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9.1.1TranspirationinPlants

Transpiration & Gas Exchange

= The majorityof photosynthesis takes place inthe leaves of plants

= Some plants are able to carryout photosynthesisinthe cells of theirstems
Duringphotosynthesis,carbondioxide is takeninby the leaf and oxygenis released

= The poresinthe epidermis of the leaf through which this gas exchange takes place are

known as stomata (singularstoma)
= The stomataneedto be openallthe timeinorderforgas exchange, and therefore

photosynthesis,to continue
= The problemforplantsis thatas the stomataopento allow gas exchange to occur,waterinthe
formof watervapouris also lost throughthe stomata

= This waterlossis known as transpiration
Most plants canuse cells called guard cells to close theirstomatainorderto reduce water

loss, but this willalso reduce gas exchange and therefore theirrate of photosynthesis
= Transpirationis the inevitable consequence of gas exchange inthe leaf
= There are some advantages to the process of transpiration
= |tprovides ameans of cooling the plant viaevaporation
= The transpirationstreamis helpfulin the uptake of mineralions
= Theturgorpressure of the cells,due to the presence of wateras it moves up the plant,

provides support to the leaves and to the stems of non-woodyplants
Leaves with highturgorpressure do not wiltand therefore have anincreased surface area

forphotosynthesis

The loss of watervapour from leaves by evaporation through the stomata is unavoidable as gas
exchange forphotosynthesis can only occur when the stomata are open
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9.1.2The Transpiration Stream

Water Transport Within The Xylem

= Thetransportofwateroccursinxylemvessels,one of the vasculartissues found within plants
= The cohesive propertyof water,togetherwith the structure of the xylemvessels, allows waterto
be transported undertensionfromthe soil to the leaves

Cohesion between water molecules

= Withinwatermolecules the oxygenatomhas aslight negative charge while the hydrogenatoms
have aslight positive charge;this difference incharge across the molecule means that wateris a
polarmolecule
As aresult of the polarityofwater,hydrogenbonds formbetweenthe positive and negatively
charged regions of adjacent watermolecules

= This force of attractionbetweenwatermoleculesis known as cohesion
= Watermolecules are also attracted to the hydrophilic surface of the cellwalls onthe interior
of xylemvessels

= This attractionbetweenmolecules of adifferent type is known as adhesion

Xylemvessels

Xylemvessels are formed fromlonglines of cells that are connected ateachend
As the xylemvessels develop, the cellwalls betweenthe connected cells degrade and the cell
contents are brokendown

= This forms mature xylemvessels that are long, continuous, hollow tubes

= Mature xylemvessels are non-living cells
The walls of xylem vessels are thickened with cellulose and strengthened withapolymer called
lignin

= This means xylemvessels are extremelytough and can withstand very low internal

pressures,i.e.negative pressure caused by suction, without collapsinginonthemselves
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Cohesion between water molecules and adhesion of water molecules to xylem cell walls allow water to
be pulled up xylem vessels in one continuous column

The Transpiration Stream

= Whenwaterevaporates fromthe surfaces of cellsinside aleaf during transpiration, more wateris
drawnfromthe nearest xylemvessels to replace the waterlost by evaporation
= Watermolecules adhere to the cell walls of plant cells in the leaf, enablingwaterto move
throughthe cellwalls
= e.g.watermoves throughthe cellwalls of the xyleminto othercells of the leaf
= Theloss of waterfromthe xylemvessels generates low pressure withinthe xylem
= Thelowpressure generated inthe xylemwhenwatermovesinto the cellsinthe leaves creates a
pullingforce throughout the xylemvessels thatis transmitted,viacohesionbetweenwater
molecules, allthe waydownthe stemof the plant and to the ends of the xylemintheroots
= Thisis knownas transpiration-pulland it allows waterto be moved upwards throughthe
plant, against the force of gravity
= Thisis sometimes known as the cohesion-tensiontheoryof transpiration
= Atthe sametime,forces of adhesionbetweenthe watermolecules and the walls of the xylem
vessels ensure that there are no airbubbles or spacesinside the xylemvessels
= This continuous upwards flow of waterinthe xylemvessels of plants is known as the
transpirationstream
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The movement of water through xylem vessels is due to the evaporation of watervapour from the leaves
and the cohesive and adhesive properties exhibited by water molecules

Modelling Water Transport in Plants

NOS: Use modelsasrepresentationsof therealworld; mechanismsinvolvedinwater
transportinthe xylemcanbeinvestigated using apparatusand materialsthat show
similaritiesin structure toplant tissues

= Models are oftenused to studycomplexliving systems which maybe too complicated to
observeinreality,orto demonstrate the mechanisms behind the processes that take place
inside living systems
= |tis possible to modelthe mechanismsinvolved inwatertransportinthe xylemusing simple
apparatus including
= Blotting paperorfilterpaper
= Porouspots
= Capillarytubing
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Blotting or filter paper

Blotting paperorfilterpaperhas the abilityto absorb water
Whenapiece of blotting paperorfilterpaperis placed with the end touching the water, the water

willrise up along the length of the paper

= Adhesive and cohesive forces cause waterto be drawninto and throughthe paper
This canbe compared to the movement of waterup axylemvessel
Astrengthofthis modelis that, like xylemvessels,the paperis made of cellulose

= Adhesionoccurs betweenwater molecules and the interior cellulose surface of xylem

vessels

Water transport in the xylem can be modelled using blotting paper or filter paper

Porouspots

= Aporous potis apartially permeable container made from amaterial fullof microscopic pores

throughwhichwatercanpass
= Anexample of amaterial containingthese poresis terracottaclaythat has been fired
= Porous potscanbeusedto modelthe evaporationof waterthat occurs fromtheleaves of a
plant
= [fthe porous potis filled withwater,adhesionbetweenwater molecules and the material of
the pot occurs,causingwaterto fill the pores within the material, fromwhere it can

evaporate
= Thisis similarto the waythat watermolecules adhere to cellwalls inside aleaf
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= |fthe porous potis connected to awaterfilled glass tube thatis also dipped inacontainerof
water, the negative pressure created by water evaporating fromthe surface of the pot,
togetherwithcohesion,causes waterto be drawnup the glass tube,just asitwould to form
the transpiration streamwithinaxylemvessel

Water transport in the xylem can be modelled using porous pots
Capillary tubing

= Whenaverynarrow glass tube known as a capillary tube is dipped into water, water canflowup
the tube despite the opposingforce of gravity purelydue to the adhesionof water molecules
withtheinnersurface of the tube and cohesionbetweenwatermolecules
= This phenomenonis knownas capillaryaction
= The thinnerthe tube, the higherthe waterwillrise
= Althoughthe movement of waterup xylemvesselsis also drivenbyevaporationof water from
the cells of the leaf, whichis notreflected bythis model,and xylemvessels are muchthinner
than a capillary tube, this model stillshows how important adhesionand cohesionare inthe
transport of waterup xylemvessels
= The factthatwaterhas these properties canbe furtherdemonstrated by
= Dippingone capillarytube indyed water and anothercapillary tube into liquid mercury
= Asadhesiondoesnotoccurbetweenmercury and the glass of the capillary tube,and
there is no cohesionbetweenmercury atoms, capillaryactionin this tube cannotoccur
and mercury does notrise up the tube
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Modelling the mechanisms involved in water transport in the xylem using capillary tubing
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9.1.3The Roots & Water Transport

Active Transport of Minerals inthe Roots

= Within aplant, mineralions are dissolved inwater and transported inthe xylemvessels
= Mineralions needed byplantsinclude nitrates, phosphates,and potassiumions
= Plantroots areresponsible forthe uptake of bothwater and mineralions
= Roothaircellsincrease the available surface areaforthese processes
= Theuptake of wateris apassive process and occurs byosmosis as aresult of the active
transport of mineralionsinto root cells
= Mineralionuptake raises the solute concentration,orosmolarityof theroot cells,causing
waterto move fromanareaof lower osmolarity inthe soilto anarea of higher osmolarity
inside theroot cells
Mineralionuptake

= Thesoilsurroundingrootcells contains low concentrations of mineralions inrelationto the
root cellcontents,so severalmechanisms are required to maintainan adequate supplyof
mineralions toroots
= Mineralions are actively transported into rootcells bythe action of specific transporter
proteinsintheircell surface membranes
= These proteins are sometimes known as proteinpumps
= Note thatactive transport acts against aconcentrationgradient, so mineralions are
transported froman area ofrelatively low concentrationinthe soilto anareaof
relatively highconcentrationinside therootcells
= The movementofwaterinthe surroundingsoil and into the spaces withinthe cellwalls of the
root cells brings mineralions into contact withtheir specific pump proteins
= Note that thisis notreferringto the movement of waterbyosmosis,butto the flow of
waterthatresults e.g.whenitrains and waterflows through the soil
=__Some plants have a mutualistic relationship withsoil fungiin which the fungus grows on, and
sometimesinto, theroots of the plant;the fungicells spread outinto the surrounding soil
and absorbs mineralions that the plant’sroots maynotbe able to access, passingthemon
to the plant
= Inreturnthe plant provides the fungus with sugars
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Replacing Losses from Transpiration

= Plants transport waterfromroots to leaves to replacelosses fromtranspiration
= Waterneeds to move across theroot,upthe stem,and across the leaves
Water movement acrosstheroot

= Thereis more thanone pathwaythat waterand dissolved minerals cantake as theymove across
the centralregionoftheroot,knownas therootcortex
= Apoplastic,orapoplast, pathway
= Thisinvolves the series of spaces running through the cellulose cellwalls of theroot
cells
= Thewaterdoesnotmove byosmosis here as there are no cellmembranes to cross
= The movement of waterthroughthe apoplast pathwayoccurs rapidly
= Whenthe waterreaches the layerof cells that surrounds the vasculartissue inthe centre
oftheroot,itencounters awaterprooflayercalled the casparianstrip whichforces the
waterout of the cellwalls and into the interiors of the cells
= Thisforces the waterto pass throughthe plant cellmembranes and so increases
the controlthat the plant has oversubstances enteringits cells
= Symplastic,orsymplast, pathway
= Thisinvolves the cytoplasmofthe cells
= The watermoves byosmosisinto and out of the cells
= The movement of waterinthe symplast pathwayis slower than the apoplast pathway
= Less water travels by the symplast pathwaythanbythe apoplast pathway
= Waterthatencounters the casparianstripis forced out of the apoplast pathwayand into
the symplast pathway
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Watercan move across the root to the xylem by the apoplast or symplast pathways. Note that the layer
of cells surrounding the vascular tissue that contains the casparian strip is labelled here as the
endodermis.

Movement of wateracrosstheleaves

= Astranspirationoccurs at the stomata, water vapouris removed fromair spaces surrounding
the leaf cells, creating a watervapourconcentrationgradient between the airspaces and nearby
cells
= The waterwithinthe cellwalls of the leaf cells lining the airspaces evaporates into the airspaces,
generating transpirationpullthat draws waterinto these cells fromneighbouring cells
= Transpirationpulloccurs because of cohesive forces betweenwatermolecules
= This transpiration pullresults in water moving across the leaves from the xylemtowards the
stomata
= Watermovingacross the leaf can move via eitherthe apoplast orsymplast pathways
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Watermoves across a leaf from the xylem to the stomata due to transpiration pull. Note that some water
enters the leaf cells to be used in photosynthesis.

Water movement upthe stem

= Watermoves up the steminthe xylemvessels to replace the waterthatislost at the leaves by
transpiration
= The transpirationpull generated inthe leaves is transmitted downthe xylem due to the
forces of cohesionand adhesionactingonwatermolecules
= The evaporationof watervapourfromthe leaves togetherwiththe cohesive and adhesive
properties exhibited bywatermolecules resultinwaterbeing continuously drawnup through
xylemvessels within the plant
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The loss of watervapour from the leaves of plants by transpiration results in a transpiration pull that
causes waterto move upwards through the xylem vessels of the plant
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9.1.4 Adaptations of Xerophytes

Adaptations of Xerophytes

= Plants thatlive inconditions with a plentiful supply of freshwater have leaves withashort
diffusiondistance throughto the stomataand alarge surface areaprovided by the airspaces
betweenthe leafcells
= These factors make themvulnerable to waterloss

= Plants thatlive inconditions where freshwater s limited often have very different leaf structure
to that described above;theyhave evolved effective adaptations to conserve watere.g.
= Veryfewstomata
= Sunkenstomata
= Hairs surrounding stomata
= Needle-shaped orsmallleaves
= Thickened waxycuticle

= Plants withadaptations to conserve waterare described as xerophytic,orknown as
xerophytes.

Xerophytes have features such as sunken stomata and a thickened waxy cuticle
Cacti

= Cactiare well-studied xerophytes usuallyfound inthe deserts of the USA
= Theyhave severalxerophytic adaptations
= Theirleaves arereduced to spines thatcanno longerphotosynthesise
= Thisreduces theirleaf surface areaand soreduces waterloss
= Photosynthesis occursinthe greenstemwhichpossesses chloroplasts
= Stomataarelocated onthe stemand theyare more sparsely distributed thanthey would
be onaregularleaf
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The stemhas athick cuticle and is verylarge indiameter which allows itto store water

= The stemcanexpand to take onwater,enablingwaterstorage whenitis available
Cacticarryout aspecialised formof photosynthesis knownas CAMphotosynthesis that
enables themto keep their stomataclosed duringthe day

= Thisreduces waterloss by evaporationinthe heatof the day
There are both shallow and deep penetratingroots which allow access to all available water

Cactihave several xerophytic features to reduce waterloss

MarramGrass

= Marramgrassis commonlyfound onsand dunes,anotherexample of adry environment where
plants have evolved to survive
= Marramgrass leaves are welladapted to minimise waterloss

Leaves arerolled up to reduce the exposure of surfaces to the wind and so reduce water
loss by evaporation

The stomataare sunkenin pits to reduce waterloss by evaporation

Theinnersurface of the leaf possesses alarge numberof hairs which shield the stomata,
againreducing waterloss

The exposed surface has athick waxy cuticle to reduce evaporation
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Marram grass has several features to reduce waterloss by evaporation. Note that the term 'water
potential gradient’ refers here to the difference in water vapour concentration between the inside and
outside of a leaf, while the term flaccid refers to cells that have lost water by osmosis.

Xerophytic adaptations table
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Adaptationsof Halophytes

= Halophytes are plants that are adapted to saline, or salty, conditions
= Halo =salt
= Saline soils are soils that contain highconcentrationof salts,suchas coastal salt marshes and
land where the tide comes inand out
= Halophytes have physiological and structuraladaptations to survive inthese conditions,
including
= Halophytes have the abilityto sequester,orstore away, salts withintheircellwallor
vacuoles
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= Some halophytes canconcentrate the salts they absorb incertainleaves, whichthenfall
off the plant

= Halophytes canshed theirleaves toreduce waterloss

= |nsuchconditions the stemis able to take overtherole of photosynthesis

= Waterlossreducingadaptations suchasreduced leaf surface areaand sunkenstomata
canbe found insome halophytes

= Some halophytes have salt glands that actively excrete salt to stopit frombuildingup

= Halophytes have deeprootstoreachfreshwaterunderground

9.1.5 Skills: Drawing Xylem Vessels

Drawing Xylem Vessels

= Theinternal structure of plants canbe examined bytaking transverse sections of different parts

of aplant,including the leaves,stemand roots
= Notethatcrosssections canbe eithertransverse (TS),across therootorstem,or
longitudinal (LS), along the lengthof theroot orstem.

= Fromthese transverse sections, tissue maps canbe drawn

= Thesetissue maps show the relative positions of structures withinthe different parts of a
plant but are not detailed enough to seeindividual cells

= Tissue maps canbeusedto showthe distributionof tissues typesinplant leaves, stems, and
roots

Tissue maps can be used to show the distribution of tissues in the leaf, stem and root
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The arrangement of vascular tissue in the vascular bundles can also be seen using a tissue map
Primary xylemvessels

= Thelengthening growth of aplantis knownas primary growthand takes place incertainplant
meristems
= The primary xylemvessels formfrommeristemtissue called cambium
= Thexylemvessels formontheinside of the cambiumtissue,towards the centre of plant
stems androots
= The detailed structure of xylemvessels canbe seenwhensections of plant stem are viewed
underamicroscope
= [fstainisadded to the planttissue onaprepared slide, the cell walls that have been
strengthened withligninstand out clearly
= Thelignininprimaryxylemforms rings or spirals in the xylem walls
= Theringstructure is known as annular, while the spiral structure is helical
= The structure of the ligninin primaryxylem allow the vessels to continue to grow inlength as
the plant grows taller;the xylemrings or spirals canstretchapart fromeachotheras the
xylemvessels grow
= Primary xylemvessels have thinner walls thanthe secondary xylemtissue that forms laterin
plant growth
= Oncethestemhas stopped growinglongerthereisless need fortheligninto stretch,so
the ligninstrengthening becomes muchthicker
= Secondaryxylemvessels are therefore stronger than primaryxylem but less flexible

When viewed in longitudinal section the annular and helical structure of lignin in primary xylem vessels can
beseen
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9.1.6 Skills: Experiments Investigating the Rate of Transpiration

Practical 7: Potometers & the Rate of Transpiration

= The effect of environmentalfactors ontherate of transpirationinplants canbe measured
using apiece of equipment called apotometer
= Note that while potometers are used to measure transpirationrates, theytechnically
measure therate of wateruptake ratherthan the rate of transpiration, as asmallamount of
the watertakenup byaplantwillbe used inphotosynthesis
= Because the amount of waterused inphotosynthesisis so smallinrelationto the total
amount of waterthat passes through aplant, the rate of wateruptake canreasonably
beusedtorepresent therate of transpiration
= Differenttypes of potometerexist
= Bubble potometers measure the movement of anairbubble along awater-filled tube
connected to aplantshootas wateris drawnup bythe shoot
= The positionofthe airbubble isrecorded at the start of anexperiment,and thena
researchercaneithermeasure how farthe bubble movesinaset amount of time, or
time howlongit takes forthe bubble to move acertaindistance
= Mass potometers measure the change inmass of awater-filled test tube connectedto a
plantshootasitloses wateroverasetamount of time
= The effectof various environmentalfactors ontranspirationcanbe measured byplacing the
potometerindifferent conditions e.g.
= Wind speed
= Humidity
= Lightintensity
= Temperature
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A bubble potometeruses the movement of an air bubble to measure the rate at which wateris drawn up
by a plant shoot. In this image the airbubble will move to the left along the tube as the plant transpires.

Investigating the effect of light intensityon therate of transpiration
Apparatus

= Plantshoot

= Cuttingboard

= Scalpel/scissors

= Papertowels

= Potometer

= Volumescale

= Beaker

= Capillarytube

= Stopwatch

= Vaseline
Method

= Cutashootunderwater
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= Thisis done to prevent air fromentering the xylem;this could block the movement of water
through the plant
Setupthe apparatus as showninthe diagram, ensuring thatitis airtight, and using vaseline to seal
anypossible gaps
Dry theleaves of the shoot
= Anywaterpresentontheleaves mightaffecttherate of transpirationasitcould block the
stomata
Remove the capillary tube from the beakerof waterto allow asingle airbubble to formand then
place the tube backinto the water
Set up alight source fromwhich the light intensity canbe varied
= This could be achieved byvarying the light bulbs used orbyvarying the distance between the
light source and the plantshoot
Allow the plant to adapt to the new environment for5 minutes
Record the startinglocationof the airbubble, leave foraset period of time,and thenrecord
the end locationof the airbubble
Change the light intensity by a measurable amount e.g.moving the lamp 10cm further away from
the plantshoot
Reset the bubble by openingthe tap below the reservoir
Repeat the experiment at the new lightintensity,and again at arange of different intensities
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The effect of light intensity on rate of transpiration can be measured using a potometer
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The Effect of Temperature & Humidity on Transpiration Rates

= Apotometercanbeusedtotesthypothesesabout the effect of various environmental
factors,includingtemperature orhumidity,ontranspirationrates
= Environmentalfactors canbe investigated inthe following ways
= Airmovement
= Afanondifferent settings could be used to varythe flow ofairaround aplantshoot
= Humidity
= Enclosingthe plantshootinaplastic bagcanincrease the humidity
= Ahumidifier or dehumidifier could be used to give ameasurable variationin humidiy
= Lightintensity
= Alamp at different distances orwith different types of light bulb canbe used to vary
lightintensity
= Temperature
= Athermometerortemperature probe canbeused to find surroundings with different
airtemperatures
= Aheaterorairconditioner canbe used to give ameasurable variationintemperature
= Aresearcherwould need to be aware of theimportance of controlling any variables other than
the variable of interest to ensure that anyresults were valid e.g. placing aplant shootindifferent
rooms could be awayof varying temperature, but might bring the risk of also varying light levels
and humidity; these variables would need to be controlled
Factorsaffectingtherate of transpiration

= Airmovement
= More airmovement leads to increased rates of transpiration
= Theairoutside aleaf usuallycontains alower concentrationof watervapour thanthe air
spacesinside aleaf,causingwatervapourto diffuse out of the leaf
= Whenthe airis relatively still, water molecules canaccumulate just outside the stomata,
creatingalocalareaof highhumidity
= |Lesswatervapourwilldiffuse outinto the airdue to the reduced concentration
gradient
= Aircurrents,orwind,cancarry water molecules away fromthe leaf surface,increasing
the concentrationgradient and causingmore watervapourto diffuse out
= Temperature
= Highertemperatureslead to higherrates of transpiration,upto apointat which
transpirationrates willslow
= Anincreaseintemperature resultsinanincrease inthe kinetic energy of molecules
= Thisincreases therate of transpiration as water molecules evaporate out of the leaf at
afasterrate
= |f the temperature gets too highthe stomataclose to prevent excess waterloss
= This dramaticallyreduces therate of transpiration
= Lightintensity
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= Higherlight intensities willincrease the rate of transpirationup to apointatwhich
transpirationrates willlevel off
= Stomatacloseinthe darkand theirclosure greatlyreduces therate of transpiration
= Stomataopenwhenitis light to enable gas exchange forphotosynthesis;thisincreases
the rate of transpiration
= Oncethestomataareallopenanyincreaseinlightintensityhas no effect ontherate of
transpiration
= Humidity
= Higher humidity levelsreduce therate of transpiration
= |f the humidityis high that means the air surrounding the leaf surface is saturated with
watervapour
= This causes therate of transpirationto decrease as there is no concentrationgradient
betweentheinside of the leaf and the outside
= Atacertainlevel of humidity, an equilibriumis reached;watervapourlevelsinside and
outside the leaf are the same, so thereis no netloss of watervapourfromthe leaves

Several environmental factors affect the rate of transpiration in plants

O ExamTip

Rememberwhendesigninganinvestigationthat youmust keep allfactors the same otherthan
the oneyouare investigating. This ensures that you measure the variable thatyousetout to
measure and not the impact of anyothervariable.
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