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Transpiration and water transport in plants
Learning outcomes
Introduction
These learning outcomes aim to cover subject knowledge requirements for this part of A-level Biology in the 2015 specifications (OCR, AQA, Edexcel and Eduqas). You may need to adapt this information for your specification.
This information can be used to produce learning resources, revision materials, quizzes etc.



Students should be able to:
1. Describe in outline the route water takes through a plant 
· Water diffuses into the plant through the root 
· Diffuses through the root tissue into the xylem vessels

· Water is transported by mass flow in the xylem vessels up from the roots to all parts of the plant

· In leaves water diffuses out of the xylem vessels though leaf tissue

· Water evaporates from cells in leaf tissue into air spaces within leaves

· Water diffuses out of the leaf through stomata

2. Draw and annotate a diagram of a root cross-section showing the routes water can take from the soil into xylem vessels



3. Describe the two routes water takes from the soil into xylem vessels
· Water diffuses into the cytoplasm and vacuole of root hair cells.

· Apoplast pathway – Water soaks into the cell walls of cells in the cortex of the root. Water travels across the root through the spaces between cellulose fibres in the cell’s cell walls
· Symplast pathway – Water diffuses into the cytoplasm (and vacuole) of cells in the cortex of the root. Water diffuses from cell to cell down its concentration gradient (through plasmodesmata or from cytoplasm to cytoplasm across cell membranes)
· When water reaches the endodermis the apoplast pathway is blocked and all water must diffuse into the cytoplasm (and vacuole) of cells in the endodermis

· Water then moves down its water potential gradient through the rest of the tissue and into xylem vessels through gaps in the lignified cell walls called pits

· [Eduqas only – the symplastic route is split into a route through the cytoplasm (termed ‘symplastic’) and through the vacuole (termed ‘vacuolar’)]
4. Describe the structure and location of the Casparian strip and explain its importance 
The Casparian strip is located in the endodermis of plant roots. This endodermis is a ring of cells separating the main body of the root (the cortex) from the vascular tissue (the xylem and phloem).

The Casparian strip is the name given to the band of suberin deposited in the cell walls of the cells of the root endodermis. Suberin is a waterproof, waxy substance and so prevents the movement of water through cell walls where it is deposited.

The Casparian strip is a continuous band of suberin in a ring through the endodermal cells. Water movement through the root at this point is forced through the cytoplasm of the endodermis (symplastic route) and prevented from moving through the cell walls (apoplastic route). 

Therefore all water that enters the xylem vessel will have been through the cytoplasm of the endodermis allowing the plant to regulate what other molecules can enter the xylem by using the partially permeable nature of the cell membrane (i.e. it is impermeable to hydrophilic molecules unless channel proteins for the molecules are inserted into the cell surface membrane by the cells).
5. Define transpiration
Transpiration is the loss of water vapour from a plant (caused by water diffusing out of air spaces in the leaf through stomata).

6. Describe the route water takes from xylem vessels through a leaf
· Water travels out of xylem vessels into cells in the leaf

· Water then diffuses from cell to cell down its concentration gradient

· Water then evaporates from the surface of cells to become water vapour in air spaces in the leaf

· Water vapour diffuses, down its concentration gradient, through air spaces in the leaf and out of the leaf through stomata
7. List 3 environmental factors that affect transpiration rate in plants and, for each, explain how they influence transpiration rate
· Wind speed – a faster wind speed increases transpiration rate.

Air containing water that has diffused out of stomata is removed by the wind. This reduces the concentration of water in the air surrounding the leaf. A high concentration gradient is maintained between the air in air spaces in the leaf and the air surrounding the leaf. With a higher concentration gradient there is faster diffusion of water and therefore faster water loss and transpiration rate.

· Atmospheric temperature – a higher atmospheric temperature increases transpiration rate.

A higher temperature results in more evaporation of water from the cells’ surface and a faster rate of diffusion of water.

· Humidity – a higher humidity reduces transpiration rate.  

At higher humidity the air surrounding the leaf has a higher water concentration. This means that there is a smaller concentration gradient between the air in the air spaces in the leaf and the air surrounding the leaf. With a lower concentration gradient there is slower diffusion of water out of the lead and therefore a lower transpiration rate.
· Light intensity – a higher light intensity increases transpiration rate.
Stomata open more in higher light intensity. Guard cells take up more water the higher the light intensity and therefore as they become more turgid they open the stomata further. This creates a larger surface area over which water can diffuse out of the leaf and therefore increases transpiration rate.

8. State the name of a piece of equipment used to measure transpiration rate in plants and describe how it is used
Potometer – A sprig of plant material is connected, via an otherwise sealed vessel of water, to a graduated tube (the surface of the water lies in the graduated tube at the end furthest from the plant material). As water evaporates from the leaves of the plant, water is drawn up into the plant. The water loss by evaporation reduces the volume of water in the potometer by the same amount and this can be measured by observing the change in position of the water’s surface in the capillary tubing. Transpiration rate can be studied in different environmental conditions, in different species, in different parts of a plant, or after different procedures have been performed on the plant.
To investigate the effect of a manipulation of the plant or of a change in an abiotic factor all other factors need to be kept constant and the data from the experimental procedure needs to be compared to data from a suitable control experiment. To investigate the difference between two different species all other factors need to be kept constant. 
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9. List 3 adaptations some plant species have to reduce transpiration from leaves and, for each, use Fick’s law to explain how they reduce transpiration
Fick’s law states that:

Rate of diffusion is proportional to the surface area multiplied by the concentration gradient divided by the distance diffusion occurs over. So anything that decreases surface area, decreases concentration gradient or increases the distance diffusion needs to occur over, will reduce the rate of transpiration.
· Curled leaves (or leaves that roll in dry conditions)

Stomata open into a partially enclosed chamber – this reduces the rate at which water diffuses away from the leaf (or gets blown away from the leaf) once it has diffused out of the stomata. This reduces the concentration gradient of water between the air spaces within the leaf and the air surrounding the leaf and so reduces the rate of transpiration. 
· Sunken stomata

Stomata open into a sunken pit in the lower surface of the leaf – this has its effect in the same way as the curled leaves above.

· Reduced leaf surface area (no leaves for photosynthesizing or only a few small leaves)

This reduces the surface area over which transpiration can occur, thereby reducing transpiration rate.
· Hairs or small spines on the lower surface of the leaf

There is a layer of air very close to the surface of leaves that doesn’t get blown away by the wind. Water vapour needs to diffuse out of this layer before it gets blown away by the wind. Hairs or small spines increase this thickness of this boundary layer and therefore increase the distance over which diffusion has to occur. This increased distance means that the concentration of water in the air just outside the stomata is higher than it would otherwise be and so there is a reduced concentration gradient of water between the air inside the leaf and the air just outside the stomata. This reduces the rate of transpiration.
· Succulent, fleshy leaves
These leaves have a smaller surface area to volume ratio than ‘normal’ leaves. This means that there is less surface area over which transpiration can occur for any volume of water. It also means that the average distance that water has to diffuse, through air spaces in the leaf, to leave the leaf is larger. Both of these factors reduce the transpiration rate.
Note: Some of the adaptations above relate both to a reduced concentration gradient and to an increased distance for diffusion to occur. This is because what slows diffusion of water out of the leaf is a low concentration gradient inside the leaf compared to outside. However, this low concentration gradient is caused by the fact that water has further to diffuse before it can get blown away by the wind. The layer of air that doesn’t get dispersed by air movements in the atmosphere is called the boundary layer – these adaptations (curled leaves, sunken stomata, hairs or spines on the underside of the leaf) all work by increasing the thickness of this boundary layer. 
10. Describe the cohesion-tension theory of water transport in plants

Water is a polar molecule and binds to other water molecules by hydrogen bonding – called cohesion. Water also binds to the cellulose molecules of cell walls by hydrogen bonding – called adhesion. There is a continuous column of water connected by hydrogen bonds from where the water evaporates off the surface of cells into the air spaces in the leaf down to the water entering the roots from the soil. When water evaporates from the surface of these cells more water moves to take the place vacated. This movement of water pulls up the whole column of water all the way through the plant. 
It is called the cohesion-tension theory because there is a continuous column water created by the ‘cohesion’ of water molecules (i.e. binding together by hydrogen bonds) and this column is under ‘tension’ (i.e. being pulled) created by transpiration.
11. Define ‘Water Potential’, state the symbol used and the units, and use it to explain the movement of water through plant tissue 


Water potential is a measure of ‘the tendency of water to diffuse out of a location’. It is given the symbol Ψ (psi) and units of pressure (Pascals, Pa). The water potential of pure water at atmospheric pressure is given a water potential of 0Pa.
Water diffuses from a location with a higher water potential to a location with a lower water potential, down its water potential gradient.

Water potential can be lowered by adding solutes to a solution or raised by increasing the pressure in the location. So the overall water potential is a sum of the solute potential, Ψs  (the component of water potential that is due to dissolved solutes), and the pressure potential, Ψp (the component of water potential that is due to the pressure the water is under). This can be written as: Ψ  = Ψs + Ψp
Solute potentials are always negative as pure water will have the highest tendency of water to diffuse out of a location and this is then lowered if solutes are added.
Soil (so long as it’s got water in it) has a much higher (less negative) water potential than air. The plant provides a route for water to diffuse from the soil to the air down a water potential gradient from soil to root tissue, to xylem, to leaf tissue, to air in the leaf and then out to the atmosphere through stomata (this water potential gradient is continuously down at every step of the route – even at a cellular level). 
Figure 1:  The route water takes through the root – from the soil to the xylem vessels.  


Image: Kelvin Song (Creative Commons https://commons.wikimedia.org/wiki/File:Into_the_stele.svg?uselang=en-gb )





Figure 2: A simple potometer 
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