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ABSTRACT

EFFECT OF I^JATER STRISS ON THT PHOTOSYNTHESIS

OF THE POTATO

Leaf uJater potenti al s, soi I water potenti a'l s o and

net photosynthes i s rates were determi ned on potato p1 ants

grown in containers in growth chambers under two ììght in-
tens i ti es . Measurements were taken as the so'i I moi sture

decreased from f ield capacìty to the w'i iting po'int. Leaf

water potenti al s were measured by the thermocoup'le psychro-

meter technique. Soil water potentials were determined

from the water retenti on curve and from thermocoup'l e psychro-

meters . The water retenti on curve gave a better est'imate

of soi I water potenti al than the thermocoupl e psychrometers .

Net photosynthes i s rates were determlned by use of qn i nfrar

red carbon di oxi de gas analyzer,

Net photosynthes j s rate was severely reduced by i n-.

creas i ng water stress . Net photosynthes i s rate began to

decl i ne as soon as soi I moi sture content dropped bel ow

field capacity. Rates at field capac'i ty or 0 bars soil

water potential was l0 mg C0Z hr-l dm-Z for the low light
intensity and 17 mg C0z hr=l dm=2 for the high I ight inten-

sity. Leaf water potentials were -3 to =4 bars at this

level. At leaf water potentials of =8 to *'l0 bars and

so jl water potentials of =7.5 to .9 bars net photosynthesl's

iii



had essenti a1 1y stopped, These resul ts are s ími I ar to those

obtajned by Boyer U970 b) for soybêôhe sunflower and corn

except potato was far more sensìtÍve to water stress. The

sharp reduction in net photosynthesis rate as soon as the

pl ant j s subjected to water stress expl aÍ ns Why the potato

responds so wel I to j rri gati on,

1V
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INTRODUCTION

Plant growth is limited by water stress. Although

this limjtation has been observed since man began irrigat'ing
crops'i n ancient tgypt, the effect of water stress on plant

growth i s sti I I not compl etely understood. Because water

af f ects many of the processes assocÍ ated wi th photosynthes'i s

and since net photosynthesis rate is a measure of dry matter

producti on, water stress woul d be expected to have a great

i nfl uence on growth,
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have begun to i rri gate thej r potatoes. In vi ew of these

devel opments and because the potato responds so wel I to

i rri gati on, thi s project on the effect of water stress on

growth of the potatoes was i ni ti ated. It i s hoped that the

ì nformati on deri ved from thi s project wj I I benefj t potato

producti on i n Man i toba ,
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L ITTRATURE REV i El,{

Introducti on

lrrater stress has 'l ong been known to af f ect pl ant growth

and the use of ì rri gati on to overcome th'i s stress and to

ens ure growth to maturi ty i s wel I documented ( Si ngh, I 969 ) .

The affect of water s tress on photosynthes i s has al so been

studi ed by many workers.

Although much has been learned, the relationship bet-

ween photosynthesis and water stress is not compl ete'ly

understood. It is the aìm of this project to study net

photosynthesis rate of potatoes as it is affected bJ, water

stress.

Def i ni t'i on of Perti nent Terms

hlater Potential

LJater potential refers to the energy of water. The

total potent'i al (or energy per unít quantity) of water is

defi ned as the mechani cal ulork requi red to trans fer a uni t
quanti t¡z of water from a standard reference siate, where

potenti al i s taken as zero, to the s i tuati on where the pot-

enti al has the defi ned val ue. A pooi of pure water at an

elevation which can be arb'itrarily specified and which

experiences a gas pressure of one standard atmosphere has

been adopted as this reference state (Rose, 1966). This
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energy per un'i t quantì ty of water i n the soi I i s af fected

ma'i nly by the moi s ture content. 0ther f actors af f ect'i ng

lvater potenti al are the so'i I urater's pos i ti on i n the earth' s

grav'itational field, the gas pressure acting on'it and'its

chemi cal cons ti tuti on. Spat'ial di f f erences i n energy per

unit quantity of soil u¡ater are the cause of movement of

such moisture from regions of hìgher specific energy to

regions of low speci f i c energy. Because the spec'i f ic

energy of tn¡ater in unsaturated so'i I and in plant tissue

i s I ower than that of a f ree water surf ace, water potent'i al

is usually a negative number.

Photos.ynthesis

Photosynthesis as defined by Barnhart ('l947) is "a pro-

cess of green p1 ants by whj ch carbohydrates are formed from

carbon d'i oxi de and water under the j nf l uence of l i ght. "

Ardjtti and Dunn (.l968) define photosynthes'i s as "the utili-
zation of radiant energy to synthesize chemical compounds. "

In plant physiology and biochemistry, photosynthesìs classi-

cal ìy refers to the synthes i s of carbohydrates from carbon

di ox'i de and water i n the presence of ì ì ght accordì ng to the

equat'i on:

6c02 + 6H2o eã#+*3r-i-û coHlz0o + 602 ---:- ----(l)
Growth i s determi ned by net photosynthes i s rate. For purposes

of this thesis net photosynthesis rate will be regarded as



net assimilation of carbon dioxide

Plant water stress

!Jater stress is the term used to define the internal

water balance of a piant (Kramer, 1963). !Jater stress 'is

measured by di ffus i on pressure defi ci t, water potenti al or

p1 ant water sucti on. The greater the sucti on the greater

is the v¡ater stress. Tissue water bal ance depends on the

rates of absorpt'ion and loss. il'fater is taken up by the

roots and utilized in various plant processes and lost from

the pìant by transpiration. Transpìrat'ion is affected by

I eaf area and structure, extent of stomatal openi ng, and

en*vi ronmental factors. Absorpti on on the other hand i s

af f ected by the rate of water 'l oss, the extent and ef f i -

ciency of the root system, hydraul'i c properties of the soi1,

and envi ronmental factors. Pl ants undergo water stress i f
transpi rat'i on rate exceeds absorpti on rate. Under condi -

tions of low so'i I moisture content, absorptìon rate is very

small, and the result is a high plant water stress. However,

pl ant water stress can devel op at rel atì ve'ly hi gh soi I mo'i s-

ture content if transpìration rate js excessìve1y 1arge,

For this reason soil moisture stress js not aìways a good

i ndi cator of pì ant water stress. Si nce pl ant water stress

has a di rect i nf I uence on p'l ant growth, j t is more ímpor-

tant to meas ure I eaf water s tres s .
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Thermocoupl e psychrometer

The thermocoupl e psychrometer i s a devi ce us ed to de-

termi ne water potenti al by measuri ng rel atj ve humi di ty by use

of a thermocouple. The theoret'ical basis for its use is the

rel ati on between water potenti al i n a sol utj on and the rel a-

ti ve vapor pressure i n an atmosphere i n equi 1 i bri um wi th the

solut'ion.

V = (nr/N) (ln p/po)---- ----(z)/'
Ly' = water potential
I

R - ideal gas constant

T = absol ute temperature

M = mol ar vol ume of water

p/po = relative humidjty (expressed as a fraction)
Thus by knowi ng rel ati ve humi di ty over a sol utj on one can

determi ne i ts urater potent'i al .

Types of Thermocoupl e Psychrometers

As stated prev'iously, a thermocouple psychrometer mea-

s ures rel at'i ve humi di ty. There are two types of thermocoupl e

psychrometers I ) the Spanner or peì t'ier cool ed varì ety

and 2) the Richards or droplet thermocouple psychrometer

(Fi g. I ) .

Spanner thermocouple ps.ychrometer

The Spanner thermocoupl e psychrometer (Spanner, I 951 )
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involves the use of a fine thermocouple wire whjch is cooled

below the dew point by passing a current through jt. Hater

condenses on the thermocoupl e juncti on maj ntaì ni ng i t at

the dew po'int temperature. This coof ing ef fect 'i s cal led

Peltier coolíng. The way th'i s system operates is as follows:

I ) the thermocoupl e assembly r,¡i th the sampl e 'i s pl aced i n

a control I ed temperature water bath 11 .001 0 
C )

2) the system is allowed to come to equiijbrium, i.e. the

water vapor pressure above the sampl e reaches a constant

val ue.

3) once the system is equilibrated, the galvanometer is

zeroed.

4) a current 'i s passed through the thermocoupl e whi ch con-

denses a dropl et of water on the j uncti on.

5 ) the temperature (emf ) of the thermocoup'l e i s then read

on the gal vanometer.

By knowi ng ambi ent and dew poi nt temperatures rel ati ve humi -

dj ty can be cal cul ated and potenti al can be determj ned by

equation l. Rather than calculate relative humidity each

time, a cal i brati on curve for v¡ater potentj al -emf output

i s determi ned over known sol uti ons of KCI ( Fj g , 2) . Hence

all that is necessary is to determine emf output of the

thermocoupl e psychrometer to determi ne potenti al .

0ne limitation is that the Spanner thermocoupìe psychro-

meter requires very sensitive temperature control (:.0010 c).
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A change of rel ati ve humi di ty from I 00 to 99% wi I I change

the u¡ater potential from 0 to -15 bars at 25o C. In a

closed psychrometer chamber a smal I change in temperature

wi I I create a l arge change i n rel ati ve hum'i di ty and hence

i n potenti al . Because extremely smal I vol tages are measured

(10 fV range) very sensitive equipment is requìred. Another

l'imi tati on of the system i s that the Pel ti er coo'l ì ng ef f ect

lowers the temperature very little. Chromel-p and constan-

tan thermocouple can be cooled a maxjmum of l.5o C. As a

result, most thermocouple psychrometers of the Spanner type

are not effecti ve for measuri ng potenti al s bel ow -50 bars.

Ri chards thermocoupl e ps.ychrometer

The Richards' thermocouple psychrometer is s jmilari n

design to Spanner's except a ring is soldered near the

junction (Fig. l). A small water drop'i s placed in the rìng

and al I owed to evaporate to produce dew poì nt temperature.

The thermocoupi e psychrometer i s seal ed í n the chamber

r^ri th the s ampl e , p1 aced i n the urater bath and al I ou¡ed to

equilibrate. A readìng is usually obtained jn l0 to 30 min-

utes 'i f the vapor condjt'i on of the sample js steady. Pot-

enti al can be determi ned by equati on I or a cal j brat'ion

curve. As wi th the Spanner thermocoupì e psychrometer a

cal i brati on curve of water potenti al vs. emf output i s

prepared over known NaCl or KCI sol utj ons.
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This type of thermocouple psychrometer requìres pre-

cj se temperature control and preci se emf measurement.

Rel ati ve humi dì ty can be measured at very I ow potenti al s

because the drop'l et of water p'l aced on the thermocoupl e can

I ower the dew poi nt temperature more than Pel tj er cool i ng.

Water evaporates from the j uncti on to produce dew poi nt

temperature. Thi s smal I addi ti on of water vapor to the

sample may give a higher read'i ng. Boyer (197'l) compared

the Spanner and R'i chards thermocoupl e psychrometers and

found the Spanner water potenti al val ue to be I ower than

the Richards reading.

Measurement of leaf water potential

Leaf water potenti al has been

p'l ant and on exc'ised tissue. Boyer

compared both techn'iques and f ound

ween them.

Excised-tissue method

measured on the intaci
(1971) and Lans (1965)

I i ttl e di fference bet-

Ehlig

cotton and

cised and

were al I ow

Richards t
I eaf water

(1962) measured

bì rdsfoot trefo
placed around th

ed to equì I j brat

ype thermocoupl e

potential in bi

leaf water potent'i al of pepper,

i I . Secti ons of I eaves ri/ere ex-

e i ns i de of the chamber where they

e for 2 to 6 hours. Us'i ng a

psychrometer, Ehlig found that

rds foot trefoj I ranged from -8.6
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bars to -48.8 bars. The -8.6 bar

p1 ants were wel I watered and the

tai ned when pl ants were severely

read'ing was obtained when

-48. B bar readi ng was ob-

r,¡'i I ted.

Box (1965) used a Peltier type thermocouple psychro-

meter to measure I eaf water potenti al of cotton. Twenty

I eaf di scs , I cm. i n d'i ameter were exc'ised f rom a cotton

pl ant and pì aced 'i n a brass chamber wh j ch was then connect-

ed to the thermocoupl e psychrometer. Then, the whol e appar-

atus was enclosed in a stainless steel test tube and placed

in a controlled temperature bath. The leaf discs were

al I owed to equi 1 ì brate unti I water potenti al i n the vapor

phase reached a constant val ue. This usual ly requi red about

2 hours. Box f ound I eaf water potent'i al s of -40 and -65

bars at relative water contents of 94 and 53 percent, respec-

ti vely.

Yang and de Jong (1968) studied leaf water potentjals

in wheat plants using a Spanner type thermocouple psychro-

meter. ldheat I eaves 4 cm. i n l ength were i nserted 'into a

stainless steel enclosure w'i th the thermocoup'l e psychrometer

and pl aced 'i n a 25o C lvater bath whi ch was control I ed to

1 .001o C. The samp'l es urere al I owed to equi 1 i brate whi ch

usually requìred 5 hours. Leaf water potentials from -.l0

bars to -40 bars were recorded.
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Intact- I eaf method

Lambert and Van Schi I fgaarde ( I 965 ) used a Spanne¡

type thermocoup'l e psychrometer to measure water potential

on an jntact leaf of a red kidney bean p'l ant. The whole

leaf was sealed in a teflon coated acrylìc chamber. The

enti re sys tem t^/aS encl osed j n a water bath to control temp-

erature. Equilibrat'i on times varied wTth solutions and

I eaves. Leaf sampl es were al I owed to equì I i brate for 30

hours before measurements were made. By passìng the piant

through an i rri gat j on cycl e, d'i f f erent I eaf lvater potenti al

meas urements Were obtai ned. Leaf water potent'i al s var j ed

from -3 to -.l6 bars.

Lang ancj Barrs (1965) devel oped a system simi I ar to

that of Lambert and Van Sch'i I f gaarde (1965 ) . They con-

structed a stainless steel chamber and surrounded ít wjth

a water jacket whi ch t^/as f i naì 1y covered w j th f oamed poly-

urethane i ns ul ati on. They tri mmed the I eaves of cotton to

g0 by 41 mm. l6 hours before enclosing the leaf jn the

chamber. A I eaf near the i ntact I eaf was removed and I eaf

water potenti al waS measured by a Spanner type thermocoupl e

psychrometer. Val ues obtai ned from both excj sed and i ntact

I eaves were 'in cl ose agreement. The I eaf lvater potent j al s

of cotton could not be compared to other data as there Were

none ava j I abl e. Leaf water potent'i al decreased as soi I

mo'i sture decreased in the soil.
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Manohar (.l966) developed a small chamber, Spanner type

thermocoupl e psych rometer to meas ure water potentj al j n

p1 ant ti ssue. The thermocoupl e psychrometer chamber con-

sisted of a silver cyl'inder (.06 .t.3) with the base con-

sist'ing of the sample. This apparatus was sealed and placed

i n a constant temPerature bath.

Hoffman and Spl inter (.l968) used a system in which a

thermocoupl e psychrometer chamber ¡¡as gl ued to the under-

s j de of a tobacco I eaf. The whol e apparatus was p1 aced

i n a control I ed temperature water bath. Leaf water poten-

ti al s decreased as soi I moi sture decreased. Leaf water

potenti al s rdere .75 to 3.5 bars I ower than soi I water pot-

enti al s. Because the resul ts obtai ned were j n agreement

wi th those expected, i t was concl uded that the system worked.

An ì sopi esti c thermocoupl e psychrometer devel oped by

Boyer (1966 ) r^/as used to measure I eaf r,^¡ater potent'i al of

sunflower tissue. This thermocouple pSychrometer was s'imi-

I ar to a R'i chards thermocoupl e psychrometer except that

rather than pl aci ng a drop of water on the i unct'ion, a

solution of a knolvn concentratjon of Sucrose WaS placed on

the junctj on. Two consecuti ve meaSurements v/ere made e one

wi th water on the juncti on and one r,ri th a sol uti on cl ose

to the potential of the leaf . Thermocouple output was
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p1 otted as a functi on of potenti al of the water or sol utj on

on the thermocoupl e and the I i ne \^/as extrapol ated to zero

output. The potential at zeyo output was taken as the pot-

ential of the leaf t'issue. To test the accuracy of this

method sunfl ower ti ssue t^las equi 1 i brated over a known sol u-

ti on and then pl aced i n the thermocoupl e psychrometer cham-

ber. Measured val ues were very cl ose to the known poten-

ti al s.

l¡Jater potent j al measurements were made on both detached

and 'i ntact I eaves. Detachi ng I eaves f rom the pl ant had no

effect on water potential'measurement. Hence Boyer con-

cluded that detached tissue could be used to determ'i ne leaf

water potenti al of i ntact I eaves.

Measurement of soj I water potenti al

Determi nati on of soj I water potenti al by thermocoupl e

psychrometery was attempted by Korven and Taylor (1968).

They used a Spanner type thermocouple psychrometer (Fig.3)

whi ch requì red the use of a temperature control I ed water

bath for the sampl e. The soi I sampl e chamber was connected

to the thermocoupl e psychrometer chamber and the whol e

assembìy was 'immersed 'in the water bath. hlhen the sampl es

had come to equiìibrjum, water potent'i al was recorded'

The¡, concl uded that the thermocoupl e pSychrometer can be used
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to determine relative activíty of soil water and suìphuric

acid solutions with the same accuracy.

Rj chards and 0gata ( I 961 ) conducted thermocoupl e psy-

chrometer measurements with a Richards thermocoup'le psychro-

menter on soi I sampì es equì 1 i brated on the pressure membrane.

They measured total sucti on, matri c sucti on, and sol ute

sucti on. It was found that total sucti on as measured by

the thermocoupl e psychrometer t^Jas equal to the sum of matrì c

suction and sol ute suction. 14atric suct'ion was measured

by the pressure membrane and sol ute suction ì^/as measured

bJ¡ the thermocoup'l e psychrometer. From th'is it was concl uded

that the thermocoup'l e psychrometer measured total water pot-

ential of so'i l.

Rav,rl j ns and Dal ton (1967 ) devel oped a thermocoupi e

psychrometer which did not requi re precise temperature con-

trol. "If a chamber were sealed so that water vapor could

nej ther enter nor I eave, the error i n water potenti al re-

s u1 ti ng from changes j n temperature of the chamber woul d

be about I bar per 0.010 C at 25o C. If, on the other hand,

vapor were free to move to and from the chamber from a sam*

ple, the error would be less." These authors enclosed the

thermocouple assembly jn a ceramic chamber (Fig. 4). The

soil thermocoupie psychronreters were embedded in the soil
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and then the soi I b/as al lowed to pass through an i rri gation
cycle. l'Jater potentjal lvas measured concurrenily by tensjo-
meters. There was a dj screpancy betureen the two systems but

the d'iscrepancy was constant indicating some error.i n one of
the systems. t¡Jater potentials measured by tensiometer were

higher than those measured h,y the thermocoupìe psychr^ometer.

Al ihough soi l temperatures fJ uctuated, vari ati on of thermo-

coupi e psychrometer water potenti al measurement was only lo.u
bars. The system requi res no temperature control and hence

can be used in the field.

Lang (1968) used a spanner type thermocouple psychrometer

covered with a stainless steel gauae cage to measure soil
water potenti al . Ni ne thermocoupl e psychrometei^s inlere em-

bedded in a l6 liter pot of soir contaìn.i ng a cotton p1ant.

The whol e system was encl osed i n a control I ed temperature

water bath. The pot t,ras watered then allowed to dry.
l{ater potential decreased urith decreasing soi ì moisture.
Soi I water potenti al decreased more duri ng the day than the

n'i ght. si nce the soi I water potenti al s decreased wi th t j me

and envi ronmental stress i t was concl uded the system r¡rorked.

Recent devel opments i n thermocoupl e ps.ychrometers

From the I i terature ci ted most authors found that con-

stant temperature baths were requi red for mean'ingful meas-

urement. si nce temperature control is di ffi cul t and expen-
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s j ve some researchers have tri ed to devel op nerlJ techn'iques

whi ch requi re I i ttl e temperature control . LJescor Inc. *

now supplies commerc'ia11y a thermocouple psychrometer which

can measure soil or 1ìquid samples without prec'ise tempera-

ture control. Their des'i gn is similar to that of Rawlins

and Dal ton ( I goz ) . These thermocoupl es are encl osed i n

ceramic bulbs and have accuracies of 1 0.5 bars. [,.lescor

Inc. al so nou/ make a sampl e chamber psychrometer whi ch can

be used for measuring potential of almost any materiar pro-

vided it can fit in the small chamber and potential values

are not I ower than -50 bars. Research is current'l¡r cont j n-

ui ng but at present accuracy of measurement i s sti I I I imi ted

to 1o.l bar.

[i{i 1'l ar, Lang, and Gardner (1970 ) are us ì ng a f our ter-
mj nal thermocoupì e psychrometer i n whi ch one pai r of I eads

appl ìes a cooling current and the other two leads measure

the temperature of the junction. This system requi res I ess

temperature control and al so removes the heat'ing error from

the Pel ti er effect.

Cal j ssendorff and Gardner (1971 ) have bui I t a thermo-

coupl e psychrometer chamber wi th several thermocoupl es i n-

si de. The addi ti onal thermocoup'l es sense the temperature

djfference between the psychrometer junction and the sample

*[¡Jescor Inc Logan, Utah
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s system has been used successfuì 1y on corn p1 ants grown

the field.

Measurement of Net Photos.ynthes i s

The technique of measuri ng net photosynthes'i s rate bJ,

measurjng carbon diox'i de assjmilatjon began'i n approxjmateiy

I 945. Researchers have used whol e pl ants, a few I eaves , a

single leaf, part of a leaf and detached leaves. The re-

cent trend has been to use a sìngìe attached leaf 0F, where

the speci es has permi tted, several I eaves. Some workers have

used several p'l ants . For exampl e, Mus grave and 14oss ( I 961 )

used a chamber 9 feet 'l ong, 5 feet rvide and 12 feet hígh

on corn plants in the field. Boyer (.l970), Hesketh (1963)

and chapman and Loornis (1953) used smal I chambers which en-

closed one leaf or part of a leaf depending on the spec.ies.

Tregunna, Krotkov and Nel son ( I 966 ) detached the I eaf and

placed it in a small chamber for net photosynthesis measure-

ment.

The apparatus used r'n making measurements is essen-

tia1ly the same in all instances. Gas is passed through the

chamber and by some means net carbon dioxide ass'imilated is

measured. There are two systems, an open and closed system.

The open system invol ves passìng a known concentration of

C0Z over the leaf whìch in turn passes through an apparatus

whì ch measures C0, concentration, By knowing the amount of
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C0Z del i vered and the amount of C0Z ì eav'i ng the ass j mi I at'ion

chamber, net C0Z uptake can be determj ned. Chapman and

Loomjs (1953) used an open system t^rhere C0Z \^ras collected

in KOH solution.

14ost of the recent researchers have used a cl osed

system. In th'i s system a j r i s recì rcul ated. The rate of

decrease in C0Z concentration with time is used to calculate

net photosynthesis rate. Conversely an increase in C0Z

concentration can be used to calculate respjration rate.

Boyer ('l 970), Bate (1969), and Lister, Krotkov and Nelson

(.l961 ) among others have used a closed system to measure

rate of net photosynthesis.

Probl ems assoc'i ated wi th photos.vnthes ì s measurement

hlhen using an assimilation chamber it is important to

remember that the I eaf i s th rus t i nto new envi ronment.

Therefore one should try to maintain conditions in the

assimilation chamber similar to the environment'in which

the plant js grovring. Avery (1967) conducted tests on per-

spex chambers to determÍ ne how they affected temperatures

of the leaf . His data 'i ndicated that the temperature jnside

the assimilation chamber was l0o C h'igher than the ambient

air when sunlìght'i ntensity was 64,800 lumens/m2. Leaves

whi ch were shaded usual ly had temperatures 2-30 C hi gher

than ambi ent ai r temperature, Si nce these temperature di f-



23

f erences si gni f i cant'ly af fect rate of photosynthesi s sev-

eral attempts have been made to prevent an i ncrease 'i n temp-

erature in the assjmilation chamber. Air flow worked very

well provided flow rates were suffic'iently hìgh. A cool'i ng

coil r'Jas inserted in the chamber and met with I imited success

(Avery 1967). Boyer ('l970) used a chamber with one side

constructed of metal which housed cooling coiis.

Mai ntai nì ng constant humí di ty i n the chamber i s al so

a probl em lvhere certai n carbon di ox'i de i nf rared gas analy-

zers are used. lllater vapor and carbon d'i ox j de both absorb

i nf rared l'i ght. To recti fy thi s probl em cal ci um chl ori de

tubes are pl aced i n the I i ne to remove water vapor. As

a result transpiration rate may be conSiderabiy hìgher than

that of leaves outside the chamber. Models in which water

vapor does not interfere with C0Z analysis are now avail-

abl e and thei r use wi I I proví de val ues more representati ve

of those occurri ng under "natural " condi ti ons.

!Jater Stress Effect

[.later stress or i nternal water bal ance i s one of the

most important factors in control ling physiolog'ical pro-

cesses. The maior f unct'ions of water i n pl ants i ncl ude:

I ) water i s a major consti tuent of actj ve tj ssue

2) urateri s a reagent for metabol i c cycl es

3) water acts as a solvent

4) water provi des turgidi ty for cel I enl argement.
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In view of the functions of water, jt is evident that water

stress has an affect on vegetative growth, stomatal open'ing,

photosynthesis and bjochemical reactions. l¡Jater stress may

have both harmful and desirable effects. Water stress was

requjred to induce flowering'i n coffee (Alvim, .l960).

InJater stress in tobacco caused yie'l d and qual ity to de-

crease (Van Bavel, 1953). tlater stress jn potatoes seriously

af f ected y'iel d (Box et al , 1963; S'ingh, 1969 ) .

The affects of r^rater stress on photosynthesis are

very comp'l ex (Boyer, 1970 b). As leaf water potential de-

creases metabol i c i ntermedi ates are changed (Santarì us ,

1967; Gates and Bonner,1959)* The electron system is also

inhibited by water stress. According to Boyer (1970 b)

"both the reductjon in oxygen evol ution by chloropì asts and

the concomitant increase in lìght requirement are consistant

w j th the 'i dea that some part of the photosyntheti c el ectron

transport i s affected by exposure of chl oropl asts to I ow

water potent'ials within the leaf." Thjs view js also sup-

ported by Santari us ( I 967 ) .

Most of the entry of C0Z into the leaves is believed to

take place through stomatal openings (Zelitch,1967). Leaves

are covered by a thin cutjcle consísting of a complex mix-

ture of long-chaín carbon compounds that are'impervious to

water and C0Z. Troughton et al (.l969) and Zel ìtch (1967)
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reduced C0Z uptake.
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opening and consequently

Hs'i a (1970 ) studyi ng polyrì bosome I evel s 'i n corn ,

found a decrease 'i n polysomes and assimjlatjon of C0Z w'i th

increasing water stress.

Boyer (igZO a) found that cell enlargement uras very

sens i ti ve to water stress . He found that corn, SoVbean,

and sunfl ower ceased cel I enl argement at water potenti al s

of -4 bars. The decline in enlargement from 0 to -4 bars

leaf water potential was very drast'i c and suggests that

turg'idìty was adversely affected by water stress over this
potenti al range.

Respiration may be ìncreased or decreased by water

stress. Bri x (1962 ) found that respi ration increased up to

- I 0 bars I eaf water potentì al and then decreased wi th j n-

creasing water stress in loblo1ly pìne seedlings.

Summary

From the I i terature presented here, one may concl ude

that water stress decreases the rate of metabol i c processes.

The effect of this stress is immed'iate and produces harm-

f ul ef f ects i n mos t c'i rcums tances . The ef f ect of v¡ater

stress on photosynthesis is compl'icated because water stress
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af f ects most f actors contri buti ng to photosynthesi s. l¡Jater

stress controls stomatal opening whìch controls C0Z assimi-

I atj on. Carbon d'i oxi de I evel s control photosynthes j s rate

(Chapman and Loomis, .l953). tJater stress may 'interfere with

intermedj ate processes of photosynthesis such as el ectron

transport and solute translocat'ion. Therefore it is expected

that water stress w j I I reduce rate of photosynthes'is.
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MATERIALS AND METHODS

Potato pl ants of the Netted Gem var j ety were groìdn

in a growth chamber in plast'i c pots filled with 0 - l5 cm.

s urf ace 'l ayer of a blel I wood I oam soi I . The so'i I was a'i r

dried and passed through a 4.76 mm. sieve. Particle size

determi nati on (Tabl e I ) and the water retenti on curve

( Fi g. 5 ) were determi ned by the pi pette method and the

pressure membrane, respect'i vely.

Ai r-dri ed soi I , equi val ent to I,000 grams of oven-

dried soil, was poured into pìastìc pots (23 cm. diameter

by 25 cm. deep ) . Tubers were p'l anted i n the pots and the

pots p1 aced i n a growth chamber. Pl astì c covers were pì aced

over the soi I to reduce evaporati on. The pots were brought

to field capacìty daily until the experiment was started

when wateri ng was di sconti nued. llJhen the p1 ants were 4

inches high, fertilizer was added at the rate of 25 - 30

ppm of each of ni trogen and phosphorous whi ch ma'i ntai ned

optimum nutrient level.

The pì ants !{ere grown i n two di fferent growth chambers

to obtai n two di fferent envi ronments. Both chambers had a

photoperiod of l6 hours light and B hours dark. In the

f i rs t experi ment growth chamber temperatures were To C

Growth Chamber Condi ti ons
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Table l. Particle size analysis of Wellwood soil as determined by
the p'ipette method.

Organic Matter Clay Silt Sand

5.2 26.9 44"9 28.2
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during the Iight period and l8o C during the dark period.

In the second experiment, temperatures were 25o C and lBo C

for light and dark periods, respectively. In experiment I

light intensity was 14,000 lumens/n2, and in experjment 2

35,600 I ume ns/m2. In both cases ì ight intensity was meas-

ured at the leaf surface. The'lìght intensities were varjed

to determi ne i f I i ght i ntens'ity af f ected photosynthes'i s

water stress relationships. The temperature of the two

experjments varied because of speci fic temperature requi re-

ments of other crops grown i n the growth chambers.

Soil t¡Jater Potential Determination

Spanner type soi I thermocoupl e psychrometers* were

used for measuring soil water potential. 0ne week prior

to i ni ti at'i on of the experi ment, thermocoupl e psychrometers

were spaced at equal increments of depth in the pot in the

first and second experiments. Holes u/ere drilled in the

si de of the pot through whi ch the thermocoupl e psychro-

meters were placed, In the first experiment, 2 thermocoupìe

psychrometers were used. Because of fai I ure of one psychro-

meter in experiment l, three thermocouple psychrometers were

used in the second experiment,

*Model PT5l

l,lescor Inc.

-05 Thermocoupl e Psychrometer

, Logan, Utah
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Using the cjrcuit shown in Fig. 6 the follow'ing pro-

cedure was used 'i n takj ng thermocoupl e psychrometer readi ngs :

l) the emf of the copper-constantan thermocouple (tempera-

ture thermocouple) u/as measured. Thjs gave the temperature

correcti on.

2) the chromel -constantan thermocoupl e (thermocoupl e

psychrometer) was zeroed i n the vol tmeter.

3) the measuring junction was cooled by pass'ing a 3

mi I I i ampere current through the juncti on for I 0 seconds .

4) the emf of the thermocouple was then read by swítch-

i ng back to the vol tmeter.

Us i ng both emf read'ings , the emf of the thermocoupl e psy-

chrometer was corrected to 25o C by the fo'l lowìng equation

supplied by Wescor Inc.:

Corrected reading - reading -Ê----- (3)

'325 + .68 V

readi ng = emf of chromel -constantan thermocoupi e

V = emf of copper-constantan thermocoupl e i n

millivolts.
Al I soi I thermocoupl e psychrometers rrvere cal i brated over

known sodium chloride solutions (Lâh9, 1967 ) before use.

Leaf l,{ater Potential Determ'i nat,ion

Leaf water potentìal was determined by using a LJescor

14odel c-51 Sampl e Chamber Psychrometer (fi g . 7) , This

chamber was cal i brated over known sodi um chl ori de sol utí ons
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before use. The procedure used to determi ne the I eaf cham-

ber readì ng was the same as that for the soi I thermocoupi e

psychrometer.

To determi ne I eaf water potenti al , two I eaf dj scs

were excised from the leaf by a paper punch and immediate'ly

placed in the sample chamber. The sampie chamber was 67

mm. jn diameter and 33 mm. deep. Leaf tissues requi re a

'l ong ti me f or eq ui I i brati on because of res i s tance to evapor-

ati on of water from the I eaf [Boyer, I 969 ) . The manufacturer

suggested equif ibration t'imes of 20 minutes or longer.

Preliminary experiments indicated that one hour was re-

qui'red for equilibrium to occur.

Net Photosynthes'i s R.ate Determination

To measure photosynthesis, a unìt sjmilar to that used

by L'i ster et al (lg0l ) was used. Lister et al used a closed

ci rcui t apparatus wi th a gei ger tube for moni tori ng water

vapor i n the system. Because equ'i pment for moni toring water

vapor was unavai I abl e, a cal ci um chl ori de tube was used to

remove water vapor. Thìs was necessary s'i nce the carbon

dioxide gas analyzer* used was sensit'i ve to water vapor.

The system consi sted of a source of carbon dioxi de,

*Beckman Model 2l 5A
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a peristaltic
chloride tube,

lyzer (Fjg. 8).

constructed of

mm. by ll5 mm.

was cal i brated

pump , an as s i m'i l at'ion chamber, a cal ci um

a fl owmeter, and a carbon di oxi de gas ana-

The assimilation chamber (Fjg.9) was

perspex with the inside dimensions of l6

by 65 mm. The carbon dioxide gas analyzer

by using gases of known concentrations.*

A I eaf** was encl osed i n the ass i mi I ati on chamber and

the hoseS were connected back i nto the system. LeaVeS from

the outer port'ion of the mid-hortzontaì plane of the fo'l iage

were used to reduce variabil ity to a minimum. Carbon

dioxide, 292 ppm, was passed through the system initìa11y,

to ensure a uni form i ni ti al C0Z concentrati on throughout

the sys tem. To do th i s , the I 'i ne tntas opened at the outl et

of the analyzer. 0nce equilibrium was attained, the carbon

d'iox j de source was di sconnected and the analyzer outl et

connected to the pump (Fi g. 8) . Thj s created a cl osed system.

The carbon di oxi de gas ana'lyzer had a preci si on of 6ppm.

Carbon dioxide concentrat'i on Was a linear function of time

unti I C0e concentrati on was a I i mi ti ng factor. To determi ne

net photosynthesis rate, the C0Z concentration was allowed

to dep'l ete to a chosen I evel . By know'ing the concentration

*0bta'ined f rom
Lìquìd Carbon'i c
635 McPhillips Street
l,rli nni peg, Mani toba
**l¡lhere the word " l eaf" i s

serted when di scuss'i ng the
used, "leaflet"
potato.

should be 'i n-
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at the beginning and the end and knowing the time elapsed,

net photosynthes i s rate was determ'ined.

Since net photosynthesis rate is usuaì ly g'i ven 'i n

mi I I i grams of C0Z absorbed per hour per square deci meter
-'l -2(mg C0Zhr'dm-') the volume of the system and leaf area

had to be cal cul ated. To cal cul ate thi s vol ume, the system

was brought to an equilibrium C0Z concentrat'ion, then a

smal I amount of hi gh concentratj on C0Z was i niected. By

knowi ng fl ow rate and recordi ng the ti me between the peaks ,

the vol ume was determi ned . By th'i s procedure , the vol ume

of the system was cal cul ated to be 545 ml .

Leaf area measurements were made by using ozal'i d paper.

If ozalid paper þ,ere exposed to ultra-violet 'l 'i ght and then

developed in NH¡ fumes the paper turned white. }zal'i d

paper was held below the leaf by enclosing the leaf and the

paper between two thjn sheets of perspex. There was suffi-
cient ultra-violet light fn the growth chamber to develop

the shadow of the leaf on the paper. The shadow of the leaf

was cut out of the paper and weighed. The area was deter-

mined by multiplying the we'i ght of the paper by a factor

which was prev'iously calculated. This was determined by

taki ng sheets of ozal i d paper wi th known areas ' devel opì ng

and weì ghi ng them to determ'i ne wei ght to area rati o. The

equat j on obta'ined was as f ol I ows:
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area dn? = weight 'i n grams x .571

To calculate net photosynthesjs rate the foì'l owing

equation tntas used:

mq co^h.-ldr-2 - M xACO, x 1.57 x lo3 --(5)
A x At x .106

M= total mass of ai r i n the system (g. ) =

Volume x density = .545 x 1,25 = .68 g

change i n C0Z concentrati on i n ppm by vol ume

convers i on factor to change ppm by vol ume to

A
1

coz

.57

ppm by wei ght.
a

I 0' = convers i on f actol" to convert g. to mg,

A = area of leaf dm2

At = change i n ti me hr,

I 06 = convers i on factor for ppm to g.

Two runs were conducted on each leaf except when leaks

occurred. In thi s case only the uni nterrupted run was con-

sidered.

Dai I y Experí mental Pro.cedure

l.leasurements were begun 2 hours af ter the begi nni ng

of the ì'ight part of the photoperi od. The f ol l ow'ing pro-

cedure was used:

I ) both pots were wei ghed,

2) net photosynthesj s measurement was started on pot I .

The leaf was tagged for ident'i fication.
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3 ) soi I water potenti al was measured i n pot I .

4) leaf area on pot 2 leaf was measured and tagged for

identification.
5) after net photosynthesis rate was determined on pot l,

the assimi I atíon chamber t,'ras removed as qui ckly as

possi bl e and I eaf di scs were taken for I eaf water

potenti al determ j nati on.

6 ) net photosynthes i s rate was then determj ned on pot 2,

7) so'i I water potenti al was determi ned on pot 2.

8) leaf area vvas determjned on pot l.
9) I eaf water potenti al was measured for pot I .

I 0 ) after net photosynthes i s rate measurement Was f i nj shed

on pot 2 the same procedure as step 5 was followed.

I I ) I eaf water potenti al was then determj ned on pot 2 . I eaf,

12) the same procedure was followed the next day except p0t

2 was done first.
Photosynthesis js known to vary with time in the photo-

period (Bate, 1969), If each pot were measured at the same

ti me every day, vari ati on between pl ants woul d have been

confounded by time of measurement. By alternat'ing the order

i n whí ch pots Were used and subsequently combí n'ing resul ts ,

it was hoped that results obta'ined would be more representa-

ti ve of the true water potenti a1-photosynthes i s rel at'ion,

Also by using leaves from the míd-horizontal plane of
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the outer foi'iage, vari abi f ity of I eaves vvas decreased.

Thjs daily rout'i ne was follotved untjl severe wì1t'ing occurred.

Soil Moisture Determination

At the end of the experiment several soi I sampl es were

taken to determi ne moi s ture content. From the wei ght of

soi I i n the p0t, water content coul d be determi ned from

dai ly measurements of total mass of container, so'i I and p1ant.

Soi I water potenti al s t,rere determi ned from the water re-

tenti on curve.



RESULTS AND DISCUSSIONS

In experiment I

Experj ment I

net photosynthesi s rate was measured

at varying water stresses in an envjronment of 21o C day

temperature, l 8o C ni ght temperature, and 1 4 r 000 l umens/
cn'light intensìty. The evaporative demand as measured b,u

bl ack Bel I ani atmometers

pots I and 2 are shown 'i n

Maxi mum net photosynthes i
-'t -9hr ' dm These values

for the potato by Chapman

42

was ,179 cm. per day, Data from

tabl es 2 and 3 o respecti ve'ly.

s rates were about l0 nì9. C0Z

are i n agreement wi th those obtai ned

and Loomi s It 0ss ¡ , Net photosyn-

thesis rates decreased very rapidly with jncreasing utater

stress IFìg, ]0), At leaf water potent'ial of -8 bars net

photosynthesis rate had essentìa1 ìy ceased. At this point

the soi I water potenti al [Fi g. I I ) was =7 ,5 bars. Poten-

tial s at cessation of photosynthesis are much hìgher than

those found by Boyer IlgZO al for soybeano corn and sunflower

(Fig, 12), Box'gt"a1 [1963) found the yÍeld of potatoes was

drast'ica11y reduced when so'i I water potentí al s were decreased

to =l .6 bars, h.lj th such I ow water stress affecting net

photosynthes i s rate, one can understand why yì el d 'i s so

drast'ica'l ly af f ected by I ow so j I water potenti a'l s .

Chapman and Loom'i s [l 953) found considerable variability
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The I i near rel ati onsh'i p of photosynthesi s rate to

I eaf water potenti al had an ,2 val ue of +0.790 ( Fi g. I 0 ) .

The linear relationship between photosynthesjs rate and

soi I water potenti al as measured by the water retenti on

curve had an ,2 value of +0,872 (Fig. ll). Pajred t tests

for the di fference between potenti al measured by the water

retentjon curVe and the soil thermocouple psychrometers

were done for each pot, The t values for pot I and 2 were

9,52 and -4.55, respectively, Since these t values are

s i gni f i cant at the 1% 1eve1 , the resu'l ts j ndi cate Poor

agreement between the two methods.
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in net photosynthesìs rates between different leaves on the

same plant, In vjew of this variabii ity, indivjdual resul ts

are not as s i gn j f i cant as the genera'l trend.

The thermocoupl e psychrometers sampl ed on'ly a mi nute

portion of soil jn the whole pot. If the small samp'l e Was

not representat'i Ve of the Whol e then the readi ng was not

representat'i ve. To oVercome th'ls probl em many thermocoupl e

psychrometers shoul d haVe been used when meAsuf i ng soi i Wate¡

potenti al " The thermocoupl e ps-vchrometers Wefe connected

to the mi crovol tmeter by Wi res. If there was ì nadequate

pack'i ng and a'i r was allowed to enter, the soil near the

thermocoupl e psychrometer woul d have d¡i ed sooner qnd gi ven

a bi ased anstryer, In cl ay sotl s where shrinking occufs r cracl(s
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may form which may allow ajr to enter. Also if the thermo-

coupl e psychrometer came i n contact wi th a root or tuber,

the readi ng may be infl uenced, Because of i nadequate

number of thermocoupl e psychrometers and the great va¡i -

ability of the ones used, the water retention curVe gaVe

a better est'imate of soi I water potential ,

Experiment 2

The procedure in experjment 2 was the same as exper.i-

ment I with two except'iohSl-'light intens'ity was ìncreased

to 35,600 I ume ns/nZ and--day temperatures were i ncreased to

25o c, The evaporat j ve demand as recorded by the Bel I an'i

atmometers was ,20 cm'/day compared with 'lB cm'/day jn

expe¡iment 1 . The resu'l ts of th j s experíment f or pots I

and 2 are shown ìn tables 4 and 5, respectively'

'i s rates were 17 mg COzh.-ld,-2,

I i ned very rapi dlY agaì n wi th zeY

at - I 0 bars i eaf water Potenti al

I water potenti al (F'i g, I I ) ' The

relationshjP of photosynthes'i s to

+0.749 (Fig. l0), The ,2 value

hip of photosYnthesls to soi'l wat

the retentj on curVe was +0 " 644

tween so'i I water potenti al as rnea

'i on curve and thermocoupìe psychr

ncreas i ng the number of thermocou

er

$r

0s

pl e

Maxj mum PhotosYnthes

Photosynthesis rates dec

photosynthesi s occurri ng

(Fjg, 10)and -9 bars soi

,2 val ue for the I i near

I eaf water Potentj al was

for the I i near rel ati ons

potenti al as measured bY

(F'i g, ll), Agreement be

ured by the water retent

meters was imProved bY i
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psychrometers, In pot I and 2 the pajred t values for the

d'i fference between the two methods of measuri ng soi i water

potenti al were -10.79 and -2 " 38 ' respect'ively, The t val ue

for pot I js sÍgnifìcant at the 1% level but the vajue for

pot 2 is not s'i gn'i fjcant, In pot l, one thermocouple psychro-

meter malfunction and the other two appeared to be impro-

perly placed. In pot 2, placement of thermocouple psychro-

menters was better and hence the dj fference between the two

methods of measuring soil water potentÍal was not s'ign'i fjcant.

Similar photosynthesÍs'wâter potential relationships

have also been reported by Boyer [lgZO à). H'i s graph

(Fjg. 12) shor,vsnet photosynthesis rates of corno s0Vbean and

sunflower at varying leaf 1vater potential . These crops all

showed some toj erance to I eaf tnlater stress before net photo'

synthes i s rates decl i ned, HoweVer å thi s tol erance to I eaf

water stress vari ed wi th the crop, Corn had the I east

tol erance of the three; soybean had the greatest tol efance '

Net rate of photosynthesis dìd not decrease to zero unt'il

I eaf water potentj al had decreased Wel I bel ow 'l 5 bars, In

contrast to resul ts presented by Boyer [l 970 a ) n the Pfe=

sent study indjcates that photosynthesis in potatoes is mark'

edly affected by plant water potentjal. The sens'i tiyity of

potatoes to i rr.i gatj on (Si ngh, 1 969 ) i ndi cated potatoes are

very sensitjve to jeaf vrater stress'
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In some j nstances I eaf water potenti al waS hj gher than

so'i I water potential at low potentials. in experiment l,

pot l, (ta¡le 2) after photosynthesis stopped leaf water

potential was approximately -12 bars while soil water p0t-

ential was -13 bars. Accordìng to the passive theory of

water movement, water shoul d be mov'ing f rom the I eaf to the

soil. In thjs regard, thjs result represents a djscrepency'

S j nce thi s prob'l em does not occur unti I the pl ant 'i s near

and photosynthesis has essentÍa11y stopped the value

potential'i s not that imporiant. It'i s interesting

that a similar discrepancy was observed by Yang and

('l968) . l¡lhen soi I t^rater potenti al i ncreased to

, leaf water potential was about ^32 bars in wheat'

wiltìng
of water

to note

de Jong

-35 bars
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SUMt'4ARY AND CONCLUSIONS

Under a lìght intens'i ty of 14,000 lumens/nZ and a day

temperature of 21o C the max'imum net photosynthesis rate was

ll mg. c0zh.-ldr-2 at a leaf water potential of -3 to -4 bars

and a soi I water potent'ial of 0 to -l bars, The net photo-

synthesis rate had essentially ceased at a leaf water poten-

tial of -8 bars and a soiI water potential of -7,5 bars.

The relationships of net photosynthesjs rate to leaf water

.potential and to soil water potentjal were essentìa'l ly linear.

Under a light intensity of 35,000 lumens/n2 and a day

temperature of 25o C the maxìmum net photosynthesis rate

was 17,7 mg, C02h.-ldn,*2 at a leaf water potential of '3

to -4 bars and a soi I water potent'ial of 0 to '2 bars ,

At a leaf water potential of -.l0 bars and a sojl water pot-

ential of -9 bars, net photosynthes'is rate had essential iy

stopped. Agaìn the relationships of net photosynthesjs

rate and I eaf and soi I water potenti al s were I'inear.

Photosynthes i s -water potenti al rel ati ons of corn 
'

soybeans and sunflower IBoyer, ]970 b) show that jn these

plants, there is a range of water potentials oVer which photo'

synthesjs rate remains essent'ia1iy constant" lllhen water

potentj al decreases further, rate of photosynthes i s begi ns

to decl ine. Results from the present expefjments indicated
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that jn the case of potatoes there was no range of u¡ater

potential over which the photosynthesis rate remajned

cons tant. Rather, even at I eaf water potenti al s as hi gh as

-3 bars, a decrease Ín water potent'ial resulted in a decrease

in photosynthesis rate.

These results are of practica'l signífjcance, since

photosynthesi s rate í s decreased by even the smal I est

water stress, Assuming that photosynthesjs and yield of

potatoes are related, ìt would appear that anythíng that

can be done to avo'id water stress would sígnificantly
increase yjeld. In l'i ght of th'i s informat'i on, jt would seem

that extensive studjes on the influence of ìrrigation on

potato yiel d woul d be most profí tabl e,
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