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1 INTRODUCTION

The water transport in plants plays an important role in the Earth’s total flow of
matter. The amount of water transpired by the terrestrial plants during one year is
almost two times the total amount flown by all world rivers during the same
period [1]. Water in tall trees flows from the roots to the leaves along the
conducting tissue called xylem. The xylem consists entirely of dead cells that are
joined together in long hollow tubes. Therefore no active process is involved in the
upward flow.

When one asks students how water flows up the tree, they are astonished by
the fact that they have never been thinking about it. It seems so obvious that water
flows from the roots to the leaves, but it turns out that the water transport in tall
trees is not easy to understand. Those people, who do answer the question about
water ascending in trees, usually say, that capillarity or osmosis run water
upwards the plant. But the answer is not completely correct. The main mechanisms
for the water transport from the roots to the leaves are described by the theory
called the Cohesion-Tension Theory (CIT) [2]. According to the cohesion theory,
water is sucked upwards by the tension in the xylem conduits that is created by the
evaporation of water from the leaf cell walls [1]. A model of the artificial tree can
be used for the demonstration of the transporting process [3]. Inspired by this
paper, we developed a series of classroom experiments which illustrate the
problems of the water transport in tall trees.

2 COHESION-TENSION THEORY

Let us roughly describe how the plant physiologists present the water transport up
the trees. The Cohesion-Tension theory (CTT) relies on the physical properties of
water, such as cohesion, adhesion, tension strength, surface tension etc. Water in a
plant can be considered a continuous hydraulic system, connecting the water in the
soil with the water vapour in the atmosphere (Fig. 1). The water evaporation from
the cell walls of the leaf mesophill cells generates the tension that is transmitted to
the xylem, and it is the origin of the negative pressure in the long xylem conduits
[2].

When describing the water transport in plants terms the water potential or the
chemical potential are often used. The chemical potential of water is a quantitative
expression of the free energy associated with water. For historical reasons, the
plant physiologists have most often used a related parameter called the water
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submerged in water. The closed end is slowly lifted through a staircase corridor or
in any convenient place with height difference at least 10 m (Fig. 2). At critical level
around 9,6 m the amount of gas bubbles evidently increases and water in the tube
starts to boil. Lifting the closed end of the tube above the critical height does not
change the level of the water column.

Water cannot be lifted higher than to the height determined by the external
pressure po and the saturated vapour pressure p; .

Po = pPgh+p; . (4)
where p is the density of water, ¢ is the gravitational acceleration and # is the
height of a water column.

The saturated vapour pressure strongly increases with the increasing
temperature:

P, = pop €W/R/T1/T) 5)

where pso = 6,1 hPa, g; is the specific latent heat of vaporization, R, is the gas
constant for water vapour (461 J/kgK). The height of a water column as well as the
saturated vapour pressure is higher when the temperature is lower. Seeing this
experiment, it is surprising that the water column in trees remains continuous for
more than 10 m.

Figure 2 Water level does not Figure 3 Figure 4 A “leaf” of a lab tree (the
exceed the height determined Laboratory tree. =~ GoreTex membrane glued on a funnel)
by the external pressure and and the ventilator for a regulation of
the saturated vapour pressure. the transpiration ratio.

The water transport in trees is a dynamic process that why it is reasonable to make
a dynamic experiment while experiment described above present the water
transport from the static point of view. We propose an experiment with the water
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pump fixed on one end of the tube. Water flows through a long plastic tube from
the water container into the pump and from the pump back to the water container,
so the circle is closed. The pump presents the driving force for the water flow
comparable to the evaporation in trees. To avoid lifting the pump, the medium
part of the tube is slowly lifted. At the critical height of 9,6 m the water level
stabilizes as in the static experiment and water ceases to flow.

What is happening in the plants? The only possible explanation seems that
liquid water in the water column of 10 m or more is in the metastable state.
Experiments presented above can be used as an indirect proof for the metastability
of water in the conducting tissue of trees. They are also useful for the
demonstration of the fatal consequences of cavitation in the conduits. An
experiment with the water pump mounted in the opposite way, so that it pushes
water from the beaker upwards, simulates the root pressure due to the osmotic
mechanisms. The resulting heights of the water column show that the columns of
water can easily exceed 10 m.

With ambitions to create an experiment, which would properly demonstrate
the transporting processes in trees, we have collected different materials as
substitutes for the leaves. Our priority was to find accessible materials that teachers
could afford and build their own laboratory trees. For the evaporation area we
managed to find a relatively robust, 2-layer membrane with 1,4 - 10° pores per
square centimetre with an opening size around 20 mm. The “leaves” of laboratory
tree are made of the GoreTex fabric, which is glued on a funnel (Fig. 4). The funnel
is connected to a plastic transparent tube (the trunk) with one end submerged in
water. The whole system is filled with water. The funnel is then lifted to the ceiling
and the beaker with submerged end of the tube is placed on the precise balance.
The “lab tree” is equipped with the temperature sensor, the relative humidity
sensor, the pressure sensor, all connected to the computer (Fig. 3). If the balance is
connected to the computer, the system enables the precise, continuous
measurements of the evaporation rates, and the interdependence between the
ambient conditions and the evaporation rates (Fig. 5).

The capillarity in “Lab tree” is excluded while the tube is too wide. The
osmotic mechanisms are also excluded, because the experiment does not include
any solute concentration gradients nor semi permeable membrane which would
model the root. This yields that transpiration on the GoreTex membrane is the only
mechanism that assures the water flow from the beaker to the artificial leaf. The
measurements clearly show that the transpiration rate and the flow rate are higher,
when the ventilator is switched on (Fig. 6).

The laboratory tree is a convenient experiment for the demonstration of the
transpiration as a driving force for the water transport. It works perfectly if the
height of a lab tree is around 3 m. The higher the tree is the greater are problems
arising from gas bubbles (the embolism causes the discontinuity of a water
column). Experiments show that in high lab trees (6-8 m), the pressure difference
between the outer and the inner part of the GoreTex membrane damages the
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membrane within 2-3 days. The experiment enables students an insight into the
tree, an observation of the bubbles and their consequence on the flow.
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Figure 5 A correlation between the flow rate, the ambient temperature and the relative

humidity of the air.
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Figure 6 A difference between the evaporation rate when the ventilator is switched on and
the evaporation rate when the ventilator is switched off.
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5 CONCLUSION

The water transport up the trees deserves an interdisciplinary approach and offers
teachers an opportunity to provoke a discussion on the actual research problems.
The goal of discussions and described experiments is not in perfectly
understanding how water climbs up in trees, but to make students to think about
every day phenomena.
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