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How do trees, which may be up to 100 metres
tall, lift water all the way to the leaves at the top
of their branches? Answering this question has
helped us understand why trees have wood
arranged the way it is, and why they eventually
stop growing taller.

rees get nutrients in the same way as other plants. The

chloroplasts in their Jeaves trap light energy from the sun,

converting carbon dioxide and water into sugars and

oxygen by photosynthesis. The carbon dioxide enters the
spaces in the leaves through open stomata. Unfortunately, water
vapour also escapes through the stomata. This process, called tran-
spiration, means that water has to be replenished from the soil. It
is absorbed by the root system and has to travel up the xylem
tissue in the roots, trunk and branches before it reaches the leaves.
But how can water travel up through wood, which seems such a
solid material, and what powers the process?

Under the microscope we can see that wood is not a solid but a
permeable cellular material (see Figure 1). Wood is well suited to
transporting water up the trunk because over 90% of the cells are

Figure 1 Coloured scamming electron micrograph showing
the porous structure ofwood. X9
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[image: image2.jpg]BOX 1 Xylem

Xylem cells in wood. A-K show some of the types of cells that are found
in different woods. Fibres function largely in mechanical support; tracheids
and vessels conduct water. H shows part of a vessel — a vessel member

that has scalariform plates at either end.
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arranged parallel to the axis of the trunk or branch. The
water-conducting elements inside the wood act like thou-
sands of closely packed drinking straws (see Box 1). It has
proved hard, though, to work out what actually makes
the water travel upwards. Over the last two centuries
several possible mechanisms have been suggested, but
only one has stood up to experimental investigation.

One suggestion was that water is pumped up the
trunk by the roots using some sort of osmotic mecha-
nism. If it were pumped up from below we would then
expect water to seep or even spray out of a tree trunk
when it was cut down. This rarely happens. Positive
‘oot pressure’ is produced by birches and maples, but
only in early spring, and, as we shall see, there is good
reason for this.

A second suggestion was that water is dragged up a
tree by capillary action, just as water is drawn up from
a saucer by the soil in a plant pot. However, capillary
action only works well with very thin pipes. Wood cells
are simply not narrow enough to draw water very far
against gravity. They are between 300 and 30 um across,
so they could only raise water to heights of between
5cm and 50 cm.

There is a similar problem with a third idea — that
water is sucked up from above, just as we suck fluid up
a drinking straw. When we suck on a straw we lower
the pressure in our lungs, and the fluid is forced up the
straw by atmospheric pressure which pushes on the
other end. Even if trees could produce a complete
vacuum at their leaves, however, atmospheric pressure
could only raise water to a height of 10 m.

The cohesion-tension theory

The surprising answer is that water is actually /ifted up
because of negative pressure. It is pulled up under
tension as water is lost from the leaves by transpira-
tion. The power source is the sun. When this theory was
first suggested, in 1894, the idea was greeted with dis-
belief, but since then a large amount of evidence has
been found to support it. First, it has been shown by
experiment that if water is held in a narrow pipe the
cohesion between its molecules can withstand large
stretching forces without breaking, just like a solid wire.
1f capillary tubes are filled with water they can be spun
around at high speeds in a centrifuge; the water will
resist the centrifugal force and withstand negative pres-
sures of up to 280 atmospheres. The cohesive strength
of water could therefore hold up a water column nearly
3 km high, many times higher than the tallest tree.

It has also been shown that water in a tree is under
tension, that is to say it is being stretched. When vessels
are cut you can actually hear the hissing sound of air
entering. You can also measure the negative pressure by
doing an experiment (see Figure 2). If a branch is cut from
a tree the internal pressure is relieved. The water inside,
which had been stretched, shortens and retreats into the
vessels. The stem can then be sealed in a pressure vessel
with its cut end sticking out and a positive pressure can
be applied. This mimics the negative pressure inside the
stem so the water column lengthens again. Water starts
to come out of the cut end when the positive pressure
equals the original negative pressure of the stem.
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Using this technique, negative pressures of over
20 atmospheres have been detected — twice as much as
is needed to raise water to the top of even the highest
tree. The remaining pressure overcomes the hydraulic
resistance of the wood. In a transpiring tree the pressure
therefore becomes more negative the higher up the tree
you go. The negative pressures are so high that they can
even deform the tree. Strain gauges mounted on the
trunk have shown that during the day when it is trans-
piring, a 20 m high tree with.a trunk diameter of 30 cm
shortens by about 1 cm and gets 1 mm thinner.

Disadvantages of the cohesion-tension
mechanism

The cohesion—tension mechanism is effective in raising
water up trees. There are only two disadvantages. First,
because trees need to lose water from their leaves to
keep lifting it up, they take up far more water than they
actually use for photosynthesis. A large tree can take up
more than 500 litres of water a day, so it needs plentiful
water.

Another problem is that water under tension is very
unstable, and air bubbles can spell disaster. Small
bubbles are not a problem — they will collapse due to
the surface tension in the water and be reabsorbed.
However, if large bubbles get into a vessel they may
break the water column. The whole vessel
will then fill with air, forming an embolism.
Once an embolism has formed it is prevented
from spreading the whole length of the tree
by perforation plates along the vessels; these
plates trap the bubbles. However, unless
water is actively forced into the vessel again
it will remain empty and will have lost its
conducting ability. The formation of
embolisms can be detected in an actively
transpiring tree by attaching a microphone to
its trunk — the breaks of the water columns
make little clicks as the two ends contract
rapidly.

Embolisms are common during droughts,
when there is little water to drag up from the
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Figure 2 Experiment to
demonstrate water tension

Pressure

roots, but the greatest danger is from frost. As water
freezes, dissolved air comes out of solution and air
bubbles form (you can see similar bubbles in the ice
cubes from a freezer). When the ice thaws, these
bubbles can expand and fill a vessel.

The problem with embolisms means that wood has
to be a compromise. To maximise flow and reduce the
resistance it is best to have wide, open-ended conducting
cells. To minimise the chances of vessels emptying
because of embolisms, however, it is better to have
short, narrow conducting cells joined by perforated
plates. The two most successful groups of living trees,
the conifers and the angiosperms, have made quite
different compromises between efficiency and safety.

Hydraulic design of wood

The wood of conifers is adapted to be safe rather than
efficient at transporting water. It is made up of many
thin cells called tracheids (see Box 1), about 30 um wide
and between 0.1 mm and 10mm long. Each tracheid
has a closed, tapered end and is joined to its neighbours
only by tiny holes. The consequence of this design is that
conifers rarely suffer from embolisms, and the
embolisms that do form rarely spread between tracheids.
Conifer wood is therefore ideal for trees that grow in
areas with long cold winters or dry hot summers. Even
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in the sub-Arctic, the wood of conifers loses only 2% of
its conducting ability each year. This loss can easily be
replaced by adding new wood to the trunk as the tree
grows.

The wood of angiosperms is designed to be efficient
at conducting water rather than safe. It has a lot of wide
cells that can be up to 300 um in diameter. These cells
abut end-to-end to form vessels that can be several
metres long (see Box 1). The result is that angiosperm
wood conducts water several times faster than conifer
wood, but is prone to embolism.

Angiosperm wood is ideal for life in tropical rain-
forests where the warm, wet climate reduces the risks of
embolism. The high conducting ability means that even
a narrow-trunked tree can conduct enough water to
supply its leaves. However, angiosperm trees are also
common in subtropical areas that are prone to seasonal
drought, and temperate areas that have cold winters. In
these regions the vessels will inevitably suffer cata-
strophically from embolism, so how do the trees
survive? Angiosperms have two methods of coping.

Ring porous trees

Trees like oaks and ashes put up with the loss of all
their vessels each winter — they rely only on the
current year’s large vessels to transport water. Late in the
year they add a few narrower vessels, along with the

Tapping maple trees ;
for maple syrup. |
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mechanical fibres (see Box 1), so their wood is described
as ‘ring porous’, because it has rings of porous tissue
between rings of dense tissue. The strategy works well
but has two disadvantages. First, the trees cannot break
bud until after the first new wood is formed. This is
why oaks and ashes are among the last trees to burst
into leaf each spring. Second, these trees are vulner-
able to late frosts that can embolise their new vessels.
Most species of oak are tropical trees and in northern
Europe and the northeast USA they are at the northern
extremes of their range.

Diffuse porous trees

Other trees like poplars, birches and maples have ‘diffuse
porous’ wood. This contains large numbers of narrow
vessels, with diameters of 60-100 um, spread more or
less evenly throughout the wood. These narrow vessels
are less prone to embolisms than the wide vessels of
oaks. Embolisms are prevented from spreading by sepa-
rating adjacent vessel elements with rows of bars called
scalariform plates (see Box 1); these trap the air bubbles.
Nevertheless embolisms still occur fairly frequently.
Poplars just put up with it, but birches and maples have
a strategy to reverse embolism. They refill their empty
vessels each spring by using their roots to pump sugar-
rich water up their trunks and branches and into the
empty vessels. This helps birches and maples survive
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extremely well in cold northern
climates, and some birches even survive
in Arctic tundra. This strategy has been
exploited commercially. Both maples
and birches can be tapped in spring to
collect the sugar-rich liquid, which is
boiled down to produce maple syrup
and birch sap wine.

Sapwood and heartwood

All wood loses some of its ability to
conduct water as it ages. Trees progres-
sively ‘shut down’ old wood, to produce
a dead core of darker material in
the centre of the trunk. This is called
heartwood, in contrast to the water-
conducting sapwood which is lighter in colour and
contains living cells. As heartwood is formed, the vessels
are blocked and the cells are filled with resins and gums.
These repel pathogenic fungi and wood-boring insects
and stiffen up the cell wall. The cell walls are thereby
preserved and continue to support the tree for many
years.

Hydraulic limitations to tree height
Recent research has started to show that as well as influ-
encing the design of wood, water supply problems also
limit how high trees grow. As trees get taller not only
does the water have to be raised higher against gravity,
but the resistance to water flow also increases. Conse-
quently the water is put under greater tension.
Embolisms are therefore more likely to form in the
wood, reducing its conducting ability. To prevent this,
tall trees have to close their stomata earlier in the day or
earlier in a drought. This limits transpiration but it also
limits photosynthesis and so slows tree growth. The
high negative water potential at the top of the tree also
reduces the turgor pressure in the leaves. Since cell
expansion is driven by turgor this reduces leaf growth.
Recent research on the tallest trees in the world, the
Californian redwoods (see BIOLOGICAL SCIENCES REVIEW,
Vol. 13, No. 1, pp. 14-18 and Vol. 14, No. 1, p. 42), has
shown that at the top of a 108 m tall tree the water is
under a tension of over 16 atmospheres, and the
topmost leaves are short and stunted. Even under the
ideal conditions in which these trees grow they are
almost at their limit and would not be able to grow
taller than 130 m. In areas with summer droughts and
cold winters, trees are much shorter.

Points for discussion

» Coppiced trees, which are cut down at their base
every few years, have higher productivity (produce
more biomass per year) than intact trees. Why?
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» Mangrove trees grow around tropical estuaries and
muddy shores so they seem well supplied with water.
Despite this, however, they are usually very short. Why?

Mangrove trees.

Things todo

To show the permeability of wood you can insert a
newly cut twig into the outlet of a garden sprayer.
Raising the pressure of water inside the sprayer by
pumping results in water seeping, or even pouring, out
of the end of the twig.

Dr Roland Ennos is a Reader in Ecology in the Faculty of
Life Sciences at the University of Manchester. He has
worked on many aspects of plant mechanics, including
the mechanics of tropical rainforest trees.

KEYpoints

® Wood is made up largely of tubes which act like drinking straws to
water from the roots to the leaves, sometimes to a height of 100

® Water is pulled up under tension as it is lost from the leaves taccofdl
to the cohesion-tension theory).

® The process requires a good supply of water to the roots.

© During drought or frost, embolisms (air bubbles) can form ir m vessels anq
snap the water column. Perforated plates between vesseis can
small bubbles and stop them spreading.

® Conifers use short, narrow cells to transport water, so they seldo
embolisms.

® Many trees produce a ring of wide-bore vessels early in the ys
are prone to embolisms, and thinner, ‘safer’ vessels later X

® Maples and birches pump sugary water up from the
refill the vessels emptied by embolism in the winter.

® As trees grow taller, the water is under increasing térisjon and em
are increasingly likely. Such factors ultimately limit the height of tre





