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1.6.2 Changes in the composition of the atmosphere

Once the oceans of the world rusted (Section 1.6.1), oxygen began
leaking out into the atmosphere. Here the oxygen reacted with
methane and ammonia, which were broken down and stripped
from the atmosphere by rainfall. Once oxygen began to accumulate,
there was, necessarily, a growing selection for cells with cell
walls that provided protection from the oxidative effects of oxygen.
In the absence of a sufficiently resistant cell wall, the interior con-
tents of a cell would oxidize. Early oxygen concentrations were
initially quite low, perhaps 1 percent of contemporary concentra-
tions, but for the first time the atmosphere assumed some of the
properties associated with it today. For example, it oxidized metals.
The type of erosion changed with the presence of oxygen in the
atmosphere. The whole physical and chemical nature of the planet
changed.

Until this period, various kinds of fermentation had probably
fuelled the cellular machinery. Now it became possible for several
kinds of respiration to arise. It is interesting to note that the chemical
pathways in respiration appear to have been built upon an older
system that used fermentation. So respiration did not suddenly
appear but was slowly modified from the existing biosynthetic path-
ways in fermentation. Chemical evolution, like the evolution of
skeletons, is conservative and slowly modifies existing structures
rather than suddenly building new ones. For example, modern ter-
restrial plants can use two sources of nitrogen: ammonia and nitrate.
Ammonia was widely available early in the Earth’s history, whereas
nitrate is an oxidized form that would have been another by-product
of the oxygen revolution.

1.6.3 Formation of the ozone layer

As oxygen levels in the atmosphere continued to increase, oxygen
in the upper atmosphere would have been exposed to bombard-
ment by ultraviolet light, resulting in the production of ozone. The
accumulating ozone would gradually have begun to absorb ultra-
violet light. It was as if a giant window blind were slowly being pulled
over the Earth. Ultraviolet light may even have produced some of the
larger molecules that early microbes fed on; any such organisms
would then have starved. Waves of extinction in primitive micro-
organisms were likely associated with these events, just as waves of
diversification were a likely consequence of the new conditions. All
this raises an important question: when did this most significant
event in the Earth’s history happen?

The answer seems to be — at least 2 billion years ago (Mains
1972, Levin 1994). There are two sources of evidence. Uranium
dioxide, uraninite, is deposited in sedimentary rocks only under low
oxygen conditions, and the last major deposits are about this age.
Extensive deposits of banded iron (Figure 1.9) also indicated early
oxygen production. Different layers, sometimes only microns thick,
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of oxidized hematite and less oxidized magnetite may indicate
seasonal cycles of photosynthesis. Oxygen-producing photosynthetic
bacteria, living in warm volcanic pools in iron-rich water, may have
been responsible for seasonal surges of oxygen waste. There was a
surge of banded iron formation between 2.2 and 1.8 billion years BP,
but some banded formations in Labrador and Greenland appear to
be as ancient as 3 billion years old. These banded iron formations
provide something like 90 percent of the world’s sources of extract-
able iron (Margulis and Sagan 1986).

The presence of photosynthetic cells and an oxidising atmosphere
bring us to a situation where we can see, at least in outline, the
processes we study in the field of plant ecology. Yet there are at
least two more important evolutionary events from the perspective
of plants. The first is the colonization of land; the second is the origin
of flowers and seeds. The former is examined here, while the latter is
deferred to Chapters 8 and 9.

1.7 | The Cambrian explosion of multicellular life

Near the beginning of the Cambrian era, about 700 million years
ago, there was apparently an explosion of multicellular life. Exactly
when this happened is still somewhat unclear (Day 1984), but the
timing will no doubt be better defined as more enthusiastic students
work in the area of paleoecology. Why did it take so long for multi-
cellular life to form? There are many competing hypotheses (Gould
1977). One suggestion is that it took that long for there to be
sufficient oxygen in the atmosphere for respiration to evolve, and
from this perspective, multicellularity is a consequence of aerobic
respiration. Another suggestion is that multicellular organisms
lived in shallow water and that it took that much time for there to
be sufficient ozone to shield the shallow water from ultraviolet
bombardment. Another more interesting suggestion is that the
fossil record may be somewhat misleading, and perhaps earlier
multicellular life was abundant but did not have any skeletons
that would fossilize. There may have been a change in oceanic
chemistry, near the beginning of the Cambrian era, which permit-
ted the deposition of calcium carbonate required to make preserv-
able skeletons. The real explanation for the sudden diversification
of life remains a puzzle, perhaps one that a student reading this
book will one day solve.

1.8 | Colonizing the land

The land was apparently colonized about 400 million years ago
(Niklas et al. 1985, Taylor 1988, Stewart and Rothwell 1993). So far
as one can infer from the known fossil record, both plants and
animals colonized the land at about the same time, give or take
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50 million years. Terrestrial plants may have originated from a
green algal ancestor similar to living members of the genus
Coleochaete. Coleochaete is the only known green alga in which the
zygote remains attached to the parent plant and undergoes cell
division there (Taylor 1988). The attachment of sporophyte to game-
tophyte appears to be a common trait in primitive land plants.
As with the Cambrian explosion of multicellular life, it is not clear
why there was a long delay before life forms were able to colonize
terrestrial habitats. One hypothesis is that it took that long for there
to be sufficient oxygen in the atmosphere for respiration. Another
suggestion is that it took that long for ozone to accumulate and
shield the Earth’s surface. A further suggestion is that sexuality
arose making it possible for rates of evolution to increase. Perhaps
the acquisition of chloroplasts led to an explosive radiation of
new groups of organisms. The origins of terrestrial plants are still
under study; the interpretation of microfossils of early terrestrial
plants, particularly spores, fragments of cuticle, and tracheid-like
cells, is particularly difficult but ongoing (Kenrick and Crane 1977,
Taylor et al. 2005).

If, in fact, the formation of the ozone layer was the main factor
that made life on land possible, there is good evidence that the actual
colonization of the land also required the evolution of symbiosis
between plants and fungi. Much of the nutrient uptake by terrestrial
plants is still accomplished by a mere 130 species of fungi in the
relatively ancient genus Zygomycotina in the Order Glomerales (Peat
and Fitter 1993, Simon et al. 1993). Re-examination of fossil plants
from the Devonian suggests that mycorrhizal fungi were associated
with plant roots as early as some 400 million years BP (Pirozynski
and Dalpé 1989, Taylor 1990).

Turning to molecular data, and using substitution rates to date
evolutionary events (Berbee and Taylor 1993, Simon et al. 1993,
Heckman et al. 2001), it appears that both the fungi and the eukary-
otic plants originated some 1 billion years ago. Mycorrhizal fungi in
the Glomerales originated between 462 and 353 million years ago.
The latter date is remarkably similar to the appearance of early land
plants around 400 million years ago. The fact that mycorrhizae are
now found worldwide, and in groups including ferns, ggmnosperms,
and angiosperms, is further evidence of their early origin. The fungi
therefore appear to have diversified along with the vascular flora,
and molecular clock data suggest that the basidiomycetes appeared
in the Jurassic (Figure 1.10).

Interestingly, the colonization of land by plants was probably
disastrous for oceanic life. Up until that point there would have
been very rapid rates of erosion as material washed off the naked
land into the oceans. Once plants occupied the land, large amounts of
nutrients would have been retained, both in tissues and in the soil
that formed from decaying organic remains. Those organisms in the
ocean that were accustomed to vast amounts of eroded material
might have starved.
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The land produced intense selection upon plants. A whole new
suite of traits, including a cuticle to reduce desiccation, stomata to
control water loss but admit CO,, sclerenchyma to strengthen stems
for vertical growth, and water conducting tissues, arose out of the
strong natural selection to cope with desiccation. Early land plants
still betrayed their aquatic origins by having free-living sperm that
swam from male to female organs. This is obviously workable in the
ocean but not a terribly good trait for dry conditions (we return to this
topic in Box 9.1). In fact, a recurring theme in many discussions of
plant evolution is the way that terrestrial environments have driven
modifications to plant reproductive systems to get around the con-
straints imposed by a terrestrial habitat (Raven et al. 2005). The
gymnosperms appear to have been one of the first groups in
which selection eliminated motile sperm and produced the pollen
tube (although free water is still required for the pollination drop-
lets that capture the pollen). Further, the cycads, alone among the
gymnosperms, still have sperm cells that swim down pollen tubes
to fertilize the egg. The rest of the gymnosperms, and all of the

(0 Millions of years
]

SO MR Some milestones in
the evolution of fungi. Branching,
aseptate fungal filaments

(b) originated after terrestrial
higher fungi diverged from water
molds (a). Septate filaments

(c) evolved after the pre-
basidiomycetes-ascomycetes
diverged from the Glomaceae.
Clamp connections (d) mark early
basidiomycetes. Sexual structures,
asci (g) and basidia (e), probably
evolved before ascomycetes and
basiodiomycetes radiated. Asexual
spores (f) and complex fruiting
bodies (h) probably increased as
filamentous ascomycetes radiated.
Mushrooms (j), sharing basidial type
(i) and other morphological features
with Athelia and Spongipellis,
probably radiated about 130 Ma ago
(from Berbee and Taylor 1993).
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Reconstruction of

some early fossil plants discovered
in the Rhynie chert in Scotland
including Asteroxylon species (left
A-E), Psilophyton princeps (left F-H)
and Rhynia species (right E-H )
(from Sporne 1970).
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angiosperms, have lost even this vestige of their aquatic origin; only
nuclei move down the pollen tube.

The earliest land plants are increasingly well understood (Stewart
and Rothwell 1993, Kenrick and Crane 1997) and include genera such
as Asteroxylon and Rhynia (Figure 1.11), first described from Rhynie
chert found in Scotland by Kidston and Lang (1921). Some similar
genera still alive today include Psilotum (Psilotophyta), Lycopodium,
and Selaginella (Lycopodiophyta). Plant height increased steadily
through geological time, presumably as a consequence of increasing
competition for light (Figure 1.12). For a period of time trees, such as
Lepidodendron (Lycopodiophyta), were the dominant form of life on
Earth (Figure 1.13). The light provided by most light bulbs is gener-
ated in part by burning coal, which is the remains of such species.
This period was followed by a time when ferns (Pteridophytes) and
seed ferns (Pteridosperms) dominated the Earth. These were in turn
replaced by conifers, and there was a long period when conifers
and cycads dominated the Earth (Figure 1.14). Then, just over
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transformed plant height based
upon maximum stem diameters
of early Paleozoic vascular plants
and allometric equations for
non-woody and woody species
(from Niklas 1994).

Reconstructions of

Lepidodendron trees (A whole plant,
B, C leaf base:| ligule pit, 2 area

of leaf base, 3 vascular bundle,

4 parichnos scars) (from Sporne
1970).






