphere. Were it not for the
denitrifying bacteria, most of the world�s
nitrogen would collect in the oceans. By
returning nitrogen to the atmosphere, the
N

2
 is free to circulate over all land areas.

As they drift over the continent, some N
2

molecules penetrate the soil near the
roots of a peanut plant, where Rhizobium
bacteria take it. And once again, nitrogen
enters the realm of the living world.

Given this interesting nitrogen distribution
system, it seems that Earth�s high N

2

atmosphere is sustained by life�s robust
chemical interactions with the
atmosphere. Vigorous pumping of N

2

back into the atmosphere by denitrifying
bacteria ensures a constant supply of
nitrogen for land-based life.
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15.22 Amphibians were the first vertebrates to walk on
land

Rewarded by
abundant insects,
amphibians gained
a foothold onto dry
land, but remained
tied to the water for
reproduction, and
because their skin
was not water tight.
Amphibians, like
frogs and
salamanders laid
their eggs in water
and shed their
sperm into the
water.

The amphibians
represented a
refinement of the
fish body plan. One
popular theory
suggests that fins
were replaced with
muscular, jointed
walking legs. The
lungs could have
resulted from a
modified swim bladder. This idea is not too far-fetched.
Today, the walking catfish from Asia has lung-like
organs that allow it to breathe air while it walks on dry
land in search of food. The coelocanth (fig. 12.14b) is
another intriguing fish that has muscular fins, suitable
for walking along the ocean bottom. Despite their
shortcomings, amphibians could make sorties onto the
dry land near creeks and lakes in search of tasty
insects. If only they could stay, there would be plenty to
eat.

15.23 250 million years ago, reptiles solved problems of
living on dry land

Reptiles were the first vertebrates to benefit from
solutions to the problems of living on dry land (fig.
15.18). New features included: internal fertilization of
eggs; a new water-tight egg that won’t dry out on land; a
new water-tight skin; better lungs, heart and excretory
systems; sturdier skeletal system, and more efficient
locomotory system.

Modern day reptiles have a skin that is covered with
rugged scales. If ancient reptiles also had such a skin, it
could have performed the following services:
1) The scales could have reduced water loss
2) They could serve as a kind of flexible armor to

protect the skin from attack by other animals

3) The scales could
have shielded
the skin from
ultraviolet
radiation that
still might have
been high.

1

5.24 Dinosaurs dominated the world for almost 200 million
years

In the absence of any other real competitors, and
invited by enormous food supplies, it may be that some
lines of reptiles evolved into some very large forms —
DINOSAURS (fig. 15.19). The dinosaurs became the
supreme resource consumers of all time (except that
their impressive
consumption
records were
recently surpassed
by humans). They
were huge.
Brachiosaurus is
estimated to have
weighed up to
160,000 pounds.
That’s as heavy as
40 Cadillacs. Such
a beast would need
to consume many tons of food every day. In a warm
world of abundance, the dinosaurs were well-suited, but
in a more austere world, two other types of creatures
would do better — birds and mammals.

(a)

(c)

Figure 15.17. (a) Drawing of one of the
first fishes, called an ostracoderm.
(b)Drawing of a present day
coelocanth, a fish with muscular fins.
(c) A salamander. A kind of amphibian.

(b)

Figure 15.18. Modern day lizard, a
kind of reptile.

Figure 15.19. A drawing of an
ornithomimid dinosaur.  Notice its bird-
like anatomy.
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Figure 15.20. (above, left) A drawing of Archeopteryx. This
fossilized animal lived with the dinosaurs from which it probably
descended. Paleontologists believe it is the first bird. (above, right)
American Kestral. A small, carnivorous bird. Birds and dinosaurs
have strikingly similar anatomies.

15.25 Birds and mammals appeared with sophisticated
temperature control systems

Birds (fig. 15.20) and mammals appeared later, as the
age of dinosaurs peaked. These new, smaller animals
had refined the ability to maintain a constant,
optimum, internal body temperature, regardless of the
environmental conditions. They could do this perhaps
better than the dinosaurs (many argue that dinosaurs
also had this ability). This physiological advantage may
have given birds and mammals unparalleled freedom to
be highly active at night and during cool weather at
higher altitudes and latitudes. With this adaptation,
they could move to territories with cooler climates and
find refuge from the tyranny of the monster world. The
first mammals were the size of a small mouse, so they
didn’t need much food in order to survive. Still, the
dinosaurs were well established and out-competed birds
and mammals for most resources. But maybe the
dinosaurs were too narrowly adapted.

15.26 Flowering plants emerged,  thrived, and exerted their
influence on the planet, with the help of animals

Also during the age of Dinosaurs, interesting things
were going on with plants, and the birds and the bees
and the butterflies. The first flowering plants appeared
and the summer world of the age began to blossom with
splashes of color and sweet fragrance). With the
development of flowers, flowering plants achieved a
major competitive advantage over other plants. The
flowers and the fruits that followed were an integral part
of an ingenious new reproductive system where
stationary plants increased their distribution powers by
exploiting the mobility of animals.

The development of flowers may have been a
consequence of the earliest insects feeding preferentially
on the delicate reproductive organs of plants. Plants
evolved a remarkable defense that tricked the insects

(and later birds) into not eating the reproductive organs.
Instead of hiding their reproductive parts from
predators, plants attracted them with a colorful and
fragrant new structure — the flower.

Most flowers divert the insects’ eating intentions by
rewarding them with sugar-filled nectar. Thus
rewarded, the insect leaves the flower intact, picks up
sperm-carrying pollen grains and quickly seeks other
flowers that promise more nectar. While visiting other
flowers, some of the insects load of pollen is transferred
to the new flower’s female reproductive organs,
fertilizing it. The flowering plant benefits from this
relationship because it protects its reproductive organs,
and gets to fertilize other plants of its kind many miles
away.

Once fertilized, the plant surrounds the seed with a
fleshy and nutrient-rich coating. For example, the apple
tree surrounds its seeds with a sweet fruit. Many plants
make their fruits as conspicuous as possible in order to
attract the attention of nearby animals. The animals eat
the fruit and seeds. The seeds are resistant to the
animals’ digestive processes. They eventually get passed
out of the animal often many miles away. There,
embedded in a pile of nutrient-rich dung the seeds will
spring forth and grow into new plants, colonial
representatives of their otherwise immobile species.

The advent of this cooperative arrangement and the use
of seed-filled fruit conferred upon plants weedy
characteristics. The new flowering plants (that came
after non-flowering plants like mosses, and pine trees)
quickly colonized disturbed areas such as in mudslides
or after volcanic eruptions. Eventually, flowering plants
diversified and spread, and now dominate most land
ecosystems.

Their global colonization represented a moment of
maturation for life on Earth and brought the planet into
its modern form. Today, much of life’s overall influence
on the atmosphere, climate and environment is due to
flowering plants.

15.27 65 Million years ago, the dinosaurs died

Some catastrophic event happened that the dinosaurs
were unable to cope with, and they all became extinct
65 million years ago. But they didn’t perish alone.
About 75% of all other species of organisms living at the
time also became extinct. The most popular hypothesis
explains that a large asteroid or comet struck Earth in
the vicinity of what is now Yucatan, Mexico. Extinctions
happened during the aftermath of this impact that
probably was marked by major ecological disruptions.
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15.28 Birds and mammals prospered in the aftermath

However, many species of birds and mammals survived
the dinosaur killing cataclysm. Much to the benefit of
the survivors, the extinct dinosaurs left thousands of
ecological niches unoccupied. When the smoke cleared,
the birds and mammals developed into many new
diverse forms that exploited the new and more
opportune environmental circumstances.

Mammals developed highly efficient circulatory and
respiratory systems including a four-chambered heart
that pumped blood at high pressure thorough highly
efficient lungs. The heart also was able to pump this
well-oxygenated blood to a large, oxygen-hungry brain.
Supported in such ways, the mammalian brain may
have become more and more sophisticated in its ability
to control other body functions. More sophisticated
control may have resulted in greater survivability.

And perhaps some 3 million years ago, the brain of an
ancient ape-like being contemplated a stick held in its
hand — maybe as a tool for greater survival. This
ingenious ancestor began to deal with environmental
stress in a whole new way. Instead of relying almost
entirely on the bloody, wasteful and extremely slow
genetic innovation, the human ancestors developed,
simulated and executed innovations in real time. The
invention and communication of ideas represented a
new form of innovation (and inheritance) that eventually
made humans so different from all other creatures.

About 100,000 years ago, modern human beings
appeared (fig. 12.19) — first as hunter-gatherer
societies. Then, with the invention of agriculture 10,000
years ago, and industrialism about 250 years ago,
humans began to change the environment to suit
themselves.

15.29 Quickly summing up

So, the combined activities of living things over billions
of years have changed the planet from a hot world,
sparsely populated by heat-resistant bacteria, to one of
moderate temperatures, rich in reactive oxygen gas,
shielded from harmful radiation, and filled with millions
of complex species. As life evolved on Earth, so did it
cause the planet to evolve. And as the planet evolved, it
may have paved the way for the appearance of newer
life forms.
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Depending on the circumstances, life
could either help conserve planetary
hydrogen or it could actually expedite
the loss of planetary hydrogen. Hydrogen
conservation is important in the
conservation of a planet's surface water
supplies.

Taking Earth as our model, the crust
releases hydrogen into the atmosphere
mainly as free hydrogen (H2), and water
(H2O). These substances percolate up
through the crust, or are released from
volcanoes or mid-oceanic rift zones. Free
hydrogen also can be released following
reactions in which a water molecule�s
oxygen atom combines with iron
minerals in the crust. In addition, small
amounts of hydrogen are released as
hydrogen sulfide from oceanic thermal
vents.

Once out of the crust, free hydrogen
exists as a gas at all times on Earth. So
does hydrogen sulf ide, mostly. Water
occurs in solid, liquid or gaseous form.
Once they emerge from the crust, these
gases (including water as water vapor)
are mixed by air circulation. If they
encounter the upper atmosphere, they
are vulnerable to forces that can eject
them.

Panel 15.4 Life may or may not help conserve a planet's water supplies

There are several forces that can cause
gases to vacate the atmosphere1  (cite dm
hunten in origin and evolution of
planetary atmospheres book). They
include such phenomena as:
1. thermal escape � hot gases leaving

the atmosphere under their own
power

2. non-thermal escape � several
different mechanisms in which
external forces act on atmospheric
gases in such a way as to cause them
to leave. For example, the
phenomenon of ion escape happens
when a speedy, charged hydrogen
atom (ion) dodges the planet�s
magnetic field and makes its way into
space. This phenomenon can happen
at the planet�s magnetic poles of
which there are two.

Which mechanism is most important is
not yet clear. Atmospheric scientists are
still investigating how planets lose some
of their initial atmospheric endowment.
So far, none of the mechanisms I have
mentioned so far seem capable of causing
sizable losses in oceans of surface water.
And yet, there is sufficient evidence
suggesting that Venus and Mars were
initially endowed with abundant surface
water reservoirs. If so, what happened to
all that water?

In the meantime, James Lovelock has
suggested that the activities of life on
Earth could have helped conserve the
planet�s water reserves2  (p. 81).
Although Lovelock�s suggestion remains
untested, it is one of those intriguing
ideas that deserve special attention. In
order to explore the possibility of life
influencing the flux of a planet�s surface
water reserves, I will consider three
different scenarios.

What I am looking for is the potential
for hydrogen atoms to get into the
atmosphere. This is because once they
are in the atmosphere, they become
candidates for exit. These scenarios
assume that all hydrogen-containing
molecules begin their existence either in
the solid crust, the liquid ocean or the
liquid environment inside a living cell.
The question is, once it appears, what is
the likelihood that the hydrogen-bearing
molecule will make its way out into the
atmosphere?

No Life Scenario

In this simple scenario (fig. ??), free
hydrogen gas, hydrogen sulf ide and
water vapor enter the atmosphere
unmolested by life. Once there, they are
candidates for travel to the upper
atmosphere and possible exit. There are
no living entities to interrupt their
movement to the outer atmosphere.

If there are atmosphere-depleting forces
at work on this planet, then they will be
free to function without interference.
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Anoxygenic Life Scenario

In this example (f ig. ??), the planet is fully
colonized with living things. The condition
for this scenario is that there are no
biological process producing free oxygen
(O2). Carbon fixation is going on, but it
does not involve oxygenic photosynthesis.
For more information on biochemistry,
see chapter ???. In order to fix carbon
into useful biological molecules, living
things scavenge hydrogen atoms from
water, and the percolating gases of free
hydrogen and hydrogen sulfide.

In both life scenarios, a certain amount of
the molecules of f ixed carbon will be
buried in the sediments. This will have
the effect of causing a depletion of
hydrogen (as water). But if the planet is
tectonically active, these deposits will
eventually be recycled to that
atmosphere by way of volcanic emissions.
For more information on how buried
atmospheric gases can be recycled by
volcanoes, go to chapter ???. If buried
fixed carbon molecules are later
tectonically recycled, we will assume the
ultimate achievement of an equilibrium
state in which the rate of volcanic
recycling is similar to the rate of f ixed
carbon burial. Because of this recycling

mechanism, we can ignore the burial of
fixed carbon as a significant means of
hydrogen depletion on tectonically active
worlds.

Since this scenario forbids the biogenic
release of free oxygen, living things must
use anaerobic means to extract energy
from previously-fixed carbon molecules.
Using Earth�s biochemistry as an example,
living things could employ several
different biochemical techniques in order
to accomplish this task. See chapter ???
for details. The energy extraction process
involves disassembling large molecules of
carbon, hydrogen and oxygen. The
ultimate problem that energy extraction
chemistry runs into is how to dispose of
the waste hydrogens that inevitably result.
In an oxygen-filled atmosphere, free
oxygen is hurried in where it picks up the
hydrogens becoming water in the
process. But this is not possible in an
atmosphere with no free oxygen. So
living things use other ways to dispose of
those waste hydrogens. Instead of water,
they make methane (CH4), hydrogen
sulfide (H2S), and dimethyl sulfide.

This scenario shows that life will help
stem the flow of free hydrogen gas into
the atmosphere. It does this by
intercepting it and using it to help fix
carbon. Life will not have much effect on
the flow of hydrogen sulf ide into the
atmosphere. Even though it consumes it
during the carbon fixation process, the
hydrogen sulfide is evolved again during
the anoxic energy extraction process. In
addition, an anoxygenic biota could
produce methane as a preferred waste
molecule.

Here is where something surprising
happens. Both methane and hydrogen
sulfide are gases that are better
candidates for atmospheric exit than
water. Based on their high vapor
pressures alone, these gases are much
more likely that water to enter the
atmosphere. That is they are more likely
to struggle out of the crust or evaporate
from solution.

The outcome of this scenario is mixed.
Life would reduce the flow of free
hydrogen into the atmosphere. Life
would only be a temporary stopover for
hydrogen sulfide as it makes its inevitable
journey to the atmosphere. And life
could dramatically increase the flow of
hydrogen into the atmosphere because
of the production of a new, extremely
volatile and otherwise rare hydrogen-
carrying molecule � methane.

According to this scenario, a world
covered with anoxygenic life might not
signif icantly slow the flow of hydrogen-
bearing volatile gases into the
atmosphere when compared to a lifeless
world.

Panel 15.4 Life may or may not help conserve a planet's water supplies (continued)
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Oxygenic life Scenario

In this example (fig. ??), I have allowed
life�s chemistry to fix carbon by stripping
hydrogens from water. This results in the
production of free oxygen gas (O2). This
scenario also allows life to employ
aerobic energy extraction techniques.
This means that the free oxygen
produced earlier is brought in to carry
away waste hydrogens, producing water.
The carbon fixation processes here also
are versatile enough to use free hydrogen
gas to fix carbon if free hydrogen is
available.

The outcome of this scenario favors the
conservation of planetary hydrogen in a
variety of ways. This action revolves
around the actions of free oxygen (O2).
Oxygenic carbon fixation methods use
water as a source of hydrogens. This
releases free oxygen into the
atmosphere. The free oxygen would
begin to accumulate in the atmosphere
after it has exhausted all opportunities to
react with surface minerals and after a
period in which some of the fixed carbon
gets buried (and so is unable to later
react with the free oxygen).

The accumulation of free oxygen would
then be useful in carrying away waste
hydrogens following the extraction of
energy from fixed carbon. As a side note,
it is possible that because of the
otherwise toxic properties of free
oxygen, life�s chemistry would do well to
find some way to occupy it and distract it
in order to protect the core
biochemistry of living things. Feeding
hydrogens to the otherwise destructive
free oxygen is a good way to do this. If
so, then the products of energy
extraction would be water and carbon
dioxide instead of methane and hydrogen
sulf ide that would otherwise result from
anaerobic energy extraction processes.
Since water is much less volatile than
either of these two anaerobic

alternatives, the result would be a
reduction in rates of delivery of hydrogen
to the atmosphere when compared to
the anoxygenic life scenario and the no
life scenario.

But something else interesting can
happen. Once free oxygen begins to
accumulate, it will then patrol the
atmosphere for free hydrogen (where it
will react to make water), methane
(where it will react to make carbon
dioxide and water), and hydrogen sulf ide
(where it will react to make sulfur oxide
and water). The result of these reactions
will be the transfer of hydrogens from
very volatile molecules (H2, H2S, and
methane) to the less volatile water
molecule. And this could reduce the
amount of hydrogen in the atmosphere
by quickly returning it from the
atmosphere to the surface as rain.

Conclusion

In conclusion, if a planet�s water supplies
are at risk because of loss of hydrogen
from the atmosphere to space, covering
the planet with anoxygenic life might not
slow this process down. On the other
hand, a planet covered by life using
oxygenic biochemistry during carbon
fixation and energy extraction might
actually help reduce water loss.
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