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CHAPTER I 

INTRODUCTION 

Whe a t  is grown on more hectare s in So uth Dakota 

than any o ther crop . Cold temperatures l e ave w inter wheat 

su s cept i b l e  to fre e z e  in j ury in much of the st ate '.s whe at 

belt so over half of the wheat hectares are p l anted to 

spr i ng whe a t . As irr igated hec tare s have incre ased in the 

state , intere st h as r i sen in the prod u c t ion of spr i ng wheat 

under irr ig at ion as an al ternat ive to or in rot at ion wi th 

corn and o ther crops . 

L i tt l e  in format ion is avai l ab l e  on irr i gat ion pr ac

t i ces in spr i ng wheat prod u c t ion in So u th Dako ta . I rr i -

gat ion stud ie s  have been done i n  the state a s  ear l y  as 1 9 4 9  
-

b ut re sul ts have been incon s i st ant . Re cent irr ig ated y i eld 

tr ial s at Red f i eld and Get tysberg , South Dako t a  ind icate 

th at improv ed gra in y i eld s  c an be ach ieved w i th i rr ig at ion 

but improvement depend s on many fac tor s . I n  1 9 8 4 , 2 5  c ul

t ivars were g rown in the se irr ig ated t r i al s . At Red f i eld , 

l i tt l e  y i e ld improvement was seen over dryl and yield s .  Im-

provement a t  Gettysbe rg was greater ( 8 3 ) • 

Gra i n  yield s obtained und er irr igat ion are d i s ap-

po int ingly low when compared to the apparent y i eld poten-

t i al of the se cul t ivar s . The average yield of the top nine 

cul t iv ars g rown und er irr ig at ion at Gettysberg wa s 4 . 37 

Mg/ha wh i l e  the same ni ne cul t ivars averaged 6 . 3 4  Mg/ha at 

Fargo , Nor th Dakota und er dryl and cond i t ions d u r i ng the same 

' . 



2 

year . 

O f  course , m any factor s contr i b ut e  to the se yield 

d i f ferences i ncl ud i ng e f fects of the preced i ng crop , d i s

eases , temperature and photoper iod , even if  we as s ume that 

i rr ig at ion e l im i nates the e f fects of water s tr e ss . I f  

prope r irr i g at ion sched ul i ng is not ut i l i z ed however , avo id

able y i e ld los ses d ue to water s tress cou ld be a fac tor . 

There for e , th i s  stud y was in i t i ated at Red f i e l d , South 

Dakota w i th the obj e c t ive of d eterm i n i ng an i rr ig at ion 

sched ule th at would opt im i z e  the gr a i n  y i e l d  of ad apted 

cul t iv ars and a id in d e term i n i ng gene t ic y i e ld potent ial 

when water i s  not a l imit ing factor . 



CHAPTER I I  

LITERATURE REVIEW 

Funct ion of Wa ter 

Water in the plant se rves four general funct ions . 

I t  is the maj or con s t i tuent of phys io log i c al ly act i ve t i s

sue . P ho to synthe s i s  and hydrol i c  proce s se s  su ch as starch 

d ig e s t ion u se water as a chem i c al reag ent . I t  is u sed as a 

so lvent in wh i ch sal ts , sug ar s and other sol ut e s  move from 

cell to cell  and org an to org an and f i nally it m a i nt a i ns 

turg id i ty in pl ant ce l l s . 

S tress  

Whe n env i ronmental cond it ions al ter the whe at 

pl ant's ab il i ty to d ev elop or funct ion opt im al ly it und er

goe s stre s s . The mai n  env ironmental fac tors af fect i ng 

pl ant g rowth are temperat ure and mo i sture . Both fac tors 

can have d irect  and ind irect effec t s  on opt imal pl ant func

t ion that are at t imes �nterrel ated . The u l t im ate r�sul t 

of str e s s  wi l l  depend on the inten s i ty and durat ion of the 

stre ss , stage of d ev e lopment of the pl ant , and the plant ' s  

ge ne t i c  capac i ty to phys iolog ical l y  re spond_to subopt imal 

cond itions . 

Tempe r at ure Ef fects 

Temper at ure s above an opt imum have the general 

e f fe ct of incre a s i ng the wheat pl ant ' s  rate of d ev elopment 

throug h  it's stage s of growth (1 0 , 2 7 ) .  Campbe l l  et ai 



( 1 5 )  found that i ncrea�i ng temperatures from 2 1  to 2 7  de

gree s  ce l s i us in the growth chamber decre ased total lea f  

area , v eg e t at ive dry matter and grain dry m atter . H igh 

temperature s have been found to be the mai n  fac tor con

trot! i ng g r a in y i eld ( 6 0 , 1 2 )  • B ecause l e ss v eg e tat ive mat

ter is prod uced und er high temperature s , tot a l  mo i sture us e 

is red u c ed ( 1 4 )  • 

4 

John son et al ( 4 4 ) saw a strong inf l uence of high 

temperatures on apparent photosynthe s is ,  evapotranspi rat ion , 

and le af are a  ind e x . Temperature is thu s  abl e  to al ter the 

source thro ugh red u c i ng l e af area and photo synthe t ic rates 

and the s i nk by in f l uenc i ng sp i kelet number , kerne l number 

and kernel we ight ( 1 2 ) . 

Mo i st ure E f f e c t s  

Th e wat er status o f  a pl ant depend s on it's as so

c i at ion w i th both the atmo sphere and the so il ( 5 1 ) .  Moi s

ture is ab sorbed from the so i l  by the pl ant root s .  Th i s  

ab sorpt ion is  contro l l ed by the ex tent and e f f i c i ency of 

the root sy stem ,  so i l  ae rat ion , so i l  �emperature , so i l  sol

ut ion concentrat ion ,  free energy status of the so il mo i s

ture and the rate of water los s  in the above gro und pl ant 

par ts . The rate of water loss or tran sp irat ion depend s  

upon le af are a  and str ucture , the ex tent of stomat al open

ing and env i ronmental factors that a f fect th� mag n i tude of 

the vapor pre s s ure grad ient from le af to air ( 5 1 ) . Because 



of re s i s t ance in the shoot and root , there i s  a tendency 

for water ab sorpt ion to lag beh ind tr ansp i r at ion . Th i s  lag 

c an re sult in stre ss d u r i ng sunny days ev en in well watered 

cond i t ions ( 5 1 ) .  

So i l  Mo i st ure 

5 

S ince wheat plant s ab sorb the i r  water from the so i l , 

so il mo i st ure con tent w ill  to some ex tent d e te rm i ne even

tu al gra i n  y i e ld s .  Lehane et al ( 5 4 ) , in looking at past 

cl imat ic and y i e ld d ata d e term i ned that f ive i nches of  

av ai l ab l e  water- are needed be fore a whe at crop in 

S ask atchewan w i ll prod u ce any grain . T hen , for e ach add i

t ional inch of water , yi eld increase s by 3 . 5  to 4 . 0 b ushel s 

per acre . O ther f ac tors ,_however , were fo u nd to al ter th i s  

re l at ionsh ip . Kramer ( 5 1 ) showed growth and y i e ld s of 

wheat were not always correl ated clo sely w i th so il mo i sture . 

Droug ht can caus e  more severe and prolong ed str e s s  in 

pl ants b ut water d e f i c its caused by e x ce s s ive water loss 

are mor e  common . Because th ey are control l ed by d i f fere nt 

sets of fac tors , ab sorpt ion and transp irat ion do not stay 

pre c i se l y  in step ( 3 1 ) .  There fore , stud i e s  done on the 

e f fec ts of so il mo i sture on wheat grain y i elds may not in

d i cate d i r e c t l y  how water stress is ef fe c t i ng gr a i n  yield s .  

A s tudy by Lehane and S taple ( 5 4 )  showed so il type influ

enced the effect  of str e s s . I n  loam so i l , earl y  str e s s  . 

re sul t ed in lower y i eld s  than in cl ay so i l . Growth chamber 



s tud i es rel a t i ng so il mp i sture to wheat g ra in y i e lds may 

not be ind i c at ive of f i e ld cond i t ions . I n  the f i el d  so i l

pl ant re s i s t ances may be smal l er d ue to l arg er so il vol ume 

( 31 ) • 

Ev apotranspi rat ion 

Evapotranspi rat ion ( ET )  is  the amount of water a 

crop is  us i ng through ev aporat ion and transporat i on . S e a s

onal tot al evapotran spirat ion is re l ated l i near i l y to gr ain 

y i e ld in whe at ( 7 7 , 3 8 )  and is depend ent at any g iven per

iod on so i l  type , so i l  mo i sture level s ,  plant growth stage , 

pl ant g e notype and atmo spher ic cond i t ions ( 2 7 , 4 5 , 2 5 , 3 8 ) . 

Several stud i e s  have ut i l i z ed the re l at ionsh i p  of ev apo

tran sp i r at ion to y i eld in _d e term i n i ng opt imum irr ig at ion 

sched u l i ng . Hang and S i ngh ( 3 8 , 7 7 )  used a l i ne so urce -to 

irr ig ate whe at d a ily on both a coar se and med i um tex t ured 

so i l . They fo.und that they optim i z ed max imum y i e l d  pe r 

un it of water appl i ed when they irr ig at ed  at a rate Of 4 0 %  

of the evapotranspi rat ion . Evapotransp i r at i on was cal

cul ated from pan ev aporat ion a ssum i ng . 95 * pan ev apo

rat ion is equal to ET . S ingh ( 7 7 )  measured ET in a wheat 

crop and calcul ated two y i e ld red uc t ion equat ion s; one 

as sum ing equal se ns i t iv ity to ET d ef i c i t s  ( ETD ) at every 

growth stage and a se cond a ssum i ng d i f fe rent sen s i t iv i t ie s . 

From the se equat ions they hoped to optim i z e  �ater use ef f i � 

c i ency ( y i e l d/ET ) by sched u l i ng ETD's at g rowth s tag es that 

6 



showed quan t i t at iv ely le ss sens i t iv ity . 

Mod e l s de s cr i b ing the ET proce s s  in wheat have been 

d ev e loped by Denmead and M i l l er , and Rasm u s sen and Hanks 

( 2 4 , 6 4 ) . 

P l an t  Water S t atus  

Evapotransp i rat ion de f i c i t s  oc c ur whe n  water lost 

through stomates e x ceeds water ab sorbed by the roots . I n  

whe at , eve n  moderate crop transpirat ion rat e s  requ ire the 

maintenance of rather steep grad i erits in water potent i al 

from the so i l  to the top leave s ( 2 4 ) . There fore , the 

pl ant ' s  water stat us w ill d irec tly e f fect tran sp i r at io n  

and gr a i n  y i e ld . 

P l ant water st atu s can be measured in se veral ways . 

F i scher et al ( 3 4 )  measured the leaf w ater potent i al , os

mot i c  potent i a l , l e a f  permeab i l ity and leaf turgor poten

t i al in whe at to d e term ine the · e f fect of droug ht on the 

pl ant ' s  wat e r  st atu s . They found th at dro ug h t  red uced ·leaf 

permeab i l ity , l eaf water potent i al and osmo t ic potent i al 

and th at the s e  e f f e c t s  were cul t i var dependent . P l ant 

water stat us and its ev ent ual correl at ion to grain yi eld 

under droug ht cond i t ions is apparent ly ef f e c ted by env i

ronment and g enotype . S tud ies u s i ng d i f f erent cul t iv ars 

7 

in d i f ferent env ironments often prod uce con f l i c t ing re sults . 

Xyl em pre ssure poten t i al was m e asured by S oj ka 

et al ( 7 9 ) to f i nd a method for screen i ng for dro ught 
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re s i s t ance . J ones ( 4 6  ) . i n  E ngl and fo und the use of l eaf 

water potent i a l  and leaf cond uctance as impract i c al for se l

ect ion cr i te r ia for d roug ht re s i s tance c u l t iv ars s ince rank

ing changed and corre l at ions were not h i g h l y  s i gn i f i cant . 

Soj ka et al ( 8 0 )  in Mex i co ,  however , fo und h igh corre l at ion 

be tween a cuit i v ar's se asonal plant wate r  status and its 

y i eld by rel at i ng y i elds of 1 4  cul t iv ars to the ir xyl em 

pre s sure pote nt i al and ad ax ial leaf d i f fu s ion re s i stance . 

By measur i ng water s t atus tw ice a day ( d ay break and m idd ay ) 

he determ ined d i u rnal  recovery is impor tant to a cul t ivar's 

ab i l i ty to y i e ld in droug ht cond i t ions . C u l t iv ars w i th 

xylem pre s s u re poten t i al s that were not ab l e  to re cover to 

zero overnig ht s u f fered greater g ra in y i e ld lo s se s . 

Water status of the wheat pl ant change s  d i urnal ly 

and w i th age .  Jones , S oj ka ,  F i scher and Maurer , and 

and Horton ( 4 6 , 7 9 , 3 3 , 3 4 )  found tha t  leaf water 

po tent i al f e ll w i th the age of the t i s s ue even und er i rr i

gated cond i t ions . With cont inuing drought , Knov al ov ( 5 0 )  

found l e af water s t atus to be more sens i t i ve than mo i s ture 

leve l s in the developing gra i n . 

O smo t i c  ad j us tment , the ac c umu lat ion of sol utes  in 

pl ant t i s s ue in re sponse to dehydration ,  is  a mechan i sm the 

wheat pl ant can use to mainta in tu rgor pre s su re at a lower 

water poten t i al th an in unadj usted pl ants ( 8 0 , 3 4 ) . Phy

s iolog ical  proce s s e s  su ch as ce l l  el ong at ion
.

and stomatal · 

ope n i ng are d epend ent ori po s i tive turgor . John son et- al 



( 4 3 )  fou nd that whe at qul t iv ars d i f fer i ng in droug ht re

s i s t ance show d i f fe rent ab i l i t i e s  to ad j us t  osmo t i c al l y .  

Fi sher and S anche z ( 3 4 )  saw that chang es i n  l e af turgor 

pre s sure dec l i ned at les s  than hal f  the rate of leaf water 

po tent i al . By accumu l a t i ng sol ute such as am i no ac ids or 

po tass i um ,  turg id i ty and ul t imatel y  essent i al phy s iolog ical 

proce s ses c an be m a i nt a i ned . 

S tomate s  

9 

The open ing and clos i ng of a plant ' s  stomat e s  will  

control both i ts lo ss of  water through tran s p i rat ion and 

ass im i l at ion of carbon diox ide through photosynth e s i s . 

S tomatal cont rol d epend s  upon the rel at ive turg id i ty of the 

stomate ' s  two guard ce l l s, S tomat al se ns i t i v i ty to the 

pl ant ' s  water s t at us depends upon g enotype , age and pre

cond i t io n i ng . I n  whe at and other crops , cr i t i c al leaf 

water pot en t i al for stomatal closure d e pend s  on the con

d i t ions unde r  wh i ch the pl ant s were grown ( 7 4 ) .  Whe at 

pl ants g row i ng in d r i er env i ronments may osmot i cally adj ust 

the turgor in the i r guard cel l s  and ma i n t a i n  open stomat e s  

at lower l eaf water poten t i al s  ( 34 ) . Jones ( 4 6 ) , however , 

fo und no ev idence in hi s st udy in Eng l and tha t  stomatal 

behav ior ad apted to prev ious droug ht s tress . C on f l i cts be- . 

tween st ud i e s  may be due to cul t ivar d i f ferences an d level s 

of s tress impo sed in a part icular env ironm ent . Frank et al 

( 3 6 )  found stomatal closu re to be af fe cte d by both leaf 
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pos i t ion and ag e .  Wheat pl ants und er water s tress cond i

t ions recovered ( stomat al opening ) more rap i d l y  at ear l ier 

stages of g rowth . F i scher ( 3 1 ) found s toma t al c l o s ure to 

be le s s  se n s i t ive to plant water stre s s  in old er plant s . 

S tomates of whe at l e aves were mo st open j ust be fore an

the s i s  in J one s' ( 4 6 ) study . He fe l t  that cul t iv ars with 

more sensft ive s tomates might be more ad apted to short per

iod s of severe str e s s  wh i l e  le ss re spons i ve stomate s  might 

do be tter whe re the pl ant grows m a i nly on s tored water . 

I n  a . f i e ld study , Sh imsh i and Ephrat ( 7 3 )  ob served 

d i f ferences in s toma t al aperture as they re l ated to short 

term photosynth e s i s , short term transp i rat ion , long term 

water con sump t ion and gra in yi eld . They fo und a h igh corre

lat ion of �tomatal aperture to transp irat ion , photosyn- · 

the s is and _ g r a in y i eld and a low correl at ion to long term 

water �nsumpt ion . They l i kewi se found large d i f ferences 

in s toma t al aperature among cultivars . T h e se d i f ferences 

may be par t i a l l y  d ue to ab s c i s s i c  ac i d  leve l s in the sto

mate s i nce one cul t iv ar w i th clo sed s toma tes h ad t w i ce the 

ab sc i s s i c  �c i d  level of a larger aperatured cul t i var . 

Tran sp i r at ion rates were more d i rectly rel ated to stomate 

d i ameter than photosynthet i c  rates ind i cat i ng other res i s

tances be s ides  carbon d iox ide d i f fus ion into the s tom atal 

cav ity are involved with photosynthe s i s . 
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Cond i t ion i ng 

The re spons e  of whe at genotype s to wat er de f i c i t s  

or s tre ss ·cond i t ions c an be v ar i able depend i ng on the en

v i ronment the y  are grown in . Cond it ion i ng can oc c ur if the 

pl ants und e rgo stre ss at a young ag e .  Todd and Web s ter 

( 8 7 )  found that cond i t ioned plants are les s  photosynthe

t ic al ly s en s i t ive to loss of turg id i ty a f ter a per iod of 

droug ht . S immel sg aard ( 7 4 ) obse rved tha t  whe at pl ant s 

g rown und er mod erate stre ss cond i t ions seem ed to ad apt them

selves so th at the i r  stomate s  remai n  ope n  ov er a wider 

r ange of root water potent i al s  through o smoreg u l at ion of 

the le af . Whe at pl ants grown in a med i um w i th a h i gher 

water potent i al are not able to o smoreg u l ate to the same 

ex tent . S i ngh ( 7 7 )  found whe at str e s sed sl i g ht l y  in the 

veg e tat ive s t age is tol erant of stress in boo t i ng- he ad i ng . 

Yo ung · ti s s u e s  . su f fered the greatest red uct ion in growth 

rate in a study by C ampbell and Dav id son ( 1 0 ) ,  b ut b�-

cause prote i n  hyd rol ys i s  is not ac t ive , growth re covered if 

stre ss was removed . Old er wheat l eaf t i s sue sene sced 

rapidly and probab l y  fa i l ed to re cover . 

T he re fore , the t ime of the stre ss per iod can make 

a sign i f i cant d i f fe rence in the pl ant's re sponse . S immel

g aard ( 7 4 )  fe lt that a con s iderable part of the d e crease 

in growth rat e  of whe at und er wat er stre s s  ( in te rms of dry 

matter accumul at ion )  may be caused by w i l t i ng of l e av e s  

grown be fore the str e s s  pe r iod . T h e  le ave s wil ted because 



they are not able to ad apt to the stre ss s ig nal s . 

Drought Re s i s t ance Mechan i sm s  

T h e  e f f e c t  that water stres s  has o n  the water 

stat us of  whe at c an be al tered by droug ht . re s i s tance mech

an i sm s . Bas i ca l l y  al l mechan i sm s  fal l  into one of three 

categor ie s . Avo id ance mechan i sms help m ai n ta in a h ig h  

t i s sue water status under drought str e s s  cond i t ions . 
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P l ants w i th tol erance mechan i sms are able to prod uce de

sp i te high internal water stre s s . Other cul t i var s es cape 

water s tre ss through early matur i ty and compl ete the ir l i f e  

cycl e  be fore the ons e t  o f  stress  cond i t ions ( 4 9 ) .  

As men t ioned be fore , wheat cul t iv ars of certa i n  

genotype s grown unde r  dry_cond it ions are ab l e  to avo i d . the 

e f fec ts of water s tr e ss and maint a in turg id i ty through os

mor-eg ulat ion . Kau l  ( 4 7 ) looked at d i f fe rence s in su ct ion 

forces in whe at cul t iv ars ad apted to a dry l and pra i r ie en

v ironment us i ng a the rmoco uple psychrometer . He rea �oned 

that h igh s u c t ion force paral lels h igh o smo t ic s tress and 

fo und that it appeared to be the maj or factor in de termi

n i ng rel at ive d roug ht re s i s tance . C ul t iv ars showed sm al l 

d i f ference s in su ct ion force s but the d i f fe re nce co uld , 

he fel t , acco unt for the lower veg e t at ive mass , d eg rees of 

water str e s s  and use of stored water as soci ated with 

droug ht re s i s tant cul t ivars . John son et al {4 3 ) looked for 

d i f ferences in osmot i c  ad j ustment be tween a dro ug ht 



re s i st ant and d roug ht sus ceptable cul t iv ar . Al though the 

growth of the re s i s tant cul t ivar was le s s  tha n  the sus cep

table cul t iv ar it d id have a somewhat g re a ter osmo t ic ad-

j us tment . C u l t ivar s  ex am ined in stud i e s  by Konov alov ( 50 ) 

and Soj ka et al ( 8 0 )  ut i l i z ed sev eral mechan i sms to re s i s t  

drought . Some cul t ivar s avo ided water str e s s  with wax y  
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c ut i cl es on l e af and stem sur f aces , l eaf c url i ng and h igher 

d i f fu s ion re s i s t ance on abax ial su rfaces .  M at u rat ion was 

i ncrea s ed and v eg e tat ive mass s u f fered l e s s  water loss in 

other s .  S o j ka et al ( 8 0 ) found low correl at ions of he i ght 

to d roug ht tol er ance in 1 2  bre ad wheat cul t iv ars . .F i scher 

and Maurer ( 3 3 ) however found th at tal l bre ad whe at s  tend ed 

to show l e ss d roug ht s u s ceptab i l ity th an sem idwarf c u l

t ivar s  by implement i ng both avo idance and tol erance mech-

an i sms . The ir lower y i eld poten t i al though g iv es them an 

advantag e  in onl y sev ere str e s s  cond i t ions . K e irn et al 

( 4 9 )  found that some wheat cul t iv ars showed tol erance to 

drought by mai nta i n i ng a high numbe r of prod uct i ve ti ll ers 

de sp i re h igh intern al water s tre ss . O ther c u l t ivars 

avo ided drought ef f e c t s  and maintai ned hi gher y i e l d s by 

depend i ng on kernel we ig ht rather than kernel or t i l l er 

number .  Fi s cher et al ( 3 5 ) found widel y  ad apted genotype s 

for dryl and cond i t ions to be intermed i ate in the ir charac-

ter i st i c s . Drought re s i s tance can there fore be ex pres.sed 

in a v ar i ety of ways and h ighly ad apted h igh y i eld i ng cul

t ivars are l i kely to hav� the genes for se veral re s i siant · 
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mechan isms . 

Cr i t i c al G rowth Stage s 

Whe at , be i ng a de term inant plant , undergoe s d i f fer

ent stag es of d ev elopment d ur i ng i ts l i fe cy cle . · Some 

stud i e s  support the content ion that whe at has one or sev

eral cr i t i c al stag es of g rowth ( 2 2 , 3 , 6 6 , 9 1 ) .  The organ 

growi ng mos t  rap i d l y  at the time of stress is the one most 

e f fected and g ra in y i eld w i ll be red uced most by stress at 

the cr i t i cal st age . Other stud i e s  contend however th at it 

is the intensity and durat ion of a water d e f i c it in the 

whe at pl ant and not the growth st age at wh i c h  the str e s s  

occ urs th at w i ll d e term i ne the e f fe ct on y i e ld ( 7 7 , 1 7 ) . 

Possibly the re a sqn for th i s  con f l i c t  in id eas is 

rel ated to the d iv er s i ty of env ironments that wheat i s  

grown in . I n  some env ironment s  the wat er status  of the 

pl ant at a par�icul ar stage may. be the mo st cr i t i cal factor 

control l ing gra i n  yield� I n  other env ironment s or growing 

seasons other f ac tors such as temperature , w i nd ,  hum id ity 

or d i sease. may con fo und the in f l uence of mo i s ture stress  

and no cr i t i c al pe r iod w i ll be ev id ent through growth 

analys i s  st ud i e s . 

Phys iology of Y i eld 

The econom ic importance of bread whe a t  is based on 

its ab il i ty to prod u ce h igh qual ity gra i n . The prod u c t ion 

of gra i n  by the wheat plant involves a compl i cated ser i e s · 



of interrel ated proce sses . S ome proces ses i nvolve the 

as sembl y  of a so urce whe re through photosynth e s i s , carbon 

d iox i de is a s s im i l ated into sug ars . O ther proce s ses con

str uct the plant ' s  gra i n  sink . The so urce and s i nk inter

act as a s s im i l ate is transloc ated to the g ra i ns v ia a b io

feedback mechan i sm ( 88 , 6 5 ) . 

Consequent ly , the yield · of gra i n  prod uced by a 

whe at pl ant d e pe nd s  on the s i ze and interac t ion of the 

so urce and s i nk .  

S ink S i z e  

The as s emb l y  o f  the whe at pl ant's s i n k  is an on

go i ng process that beg i ns rel at ively early in the pl ant ' s 

l i fe cycl e . S ink s i z e  is determ ined by both gene t i c con

trol and the av a i l ab i l i ty of structural carbohydr ates from 

the source . Gra i n  yield wi l l  eventual l y  be a func t ion of 

the number of g r a i ns per pl ant and grain we ig ht . The num

ber of gra i n s  is a prod uct of spikes per plant , sp i kelets 

per spi ke , and f er t i le f lorets per spi kel et . Source- s i nk 

interac t ion oc curs immed i ately in the whe a t  plant ' s  devel

opment s i nce h e ad pr imord ia , the root system and l eaf d e

vel opment wil l al l demand str uctural carbohydrate s . 

Root Sys t em 

Crapo et al ( 2 0 ) found th at the whe at pl ant re

spond s  to l im i ted photo synthate by re str i c t i ng root 

1 5  
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g.rowth . Und er h igh l ight inten s i ty and adequate av a i l able 

mo i s ture, root growth ut i l i zes a large proport ion of the 

chem i cal energy tran s located to the root . When wheat 

pl ant s  are shaded , the carbohydrate suppl y  to roo t  de

creases and the propor t ion of energy d iv erted to g rowth 

de cl ines in favor of met abol i c  proce s s e s  more cr i t i cal to 

the surv i v al of the org an and pl ant . P o t as s i um uptake and 

re sp irat ion in the root wi l l  cont inue wh i l e  root growth is 

s lowed or s topped . The se resul ts imply that m a in tenance of 

ex i s t ing root t i s su e  and funct ions has pr ior i ty over the 

prod uct ion of new t i s s ue .  Th is study i nd i c ates that in 

water str e s s  cond i t ions, root growth can be l i m i t ed due to 

l im i t ed photo synthate . Re sul ts of a study by C ampbell and 

Read ( 1 5 )  ind i cate s im i l ar pr ior i t ie s  in whe at pl ant s under 

water stre ss . When mo i sture stre ss was i ncre a s ed and l ight 

intens i ty decreased , root growth was depre s se d  more than 

shoot growth . Root dry matter was more sens i t ive to mo i s

ture d i f ference s than stem dry matter . I n  another study by 

Campbell et al ( 1 0 )  however , early mo i sture s tress tend ed 

to decrease stem and leaf we i ght in proport ion to root s . 

He felt th is cou ld i nd i cate gre ater trans l oc a t ion of as s im

il ates to roots d ue to mo i sture stre s s . 

I n  a f i eld study , Connor ( 1 8 ) fo und th at the wheat 

cul t ivar grown al located more of its re source s  to root 

growth in re spon se to susta ined so il mo i st ure s tress . H e  

fe l t  th i s  ind i c at e s  th at. wheat pl ant s have evolved through 



the s e l e c t ion for short-te rm sol ut ions b a s ed  upon m ax i

mi z ing immed i at e  growth . S ince wheat evolved in mixed 

spec ies commun i t i e s , this may h ave been a compe t i t ive ad� 

vantag e . 

So do whe at plant s re spond to water stre s s  by. pro

mot i ng more g rowth in search of water or repre s s i ng growth 

to conserve re source s ?  Drought re s i st ant cul t i var s have 

been not ed to have l arge root systems ( 2 1 ) .  O ther re

searche r s  fe e l  tha t  cul t ivars are more ef f i c i e nt user s  of 

so il mo i sture if the ir early root growth is re s tr i cted and 

they ut i l i ze stored so i l  mo i s ture later in development 

dur i ng the g r a in f i ll per iod . Apparen tly d roug ht re s i s

tance can be expre s se d  in cul t ivar s tha t  ut i l i ze e i ther 

re spon se . · The success  of the cul t iv ar in prod u c i ng h igh 

gr ain yield depend s on whe ther it re spond s corre c t l y  to 

the environment al cond i t ions it encountered . 

T i l l er i ng 

Th e ex tent of ti l l er in i t i at ion in whe a t  and other 

small g r a i ns c an have l arge e f fects on ev ent u al g r a in 

yi e ld s ( 5 8 , 4 9 , 3 , 7 0 , 1 8 ) . The ab i l i ty to mai n t a i n  a h i gh 

number of t i l l ers to mat ur ity is important in d e te rm ining 

y ield d i f ference s und er drought stres s  in cul t i vars and 

h igh t i l l er n umbers c an compensate for poor g erminat ion or 

th i n  stand s in a wheat crop ( 4 9 , 5 6 ) . Sens i t i.vity of· in

d iv id u al t i ll ers in a pl ant to so il mo i sture or water 
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stre ss v ar ies . M a in t ill ers showed a g re ater sens i t iv i ty 

to water str e s s  than smal l er se cond ary t i l l er s , probabl y  

d ue to smal l er stem s i ze .  

1 8  

S tr e s s  level and timing ef f e c t s  t i l l er i ng d i f fer

ent i a l l y . Wheat pl ants in low water s tre ss treatments in a 

s tudy by Campbel l  and Re ad ( 1 5 )  had more t i l l er s  than pl ant s 

g rown und er h igh s tre ss .  Rob ins and Dom i ngo ( 6 6 ) ,  however , 

found severe mo i s ture stress  incre ased t i l l e r ing in wheat 

pl ants pr imar ily d ue to a se cond g rowth of t i l l ers fol lowi ng 

he ad ing . Short per iod s of stre s s  incre ased t i l l e r ing in a 

study by Aspinall ( 3 ) wh i le cont in ued s tress cycles s up

pre s sed ti l l e r ing • . I n  the same study ear l y  str e s s  had 

l i ttle e f fect on e arly t i l ler d ev elopment b ut red u ced ker

ne l number in the late t i l lers . Whe n  pl ant s were stressed 

a f ter anthe s is t i l l er i ng was suppre s s ed . T i l l er i ng was the 

only growth stage , however , that showed no se ns i t i v ity to 

mo i stu re s tre ss in s t ud ies by C ampbell et al ( 1 4 , 1 0 ) � 

Whe at plants show cond i t ion ing to stre s s  if the 

stre ss per i od  occurs at t i l l er i ng .  C ampbell and D av id son 

( 1 2 )  found · y i e ld s of plant s stre ssed · from t i l l e r i ng on were 

general ly g re ater than yi elds of pl ants s tre s sed from the 

boot st ag e  on . Unprod uct ive ti l ler numbe r  incre ased the 

l ater the i n i t i at ion of a s i ng le stre ss per iod in a study 

by Asp i na l l  { 3 ) .  
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Obv iously the til l er i ng re sponse of whe at to mo i s

ture str e s s  var i e s  in d i f ferent stud ie s . Ag a i n  mos t  of the 

d i f ference c an be contrib uted to when the s tress was ap

pl ied� the sever i ty of the stres s  and the cul t ivar ' s gene t

ic capac i ty to i n t er act . In g eneral , t i l l er i ng appears to 

be a maj or fac tor de termin i ng yield and in i t i a l l y  est ab

l i shes the crops max imum s ink s i ze . Red u c t ion in th is s i nk 

s i ze by se n s i t iv ity to stre ss can be compen sated for though 

by d eve lopment of o ther s ink factors in l ater stag e s . 

Joint ing-Boot Stage 

Wheat pl ants in the jo int ing st age are bui ld ing 

the ir s ink c apac i ty through the d eve lopment of spi ke pr i

mord i a . S pi ke si z e  in terms of spi kel e t  number and flore ts 

per spi k e l et i s  d e term i ned at th is stage of g rowth and can 

be se ns i t ive to mo i s ture stres ( 1 2 , 8 4 , 2 8 ) . F i s cher (31) 

found that spi ke s i ze was una f fec ted by s tre ss e arly or 

late in the j o i nt i ng st ag e . Oo sterhu i s  and Cartwr i ght ( 5 9 ) 

showed , howev er , that water stress j ust be fore spi ke i n i t i

at ion red uced the f i nal numbe r of fe rt i l e  flore t s  pe r spike 

by form i ng fewer spi kelet pr imord ia . D eath of  f l orets and 

ent ire sp i ke l e t s  at the terminal and basal  end of the. sp ike 

occurred when stre ss was appl i ed  d u r i ng late inte rnode el on

gat ion . The gl umes , lemma and pa lea for the sp i ke l e t s  and 

florets were i n i t i at ed but as a s ink they showed low·pr ior

ity . Bas al sp i ke l e t s  were al so a lower pr ior i ty sink in a 
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study by S tockm an e t  al. ( 85 ) . Re s tr i c t i ng carbohydrate s up

ply by shad ing red uced compe tant floret number and eventu-

ally kernel s per spi ke . The treatment ' s  e f f e ct was g reater 

in basal than in d i s t al or espe c i al l y  centr a l  spi ke l et s . 

Apparently there is a h igh d emand for a s s im i l ate at th i s  

growth stage . Gra i n s  pe r sp ike were red uced i n  pl ant s un-

d ergo i ng water stress at or be fore head i ng in a study by 

F i s cher ( 3 1 ) d ue to the interrupt ion of carbohydrate supply . 

Rap id e long a t ion of the spike , anthers and c ar pe l s  as wel l 

as me ios i s  in the pol l en mother cel l  occ ur at th i s  time . 

Wheat pl ants w i ll o ften prod uce abnorm al anthers and normal 

femal e parts  whe n  stres sed dur ing th i s  per iod , render ing 

them male ster i l e . P o l l en ster i l ity was fo u nd to be the 
-

cause of water stre s s  ind uced depre s s ion of se ed se t by . 

S a in i , Asp inal and B ing h am  ( 68 , 6 ) .  Pol l en cel l s  d ev elop

ing und er stre s sed cond it ions fa i l ed to ac c um u l at e  mater i-

al s in the ir cytopl asm, _h ad th in pol l en wall s ,  and were in

v i able upon rel ea se from the te trad s . C ro s s  pol l i nat ion 

w i th un s tre s s ed  pl ants in this study con f i rm ed  male ster-

il i ty and femal e fe rt i l i ty ( 6 8 ) . 

Wat er str e s s  treatments at j o i nt i ng d id not re s u l t  

i n  the d e s i ca t ion o f  male t i ss ue b ut rather l e af t i ss ue .  

I t appears that the water stre s s  effect on the generat i ve 

t i s s ue was an i nd irect re sult of lower i ng the water s tatus 

el sewhere in the pl ant ( 6 8 ) .  

I nd iv id ual flor�t s with in a sp ikel e t  show 



d i f feren t i al sen s i ti v ity to s tre ss at the j o i nt i ng stage . 

Tert i ary florets showed a random re spons e  to water stre s s  

tre atments i n  S a i n i ' s  ( 68 )  study wh i le f l orets mo st l i kely 

to deve l op gra i n s  in normal si tuat ion s  wer e  mos t  con s i s� 

tantly e f fe c t ed by the water s tre ss .  T h is i s  pos s ibly d ue 

to asynchrony in me iot i c  event s among flor e t s  in the same 

spikel et . F l orets d ev e loping earl ier or l ater th an the 

appl i cat ion of stre s s  may escape detr imental e f f e c t s  on 

m i cro sporg ene s i s . 

Head ing-An th e s i s  

2 1  

The events of he ad ing and anth e s i s  are gene t i c al l y  

control l ed and env i ronmentally infl uenced i n  whe at c u l

tivar s . Both temperature and water str e s s  can e i ther ad

vance or d e l ay the se events depend i ng on the l ev el o f  

stress intens i ty ( 6 ) .  Ang us e t  al ( 1 ) ,  Jones  ( 4 6 )  and 

Meyer et al ( 56 )  found that sev ere water s tress d e l ayed 

development on whe at while mild stre s s  has t ened devel ·op

ment . The mechan i sms re spons ible for the d e l ay of d evel

opment involve the ce s sat ion of al l cel l  d i v i s ion and shoot 

apex d ev e lopment . H astened development m ig ht be d ue to 

as soc i ated le a f  temperature incre ases th at promote the 

chem i c al proce s ses i nvolv ed . Mod i f i c at ion of the normal 

sequence of devel opment so that fe wer cel l  d i v i s ions are 

re qu ired be fore anthe s i s  may be another way t
_
he pl ant i s  

ad apt i ng to water str e s s  ( 1 ) . Dav id son and B irch ( 2 1 )  



fou nd in a g re enho use study that wheat p l ants tend ed  to 

have two bro ad categor i e s  of shoot s .  Ma j or or pr imar y ,  

g enerally the f ir st four t i l l ers in the pl ant , were v ery 

tol erant of water str e s s  up to anthe s i s . Younger minor 

shoots produce g ra in in d i rect propor t ion to w ater suppl y 

so were more se n s i t i ve to water stres s .  

2 2  

Water s tre ss between head ing and anthe s is red u ce s  

gra i n  y i e l d  i n  whe at by lower ing the number of  gra ins per 

spike . S tre ss a f t er anthe s is has l i ttle e f f e ct on g r a in 

number { 3 ) .  Spratt and G a s ser {84 ) found tha t  water stress  

at  head ing h ad l i ttle e f fect on y i e lds . of l e av e s , stems , 

and cha f f  but decrea sed gra i n  yield s so gave smal l er gra i n  

to straw rat ios . Dro ug ht d u r i ng anthe s is red u ced gra i n  

yi eld s 4 5-59 % i n  a study by Campbel l  and D av id son { 1 3 )  • . 

S tockm an et al { 85 ) fo und p l a s t i c i ty in wheat f loret 

number. as soc i a�ed wi th non-meiot i c  fac tors .  Ass i m i l ate 

supply av a i l able to f lorets at anthe s is d e term i ned the ir 

surv ival . I ncrea s i ng irrad i ance increased gra i n  number pe r 

pl ant b ut not g ra in y i eld in proport ion .  Apparen tly a s s im

il ate avai l ab l e  af ter the in i t i at ion · of gra i n  development 

l im i t ed y i e ld s . 

S ug ar level s are an important fac tor in the deter

m i nat ion of g r a in set at l e ast unt il sev eral d ays a f ter 

anthe s i s . Wat ers et al { 9 3 )  concl uded th i s  by det ach i ng 

whe at spikes and pl ac i ng them in cul ture at d i f ferent 

level s of su cro se and aQs c i s s i c  ac id . The ear s  were 
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d e t ached pr ior to e ar emerg ence to corre spond w i th pol l en 

mother cel l  me io s i s . H ighe r  su crose level s ind uced h ighe r 

grain numbers per e ar . Ab s c i s s ic ac id ind i re c tly d e creased 

kernei number by decreas ing su crose leve l s in the develop

i ng f l orets and spikel ets . The wheat pl ant ' s  sens i t iv i ty 

to sucrose level s was gre ater dur ing me iot i c  event s than 

after anthe s i s . When droug ht stress occ ur s , ab sc i s s ic acid 

ac cumul at e s  in whe at plants  and may be re spons i b l e  for re

d u c i ng g r a in number f o l lowi ng water d e f i c its by a f f e c t i ng 

pol l en fe rt i l i ty .  

Gra in F i ll i ng 

Wat er stre s s  dur ing the gra i n  f i l l ing pe r iod can 

lower ke rnel we ight and sub sequently g ra in y i eld s ( 2 2 , 1 2 ) . 

Th i s  can be done v i a  two method s .  The str e s s  can shorten 

the ·g r a in f i l l i ng per iod and it can slow the rate of as

s im il ate prod uct ion and trans locat ion to the developing 

grain . 

D urat ion and rate of gra i n  growth in whe at can vary 

sub s tant i ally d e pe nd i ng on cul t iv ar and env i ronmental con

d i t ions ( 7 8 ) . Ev idence ind icates tha t  the rate of f i l l ing 

is cont ro l l ed g enet i c al ly and the d urat ion of f i l l i ng _ i s  

env ironment al l y  control l ed , tempe rature be i ng a maj or fac

tor ( 7 8 ,94 ) . The e arly part of grain d ev e lopment was more 

sens i t ive than later pe riod s in a study_ by S i�ons et al 

( 7 5 ) . T hey al tered a s s im i l ate supply.by d e fol i at ion and 
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s ink s i ze by g r a in removal and fo und the treatments e f fect-

ed gra i n  we ight and growth rate when done ear l y .  Growth 

rates of g r ai ns h ave been fo und to be d e pe nd e nt upon f lore t 

po s i tion with i n  the ear , ce ntral sp i kel e t s  be i ng effected 

l e ss by s tre s s  ( 78 , 7 ) .  

The storage capac i ty of the gra i n  i s  determined by 

endo spe rm cell  number and cell vol ume . T he d urat ion of the 

ce l l  prod uct ion phase tend s to be constan t  wh i l e  the rate 

of cell  prod u c t ion v ar i es w i th water stre ss ( 7 ) . Ward l aw 

( 9 1 ) found an in i t i al increase in gra i n  s i z e  d ue to stress  

cond i t ions a s soc i ated w i th a gre ater rate of  e ndo spe rm  cell 

d i v i s ion . As s im i l ate concentrat ions did not appe ar to be 

l im i t i ng cell d iv i s ion in dev elop i ng grain in a study by 
-

S ingh and J enner ( 7 6 ) . Brooks et al ( 8 ) found endo sperm 

cell number was una f fec ted by water d e f i c it . I n i t i al l y  

gra i n  d r y  mat t�r was una f fe cted b y  water de f i c i t but gra in 

f i l l i ng term i nated e arl ier . It appears that e ndo sperm cel l 

vol ume has a more s i g n i f i cant ef fect on gra i n  we ight than 

cell number . B rockl ehurst et al ( 7 )  fo und shr iv e l l ed grain 

re s u l ted from fa i l ure of endosperm cel l s  to f i l l  complet el y .  

This was c haracter i z ed by · a red u ct ion in the number of "B" 

type starch granu l e s . 

Once endosperm cel l s  are prod uced , ac tual  fi l l ing 

of the c e l l s  w i th prote in and st arch storage r e s e rv es be

gi ns . F i l l i ng proceed s through the tr an s location of both 

stored and c urrently a s s im i l ated prod u cts . C ampbell et al 
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( 1 3 ) , Kaul ( 4 8 ) ,  and Konov alov ( 5 0 )  found g ra in f i l l i ng to 

be d irectly rel at ed to photosynthe t i c  ac t iv ity in the upper 

pl ant parts . D e creased pho to synthe sis  and increased re s

pirat ion d ur i ng droug ht are the mai n  fac tor s contr i b ut ing 

to g r a in y i eld lo ss ( 50 ) . U nder moderate s tre s s , lower 

le aves w i l l  contr i b ut e  current ass imil ate to gra i n  fi l l ing 

b ut severe stress l im its the ir con trib ut ion ( 4 8 ) . S tockman 

e t  al ( 8 5 ) and S o f i e ld et al ( 7 8 ) found tha t  whe n  as s imi

l ate is  l im i ted d u r i ng g r a in f i ll i ng ,  d i s t al and b a s al 

flore t s  ar e af f e cted more . wat er sol uble carbohydrate in

creased in d ev e loping g r a i ns w i th add i t ional l ight , . re

sponse be i ng qu i te rap id to the added as s im i l ate supply . 

Ex tra a s s im il ate con tr ib uted to g reater f l oret surv iv al as 

more flor e t s  formed eventual l y  fi l led ( 8 5 ) .  Control of ·the 

f i ll i ng proce ss appears to be at the spi ke l ev el s i nce 

env ironmental cond i t ions al ter i ng photo synthe s i s  and thus 

a s s im il ate s upply e f fe c t.ed g rowth rate per ear not g r9wth 

rate per gra i n  ( 8 5 ) . 

W i th incre as i ng water stre s s  the percent prote in in 

the gra in tends to increase . One reason for th is could be 

the red uct ion in carbohydrate prod uct ion und er wate r  stress  

in rel at i on to pro te in l ev el s . Water st atus in the grain 

could al so be chang i ng , al tering metabo l i c  re act ions su ch 

as st arch synthe s i s  ( 8 ) . K onov alov ( 50 )  fo und mob i le "N " 

compound s prod uced by proteo l ys i s  may be immed i at e l y  as

s im i l at ed by the g r a in dur ing droug ht . In  h is study l evel·s 
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o f  n i trog en c hang ed rel at iv ely more than l ev e l s  o f  carbon 

dur i ng drought . Pos s i b l y  due to a gre ater carbohydrate 

re spirat ion and i n t.en s i f i ed  proteol y s i s . H igh t emperature s 

as soc i ated with drought stre ss could direc t l y  ef f
.
e c t  syn

the t ic proce s ses in the g ra in ( 7 8 ) • B rooks e t  al ( 8 ) . fo und 

that the supply of su crose was not the l i m i t i ng factor in 

the event ual c e s s a t ion of cere al grain s tarch synthe s i s . 

C e s sa t ion was as soc i ated with a los s  of the capac i ty of the 

endosperm to conv ert su cro se to star ch . P rote in synthe s i s  

and st arch synthe s i s  in the developing gra i n  may have d i f

ferent s u s ce p t i b i l i t ies to whatev er phys i olog i cal chang e s  

oc cur i n  the gr a i n  due to wat er de f i c i t . 

water stress has more e f fect on l eaf and stem t i s

sue dur i ng the gra i n  fi l l ing period than on the ac tual de

velop i ng g r a in . Asp inal (3 ) found th at as g r a in g rowth 

proceed s , g r a i n  be comes progre s s i vely les s  se n s i t i ve to 

droug ht . S i ng le short per iods of water stress  had l i_t tl e  

e f f ec t  on gra i n  growth and onl y  long pe r i od s  deterred 

g rowth . Water s tress caused wi l t i ng and sene s cence in leaf 

and stem ti s sue in stud ies  by Ward law· ( 9 1 , 9 0 )  but had 

l i ttle e f fect on the water st atus of dev elop i ng gra ins . 

Short pe r iod s  of str e s s  at grain f i l l  in fac t  ind uced more 

rap id d ev e lopment in wheat pl ants in a study by Knov alov 

( 5 0 ) . The mor e  sus cept ible vegetat i ve part re spond ed to 

the water s tress by increas ing re spi rat ion and met abol i sm 

and tr ans locat i ng fa s ter : to the gra i n . Photo synth e s i s  wa� 
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depre s s ed to a g re ater ex tent i n  l eaf and stem t i s s ue than 

in the spi ke whe n  str e ssed by water def i c i t s  in a study by 

Ward l aw ( 9 1 ) .  F i scher ( 3 1 ) found that water s tre ss d id not 

al ter the capa c i ty of  the grains to grow g iven a �er t a i n  

as s im i l ate supply or the capac i ty o f  g reen t i ss ue to photo

synthes i ze g ive a cert a i n  rate of withdraw . I t  appear s  

that water s tress does not d irectly d amage the ovum or the 

conduct i v e  ti s sue feed ing it . I t ' s e f f e c t  seems to be more 

i nvolv ed w i th the source f ac tors and control of trans

locat ion . 

Photosynthe s i s  

Gr a i n  y i e l d  d i f ference s between some cul t i var s are 

d ue to s ink s i ze rather th an photosynth e t ic c apac i ty ( 6 .) . 

_ Some stud i e s  thoug h  attr i b ute yield d i f ference s to ass imi

l ate av a i l ab il i ty . L upton ( 55 )  felt that c u l t ivar d i f fer

ence s in gra i n  yield in hi s study were de term ined ch i e f ly 

by d i f ferences in the rate of pho tosynthe s is or in tran s

locat ion pa ttern rather than by d i f fe rence s in the capac i ty 

of the d ev e lop i ng g r a in as a s ink for carbohydrate . Ded io 

e t  al ( 2 3 ) u s ed a d i f ferent i al re spirometer to me as u re fl ag 

l eaf photosynth e s is  a f ter head i ng in four c u l t iv ars of  

whe at . There wer e  no d i f ferences  among the cul t i var s in 

pho to synthe t ic rates when g rown under non- s tre s sed con

d i t ions . U nder water stre s s , cul t i var d i f ference s in 

photosynthe t ic rates were apparent . Some stud i es have 

I 



shown a l ack of rel a � ion s h ip between photosynthe s is and 

gra i n  yield but many of these are based on ins t antaneous 

measurements of c arbon d iox ide exchange at s t and ard i z ed 

cond it ions , not se ason long photosynthe s i s  in the field . 

Z el i l tch ( 97 )  felt that the pl ant ' s  so urce and s ink are 

connected by fe edback l ike ef fects  on photosynth e s i s . 

Photosynth e t ic and s torage capac i t i es are c l o sely bal anced 

and gra i n  y i e ld wil l  depend on the interac t ion . 

2 8  

Water s tre ss w i ll d i rec tly infl uence the photo syn

the t i c  are a  · of a whe at crop , and the plant shows se n s i t iv

i ty to s tre ss at ev ery stage of g rowth ( 3 1 ) .  Meyer and 

Green ( 5 6 )  found tha t  wheat leaf growth showed a rap id re

spon se to water de f i c it . The maj or factor e f fe c t i ng photo

synthet i c · are a  in F i s cher ' s  ( 3 1  ) study was the ear l y  se.ne s

cence of g reen parts d u r i ng the stre ss per i od . E arly water 

stress  of the . pl ant s however seemed to del ay le a f  se nes

cence through cond i t ioQ i ng . In a g rowth chamber study , 

whe at plants grown at a lower tempe rature prod uced a larg

er l e af s ur f ace area ( 1 4 ) . In the f i eld , temperat ure as 

we l l  as wat er str e s s  co uld in f l uence · photo synthe t ic are a .  

The t im i ng of water s tre ss appears to in fl uence the ab il i ty 

of the whe a t  plant to re spond in terms of i t s  photosyn

the t ic area . C ampbell and Dav id son ( 1 0 )  fo u nd that wheat 

pl ant s str e s sed earl y  had a red uced le af si z e  but recovered 

when s tress was remov ed . When the pl ants were s tre s sed 

later the i r photo synthe:t i c area co uld not recover . 



Gl auco us wheat cul t iv ars are able to y i eld more g r a in than 

non-gl aucous cul t ivar s  when near isog e n i c  l i n e s  wer e  com

pared d ue to a long er maintenance of l eaf area by d e l ayed 

sens cence ( 4 2 ) . 

2 9  

Photosynthe t i c  rates vary with ti s sue age ,  temper

ature , water s t at us and g e notype . F l ag l eav es tend to show 

the h i g he s t  rate s of photo synthe s i s  during the gra i n  fi l l

ing per iod and con sequently contr ib ute more to g rain f il l 

ing ( 6 2 ) . As le aves age , photosynthe s i s  shows a general 

decl i ne ( 1 6 , 9 5 ) . The f l ag l e af showed a g re ater sens i

t iv ity to water stre s s  than other pl ant par t s  in se veral 

stud i es . Frank et al ( 3 6 )  found that s tre ss d ev elo ped more 

rapidly in the flag leaf at head ing than in the fi f th leaf 

at t i l l er i ng . Leaf w ater po tent i al in the f l ag l e af showed 

a le s s  rapi d  decrease than photosynthe t i c  rate . Apparently 

water s tre ss has i ts mo st d i rect e f fect on photosynthe t i c  

rates and l e s s  ef fect on. growth and trans locat ion a t  gr ain 

f i ll i ng .  Ev ans et al  ( 3 0 )  fo und that d roug ht red u c ed 

photo synthe t i c  rat e  of both the flag le af and pen u l t imate 

leaf much more than i t  af fected y i e ld � Ward l a w  ( 8 9 ) fel t 

that red uct ion of flag le af photosynthe s i s  was a d i r e c t  

e f fect on the f l ag l e af i t sel f . T he water stre ss c aused a 

de l ay and red uct ion of sug ar transfer from the as s im i l at i ng 

t i s s ue to the cond u c t ing t i s s ue and d id not a f fect trans

locat ion in the cond u ct ing t i s sue . Because gra i n  yield in 

stre s s ed whe at pl ants was not depre ssed to the same ex tent 



that photosynthe s is was ; Wardlaw ( 30 )  felt s tored a s s im i

late or re serve photo synthe t ic capac i ty is  ut i l i z ed in the 

s tre s sed . pl ants . 

3 0  

S t re s s  not onl y  red uce s photo synthe t i c  ra�e but it 

al so l im its a s s im i l ate s upply by ra i s i ng re sp irat ion �  .. " 

Twenty per cent of the total carbon as s im i l ated can be lo s t  

through re spi rat i on ( 1 6 ) . John son et a l  ( 4 4 )  fo u nd that 

increa s i ng temperature l ikely increase s photorespi rat ion 

and m i tocond r i al re sp irat ion . The l at ter may repre sent an 

increas i ng l y
.
gre ater proport ion of total re sp i rat ion dur ing 

grain developm ent as prote in and c arbohyd rate is trans

located . The gr a i n  itse l f contr ibuted 6 6 %  of  the total ear 

re sp irat ion 1 5  days a f ter anthe s is in a s t udy by C arr and 

Ward l aw ( 1 6 ) . 

S tomatal sen s i t iv ity to wat er str e s s  w i l l  great ly 

infl uence a s s im il a t i on rates . Under water s t ress cond i

t ions , the so i l  mo i st ure. content is le s s  than the turgor 

lo ss po i nt in the g uard cel ls and the whe at p l ant v i r

tual ly cea se s  to as s im i l ate carbon d iox ide because the 

stomates w i ll clo se ( 2 5 ) . Wheat pl ants g row i ng under water 

str e s s  in a study by Frank et al ( 3 6 ) und erwent larger 

chang es in stomatal re s i s tance in rel at ion to photo syn

th e s i s .  When str e s sed pl ant s  were rewate red , photo syn

the s is rap idly re cov e red b ut nev er re ached control or pr.e

stre s s  level s .  Apparent l y  other fac tors be s i d e s  stomatal 

closure were a f fe c t i ng pho to synthe s is . Po s s i bly d amage t o  
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the photochem i c al system· ( 3 6 ) .  Ab sc i s s ic ac id l evels  i n

cre ased in stre s sed pl ants and tend to ind uce stomatal clo

sure ( 9 3 ) . 

S ome stud i e s  ind i c ate that spike or ear p�otosyn

the s is can contr ib ute to g rain y ie ld d i f f erences . Awned 

cul t ivar s  are noted to have a h igher ra te or sp ike photo

syn the s is than awnl ess cul t iv ars ( 1 6 , 3 0 ) . S i nce the spi ke 

i s  l e s s  se n s i t ive to de s s i cat ion th an lea f  t i s sue , awned 

cul t iv ars are con s id ered to be super ior in certain cl imate s 

more sus cept i b l e  to dro ught . Evans et al ( 3 0 ) found 

drought red uced y i e ld s  2 0 % in awnl � ss and onl y 1 1 %  in awned 

cu l t iv ar s . 

Trans loc at ion 

Both the pat tern and the rate of trans locat ion in 

wheat are a f fe c t ed by water s tre ss . As ana et al ( 2 )  fo und 

that water stre s sed pl ants tr anslocated at the same rate 

( as i nd i c ated by 1 0 0 0  kernel we ig ht )  as non- s tre s s ed p l ants 

for up to three weeks . After that long of a str e s s  pe r iod , 

l eaf and stem sene s cence increased and trans l oc a t ion to the 

gra i n  was red uced . C hanges in we ight rat i o s  of d i f fe rent 

pl ant org ans under wa ter s tre ss in several stud i es have 

been due to a mod i f i c at ion of  tr an s locat ion ( 9 0 ) .  The se 

stud i es i nd i cate that water stress red u ces pho to synth e s i s  

i n  the leaves so more photosynth ate i s  tr an s located to the . 

spike from the lower l e aves . When the. l ev el of s tr e s s  
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e � fe c ts g rowth , trans l ocat ion i s  a f f e c ted . When g rowth i s  

el iminated , trans locat ion i s  insens i t ive to str e s s  ( 90 ) .  

Ward law ( 88 )  found that by remov ing two th ird s  of the de

vel opi ng kernel s from the sp i ke , tran s locat ion downward · in 

the pl ant i ncreased and roots and crowns showed a fas ter 

acc umu lat ion of label ed carbon ( Carbon 1 4 ) . Mov ement up 

the stem s lowed to one- th ird of the v e l oc i ty of control 

pl ant s and re tent ion of the Carbon 1 4  increased in the 

trans locat i ng t i ss ue .  Less total l abel ed carbon went to 

the sp i ke . I n  the le af t i s sue , Carbon 1 4  trans locat ion 

rate in both the bl ade and the she�th was not al t ered by 

s i nk si ze red uct ion . Trans locat ion rate was not chang ed by 

water s tre ss in a study by Wardlaw ( 8 9 ) . S ev e r al days of  

le a f  wi l t i ng fa i l ed to slow grain growth in the wheat 

pl ants b ut a change in a s s im i l ate d i s tr ib u t ion was seen in  

the lower par t s . of the gra i n . There was al so a greater re

tent ion of a s s im i l ate in . the w il ted l eav es and a prolqng ing 

of movement of as s im i l ate s out of the le a f . Ward l aw ( 8 9 )  

felt water stre ss may inter fere w i th the phl oem load i ng 

proce s s . Load i ng of as s im i l ates is aga i n s t  a concentrat ion 

grad i ent and there fore re qu ires energy . Water s tress could 

therefore uncouple re spi rat ion and pho sphoryl a t ion . There 

wou ld be a g re at er red u c t ion in the tran s f er of a s s im i l ates 

to the cond uct i ng ti s sue than in pho to synt he s i s  and the re

sult wou ld be the ob serv ed accumul at ion of sug ar in the 

leaf . U nd er water str e s s. , there is a slower rat e  of 



moveme nt f rom l eaf to st·em and a s lower rate of al locat ion 

to the sp i ke . Yet the ac tual ve loc i ty of as s im i l ate move

ment in the trans locatory t i ss ue is not d i rectly a f fe cted 

by wate r  stre s s . 
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As ment ioned pre v io us l y ,  whe at plant s und er water 

s tre ss are ab le to al ter the ir pattern of tran s locat ion and 

th i s  apparent l y  enab l e s  them to compensate to a degree for 

lower av a i l ab i l i ty of f l ag l eaf a s s im i l ate s . U nder non

stre s sed cond i t ions , upward movement of as s im i l ate occ urs 

almo st ent i rely from the top two internod es d ur i ng g ra i n  

f i l l ing ( 9 2 ) . F l ag leave s are more se ns i t i ve to water 

stre ss than o ther pl ant parts so stre s s ed pl ants w ill rely 

to a gre ater ex tent on as s im i l ate from oth e r  org ans ( 3 0 , 1 0 ) . 

L i tt le carbon f i x ed be fore anthe s is f i nd s  i ts way to the · 

gra i n  und er normal growing cond it ions wh i l e  carbon as s imi

l ated dur i ng g r a in f i ll i ng contr ib utes to a much greater 

ex tent . Aus t i n et al ( 4 ) found onl y  7 %  o f  ear l y  labe led 

a s s im i l ate contribu ted to g ra in y ie ld wh i l e  4 0 % of the 

C arbon 1 4  as s im i l ated later in the pl ant ' s  de vel opment was 

trans located to the g ra in . The pl ant • ·s top internod e 

se rves as a ch anne l for trans locat ion , the lower inte rnod e s  

as storage for sug ar s  ( 9 2 ) . Lal e t  al ( 53 )  fo und that 

und er wat er stre s s  the re is a gre ater ut i l i z at ion of both 

stored c arbohyd r ates and photosynthate from lower leav e s . 

Dry we i ght of the top inte rnod e was much le s s  se n s i t i ve to 

water s tre ss than the nex.t inte rnode below in a study by 
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Ward l aw ( 9 1 ) .  T he cont�ib ut ion o f  pre- anthe s is s tored 

as s im i l ate depend s on water stre s s . B id inger et al ( 5 ) 

found 1 2 %  of the pre- anthe s is l abel was tran s l o c at ed to the 

grain in irr i g ated wheat wh i le dryl and whe at ut i l i z ed 2 7 % . 

Grain y i e ld s uper i or i ty of the droug ht re s i s t ant c ul t ivar 

P i t i c  6 2  over G abo in a study by Dav id son and B i r ch ( 2 1 ) 

was at tr ibuted to an ab il i ty to ut il i ze s tored as s im i l ates 

s i nce both cul t i var s had s im i l ar dry matter prod uct ion 

l ev el s  a f ter anthe s i s . S tre s sed pl ants in th i s  study pro

duced mor e  gr·a i n  than dry matter after an the s i s . Aus t i n  

e t  al ( 4 ) saw m i nor trans locat ion d i f fere nces i n  g enotypes 

and fel t  los s  of mate r i al from the stems may be a re f lec

t ion of the b al ance between the demand s exerted by the 

gra i n  si nk ·and the supply from the sourc e . Some stern 

we ig ht loss in th i s  study was attr ib uted to was te f ul , un

co upled . re spi ra� ion or re sp irat ion to dr i ve synthe t i c re

ac t i ons in other parts of the pl ant . ·s tored a s s im i l ates , 

however , do appear to be able to buf fer gr a i n  y i e l d  ag ainst 

env ironmental s tre ss ( 5 ) . 

N i trogen Tr an s locat ion 

N i trog en doe s  not fol low the same patterns of 

trans locat ion to the g r a in und er water stress as c arbo

hydrate s .  There fore , highe r  prote in per centage in the 

g ra in is  seen und er water stre s sed cond i t ions and an i n

ver se re l at ionsh ip often ex i s ts between prote i n  and yield 
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( 1 . 2 ,  1 1  , 1 5 ) • S pr att and Gas ser ( 8 4 ) fo und that drought 

d ur i ng stem ex tens ion or head ing almost stopped ni troge n  

uptake b ut not dry matter product ion .  U nd er ade quate moi s

ture cond i t ions , 8 0 %  o f  the total ni trog en is taken up 

early and s tored by the pl ant wh i le tot al dry matter acc u

mul at ion re ache s onl y  5 0 %  at the boot st age . Und er dro ught 

s tre ss the d i f ference between percent of n i trog en taken up 

and percent of dry matter prod uceq was red uced ( 8 4 ) . 

Campbe ll and Dav id son ( 1 2 )  fo und the n i trog en l ev el s  in the 

so i l  had the mos t  dire c t  in f l uence on gra i n  prote i n  per

centage wh i le mo i sture and temperature infl uenced protein 

percentage ind i rec t l y  through yield . Unde r  h i gh moi s ture 

stre ss howev er , fert i l i z er n i trog en had no e f fect on pro

te in concen·trat ion in a study by Campbe l l  and D av id son ( 1 3 ) .  

The seque nce of f low of  n i trog en ass im i l ates in wheat is to 

the root s  and le aves unt i l  fl ag leaf emerg ence . Then 

n i trog en l ev el s  d e cre ase . there rapidly and f low i s  to the 

stem . From anthe s i s  to maturity ni trog en is lo s t  in the 

stems and is trans located to the spi ke ( 1 0 ) . L al et al ( 53 )  

found that rap id ac c umul at ion of ni trog en in the gra i n  was 

accompan i ed by a d ecrease · in culm ,  le af , f l ag l eaf and 

sp i ke cha f f  ni trog en ind icat ing translocat ion . H i g h  yield

i ng cul t ivars w i ll tran s locate 7 0 % of the ir tot al p l ant 

ni trog e n  to the gra i n  und er irr igat ion and 6 0 %  u nder dry

l and cond i t ions ( 5 3 ) . There fore it appe ars that prote in 

percentage is higher in the gra i n  of water stre s s ed wheat 



pl ants because n i trog en trans locat ion is e f fe c t ed  l e ss by 

the stre s s  than carbohydrate trans locat ion . 

Y i eld Components and Y ie ld 
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T h e  gra i n  y i e l d  o f  wheat wi l l  depend on the inter

act ion of s ink and source fac tors . Water stress e arly in 

the pl ant ' s  development can red uce yield pote n t i a l  wh i l e  

s tre ss l ate in d ev elopment prev ents poten t i al from be i ng 

re al i zed ( 5 6 ) . M any stud ies have ex amined the ef f e c t s  of 

water s tress on y i e ld by anal yz i ng y i e ld d i f f e rences a s  

they ar i se through ef f e c t s  on d i f ferent compone n t s  

( 5 8 , 4 9 , 4 6 , 1 1 ) .  D i f ferent stud i es show d i f ferent components 

to be mos t  af f ected .bY water stre s s  and con s e quent l y  most 

infl uent i al on g ra in y i eld ( 4 9 , 4 6 , 58 ) . T h e se s tud i es i n

d i cate tha t . stre s s  occ urred at a cr i t i cal pe r i od in de

ve lopment for the pl ant and the component a f fe ct ed was 

probabl y  developing mos t  rapidly at the time of the str e s s  

per iod . M any stud i es show that one component ' s  i n fl uence 

on gra i n  y i e ld is red uced by neg at i ve ind ire c t  e f f e cts  of 

one or more y i e ld components d ue to compensat ion ( 4 9 ) . 

Jone s ( 4 6 )  found that dro ught ' s  mai n  eff e c t  was a red uct ion 

in t i l l er number b ut g r a in . y ield was compen s a t ed for by 

incre a s i ng the number of gra ins  pe r sp i ke . B ingham ( 6 )  

felt that one cou ld d e term ine whe ther or not a y i eld com

ponent was re spon s i bl e  for gra in yield di f ference s or j ust 

a prod uct of y i e ld d i f ferences if the component and env i

ronment ( s tre s s  tr eatment )  have the same cu l t i v ar by 
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treatment i nterac t ion . O ther stud i es have u s ed  mul t iple re

gre s s ion mod e l s to ex pla i n  yield d i f ference s throug h  com

ponents in comb inat ions ( 3 5 , 1 1 ) .  O f ten the se mul t iple re

gres s ion mod e l s wil l  ex pl a i n  more of the y i e l d  -� i f_ference s 

th an s i ng le component mod el s ind i c a t i ng compe n s at ion and 

the lack of one cr i t i c al growth stage . Shanah a n  et al ( 7 2 ) 

felt that s ink l im i ted grain y i elds wou ld s how a h igh cor

rel at ion between yield components and yi eld . Source lim

ited g r a in y ie ld s  shou ld have low correl at i ons between com

ponant s  and y i e ld . I n  hi s study the re l at i v e  importance of 

source and s ink v ar i ed w i th year and l oc at ion , there fore , 

the tim ing and intens i ty of env ironment al str e s se s  determ in

ed how import ant a par t icul ar component of y i eld was • . 

Breed i ng 

S e l e ct ing for dro ught re s i stance charac ter i i t i c s  in 

wh eat is apparently d i f f icult because h igh g r a in y i eld in 

wh eat can be ach ieved in many d i f f e rent ways . L i n e s  can · be 

selected that are bet ter at retran s locat i ng s tored a s s im i

lates dur i ng gra i n  fi l l ing or prod uc i ng as s im i l at e s  dur ing 

grain f i l l . M ax imum y i eld poten t i al v ar i e t i es wou ld be 

ab le to do both ( 4 ) .  Some re search ind i ca t e s  yield in

creases through breed i ng have mainly come through i ncreas

ing the harve s t  ind ex ( 8 1 ) .  Roy and Murty ( 6 7 )  found th at 

sev eral t r a i ts i ncl ud i ng synchrono us t i ll e r i ng,  seed l i ng 

vigor , co loept i l ler leng th and days to - he ad ing showed 
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stab il i ty ov er env i ronments and i nd icated ad aptat ion to a 

stress env ironmen t . F i s cher and Wood ( 3 5 ) ex am ined the 

per formance of a d iv e r se cro ss sect ion of bre ad wheat cul

t i var s unde r  droug ht and non-drought cond i t io n s . _The study 

showed some po s it ive correl at ions and pred i c t ion e quat ions 

but ranking of cul t iv ar s  changed with a chang e in dro ught 

inten s ity .  L a i ng and F i scher ( 52 )  l ooked at the ad apt

ab i l i ty to sem idwar f and tal l  cul t i vars of whe at grown over 

44 locat ions that v ar ied in rainfal l . Nor i n- 1 0 sem idwar fs 

outy ie lded old tal l  cul t ivars in al l but the dr i e s t  env i

ronments . They sugg e s ted comb i n i ng the d roug ht res i s t ance 

of old tal l  cul t ivar s with the high yield potent i al of the 

sem idwar fs . Dry mat ter accumu l a t ion and lo ss pat terns in 

a range of whe at genotype s of varying dro ug ht re s i s t ance · 

were determ i ned in a study by Cl ark and Townley-Sm i th ( 1 7 )  

and re l ated to drought re s i s tance and yield . The y  found a 

l ack of rel at ion sh ip between spec i f ic morphol og i c al tr a i ts 

and dro ught re s i s tance and fe l t  growth ana l ys i s  was of 

l i ttle d i re ct u se in a drought re s i stance breed i ng prog ram 

in a var i ab l e  env ironment . Asp i na l l  �t al (3) arg ued that 

stre ss cond i t ions are impo s s ible to d upl i cate in an un

control l ed env ironment ei ther in time of str e s s  or with 

pl ants w i th d i f ferent h i s tor ies of s tre ss . Apparen tly en

vironmental var i ab i l i ty from year to year prevent s the 

feas ib i l i ty of s e l ec t i ng for droug ht re s i s t ance based on 

spec i f i c cr i ter i a . S t able per formance in gra i n  yield ov er 



several years in a stre ss env i ronment i s  probably the re

sul t of the ut i l i z at io n  of many ad apt i ve measure s . 

Appl icat ion s  
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S tud i e s  of water stress  ef fects  on whe a t  gra i n  

y ield c an i nd i cate inherent weakne s ses i n  prod u ct ion prac

t i ce s  and the plant s gene t i c  capac i ty to re spond to the 

stre ss .  There fore re sul ts from the se stud ies can h ave 

pr ac t i cal impl i cat ions in determ in i ng se ed ing rate s , fe r

t i l ity l evel s and i rr ig at ion sched u l es as well as s e l e c t ion 

cr iter i a  in bre ed ing prog rams . 

Types of S tud i e s  

M any approache s have been used to det e rm ine the 

e f fect of water stress on g ra in y ie ld in whe at . S ome 

stud i e s  ex am ine pl ant s  grown under control l ed env ironments 

in e i ther the g reenho u se or growth chamber . O thers look 

at field grown plant s . The level of stre s s  app l i ed to 

pl ants c an be d e term ined by sev eral me thod s . M any s tud ies 

take direct mea surements of water st atus in the plant parts . 

Others d e te rm i ne s tress levels by so il · mo i s t ure content , 

amount of water app l i ed or · osmot i c  potent i al of growth 

med ia when pl ants are g rown in water onl y . Re s ponse of the 

wheat plant to the str e s s  can be measured as the pl ant s  are 

grow i ng by rad ioac t ive l abel i ng ,  at par t i c u l ar stag es o f  

growth b y  d r y  matter we ight o f  d i f ferent par t s ·, or a t  matu

r i ty by measur i ng g rain y i eld and y i e ld components . 



I n ferences made reg ard i ng pl ant re sponse to water 

stre s s  in a part i c u l ar study wil l  be val id onl y to a cer

t a in ex tent . P l ant re spon se in the g reenho use or g rowth 

chamber may not be ind ic i t ive of response in the f�eld . 
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One t ime measurements o f  water status or photo synthesis  can 

show large var i ence s depend ing on pl ant genotype , pl ant 

growth stage and cl imat ic cond i t ions . S ea son l ong measure

ments depend on the overal l cond i t ions of a par t i c ul ar 

grow i ng s e a s on . There fore resul ts from all s t ud i es should 

be interpre t ed with caut ion . At be s t , g eneral tend enc i e s  

may only b e  i nd i c ated and s ig n i f ic ant chang es in any one 

fac tor con trol l i ng plant re sponse ( stre s s  level , stre s s  

t im i ng , accompanyi ng tempe rature or i rr ad i ance ) can change 

these te ndenc i e s . 

I rr igat ion S ched ul i ng 

Ut i l i z ing proper irr igat ion sched ul ing to max im i z e  

grain y i e ld s  and opt imi ze water use e f f i c iency has been 

at tempt ed in se veral stud ies . Cr i ter i a  for sched ul i ng 

irr ig a t ion v·ary ,  and s im i l ar resul ts can be ob t a i ned u s i ng 

d i f ferent cr i t er i a  ( 5 7 ) . The su cce ss of a par t i c u l ar 

sched u le in max imi z i ng y i eld depends on the so il t ype , 

cl imat i c  cond i t ions , pl ant cond it ion i ng , g e notype and 

me thod of water appl i c a t ion .  

Many irr igat ion sched ules are based on . the prem i se 

that water de f i c i ts in the pl ant should be · avo ided d ur i �g 
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cr it i c al s t ag es of g rowth • .  The cr i t i c al s t age c an vary so 

in ord er to ut i l i ze sched ules based on th i s ,  the cr i t i cal 

stage must f i r st be id ent i f i ed . Day and I ntal ap ( 2 2 ) w i th

held irr i g at ion water at one of three st age s  of development 

in whe at and fou nd stress at all three s tag es red u ced y ield . 

S tre ss at j o i n t i ng however red uced yield to a gre ater ex

tent than s tre ss at head ing or dough stag e s . Rob i ns and 

Dom ingo ( 6 6 ) found that in P ro s ser , Wash i ng ton , nons tr e s sed 

wheat y i elds reached 90 b ushel s per acre . Grain y i e ld re

duct ions were gre atest when stress  was impo sed dur i ng or 

after head ing .  T hey fo u nd no bene f it . in i rr ig a t i ng spr ing 

wheat pr ior to boot stage unl e s s  str e s s  was ind i cated by 

curl ing or w i l t i ng of the l e aves . In a study by Lehane 

and S t aple ( 5 4· ) ear l y  water stress  had no effect  on gra i n  

yi elds wh i le l ate st re ss on loam so il red u c ed  y i elds . The 

yi eld red uct ion was le s s  with late stress  on cl ay so i l . 

Wheat pl ants in a study by F i scher ( 3 1 ) appear ed to have _ a 

cr i t i cal per iod 1 5  d ays be f ore anthe s i s . 

O ther irr ig at ion sched u l es are de term ined by rate 

and ac cumulat ion of evapotr ansp i rat ion de f i c i t . A study 

by Ang us and Moncur ( 1 ) used f ive rates of water appl i 

cat ion rang ing from 1 1 % more than ET to 2 3 %  l e s s  than 

evapo tran sp i r at i on . Total amo unts of water appl i ed were 

4 8 5 to 6 8 8  mm in f i ve to seven app l i c at ions and gra i n  

y ie lds were proport ional to wa ter use . They d e term i ned 

that even sl ight de f i c i t s  at j o i n t i ng sho uld be avo ided 



and i rr ig at ions shou ld be sched u l ed  to repl ace ev apotrans

pirat ion . M i sra and P an t  ( 5 7 )  looked at several cr i t e r i a  

i n  sched ul i ng i rr ig at ions i n  spr i ng wheat . I rr ig at ion 

treatments were appl i ed depend ing on ei the r plant phys io

l og i cal stag e , so il mo i st ure l evel s ,  evapo transp i r a t i on 

level s or plant water status . When sched ul ing was based 
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on phys iolog i c al stag e , four or s ix treatm ents were appl i ed .  

F if ty pe rcent ava i l ab l e  so i l  moi sture or . O S  atm . of so i l  

mo i sture ten s ion w ere the so il mo i sture l ev e l s  at wh i ch 

irr igat ion was sched u l ed wh i l e ET cr i ter i a  level was 9 0 %  

of ET loss . Four l ev e l s  of l e af water potent i al were u sed 

for pl ant wate r  st atus cr i ter i a . Seven cent imeter s of 

water was appl i ed at each treatment . The su ccess of the 

sched ule s in terms of gra in yield prod uced var i ed in the 

two years of the study . General l y ,  sched u l es based on 

growth stage s ,  so i l . mo i s ture and 3 bar or 6 bar le a f  water 

po tent i al s  were e qually e f fect ive a� super ior to sched u le s  

ba sed on hi ghe r l e a f  water potent ial s or pan ev aporat ion . 

De te rm in i ng opt imum irr ig at ion sched u l es and op

timum irr igat ion rat e s  has been integrated e f f e c t i ve l y  in 

stud ies w i th the appl i c at ion of water u s i ng a l ine so urce . 

A pattern of app l i cat ion wh i ch is un i form al ong the leng th 

of the study area and cont inuo u sly but un i formly v ar i able 

across th e st ud y  are a  can be prod uced wi th a l ine so urce 

( 4 0 ) . U s i ng a l ine source al lows for more v ar i ab l es or 

treatment level s in a study and si nce incremental chang es 



from treatment to treatment are small there i s  no need for 

a buf fer are a  be tween plot s . Wind or app l i cat ion of wat er 

at unev en fre quenc i es to plots however can l im it the sys

tem ' s effect ivene s s  ( 4 0 ) .  
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H ang and M i l l e r  ( 3 8 , 3 9 ) used a l ine source to app ly 

v ar io us amo unts of water and sched u l ed appl i ca t ions based 

on evapotr anspi rat ion . At the l i ne source the water ap

pl i ed was 1 . 0 0  t imes ET on loam so il and 1 . 1 5  t imes ET on 

sandy so i l . Water was appl i ed every morni ng to avo i d  wind . 

Adj acent tre atments in the study were not s ig n i f i c an t l y  

d i f ferent i n  terms o f  gra i n  y i e l d  prod uced but so i l  type . 

infl uenced re spon se to w ater appl i ed . M ax imum y i e lds on 

sandy so i l  wer e  7 . 0 Mg pe r ha and 6 . 2 Mg per ha on loam 

so i l . The water hold i ng capac ity of the loam so il b u f f

ered whe at ag a i ns t  ET d e f i c i t s  and gr a i n  yield fa i l ed to 

i ncrease past 4 0 % of . ET . H ig her appl i cat ions of water on 

loam soi l  tend ed to red uce yield s due to lodg ing and poore-r; 

so il aerat ion . So il d i f f erences there fore gre atly infl u

ence rates and sched ul e s . 

I r r i g a t ion can l ikew i se be in f l uenced by the rat e  

o f  dev elopment o f  water s tre ss .· Meyer and Green ( 5 6 )  fo und 

th at tr eatment s wi th le s s  time to ad apt to an increas ing 

water d e f i c it were not able to compen sate by adj u s t i ng 

y i eld components as ef f e ct ively as wel l  ad apted dr yl and 

plots . Dry l and plots prod u ced onl y 9 0 0 0  grains per square 

me ter compared to 1 2 , 0 0 0  grains per square meter in wel l  
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watered plots . G r a in f i l l i ng howev er was more e f fect ive 

in the dr i er plot s  so yi eld d i f ference s were red uced . 

M i l e s  ( per sonal commun i c a t ion ) recommends w i th hold i ng 

irrigat ion of winter whe at in Colorado dur i ng the veg eta

t ive s t ag e s  to prev ent the wheat pl ant from b e com i ng " l a zy "  

and developing a shal low root system . H i ghe s t  gra i n  yi eld s 

were seen in a study by C ampbell ( 9 )  when pl ants were grown 

· under dry cond i t ions to f l ag leaf emerg ence the n  wet con

d i t ions there a f ter . C ond i t ion i ng of the pl ants to water 

stre s s  was al so se en by S i ngh ( 7 7 ) .  U s i ng thr e e  level s of 

water and sched ul i ng at three phys iolog i c al s t ag e s ; veg e

tat ive , boot i ng/he ad i ng and flower ing to gra i n  devel opment . 

He found that cond i t ion i ng pl ants w i th 1 5 % mo i st ure stress 

le ft them le s s  se n s i t ive to water stress  at  the boot stage . 

They fel t be st re s u l ts cou ld be ob tained when water d e f i

c i t s  are spre ad out ov er the ear ly stages of plant devel op

ment . 

I rr ig at ion sched u l ing can thu s  be effe cted by se v

eral fac tors and max imum y i e ld s can be ob t a i ned through a 

var i e ty of sched u l e s . 

De term i n i ng an irr igat ion sched ule to max im i z e  

grain y i e lds appears to be a compl ex problem . B e cause of 

interac t ions with other env ironmen tal fac tors and the 

ab i l i ty of the ad apted wheat pl ant to compensate , s o i l  

mo i st ure level s de term ined by irr igat ion wi l l  probabl y  not 

show a con s i s t ent e f fect on grain y i eld . S tud y i ng the 

' .  



v ar i ab il i ty created by so il mo i sture d i f fere nces should , 

however , g ive both the irr i g ator and the bre ed e r  ind ica

t ions of the rel at ive importance of so il mo i st ure av a il

ab i l i ty and pl ant re sponse to irr igated cond i t ions . 
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C HAPTER I I I  

MATERIALS AND METHODS 

S i te De script ion 

The study s i t e  was establ i shed at the J ames Val l ey 

Re search C en ter in central S pink Co unty . T h i s  area i s  

repre sentat ive o f  spr i ng wheat prod uct ion are a s  o f  nor th

eastern So uth Dakota . Av erage yearly prec i p i tat ion at the 

s i te is 4 7 3 mm , b ut i s  ex tremel y  var i able ( 8 2 ) . Seventy

e ig ht percent of the ann ual prec ipi tat ion falls  in the form 

of thund er shower s dur i ng the growing se ason ( 8 2 ) . Temper

atures v ary w id ely at the study s i te on both a d a ily and 

se asonal bas i s . H i ghs can be over 4 0 ° C d ur i ng the grow

i ng season and lows o f  0 ° C can occ ur af ter May 1 4 th on an 

average of once · every two growing seasons . The study was 

cond ucted on a B eo t i a  S i lt loam ,  a f ine- s il ty , m ix ed 

Pach i c ud i c Haploborol l .  Typ i cal ly the se so i l s  have dar k 

gray s il t  loam A hor i z ons , gray i sh brown s ilt loam B 2  

hor i zon s and pa l e  yel low s i l t  loam C hor i zon s . I n  cul

t ivated f i eld s  they have s lopes less than 1 % . 

Cult ivar s  

Two cul t ivars we re used i n  the study ; B ut t e , a tal l 

ea�.ly head i ng cul t iv ar and Len wh ich is a sem idwarf and 

med ium late type . Both cul t iv ar s  are wel l  adapted to South 

Dako ta g row i ng cond i t ions , have stable and h igh g r a in y i eld 

potent i al and are two of the .mos t  widely grown cu l t i var s in 
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the state . The c ul t iv ars were pl anted i n  6 . 1 m s tr ips w i th 

a John D e er e  do ubl e  d i s c  dr i l l . Each str ip ex tend ed the 

l e ng th of the s tudy area and was repl i c ated f ive t imes by 

al ternat i ng L en and B ut t e . In 1 9 8 3  the str ips wer e  adj acent 

and in 1 9 8 4  a 1 . 5 3  me ter w inter wheat border separated the · 

cu l t ivar st r ips . 

Tre atment s 

Water tre atment s were es tabl i shed us i ng three l ine 

sources w i th in the study area . The l i ne sources appl i ed a 

con t i n uous grad ient of water that decreased with d i s tance 

from the l i ne . One l ine so urce e s t abl i shed a g rad i ent 

throug hout the growing se ason ; a se cond l i ne so urce estab

l i shed a g r ad ient f rom emerg ence to head i ng and the th i rd 

es tabl i shed a grad i ent from he ad ing to matu r i ty . S pr i nkler 

head s  w i th both spread er and d i s tance no z z l es were u s ed to 

prod uce the con t inuous water grad ient . The three l i ne 

sources were pl aced perpend ic u l ar to the repl i cated cul

t ivar str ips . I n  1 9 8 3  the l i nes were 1 2 . 2  m apart and 

1 5 . 2 5  m apart in 1 9 8 4 . L ine d i ameter wa s · 1 0 1 . 6  nun for the 

mai n  l i ne and 7 6 . 2  mm for the three lateral l i nes . Twenty

f ive mm d i ame ter r i sers . 9 1 5 m tall were spaced at 6 . 1 m 

interv al s on each of the lateral s .  Ra i nb i rd spr inkler 

heads were u sed and set  on a full c i rcle revel u t ion .  vvater 

was pumped at a pre s sure of 3 4 5  kP a through the � i ne . A 

spr i ng wheat bord er o f  2 0  me ters surro und ed the study to 
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red u ce any bord er e f fe ct . Max imum appl icat ion d i s t ance 

under calm cond i t ions was approx imately 1 8 . 3 mete r s  from 

e ach spr ink� er head . S i nce r i ser spac i ng was a t  6 .  1 me ters 

along each l i ne source , water app l i cat ion was tr i p l e  ov·er

l apped along each l i ne .  S pac i ng between l ine so urces was 

1 2 . 2  and 1 5 . 2 5 meter s in 1 9 8 3  and 1 9 8 4  respe c t i vel y so in 

bo th years plots between the l i nes rece iv ed water from both 

source s .  The fu l l  se a son l i ne was al ways run s i mu l tane

ously w i th e i ther the e arly sea son or the l ate sea son l ine .  

There fore , plot s in the study area re ce i ved one of a po s

s ible four types of water treatm ents as fol lows ( T able A-7 ) : 

1 .  P lots  to the south of the ear l y  se a son l i ne 

rece iv ed a g r ad i ent of water to head i ng ,  

th en were uni forml y dry ex cept for ra i n

f a l l . ( Tre atments 1 -6 )  

2 .  P lots  be tween the early and fu ll  se ason l ines  

rece i v ed water from both l ines to head i ng . 

Wate r  re c e i ved from one l ine was the inverse 

of the amo unt rece ived from the other so water 

app l i cat ion be tween the l ines was un i form . 

( T reatments 7 - 1 0 )  

3 .  P lo t s  be tween the fu l l  se ason and the late 

season l i ne rece iv ed a un i form amo unt of water 

after he ad ing in the same manner as de s cr i bed 

in ( 2 )  • P r ior to .head ing the se · p lots rece ived 



a g rad i ent of wat�r from the full s e a son l i ne .  

( Treatment s 1 1 - 1 5 )  

4 .  P l o t s  to the north of the late sea son l i ne re

. ce i v ed a grad i ent of water after h e ad i ng and 

were uni forml y dry pr ior to head ing ex cept for 

r a i n f al l . ( Treatments 1 6 - 2 1 ) 
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I rr igat ion tre atments wer e  appl i ed i n  an ef f ort to mai n t a i n  

so il mo i s ture g rad i ents . Ten s iorneters were pl aced next to 

the l ine source at 1 5 . 2 ,  3 0 . 4 ,  and 6 0 . 8  em depth s .  When 

so il mo i sture ten s ions reached . 0 3 5  kPa at 3 0 . 4  em, so i l  

mo i s ture was as s umed to b e  be low field capac i ty and water 

was suppl i ed to br i ng so il mo i sture lev el s  up to f i eld ca

pac i ty at the l i ne . Mos t  app l i cat ions were at ni ght or in 

the eve n i ng to avo id w i nd . Appl icat ions were avo id ed at 

anthe s i s  to red uce the in fect ion level of Fusar i um spec i e s . 

P l ant i ng and Cul tu ral Prac t ices 

P l ant i ng dat e s  were Apr i l  2 2 , 1 9 8 3  and Apr i l  1 7 , 

1 9 8 4 . F i e ld pre par at ion pr ior to pl ant i ng con s i s t ed o f  

f i e ld cul t ivat i ng and d i s c ing . No fal l t i l l age was done in 

e i ther year . T he prev io us crop in both years was sun

flowers . S e ed ing rate for each cul t ivar was 1 0 0 . 8  kg per 

ha and at pl ant i ng so il mo i sture was good . S o il t e s ts were 

taken to de term ine the so i l  ni trate level from 0 to 60 em . 

Fert i l i z er was appl i ed to br i ng the total n i trog en . lev el to 

2 6 8 . 8  kg per ha for a yield g�al of 6 . 7 2 Mg per ha . 



Pho sphor us and pota s s i um te s ted adequate for th i s  y ie ld 

goa l . I n  1 9 8 3  2 1 2 kg per ha of 4 6 -0 -0 granular ure a  was 

double spre ad dry wh i l e  2 8 %  l i qu id Urea-Ammon i um N i trate 

was sprayed · in 1 9 8 4 . D i ammoni um Phosphate 1 8- 4 6 - 0 w as 

appl i ed a t  9 0  kg per ha as a starter in both years . 

Weed control in both year s was exce l l e n t . Tr i -

f l ur il in at a . 8 4 kg per ha rate was appl i ed  and i n cor-

porated post-plant for control of grassy weed s wh i l e 

Bronate ( Bromoxyn il pl us MCPA ) at a 1 . 2  L per ha rate. was 

sprayed at the f i ve leaf stage to control broad lea f weed s 

and vol unteer sunf lowers . 

I n  1 9 8 4  p lo t s  were tre ated with Manco z eb at gra i n  
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f i ll to prev ent se ptar ia and pyrenophora i n f e s t at ion of the 
·-

flag leaf . Army worms were noted in the plots in 1 9 8 4  b ut 

l evels of infe s tat ion were not h igh enough . to s ig n i f i c antly 

de crease yie.ld . 

Measurements and P roced ures 

S o i l  mo i s tu re read ing s were taken wi th a neutron 

probe . Access tubes were pl aced 3 . 0 5 m apart in t wo tran-

se cts  pe rpend i c u l ar to the three l i ne so urce s .  The tr an-

sects covered the w id th of the study area so that the 

mo i s ture grad i en t s  es t ab l i shed by the line so urces  could 

be measured . Re ad i ng s  were taken from 1 5 . 2  em to 1 2 2 ern 

at 1 5 . 2  em interval s .  Mo i s ture level s were mea s u red in 

th is way tw i ce weekly throug ho ut the grow ing sea son . 
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Ne utron probe co unts were conv erted to water con tent on a 

vol ume bas i s  by the formul a :  Water content ( 2 0 4 . 8 *mm/ha*m ) =  

( . 0 0 0 7 3 *  Count- 2 ) * . 0 6 or water content ( 2 0 4 . 8 *mm/ha*m ) =  

( . 0 0 1 9 * Count-2 ) * . 0 6 ,  depend ing on the probe used . Mo i s

ture d i f ferences acro ss the grad i ents were sm all a t  9 1 . 5  

to 1 2 2 em so onl y  the to tal mo i sture in the top 9 1 . 5  em was 

used in the analy s i s . 

Twent y- one and 2 3  acce s s  tube s pe r transe c t  were 

u s ed in 1 9 8 3  and 1 9 8 4  re spectivel y . Plots  3 . 0 5  by 6 . 1 0  m 

were establ i shed in the study area . The plots  con s i s t ed 

of 1 . 5 2 3  m on both s ides of the acce ss tube locat ion wh i l e  

width of the dr i l l str i p  de termined plot leng th . 

Growth stage read i ngs and t i l l er co unts were taken 

each week in the plot s . Y ield components were det e rm i ned 

pr ior to h arve st by the fol low i ng method s . All re ad i ng s  

were taken in two rep l i ca t ions . 

Gra i n s  per sp ike and sp ikel ets pe r sp i ke were de

term ined by randomly s e l e c t i ng ten spi kes per p l ot . An 

averag e  of the ten sp ikes was used to repre sent ind iv id ual 

plots . 

Prod uct i ve and nonprod uct ive sp ikes pe r squ are 

me ter we re d e t erm i ned by randomly sampl i ng a one me ter 

length of row in each plot . Th i s  number was mul t ip l i ed by 

6 . 5 , the number of rows per meter . 

Thousand gra in we ight was determ ined by count i ng 

1 0 0 0  gra ins of a random s amp le from each plot on a seed 
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co unter and we ig h ing on an electron ic bal ance . 

P lots wer e  harvest ed us i ng a Heg e single plot comb i ne 

and g ra in from e ach p l ot was we ig hed e l e c tron i c al ly to d e

term ine yield . 

A Techn i con inf ro- alyz er 3 0 0  was used to anal yz e 

g r a in prote in percentage in each plot . Random s amples  were 

ground with a Udy cyclone sample mi l l  into flour in prepar

at ion for prote in anal ys is . Acc ur acy of th is m e t hod was 

che cked by compar i ng stand ard s to K j eldah l  ana l ys i s  and no 

s ig n i f i cant d i f fe rences were fo und . 

H arvest dat e s  were Aug ust 8 i n  1 9 8 3  and Aug ust 1 0  

in 1 9 8 4 . 

S tat i s t ical Analys i s  

Because the irr i g at ion treatment s were app l i ed 

systemat i c ally w i th the three l ine sources , an anal y s i s  of 

var ience proced ure cannot be used to . anal yz e  tre atment , . 

repl i c a t i on and c u l t iv ar e f fects or the ir interact ions . 

S ign i f i cant d i f ference s between irr igat ion tr eatments can

not be d e term i ned . I n s te ad reg re ss ion and mul t i ple re

gress ion us ing the SAS Le aps proced ure was ut i l i z ed to de

te rm i ne the rel at i on sh i ps between ev apo tran s p i r at i on ( ET )  

at each tr eatment and the devel opment of gra i n  yi eld and 

y i e ld components . Then the in terac t ion of the se y i eld com

ponents in the de term inat ion of eventual yield was ana l yz ed 

w i th path coe f f i c ients to separate the d i rect and i nd i rect 
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e f fe c ts . P ath coe f f i c i e nt an.al ysis was per formed accord i ng 

to the method of Dewey and Lu ( 2 6 ) . 

So il mo i sture and rain g auge read i ng s  from the t wo 

transe c t s  were averag ed in al l regre s s ions . Gra i n  yi eld , 

thousand g ra in we ig ht and prote in percentage were anal yz ed 

in f i ve rep l i c at ions wh i l e  spikel e t s  per sp ike , g r a i n s  per 

spi ke and spik es per square me ter were anal yz ed w i th two 

repl i c at ion s . 

Ev apotransp irat ion at each treatment for each 

growth stage was c al cu l ated by d e term i n i ng so il mo i st ure 

d i f ferenc e s  be tween growth stages from the ne utron probe 

read i ng s  and s ub trac t i ng this from the water app l i ed to 

each plot by irr i g at ion and ra i n f a l l  dur i ng tha t  stage of 

g rowth . 



CHAPTER IV 

RES ULTS 

Temperature and P re c ipi tat ion 

T empe rature and pre c ipi tat ion dat a are l i s ted on 

Table 1 .  Av erage d a ily m in imum and max imum t empe ratures 

al ong with month l y  means are incl uded for bot h  ye ars of the 

study . The se are compared to long term ( 7 0 year ) av erag e s  

a t  the study s i t e . 

T empe r atures wer e  cool er than average in Apr i l , May 

and June of both y e ar s . July temperatures were wanner than 

averag e  in 1 9 8 3  and cool e r  than average in 1 9 8 4 . Aug ust 

temperat ures were above av erage in both ye ars and warmest 

in 1 9 8 3 . 

Prec i p i tat ion was above average in J une , J u l y  and 

Aug u st in both years and in Apr il o f  1 9 8 4 . M ay o f  both 

ye ar s and Apr i l  of 1 9 8 3  were. dr ier than normal . In general 

the r a i n f all ev ents were e f fect ive and not in he avy th under

shower s .  The r e f ore the re was l i t t l e  runo f f . 

So il  Mo i s ture Grad ients  

The so i l  mo i s ture level s for each tr e atment at 

ev ery g rowth s t age are l i sted on T abl es 2 and 3 .  As men

t ioned prev io us l y ,  the l i ne sources were run simul tane

ou sly and spaced clo se enough to allow for . ov erl qp in the 

plot s between the l i ne s . E stabl i shment of e i th e r  un i form 



Tab le 1 .  Cl ima t ic data for the study site at Red field , South Dakota 

TEMPERATURE ( °C)  

1 9 8 3 1 9 8 4 L 0 N G T E R M 

Average Average Average Average Average Average Average Average Average 
Da ily Daily Monthly Da ily Da ily  Monthly Da ily  Da ily  Monthl y  

Month Max . Min . Mean Max . Min . Mean Max . Min . Mean 

Apr il  1 1 . 0 - . 7  5 . 2 · 1 2 . 9  1 . 6 7 . 4  1 5 . 0  0 . 3  7 . 6  
May 1 9 . 6  4 . 3  1 2 . 0  1 9 . 2  4 . 9  1 2 . 1 2 1 . 6  6 . 7  1 4 . 1 

June 24 . 5  1 2 . 1  18 . 3  2 5 . 2  1 3 . 0  19 . 1  26 . 7  1 2 . 4  19 . 6  

July 3 1 . 0  1 7 . 2  24 . 1  2 9 . 4  1 5 . 1  2 2 . 2  3 1 . 0  1 5 . 1 2 3 . 1 

Augus t  33 . 7  17 . 2  25 . 4  30 . 6  1 4 . 7  2 2 . 7  30 . 0  1 4 . 0  2 2 . 0  

PREC IPITATION (mm) 

1 9 8 3 1 9 8 4 

Month Prec i�>_i tation Depar ture From Normal Prec i pi tat  ion Departure From Normal 

Apr il 18 . 54 - 3 3 . 5 3 60 . 54 + 8 . 38 

May 52 . 3 2 - 22 . 3 5 59 . 1 8 - 1 5 . 49 

June 1 2 5 . 7 3 + 32 . 26 1 5 2 . 40 + 58 . 9 3 

July 7 1 . 88 + 8 . 8 9 6 7 . 3 1 + 4 . 3 2  

Augus t 92 . 20 + 42 . 1 6 1 19 . 6 3 + 69 . 60 -- --
SEASONAL 
TOTAL 360 . 6 7 + 27 . 4 3 459 . 0 6 + 1 2 5 . 84 

I 
! 
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Tab le 2 .  So il mo i s tures (mm in top . 9 2 me t er pro f i l e ) at e ach 
s t age of growt h  for each. tr eatment in 1 9 83 . 

GROWTH STAGE S 

Treat - Ti l l . · Boo t  He ad . Ant h .. Mi l k  Dough Ri pe 

ment 

1 249 . 6  246 . 7  248 . 2  242 . 0  239 . 2  24 1 . 6  20 7 . 4  

2 2 5 2 . 4  24 6 . 2  24 3 . 6  24 1 . 6  2 3 7 . 2  2 3 7 . 9  205 . 7  

3 2 5 3 . 8  2 5 3 . 1  2 5 0 . 7  246 . 5  24 3 . 5  242 . 9  2 1 0 . 9  

4 25 9 . 2  25 7 . 1  25 5 . 5  249 . 1  244 . 1 245 . 7  20 5 . 0  

5 2 6 9 . 9  2 6 6 . 9  2 6 5 . 5  256 . 3  25 5 . 7  2 5 5 . 9  228 . 4  

6 260 . 5  2 5 9 . 2  2 5 5 . 7  250 . 8  244 . 9  245 . 8  208 . 6  

7 2 7 6 . 1  2 6 2 . 0  2 5 9 . 9  2 5 3 . 0  248 . 9  249 . 0  223 . 1 

8 2 6 1 . 4  2 6 5 . 0  2 6.0 . 1  254 . 0  24 7 . 8  248 . 9  24 1 . 9  

9 266 . 9  2 6 8 . 7  2 6 6 . 1  260 . 1 257 . 6  2 5 9 . 5  262 . 5  
.. 

1 0  2 7 2 . 0  282 . 7  28 1 . 1  2 74 . 4  273 . 7  2 7 0 . 4  286 . 1 

1 1  2 6 7 . 3  2 7 8 . 7  274 . 9  265 . 7  265 . 6  264 . 4  273 . 9  

1 2  2 6 7 . 0  2 7 1 . 8  268 . 5  263 . 3  260 . 1 2 60 . 1  2 7 7 . 8  

1 3  2 6 2 . 9  2 6 8 . 7  266 . 8  260 . 6  258 . 8  258 . 9  2 7 2 . 2  

14 2 7 1 . 4  2 74 . 1  2 7 2 . 0  266 . 0  264 . 2  264 . 8  28 1 . 0  

1 5  269 . 3  2 7 1 . 0  269 . 7  262 . 0  265 . 6  264 . 7  2 78 . 0  

1 6  267 . 9  260 . 8  258 . 5  254 . 6  253 . 6 · 2 53 . 7  246 . 7  

1 7  280 . 4  2 7 6 . 7  2 7 7 . 2  270 . 0  272 . 4  269 . 8  25 6 . 8  

1 8 27 1 . 7  2 6 5 . 9  264 . 7  258 . 3  25 7 . 9  2 5 9 . 7  236 . 0  

1 9  279 . 9  2 7 5 . 7  274 . 5  268 . 9  266 . 7  2 6 7 . 5  230 . 0  

20 274 . 4  27 1 . 8  270 . 3  263 . 5  263 . 2  265 . 3  234 . 0  

2 1  277 . 8  270 . 2  2 7 1 . 3  268 . 6  265 . 1  269 . 2  230 . 8  
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Tab le 3 .  So i l  mo i s tures (mm in to p . 9 2 me ter pro fi l e )  at each 
s t age of growth for each tre atment in 1 9 84 .  

GROWTH STAGE S 

Treat- Ti l l . Boo t  He ad . Anth . Mi lk Dough Ripe 

ment 

1 290 . 5  294 . 0  · 292 . 5  285 . 6  2 6 1 . 4  2 6 7 . 6  2 6 7 . 8  

2 2 8 8 . 6  2 8 8 . 0  292 . 8  285 . 3  2 7 3 . 0  2 74 . 3  2 7 7 . 0  

3 2 8 7 . 7  2 9 8 . 1  2 9 9 . 3  284 . 4  2 6 6 . 1  2 63 . 1  2 7 8 . 9  

4 2 8 3 . 2  293 . 8  288 . 8  282 . 2  2 7 1 . 6  2 66 . 5  27 7 . 9  

5 2 7 9 . 9  29 1 . 6  284 . 2  2 7 8 . 4  269 . 2  264 . 0  2 7 0 . 3  

6 2 7 5 . 2  2 8 7 . 9  285 . 8  2 7 7 . 6  274 . 3  264 . 7  2 7 7 . 2  

7 2 7 9 . 6 293 . 6  288 . 4  2 84 . 6  280 . 4  274 . 8  284 . 2  

8 2 9 5 . 2  2 9 5 . 8  290 . 4  2 8 7 . 8  285 . 6  280 . 8  2 7 8 . 7  

9 2 8 8 . 9  2 99 . 2  294 . 1 2 9 2 . 5  294 . 3  28 5 . 0  2 9 2 . 3  

1 0  2 9 8 . 6  3 06 . 6  300 . 8  300 . 1 2 6 8 . 7  2 9 2 . 6  303 . 3  

1 1  2 9 2 . 5  2 9 9 . 3  294 . 2  294 . 5  28 7 . 5  2 8 5 . 4  29 1 . 0  

1 2  2 9 9 . 0  2 9 5 . 0  2 9 8 . 3  2 9 8 . 2  290 . 2  2 8 8 . 8  2 9 5 . 8  

1 3  300 . 6  3 05 . 1 301 . 3  2 9 7 . 4  293 . 3  29 1 . 0  308 . 5  

14 3 0 1 . 4  3 0 7 . 7  303 . 0  2 9 7 . 4  2 9 2 . 6  2 8 8 . 3  30 5 . 3  

1 5  3 0 5 . 9  3 1 0 . 1 306 . 3  30 1 . 1  294 . 7  28 7 . 3  2 9 5 . 0  

1 6  3 04 . 8  306 . 9  302 . 1  2 9 6 . 5  2 8 7 . 8  28 2 . 8  289 . 4  

1 7  2 9 6 . 7  305 . 2  2 9 7 . 1  290 . 8  280 ·. 6  2 74 . 6  2 8 9 . 0  

1 8  3 0 5 . 2  30 7 . 5  303 . 1  3 04 . 4  2 8 7 . 8  2 8 2 . 8  290 . 9  

1 9  29 1 . 8  302 . 0  2 9 6 . 2  2 8 8 . 3  2 8 6 . 7  2 7 0 . 3  2 7 6 . 7  

2 0  290 . 1  2 9 6 . 3  290 . 3  28 1 . 1  286 . 4  2 6 1 . 9  2 7 1 . 4  

2 1  286 . 9  29 8 . 0  293 . 0  285 . 2  285 . 2  264 . 8  2 6 5 . 0  

22 2 9 3 . 9  3 14 . 7 2 9 6 . 2  294 . 5  285 . 8  2 7 8 . 9 ·  290 . 6  

23 2 9 6 . 6  308 . 3  2 9 2 . 5  2 9 7 . 8  28 7 .· 1 2 83 . 6  2 9 6 . 5  

57 
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so il mo i sture l ev el s  or a con.t inuous grad i e nt of so il 

mo i sture depend s upon a lack of inter ference from both 

rain f all and w i nd s . Un fortunatel y ,  both env i ronmental fac

tors in f l uenced the es t ab l i shment of the so i l  mo i s t ure 

treatments in both years . 

I n  1 9 8 3  l ine source s were pl aced at treatment s 7 

and 1 1  pr ior to h e ad i ng and at treatments 1 1  and 1 5  a f ter 

· head i ng . 

I n  1 9 8 4  l ine source s were pl aced at tre atment s 7 

and 1 2  pr ior to h e ad i ng and at treatment s 1 2  and 1 7  a f ter 

head ing .  

I n  both year s treatment number increased from so uth 

to nor th so that treatment 1 was alwa ys at the so u th e nd 

of the study are a . I nter ference from the prev a i l i ng so uth

erly w i nd s  caused the water treatments to be skewed to the 

north . Treatmen t s  at the south end of the study are a  tend

ed to be d r i er thro ug ho ut the. g rowi ng season in both 1 9 8 3  

and 1 9 8 4 . Treatment s nex t  to and d ire ctly nor th o f  the 

full sea son l i nes tend ed to have a rel atively g re ater 

amount of so i l  mo i s ture througho ut the growing se a son . 

Other treatments h ad an intermed i ate amo unt of so il mo i s

ture th at var i ed w i th wind and ra in ef fects . 

Levels  of so il mo i sture d id not v ary gre atly from 

stage to st age . General l y  level s were somewha t  lower at 

the r i pe stage in 1 9 8 3 . 

There fore , the so i l  mo i s ture d i ffe renc e s  in the 
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study i n  both 1 9 8 3  and 1 9 8 4  are l e ss system a t ic than 

in tend ed . A cont i n uous gr ad ient of app l i ed water was not 

always ach i ev ed . The so il mo i sture d i f fere nces e s t abl i shed 

d id however create var i ab i l ity in gra i n  yi eld and y i e l d  

component d ev elopment . 

Evapotran sp i rat i on level s for each tre atment at 

each g rowth stage along w i th total ET at each tre atment are 

· l i s ted on Tab l e s  4 and 5 for 1 9 8 3  and 1 9 8 4  respe c t i vel y .  

Ev apotran sp irat ion was d eterm i ned by s ub tract i ng the d i f

ference s in so i l  moi s ture between su cce s s i ve growth stage s  

from the amount of water appl i ed to each treatment through 

both irr i g at ion and ra i n fa l l .  It was as s umed tha t  no sig

n i f icant runo ff or grav i tat ional loss of water occ urr ed . 

Evapotransp i rat i on level s var i ed more be tween 

g rowth stag es than the s o il mo i st ure l ev el s . At the same 

time the so i l  mo i s ture level s d id not vary in the same 

manner as the ET l ev e l s  in a . par t i c u l ar growth s t ag e . At 

the earl y  growth stage ET incre ased wi th ra i n f a l l !  and 

irr ig at ion s ince much of the so il sur face was not cov ered 

by the crop canopy and evaporat ion was re spon s i b l e  for 

much of the wa ter u se ( ET ) . Later d i f ferences in ET are 

l i ke l y  due to pl ant water use ( transpi rat ion ) s i nce the 

canopy was ne arly comp l e tely cov er i ng the so il sur face . 

Rate of Devel opmen t 

The irr i gat ion treatment s af fec ted· the rate of 



Tab le 4 .  Evapot r ansp irat ion ( mm  per . 9 2m pro f i l e )  at each growth 
s t age for each t reatment in 1 983 . 

Treat- T i l ler- Jo int Boo t  He ad- An the - M i l k  
ment ing ing S 1 S 

1 5 . 84 47 . 24 5 . 08 24 . 1 3 6 . 60 44 . 9 5 
2 6 . 60 53 . 84 2 . 7 9 · 26 . 9 2 4 . 5 7 45 . 46 
3 7 . 62 49 . 5 3 3 . 04 26 . 6 7 6 . 3 5 46 . 2 2 
4 6 . 85 46 . 7 3 5 . 84 26 . 6 7 5 . 84 46 . 99 
5 8 . 38 48 . 26 6 . 60 2 7 . 68 9 . 1 4 44 . 70 
6 6 . 09 49 . 5 3 5 . 08 28 . 1 9 5 . 84 4 7 . 49 
7 2 1 . 5 9 50 . 03 5 . 3 3 26 . 4 1  6 . 85 46 . 48 
8 1 3 . 20 46 . 99 ·5 . o8 27 . 1 7 8 . 1 2 45 . 9 7 
9 22 . 3 5 50 . 54 3 . 04 28 . 1 9 6 . 3 5 45 . 7 2 

10  3 1 . 49 5 1 . 5 6 2 . 28 33 . 2 7 5 . 84 36 . 06 
1 1  24 . 1 3 52 . 5 7 5 . 08 28 . 44 14 . 9 8 36 . 06 
1 2  44 . 95 36 . 32 7 . 36 27 . 1 7 5 . 3 3 46 . 7 3 
1 3  48 . 00 42 . 4 1  4 . 06 27 . 43 5 . 84 45 . 9 7 
14 49 . 02 46 . 99 3 . 8 1 27 . 43 3 . 30 46 . 7 3 
1 5  34 . 03 45 . 9 7 5 . 08 26 . 1 6 8 . 89 39 . 8 7 
1 6  35 . 05 53 . 34 2 . 7 9 27 . 43 4 . 3 1 38 . 1 0 
1 7  35 . 30 49 . 78 4 . 3 1 25 . 40 6 . 60 42 . 1 6 
18 1 8 . 03 5 1 . 8 1 3 . 5 5 25 . 65 6 . 85 42 . 4 1  
1 9  1 8 . 28 52 . 83 7 . 8 7 20 . 82 6 . 60 50 . 03 
20 7 . 36 47 . 7 5 3 . 8 1 24 . 89 5 . 5 8 49 . 5 3 
2 1  9 . 1 4 47 . 7 5 4 . 82 2 1 . 5 9 4 . 5 7 44 . 70 

Dough 

14 . 9 8 
14 . 9 8 
1 6 . 5 1 
1 6 . 5 1 
1 6 . 5 1 
1 6 . 2 5 
1 5 . 74 
1 5 . 74 
1 5 . 74 
1 8 . 2 8 
1 7 . 0 1 
1 6 . 00 
14 . 7 3 
1 5 . 49 
1 6 . 00 
1 5 . 74 
1 6 . 7 6 
1 7 . 7 8 
1 4 . 98 
1 3 . 7 1 
1 2 . 9 5 

R i pe · 

9 7 . 5 3 
1 00 . 83 
1 02 . 36 
1 1 3 . 03 
1 1 1 . 2 5 
1 2 7 . 76 
140 . 9 7 
1 3 5 . 89 
1 4 7 . 06 
1 37 . 9 2 
146 . 5 5 . 
142 . 24 

94 . 9 9 
98 . 80 
8 7 . 88 
93 . 7 2 
93 . 4 7 

1 03 . 3 7 
1 0 1 . 60 
1 02 . 8 7 
1 06 . 1 7 

To t al 

246 . 38 
2 5 6 . 03 
2 58 . 3 1 
268 . 4 7 
2 7 2 . 54 
286 . 2 5 
3 1 3 . 43 
29 8 .  1 9  
3 1 9 . 02 
3 16 . 7 3 
3 24 . 86 
3 26 . 1 3 
283 . 46 
29 1 . 5 9 
2 63 . 90 
2 70 . 5 1 
2 7 3 . 8 1 
269 . 49 
2 7 3 . 0 5 
2 5 5 . 52 
2 5 1 . 7 1 

0\ 
0 



Tab l e  5 .  Evapotrans pirat ion (mm per . 9 2m pro f i l e )  at each growth 
s t age for each treatment in 1 984 . 

Treat- T i l ler- Jo int  Boo t  · He ad- An the- Mi lk 
ment ing in_g_ s i s  

1 22 . 09 45 . 2 1 5 1 . 8 1 53 . 08 1 9 . 30 4 1 . 6 5 
2 25 . 1 4 45 . 46 54 . 6 1 5 3 . 84 14 . 2 2 34 . 7 9 
3 29 . 2 1 39 . 3 7 45 . 72 45 . 72 23 . 36 36 . 3 2 
4 26 . 4 1 46 . 48 40 . 64 48 . 5 1 34 . 29 34 . 54 
5 26 . 4 1  43 . 68 5 1 . 05 75 . 69 1 . 5 2 30 . 48 
6 23 . 87 45 . 46 45 . 7 2 47 . 7 5 32 . 2 5 29 . 7 1 
7 23 . 62 44 . 45 48 . 2 6 47 . 49 39 . 3 7 35 . 30 
8 1 7 . 5 2 49 . 7 8 46 . 99 5 1 . 30 36 . 3 2 36 . 5 7 
9 21 . 84 44 . 7 9 46 . 73 50 . 0 3 38 . 86 42 . 1 6 

10  22 . 86 44 . 4 5 45 . 46 53 . 34 36 . 5 7 48 . 26 
1 1  25 . 90 44 . 1 9 5 1 . 56 55 . 1 1 4 7 . 7 5 6 7 . 3 1 
1 2  26 . 4 1  43 . 94 5 7 . 9 1 52 . 83 39 . 1 1  7 1 . 62 
1 3  25 . 1 4 43 . 94 56 . 1 3 5 7 . 6 5 41 . 40 7 1 . 1 2 
14 23 . 87 44 . 45 53 . 5 9 61 . 2 1 25 . 1 4 6 6 . 29 
1 5  24 . 63 43 . 1 8 56 . 1 3 . 46 . 48 1 8 . 7 9 66 . 80 
1 6  25 . 40 46 . 9 9 54 . 1 0 48 . 00 1 3 . 7 1 68 . 58 
1 7  27 . 1 7 41 . 9 1 54 . 6 1 50 . 03 5 . 84 68 . 0 7 
18  24 . 89 43 . 1 8 56 . 1 3 47 . 24 2 . 7 9 66 . 80 
1 9  23 . 1 1 42 . 9 2 5 1 . 8 1 54 . 86 6 . 60 48 . 7 6 
20 22 . 86 44 . 45 5 2 . 0 7 53 . 84 7 . 8 7 43 . 1 8 
2 1  23 . 8 7 4 1 . 65 52 . 3 2 50 . 29 6 . 60 36 . 06 
22 22 . 60 43 . 4 3  44 . 7 0 55 . 62 3 . 8 1 34 . 03 
23  21 . 84 4 1 . 40 53 . 08 61 . 2 1 0 . 7 6 36 . 83 

Dough Ripe 

38 . 86 30 . 98 
49 . 78 2 2 . 35 
44 . 70 2 1 . 84 
5 5 . 62 29 . 7 1 
50 . 29 9 . 39 
53 . 34 4 . 3 1 
5 1 . 0 5 - 1 0 . 66 
56 . 64 - 1 0 . 1 6 
5 3 . 34 - 1 . 7 7 
53 . 84 1 0 . 4 1  
63 . 7 5 29 . 2 1 
63 . 7 5 28 . 1 9 
5 7 . 8 1 26 . 4 1 
44 . 70 3 2 . 7 8 
46 . 2 2 43 . 68 
40 . 8 9 6 1 . 7 2  
4 1 . 40 5 5 . 88 
40 . 64 5 7 . 9 1 
60 . 96 4 1 . 65 
75 . 69 32 . 7 6 
62 . 48 29 . 7 1 
49 . 53 1 9  .. 30 
53 . 5 9 25 . 90 

To t a l  

303 . 02 
300 . 2 2 
28 6 . 2 5 
3 1 6 . 23  
288 . 54 
282 . 44 
2 7 8 . 89 
284 . 9 8 
29 6 . 1 6 
3 1 5 . 2 1 
384 . 8 1  
383 . 7 9 
3 7 9 . 73 
352 . 04 
345 . 94 
359 . 4 1 
344 . 9 3 
339 . 5 9 
330 . 70 
332 . 74 
303 . 0 2 
273 . 05 
294 . 64 

0\ 
....... 
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deve lopment o f  both c u l  t iv ars.. Head i ng was d e l ayed a s  i n

crea s i ng amounts of  water were app l ied through irr i g at ion 

in both years . S ampl i ng was done on a weekly b as i s , there

fore the ex tent of the ef fect  can onl y  be est imated . For 

both c ul t iv ars a d e l ay of three days in head i ng occ urred 

when compar i ng the ex treme s . Th i s  increased ra te of devel

opment was carr i ed into g ra in f i l l ing al though the ex tent 

of the del ay was red uced as the crop matured and was not 

ex i st ant at mat u r i ty . The d i f ference in rate of d evelop

ment was even more apparent between cul t ivar s . He ad i ng in 

Len was three to f ive days l ater than B utte across treat

ments . 

The ul t imate e f f e c t  of del ay ing development by 

irr ig at ion is that the t ime from i n i t i al grain d ev elopm ent 

to phys iolog ical mat u r i ty occurs dur i ng a per iod of  warmer 

temperatures and h ig her s tre ss . This g eneral ly prod uces a 

neg at ive ef fect on yield . 

Ranges and Means 

Mean s and rang e s  of yield and yield components for 

both cul t iv ars ov er both years are l i sted on T abl e s  6 and 7 .  

Av erage yield s in 1 9 8 4  were approx imately 2 Mg/ha greater 

than in 1 9 8 3  for both cul t ivars . S pi kes per square me ter , 

thousand gra i n  we ight , and sp ikelets per sp i k e  wer e  gre ater 

in 1 9 8 4  wh i le g r a i ns per spi ke were greater i n  1 9 8 3  for 

both Len and B ut t e . 



Tab l e  6 .  Range s  and means for yie l d  and yie l d  component s  for 1 9 83 . 

B U T T E 

Var iab le  Mean Std . Dev . Minimum 

Y ield  (Mg /ha ) 3 . 0 2 . 3 .5 2 . 4 7  

1 000 Grain Wt . ( g )  2 5 . 1 3 1 . 1 7 2 3 . 0 6 

Grams / Sp ike 29 . 2 9 1 . 5 9 2 5 . 80 

Spike l e t s / Sp ike 1 5 . 6 1 - 14 . 6 5 

Spike s / Square Me ter 609 . 44 7 9 . 1 1 484 . 2 5 

L E N 

Var iab l e  Mean Std . Dev . Minimum 

Yield  (Mg /ha ) 2 . 80 . 24 2 . 3 7 

1 000 Grain Wt . ( g )  2 6 . 0 3 . 7 1 24 . 62 

Grain s / Sp ike 26 . 39 1 . 70 2 2 . 8 5 

Spike l e t s / Spike 1 5 . 5 0 - 14 . 7 0 

Spike s / Square Me t e r  6 3 5 . 7 7 5 6 . 4 2 5 2 6 . 5 0 

Maximum 

3 . 68 

2 6 . 94 

3 2 . 6 5 

1 6 . 3 5 

7 93 . 00 

Maximum 

3 . 2 3 

2 7 . 2 2 

28 . 9 5 

1 6 . 2 5 

7 34 . 5 0 

Range 

1 . 2 1 

3 . 8 8 

6 . 8 5 

1 . 7 0 

3 08 . 7 5 

Range 

. 8 6 

. 2 6 

. 6 1 

1 . 5 5 

2 0 8 . 00 
0\ 
w 



Tab le 7 .  Rarige s  and me ans for yie l d  and yi e l d  componen t s  for 1 9 84 .  

B U T T E 

Var iab le Me an Std . Dev . Minimum Maximum Ran_&e 

Y ie l d  ( Mg/ha)  5 . 1 3 . 1 8 4 . 82 5 .  54 . 8 2 1  

1 0 00 Gr ain Wt . ( g ) 28 . 5 5 . 6 1  2 7 . 28 29 . 64 2 . 3 6 

Gr ains / Spike 28 . 8 5 1 . 8 9  2 5 . 3 0 3 2 . 5 5 7 . 2 5 

Spike l e t s / Spike 1 5 . 8 6 - 1 5 . 2 0 1 6 . 5 0 1 . 3 0 

Spike s / Square Me ter 6 7 7 . 1 0 6 7 . 9 9 447 . 2 5 83 2 . 0 0 3 54 . 2 5 
--·---- ·----- - -·- -

L E N 

Var i ab le Mean Std . Dev . Minimum Max imum Range i 
I 

Y i e l d  ( Mg/ha)  4 . 6 3 . 2 2  4 . 0 2 4 . 9 1  . 8 9  I I 
I 

1 0 00 Gr ain Wt . ( g )  2 7 . 06 . 6 2 2 5 . 46 28 . 0 8 2 . 62 

Gr ains / Spike 26 . 1 1 2 . 0 3  2 1 . 7 0 3 1 . 2 5 9 . 5 5 I 

Spikel e t s / Spike 1 6 . 5 3 - 1 5 . 7 5 1 7 . 4 5 1 . 7 0 

Spike s / Square Me ter 6 5 1 . 30 5 0 . 2 5 5 39 . 5 0 7 2 4 . 7 5  1 8 5 . 2 5 
� 



Var i ab i l i ty ( in terms . of s tand ard d ev i at ions ) was 

le s s  in 1 9 8 4  than in 1 9 8 3  f or al l components ex cept gr a i n s  

per spike for bo th c ul t iv ars . 

6 5  

But t e  outy ielded L en in both years of the study but 

d id not always h ave g re ater y i eld component dev elopment . 

I n  1 9 8 3  B ut te had a greater average number of gra i n s per 

spi ke b ut a lower av erage tho usand grain we ig ht and number 

of spi kes per square meter . But te general l y  showed more 

v ar i ab il ity than Len in i ts components i nd i ca t i ng more re

spon s i vene s s  to the ir r ig at ion treatments in 1 9 8 3 . 

I n  1 9 8 4  B ut te showed greater dev elopment of all  

component s ex cept sp i ke l e t s  pe r sp ike . Var i ab i l i ty in  th i s  

year of the study was s im i l ar between cul t iv ars . 

Prote i n  P ercentage 

Mea suremen ts of pe rcent prote i n content are l i s ted 

on Append i x  T abl es A 1 -A4 . Generally · there was very l i t tle 

var i at ion in prote i n  pe rcent between tr eatmen t s  in a g iven 

year . All tre atments for both c ul t iv ars were w i th in a 

range of abo ut 1 . 5 %  i n  1 9 8 3  and 1 %  in  1 9 8 4  for both Le n and 

Butte . An i nv er se rel a t ion sh ip between y i eld and prote in 

percent was ex pre s sed . Y i eld s in  1 9 8 4  w ere highe r  wh i l e 

prote in was lower . I n  1 9 8 3  y ields were lower and percent 

prote i n  gre ate r .  P rote i n  level s were re l at i ve l y  h i gh in

d icat i ng adequate n i trog en fert il ity in both years . •  
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Ex treme C ompar i sons 

Gra i n  y i e l d  and corre spond ing yield componen t s  for 

the h ig he st and lowe st y i eld i ng treatm ents are shown i n  

T ab l e s  8 and 9 .  The s e  Tab l e s  ind icate wh ich y i e l d  compo

nents contr ib u t ed to the y ield d i f ferences seen · in the 

study . In 1 9 8 3  ( Tabl e  8 )  thousand gra i n  we ight for But te 

and tho u s and g r a in we ight and grains per spi ke for Len are 

greater in the highe r  yield ing plots . Spikes per squ are 

met er however t e nd to be l e ss in the h ig her y i eld i ng plots . 

Y i eld component d i f ference s be tween the highe s t  and lowest 

y i e ld i ng plots i n  1 9 8 4  are small , mak i ng trend s  d i f f i c u l t  

to see from compar i sons . 

Tables  1 0  and 1 1  compare the so i l  mo i s ture pre sent 

at each stage of g rowth for the h ighest and lowe st y i e ld ing 

tr eatments . Tre atment 2 0  w as the highe st yield i ng tre at

ment for B u t te and the se cond h ighest y i eld i ng for Len in 

1 9 8 3  ( Tabl e 1 0 ) . Treatment 1 w as the highe s t  y i e l d i ng L e n  

and se cond h ig he st B utte treatment . So il mo i s t ures i n  

the s e two tr eatment s are compared to so i l  mo i sture s in 

treatment 9 at e ach s t age of growth . Treatment 9 was the 

lowe � t  yield ing tr e atment in 1. 9 83 for both cul t i var s . Com

par i sons for 1 9 8 4  treatments ( T able 1 1 ) are between 23 and 

1 ( But te high y i e l d  to low yield ) , 1 4  and 1 ( B ut te high 

y i eld to low y ie ld ) , and 23 and 1 4  ( Len h igh y i eld to low 

y i e ld ) . 

The so i l  mo i s t ure compar i sons for 19 83 s how that 



Tab le  8 .  Yi�ld  extreme s wi th as soc iated yie ld  component s for 1 9 83 . 

2 0  

Y i e l d  (Mg/ha ) 3 . 6 8 

1 000 Grain Wt . ( g )  2 6 . 6 3 

Sp ike s /  Square· Me ter 62 7 . 2 5 

Spike l e t s / Spike 1 5 . 85 

Grains / Sp ike 30 . 4 5 

20 

Y ie l d  ( Mg/ha )  3 . 1 9 

1 0 00 Grain Wt . ( g )  26 . 44 

Spike s / Square Me ter 5 2 6 . 5 0 

S p ikel e t s / Spike 14 . 70 

Grain s / Sp ike 2 7 . 2 0 

B U T T E 
TREATMENT NUMBER 

2 1  1 

3 . 3 1 3 . 5 9 

26 . 94 2 5 . 30 

5 5 2 . 5 0 484 . 2 5 

1 5 . 8 5 1 5 . 5 5 

29 . 7 5 28 . 6 5 

- -- ---------··-------

L E N  
TREATMENT NUMBER 

2 1  1 

3 . 1 3 3 . 2 3 

26 . 3 1 2 6 . 64 

5 9 8 . 00 633 . 7 5 

1 5 . 8 5 1 5 . 80 

26 . 30 2 6 . 3 5 

9 

2 . 4 7  

2 3 . 98 

7 1 1 . 7 5 

1 5 . 5 5 

2 9 . 45 

9 

2 . 3 7 

24 . 9 8 

7 34 . 5 0 

1 6 . 1 5 

24 . 0 5 

8 

2 . 6 5 

24 . 1 8 

6 5 3 . 2 5 

1 6 . 3 5 

30 . 5 0 

8 

2 . 3 7 

2 5 . 2 0 

7 1 5 . 00 

14 . 90 

24 . 9 5 

7 

2 . 49 

24 . 1 6 

546 . 00 

1 5 . 8 5 

2 9 . 6 5 

7 

2 . 5 5 

24 . 62 

6 5 0 . 0 0  

1 5 . 0 5 

2 5 . 9 5 
0\ 
......... 



Tab l e  9 .  Yield extremes with as soc iated yie l d  component s  for 1 984 . 

14 

Yield  (Mg/ha ) 5 . 54 

1000 Grain Wt . ( g )  28 . 38 

Spike s / Square Me ter 6 7 2 . 7 5 

Spike l e t s / Spike 1 5 . 6 3 

Grains/ Spike 3 1 . 1 5 

23 

Yie l d  (Mg /ha ) 4 . 9 1 

1 000 Gra in Wt . ( g )  26 . 20 

Spikes/ Square Meter 646 . 7 5 

Spike l e t s / Spike 16 . 4 5 

Grains/ Sp ike 28 . 30 

---------

B U T T E 
TREATMENT NUMBER 

23 2 0  

5 . 47 5 . 3 1 

28 . 4 2 28 . 40 

659 . 7 5 663 . 00 

1 5 . 7 5 1 5 . 83 

29 . 5 0 30 . 60 

L E N 
TREATMENT NUMBER 

1 6  9 

4 . 8 7 4 . 8 8 

27 . 46 2 6 . 90 

5 6 5 . 50 630 . 60 

16 . 7 0 1 6 . 6 5 

2 7 . 20 2 7 . 4 5 

- - �--- --��-� 

1 

4 . 82 

29 . 14 

6 1 7 . 50 

1 6 . 00 

29 . 5 5 

2 

4 . 1 8 

26 . 7 2 

5 8 1 . 7 5 

1 6 . 20 

2 5 . 85 

3 

4 . 83 

29 . 38 

74 1 . 00 

1 6 . 20 

3 1 . 4 5 

1 5  

4 . 3 7 

28 . 08 

640 . 2 5 

1 7 . 30 

3 1 . 2 5 

1 2  

4 . 9 5 

28 . 7 8 

6 3 7 . 00 

1 5 . 70 

3 2 . 60 

14 

4 . 02 

2 7 . 2 2 

640 . 2 5 

1 6 . 6 5 

24 . 40 

I 

� 

0'\ 
(X) 



Tab le 1 0 . Compar i s ons of s o il mo i s tur e s  (mm. in . 9 2m pro f i l e ) a t  
each growt h  s t age for high and l o w  yie l d ing tr e a tment s  
in 1 9 8 3 . 

Growth Tre a tment Treatment Trea tment 
S t age 20 1 9 20-9 

T i l ler ing 2 7 3 . 3  243 . 6  262 . 6  + 1 0 . 7  

Late 
T i l ler ing 2 6 5 . 9  2 3 7 . 7  260 . 6  + 5 . 3  

Jo int ing 2 7 6 . 4  248 . 7  26 8 . 2  + 8 . 1 

Boot 2 7 2 . 5  243 . 6  2 6 5 . 2  + 7 . 3  

Head ing 2 7 2 . 5  244 . 3  2 6 1 . 9  + 1 0 . 7  

An the s i s 2 6 7 . 0  2 3 7 . 7  2 5 5 . 5  + 1 0 . 7  

Milk 2 5 9 . 1  2 34 . 4  25 1 . 5  + 7 . 6  -

Dough 2 6 7 . 0  23 6 . 0  2 5 2 . 2  + 14 . 7  

Ripe 2 3 8 . 3  205 . 0  2 5 3 . 0  - 14 . 7  

Treatment 20 - H ighe s t  y i e l d ing But te 2nd h ighe s t  Len . 
Tr eatment 1 - H i ghe s t  yie l d ing Len 2nd highe s t  But t e . 
Tre atment 9 - Lowe s t  y i e l d ing Len and But t e . 

1 -9 

- 1 9 . 1  

- 22 . 9  

- 1 9 . 6  

- 2 1 . 6  

- 1 2 . 5  

- 1 7 . 5  

- 1 7 . 0  

- 1 6 . 3  

- 48 . 0  

6 9  



Tab le 1 1 .  Compar i sons of s o il mo i s ture s ( mm  in . 9 2 m pro f i l e )  a t  
each growt h  s t age fo r high and low yie l d ing treatment s 
in 1 9 84 .  

S t age 23 1 4  1 23-1 

T i l ler ing 2 94 . 6  2 9 7 . 2  280 . 7  + 1 3 . 9  

Late 
T i l ler ing 2 96 . 9  3 0 1 . 5  283 . 2  + 1 3 . 7  

J o in t ing 2 9 2 . 4  2 9 1 . 8  2 74 . 6  + 1 7 . 8  

Boot 305 . 3  3 04 . 3  288 . 8  + 1 6 . 5  

He ad ing 2 9 5 . 1  2 9 9 . 2  29 1 . 8  + 3 .  30 

An the s is 294 . 4  2 94 . 4  2 7 7 . 9  + 1 6 . 5  

M i l k  2 8 8 . 5  2 8 8 . 5  2 5 8 . 6  + 29 . 9  

Dough 280 . 7  2 8 3 . 7  2 5 8 . 1 + 22 . 6  

Ripe 28 7 . 0  3 1 8 . 8  2 54 . 5  + 32 . 5  

Tre atment 23 - High y i e l d ing Len and But te . . 
Tr eatment 1 4  - H igh yi e l d ing But te low yie l d ing Len . 
Treatment 1 - Low y i e ld ing B ut t e . · 

1 4- 1 23- 14 

+ 1 6 . 5  - 2 . 60 

+ 1 8 . 3  - 4 . 60 

+ 1 7 . 2  + . 60 

+ 1 5 . 5  + 1 . 00 

+ 7 . 4  - 4 . 1 0  

+ 1 6 . 5  0 . 00 

+ 29 . 9  0 . 00 

+ 25 . 6  - 3 . 00 

+ 64 . 3  - 3 1 . 80 

70 
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the h ighest y i eld i ng treatment for B utte h ad more so il mo i s

ture than the lowes t  y i e ld ing treatment at every growth 

stage ex cept for r i pe .  Len , on the other h and , h ad l es s  

so i l  moi sture i n  the h i g he r  yield i ng treatment at every 

g rowth stag e . This trend was repe ated in 1 9 8 4 . H ig he r  

y i eld ing tre atment s for But te had more mo i s tu re than lower 

y i e ld i ng treatments at all stag es of growth . S o il mo i s t ure 

· d i f ference s be tween high and low yield ing tre atments were 

smal l er for Len in 1 9 8 4 . There was more so il mo i s t ure i n  

the highe s t  yield ing tre a tment i n  onl y the j o i n t ing and 

boot stage . 

S impl e Correl at ions 

Corre l at ions of evapotr �nspirat ion ( ET )  at a s i ng l e  

g rowth stage to y i e ld components are fo und o n  T abl e s  1 2 - 1 5  

for each cul t ivar and each ye ar . 

I n  general , both yield and yield component s  we re 

. neg at iv ely corr e l a t ed w i th ET for bo th cul t iv ars in both 

ye ars . 

A s i gn i f i c ant neg a t i ve corre l at ion ( . 0 5 ) of gr a i n  

y i e ld w i th E T  at dough and h ig hly s ig n i f i cant ( . 0 1 ) neg

at ive corre l at ions of y i e l d  wi th ET at he ad ing and ripe 

were fo und in 1 9 8 3  for both cul t iv ars . I n  1 9 8 4 , the only 

s i gn i f i cant correl at ion of yield with ET at a s in g l e  growth 

s tage was the po s i t ive correl at ion at head i ng for B utte . 

For Butte in 1 9 8 3 , spikes pe r square me ter , 
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Tab le 1 2 .  But te 1 9 8 3  c orre l a t ion c oe f f ic i ent s for ev apo trans p i r a t ion 
at a s ing l e  growth s tage wi th yie l d  and yie ld componen t s .  

Spike s /  
S t age of S quare 
· Growth Yie ld Me ter 

T i l ler ing - • 1 1  - . 2 3 

J o int ing . 0 1  . 34 

Boot . 1 1 - . 24 

He ad ing - . 6 9** . 3 3 

An the s i s  - . 2 0 - . 08 

Mi l k  . 2 2 . O S 

Dough - . 5 0* . 2 6 

Ri pe - . 64** . 3 7 

To t a l  E T  - . 64** --

* . 05 Level of s ign i f ic anc e . 
** . 0 1 Lev e l  of si gni f i c anc e . 

S p ike l e t s /  Gr ains / 1 00 0  
Spike Sp_i ke Gr ain Wt . 

- . 29 - . 0 3 - . 04 

. 0 1 - . O S . 1 4 

- . 2 7 - . O S . 08 

. 1 2 - . 2 S - . 7 S **  

. 0 1 . 0 2 - . 2 S 

. 1 0 . 1 7 . 1 7 

- . 1 2 - . 1 6 - . 4 6 *  

. 20 - . 0 5 - . 7 3 ** -

-- -- --



Tab l e  1 3 . Len 1 9 83 corre l at ion coe f f ic ient s for evapo tran s p irat ion 
at a s ing l e  growth s t age wi th yie l d  and yie l d  component s . 

Spike s /  
S t age o f  S quare 

Growth Yie l d  Me ter 

T i l ler ing . 0 0 . 1 4 

Jo int ing - . 1 0 - . 1 5 

Boot . 0 1 . . 1 4  

He ad ing - . 5 3* . 2 3 

An the s i s  - . 2 2 . 3 7 

M i l k  . 0 2 - . 2 0 

Dough - . 44* . 24 

Ripe - . 5 5** . 4 9* 

To t a l  ET - . 54** --

* . 05 Level of s ign i f icance . 
** . 0 1 Level of s igni fi"c anc e . 

Spike l e t s / Grains / 1 000 
Spike Spike Gr a in Wt . 

- . 1 7 . 1 7 - . 2 7 

. 03 - . 0 7 . 1 7 

. 02 . 0 8 - . 0 6 

- . 1 0 - . 5 3* - . 2 2 

- . 1 3 - . 1 6 - . 3 3 

. 08 . 1 4 . 1 7 

- . 05 - . 3 0 - . 20 

. 00 - . 7 3** - . 64 ** 

-- -- - -
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Tab le 1 4 .  But t e  1 9 84 corre l a t ion coe f f ic ient s for evapo tran s pira
t ion at a s in g l e  s t age of growth wi th yie l d  and yi e l d  
c omponen t s . 

Spi ke s /  
S t age of Square 

Growth Y i e l d  Me ter 

T i l ler in g  - . 2 6 . 1 1  

J o in t ing . 1 3 . 2 6 

Boot . 1 7 - . 44* 

He ad ing . 4 5* . 00 

An the s i s  - . 2 6 . 24 

M i l k  . 1 2 - . 3 0 

Dough . 1 1 - . 1 3 

Ri pe . 1 0 - . 3 5 

To t a l  . 1 2 - -

* . 05 Level of s ign i f icance . 
** . 0 1 Leve l  of s igni f i c an c e  .

. 

Spike l e t s /  Gr ain s /  1 000 
Spike Spike Gr ain Wt . 

. 2 7 - . 0 3 . 1 7 

- . 1 1  - . 0 1 - . 08 

. 3 6 . 1 7 - . 30 

- . 4 1 * . 00 - . 3 5 

- . 3 2  - . O S - . 0 7 

. 60** . 28 - . 3 8  . 

. O S . 1 1  - . 2 S 

. 6 6** . 1 4 - . 0 7 -

-- -- - -
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Tab le 1 5 . Len 1 9 84 corre l a t ions for evapo trans p ir a t ion at a s ing le 
growth s t age wi th yie ld and yie ld component s . 

Spike s /  
S t age of S quare 

Growth Y i e l d  Me t er 

T i l ler ing - . 3 6 - . 0 8 

J o int ing . 0 8 . 0 1  

Boo t  - . 1 8 - . 2 9 

He ad ing - . 0 2 - . 0 1 

Anthe s i s  - . 1 0 . 0 9 

Milk - . 2 6 - . 2 1 

Dough . 2 2 . 34 

Ri pe - . 1 8 - . 1 7 

T o t a l  - . 24 --

* . 05 Level 0f s ign i f icance . 
** . 0 1 Level o f  s i gni f i c anc e . 

Spike l e t s /  Gra ins / 1 000 
Spike Spike Gr ain Wt . 

. 1 6 . 0 7 . 0 9 

- . 33 - . 40* - . 2 2 

. 63** . 2 2 - . 6 1 ** 

- . 08 - . 29 - . 3 2 

- . 2 1 - . 46 *  - . 04 

. 62** . 14 . 6 1 ** 

. 24 - . 29 - . 24 

. 5 7** . 1 30 . 4 2* 

-- -- - -
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spikel e ts per spi ke and g ra ins per spi ke had no s ig n i f i cant 

correl at ions with ET at any stage of growth . Len , on the 

other hand , had a s ig n i f i c ant po s it ive corr e l a t ion of 

sp i kes per · squ are meter w i th ET at · ripe and a sign i f i c ant 

neg at ive correl at ion of g r ai ns per spike w i th ET at he·ad i ng . 

S tat i s t i c a l l y  ET at ripe for Len is highly neg at i ve corre

l ated to gra i ns per spike , al though g rain number h as been 

determined be fore th i s  stage of growth . Tho usand gra i n  

we ig ht shows h ig hly s ig n i f i c ant neg at ive correl at ions w ith 

ET at head ing and ripe stages in Butte and a s i gn i f i c ant 

neg at ive correl at ion at dough . Tho u sand grain we ig ht has a 

h ighly sign i f i c an t  neg at ive corre l at ion with ET at ripe for 

Len . 

I n  1 9 8 4 , Butte shows a · signi f i cant neg at i ve cor

rel at ion w i th spikes per square meter and ET at boot . 

S ince sp i kel e t s  pe r spike are determ ined pr ior to head ing , 

s ig n i f i cant correl a t i ons to ET at l ater s tag es of g rowth 

wi l l  not be con s i dered . 

Len is more clo se l y  correl ated to ET than But te 

in 1 9 8 4 . S pikel ets per spike and tho u s and grain we ig h t  

were highly s i gn i f i can t l y  correl ated wi th ET a t  boot . A t  

· j o int i ng and anthe s i s , E T  had a s ig n i f i cant neg at ive cor� 

re l at ion with gra i ns pe r spi ke . Tho usand gr a i n  we ight  is 

po s i t iv ely correl ated w i th ET at the m il k  ( h ig hly s ig n i f

icant ) and ripe ( s ign i f i cant ) stages . 

Correl at ions for g rain y i eld w i th total s e a sonal ET 
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are al so l i sted o n  T abl e s  1 2 - 1 5 .  The only s ig n i f i cant 

correl at ions are in 1 9 8 3  w ith both Len and But te . The cor

rel at ions are h ighly neg at iv ely s ign i f i cant for both cul

t i var s . Y ie l d s tend ed to decrease· as  total sea sonal water 

u se increas ed . 

Mul t iple Regr e s s ions 

Mul t iple regre s s ions were ut i l i zed to det erm ine the 

close st l i ne ar a s soc i at ion of ET to grain y i eld and y i e ld 

component s . The re s u l t s  are l i sted in Tab l e s  1 6 - 1 9 .  The 

SAS proced ure Le aps was u s ed and the mul t iple reg re s s ion 

model  g iv ing the h i ghe s t  coe f f i c ient of determinat ion wi th 

the fewe st appropr i ate i ndepend ent v ar i ables was s e l e c t ed 

as the be s t  mod e l . 

The mul t iple regre ss ion model s for ET v er s u s  gra i n  

y i eld i n  1 9 8 3  had h ig hly s ig n i f i cant coe f f i c i ents o f  deter

minat ion ( R2 ) for both Len and Butte . The fo ur var i -

able mod el for B u t te ( T ab l e  1 6 ) ut il i z ed E T  at the l ater 

stag e s  of growth wh i l e  the five var i ab l e  mod el for Len 

( Tabl e 1 7 )  u s ed . both e arly and l ater stag es . In both 

mod el s ,  ET had neg at ive ef fects  on yield as the y  had in the 

corre l at ions . 

The same trend was seen in the mul t iple regre s s ion 

mod el for ET at g rowth s tag es and tho u sand g r a in we ig ht for 

each cul t ivar . Ag a i n  the model s were highly si gn i f i cant , 

ut il i z ed ET at fo ur l ater stag es for B utte . and f ive s t ag e s  



Tab le 1 6 .. B e s t  mul t ip le regre s s ion model for ET at growth s t ag e s  
versus yie l d  and yie l d  componen t s  for But t e  in 1 9 8 3 . 

GRAIN YIELD = 6 . 8 7 - 1 . 7 8H - 1 .  03D - . 34M - . 1 7R 

R2 = . 6 2 
r = . 7 9 **  

THOU SAND GRAIN = 40 . 7 7 - 8 . 40H - 1 . 9 9A - 2 . 2 6M - . 5 3 R  
WEIGHT 

R2 = . 7 9 
r - . 8 9 **  

GRAINS PER SPIKE = 43 . 1 9 - 2 . 6 1 J  - 1 1 . 6 1 B  � 7 . 5H + 4 . 0 2A 

R2 = . 1 5 
r - . 39 

SPIK.ELETS PER SP IKE = 1 6 . 48 - . 2 3T - . 3 5 J  

R2 = . 1 0 
r - . 1 0 

� 

SPIKE S  PER SQUARE = 85 . 90 + 2 . 8 5 T  + 36 . 5 7A 
METER 

R2 = . 1 8 
R = . 4 2 

* . 05 Level o f  s ign i f ic ance . 
** . 0 1  Level o f  s i gn i f i c anc e . 

T - ET at t i l ler ing . A - ET at anthe s i s . 
J - E T  a t  j o int ing .. M - ET a t  mi lk . 
B - ET at boot . D - ET at dough . 
H - E T  a t  hea l ing . R - E T a t  ripe . 
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Tab l e  1 7 .  B e s t  mul t i p le regr e s s ion model for ET at growth s t ag e s  
ver sus yie l d  and yi e l d  component s for L e n  i n  1 9 8 3 . 

GRAIN YIELD · = 7 . 2 7 - ( . 5 3J ) - ( 1 . 2 5B ) - ( 1 . 8 3 H )  - ( . 5 9M ) 
- ( . 06R ) 

R2 = . 5 5 
r = . 74** 

THOUSAND GRAIN = 28 . 46 - ( . 3 3 T )  - ( 1 . 6 1 H )  - ( 1 . 9 1 A )  - ( . 9 1M )  
WEIGHT - ( . 42 R )  

R2 - . 5 6 
r = . 7 5** 

GRAINS PER = 36 . 83 + 1 . 04T - 1 0 . 8 3 H  
S PIKE 

R2 = . 40 
r = . 6 3** 

SPIKELETS PER 
SPIKE = 1 6 . 1 3 - . 1 ST - . 2 1 J  - . 4 9B 

.. R2 = . 04 
r - . 2 0 

SPIKE S  PER 
SQUARE METER = 1 1 . 6 6 - 5 . 48T + 18 . 0 7 J  + 49 . 8 6H 

R2 = . 28 
R = . 5 3 

* . 05 Level of s igni fi c ance . 
** . 0 1 Lev e l  o f  s i gn i fi c anc e . 

T - ET at t i l ler ing . A - ET at anthes i s . 
J - E T  a t  j o in t ing . M - E T  a t  milk . 
B - ET at boot . D - ET at dough . 
H - E T  a t  he a l ing . R - E T  a t  ripe . 
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Tab le 1 8 .  B e s t  mul t ip le regre s s ion· model for ET at growth s t ag e s  
ver sus yi e l d  and yie ld component s for But t e  in 1 9 84 .  

GRAIN YIELD = 5 . 5 9 - . 69T - · . 28B + . 3 1 H  - . 0 9A 
+ . 1 5M 

R2 = � 40 
r = . 6 3* 

THOUSAND GRAIN = 30 . 4 8 + 1 .  74T - . 8 7H - . 3 7D - . 5 2M 
WE IGHT 

R2 = . 43 
r = . 6 6 * 

GRAINS PER SPIKE = 32 . 8 3 - 3 . 0 7B - 1 . 5 2A + l . l OD + 2 .  74M 
- 1 . 1 6R 

R2 = . 1 7 
r = . 4 1 

SPIKELETS PER SPIKE = 1 5 . 7 9 - . 4 3H + . 24D + . 1 4M + . 2 2 R  

R2 = . 6 5 

80 

r = . 80 ** 
.. 

SPIKE S PER SQUARE = 32 . 8 5 + 42 . 9 2T + 46 . 39 J  - 25 . 03B 
METER 

R2 = . 3 3 
r = . 5 7* 

* . 05 Level o f  s ign i f i c ance . 
** • 0 1  Leve l o f  s i gni f i c anc e . 

T - ET at t i l l ering . A - ET at anthe s i s . 
J - ET a t  j o in t ing . M - E T a t  mi lk . 
B - ET at boot . D - ET at dough . 
H - ET at he a l ing . R - E T  a t  r ipe . 



8 1  

Tab le 1 9 .  B e s t  mul t i p le regre s s ion' model f o r  ET a t  growth s t ag e s  
ver s us yi e l d  and yie l d  component s ·for L en in 1 9 84 .  

GRAIN YIELD = 5 . 5 2 - . 7 1 T - . 2 1 B - . 0 7A + . 1 3D 

R2 = . 2 1 
r = . 4 6 

THOUSAND GRAIN = 26 . 1 9 + 1 . 4 1 B  - 1 . 1 8H - . 42A + . 6 8M 
WE IGHT - . 42R 

R2 = . 6 1 
r = . 7 8** 

GRAINS PER SP IKE = 39 . 8 1 - 4 . 83H - 3 . 7 3A + 2 . 2 7M - 2 . 0 3 R  

R2 = . 5 1 
r = . 7 1 ** 

SPIKELETS PER SPIKE = 1 5 . 5  - l . OSJ  + 1 . 4B 

R2 = . 4 3 
r = . 6 6** 

-

SPIKE S  PER SQUARE = 108 . 8  - 1 1 . 6 2B + 7 . 0 9 D  
METER 

R2 = . 1 9 
r = . 43 

* . OS Level of s igni f icance . 
** . 0 1 Level o f  s i gn i f i c ance . 

T - ET at t i l l e r ing . A - ET at anthe s i s . 
J - ET at j o in t ing . M - E T  a t  mi lk . 
B - ET at boot . D - ET at dough . 
H - E T  a t  he al ing . R - E T  at ripe . 



for Len , and showed a neg ative correl at ion between ET and 

thous and gra i n  we i ght . 

Gra i n s  per spi ke. were highly sign i f ic ant l y  correl

ated w i th ET at t i l l er i ng { po s i t ive e f fect } and h e ad i ng 

{ neg at ive effect } in a two var i ab l e  mode l  with Le n . B ut te 

h ad no s ig n i f i cant mod el in 1 9 8 3  for grains per s p i ke . 

8 2  

Both sp i ke l e t s  per sp ike and sp i kes per square meter fa i l ed 

to show s ig n i f i c ant correl at ions w i th ET in mul t i p le re

gre s s ion mod e l s w i th each cul t i var in 1 9 8 3 . 

Mul t iple reg re s s ion ind i cates a d i f ferent re sponse 

to ET i n  the two cul t i var s in 1 9 8 4 . Onl y  But t e  had a s ig

n i f i c ant mod el for g r a in y i e ld and th is mod el u se d  ET at 

ear l y  growth st ag e s  in stead of later stages as in 1 9 8 3 . 

Thousand g r a in . we ig ht , spikes per square me ter and spi ke

le t s  per sp i ke per square meter likew i s e  had si gn i f i c ant 

mul t iple reg re s s ion mod els w i th B ut te . 

Len in 1 9 8 4  h ad onl y  the yield components of tho u

s and g r a in we ight , g r a i ns per spike and spikel ets per spi ke 

s i gn i f i cant l y  correl ated with ET us i ng mul t iple regre s s ion . 

The thous and g r a in we ight mod el uses ET at f ive g rowth 

stag e s . Evapotransp i rat ion at four stages is used in the 

. gra i ns per sp i ke mod el wh i le spikelets per sp i ke are d e ter

mined be s t  by ET at jo int ing and boot . 

As w i th the s imple correl at ions , most v ar i ables i n  

the mul t i ple regr e s s ion model s had a neg at i ve e f f e c t  on 

y i e ld and the components of y i e ld . 
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T i l l er ing Pattern 

The as s oc i at ion of prod ucti ve t i l l e r i ng at each 

stage of g rowth w i th ET w as d e term ined by regre s s i ng spi kes 

pe r squ are meter on ET at growth stages with both simple 

and mul t iple regre s s ion . Re sul ts of the s imple - correl

at ions for both cul t ivar s  in both year s are pre sented in 

Tabl e s  2 0 - 2 3 . The b e st mul t iple reg re s s ion mod e l s  are i n  

Tab l e s  2 4 - 2 7 . 

I n  1 9 8 3 , But te had s i gn i f i cant pos i t i ve correl

at ions of spikes per squ are me ter at head i ng ,  anth e s is and 

m i l k  with ET at he ad ing . Spikes per squ are meter at ripe 

showed a s ig n i f i c ant neg a t ive correl a t ion w i th ET at j o in t

ing ( Tabl e  2 0 ) • 

For L e n  in 1 9 8 3  ( Tabl� 2 1 ) ,  sp ikes pe r squ are meter 

at head i ng ,  m il k , dough and ripe were h ighly s ig n i f i c an tl y 

correl ated . with ET _ at he ad ing and spi kes pe r square meter 

at anthe s is were s ign i f i c antly correl ated w i th ET at 

anthe s i s . Al l of the s e  corre l at ions were pos i t ive . 

S pikes per square me ter at the boot stage had a s i gn i f

icant neg at i v e  corre l at ion wi th ET at t i l ler i ng . S p i ke s  

per square me ter at dough l i kew i se showed s ig n i f i cant po s

i t ive corr e l a t ions w i th ET at anthe s i s  and at do ugh . S p i kes 

per square me ter at r i pe  were s ig n i f i c an tly and h ig hly s i g

ni f i cant ly corre l ated wi th ET at anth e s i s  and ripe re spe c

t iv el y . The se correl at ions were ag ain po s i t ive � 

I n  1 9 8 4  f ewer t i l l er co unt s were · made dur ing the 



Tab le 2 0 . Corr e l a t ion c o e f f i c ient for produc t ive s p ikes per s q uare 
me t e r  at growth s t age s · vs ET at growth s t ag e s for But t e  
i n  1 9 8 3 . 

Growth 
S t age B o o t  He ad ing 

T i l l e r ing - . 34 - . 0 5 

Jo int ing . 1 4 - . 0 6 

Boo t  - . 1 8 - . 04 

Head ing - . 5 0* 

Anthe s i s  - -

M i lk - -

Dough - -

Ripe - -

* . 05 Level of s ign i f icance . 
** . 0 1 Level of s i gn i f i c anc e . 

An the s i s  M i l k  Dough Ri"pe 

. 1 2 - . 2 2 - . 0 7 . 1 7  

. 24 . 2 2 . 2 8 - . 4 6* 

- . 1 9 . 0 2  . 04 . 34 

. 5 1 * . 54* . 0 7 - . 2 6 

. 34 . 40 . 09 . 00 

- - . 1 6 - . 1 0 . 3 8 

- - . 0 3 - . 2 5  

- - - . 1 3 
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Tab le 2 1 . Corr e l a t ion coe f f i c ient for product ive s p ikes per s q uare 
me ter at growth s t ag e s  vs ET a t  growth s tage s for Len in 
1 9 8 3 . 

Growth 
S tage Boo t  He ad ing 

T i l ler ing - . 46* . 03 

Jo int ing . 20 . 04 

Boot . 0 9 . 1 2 

Head ing - . 7 7 ** 

An the s i s  - -

Mi lk - -

Dough - -

Ripe - -

* . OS Lev e l  of s ign i f icance . 
** . 0 1 Level o f  s i gn i f i c anc e . 

An the s i s  M i l k  Dough Ripe 

- . 14 - . 0 2 - . 1 4 . 1 3 

. 03 - . 0 2 . 06 - . 0 3 

- . 2 7 . 0 7 - . 1 1 -0 -

. 49 * . 6 3*� . 6 1 *� . 60** 

. 1 2 . 40 . 4 7* . 54* 

- - . 1 6 - . 3 5 - . 3 8 

- - . S O *  . 38 

- - - . 7 8 ** 
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T able 2 2 . C orrel a t ion coe f f i c i ents for prod u c t iv e  
sp i kes per squ are meter at growth stag e s  
v s  E T  a t  g rowth stag es for B utte i n  1 9 8 4 . 

P RODUCT I VE SPI KES PER. SQUARE METER 

Growth 
S t age T i l l e r i ng Head ing M i l k  

T i l l e r i ng . 0 7 • 1 2  - . 0 4 

Joint ing - . 0 3 . 2 9 . 2 4 

Boot - - . 1 3  . 2 2 

Head ing - • 1 0  - . 0 5 

An the s i s  - - . 2 8 

M i l k  - - . 0 8 
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T able 2 3 . C orre l at ion coe f f i c i ents for prod u c t iv e  
spi ke s  pe r squ are meter at growth stage s  vs 
ET at g rowth s tag es for Len in 1 9 8 4 . 

P RODUCT I VE SPI KES PER SQUARE METE R  

Growth 
S t age T i l l er ing 

T i l l er i ng . 2 2 

Joint i ng • 1 9  

Boot -

He ad ing -

Anthe s  i s  -

M i l k  -

* . 05 Level of s ig n i f i c ance 
** . 0 1  Level of sign i f i c ance 

He ad i ng 

• 1 9  

- . 2 8 

- . 2 1  

• 1 2  

-

-

M i l k  

• 1 7  

- . 2 0 

- . 0 2 

• 1 9  

- . 1 8  

- . 4 8 *  
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Tab le 24 . Be s t  mu l t ip le regre s s ion model for s p ikes per s q uare 
me ter vs ET for But t e  in 1 98 3 . 

S p ike s per 
S quare Me t er 

Boo t = 1 5 . 2 2 

He ad ing = -6 2 . 3 3 

Anthe s i s  = - 3 . 3 9 

Milk = - 1 6 6 . 9 0 
+ 1 7 2 . 9H 

Dough = - 19 . 8 2 
- 9 7 . 340 

Ripe = 1 26 . 7  
- 69 . 9 8H 

Be s t  R2 Mode l  

- 1 8 . 22T 1 + 1 14 . 00H 

- 8 . 84T +9 2 . 7 9B + 1 5 0 . 1 0H 

- 6 . 7 3 T  +86 . 1 5H + 39 . 8 7A 

- 1 0 . 94T +3 7 . 78J + 1 73 . 5B 

+46 . 7 1 + 1 04 . 0B + 68 . 2H 

+ 8 . 3 3T - 33 . 8 2J - 66 . 5 9 B  
+45 . 49A + 38 . 06M + 5 . 96R 

* . 05 Level of s igni f i c ance 
** . 0 1 Level of s i gn i f i c anc e 

1 S ymb o l s  T ,  J ,  B ,  H ,  A ,  M ,  D ,  R s t and for ET a t  
j o in t ing , boot , he ad ing , ant he s i s , milk , dough 
r e s pec t ive l y . 

R2 = . 3 6 
r = . 6 0* 

R2 = . 34 
r = . 5 8 * 

R2 = . 40 
r = . 6 3 * 

R2 = . 6 2 
r = . 7 9 ** 

R2 = . 1 9 
r = . 44 

. R2 = . 43 
r = . 6 6 * 

t i l le r ing , 
and r i pe 
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Tab le 2 5 . B e s t  mul t ip le regre s s ion model for s p ikes per s q uare 
meter vs ET for Len in 1 983 . 

T i l l er per 
Me ter at 

Boot = -3 6 . 2 6 -3 2 . 64T 1 

He ad ing = -1 5 2 . 4  - 9 . 42 T  

An the s i s  = 1 2 . 90 - 8 . 6 5 T  

M i l k = - 1 3 5 . 60 + 5 9 . 08B 
+ 37 . 1 4M 

Dough = 33 . 8 1 - 4 .  73 

Ripe = . 43 . 2 7 +45 . 60H 
+ 6 . 60R 

* . 05 Level of s ign i f ic ance 
** . 0 1 Level o f  s i gni f i c anc e 

Be s t  R2 Mod e l 

+ 1 7 5 . 1 0H 
R2 = . 5 2 
r = . 7 2** 

+ 1 1 8 . 8B +229 . 0H 
R2 = . 7 0 
r = . 84 ** 

+95 . 8 7H 
R2 = . 3 2 
r = . 5 7 * 

+140 . 00H + 65 . 0 2A 

R2 = . 64 
r = . 80 ** 

+ 61 . 2 1 + 35 . 4 7 

R2 = . 6 1 
r = . 7 8** 

+ 41 . 1 3A - 42 . 1 2 D  

R2 = . 7 8 
r = . 8 8** 

1 Symb o l s  T , J ,  B ,  H ,  A, M, D & R s t and for ET at t i l l e r ing , 
j o in t ing , boot , head ing , an the s i s , m i l k , dough and r i pe . · 
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Tab l e  2 6 . Be s t  mu l t i p le regre s s ion mod e l s  for s p ikes per s quare 
me ter vs ET for But te in 1 984 . 

S p ike s pe r square Be s t  Mu l t ip le Regres s ion MOd e l :  
me t er a·t :  

· T i l 1 er ing = 1 29 . 1  + 1 3 . 36T1 

Head ing = - 9 . 2 1 + 3 6 . 1 6T 
+ 1 0 . 84H + 7 . 88A 

M i l k  = - 3 1 . 1 1 + 28 . 1 8J 
+ 5 . 7 5 D - 8 . 5 9M 

* . 05 Level of s igni f ic ance 
** . 0 1 Leve l  o f  s igni f i c anc e 

R2 = . 0 04 
r = . 0 6 

+ 39 . 5 9J 

R2 = . 34 
r = . 5 8 

+ 48 . 23B 

R2 = . 3 1 
r = . 5 6 

1 S ymb o l s  T ,  J , B ,  H ,  A, M ,  D & R s t and for ET a t  t i l l e r ing , 
j o int ing , boot , he ad ing , anthe s i s , m il k , dough and r i pe 
r e s pec t ive l y .  
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Tab le 2 7 . B e s t  mul t i p le r e gr e s s ion models for s pi kes per s q uar e 
me ter vs ET for L en in' 1 9 84 .  

S pikes per square Be s t  Mu l t ip le Regr e s s io n  Mode l :  
me ter at : 

Ti l ler ing = 9 6  + 82 . 25T1 

He ad ing = 1 6 9 . 7  + 4 1 . 1 6T 

M i l k  = - 8 . 6 1 + 48 . 90T 
- 2 2 . 2 5M 

* . 0 5 Lev e l  of .s i gn i f i cance 
** . 0 1 Lev e l  o f  s ign i fi c anc e 

+ 88 . 74J 

R2 = . 1 7 
r = . 4 1  

- 34 . 6 9B - 1 2 . 9 8A 

R2 = . 3 1  
r = . 5 6* 

+ 50 . 5 5B + 4 . 5 1 A  

R2 = . 5 7 
r = . 7 5 ** 

1 S ymb o l s  T ,  J ,  B, H, A, M ,  D & R s t and fo r ET at t il l e r ing , 
j oint ing , b o ot , he ad i ng ,  anthes i s , mil k ,  dough and r i pe 
r e s pe c t ive l y .  

9 1  



g row i ng sea son ( T abl e s  2 2 - 2 3 ) .  The only s ig n i f i c an t  

corre l at ions be tween E T  and ti l l er ing were w i t h  sp i ke s  per 

square me ter at h e ad i ng and ET at anthe s i s  for B ut te 

( po s i t ive as soc i at ion ) and spikes ·per square meter at mi l k  

w i th E T  a t  m ilk f o r  Len ( neg at ive as soc i a t ion ) .  

Mul t iple regre s s ion model s for But te ( Tabl e 2 0 ) in 

1 9 8 3  were s ig n i f i c ant for spi kes per square me ter at boot , 

he ad ing and anthe s i s  wh i le highly sign i f i c ant for spi k e s  

per square meter a t  m il k . Evapo transpirat ion a t  t i l l e ring 

has a neg at ive e f f e c t  in al l four of the se mod e l s and ET 

at head ing has a po s i t ive e f fect . 

M u l t iple regre s s ion mod el s for Len ( Tabl e  2 5 ) are 

h ighly s ig n i f i c ant for spikes per square me ter at every 

stag e  of growth ex cept anthes i s  where the two var i ab l e  

mod el there is  s ig n i f i c ant at the . 0 5  lev el . I n  every 

mod el ET a t  he ad i ng is used and has as a po s i t ive e f f e c t  

9 2  

on spi ke number . Ev apo tran spi rat ion a t  t i l l e r i ng ag a in has 

a neg at ive ef f e c t  on sp ike number when used in the se mode l s . 

B ut te in 1 9 8 4  s howed no s ig n i f i cant re spon se to ET 

ac cord ing to the mul t iple regre s s ion mod e l s ( Tabl e  2 6 ) .  

Len , howeve r ,  was re spons ive . to ET d i f f erences in 1 9 8 4  

· ( T ab l e  2 7 ) .  The four var i able model of ET v er s u s  sp ikes  

per square me ter at  m ilk was s ig n i f icant at  the . 0 1  l evel 

and the three var i able mod el for sp ikes pe r square met e r  

at head i ng was s ig n i f i c ant a t  the . 0 5  lev e l . Irt both 

model s ,  ET a t  t i l l e r i ng has a pos i t ive e f f e c t  on t i 1 l e r i ng . 
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Nonprod uc t iv e  T i l l e r i ng 

Count s of nonprod uct i ve sp i kes were taken pr ior to 

harv e st along w ith co unts of prod u ct ive spi kes . C orre l

at ions of nonprod uct ive spike s pe r  squ are meter w i th ET at 

separate g rowth s tag es are l i sted on T abl e s  2 8  and 2 9 .  I n  

1 9 8 3  spikes per square meter for Butt e  were mor e  clo se l y  

correl at ed w i th ET than spikes per square meter for Len 

( Tab l e  2 8 } .  At he ad i ng and anthe s i s  ET i s  sign i f i cant l y  

correl ated to nonprod u c t ive spike number and ET at the r ipe 

stag e  and tot a l  ET are highly sign i f i c ant l y  correl ated to 

nonproduct ive t i l l ers . Nonprod u ct ive spikes per square 

me ter for Len are s i g n i f i cantly corre l ated with ET onl y at 

the r i pe stage and th is correl at ion is neg at ive . 

Nonprod uct ive t i l ler ing in 1 9 8 4  ( T able 2 9 } shows no· 

s ig n i f i cant correl at ion w i th ET at any growth s t age or w i th 

tot al ET • . 

Mul t iple regre s s ion model s of ET v er s u s  nonprod uc

t ive spikes per square meter are on T abl e s  3 0  and 3 1 . I n  

both years for both cul t ivar s  these model s ex pl a i n  more of 

the v ar i ab i l i ty in nonprod u c t ive spi ke number than s impl e  

regre ss ion doe s . S i gn i f i cant model s are fo und onl y  wi th 

· B u t te in 1 9 8 3  ( T able 3 0 } .  In that mod e l  ET at anthe s i s  

and ripe have a pos i t ive effect on nonprod uct i ve t i l

ler i ng wh i l e  ET at j o i n t i ng has a neg at ive e f f e ct . 
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T abl e 2 8 . Corr e l at ion o f  nonprod u ct ive spi kes per square 

meter with ET in 1 9 8 3 . 

ET at B ut te 

T i l l er ing < . 3 0 

J o i nt i ng - . 3 5 

Boot . 3 0 

He ad ing . 4 9 *  

Anth e s  i s  . 5 2 *  

M i l k  < . 3 0 

Do ug h  < . 3 0 

Ripe . 7 4 * * 

Total ET . 7 5 * * 

* . O S l ev el of s ig n i f i c ance 
**  . 0 1  l evel of signi f i c ance 

Len 

. 0 7 

< . 0 7 

< . 0 7 

- . 3 4 

< . 0 7 

- . 2 4 

- • 1 1  

- . 4 7 *  

- . 4 0 
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T able 2 9 . C orre l at ion o f  nonprod uct ive spi kes per square 
meter with ET i n' 1 9 8 4 . . 

ET at B ut te 

T i l ler i ng < . o s 

J o i nt i ng < . o s 

Boot . O S 

Head ing - . 2 S  

Anthe s i s  - • 1 8  

M i l k  • 1 9  

Dough - . 3 1 

Ripe . 2 9 

Total E T  < . 0 5 

* . O S l ev el of s ig n i f icance 
* *  . 0 1 l evel of sign i f icance 

Len 

• 1 2  

- • 1 1 

. 2 2 

- . 2 4 

< • 1 1 

< · • 1 1 

< • 1 1  

. 2 0 

• 1 3  



Tab le 3 0 . Bes t  mul t ip le regre s s ion mod e l s  for nonprodu c t ive 
s p ike s pe r square meter' vs ET in 1 983 . 

But te 

Non-Produc t ive 
Sp ike s per = 1 2 . 4 1 - 1 2 . 4 7J 1 + 20 . 82A + 3 . 9 3 R  
Square Me ter 

Len 

Non-Produc t ive 
Spike s  pe r = 48 . 6 7 - 1 3 . 6 1 H - 9 . 7 7M - 1 . 1 8R 
S quare Me ter 

* . 05 Lev e l  o f  s ign i f i c anc e 
** . 0 1 Leve l  o f  s igni f i c anc e 

R2 = . 7 6  
r = . 8 7* 

R2 = . 4 2 
r = . 6 5 

1 .  Symb o l s J ,  H ,  A, M ,  R s t and for ET at j o int ing , he ad ing , 
anthe s is , milk and r i pe re s pe c t ivel y .  
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Tab le 3 1 . Be s t  mul t ip le regre s s ion mod e l s  for nonprod u c t ive 
t i l le r s vs ET in 1 9 84 .  · 

But te 

Non-Produc t ive 
T i l le r s  = 1 6 . 9 6 - 2 . sa1 - 2 . 2D = . 86R 

Len 

Non-Pr oduc t ive 

R2 = . 1 8 
r = . 42 

T i l lers = -14 . 60 + 1 3 . 9 9 B  + 5 . 5 3A - 7 . 9 8M + 1 5 . 6 3 R  

* . 05 Level o f  s ign i f icance 
** . 0 1 Leve L  o f  s i gn i f ic anc e 

R2 = . 4 1 
r = . 64 

1 S ymbo l s  H ,  D ,  R ,  B ,  A, M s t and for ET a t  he ad ing , dough , 
r i pe , boot , ant he s is , and m ilk re s pec t ivel y . 
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Correl at ions o f  Y i eld Components and P ath 
Coe f f ic i e nt Analys i s  

T h e  rel at ionsh ips between y i e l d  and yie l d  compo-

9 8  

nents were anal yz ed for each cul t �v ar and each y e ar . Phen-

atyp i c  correl at ion coe f f ic ients were cal c u l ated for every 

po s s i ble comb inat ion between g rain y i eld , tho u sand g r a i n  

we ight , sp i kes per squ are meter and gra i n s  per spi k e . 

The se correl at i ons for both l og  trans form ed and nontran s-

formed data are l i s ted on Tab l e s  3 2  and 3 3 . Log ar i th-

imacally trans form ed  d ata prod uced nearly ident i c al cor-

rel at ions to non- trans formed data . Path coe f f i c i e nt an-

alys is thus was per form ed u s i ng correl at ions from non

transformed data ac cord i ng to the method of Dewey and L u  

( 2 6 }  i n  ord er to d eterm i ne the_ d i rect and i nd i re ct e f fects 

of the yield components on yield . I n  Tab l e s  3 4 - 3 7  the se 

correl at ions are expl a in ed in terms of d i re ct and i nd i rect 

e f f e ct s . 

I n  1 9 8 3  h i gh correl �t ions were found between 

thousand g r a in we ig ht and g r a in y i eld for L en and B ut te . 

Both of the se corre l at ions were highly sign i f i cant and 

po s i t iv e . O ther s ig n i f i c ant corre l at ions i n  1 9 8 3  were 

thous and gr a i n  we i ght with gra i ns per sp ike in both Le n 

and B utte ( po s i t iv e } ,  spikes per square meter w i th y i eld 

( negat ive ) , and gra i n s  per spike wi th yield ( pos i t i ve ) . 

The l atter two were i n  L en only . 

I n  1 9 8 4  there were fe w corre l at ions be tween yield 



T able 3 2 . Correl at ions of y i e ld and y i eld components 
on al l comb i nat ions for trans formed and non
tran s formed d ata in 1 9 8 3 . 

B U T T E 

CORRELAT I ONS 
Non-

Transf ormed Tran s f ormed 

ThGW 1 v s  Y i eld . 7 6 *  • 7 6 * * 

ThGW v s  Spi kes - . 2 6  - . 2 8 

ThGW v s  Gra i n s  . 4 5 *  . 5 0 *  

S p i ke s  vs  Y i eld - . 3 1  - . 3 0 

Spikes vs  Grains • 1 4  • 1 1  

Gra i n s  v s  Y i eld • 1 9  . 2 5 

L E N 

CORRELATI ONS 
Non-

Tran s formed Tran s formed 

ThGW v s  Y i e l d  

ThGW v s  Sp i ke s  -

ThGW v s  G r a i n s  

S p i k e s  v s  Y ie l d  -

Spikes vs  Gra i ns -

Gra i ns vs  Y i e l d  

1 ThGW = Thousand G r a i n  We ight 
* . 0 5 Lev el of S ig n i f i c ance 
* * . 0 1  Level of S i gn i f i cance 

. 6 3 * *  . 6 5 * * 

. 3 2 - . 3 3 

. 5 0 *  • 5 1 * 

. 4 3 * - . 4 4 *  

. 1 6 - • 1 2  

. 5 0 *  . 5 3 *  
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T abl e 3 3 . Correl a t ions of y i eld and y ie ld component s 
on al l comb i nat i'ons for trans formed and non
tran s formed d ata in 1 9 8 4 . 

B U T T E 

CORRELATIONS 
Non-

Trans formed 

ThGW 1 v s  Y i e ld - . 5 2 *  

ThGW v s  Spi ke s  . 3 6 

ThGW v s  Gra i n s  - . 3 4 

S p i kes vs Y i e ld - • 1 6  

S p i ke s  v s  Gra i n s  - . 4 8 *  

Gra i n s  V' S  Y i e ld • 1 2  

L E N 

CORRELATIONS 
Non-

Transformed 

ThGW v s  Y i eld - . 0 5 

ThGW v s  Sp i ke s  - . 2 1 

ThGW v s  Gra i n s  . 3 6 

Spikes V' S  Y i e l d  . 0 1  

S p i kes V' S  Gra i n s  - . 3 4 

Gr a i n s  vs  Y i e l d  • 1 9  

1 ThGW = Thous and G r a i n  We i ght 
* . 0 5 Lev el of S ig n i f i cance 

Tran s f ormed 

- . 5 1 *  

. 3 4 

- . 2 8 

- • 1 4  

- . 4 2 *  

• 1 1  

Tran s formed 

- . 0 6 

- . 2 6 

. 3 6 

. 0 1  

- . 4 0 

• 1 8 



Table 3 4 . D i re ct and i nd irect e f fects contr ib ut i ng to 
corre l at ions of yield components w i th yie ld 
for B utte i n  1 9 8 3 . 

Thous and G r a i n  We ight with Gra i n  Y i eld 

r = • 7 6  
D irect  ef fect  
I nd irect effect v i a  spikes 
I nd irect effect  v i a  gra i n s  

. 8 1  

. 0 3 
- . 0 8 

. 7 6 

Spi kes P e r  Squ are Meter with Gra i n  Y i e l d  

r = - . 3 1  
D irect  ef f e c t  
I nd i rect ef fect v i a  gra i n s  
I nd irect e f f e c t  v i a  ThGw1 

Gra i n s  P er Spi k e  with Gra i n  Y ield 

r = . 1 9  
D ir e c t  ef fect 
I nd i rec t ef fect via ThGW 
I nd irect ef fect via spi ke 

1 ThGW = Thous and G r a i n  We ight 

- . 0 7 
- . 0 2 
- . 2 2 

. 3 1  

- • 1 6  
. 3 6  

- • 0 1  
• 1 9  

1 0 1  



Table 3 5 . D i re ct and i nd irect e f fects contr ib u t i ng to 
correl at ions of yield components with y i e l d  
f o r  Len i n  1 9 8 3 . 

Thou s and G r a i n  We ight with Grai n  Y ie l d  

r = . 6 3 
D i rect ef fect 
I nd irect ef fect via sp i kes 
I nd irect ef fect via grains 

. 4 3 

. 0 8  
• 1 2  
. 6 3 

Spi kes P er Squ are Meter with Grai n  Y i e l d  

r = - • 4 3  
D irect  ef fe c t  
I nd ire c t  ef fect via gra ins 
I nd ire c t  effect via ThGW 1 

Gra i ns P er Spi ke with Gra in Y i eld 

r = • 5 0  
D irect ef fect 
I nd irect ef fect via ThGW 
I nd irect effect via sp ike 

1 ThGW - Thousand G r a i n  We ight 

- • 2 5  
. 0 9 
. 0 9 

- • 4 3  

. 2 5 
• 1 6  
. 0 9 
. s o 

1 0 2 



T able 3 6 . D i re ct and i nd irect e f fects contr ib u t i ng  to 
correl at ions of ·yield components  w i th yield 
for B ut te i n  1 9 8 4 . 

Thous and G ra i n  We ight with Grain Y ie l d  

r = - . 5 2 
D i r e c t  ef fect 
I nd i r e c t  ef fect v i a  sp i ke s  
I nd i rec t ef fect v i a  gra i n s  

- . 5 4 
. 0 0 2  
. 0 2 

- . 5 2 

Spi kes Per Squ are Meter with Gra i n  Y i e l d  

r = - . 1 6  
D i re c t  ef fect 
I nd irect  effect v i a  gra i ns 
I nd irect  effect v i a  ThGW1 

G r a i n s  P er Spi ke with Grain Y ield 

r = . 1 2  
D i rect effect 
I nd ire c t  effect via ThGW 
I nd irect  effect v i a  spi ke 

1 ThGW = Thousand · G r a i n  We i ght 

. 0 0 6  

. 0 3 
- • 1 9  
- • 1 6  

- . 0 6 
• 1 8  
. 0 0 2  
• 1 2  

1 0 3 



Table 3 7 . D i rect and i nd irect e f fects co ntr ib ut i ng  to 
corr e l at ions o f  yi e ld components wi th yield 
for Len in 1 9 8 4 .  

Tho usand Gr a i n We igh t wi th Gr ain Y i eld 

r = - . 0 5  
D i r e c t  e f fect 
Ind irect e f fe ct via spi ke s  
Ind i r e c t  e f fect via  gra i ns 

- . 1 3 
- • 0 1  

. 0 9 
- • 0 5 

Spi ke s Per Square Me ter wi th Gr a i n Yi eld 

r = • 0 1  
D i r e c t  ef fect 
Ind irect e f fect v i a  gr a i ns 
Ind irect e f fect via  Th GW 1 

Gr a i ns Per  Spi ke wi th Gr ain Y i e l d  

r = • 1 9  
D i r ect e f fe c t  
Ind irect e f fect v i a  Th mv 
Ind irect e f fect via  spi ke 

1 Th ffii = Tho usand Gr a i n  We igh t 

. 0 7 
. 0 9 
. 0 3 
• 0 1 

• 2 6  
. 0 5 
. 0 2 
• 1 9  

1 0 4 
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and y i e ld components that w�re s ig n i f i cant . Only the neg

at ive correl at ion s of tho usand gra i n  we i ght w i th yield and 

spikes per squ are me ter w i th g ra ins per spi ke were s i g

n i f i cant for But te wh i le Len in 1 9 8 4  h ad no s i g n i f i cant 

correl at ions between any of i ts y i eld components and y i e ld . 

The largest  direct effect for Butt e  in 1 9 8 3  and 

1 9 8 4  and Len i n  1 9 8 3  was the e f fect of tho u sand g r a i n  

we ight on gra i n  y i e l d  ( Tabl e s  3 4 - 3 7 ) .  I n  1 9 8 3  t h e  ef fect 

was po s i t ive for bo th c u l t iv ars b ut in 1 9 8 4  the e f fect was 

neg at ive . I n  al l three case s the direct effect  was larg e l y  

re spon s ible for the s ig n i f i cant correl at ion between thou

sand gra i n  we i ght and yield . 

S p i ke s  per squ are meter were negat i ve l y  correl ated 

to grain y i e ld - in both ye ars except w i th Len i n  1 9 8 4  where 

the corre l at ion i s  essent i al l y zero . I n  1 9 8 3  th i s  neg at ive 

correl at ion is d ue _ to the comb ined neg at ive d i re ct e f fe ct 

and ind irect ef f e ct s . I n  1 9 8 4  the neg at ive corre l at ion is 

d ue to the neg at ive i nd irect e f fect v ia g ra in we ig ht . 

Gra i n s  pe r sp ike were pos i t i vely correl ated with 

g r a in y i e ld in bo th years w i th both cul t iv ars . W i th Len 

in both years the pos i t i ve correl at ion is due to the d i rect 

- e f fect wh i le w i th B ut te the ind irect e f fect v ia tho u s and 

grain we i ght contr i bute s  most to the po s i t ive correl at ion . 

I n  1 9 8 4  the po s i t ive ind i rect e f fect i s  a prod u ct of the 

negat ive corre l at ion be tween grain number and gra i n  we i ght 
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and the d irect e f fect of gr�in we ig ht on g r a in y i eld . 

Gra i n  we ight increase s as fewer gra ins pe r  sp i ke are pro

d uced b ut the net e f fe ct is a red u c t ion in y i eld . I n  1 9 8 3  

the pos i t i ve ind i re c t  effect  is a · prod uct of the po s i t ive 

e f fect of  g r a in we ig ht on y i e ld and the pos i t ive correl

at ion of gra i n  we ig ht and gra i n  number .  The h i gher yield

i ng plots not only h ad more grains per spi ke b ut the grains 

actual ly fi l l ed more . 



CHAPTER V 

D I SCUSS ION 

Weather 

Re s u l t s  of any study are bi ased by the in f l uence of 

the par t ic u l ar env i ronmental cond i t ions that ex i s t ed d ur ing 

each growing se ason . Th i s  study was no ex cept ion . The two 

g rowi ng seasons were d i f f e rent from each other and some what 

atyp i cal of average growing seasons for the reg ion . 

Av erage d a ily max imum , d a ily m in imum and monthl y 

mean temperature s var i ed between year s but were comparable 

to the long term av erag e s  ( T able 1 ) .  Temperature e f fe c t s  

were not ev al uated i n  th i s  study but were probab l y  more 

favorable in 1 9 8 4  when y i eld s were greater • 

.. 
Ra i n fa l l , on the other hand , was not typ i c al of the · 

long term av erag es . Both years had total ra i n f al l  above 

the long te rm aver ag e . Ra i n f a l l  in 1 9 8 3  w as 2 7 . 4 3 mm above 

the norm al wh i l e  1 9 8 4  r a i n f all wa s 1 2 5 . 7 4 nun above av erage . 

The two year s var i ed in the di str ibut ion of the ir above 

av erage prec i p i t at ions . B elow av erage ra i n f all in Apr i l  

and May i n  1 9 8 3  would tend to emphas i ze the import ance of 

the early d ev elopmental proce s ses wh i le above av erage rain-

· fal l in J une , J u l y  and Aug ust in  1 9 8 3  would dimin i sh the 

e f fect of mo i st ure on l ater developmental proc e s s e s . The 

ra i n f a l l  pattern was d i f ferent in 1 9 8 4 . Onl y  May pre c ip-

it at ion was below norm al b ut so il mo i st ure d i f ferences were 

d im i n i shed by above average rai ns in Apr i l . Later se ason 
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rain fall was ev en g re ater . th�n that in 1 9 8 3 . T here fore the 

inf l uence of so i l  mo i sture d i f ference s on the devel opment 

of the c ul t iv ars shou ld be even l e ss prono unced in 1 9 8 4 . 

So i l  Mo i sture G rad ients 

Tab l e s  2 -5 l i s t  the so i l  mo i s ture and ET g rad ients 

e s t abl i shed at each stage of g rowth d ur i ng both years o f  

the study . As  ment ioned pre v ious l y the gr ad i ent s have been 

al tered by both prev a i l i ng w i nds and above av erage r a i n

fal l . So i l  type ha s bee n  shown to effect so i l  mo i s tu re 

grad ient e s tabl i shment and pl ant response to so il mo i st ure 

in several stud i e s  ( 3 9 , 3 8 , 54 ) . F iner tex t u red cl ay so i l s  

w i ll d im i n i sh water s tre ss because of the ir water hold ing 

capac i ty .  S andy so i l s  wi l l  tend to hold les s  water and 

so il mo i sture s tre ss can be more apparent . T h is s t udy was 

done on a s i l t  loam so i l  and from the so i l  mo i s t ure grad

ients it appe ars that so il mo i stures tend ed to be m a i n

tained throug h the growing se ason . H i gh so i l  mo i s tu re 

tre atments tend ed to rem a in h igh through the g row i ng sea

son and low mo i s ture treatments remai ned lo w.  

Rate o f  Dev elopment 

S everal stud i e s  show that severe water and tem

perature s tre ss d e l ays the rate of dev elopment in whe at 

plants wh i l e  m i l d  str e s s  has tens devel opment ( 1 0 , 2 7 , 6 , 1 ,  

5 6 , 4 6 ) . I n  th is  stud y ,  l evels  of water s tress were not 

severe so tre atment s  re ce iv ing more irr i g at ion developed at 



a s lower rate than the l e ss .watered treatments . T h is was 

espec i a l l y  tr ue of the later head ing cul t ivar L e n . S ince 

th is d e l ay wou ld tend to pu sh head i ng and g r a in f i l l i ng 

back into · the hotter days of J u l y ,  the mildl y  str e s sed 

treatments may act ually be at an adv antage . Howev er ,  the 

e f fect of the tre atment on rate of development was le s s  

than the c ul t iv ar e f fect w i th B utte be i ng e ar l i er than 

Len . 

Range s and Means 

The d i f fe rences between the two growing se asons 

are ev id ent when ex am i n i ng means and rang es for y i e ld and 

yi e ld components ( Tabl e s  6 -7 } .  N i neteen ei ghty four was 

1 0 9 

a more fav or able year for the ex pre s s ion of.  g r a in y ie ld 

potent i al th an 1 9 8 3 . The lowe st yield ing tr e atment in 1 9 8 4  · 

y i eld ed more than the h ig hest y i eld i ng treatment i n  1 9 8 3  

for both But te and L en . The onl y yi eld componen t  to fol low 

th is trend was tho u s and g rain we ig ht for B ut te . All other 

yield components have ranges of var i ab i l i ty tha t  overl ap 

between years . T h is ind i cates that the d ev elopment of in

d i v id ual componen t s  of yield in re spon se to the irr i g at ion 

tre atments w i ll  not in themselves de term ine the eve ntual 

gr a i n  yield re sponse . Rather the interact ion of the yield 

components d e term ines y i e ld and th is interact ion is appar

ent ly d i f ferent in the two se asons . Th i s  interac t ion wi l l  

be add re s sed further when the path coe f f i c i ent anal y s is i s  
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d i sc u s sed . 

Tab l e s  6 and 7 i nd icate that the irr i g at ion tr eat

ments created more v ar i ab il ity in y ield and y i e ld component 

development in 1 9 8 3 . Standard dev iat ions for al l fac tors 

except g r a i ns per spi ke are greater i n  1 9 8 3 . T h i s  is to 

be expe cted s i nce gre ater ra i n fa i l l  in 1 9 8 4  r ed uced treat

ment d i f ferences . 

Ex treme Compa r i sons 

By ex am in i ng the yield ex tremes and the so i l  mo i s

tures as soc i ated w i th the h igh and low y i eld i ng treatments 

{ Tabl e s  8 - 1 1 ) ,  a generql response of gra i n  yield to the 

irr ig at ion treatments can be seen . The response however i s  

unc l e ar • 

. B ut te y i e ld s more than Len in both years of the 

stud y { T abl e s  8 -9 ) . • The cul t iv ars seem to ach i eve h ig her 

yield in sim i l ar ways . In 1 9 8 3  both But te and Len pro

d u ced heav i er g ra i ns and fewer spi kes per square me ter i n  

the ir h i g h  yield i ng treatment s when compared to the low 

y i e ld i ng treatments . Len al so prod uces more g r a i ns per 

sp i ke in the high yield ing treatment . I n  1 9 8 4  y i eld d i f

ferences were not as l arge between h igh and low treatments . 

With ex treme compar i sons it is d i f f i c u l t  to see wh i ch yield 

components contribu ted to the y i eld d i f ferences . S ince 

grain yield for both cul t ivar s  was gre ater in 1 9 a 4  and thu s  

closer to i ts g enet ic potent i al , there may be more sub t l e  
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i nterac t ion between components d eterm in i ng eve n t u al y i e ld . 

S o i l  moi s ture d i f ference s between h i g h  and low 

y ield i ng tre atments ind i cate that B utte and Len can both 

ach i eve high y i e l d s in d i fferent ways . I n  1 9 8 3  t r eatment 

9 was the lowe st y i eld ing for both Len and Butte wh i l e  

treatmen t s  2 0  and 1 w ere ei ther the highe s t  or se cond h i gh

e st y ie ld i ng { Tabl e 8 ) . Compar i ng so il mo i s t ures in treat

ment s 2 0  and 9 { Tabl e 1 0 )  ind icates that incr e ased yield 

comes from an increase in so il mo i st ure wh ile compar i ng 

treatments 1 and 9 i nd ic ates the oppo s i t e  rel at ionsh ip . 

Apparently h ig her y i eld s can be ach i ev ed  in sev e r al ways . 

I n  1 9 8 4  the re sponse to so i l  moi s ture was ag a i n  

uncl e ar . Tre atme n t  1 4  was the h ig he st y i eld i ng for B u t te 

and the lowes t  yield ing for Len ( Tab l e  9 ) .  With Butte the· 

h ighe st y i e ld i ng tre atment had more so il mo i s t ure than the 

lowe s t  yield ing treatment throughout the growing se ason . 

W i th Len the oppo s i te is tr ue ( Tabl e 1 1 ) .  

O f  cour s e , ex am in i ng the ex tremes wi l l  not ind i cate 

overall real t ion sh ips or stat i st i cally s ig n i f i c ant cor

re l at ions . I t  can , however , po i nt to as soc iat ions tha t  

regre s s ion anal y s is c an fur ther expl ain . 

Regre ss ion Analys i s  

Reg re s s ion o f  evapotr anspi rat ion at part i c ul ar 

growth s t ag es on g rain y i eld and y i eld components i nd i cates 

the re spon se of those parameters to the . irr i g at ion 
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treatments . Correl at ion coe f f ic i ents for each c u l t iv ar in 

each year are on Table s  1 2 - 1 5 .  Because of the ex ce s s i ve 

rain f all and r ed uc ed treatment e f fects in 1 9 8 4  y ie ld and 

yield components are not as clo_sel y  corre l ated to ET as  

they are in 1 9 8 3 . 

Both yield s and total ET l evel s tend ed to be great

er in 1 9 8 4 . Th is ind i c ates that the wheat crop was able to 

ut i l i ze more water in the more favorable year . Th i s  re

l at ionsh ip has been found in other stud i es w i th wheat and 

w i th other crops . Evapotranspi rat ion and yield wi th i n  a 

g iv en year , howev er , have the oppos ite rel a t ionsh ip .  

I n  1 9 8 3  ET at head ing and gra i n  f i l l i ng { doug h  

and r i pe ) were tho se s t ag es mo st closely corr e l ated to 

gr a i n  yield in both Len and Butte ( Tabl e s  1 2 - 1 3 ) . Al l of 

the s ig n i f i c ant correl at ions were neg at ive . D ur i ng those 

three per iod s  of devel opment , · grain yi eld de creased as 

evapotransp i ra t i on increased . This same re l a t ionsh ip was 

fo und with yield and to tal ET . S tud ies by M i l l e r  and H ang 

( 3 8 )  and S ingh et al ( 7 6 )  have fo und a po s i t i ve corr e l at ion 

be tween ET and gr a i n  yield on both a se asonal and a growth 

s tage bas is . Rea sons for the oppo s ite re l a t ionsh ip in th i s  

· study are l i kel y d u e  to the fact that ET i s  inf l uenced not 

only by the av a i l ab il i ty of water ( so il mo i st ure ) b ut al so 

by temperat ure . The later stages of development of spr ing 

whe at in So uth Dako ta tend to co inc ide w i th per iod s  of h igh 

temperature s  and hot dry wind s .  From J u l y 1 4  to J u l y  28 in 



1 9 8 3  h igh temperatures rang � from 2 7 . 2  to 3 6 . 1  d egree s  

ce l s i us and lows from 1 3 . 3  t o  2 2 . 8  degree s  cel s i u s  at the 

study s i te . - Alt plots in the study encountered s im i l ar 
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temperature s yet the plot s close s t  to the fu l l  and ear l y  

season l i ne sources s u f fered the l arg e st y i eld red u ct ions . 

P lots clo se s t  to the se l i ne sources re spond ed to the ear l y  

season mo i sture b y  prod u c i ng more t i l l ers and con sequently 

had more lea f  are a  per pl ant by the gra i n  fi l l i ng per iod . 

This  l arg er l e af c anopy l e ft these plots more s u s cept ibl e 

to evapotranspi rat ion de f i c i t . P lots furthe r  away from 

the early and fu ll season l ine d ev e loped fewer t i l l ers so 

on a pl ant bas i s  und erwent le s s  str e s s  dur i ng the lat er 

stag es of g r a in f i ll i ng .  
--

S i nce - increas i ng t i l lers and leaf are a  per pl ant 

leaves the wheat pl ant more s u s cept ible to s tre ss at grain 

f i l l ing , thous and gra i n  we ight sho uld be the component of 

y i e ld mo st e f fe c t ed by the se cond i t ions . C orr e l at ions in-

d i c ate that th i s  is in fact the case . Corr e l at ions are 

neg at ive and s ign i f i c ant for B utte at head i ng ,  dough , and 

ripe and neg at·i ve and signi f i cant at ripe for L e n . Other 

stud ies ind i c ate that s tress at grain f i l l i ng can lowe r 

gra'in we ight and su bsequent ly gr a i n  yield by red u c i ng both 

the rate of trans locat ion to the grain and the per iod of 

grain fi l l ing ( 1 2 , 2 2 , 7 8 , 2 4 } . Tempe rature was fo und to be 

a maj or fac tor d eterm i n i ng the d urat ion of grain · f i l l i ng .  

Konovalov ( 5 6 } ,  Ward l aw ( 90 �  9 1 ) ,  and Asp i na l l  et al ( 3 ) 
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found that l eaf t i s s ue was more sen s i t ive to s tr e ss at the 

gra i n  fi l l i ng per iod than the devel oping gra i n s . S tr e s s  

at g r a in f i l l i ng seems to be i nvolv ed w ith so urce fac tors 

and the control of tranlocat ion as wel l  as the ut i l i z at ion 

of s tored a s s im i l ate ( 5 3 , 2 1 , 5 ) . 

The two cul t i var s d i f fered somewhat in the ir re

spon se to the env i ronment in 1 9 8 3 . Len h ad a s i g n i f i c ant 

negat ive corre l a t ion for ET at head ing with gra i n s  pe r 

spi ke . Bu tte too had a neg at ive correl at ion for g r a i ns per 

sp ike with ET at he ad i ng but the correl at ion was not sig

n i f ic ant . T h is g ene t ic d i f f erence in re sponse i s  probabl y 

due to L en ' s later head ing date . But te und e rwen t  he ad ing 

and anthe s i s  from J une 1 7  to June 2 1 . D ur i ng that per iod 

h i gh tempe rature s at the study site rang ed from 2 0 . 6  to 

2 5 . 6  deg rees C e l c i us . Len und erwent h e ad i ng and anthe s i s  

from J une . 2 1  t o  J une 2 5  wh ich co inc ided with a pe r iod of 

h ig her temperature s  ( h ig hs from 2 8 . 4  to 3 2 . 8  degrees C el

c i us ) . Several st ud i e s  support th i s  as soc i at ion of  tem

pe rature and water s tress to a red u c t ion in g r a i n  number 

( 6 , 1 , 5 6 , 4 6 , 3 , 8 4 ) . 

There fore , plots in th i s  study that used le s s  so i l  

mo i sture through ev apo transp irat ion at head i ng and g ra i n  

f i l l  yielded more for two main re asons . 

1 .  W ith fewer t i l l ers per pl ant they con s e

quent l y  had less le af canopy Pe r pl ant to 

tran sp ire . S o il mo i sture was d epl e ted to a 



l e s ser ex tent . l � av i ng more for g r a in f i l

l ing proce s s e s . 

2 .  P l ant s  in the lower yield i ng plo t s  had bui l t  

a po tent i al ly l arg er s i nk by prod u c i ng more 

second ary t i l lers but because of the tern-

perature stre ss encountered d ur i ng he ad ing 
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and gr a i n  f i l l i ng ,  th i s  pote nt i al s i n k  was not 

d ev e loped . The increase in second ary t i l lers , 

in fac t , was probably detr iment a l  to eventual 

y i e ld . More t i l l ers and a l arg er l eaf canopy 

pe r pl ant increase s su s cept ib i l i ty to stre s s . 

T h i s  s tre ss shortens the t ime of g r a in f i l-

l i ng and interfere s with tr an s locat ion of as- · 
-

s im i l ate o ut of the l eaf t i ss ue . The pl ant was 

not ab l e  to transport su f f i c i ent wat e r . The re-

fore fewer g r a ins dev elop and g r a i ns that d e-

ve lop are l i ghter . 

I n  th is study ev apotran sp irat ion appears to be more a mea-

sure of temperature str e s s  than water stre s s .  

Mul t iple Regre s s ion 

Mu l t iple regre s s ion ind icates that the development 

of grain y i eld in 1 9 8 3  was d i f ferent in the two c u l t iv ars 

used in the st udy ( Tables 1 6 - 1 9 ) . Len and Bu·t t e  both had 

model s showing highly signi f i c ant R2 for yield �e r s u s  

ET . The fo ur v ar i able mod el for Butte ut i l i z ed the l ate r 
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s tages of g rowth . Evapo tr�nsp irat ion at e ach growth s tag e 

was neg at ivel y corre l ated to yield . 

The model for Len in  1 9 8 3  ut i l i z e s  ET at both l ate 

and early growth stage s .  Th i s  ind icates th at the compon

ents that d ev elop e ar l i er in the grow i ng s e a son , g r ai n s  

pe r sp i ke and sp ikes pe r square meter , contr i b ut e  more to 

y i e ld o f  L en than to the y i eld of B utte . 

S ince fo ur and f i ve var i ab l e s  are used in the re

gre s s ion mod e l s that g ive the highe s t  R2 t he r e  is ap

parently no s i ng le cr i t i cal stage of growth for the two 

cu l t ivar s  in 1 9 8 3 . Other stud ies support the se find i ng s  

and i nd i c ate that y ie ld in wheat i s  a re sult o f  the de

ve lopment and interac t ion of several proce s s e s  ( 7 7 , 1 7 ) . 

I nten s i ty and d urat ion of a stress per iod are probably more 

cr i t i cal to the eventual yield prod uced th an is the devel

opmental - s t age at wh i ch the stress occ urs . 

The ab s cence of a cr i t i cai growth st age for wheat 

i n  South Dakota is emph as i z ed by mul t iple regre s s ion mod els  

from 1 9 8 4  ( Tabl e s  1 8 - 1 9 ) .  Onl y  But te had a s i gn i f i c ant 

mul t iple reg re s s ion mod el in 1 9 84  and th i s  f ive v ar i able  

mode l  ut i l i zed earl ier st ages of  growth th an the 1 9 8 3  mul

t iple reg re s s ion mod el . The env ironmental d i f ferences be

tween yea r s  re s u l ted in a d i f ferent re spon se in the same 

g enotype . 

Mul t ip l e  reg r e s s ions for the as so c i at ion of yield 

components to ET are al so : on T able 1 6 - 1 9 . T h e se mul t iple 
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reg re s s ion mod el s  expl ain more of the v ar i ab i l i ty in y i eld 

component s th an the simple regres s ion mode l s .  Th i s  ag a i n  

i nd i c ates that d ev elopment o f  the components of y i eld doe s 

not depend on the cond i t ions at one cr i t i ca l  stage but 

rather the u n i q ue set of cond i t ions enco un tered by the 

whe at plant d ur i ng a par t i c ul ar growing se ason . Therefore , 

some components have s i g n i f i cant mod el s  in only one sea son , 

some in both and some in ne i ther . 

T i l l e r Development 

Prod uct ive sp ikes per square meter at harvest  have 

a low correl a t i on w i th ET at mo st stag es of g rowth . T i l ler 

devel opment d ur i ng the growing se ason , however , was re

spons ive to ET . T ab l e s  2 0 - 2 3 show the correl at ions of  

sp i kes pe r squ ar e  meter at each stage of  growth wi th ET . 

T i l l er i ng in B u tte and Len was re spons ive to the so il mo i s

ture d i f ference s estab l i shed in 1 9 8 3  b ut onl y to a smal l  

deg ree i n  1 9 8 4 . T h is i s  seen in the s imp le corre l at ions as 

we l l  as the mul t iple regres s ion mod el s ( Tabl e s  2 4 - 2 7 ) .  

I n  1 ·9 8 3 , spikes per square me ter in both cul t iv ars 

were re spon s ive to moi s ture use at he ad ing . B ut te showed 

no re spon se to mo i st ure use in the l ater s t ag es wh i l e  Len 

did show sign i f i c ant and highly sign i f i cant re spon se to ET 

at anthe s is , dough and ripe stag es . All t i l l ers co un ted 

were prod uct i ve ti l l er s . 

Th i s  ag a i n  po i nt s  to the latene s s  of Len as a 



1 1 8 

reason for y ie ld red uc t i on .  B utte inv ests l e ss a s s im i l ate 

into prod u c i ng se cond ary til lers . Len , however , t i l l er s  

more if  so il mo i sture is av a i l able ( s ign i f i cant po s i t ive 

corre l at ions to ET ) .  But te detetm ine s it s f i na l  number of 

prod uct ive t i l l e rs be fore the l ater stag es of g rowth . Len 

develops at a slower rat e  and fa i l s  to di f ferent i ate be

tween prod uc t ive and nonprod uc t ive t i l lers unt il l ater when 

temperature stre s s  is greater . 

Mo i s tu re use at he ad i ng seemed to have the maj or 

impact on the t i l l er i ng of both cul t iv ars u s ed  in th i s  

study . After he ad i ng L e n  and Butte vary in the i r response 

to the env i ronm ent . 

Mul t ip l e  regre s s ions ( Tabl e s  2 4 - 2 7 )  ind i c at e  that 

the prod u ct ive t i l l er n umber is a re sult of mo i s t ure con

d i t ions at se veral growth stage s . The be s t  mul t iple re

gre ss ion mod e l s  in 1 9 8 3  showed s ig n i f i cant corr e l at ions to 

sp i ke s  pe r square meter at al l growth stage s  for Len and 

all b ut dough and r i pe  for B utte . The corre l at ions are 

gre ater than the simple regre s s ion corre l at ion coe f f i c ient s . 

The re fore f inal t i l l er n umber was d eterm ined e arl i er in 

Butte th an in Len but both cul t i vars re spond to the mo i s

ture pre sent at sev e r al st ag es of growth and not one cr i t

ical st ag e . 

S o i l  moi sture d i f ference s in 1 9 8 4  w ere so smal l as 

to not s ig n i f i c antly e f f e ct t i l l ering ex cept at · g r a in f il

l i ng for Len ( Ta b l e s  2 2 - 2 3 ) .  
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Nonprod uct iv e  T i l l er i ng 

Correl at ions of non-prod uct ive t i l l e r s  pe r squ are 

meter at harve st w i th ET at g rowth stag es are l i s t ed on 

Tab l e s  2 8" and 2 9 . The se corre l at ions emph a s i z e the rel a

t ion ships i nd i c ated by the prod uct ive t i l ler w i th ET cor

rel at ions . Non-prod uct i ve t i l lers for But t e  in 1 9 8 3  { Tabl e  

2 8 ) were s ig n i f i c antly correl ated w i th E T  a t  he ad i ng and 

anthes i s  and h i g h l y  sign i f i cant ly correl ated w i th ET at 

r i pe  and total ET . Len had s ig n i f i cant corre l at ion w i th 

ET onl y at ripe and the correl at ion the re is neg at i ve . 

The se correl at ions ag a in ind i cate that ET has a 

detr iment al e f f e c t  on gra i n  yield by incre as i ng the number 

of non- prod u c t ive t i l l ers per pl ant . B utte was more re

spons ive to to tal ET and to ET at earl ier stage s of devel-

opment emphas i z i ng its e arl i er response to the e nv i ronm ent 

in compari son to Len . Both cul t i vars had s i m il ar percen-

tag es of non- prod u c t ive t i l l ers { Append i x T ab l e s 1 -4 )  but 

by d i f fe rent i at i ng between prod uct ive and non- prod uct i ve 

at an earl ier s t age of development , B utte was able to 

mature t i l l e r s  more synchronously and was t e  le s s  as s im i l ate 

and water on g r a i ns that wou ld not ev ent ually be f i l l ed .  

Y i e ld Component Correl at ions and P ath 
Coe f f i c i ent Analys i s  

Gra i n  yield in wheat i s  the re s u l t  of the develop-

ment and interact ion of spi ke number , grai ns per spi ke and 

we ight pe r gr a i n . Correl at ions of the s e  compone n t s  to 



1 2 0 

y i e ld and to e ach other are . on Tabl e s  3 2  and 3 3  for both 

log ar i thm ical l y  tr ans formed and nontrans formed dat a . The se 

corre l at ions i nd i c ate the mutual a s soc iat ion between y i eld 

and yield components . 

P ath coe f f i c ient analys i s  is the separ·at ion of the 

' correl a t ion of  y i eld and y i eld components into d i re ct and 

ind irect e f f e c t s . A path coe f f i c ient is a stand ard i z ed 

par t i al reg re s s ion coe f f i c ient and measures the d i rect 

e f fect of a yield component on gra i n  yield . The effect is 

measured in s tand ard d ev i at ion un its and is thus d i rectl y  

comparab l e  to other path coe f f i c ients . 

Components of g ra in y i eld in wheat are interre l ated 

and the i r  re l at ionsh ip var i e s  with both geno type and env i

ronment . There fore path coe f f ic ient anal ys is is a use ful 

me ans to est imate the ind epend ent contr ibut ion of each com

ponent to - y i eld • . I t  prov ides an expl anat ion for d i f fe r

ence s in the rel at ionsh ip between cul t i var s and be tween 

env i ronments . W i tho ut a means of separat i ng the se corre

l at ions into direct and ind irect eff e c t s  the re l at i ve im

por tance of the rel at ion sh ip can be con fus i ng . 

Phenotyp i c  correl at ions ind icate th a t  y i e l d  com

ponent compen s at ion v aries w i th both g enotype and env iron

ment . S i gn i f i cant correl at ions are si m i l ar for Len and 

Butte in 1 9 8 3  between tho u sand gra in we ig ht and y ield and 

thous and gr a i n  we i ght and grains per spi ke . Len , however , 

had s ig n i f i cant corr e l at ions between grains per s p i ke and 
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y i e ld and spi kes per square . meter and y i e ld . T he l at ter 

wa s a neg at i ve corre l at ion . Th i s  ind icate s tha t  gra ins per 

spi ke and spi ke·s per square meter are more r e l ated to even

tual gra i n  y i e l d  in Len than they are in But te . 

I n  1 9 8 4  correl at ions chang ed dramat i cal l y . Len had 

no s i gn i f i cant correl at ions wh i l e  correl at ions for Butte 

chang ed s ign and mag n i tude . Tho u sand grain we ig ht h ad a 

s igni f i cant but neg at ive corre l at ion to gra i n  y ie ld in th i s  

env i ronment i n s te ad of the po s i t ive correl a t ion to y i eld it  

had in  1 9 8 3 . Spikes pe r square meter and gra i n s  per spike 

were l ikewi se s ig n i f i cantly neg ativ ely corre l a t ed . 

The means by wh i ch genotype and env ironment change 

the se correl at ions can be expl a i ned w ith the path coe f f i

c ient analys i s . 

Tho u sand gra i n  we ight ' s  sign i f i c ant corre l at ions to 

y i e ld w i th Len and B utte in 1 9 8 3  and B utte i n  1 9 8 4  are d ue 

to rel at ive l y  larg e d irect effects in al l three s i t u at ions 

( T abl e s  3 4 - 3 6 ) .  In 1 9 8 3  the d i rect e f fe ct i s  po s i t ive . 

With other var i ab l e s  he ld con stant , incre as i ng thous and 

g r a in we ig ht ·i ncreases y i e ld . The env i ronm ent i n  1 9 8 4 , 

however , cre ated a d i f ferent rel at ionsh ip since the d irect 

e f fect is neg at ive . 

Why d id increa s ing tho usand gra i n  we ight decrease 

y i e ld in 1 9 8 4 ?  From the path coe f f i c i ent anal ys i s we can 

see it is be cause of the re l at ionsh ip of the other two com

ponents to g r a in we ig ht ( T .able 3 6 ) .  S p i kes per square 
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meter are neg at ively correl �ted to grain y i eld because of a 

negat i ve ind i r e c t  ef fect through gra i n  we i ght . G r a i n s  per 

spi ke are pos i t iv ely correl ated to y i eld d ue to the i nd i

re ct effe�t v ia thous and gra i n  w�i ght . There for e , higher 

y ie ld i ng plots of B utte i n  1 9 8 4  had fewer t i l l ers and fewe r 

but he av ier gra i n s . 

I n  1 9 8 3  the rel at ionship between yield components 

in Butte chang ed . Tho u s and grain we ight i s  ag a in the com

ponent w i th the highe s t  corre l at ion to gra in y i e l d  but in 

1 9 8 3  y i eld incre ases as grain we ig ht incre ases . S p i kes per 

square meter are neg at ivel y correl ated to gra i n  we i ght . 

Grains per spi ke had a neg at ive d irect e f fect of g r a i n  

yi eld . B e c a u s e  o f  a larger pos i t ive ind irect e f f e c t  through 

thousand g r a in we ight howev er � they are po s i t iv ely corre

lated to gra i n  yield . I n  1 9 8 3 , the re fore , h i gher yi eld ing 

plots of B utte had fewer t i l l ers b ut more and h e av ier gra ins . 

Thous and gra i n  we ig ht was ag ain pos i t ivel y corre

l ated to g r a in y ie ld w i th Len in 1 9 8 4 . The path anal ys i s  

reveal s the correl at ion i s  due to a po s i t i ve d i re c t  ef fect 

as  well  as  po s it ive i nd i rect e f fects through s p i kes per 

square meter and gra i ns pe r - spi ke . Spikes per - square me ter 

are neg at iv ely correl ated to y i eld because the d i re ct and 

ind irect e f f e c t s  are al l neg at i ve . Grains  pe r sp ike are 

po s i t iv ely correl ated to grain y ield d ue to po s i t ive- d i rect 

and ind irect effects . H igher yield ing plot s of · Len re� 

spond ed to the i rr ig at ion much the same way B u tte d id in-
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1 9 8 3 . H igh y i e ld came from fewer t i l l ers , more g r a i ns per 

spi ke and he av i e r  gra i ns . The mai n  d i f ference be tween the 

two cul t iv ars i n  1 9 8 3  was that the d i rect e f fect of g r a ins 

per spi ke · is neg at ive in But te arid pos i t ive in L e n . The 

net re sult is that g r a in number contr ib utes more to y i eld 

in Len in 1 9 8 3 . 

Len in 1 9 8 4  h a s  a sim i l ar direct e f f e c t  of gra i n  

per spi ke on g r a in y i eld . I nd irect e f f ects are sm all g iv

ing gra i n  number per spi ke a pos i t i ve correl at ion with 

g r a in y ie ld ( T abl e  3 7 ) . Correl at ions of the other t wo 

yi eld component s to gra i n  yi eld are very smal l .  Th i s  is 

becau se d i re ct and i nd i rect e f fects are sm all and tend to 

cancel . The onl y  component that seemed to vary its re

spon se to the . i rr ig at ion for ten in 1 9 8 4  was g r a i ns per 

sp i ke . The smal l yield di f ferences ob served are thu s  due 

to v ar i at ion in that component . Compensat ion be tween the 

others is min imal . 

The component of yield that con s i stent l y  has a neg

at ive corre l at ion w i th grain y i eld in th is study is spi ke 

per square · meter ( t i l l e r i ng ) . Path coe f f i c i ent anal ys i s  

show that the neg at ive correl at ion can be a t tr ib u t ed  to the 

d i rect ef fect  w i th Len in 1 9 8 3 , and to the ind irect effect 

v ia thousand g ra in we ight w i th B utte in both years . T i l

ler ing there fore appe ar s to be detr imental to max imum grain 

y i e ld under i rr ig at ion . 

Th i s  neg at i ve effect appe ar s  at f i r s t  to be 
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con trad i c tory s i nce t i l l er prod u c t ion is the i n i t i al s tep in 

de termin i ng y i e l d  potent i a l_. The answer l i e s  in the fac t  

that g ra in n umber i s  neg at iv ely a s soc i ated w i th t i l l er num

ber and gr·a i n  number is the onl y  Component pos i t i ve l y  cor

rel ated to y i e ld for both cul t iv ars in both years . H ig h  

yi eld ing plot s  tend ed to al ways have more gra i n s  per spike 

b ut fewer spikes per square meter . I n  So u th D akota s tress 

from he ad i ng to mat u r i ty appears to prevent th � development 

of second ary t i l l ers . The y ield po ten t i al cre ated by h igh 

t i l l er i ng is d i f f i c u l t  to maintain because of th i s  temper

ature stre ss .  

Thousand gra i n  we ight var i ed wi th env ironment . I n  

1 9 8 3  plots w i th more g r a i ns per spi ke h ad heav ier grains ; 

the oppos i te was tr ue in 1 9 8 4 .- Th i s  d i f ference i s  probab l y  

as soc i at ed w i th the y i e ld l ev el d i f fere nces seen between 

1 9 8 4  and 1 -9 8 3 . The  y i e ld level s were hi ghe r for both cul

t ivars in 1 9 8 4  so all components may have been clo ser to 

the ir genet i c  max imum . Consequent l y  there was more compe

t i t ion for a s s im i l ates between grains at gra in f i ll in 1 9 84 . 

Gr a i n  we ight s were h igher in 1 9 8 4  b ut either compe t i t ion 

for a s s im i l ate or an inadequate g rain f i l l i ng per iod cau sed 

compensat ion be tween gr a i n  number and gra i n  we i g h t . 

Reg re s s ion anal ys is ind ic ated th at s tress at he ad

ing and gra i n  fi l l ing in 1 9 8 3  w as detr imental to the de

velopment of g ra in number , grain we ig ht arid grain y i eld . for 

both cul t ivar s . Th i s  is supported by the pat h  ana l ys i s . -



1 2 5 

P lots that d ev eloped more t � l l ers und erwent more s tre s s  

( h ighe r  ET ) ,  had mor e  flore t abort ion per spi k e  ( fe wer 

grai ns per spi ke ) and were more su scept ible to s tress a t  

g r a i n  fi l i . Ag a i n  the development o f  y i e l d  pote nt i al 

through t i l l er i ng does not seem to be a favor able t r a i t  i n  

So uth Dakota ' s  cl imate . 

Th i s  is ev ident when looking at the d i f f e rence s 

between the two c ul t iv ars u sed . B utte con s i s t an tly pro-

duce s fewer sp ikes pe r square meter and more gra i n s  per 

spike than Len and head s  three or fo ur days e arl i er . T h i s  

i s  adv ant ageous i n  So uth Dakota because of the te nd ancy for 

hot dry weather i n  July . Butte is able to o u t-y i eld Len 

be cause it inve s t s  le s s  photosynthate dur i ng the veg e t at i ve 
-

stage into the prod u c t ion of t i ll ers and the as sembly of a · 

l arg er . so urce . The n  it develops at a fa ster rat e  than Len 

so is able to prod u ce more g r ai ns and f i ll them be fore 

l ater sea son temperature str e s s  red uce s yi e l d . 

Y i eld Poten t i al 

The max imum gra i n  yield potent i al of both cul t ivars 

was not approached in the two ye ars of th is stud y . Ev en in 

1 9 8 4  max imum y i e l d  of But te and Len were far be l o w  yi eld s 

the se g enotypes ach i eve in other env i ronments . Both cul-

t ivar s  have re ached yield of over 6 . 7 2 Mg/ha in Fargo , 

Nor th Dakota . M ax imum y i elds in th is study were 5 . 5 4 Mg/ha . 
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I n  order to reach t� i s  h ig her y i e ld l ev el the whe at 

plants would theore t i ca l l y - need to prod uce approx imat e l y  

5 8 0  t o  6 5 0  spikes per square meter , 3 5  t o  4 0  g r a i ns per 

sp i ke and · hav e  a thousand gra i n  we i ght aro und 3 0  grams . The 

t i l l er i ng and tho u s and grain we ig hts are w i th in the rang es 

seen in th i s  st ud y ( Table 1 1 ) .  Gra i n s  per spi k e , however , 

were lower than th i s  theore t ic al lev e l . I f  both cu l t iv ars 

were ab le to prod uce 2 . 5 grains per sp ikel e t  th i s  level 

cou ld be reached . B a s al and term inal spikelets  f a i l ed to 

devel op fe rt i l e  · floret s  on many of the spi ke s  in th i s  study . 

Other stud ies contr ib ute th i s  fail ure to d ev elop to both 

temperature and water $tr e s s  dur ing spike pr imord i a  devel-

opment ( 8 5 , 5 9 , 6 8 ) . F l oret abort ion and po l l en s ter i l ity at 
-

anthe s i s  due to high tempe rature has been doc umented in 

other stud i e s  ( 6 , 1 , 5 6 , 46 ) . It appears that g r a in d ev elop-

ment is re str i c t ed in So uth Dakota for two re asons . Devel-

opment is h a s t ened by temperatures above an opt imum . T h i s  

al lows les s  time for flore t devel opment . S e cond l y ,  l e a f  

t i s s ue is sen s i t ive to temperature and water s tress and 

s ince there i s  a h i gh demand for as s im i l ate d ur i ng both pr i-

mord ia and g r a in d ev e lopment· , only the s trong e st s inks w i ll  

be translocated to . There fore we found the neg at i ve corre-

l at ions of y i eld and g r a in number to ET at head i ng and then 

later at gra i n  f i l l ing . Bas i l  and terminal spi ke l e t s  fa i l  

to d ev elop wh i le central spi kel ets abort some o f  the ir fer-

t i l e flore t s . Consequent l y ,  fe wer gra i n s  per sp i k e  develop . 
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W i tho ut the capa9 i �y to max imi ze g r a i ns per spike , 

the gene t i c  y i e l d  potent i al of wheat cul t i var s w i l l  be 

d i f f icult to ach i eve i n  So uth Dakota . The l im i t at ions im

posed by · wat e r  str e s s  can in theory be el i m inated by proper 

i rr ig at ion sched u l i ng .  This study i nd icate s ,  · howeve� , that 

temperature str e s s  is red ucing yield potent i al even in wel l  

watered cond i t ions . In a study on w inter whe at in wash

ing ton st ate by J ohn son , Wi tter s  and C ih a  ( 4 4 ) , warmer tem

peratures were fo u nd to i ncrease ET and red u ce pho to syn

the s i s . Th i s  ind i c ated that photosynthe t i c red uct ion was 

not d ue to s tomate closure b ut rather a temperature sen

s i t iv i ty in the pho to synthet i c  proce s s . The y  found water 

use e f f i c i e nc y  ( as measured by the ratio or photosynthe s i s  

to ET ) to be .greate s t  dur ing -coo l er , cloudy days . The se 

re searchers felt e arly matur ing cul t iv ars that avo id a h igh 

late se ason he at load would have an increased water use 

e f f i c i e ncy . 

I n  So uth Dakota ,  se l ect ing for ear l i ne s s  in spr ing 

whe at c ul t iv ars sho u ld have the same bene f it . L ate season 

temperature str e s s  appears to be a maj or so urce of yield 

red uc t ion ev en und er i rr ig at ion or d ur i ng w e tter grow ing 

seasons . 

A se cond fac tor that a breeder could se l e c t  ag ainst 

to increase y i e ld s  is the tend ancy to prod u ce l ate se cond

ary ti l l ers . Whe n  ti l ler ing is not synchron i z ed in a pl ant � 

the pl ant w i ll h ave to allocate i ts a s s im i l ate between 
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s inks that are at d i f f erent stag es of dev elopment . The 

temperature stre s s  later �n the growing se ason w i l l  be es

pec i ally d etr iment al to the l ater matur i ng t il l ers . If  at 

the veg e ta t i ve stage the whe at plant al locat e s  .more ass im

i l ate to primord ia d ev elopment and l e ss to t i l l e r i ng·, the 

was ted prod uct ion of late ti l l ers can be avo ided . 

Many stud ies have shown the fut il i ty of s e l e ct i ng 

for an increase in the development of a part i c ul ar yield 

component because y ie ld compon�nt compensat ion w ill  tend to 

al ter its  con tr i b ut ion to yield in a gi ven env ironment ( 5 7 ) .  

Unproduct ive t i l l e r i ng however is a waste f ul u t il i z a t ion of  

re source s for a pl ant and in  fact le aves the plant with a 

l arg er , more stre ss s u s cept ible c anopy . Conse q uently t il

lering in  a whe at cul t ivar sliou ld be synchron i z ed so that . 

all spikes are matured as early as po s s ible . 



CHAPTER VI 

S UMMARY AND CONC LUS I ONS 

The above average ra i nfal l s  dur i ng the 1 9 8 3  and 

1 9 8 4  g row i ng seasons d im in i shed the e f fe ct of the i rr ig a

t ion tre atment s  app l ied in th i s  study .  The r e fore the in

fl uence of water s tr e ss on spr i ng wheat d ev e lopment cou ld 

not be stud i ed as ef f e c t ive l y  as de s ired . Th i s  study doe s 

i nd i cate , howev er , that temperature s tress can d im i n i sh 

grai n  yiel d s  in ad apt ed cul t i var s even dur ing wet year s or 

w i th irr ig at ion .  

Regre s s i on ana l ys i s  shows that the development of 

g r a in y i eld , tho u s and g ra in we ig ht and g r a i ns per spi ke are 

neg at ive l y  correl ated with ET .  Ev apotr ansp i rat ion is hi gh

e st in the plots that h ad more early season so il mo i st ure _ 

and consequent l y  prod uced more til lers . The r e fore in 1 9 8 3  

the h igh . temperatures encountered by Len at he ad i ng and 

both cul t ivars at gra i n  fi l l ing dim in i shed the devel opment 

of gra i ns per spi ke , tho u sand gra in we ig ht and g r a in y i eld . 

H igh t i l ler i ng cre a t e s  a larg er canopy and the se ns i t iv ity 

of l eaf t i s s ue to temperature stress re sul ts in the neg

at ive corr e l at ions se en in .1 9 8 3 . Because of smal l  so i l  

mo i sture d i f ferences among treatments in 1 9 8 4 ,  very few 

s ign i f i cant corr e l a t ions to evapotr ansp i rat ion were ob

serv ed . 

Mul t iple regre ss ion of ev apotr ansp i rat ion at growth. 

stag es on g r a in y i e ld and : y i eld components i nd i cates tha t  
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no s ing le stage of g rowth �s cr i t ical to spr i ng wheat d e-

vel opment . Mos t  s i g n i f i c ant mod e l s used four or f i ve var-

i abl es i nd i c a t i ng that y i eld and y i eld component d ev elop-

ment was the re s u l t  of cond i t ions throughout the stag e s  of 

pl ant d ev elopme nt . 

T i l l e r  developm ent dur ing the growing se a son was 

s ig n i f i c an tly correl ated to ET w i th both s imple and mul t i-

pl e regre s s ion mod el s .  Th i s  ind icate s tha t  t i l l er i ng was 

re spons ive to so il mo i s ture d i f ferences e s t abl i shed by the 

irr igat ion treatment s . Corre l at ions are po s i t ive so unl ike 

the other y i e ld components , t i l l e r i ng increases w i th i n-

crea s i ng mo i sture use ( Tabl es 2 0 - 2 7 ) .  Other fac tors though 

bes ides soil mo i sture must infl uence the m a i ntenance of 
-

prod uct ive til l e r s  since the final t i l l e r  counts do not 

show the se s ame s ig n i f i c ant pos i t ive corre l at ions to ET 

( Tabl e s  1 ·2 - 2 1 ) .  Non- prod uct ive t i l lers are pos i t i ve l y  cor

rel ated w i th ET at some stag es w i th B utte and neg a t iv.ely 

correl ated with ET for Len onl y  at the ripe stage ( Tabl e s  

2 8 -3 1 ) .  The two cul t iv ars used i n  th is study thus behave 

d i f ferent l y  in te rms of til ler prod uct ion and ti l l er mai n-

tenance . B utte t i l l ers l e ss in re sponse to the e arly sea-

son wat er and is more re spons ive to water or tempe rature 

stre ss at an e arl i er stage of dev elopment than Len . Len 

i s  le s s  re spons ive to ET d i f ference s that devel op by mid

sea son and con sequently attempts to carry more 'se cond ary 

prod uct ive t i l l e r s  into the high temperatu re stre s s  per iod 
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of l ate July . There fore B �tte is more ad apted to the type 

of env ironmental str e s s e s encountered in So uth Dakota in 

terms of i ts pattern of t i l l er ing and t i l ler m a intenance . 

P ath coe f f i c ient ana l ys i s  shows the int e ract ions 

between y ie ld components that cre ate the y i eld d i f ference s 

ob served . The y  ind icate that the two cul t ivars interacted 

d i f ferently in e ach year and d i f ferently from one another . 

Both cul t ivar s  in both years have a po s i t i ve cor

rel at ion between g r a i ns per spi ke and g r a in y i eld . W i th 

Len in both year s , path analys i s  ind icate s th i s  is d ue to 

a po s i t ive d i re ct e f fe ct wh i le the d i rect e f f e ct in B utte 

in both ye ar s is neg at ive . The po s i t ive ind ire c t  e f f e ct 

through thous and g r a in we ig ht overr ides the neg at ive d i rect 

ef fe ct in Butte . 

Thousand gra i n  we ight strong l y  inf l uenced gra in 

y i e ld in -both c u l t iv ars in 1 9 8 3  and B utte i n  1 9 8 4 . The 

correl at ions are ma i n l y  due to direct e f f e ct s . In 1 9 8 3 , 

though , the d i re ct e f fects are po s i t ive wh i le i n  1 9 8 4  they 

are neg at ive . P ath analys i s  reveal s that the neg at i ve 

d i re ct e f fect i n  1 9 8 4  is the re sult of the neg at ive cor

rel at ion be t ween gr a i n s  per · spi ke and gra i n  we i ght . 

Spi kes per square meter showed a neg at ive corr e

lat ion to gr a i n  yield . With But te the neg at ive ind irect 

e f fect v ia tho u s and g ra in we ig ht was l arg ely re spon s i bl e  

wh i l e  L e n  i n  1 9 8 3  h ad a large negat ive dire c t  ef fect . 

B utte ' s  y i eld super ior i ty to Le·n in both ye ars was 
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prob ably d ue to i ts e arl i ne ss and ab il i ty to synchron i z e  

t i l l er developmen t . Even tho ugh the chang e  i n  env ironment 

from 1 9 8 3  to 1 9 8 4  al tered - the contr ibut ion of g r a in we ight 

to gra i n  ·yie l d , th i s  cul t ivar was s t i l l  ab l e  to out-yield 

Len . Apparently a h ig her y i e ld i ng g e notype sho u ld be abl e 

to re ach high yie l d  by several path s . 

E arl i ne ss is a d roug ht e scape mechan i sm B utte u t

il i zes to y i e l d  wel l  de sp i t e  water and tempe ra t u re stre s s . 

S e l e c t ion for e arl i ne ss by the breed er w il l  probably be an 

e f fe c t ive means of avo i d ing the yield losse s tha t  re s u l t  

from l ate season temperature s tre ss . 

S e l e c t ion ag a i n s t  genotype s that prod uce late se c

ond ary t i l l ers shou ld al so be a means of avo id i ng l ate sea

son he at stre s s  in cul t ivar s ; P lants th at prod uce fe wer 

more synchrono us t i ll ers wou ld be able to prod u ce more 

gra ins per sp i ke _ and fi l l  those gra i n s  more e f f e c t ivel y .  

F i nall y ,  a breed er m ig ht be able to i ncr e ase y i eld 

in South D akot a ' s  env ironment by se l e c t i ng for he ad type s · 

w i th more f lorets per spikelet or spi ke l e ts per sp ike . 

Path analys i s  emph as i z e s  the import ance_ of gra i n  numbe r  to 

g r a in y i e ld . I f  a g e notype can prod uce more g r a i ns per 

sp ike dur i ng the re l at i ve l y  short pe r iod of he ad develop

ment , th i s  wou ld be adv antag eo us . 

Even whe n  ad equate so i l  mo i s ture is ava i l ab l e  to 

the whe at pl ant , h igh temperat ures can create d e f ic ienc i e s  

i n  the pl ant ' s  wat er status . The re fore the el i m inat ion of 
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all water stre ss i nd u ced y �eld lo s ses may not be pos s i ble 

even with irr igat ion . In South Dakota , temperatures may 

even be h igh eno ugh to d i rec tly re str i ct tran s lo c a t ion , 

slow ph loem load i ng or inh ib i t the photo synthe t i c  proce s s . 

S t i ll , proper i rr ig a t ion sched u l i ng to avo id long er ·term 

water shortage s  sho uld be an effect ive means of stab i l i z ing 

g r a in y i e ld in an env i ronment as v ar i able as S o u th D akota ' s . 

S ched ul i ng app l i cat ions and determin i ng rat e s  wil l  depend 

upon f ac tors such as so il type and e nv i ronment al cond i t ions 

of that se ason . · There fore a prope r sched ule w i l l  change 

w i th years and w i th locat ions . Temperat ure s tre ss probably 

lower s the y i e ld potent i a l  for ad apt ed cul t ivar s , however , 

and spr i ng whe at prod ucers shou ld cons ider th i s  re s tr i ct ion 

when est imat ing the potent i al econom ic bene f i t s  of inves- . 

t i ng in i rr ig at ion .  
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Tab l e A- 1 .  Yie l d ,  y i e ld c omponent s and prote in at each tre a tment 

Treat-
ment 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
1 1  
1 2  
1 3  
1 4 
1 5  
1 6  
1 7  
1 8  
1 9  
2 0  
2 1  

fo r But te in 1 983 . · 

1 00 0  
YLD Gra in Wt . Percent 

. ( Mg/h a )  ( g )  Pro t e in 

3 . 5 8 2 5 . 30 1 5 . 24 
3 . 1 2 24 . 8 8 1 5 . 7 6 
2 . 8 9 2 3 . 9 8 1 6 . 26 
2 . 7 5 2 5 . 5 0 1 6 . 26 
2 . 6 9 24 . 5 2 1 6 . 42 
2 . 8 9 24 . 0 1 1 6 . 36 
2 . 4 9 24 . 1 6 1 7 . 08 
2 . 6 5 24 . 1 8 1 6 . 2 6 
2 . 46 23 . 9 7 1 6 . 8 2 
2 . 5 0 2 3 . 06 1 6 . 64 
2 . 93 24 . 1 3 1 5 . 90 
3 . 04 2 3 . 86 1 5 . 9 2 
3 . 08 2 5 . 06 1 5 . 6 6 
3 . 00 2 5 . 6 7 1 5 . 6 6 
2 . 94 2 5 . 7 9 1 5 . 44 
3 . 25 26 . 1 9 1 5 . 40 
3 . 1 6 26 . 2 7 1 5 . 40 
3 . 3 3 2 6 . 8 1 1 5 . 5 2 
3 . 54 26 . 7 3 1 5 . 5 8 
3 . 6 8 2 6 . 6 2 1 5 . 5 0 
3 . 3 1 2 6 . 94 1 5 . 34 

Gr a ins Prod uc t ive Non-Prod . 
· Per Spike s P e r  Spike s P er 
Spike Sq . Me ter Sq . Me ter 

3 1 . 50 484 . 2 5 5 8 . 5 0 
3 2 . 8 5 7 9 3 . 0 0 5 2 . 00 
30 . 7 5 5 7 5 . 2 5 4 5 . 5 0 
3 5 . 6 0 7 0 5 . 2 5 7 8 . 00 
2 9 . 6 5 5 8 1 . 7 5 1 23 . 5 0 
30 . 5 5 6 1 7 . 5 0 5 8 . 5 0 
3 2 . 8 5 546 . 00 1 04 . 00 
3 3 . 6 5 6 5 3 . 25 1 1 3 . 7 5 
3 2 . 00 7 1 1 . 7 5 1 20 . 2 5  
2 7 . 90 7 1 8 . 2 5 8 1 . 2 5 
33 . 70 6 2 7 . 2 5 1 3 3 . 2 5 
3 1 . 50 5 94 . 7 5 1 3 9 . 7 5 
32 . 1 5 5 1 6 . 7 5 74 . 7 5 
33 . 7 0 6 0 7 . 7 5 5 5 . 2 5 
3 1 . 1 5 490 . 7 5 8 1 . 2 5 
32 . 1 5 5 1 6 . 7 5 6 1 . 7 5 
33 . 8 5 63 7 . 0 0 3 9 . 00 
34 . 4 5 6 1 7 . 5 0 3 5 . 7 5 
30 . 9 5 624 . 00 3 5 . 7 5 
3 3 . 1 0 62 7 . 2 5 45 . 5  
32 . 6 0 5 5 2 . 5 0 3 5 . 7 5  
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Tab l e A- 2 .  Y ie l d , y ield c omponent s and pr otein at e ach t r e a tmen t  
for L en in 1 98 3 . 

1 000 Gra ins Produc t ive Non-Prod . 
Treat - YLD Gra in Wt . Perc ent Per Spike s P er Spike s Per 
ment ( Mg/ha ) (g) Prot e in Spike Sq . Me ter Sq . Me ter 

1 3 . 2 2 26 . 6 3 1 5 . 74 28 . 7 5 6 3 3 . 7 5 94 . 2 5 
2 2 . 80 2 7 . 2 1 1 5 . 6 2 30 . 00 6 5 0 . 00 74 . 7 5 
3 2 . 8 1 26 . 9 2 1 6 . 04 28 . 9 5 5 9 8 . 00 6 8 . 2 5 
4 2 . 74 2 6 . 1 9 1 6 . 2 0 3 1 . 5 5 640 . 2 5 6 5 . 00 
5 2 . 4 7  2 5 . 5 9 1 6 . 40 27 . 2 5 6 7 6 . 0 0 94 . 2 5 
6 2 . 6 3 2 6 . 1 4 1 6 . 84 25 . 45 5 6 8 . 7 5 4 8 . 7 5 
7 2 . 5 5 24 . 62 1 6 . 3 6 28 . 40 6 5 0 . 00 6 5 . 00 
8 2 . 36 25 . 20 1 6 . 5 8 27 . 45 7 1 5 . 00 8 7 . 7 5  
9 2 . 3 6 24 . 9 8 1 6 . 7 6 26 . 80 734 . s o  6 8 . 2 5 

1 0  2 . 60 2 5 . 0 2 1 6 . 34 25 . 1 5 5 72 . 00 45 . 5 0 
1 1  2 . 9 1 25 . 60 1 6 . 1 0 2 7 . 8 5 7 1 1 . 7 5 68 . 2 5 
1 2  2 . 88 2 6 . 1 7 1 6 . 08 28 . 5 0 7 1 8 . 2 5 8 1 . 2 5 
1 3  2 . 80 25 . 1 8 1 5 . 90 30 . 4 5 6 1 4 . 2 5 5 2  . ·00 
14 2 . 92 2 6 . 1 8 1 6 . 0 2 30 . 6 5 6 2 7 . 2 5 8 1 . 2 5 
1 5  2 . 85 2 5 . 7 8 1 5 . 84 30 . 5 5 6 3 7 . 00 1 0 7 . 2 5 
1 6  2 . 88 2 6 . 7 2 1 6 . 00 30 . 5 5 6 5 6 . 5 0 1 2 3 . 5 0 
1 7  2 . 84 2 6 . 5 9 1 5 . 94 3 1 . 2 5 5 7 5 . 2 5 9 1 . 00 
1 8  2 . 9 1 26 . 5 3 1 5 . 94 29 . 7 0 6 7 2 . 7 5 1 00 . 7 5 
1 9  2 . 8 7 26 . 5 7 1 5 . 8 6 30 . 0 5 5 7 5 . 2 5 6 8 . 2 5 
20 3 . 1 9 26 . 44 1 5 . 54 30 . 00 5 2 6 . 5 0 7 8 . 00 
2 1  3 . 1 3 26 . 3 1 1 5 . 44 28 . 8 5 5 9 8 . 00 8 7 . 7 5 
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Tab l e  A-3 . Y i e l d , y i e ld c ompone�ts and pro t e in at e ach t r e a tment 

Treat-
ment 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
1 1  
1 2  
1 3  
1 4  
1 5  
1 6  
1 7  
1 8  
1 9  
20 
2 1  
2 2  
23 

for But t e  in 1 984 . · 

1 00 0  
YLD Gra in Wt . Perc ent 

( Mg/ ha ) ( g )  Pro t e in 

4 . 8 1 . 2 9 . 1 4 1 5 . 1 0 
5 . 0 3 29 . 6 0 1 5 . 2 2 
4 . 83 29 . 3 8 14 . 8 8 
5 . 1 1 2 9 . 1 6 1 5 . 08 
5 . 2 8 2 7 . 86 1 4 . 8 6 
5 . 0 2 28 . 5 8 14 . 7 8 
4 . 9 7 2 9 . 64 14 . 88 
5 . 2 0 2 7 . 96 1 5 . 44 
5 . 1 6 28 . 00 1 5 . 05 
5 . 0 6  . 28 . 90 1 5 . 1 2 
5 . 0 9 2 7 . 9 8 1 4 . 94 
4 . 9 5 28 . 7 8 1 5 . 30 
5 . 1 0 2 7 . 2 8 14 . 9 6  
5 . 5 3 28 . 3 8 1 5 . 1 2 
5 . 2 6 2 7 . 7 8 1 5 . 00 
5 . 30 28 . 3 6 14 . 88 
5 . 08 28 . 3 2 1 4 . 5 8 
5 . 02 29 . 0 2 14 . 84 
4 . 9 9 28 . 62 1 5 . 3 0 
5 . 3 1 28 . 40 1 5 . 2 2 
5 . 1 6 28 . 2 2 14 . 94 
5 . 1 4 28 . 90 1 4 . 5 6 
5 . 4 7  28 . 4 2· 1 5 . 54 

Gra ins Produc t ive Non-Prod . 
· Pe r  Spike s Per Spike s P er 
Spike Sq . Me ter Sq . Me t er 

29 . 5 5 6 1 7 . 5 0 1 9 . 5 0  
32 . 1 5 744 . 2 5 4 8 . 7 5 
3 1 . 45 74 1 . 00 2 9 . 2 5 
29 . 45 7 1 8 . 2 5 8 1 . 25 
30 . 85 73 7 . 7 5 3 2 . 5 0 
28 . 2 5 8 3 2 . 00 6 1 . 7 5 
29 . 3 5 7 1 8 . 2 5 6 5 . 00 
33 . 00 7 0 2 . 00 3 9 . 00 
3 2 . 5 0 6 5 0 . 0 0 7 1 . 5 0 
32 . 7 0 7 2 1 . 5 0 2 6 . 00 

. 33 . 4 5 7 1 8 . 2 5 2 6 . 00 
32 . 6 0 6 3 7 . 00 2 6 . 00 
33 . 2 0 6 1 4 . 2 5 4 2 . 2 5 
3 1 . 1 5 6 7 2 . 7 5 8 7 . 7 5 
3 2 . 8 0 620 . 7 5 74 . 7 5 
33 . 7 0 6 5 9 . 7 5 5 5 . 2 5 
30 . 60 62 7 . 2 5 6 8 . 2 5 
3 1 . 60 7 1 1 . 7 5 1 00 . 7 5 
30 . 60 6 5 6 . 5 0 5 5 . 2 5 
30 . 60 663 . 00 4 8 . 7 5 
35 . 40 4 7 7 . 7 5 3 5 . 7 5 
35 . 2 5 6 7 2 . 7 5 4 5 . 5 0 
29 . 5 0 6 5 9 . 7 5 5 8 . 5 0 
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Tab l e A-4 . Y i e l d , y i e ld c omponent s and prote in at e ach trea tment 
for Len in 1 9 84 .  

1 000 Gr a ins Prod uc t ive Non-Prod . 
Treat - YLD Gra in Wt . Percent Per Spike s Per Spike s Per 
ment ( Mg/ h a )  ( g ) Pro t e in Spike Sq . Me t er Sq . Me ter 

1 4 . 7 8 2 7 . 70 1 5 . 38 28 . 1 5 6 3 3 . 7 5 1 04 . 0 0 
2 4 . 1 7 2 6 . 7 2 1 4 . 7 2  29 . 3 0 5 8 1 . 7 5 8 1 . 2 5 
3 4 . 4 3 2 7 . 00 14 . 9 6 27 . 7 0 6 7 6 . 00 74 . 7 5 
4 4 .  5 2  2 5 . 4 6 1 5 . 1 0 2 6 . 40 7 2 7 . 50 7 8 . 0 0 
5 4 .  7 0  2 6 . 2 0 14 . 94 2 6 . 8 5 640 . 2 5 1 9 . 5 0 
6 4 . 6 7 2 7 . 0 6 14 . 8 8 2 7 . 9 5 7 24 . 7 5 2 2 . 7 5 
7 4 . 84 2 7 . 1 8 1 5 . 1 2 29 . 9 5 6 2 7 . 2 5 5 5 . 25 
8 4 . 69 26 . 6 2 1 5 . 04 25 . 1 5 6 9 5 . 5 0 4 5 . 5 0 
9 4 . 8 7 26 . 9 0 1 5 . 00 29 . 9 5 6 3 0 . 5 0 2 6 . 00 

1 0  4 . 6 7 2 7 . 00 1 5 . 04 30 . 2 0 5 3 9 . 5 0 3 5 . 7 5 
1 1  4 . 5 1 2 6 . 7 8 1 5 . 74 25 . 80 63 6 . 5 0 3 2 . 5 0 
1 2  4 . 60 2 7 . 5 8 1 5 . 0 6 27 . 80 6 9 5 . 5 0 5 8 . 5 0 
1 3  4 . 5 8 2 7 . 5 2 1 5 . 06 27 . 00 6 7 6 . 0 0 84 . 5 0 
14 4 . 0 2 2 7 . 2 2 1 5 . 42 26 . 4 5 640 . 2 5 5 8 . 5 0 
1 5  4 . 3 7 28 . 08 1 4 . 74 33 . 9 5 640 . 2 5 6 5 . 0 0 
1 6  4 . 8 6 2 7 . 46 1 5 . 1 6 29 . 6 5 5 6 5 . 5 0 48 . 7 5 
1 7  4 . 64 2 7 . 9 2 1 4 . 9 6 30 . 1 0 5 94 . 7 5 48 . 7 5 
1 8  4 .  5 3  2 7 . 30 1 5 . 08 30 . 60 6 5 6 . 6 0 48 . 7 5 
1 9  4 .  7 6  2 7 . 90 1 5 . 04 29 . 1 0 7 1 8 . 2 5 5 8 . 5 0 
20 4 . 84 2 6 . 7 8 1 5 . 3 6 29 . 3 5 663 . 00 68 . 2 5 
2 1  4 . 6 5 2 7 . 20 1 5 . 3 6 29 . 5 5 630 . 5 0 8 1 . 25 
2 2  4 . 64 2 6 . 60 1 5 . 0 2 30 . 60 724 . 7 5  45 . 5 0 
2 3  4 . 9 1 2 6 . 2 0 14 . 9 6 3 1 . 40 646 . 7 5 45 . 5 0 



Tab le A-5 .  Water app l ied (mm ) w i th irrigat ion at each growth stage for each 
treatment in 1 983 . 

GROWTH STAGE 

Treat- T i l ler- Jo int ing Boot He ad- An the- Milk Dough 
ment ing ing s is 

1 - - - - - - -

2 - - - - - - -

3 - - - - - - -

4 - - - - - - -

5 
I - - - - - - -

6 - - - - - - -

7 7 . 7  - - - - - -
8 7 . 7  - - - - - -

9 20 . 3  - - - - - -

1 0  33 . 0  - - - - - -

1 1  33 . 0  - - - - - -

1 2  43 . 2  - - - - - -

1 3  43 . 2  - - - - - -

14 43 . 2  - - - - - -

1 5  27 ·. 9  - - - - - -

1 6  27 . 9  - - - - - .... 

1 7  27 . 9  - - - - - -

1 8  1 0 . 2  - - - - - -

1 9  1 0 . 2  - - - - - -
20 - - - - - - -

2 1  - - - - - - - . 

Ripe 

20 . 3  
2 2 . 9  
24 . 1  
3 3 . 0  
3 3 . 0  
5 3 . 3  

. 7 1 . 1  
90 . 2  

1 0 1 . 6  
1 06 . 7  
1 1 1 . 8  
1 1 5 . 6  

68 . 6  
7 3 . 7  
5 7 . 2  
45 . 7  
3 3 . 0  
3 1 . 8  
24 . 1  
2 7 . 9  
2 2 . 9  ....... 

+:--
00 



Tab l e  A-6 .  Water app l ied (mm) w i th irr igat ion at each growth stage for each 
treatment in 1 9 84 . 

Treat- T i l ler-

ment ing 

1 -

2 -

3 -

4 -

5 -

6 -

7 -

8 -

9 -

10 -

1 1  -

1 2  -

1 3  -

14 -

1 5  -

1 6  -

1 7  -

18 -

19 -

20 -

21 -

22 -

2 3  -

Jo int ing 

-
-
-
:.... 
-
- . 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

Boot 

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

GROWTH STAGE 

Head-

in_g 

30 . 5  
30 . 5  
20 . 3  
24 . 1  
22 . 9  
2 1 . 6  
1 9 . 1  

I 1 9  o 1  
1 9 . 1  
1 9 . 1  
22 . 9  
25 . 4  
30 . 5  
2 1 . 6  
1 7 . 8  
1 7 . 8  
1 7 . 8  
1 7 . 8  
2 2 . 9  
22 . 9  
1 9 . 1  
1 7 . 8  
25 . 4  

An the- Mil k  Dough 
s is 

5 . 3  - 20 . 8  
2 . 5  - 2 1 . 8  
8 . 9  - 2 1 . 3  

1 7 . 8  - 30 . 7  
2 1 . 1  - 2 7 . 2  
30 . 5  - 30 . 7  
35 . 1  - 36 . 8  
35 . 8  7 . 6  3 7 . 6  
3 7 . 3  1 2 . 7  33 . 5  
35 . 1  20 . 3  33 . 0  
48 . 5  35 . 6  43 . 2  
39 . 4  40 . 6  44 . 5  
34 . 8  43 . 2  36 . 3  
20 . 3  38 . 1  2 2 . 1  
1 2 . 7  38 . 1  20 . 8  

8 . 1  38 . 1  1 7 . 0  
- 35 . 6  1 6 . 5  
- 30 . 5  1 5 . 7  
- 20 . 3  30 . 7  
- 1 7 . 8  40 . 9  
- 8 . 9  30 . 7  
- 2 . 5  25 . 4 . 
- 5 . 3  3 1 . 2  

- - -------- ----- - ----------

Ripe 

-
-
-
-
-
-
-

7 . 6  
1 2 . 7  

. 20 . 3  
33 . 0  
43 . 2  
40 . 6  
40 . 6  
38 . 1  
38 . 1  
40 . 6  
4 3 . 2  
22 . 9  
1 7 . 8  
1 2 . 7 

7 . 6  
5 . 1  

....... 
� 
\0 
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Tab l e  A- 7 .  E s t ab l i shment o f  water gradien t s  us ing three 
. l in e  s ourc e s . 

TRIPL E  L I NE SOURCE 

TOTAL WATER TOTAL WATE R  

l·IATER WATER WATER 

GRADI ENT ' GRAD I ENT / " GRADI ENT 

' / ' / 
> · / 

' " / ' 

/ 

/ 
/ ' ' / 

' � 

3 4 EARL Y 7 8 9 FULL 1 1  1 2  1 3  

T r e a tmen t s  ( l - 19 )  SEASON SEASON 

L I NE L I NE 

, I "' 

' 

LATE 1 5  
SEASON 

L I NE 

WATER 

GRAD I ENT 

16 1 7  1 8  1 9  

� 
1..11 
0 
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