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Sunlight poured through a gap in the canopy of beech trees and down
onto a patch of bare ground. There lay the remains of fruits of the trees

- small woody bristly pyramids. Within each fruit lay a pair of seeds,
angular and leathery coated, but each seed hid a rich store of food. Small
mammals and even a few boar ate most of the seeds but thousands upon
thousands had fallen that season so by next spring a few germinated in
the newly warmed soil.
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Beech tree (Fagus sylvatica) canopy of leaves.

An embryonic tree.

One of these embryonic trees drew on its food reserve, its endosperm,
and started to grow. Cell after cell divided within the embryo. First the
embryo grew a root, a radicle. Close to the radicle’s tip was a clump of
stem cells, an apical meristem. The meristem cells were capable of end-
less division whilst retaining their embryonic character, but the cells they
gave rise to soon specialized for different characters and functions. New
cells stacked up behind the meristem, they elongated as they absorbed
water and so pushed the radicle further into the soil. The outer tip of
the meristem continually produced cells to form a cap. Cells that soon
were shorn off as their loosely lubricated nature protected the meristem
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against rough soil. As the radicle grew it detected the direction of gravity.
Some of its root cap cells contained small organelles, amyloplasts, denser
than their surrounding cellular liquid. As the amyloplasts sank down-
ward to press on skeletal components of the radicle’s cells they activated
a hormone called auxin. The hormone increased the growth rate of the
radicle differentially, forcing the growth earthward. The radicle penetrat-
ed further into the soil.

| Beech seedling:
radicle, stem,

2 cotyledons,

| 2leaves.

The radicle, as the root of the potential tree, needed to return water
loaded with nutrients up to the rest of the embryo. The outermost layer
of radicle cells, forming the epidermis, grew fine extensions as root hairs.
The hairs penetrated between mineral grains, rotting leaves, microbes,
fungi, mites, and worms that formed the soil. The water passed through
the root hairs and into the transport system of the root, its vascular bun-
dle of tube-like cells. That water had to be sucked up later by the leaves,
carrying nutrient minerals to support the seedling’s growth.

The shoot was next to grow. At last the seedling cast off its thick coat and
opened itself out to the sun. Upwards it pushed, guided by the direction
of light and with growth of its cells stimulated by auxin hormone. The
apical meristem, at top of the shoot, needed to produce leaves rapidly,

so whilst reaching tall it also expanded sideways as a pair of flaps. These
grew into the seed-leaves of the young plant, its cotyledons that had
already started to develop within the seed, pressed tight between the tis-
sues of the endosperm. Once out into the warm air and bright light they
expanded like wings of a butterfly freshly emerged from its chrysalis.

The cotyledons were simple half circles, broadly gathering sunshine.
Their early pale green soon intensified as the cells containing the pig-
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ment chlorophyll responded to the sunlight. These special cells started
to capture carbon - they photosynthesized. Not just carbon was gained
by the seedling: along with carbon came hydrogen and oxygen as other
products of photosynthesis, whilst up from the roots came nitrogen and
minerals. Simple organic compounds, as photosynthates, were manufac-
tured in the cotyledons then distributed along the vascular system to its
stem cells in shoot and root, and to diffuse as far as the epidermal cells
with their root hairs.

Left: Develping beech tree fruits and
mature seeds. Right: Beech seedlings
emerging with cotyledons and first
true leaves. Credit: Wikimedia, Stef-
fen Heinz.

When the shoot grew a centimetre tall it produced its first true leaf-
buds. Just two of them, expanded: translucent, softly wrinkled and
fringed with pale wispy hairs. Photosynthesis accelerated now as the sun
rose higher and longer in the sky, illuminating these first leaves. More
emerged as the seedling became a fully functioning plant, a miniature
tree called European or common beech, Fagus sylvatica. This all seemed
simple enough except for the tree’s singular task: for it would become

an improbable structure in the form of a tree specialized eventually to
reproduce itself. That would take much good luck of not being eaten as
a seedling by animals small and large, or being ring barked by starving
deer, or toppled during a gale. That final reproductive task would take
much longer: this species of plant had evolved a means of maintaining
its populations that required it to grow into one of nature’s giants — thirty
five metres tall standing on a trunk one and a half metres wide and
topped with a intricate network of branches forming a broad canopy.
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Growth of wood.

The young tree needed to expand. From season to season of warmth and
ample light it pushed its leaves above the surrounding grass and herbs
into its place under the sun. The apical meristem of that first season’s
growth had replicated as the meristems of multiple branches. To outgrow
grassy and herbaceous competitors the sapling had to grow strong — it
needed a woody stem. The apical meristems spread sideways to form a
cylinder near the outer margin of the shoot and branches. This part of
the meristem specialized into the cambium region of cells, capable of
continual division pushing out sideways. Thus the main trunk and
branches thickened as they grew longer. The cambium operated sepa-
rately from two layers: with the innermost layer growing toward the
centre of the stem.

From its inner region the cambium produced layer upon layer of tubu-
lar cells, compacting into a structure called xylem, the basic material of
wood. Cambium cells continued to divide until the tree fell down dy-
ing. Every year the inner cambium reactivated in the warmth of spring
and produced big wide xylem cells, but the cambium never stopped. So
later in the season regions of narrower xylem cells were produced. This
yearly pulsation produced rings of varying diameter, ring after ring,
tens of them, hundreds of them. Cells of the xylem were of two main
types, both grew to about one millimetre long. When their cell walls
were sufficiently thickened they died but remained in place and intact.
Tracheid cells grew thinly elongated with many patches of pores along
their length. Tracheids aligned up the stem, densely packed with their
angular ends mingling in close alignment with others. Together they all
formed into tubular connections, cell to cell to cell from the finest roots
to the pointed tips of the leaves. Similarly, and amongst the bulk of the
tracheids there grew cells called vessel elements. Also tubular, but wider
than tracheids, these vascular cells formed more distinctly interconnect-
ed tubular systems for transport of water upwards, roots to branches.

This tree belonged to a hardwood species, toughened with fibrous cells
that ran radially through the elongating bulk of conducting cells of the
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xylem. All these three types of xylem cells had their individual walls
strongly reinforced with lignin - a large and complex polymer molecule
made of various and repeated groups of carbon, hydrogen and oxygen
atoms. Lignin is not just strong, it contains many groups of atoms as
aromatic rings. These, together with resins and waxes that penetrate the
xylem, make wood resistant to wetting.

Left: Section of 40 year beech tree.

Right: Basic structure of wood in a 4
year tree. Thickness of cambium, in
yellow, is exaggerated for clarity.

annual rings

The cambium produced from its outer region a thin layer of tubular cells
forming the phloem: a vascular system to transport nutrients. Within
the phloem tubes watery sap flowed down from leafy chemical factories,
bearing carbohydrates, lipids and proteins. This food, this photosynthate,
flowed inwards from branches toward the trunk, and on down to the
turthest reaches of the roots. The phloem grew like the xylem but always
to remain a narrow soft and living outer layer around the accumulat-
ing bulk of xylem. Long thin cells called sieve elements formed most

of phloem. Along their lengths they bore large pores so that arrays of
sieve elements aligned to act as tubes. Moreover, the cambium produced
vascular cells called sieve tube members. These had large pores at their
end walls and the cells grew with these pores directly aligned to create
wide bore tubes. Special companion cells, one for each sieve tube mem-
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ber provided physiological support. Life for individual phloem cells was
short and they were not destined to remain in skeletal form, so this layer
never accumulated as a bulk of woody material.

Leaves and chloroplasts.

Leaves burst out from their shiny brown buds each spring. For this
Fagus sylvatica a simple leaf: one blade with its petiole stem to attach to
a minor branch. They expanded into a classic simple oval with a wavy
edge; one leaf smaller than the palm of your hand. As each leaf grew

the side that would face the sun developed a single layer of cubical cells
uppermost as its epidermis. This layer was protected from abrasion and
water by a thin layer of wax that later would turn the pale green leaves of
spring into the denser shiny leaves of mid-summer. Below the epidermis
developed a closely packed row of elongate cells, palisade cells forming
one or two layers. (chapter ‘Leaf-fall’ for drawings of leaves.)

Beech leaves, upper surface
and showing fineness of vena-
tion at right.

Each palisade cell was coloured by densely packed bean shaped particles.
Green particles, chloroplasts, were filled with chlorophyll and numer-
ous potent enzymes, co-factors, energy transporting molecules, and

so on. This biochemical factory was packed into arrays of membranes
called thylakoids within the chloroplasts. The palisade cells were also
packed with the ordinary components of cells: the nucleus with its DNA;
a network of membranes spreading throughout the cytoplasm that had
many biochemical functions; the mitochondrion particles in which the
energy-consuming reactions of the cell were directed; and typically with
a vacuole containing watery fluid.
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Representation of a palisade cell
of a leaf to show in simple form
the main structures and organ-
elles. In living cells chloroplasts
are densely packed throughout.
The green colour of leaves de-
rives from the chlorophyll pigment
within the chloroplast organelles.

mitochondrion

Below the palisade cells was a loose spongy layer of cells, the mesophyll.
Here, as each new leaf expanded, grew leaf-veins as minute vascular
bundles complete with xylem and phloem. At their finest these veins
would never be more than fifty to one hundred micrometres from the
energy gathering palisade cells. At the lower surface of the leaf was
another and more specialized epidermis. This contained pores, stomata,
made of a pair of guard cells able to change shape. These cells would
open or close the pore according to physiological condition of the leaf
as that varied with availability of sunlight, water, and warmth. Each leaf
grew many stomata: fifty thousand on each square centimetre. Together
with the aerated open structure of mesophyll this multitude of pores
would control a delicate balance. The leaf needed to provide air to chlo-
roplasts, to allow evaporation of water from the leaf so that water was
sucked up from roots through the xylem, and all without wilting. One
tonne of water would be sucked up, passively, from roots to leaves each
summer day - the feat of biological hydraulics called transpiration.

About the origin of photosynthesis.

Researchers use circumstantial evidence to propose that chloroplasts
originated about one billion years ago as bacteria. A microbe similar to
the cyanobacteria so common today that live by independent photosyn-
thesis. How some of them came to live with cells of early plant-like
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organisms is uncertain. Possibly they were engulfed as potential food but
lived on, having avoided digestion. Or they might have been parasitic,
then with continued adaptation became able to destroy membranes of
the host plant that would otherwise have surrounded them as digestive
vacuoles. Rather than being harmful these cyanobacteria became use-
tul - a mutually beneficial relationship developed. They needed the host
cell whilst the host cell came to benefit from the cyanobacteria. These
microbes became symbiotic with their early multicellular hosts, they
became endosymbionts. For green plants this mutualistic type of sym-
biosis, beneficial to both, became fundamental.

Likewise the mitochondria of plants, fungi, and animals are proposed to
have started their evolution as free-living bacteria that became mutual-
istic endosymbionts. So green plants contain two types of organelles ge-
nerically called plastids. Chloroplast plastids feed on sunlight and fresh
air to make simple carbohydrates. Mitochondria plastids burn some of
these carbohydrates to provide the same cells with energy, but the rest of
the material from the chloroplasts assemble into the bulk of the plant.

The greenness of plants is due chloroplasts soaking up sunlight. This
light is a stream of photons, or a beam of rays within a narrow band
of wavelengths (photon or ray depends on how light is measured). So
far, this is simple but weird for us humans. For this account the es-
sence is that photons/rays are highly energetic and travel fast and far.
What happens between photons penetrating molecules of chlorophyll
and molecules of carbohydrate diffusing out of chloroplasts into phlo-
em cells is so complicated that modern textbook accounts of photo-
synthesis contain much that is tentative and provisional. This is not a
textbook, so the diagram on page 9 is a basic outline of photosynthe-
sis as the series of reactions from which carbon can be incorporated
into the structure of a plant. The key point is that starting from light
interacting with chlorophyll through to one atom of carbon fixed into
the material of the tree requires the energy gained from eight photons
as in the equation on page 10.
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H+ = hydrogen ion; NADP+ = nicotinamide adenine dinucleotide phos-
phate; NADPH = reduced form of NADP+; ADP = adenosine diphosphate;
ATP = adenosine triphosphate; Pi = phosphate group.

Photons and energy transfer molecules.
Photons penetrated the outer membrane of chloroplasts and then into
layered membranous structures. These were thylakoids, arranged as
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wide interconnected discs. Within thylakoids photons were channelled
through a series of pigment molecules acting as a light guide until they
hit a molecule of chlorophyll. This molecule, a pigment made of protein,
was adapted for absorbing light of certain wavelengths whilst letting oth-
ers pass by. Photons of red and blue wavelengths were absorbed, photons
of green wavelengths carried on past the molecule. At the centre of this
molecule the intense energy of an absorbed photon jolted an electron

to a higher energy level. The energized electron sped along a series of
intermediate reactions with other molecules in an electron transport
chain. As it progressed it split molecules of water into hydrogen ions,
electrons, and oxygen. Some of the oxygen diffused into the cytoplasm
of the palisade cell to be used for the separate energy releasing reactions
of respiration; the rest was a waste gas that leaked away into the atmo-
sphere. Electrons cleaved off the water molecules passed along the chain,
from complex molecule to molecule within the thylakoid membrane.

Reactions to capture light energy:
4 photons
2H,0 > 4e +4H'+O,
[photons strip electrons e from water]

and energy transferred to form NADPH and ATP
photons
2H,0 + 2NADP* + 3ADP + 3Pi > 2NADPH + 2H* + 3ATP + O,
[reaction dependent on light]

Reactions to fix carbon:
3CO, + 9ATP + 6NADPH + 6H* >>
G3P + 9ADP = 8Pi + 6NADP* + 3H,0
[reaction of Calvin cycle fixing carbon into G3P,
glyceraldehyde-3-phosphate]

Within the membrane were two types of energy transfer molecules
which became readily energized by the electron transport chain and
hydrogen ions. Adenosine diphosphate became adenosine triphosphate,
ATP, whilst nicotinamide adenine dinucleotide phosphate converted into
its reduced form, NADPH. These energized molecules are unstable and
would transfer their energy to promote a great range of enzymic conver-
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sions of reactants through the sequence of photosynthesis. The cells of
the leaf with their chloroplasts and mitochondria were continuously re-
cycling these two types of energy transfer molecules - a ceaselessly rapid
biochemical churning.

Light powered the first part of photosynthesis but once the energy trans-
fer molecules were energized then the reactions continued without need
of light. A cyclic pathway of reactions now captured the carbon from
atmospheric carbon dioxide, added more oxygen and some hydrogen
atoms plus a phosphorus containing group. So halfway round the cycle

a more complex molecule was produced with that carbon fixed into it.
That molecule was the intermediate called glyceraldehyde 3-phosphate.
Most of that G3P continued around the cycle, but one in six molecules of
it were diverted away and transformed enzymatically into simple carbo-
hydrate molecules, sugars. These reactions (the Calvin-Benson-Bassham
cycle after three discoverers) continued round, guided by thirteen
enzymes. The key enzyme, called RuBisCo, coordinated the link be-
tween reactions energized by light and those energized by ATP that fixed
atmospheric carbon.

Respiration.

About half of the carbohydrate generated in this cycle was burnt up. It
was oxidized in the biological fires of respiration to supply energy to
reactions needed to synthesize the materials for the tree to construct
itself: complex carbohydrates, proteins, fats and other lipids . . . These
construction materials were rapidly incorporated into the soft tissues of
leaves and root hairs, and the hard xylem that became the bulk of the
tree. As a mature tree of 60 years the weight of its trunk, as useable but
wet unseasoned timber, would be about 6 tonnes. As dry seasoned wood
the weight would reduce by about 50 percent and the carbon content of
this dry wood would be another 50 percent less. Thus the mature trunk
would have accumulated about 1.7 tonnes of carbon over its lifetime so
far. During the peak of its growth the tree added yearly 10 to 20 kilo-
grammes of carbon to its trunk. Its trunk gradually grew thicker and
taller, xylem cell by xylem cell added from the cambium. Trees grow



12 Energy of sunlight harvested as wood

slowly, specially hardwood species, but they grow big. That same mature
tree, the whole thing from fine roots to leaty crown would weigh about
40 tonnes. Beech trees have magnificent trunks, smooth and straight
when grown close together, corrugated and broad if growing alone.

Total sunlight

t e g
onto canopy é}}l*gi} 9.5MJ/m2/day

Photons into
leaves

Wavelengths
to chloroplasts

Carbon
fixation

Respiration for
growth and ,
reproduction Ve

Net prlmtary 2-4.8C/m2/day
production - or ~11 tC/ha/year
=
Energy in fuelwood 15-20Mi/kg

Energy flow in a forest (megajoules per square metre per day). Composite
data from 4 sources in References, for softwoods or hardwoods, in temper-
ate climate on fertile soils. Datum for net primary production is for entire
biomass of a tree (grams of carbon per square metre per day).

Energy and carbon flow in a forest: some technical details.

The data in the energy flow diagram are given in joules, also in mass

of carbon because researchers often express energy flow through
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forests in the standard units of grams of carbon per square metre per
day (charcoal, a form of the pure carbon of wood, has a specific energy
of 30,000 joules per gram). One joule is the energy used to lift a mass of
100 grams (a tomato) through one metre against the gravity of the earth.
Or similarly the energy released if that same mass falls back to earth. A
joule is a minute amount of energy, but one megajoule is one million
joules, and equal to about 0.28 kilowatt-hours, or the energy required to
run a small domestic cooling fan for one hour.

Beech logs from a
§ thinning harvest
£ in a commercial

o b plantation.

During daylight hours energy as photons radiates onto the canopy at a
rate far greater than the trees can use fully: 9.5 MJ per square metre each
day. The chloroplasts cannot catch all this fraction of useful light. Much
green light streams on through the translucent cytoplasm of leaf cells

in the canopy of a beech tree. Of the light that penetrates leaves only a
minor fraction is used by the mechanisms of photosynthesis: the photo-
synthetically active radiation, blue light and red light of approximately
0.4 nanometres and of 0.7 nanometres wavelength respectively. Both
parts of photosynthesis, needing light and independent of light, consume
approximately 50% of the energy available to the tree to keep the reac-
tions going. This consumption is known as autotrophic respiration. So
the overall thermodynamic efficiency of photosynthesis is about 33%.

All the while the tree is growing, and even when fully mature it contin-
ues slowly to grow whilst shedding its leaves each year, producing mil-
lions of fruits, and losing branches to gales or disease. What accumulates
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in the trunks of the trees as harvestable timber has an energy value of
about 0.05 M] per square metre each day, depending on local conditions
of nutrients, temperature and rainfall. From sunlight onto the canopy
into biomass of the tree there is a loss of 99.5 percent of available energy.
When expressed as quantity of carbon accumulated in trunks, a measure
known as net primary production, this captured energy is the equivalent
of 2 to 4 grams of carbon per square metre each day. Expressed as trunks
of trees this is about 10 tonnes of fresh hard-wood per hectare per year
as the crop of timber from a plantation. The time taken for a new planta-
tion on good soils in a suitable climate to reach this level of productivity
varies greatly for different species: about 40 years for softwoods, 80 years
for hardwoods. The energy value of fully dry seasoned wood, either soft-
wood or hardwood, is approximately 20 megajoules per kilogram.

10 tonnes of dry fully seasoned wood, used as fuel, could provide
200,000 megajoules. This wood could be burnt in an electricity gen-
erator or a furnace for hot water. To appreciate more directly what
200,000 megajoules of energy means, imagine a row of 6 electric
heaters, each rated at 1 kilowatt, glowing continuously for 1 year. The
basis of this comparison is that 1 watt is equal to 1 joule per second,
thus 200,000 megajoules is equivalent to 55, 556 kilowatt-hours.

Reproduction.

The seedling matured into a tree able to fulfil its function: to reproduce
itself. Thirty years has passed whilst the trunk grew tall and the branches
wide. The task of reproduction could have continued for another one
hundred years or more if by chance the tree avoided felling by storm or
chain-saw. At eighty years or so when it was most vulnerable to both
fates, the tree was a massive wide leafy canopy borne on its straight long
column of a trunk. The great mass of its high branches had spread up
and outwards as each apical meristem of each twig responded to sun-
light. Each spring its aerial framework again burst out from its leaf-buds
as millions of energy capturing fresh green ovals. On a clear summer
day the energy beaming down onto the tree seemed vast but the task of
harvesting this energy was hard for the tree’s biochemical factories. The
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mechanisms had been borrowed from tiny bacteria aeons ago. In those
times life on earth consisted of single celled organisms - individually
microscopic but often forming collective films, mats and even the large
mounds called stromatolites. These organisms had various means of
extracting vital energy from their environment, several purely chemical
mechanisms, and photosynthesis. Then a sequence of combinations gave
rise to plants standing tall in the sunshine: endosymbiosis by chloro-
plasts and mitochondria, then multicellular organisms with specialized
parts like roots and leaves. The possibilities for life burst upwards: moss-
es, ferns, herbs, bushes and trees. Their photosynthesis also pumped oxy-
gen into the atmosphere. Then when animals eventually crawled from
the sea onto the land to breathe they found there large plants to eat.

Stand of young
beech trees
shading the
ground.

The taller the trunk stretched and the wider the canopy spread the more
energy the tree gathered and transformed into wood and into flow-

ers, fruits and seeds. The higher and wider it went so the more seeds it
shed and the darker became its shadow on the ground below. Within
this stand of beech trees little else could establish itself below - starved
of the sun’s energy. The roots spread as wide as the canopy, finding the
upper layers of soil an ample source of water and mineral nutrients.
These beeches were adapted to the fertile soils and atmosphere of a moist
temperate climate with mild winters and summers. The soil, that gritty
substance compounded with humus and its microcosm of organisms,
provided all the tree’s needs except photons and freely available carbon.
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The root hairs imbibed water, and with that compounds containing ni-
trogen, phosphorus, calcium, potassium, sodium, iron, magnesium, and
so on in a list of essential elements for the tree to incorporate into the
vast biochemical factory of its construction.

Flowers of beech tree; 2 males at
lower left; 1 female at lower right.
Credit: Wikimedia.

At thirty years the tree grew its first effective flowers. Dull coloured and
diminutive things, nevertheless entirely suitable for the male flowers to
release pollen grains and the female flowers to capture pollen dispersed
on the wind to other trees. The male flowers were tassels of bare stamens,
pale green and stretching out into the breezes amongst the high branch-
es. The female flowers hid their pistils within small dull bracts and when
pollen from another tree was caught on the sticky stigma at the apex of
the pistil then fertilization could lead to development of the embryo. The
fruit grew from the wall of the ovary that was the base of the pistil, it ex-
panded slowly and hardened into a protective case. The heavy fruits fell
in their many thousands, littering the ground. Most of the seeds within
the fruits would be eaten and digested by animals and the woody walls
of the fruits would rot and give up their nutrients to the soil and the
roots of the same tree. But if just two or three of the many millions that
a mature tree produced would germinate, survive the threats of hungry
animals, grow to produce more seed, then that population of beeches
would continue. This vast reproductive extravagance of that style of liv-
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ing we call tree is what incidentally provides us people with the timber
that we turn into furniture, tools, or fuel. And more: trees give us the joy
of walking underneath a woodland canopy glowing green in the summer
sunshine.
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