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INTRODUCTION 

Many factors that influence the growth and quality of sugar beets 

be have in one way under one set of conditions and in quite another unde r 

other conditions. Cons e quently, these factors should be considered 

together under a dynami c situation to find their interrelations and their 

influence on sugar beet yield. 

This study is a statistical analys i s of the interaction of fertilizer 

and soil moistur e potential with the yield of sugar bee ts grown in a 

crop rota~ion und e r diffe rent regimes o f i rr igation conducted over a 

p eriod of seven yea r s. 

The data are available for the years 1949 through 1956, from 

an inte nsiv field exp erim ent conducte d unde r We ste rn Regional 

R esea rch Project W -29, entltled So ' l-Wate r - Plant R e lations under 

Irrigation. 

There is need of a complete statistical analysis of third order 

interaction for the whole cultural rotation. This thi rd orde r interaction 

has b een examined for the sugar bee t c r op grown in the seven years of 

the general cultural rotation, which includes peas, first year alfalfa , 

second year alfalfa, potatoes, and sugar b eets. 
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REVIEW OF LITERATURE 

Factors Affec ting Plant Growth 

The plant is a product of its genetic constituti on and its 

environment. The most important envi ronmental factors that 

influe n ce plant growth are tempe ratur e, radiant energy, moisture 

supply , soil reaction , gas content of the soil, compo8ition of 

atmosphere, biotic factors, and supply of mineral nutr ient e l e m ents . 

The moisture and nutrie nt suppl y (nitrogen and phosphate) and 

particularly their inte racting influence on the suga :.-- beet yield wi ll 

be r eviewed here . 

Plant and water 

The processes of growth and tran s p iration us e wate r. The wa er 

that is u sed by transpiration or growth should b e imme diate ly r e placed 

in plants so that the plant wate r r emaining will be i n an active state. 

The moisture activity will d ec r e ase as a result of decreasing plant 

water content .. When t:he rate of transpiration exceeds the rate of water 

uptake by plants, wilting occurs and growth is retarded . The need 

for water to supply the evapotranspiration demands i s controlled by 

climatic factors. On the other hand, the rate at which wa t e r can b e 

take n up is influenc e d marke dly by the soil water potential. 



Unfavorable physiological environment resulting from either a 

soil water surplus or deficiency is harmful to plants . In general, 

factors which affect the availability of moisture for plants can be 

divided into three categories (15): 

1 . Plant factors, which include plant condition (nutrients 

present, stage of growth), root habit (depth of rooting, 

degree of ramification, and absorptive activity), and 

plant resistance to drought 

2. Climatic factors, which include air temperature, air 

humidity, fog, wind, solar radiation, and advective 

energy 

3. Soil factors, which include moisture potential, concen

tration of salt in soil solution, kinds of ions present 

in soil solution, soil moisture transmission, soil 

depth, soil stratification (effect of hardpan and texture 

layering), soil temperature and temperature gradients. 

The dynamic ·process of water in soil-plant-atmosphere is not 

yet well understood •. . The yield response is the result of the inte

grated effects of. all factors that have acted upon the plant during 

its growth (9). 

The passive movement of water from soil to plant and from 

plant to atmosphere is the result of moisture potential gradients 

3 
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along the path of supply to the point of loss into the atmos p he r e. 1 

Transpiration and growth proce ss e s d e crease the pote ntia l o f wa ter 

in plant tissue. As a r e sult of this d e crease in wate r p o t e ntial, wate r 

moves from the soil in the vicinity of the roots into the plant, thu s 

restoring the moisture pote ntial. The difference in wate r p o t e ntial 

between root and soil d e p e nds upon the rate of uptake a n d inve r sel y 

upon the c onduc tivity of the s o il fo r wate r. 2 Energy barri e r s a n d 

temperature differe n ces may m odify the s impl e flow m e chanism s 

discussed above. 

In general, the state of wate r in the plant-soil s ys t e m i s d e t e r

mined by a combination of four factors. 
3 

They are t e mpe ratur e, 

pressure, nature of the soil or plant matrix, and composition o f the 

system. Mathematically the relation can be written as 

in which* is moisture potential and subscripts T, P, e, and c 

are related to temperature, pressure, water concentration, and 

composition of the system (usually confined to solutes). M e tabolic 

activity of plants may be considered as the · fi"{th factor which affe cts 

the state of water in plant-soil syste ms. 

1 Taylor , S. A. Irrigation Science, Soil-Plant-Water 
Relationships. Textbook for Physical Edaphology at Utah State 
University. Unpublished. 

2 Taylor. Ibid. 

3 Taylor. Ibid . 
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The bes t thermodynami cal functi on to d esc ribe the soil-water-

plant r elatio n s hip i s partial Gibb potential. l This equation for water 

at one l ocation is 

in w h ich 

~'- w 

n 
w 

n . 
J 

( ) 

dT + ( 
8 

:; ) dn t 
w 

thermodyna mic p otential of water in the system 

the partial specific ent r opy 

the partial specific volume of w ate r 

c onc e ntration of water in the sys t em 

c oncentration of component j in the system, and 

indica t e that a ll variab l es except the one under 

consideration are h e ld constant. 

If the m a tric potential is used instead of w ater content , the 

a bove e qua ti o n c an be written as follows 

dT + ( a a~'-; ) dP +( aa~'-Tw ) dT + ~ aaf.Ln: ) dn . 
J 

3 

1 
Taylor. Ibid. 

dn . 
J 

2 



The water potential in soil and plants is defined as 

in which 

R 

T 

p 

0 
p 

1' 
0 

p 

moisture potential 

RTln E. 
0 

p 
RT lna • - - 4 

w 

thermodynamic potential of free water 

thermodynamic potential of water in the system 

gas constant 

absolute temperature 

vapor pr essure of water in the syste m 

vapor pressure of free water 

relative humidity or relative activity. 

Although the potential gradient constitutes the forc e which 

causes the passive movement of water in the soil, from soil to plant, 

within the plant, and from plant to atmosphere, the movement of 

water will also be influenced by the resistance to flow. This 

resistance may appear as permeability of soil and tissues or as 

energy bar riers. It may be influenced by heat and electrical charges 

and possibly oth e r unknown factors. 

1 
Taylor. Ibid . 

6 
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Plant and fertilize r 

Nitrogen availability. In soils, plant nutrients ar e frequently 

held as exchangeabl e ions, and consequently their persistence in the 

soil and the ir availability for plant growth depends on e xchange reactions. 

Inorganic forms of nitrogen, chiefly ammonia and nitrate, are 

available to plants (30). The rate at which nitrogen in soil becomes 

available to plants depends upon the rate of organi c matte r decompo

sition, the quantity of fertilizer added to the soi l, the rate of adsorption 

of growing plants, and the rate of us e by microo rgani sms . L eachi ng is 

also a factor that influences the availability of nitroge n to p l ants (30 ). 

Supply of phosphate to plants. Plant growth requi r e s a n et 

removal of phosphorus from the soil syste m i nto the p l ant. T h i s 

process c a n b e divided into four stages (8 ): 

l . R e l e ase of the phosphorate ion from t he solid ph a se 

i nto soil solution 

2. Movement of phosphorate ion toward the root v i cinity 

3. Movement of the ions from the root vicinity into the 

root 

4. Movement of the phosphorate ion in the upper part of 

the plant. 

Ion-exchange, bulk movement of water, viscous flow, and 

diffusion are responsible for the movement of phosphorus through 

soil (22) . 



When phosphate fertilizer is applied to soils, four factors affe ct 

its availability to a specific crop (17, 21 ). The se factors are: 

l . Particle size of fertilizer 

2. P e rcentage of fertilizer phosphorus soluble in water 

3. F e rtilizer treatment and placement 

4. C e rtain soil properties, as level of available s oil 

phosphorus, soil texture, and soil reaction. 

A majority of the common procedure s for evaluating the 

phosphorus fertility status of soils are based on solu b ility r a the r 

8 

than on anion e x change reactions. Thus, much of the p osphorus which 

has accumulate d in fe rtilized soils is not c on •ide red when evaluating 

phosphorus fe rtility (5, 6, 23, 24). 

The inte r ac t i o n of fertilizer and 

water on the yi eld of sugar beets 

It has been shown 1 that an increase in crop growth in response to 

the fertiliz e r treatment r esults in increased production for each unit 

of water evapotranspired. Haddock and Kelly (13) found that sugar 

beets grown under conditions of high moistur e stress obtained little if 

any benefit from nitrogen fertilization. When sugar beets were grown 

under conditions of low moisture stress, yield increases were obtained 

w ith nitrogen fertilizer. 

Taylor. Ibid. 



E x p e riments conducted on a varie ty of soils in the weste r n 

United S ta te s indicate that nitrogen and phosphorus are t a ken u p 

m o r e r eadily from moist soil than from dry. It has b een s h own 

tha t p o tatoes take up more fertilizer and soil phosphorus w hen 

the moi s ture tension is low (water pote ntial is high) ( 16 ). Thi s 

phe n omenon is a result of the influence of moisture on the physi

ol ogy of t he root a nd the nutrient availability in the soil (4 ). 

I t is possible that the increas ed availability of phos phorus 

that occurs in moist soil is related to t e mpe rature . M oist soils 

are generally c ooler because of high ev aporation, and cool soils 

9 

h old a h igh e r c oncentration of carbon "dicixide, which may b r ing m o r e 

soil phos phorus into solution (10). The pho sphorus p e r centage i n 

plant m ateri al depends on the moisture c ondition a n d a ls o on th e 

fe r tilizer placement (27 ). In a continuously moist s oil w h e r e the 

c r o p is neve r short. of water, additional fertilizer may inc r e a se the 

yi e ld w ithout a corresponding increase in the use of water . The 

r e sult i s a greater crop production per unit of water which is 

evapotranspired (27). Phosphorus uptake is also limited in soil 

whi ch is too wet to have prope r aeration. 

Sugar b e ets do not show significant response to moisture 

when the r e is no fertilizer in the rotation or if either nitrog e n or 

phosphorus is applied alone to a nutrient starved soil. 
1 

Taylor. Ibid. 
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Using the same data which have been used in the present analysis , 

Taylor ran a graphical analysis of the response of sugar be e ts to 

water pote ntial for differ ent fertilizers . 
1 

His analysis showed 

that there was no response to residual nitrogen applied five years 

before the sugar beets were grown. Also there was no significant 

response to varying matric potential of soil water when nitrogen was 

applied five yea rs earlier. The respons e of sugar beet yield to 

mean integrated matric potential under some combinations of 

fertilizer is given in Figure l. As shown in this figure (Curve N
3

P
1 

), 

ni t r ogen appli ed three time s with phosphorus at least once in the 

rotation gave maximum yields when the mean integrated soil water 

potential was - 40 to -50 j o ule•/kg. Only a slight response to 

inc r eas ing matric potential is shown if nitrogen and phospho rus both 

appear twice i n the r otation (Curve N zPz). 

Higher moisture potential reduces the yield because of i nadequate 

aeration or some other factor associated with the soil. Little respons e 

to moisture was found when nitrogen and phosphorus were both applied 

twice in the rotation. 

Both purity and sucrose content were i ncreased by high mean 

integrated matric potential. Purity response to water potential is 

increased by nitrogen and decreased by phosphorus . 

Taylo r. Ibid . 
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Figure 1, Response of sugar beets to soil water matric potential for 

di fferen t fertilizer regimes . Subscripts indicate the number of times the 
indicated fertilizer element was applied to the soil duting the five-year 
ro t at ion (redrawn from Taylor, unpublished data) . 
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In general, the yield of sugar beets incre ases with an increase 

in nitrogen fe r tilizer. The sucrose concentration. however, decreas es 

with nitrogen fert ilization. There is an inverse relati onship between 

suc r ose p e r centage and mean root size (ll, 13, 18 , 19 , and 20 ). 

Nitrogen has a s trong residual effect on the yield of sugar bee ts . 

It has an adverse e ffec t on the sucrose p e rc entage . 

Annually, a ppli e d and residual phosphorus fertili zer inc reases 

suga r bee t yields on calcareous Millville loam. Dubetz , Russ e l , and 

Hill (7 ) believe that the increase of sugar b ee t yield afte r beans i n 

rotation res ults £rom the additional nitrogen made availabl e to the 

subsequent crops by the legume. Stout (25) says that high yield , 

high sucrose percentage, and quality are evidently not incompatible , 

but the factors r es ponsible for their simultaneous occur r ence have 

not b een clearly recognized. 

Condusions From the Lite ratur e 

The inte raction of moisture potential and fertili ze r application 

affe cts sugar beet yield and quality. The level of this interaction 

and its nature are not cl·ear. 

The graphical analysis which has been made on the same data 

shows the interaction of a few fe r tilizer treatments with moisture 

potentia l on sugar beet yield, but it does not include all possible 

t reatments which have been used in the experiment . Me anwhile it i s 
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not clear that the difference which is shown in the graph is significant 

and that the response is due to the slopes of the curves or their 

elevations, or t o both of them. 

Study Proposal 

A statistical analysis will be made of the inte raction of 

fertilizer treatment with moisture s.ucticin on the sugar beet yields 

for different fertilize r treatments under different methods of i rri gation, 

to find the na.tu r e of the response of sugar b eet yield to the interaction 

of moisture potential and fertiliz er tre atment . 



EXPERIMEN'l'AL PROCEDURE 

An intensive fi e ld crop rotation expe r iment was initi ated in the 

spring of 1 949 and continued until the clos e of the harvest season 

of 1956.
1 

The exp e rimental are a was locat ed on the Utah Agri -

cultural Experiment S tation Greenville Experimental Farm at North 

L ogan, Utah . The soil type is Millville loam , which is strongly 

calcareous (approximate l y 50 percent calc ium carbonate e quivalent) 

with an increase in pH from 7. 9 in the surface to 8. 0 at s ix feet 

below the surface . The soil has an alluvial fan fo rmation wi t h a 

well-drained and uniform texture for more tha n 25 f eet in depth. 

The surface topog raphy is s m ooth with a 2 p ercent slope toward 

the south and wes t . 

The crop ro tation included: 

I. Canning peas, followed by alfalfa seeded imme d ia t e l y 

following harvest of the peas 

2 . F i r s t yea r alfalfa 

3. Second yea r alfalfa, which was crowned and plowed 

in the fall following the harves t of the third cut ting 

4. Potatoes 

Taylor, S. A . , C. H. Milligan, and J. L. Haddock. 
R e lation of soil moisture regime and nutrient supply on plant 
nutrients and soil productivity. Annual R eport to the T echnical 
Committee of Wes tern Regional Res e arch . Project W -29. 1957 . 

14 



5. Sugar b eets. 

Each c rop with b o rde r o c cupied I. 9 2 a c r es, which was 

divid ed into four replications consisting o f 0 . 4 8 acres . Each 

re plication was divide d into e ight irrigation pl o ts , 45 feet wide 

by 54 fee t long. Four of the se irrigation plot s w e re i r rigated by 

s p rinkle r and foul" of the m w e re furrow irrigate d by mean s of 

surface co rrugations. , The irrigations were on the ba s i s of four 

m oi sture regime s as indicated in Table I. 

The matric pot e ntial at various locati ons a nd d e pths was 

m easu r e d at inte r vals using a moisture t e n s i o m e ter for wet plots 

and cali brated r esistance blocks for drier plo ts . A mathemati cal 

equati on was found statisti c ally fitting the d a t a fo r the distri buti on 

15 

of matr i c po t e n tial in d <; pth. This equation wa s i ntegrated in d e pth 

a n d a v e rage d ove r the time that the crop was o n the soil (28 , 29 ). 

Both yi ld and moisture potential wer e statistically a djusted to the 

7 -year ave r age b y adding or subtracting the diffe r e n ce betwee n the 

annual average ana the 7 -year average to e ach indiv idual obse r vat ion 

fo r each yea r . 

The a m ount of water in the soil was e stimate d from a curve 

r ela ting the a mount of water in an initially saturate d s oil t o the s oil 

m a t ri c s u c ti on as measured in the laboratory using a pres sure plate 

a n d p ressu r e mezy1brane equipment (2 ). 
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Tabl l. Irrigation and soil moisture d e scrip tion and symbol s 

Irrigation 
symbol s a 

lF + IS 

2F + ZS 

3F + 3S 

4F + 4S 

S oil moi sture 
level and symbol 

Hi gh tension 
Low moistu r e (W 1 ) 

Medium h igh t e nsion 
M e d i um low 

moistur e (W 2 ) 

M edium low tension 
M e dium high 

m oi sture (W 3 ) 

Low tensi on 
High moisture (W 4 ) 

Desc r iption and treatment 

Irrigate when averag e soil 
m ois tur e suction i n th e root 
z,one r eaches about 8 to I 0 
atmo s pheres suction as shown by 
plaster blocks ( r oughl y 
equivalent to 20 to 25 percent 
of the soil m oistur remabing ). 

Irrigate when average soil 
moistur e suc tion in the root 
zone r eaches a b out 3 ·a 4 
atmospheres s uction as shown 
by plaste r blo c ks (roughly 
equivalent to 35 t o SO percent 
of available s oil m ois ture 
r emaining ). 

Irrigate when average soil 
m oisture sucti on in he root 
zone reaches abou 0 . 7 to 0. 8 
atmospher es s u c tion as s h own 
by tensiom e ter (r oughly 
equival e nt to 65 to 75 pe rcent of 
available s oil m ois ture remaining ). 

Irrigate when averag e s oil 
moisture sucti on in the root 
zone reaches about 0. 2 to 0. 3 
atmospheres suction as shown by 
tensiometer (rougMy equi valent 
to about 85 to 90 p ercent of the 
available s o il m ois ture remain ing ). 

a F Furrow, S Sprinkler irrigation 
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The irrigation plots under e ach m e thod of irrigation were fu rthe r 

subdivided into eight fe rtili ze r plots, 9 feet w id e by 25 feet l ong. 

Fe rtilizer was a pplie d in the s pring of e a ch year several days befor e 

planting. Canning peas, p o tatoes , and s ugar beets received fertilizer 

at the rate of 80 pounds per ac re nitrog en as ammonium sulfate and 

44 pounds per acre of phosphorus a s treble superphosphate. 

The statistical design of this experiment was a half r e plica ti on 

of a 26 factorial experiment with DEFGHI as defining contras t and 

confounding, DFH = EGI, IFH = DE G, DI = EFGH, in blocks of 

eight as follows: 

++ +- -+ 

gh ih gi ( l ) 

fh fi fgih fh 

eh egih ei eg 

ef efgi e fih efgh 

di dg dh dgih 

dfih dfgh df dfgi 

degi de dcgh d e ih 

defghi d e fh defg defi 

There were 32 f er tili ze r treatments over four r e pli c ati ons 

under each i rrigation r egime for each c rop . 
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The six m ain factors were: 

D N'trogen, which was appli d to p eas at the rat~ of 80 l b s N/acre 

E Phos phorus, whi ch was applied to peas at the rate of 44 lbs P /acre 

F Ni rogen , which was applied to potatoes at the rate of 80 lbs N/ac r e 

G Phosphorus, which was applied to potatoes at the rate of 

44 lbs P /acre 

H N't:cgen, which wa s applied t o sugar b e ts at the rate of 

80 l bs N/acre 

Phosphorus, wh!-:h was applied to sugar beets a he rate of 

44 lbs P /acre 
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STATISTICAL PROCEDURE AND ANALYSIS 

Adjusted yield and adjusted moisture suction hav e been 

averaged for the seven years of data on each fertilizer plot. 1 Thus , 

for each fertilize r combination and method of water application 

there are four average values, one for e ach of the four moisture 

lcv<Cls shown in T able 2 . 

A sta istical stu dy on these data showe d that the yield does 

cot cha!".1 ge linearly with moisture suction , but it appears that a 

logarithmi c r elation exis ts . 

ThP log of yield was r e l ate d to linear moisture suction. 

Regr ess·on lines were cal culated (26) on the average ad j usted data 

for each separate fertilizer treatment and irrigation method. T h irty-

two regression lines were thus obtained for both sprinkl e r and fu rrow 

i rrigation me hods. The curve s are shown in Figures 2 to 33. In 

these figures the data for each of the seven years and their averages 

for each year are s h own. To find the individual effects of 32 d iffe r ent 

fertilizer combinations and at the same time to find the main effect 

of annual and residual fertilizer on the r es ponse of y ield to mois ture 

suction under each m e thod of application, an analysis of variance 

was run on elevations of regres~. ion line s, a 1 s, and slopes of 

regression line s , b's , of the 64lines relating log yield to water 

Bohidar, N . R . , Assistant P rofessor, Applied Statisti cs 
and Applied Science. Utah State University. Personal communication. 
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Table 2. Seven-year average of adjusted yield and adjusted moisture 
suction data 

Sprinkler Furrow Sprinkler Furrow 
M01st . M01st. Mot st. Mot st. 

Treat- Yield suet . Yield suet. Treat- Yield suet . Yield sue t. 
ment t/ acre atm. t! acre atm. ment t! acre atm. t! acre atm. 

(1) 16. 26 3. 14 13 . 33 2.61 EI 16.32 3 . 03 15.89 2.22 
16 . 44 2. 18 15,20 l. 79 16 .80 l. 96 15.82 2.64 
16 .85 0. 36 16.70 0. 38 19.47 0.37 17.02 0.39 
14 . 77 0. 29 17.76 0.28 17 .23 0,28 19 . 43 0. 25 

HI 14 .08 2. 89 15 . 06 3.03 EH 13. 55 3. 17 14. 90 2.86 
16 .66 l. 85 17 . 81 2.02 16 .24 2. 17 16. 17 2.07 
2L 75 0. 40 18 .. 34 0 . 34 17 . 84 0.37 15.44 0. 38 
18. 74 0 . 27 20_ .08 0.26 17. 51 0.27 17. 57 0.26 

GI 16.98 3.03 16. 44 2.25 EG 14.64 3.14 16 . 39 2.61 
16.67 l. 96 15. 73 2.64 18.26 2. 18 17. 25 L 79 
19 .25 0. 37 16. 96 0.39 17.03 0.36 18.74 0.38 
18 .75 0.28 19. 03 0.25 16. 81 0 .29 16 . 80 0.28 

GH 14.19 3. 15 14.82 2 . 86 EGHI 16. 23 2 .89 15.63 3.03 
16 .86 2. 17 18. 77 2.07 16.68 l. 85 18.09 2. 02 
19.62 0.37 18. 2.4 0 .36 22.83 0.40 18.40 0.34 
18. 80 0. 27 19.63 0.26 18. 97 0. 27 22.42 0.26 

Fl 14.49 2.89 14.99 3.03 EF 15. 57 3. 15 13. 07 2. 86 
17.23 I. 87 18. 48 2. 0 2 13. 26 2. 17 17 . 82 2 . 07 
19. 16 0.40 18.56 0.34 19.44 0. 37 15 . 17 0.38 
18.57 0. 27 16. 70 0. 26 17 . 12 0.27 15 . 65 0.26 

FH 12 .83 3. 14 12.41 2 .61 EFHI 15. 16 3.03 17. 61 2.25 
15.84 2. 18 19. 40 l. 79 17.42 l. 96 16. 17 2.64 
15.53 0. 36 18.76 0.38 20.38 0.37 18.62 0.39 
15.76 0. 29 15. 2 1 0 . 28 17.00 0.28 19 . 81 0. 25 

FG 16 . 38 3. 15 14. 98 2. 86 EFGI 17.05 2. 89 15 . 96 3 . 03 
16 .72 2.27 18.46 2.07 15. 82 l. 85 19.77 2.02 
18.63 0.37 17.49 0.38 22. 72 0.40 18. II 0.34 
19 . 01 0. 27 19. 13 0 .26 20.3 1 0. 27 19 .26 0 . 26 

FGHI 17 .33 3.03 16. 96 2.25 EFGH 13.62 3. 14 16.00 2. 61 
16 . 31 l. 96 17 . 92 2.64 19.88 2. 18 17 .36 I. 79 
20. 36 0. 37 19.87 0.39 20.42 0. 36 20.45 0. 38 
19 .67 0. 28 21. 58 0.25 21. 97 0.29 21. 04 0. 28 
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Table 2 . C<:>nl_nued 

Sprinkler Furrow Sprinkler Furrow 
Moist. Mois . Moi st . Moist. 

Treat- Yield suet. :icld suet . Treat- Yield s ue t. Yield suet. 
ment t/acre atm. t/acre atm. men t t/aere atm. t/aere .atm. 

DI 15.65 3. 15 15. 55 2. 86 DE 12.02 2.89 ll. 74 3.03 
15.63 2. 17 18. 7 3 2 .07 14.78 l. 85 17 .. 17 2.02 
18.6 7 0. 3 7 16.23 0.38 20.08 0.40 16 . 07 0.34 
19.37 0. 27 16. 36 0.26 17.37 0. 27 15. 5b 0.26 

DH 14. 87 '\ . 0 ~ 15 . 60 2. 2 5 DE EI 14. 04 3. 14 16.74 2 .. 6 1 
13 . 64 l. 96 15.78 2.o4 !8. 16 2. 18 17. 50 L 79 
16. 16 o.:H 14. 1 J O. J 9 18.86 0. 36 2 1. 00 0. 38 
15.00 0.2.8 18. 53 0 . ?.5 20.62 0.29 19.03 0_28 

DG 16.89 2.89 15.06 3.03 DE GI 17. 88 3. 15 14. 90 2. 86 
15. 61 1.8.5 17 . CJ9 2 . 02 17 . 14 2. J 7 19.60 2.07 
2l. 3Z 0.40 17 .58 0. 34 20. 15 0. 37 16. 96 0. 3 
19.36 0.27 18.23 0. 26 18. 81 0. 2'7 J h. 9h 0. 26 

DGHI 15.42 3 . 14 16.42 2 .6 0 DE GH 14.56 3. 03 18.68 2.25 
20. 12 2. 18 18. 04 l. 79 16. 81 1. 96 17. 91 2. 64 
18.95 0. 36 2n. 13 0.38 19.46 0.37 18.22 0.39 
2 1. 14 0.2.9 21. 31 0.28 19 .72 0.28 19.90 0.25 

DF 13 .25 3.0:> 15.1.::. 2 . 25 DEFI 15.06 3. 14 15.6 2 2.61 
12.34 1.96 14. 14 2 . 64 18. 78 2. 18 15. 31 l. 79 
17. 56 0 . 37 12. 23 0.39 17.99 0.36 19.4 1 0.38 
14. 10 0.28 18. 16 0.25 17.54 0.29 18. 13 0.28 

DFHI 15.48 3. l3 13.34 2.86 DEFH 11. 7 8 2.89 13.59 3. 03 
16.48 2.17 19.05 2 .07 15. 92 l. 85 17 .72. 2. 02 
19.37 0.37 16.95 0.38 19.40 0.40 17 .23 0. 34 
19.78 0. 27 18. 95 0.26 18.09 0. 27 17. 5 1 0,26 

DFGI 15.59 3 . 14 16 . 77 2.61 DEFG ·16. 49 3.03 16 .. 83 2 . 25 
18.65 2. 18 18. 08 l. 79 17.72 1.96 16 .. 01 2..64 
18.74 0. 36 19.93 0 .38 20.21 0. 37 17. 21 0.39 
18.63 0.29 18. 21 0 . 28 18. 72 0.28 18.56 0.25 

DFGH 16 . 19 2. 89 13 .4 9 3.03 DEFGHI 15. 89 3. 15 15.25 2.94 
15.75 1. 85 18. 23 2.02 17.63 2. 17 19. 65 2.07 
2!. 66 0.40 18. 55 0. 14 20.37 0.37 17 .. 96 0.3 8 
18. 96 0. 27 19. ,8 1 0.26 19.93 0.27 20.77 0.26 
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suction . The values of b were nearly all negative and showed 

decreasing yields with increas i ng moisture suction (decreasing 

potential ). The two c ases i n which the values of b were positive 

were: 

T reatment 1 in the sprinkler irrigated series, whi c h received 

no fertilizer during th e cours e of the experiment, and 

T reatment D I in the furrow se r ies, which received nitrogen 

five years ear lie r a nd phospho rus on the current crop . 

In both cases the magnitude of the positive regressi on was 

negligible. Consequently, no noticeable error was introduced by 

i gno i ng the p ositive slop e s and considering them t o b e neg·ati ve . 1 

A large di s persion of the values of b was found, as shown i n 

Table 3. This dispersion was remove d by a transformation in which 

the valu es of b are multiplied by -10000 . The analysis of variance 

wae run on the log of these v alues. 
2 

In the analysis of variance the assumption w a s made that there 

was a normal population with homogeneity of varianc e, s 2 This 

latter assumption was tested by Bartlett's test, in -.which the 

estimated v alues of variance , s 2 are cal culated for each tre atment 

Bohidar. Ibid. 

2 
Bohidar . Ibid. 
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Table 3. Val•~es of eleva tion a n d slope f o r 64 r e gre s s i a n lines 

Sprinkl ·r F urr ow 
Trcatmen'" E levation Sl op e El evation Sl o p e 

a b r 2x 100 a b r 2x 100 
(1) l. 196 73 +0. 00605 12 . 7 1. 25406 - 0. 0464 8 95.0 

NJP! HI l . 32544 - 0 .0593 5 86. 1 1. 298 18 - 0.03 505 82. 2 
P z, GI l. 281 56 - 0. 02074 79. 1 l. 263 16 - 0. 0237 6 69 . 4 
:"J1P1 GH l. 29785 -0 .042. 94 80. 8 l. 29490 - 0.03255 59 . 3 
N 1P 1 FI l. 29337 -0 .04136 91. 1 1 . 2589 2 -0. 01803 3 1. 0 
Nz FH 1. 209 08 -0 . 0234 1 55 .. 4 I. 24699 - 0 . 055 ;3 4 70. 7 
N1P 1 FG 1. 28089 - 0. 022 59 97 .• 2 I. 277 51 - 0 .0258 1 4 9. 8 
• ,~Pz F O:I l. 30325 - 0. 028 24 68. 3 ]. 32569 - 0.034 02 82.0 
P2 E l I . 2674 2 - 0. 0! 88 1 54.9 1.26913 - 0.02854 71. 6 
NI P ! E H I. 26327 - 0. 036 09 88. 3 1.2243 9 - 0 . 01 476 3? . 3 
p2 E G I . 241 :'.8 - 0. 0! 363 22.6 1. 2540 1 - 0 . 0131 4 . 34 . 4 
N1P 3 EC HI I. 32751 - 0. 04452 67.6 l. 32306 -0 .03988 69.9 
N1 Pl E i~ 1. 26027 -0. 03426 47 .5 I. 2034 8 -0 . 01 279 8. 8 
:'-.zP z EFhl I. 282 12 - 0. 02964 55. 4 l. 293 79 - 0 . 027 88 85 . 2 
N1 P 3 E FGI . 3323 8 -0 . 04632 65 . 6 l. 28578 - 0 . 01765 33 . 0 
N2 P 2 E F GH 1. 35582 - 0.05682 73. 3 l. 3331 6 -0 . 05036 99 . 5 
i 1p D I !. 28649 - 0.03 345 90.7 I. 21897 +0 . 00224 0. 6 7 
:•z DH l. 18 955 -0. 01 181 27.0 1. 19517 -0.000 75 0. 03 

! PI D G I . 3 104 1 - 0.037 86 61.4 l. 26 383 - 0 . 02459 84 . 7 
Nz P z D G H I l. 32066 -0.03 156 54.8 l. 33 17 1 - 0 . 04 396 97. 0 
Nz D F 1. 19838 - 0.033 04 44.0 l. 17 965 - 0. 007 10 1. 5 
N3 P1 D FEI l. 30273 - 0.037 17 99 . .4 l. 276 99 -0 .. 03520 38. 7 

2P2 D F GI 1. 28443 -0. 022 00 62.0 l. 2883 1 - 0 . 02 203 65. 8 
N3 P 1 D FGH I. 31 293 -0. 04280 68. 9 l. 3065 7 - 0.04782 75. 4 
N I PJ DE l. 29646 -0 . 07274 90. 2 1.22400 -0 . 034 24 40.2 
N2P 2 DE HI 1. 31 69 1 -0 .04550 79 . 3 I. 3 1075 - 0 .03443 80. 3 
N1P3 D E GI 1. 29068 -0.01640 58.2 l. 2423 9 - 0. 008 12 4 . 6 
N2P 2 DEGH 1.30862 -0 .04642 99 . 2 1.28394 - 0.0094 0 34.0 
Nz P z DE FI 1. 26316 - 0.01711 33. 1 l. 28153 - 0 . 03966 80 . 0 
N3 P l DEFH 1. 30368 -0. 07 323 91. 2 l. 2586 2 - 0. 03065 56 . 6 
N2 P2 DE F G 1. 297 39 - 0 . 02590 84.8 l. 25916 - 0. 01845 73 . 7 
N3P 3 DE FGHI I. 316 5 1 - 0 .03529 94.9 1. 30470 - 0.03017 45 . 4 



f r om the followi ng e quati onl: 

s2 

where 

(y , x). 
1 

n • 4 

=E(Ys - Ys ) 2 - b;L(xs- ;:zsl 2+~Yf 
2 n - 4 

i s s prin kl e r irrigation 

i s furrow irrigation 

i s the numbe r of points which were used in 

cal c ulat ing the r e gression lines 

is us e d to indicate the "i" th treatment 

The x 2 is obtained from: 

x 2 " 2 . 3026 ( n -1) (T log s2 -log s2) 

wher e 

n 2 i s the m e thod of irrigation 

T 3 2 is the n umb e r of treatments 

92 i s the ave r age of the variances 

- - - 5 

- 6 

The fa c tor 2 . 3 026 is a constant (loge 10) necessary because 

common logarithms are used. 

The r es ults of this test are shown in Table 4. The small value of 

calculated X 3 1 = 7. 37 compared with the table value of X = 43 . 8 

w ith 5 p e rc e nt pr obability shows that the variance is homogeneous. 

The results of analysis of variance on b and a are shown in 

Tables 5 and 6 . The analysis of variance in Table 5 shows that the 

B ohida r , N . R; Noles on experimental design. 
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Table 4. Bartlett test of homogeneity of variance 

Treatment Regre ssion coefficient Mean Log s2 
Sprinkle r Furrow square s2 

(1) D. OD6D5 O.D4684 D.DD052 -3 . 284D 
HI D.D5935 D.D3505 D.DD1D2 -2 . 9914 
GI .D. D2D74 D.02376 D.DDD44 -3 . 3565 
GH . D. D4294 D.D3255 D.DDllD -2. 9586 
F I D.D4136 D.Dl8D3 D.DD11 9 -2 . 9245 
FH D. 02341 D.D5534 o. DD186 -2 . 73D5 
FG D. D2259 D. D2581 D.DDD84 -3 . D757 
FGHI O. D2824 D.D3402 0. 00077 -3 . 1135 
EI 0.01881 0.02854 0 . 00076 -3 .1 192 
EH 0. !)3609 0.01476. 0.00071 -3 .1487 
EG 0.01363 0.01314 0.00126 -2. 8996 
EGHI 0 . 04452 0. 03988 O.<D0204 -2. 6904 
EF 0. 03426 0.01279 0.0040 3 -2 . 3947 
EFHI 0.02964 0 . 02788 D.001D8 -2 . 9666 
EFGI 0.04632 D.01765 D.DD219 -2. 6596 
EFGH 0.05682 D. 05036 0 . 00174 -2 . 7595 
DI 0.03345 O.D0224 D. 00108 -l. 9666 
DH 0.011 81 0 . 00075 O.D0325 -2 .4881 
DG 0.03786 0.02459 0. 00 121 -? . . 9172 
DGHI 0. 0-3156 0.04396 0.00130 -2 . 886 1 
DF O. O.>j04 0.00710 0.005 85 -2 . 2328 
DFHI 0.0371 7 0 . 03520 0.00242 -2.6162 
DFGI 0.02200 0 . 02203 O.D0069 -3. 1612 
DFGH 0.04280 0.04782 0.00198 -2 . 7033 
DE 0. 07274 0.03424 0.00305 -2.5157 
DEHI 0.04550 0.03443 O.DD10 8 -2. 9666 
DEGI 0.01640 0.00812 0.001 98 -2. 7D33 
DEGH 0.04642 O.OD940 0.00022 -3. 6576 
DEFI 0.01711 0.03966 0.00125 -2. 9031 
DEFH 0.07323 0.03065 0.00159 -2. 7986 
DEFG 0.02590 0.0 1845 0.00030 -3 . 5229 
DEFGHI 0.03529 0.03017 0.00151 -2. 8210 

Sum 0. 0503 1 -92. 9333 

Mean 0 . 00157 -2 . 8041 

x2 = 7.37 
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Table 5. Analysis of va riance on the r eg r ession coefficients 

Source of Degree of Sum Mean sum 
F 

variance freedom square square 

Between 3 1 4. 04163.88 0. 1303754 l. 4a 
treatment 

Error 32 2. 9956875 0.0936152 

Total 63 7.0373263 

a Not significant at p = 0. 05. 

Table 6. Analysis of va riance on elevati on of r egression lines 

Source of Degree of Sum Mean s um 
F variance freedom squa r e square 

Between 
31 0.0856309 0. 0027623 4 . 99*':' 

treatment 

Error 32 0. 0177041 0 . 0005 532 

Total 63 0. 1033350 

** Significant at l percent level. 
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values of b are not significantly different between tr eatme nts . The 

analysis of variance in Table 6 shows that the differences among the 

values of a are highly signifi cant. 

To find the individual effec ts of fertilizer combinations, partitions 

of the responses were run over the 32 different fertiliz er combinat ions 

under two methods of irrigation using the Yates method (3 ). The 

results are shown in Table 7. The factorial effect total s appear 

in Column 5 of this table. The identification of each of the 32 

facto rial effec t totals appears in Column 6. 

The basic experiment was designed in such a way that only one 

half, or 32, of fertilizer combination effects occur in the data . The 

other half of the factorial effects are the aliases of the 32 combinations , 

which appear in the last column of Table 6, when DEFGHI is considered 

the d efining contrast. The error mean square per unit was c omputed 

from the third order interactions which are the estimation of errors 

as follows: 

s 2 = E (estimate of e rrors )
2 

2n . 2 . 10 
0.00 133 

where n is the number of factors that were actually in the fac torial 

experiment, five in this study, as shown in Table 7. The r e were two 

methods of irrigation (sprinkler and furrow) and ten third order 

interactions between the factors. 



Table 7. Partitions of .-,levation effect 

Treatment Treatment 
cornbination total ( 1 ) ( 2 ) ( 3 ) 

(1) 2.45079 4 . 95625 10 . 01326 19 .95202 
d(i) 2. 50546 5.05701 9 .93876 20 . 45317 
e(i ) 2. 53655 4. 93032 10 . 14732 20 . 29766 
d e 2 .52046 5 . 00844 10 .3 0585 21.04688 
f(i ) 2.55229 5. 11896 10 . 12366 -0 . 05474 
df 2. 37803 5. 02836 10 . 17400 0.02003 
ef 2.46375 5. 13114 10 . 48825 0 . 01114 
d ef(i) 2. 54469 5. 1747! 10. 5586 3 0.07560 
g(i) 2.54472 5. 00834 0.03858 0. 16288 
dg 2.57424 5. l l53Z - 0. 09 332 -0.04703 
cg 2 .495 29 5.05579 0.06730 0.20940 
deg(i) 2. 53307 5. 1382 1 - 0. 04727 0 . 05966 
fg 2. 55840 5.24512 - 0. 09890 0. 18444 
dfg(i) 2 . 57274 5. 2431 3 0.11004 - 0. 08421 
efg(i) 2.61816 5.24844 0.00161 0. 24164 
drjfg 2.55655 5. 31019 - 0. 07721 ··0.1"15% 

------- ---- ------
81. 74973 81.65056 82 . 20 138 

h (i ) 2. 62362 0.05467 0.10076 - 0. C74 5 0 
dh 2 .. 38472 -0.01609 0.06212 0.15853 
eh 2 .. 48766 - 0, 17426 -0. 09060 0.05034 
deh( i) 2.62766 0. 08094 0.04357 0, 070 38 
fh 2.45607 0, 02.9 5 2 0. I 0698 - 0 .131 90 
dfh (i) 2 . 57972 0 , 03778 0.10242 - 0 . 1 1457 
efh(i) 2.5759 1 0.01434 -0.00199 0 .20894 
defh 2. 56230 -0.06161 0.06165 -0.07882 
gh 2 . 59275 -0. 23890 - 0 .. 07076 .. 0 . 03864 
dgh(i) 2.65237 0 . 14000 0.25520 0. 13417 
egh(i) 2.65057 0. 12365 - 0. 00826 0, 00456 
degh 2. 59256 -0.01 36 1 0.07595 0. 06364 
fgh(i) 2.62894 0, 05962 0.37890 0.32596 
dfgh 2 .61950 -0. 05801 - 0 . 13726 - 0. 06796 
e fgh 2.68898 -0.00944 -0 .. 11763 -0 . 51616 
defgh(i) 2.62121 -0. 06777 -0. 05833 0 , 05930 

--· --· ----
81. 74973 81. 65056 82.20138 82 . 25492 

~f. 

Significant at 5 percent level 
'~* 

Significant at 1 percent l eve l 
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Table 7 . (continue d) 

Effec t Total 
( 4) ( 5 ) ( 6 ) Alias 

40 . 40519 81. 74 97 3 Ground 
41. 34454 -0.09917 D EFGHI 

- 0.03471 0.38491 E DEFGHI 

- 0.06446 0.16591 DE FGHI 
0.11585 0.20475 F DEFGHI 
0 .26906 -0.11635 DF EGHJ 
0. l 0023 0.1637 3 EF DGHI 
0.06568 - 0.19859 DEF GHI error 
0.08403 l. 25037 G''* DEFHI** 
0. 12072 - 0. 01197 DG EFHI 

- 0.24647 - 0. 35965 EG DFHI 
0. 13 012 - 0. 6862 5 DEG FHI error 
0.09553 0.25307 FG DEHI 
0 . 06820 -0.27043 DFG EHI error 
0.25827 0 .23 189 EFG DHI er r or 

- 0.45686 0 . 18181 DEFG HI 

82.25492 82.84376 

0 . 50115 0.93935 H}F>'~ DEFHI** 
0 .74922 - 0. 02975 DH EFGI 
0.07477 0. 15321 EH DFGI 

- 0.08674 - o. 03455 DEH FGI error 

- 0 . 2099 1 0.03669 FH DE GI 
- 0 . 14974 0.37659 DFH E GI error 

- 0.26865 - o. 02733 EFH DGI error 

- 0 . 41760 -0 . 71513 DEFH * 'GI* 
0.2 33 03 0.24807 GH DEFI 
0 , 02004 -0 . 161 5 1 DGH EFI er r or 
0.01733 0.06017 EGH DFI error 

- 0. 28776 - 0. 14895 DEGH FI 
0.17281 -0.21299 FGH DEI e rror 
0.05908 -0.3 0509 DFGH E'I 

- 0.393 65 -0. 1137 3 EFGH DI 
0.57546 0 . 96911 DEFGHI''* I ** 

82 . 84376 83 . 87792 



The standard error of a single observation was: S 0. 03655 

and the standa rd er ror of a factorial effec t total was : 

I} 2n . 2 ·I' Z = 0. 29240 . 

For 10 degrees of freedom, the 5 percent and 1 percent values of 

t w e re 2. 228 and 3.169, respecti vely. Hence, the two n umber s 

requ ired for statistical inference were 

(2. 228 ) (0. 29240) = 0. 65147 and (3 . 16 9) (0. 29240) = 0. 92661. 

A compari son o f the effect total (Column 5, Table 6) with th ese 

value s shows that to~al effec t of treatments G=DEFHI, H=DEFGI , 

GI= DEFH,and DEF G H =I exceeds the calculated v alue s and has a 

s i gni ficant effect on the response of sugar beet y i eld to moisture 

p t ential. 
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DISCUSSION AND CONCLUSION 

The res p on s e of sugar beets to moisture potential is affected by 

fer tilizer t reatment. Indeed, it is the combination of plant nutrition 

and the s t a t e of water which determines the yield response. 

Haddock {13) s howe d that moisture should be included as a 

variable or at leas t a controlled factor to get meaningful results from 

fertilization s tudies under irrigation. He showed {ll) a difference of 

nearl y 12 tons in the yie l d of sugar beets under fav o rable c ondi ti ons 

of s oil m ois tur e p ot ential and fertilizer treatment than under 

unfavora ble c ondition s . 

T he anal ysi s o£ var iance in Table 5 shows that different 

c om bination& of ni tro g en and phosphorus and their time of applic ati on 

in t h e r otation do no t sig n ifi cantly influence the slope b of regression 

relating log y i eld to m oi sture sucti.On , but comparing the F value 

of this analy sis {1. 4 ) to table value {1. 8) there is evidence that the 

valu e ofF approa ches a significant region. Possibly the lack of 

data betwe e n the four levels of moisture causes a high error and 

prevents a suffi c i ently-accurate continuum of moisture data. If 

it were p o ss ible to obtain data concerning the enti r e moisture 

suction conti nuum , the results might be different. Haddock {11) 

showe d th e i nteraction of moistur e w i th some combinations and 

placemen ts of f ertilizer in some years. The same conditions 
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produced no signifi cant r es ults in other years. P ossibly analyzing 

•he data as a whole duri:1g rotation to get r e gression between yield 

a'ld wate r suction m i gh contribute to adjus ting the v ari ation and 

m i ght get non - s i gnifi can r es ults for t h e whole rotation . 

I t was exp ec ted t ha t the y i e ld r e sponse of sugar beets to 

moisture would be influenced diffe r ently by nitrogen f e rtilize r 

on : ·J. ::-row tha n on s r- rinkler i rrigated plots. The reason is that 

fertilize mov s out o£ th e root zone and up into the r i d ges between 

fu.r r ows m ore han under s prinkler i rrigation . Thus, i n fur row 

p lots , fcrt "lize r m ay limit growth unless there is a high fertili ty 

level , in whi ch case m ore fertili zer r e mains i n the m oi st pa rt of 

he root zen soil and the plan t r e sponds b e tter to moisture 

conditions. 

T h e analysis of variance , Table 6 , shows that the d ifferences 

between th values of a, e l evation of regres sion relating log yield 

to m ois tu r e suction , are highly significant between fertili ze r 

application and placement treatments. El evation is a lmo s t a l ways 

h igher unde r sprinkler ir r i gation than unde r furrow except for 

certain high (o r l ow) treatme nts. The r e ason is greater uniformity 

of wat er availabili ty and more fertiliz e r availability unde r the 

sprinkle r m e thod. 
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T h e pa r t i i on of the facto r i al effect total for elevati on of 

regres s i on Lnes (Tabl e 6 ) shows that treatments G =DEF HI (one 

year r esidual phospho rus or n i troge n three times plus annual and 

res i d ual phos pho r u s twi c e, H= DEFGI (an nual nitrogen or phosphorus 

th ree ti m e s pl us resi dual n i trogen twice, and I=DEF GH (annual 

pho spho r u s o r three time s nit r ogen plus r esid ual phosphorus twice ) 

h3.n' a L ' ~L.: y signcf:'. car.t effect at on e p e r cent proba i~ity on the 

e l eva i or: of r<'grPs .'io:o. Jines r e lati ng log y i e ld to m oi stur e suc ti o,-, . 

In the sam < way , t r ea tmtn GI=DEFH (annuo.l and r es"dual 

pl-.o spho r us tw i c e o r r:itr ogen three tim es plu s one yea r r esi d ual 

pt.c s p h o oc ·.> s ) show t.d a s i gnificant effe c a · 5 p e r c ent. T h e re is n o 

wa y to • ay that the r espon s es are due to treatments or thei r a liases 

Tt,.· or.:y m d .r od \y whlch i t is p ossi ble t o remov e thi s a mbi gui ty 

i s to r un "l f 'J' ncper i men t c ons i sting of the 3 2 com bi nations that 

we r e omitted in tbe e x p e r i ment and put the r esults of the new 

experi rn n t together with the data which are a v ailable t o get a comple te 

replicate and the i n depend ent estimat e of the se factors . Thi s 

procedure is not practical in the case of this experiment, and one 

should ge t some inference from the nature of available data and 

r esult s and combine it with the r esults of other inve stigator s to get 

an estimate of factor i al effec t. 

65 



The elevations, a, and the slopes, b , of r e gression lines a r e 

a rrange d in Table 8 according to the r e petition numbe rs of the 

treatme nts w h ich were used in the rotation; nitroge n , phosphor u s , 

or a c ombination of the two . As shown in Table 8, when there is 

no fertilizer i n the rotation or when nitrogen appears twice 

wcthout phosphorus, the yie ld und e r all moisture conditions and 

the co efticient of de te rmination for wate r suction and yield , r 2 

are l ow. In these cases the yield is somewhat higher under the 

furrow method than und e r sprinkler irrigation. If phospho rus appears 

twice wi hout nit rogen, the yield is somewhat higher than for no 

fertili?Pr 0 1' for nctrogen twic e, but there is no difference between 

me~hods of applying water . When phosphorus is applie d in the 

ro~a ~ion with or without n i troge n, the y i e lds are higher than without 

phospho rus . The i ncrease in yield appe ars to be greater when there 

is a combination of nitrogen and phosphorus than when there is only 

phosphorus in the rotation. There i s also a higher correlation between 

yield and moisture suction when the re is only phosphorus in the 

rotation than when nitrogen appears alone. 

The r es ponse of yield to water suction behaves in a similar 

manner, but the interaction be tween this response and the method 

of applying wa t e r is so great that the differences are not statistically 

significant . In most cases when there are both annual and res idual 
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Table 8. Value of elevations and slopes of regress i on lines which are 
arranged a ccordi ng to the number of nitrogen and phosphoru 
in the rotation 

Sprinkler Furrow 
T reatment a b r2 a b r2 

( l ) l. 19 .0. 00 .0. 12 l. 25 - 0. 04 0. 95 

P 2 GI l. 28 - 0 .. 02 0. 79 I. 26 - 0.02 0.69 
E I L. 27 .. 0. 02 0.55 l. 27 - 0 . 03 0. 72 
E G l. 24 - 0. 01 0. 23 l. 25 -0. 01 0, 34 

• 2 FH l. 2 1 -0.02 0. 55 I. 25 - 0 . 05 0. 70 
DH l. 19 -0 . 01 0.27 l. 19 0 . 00 0.02. 
DF l. 20 -0.03 0.44 l. 18 -0.01 0. 01 

NI P] HI l. 32 -0.06 o. 86 l. 30 -0.04 0. 82 
HG l. 30 -0.04 0. 81 l. 29 -0.03 0.59 
HE l. 26 - 0. 04 0 . 88 l. 22 .. o. 01 0.37 
F I !. 29 -0 . 04 0.91 l. 26 - 0. 02 0.31 
F G l. 25 -0. 02 0. 97 l. 28 -0.02. 0.50 
FE l. 26 -0.03 0.47 l. 20 -0.0 1 0. 8 
Dl l. 29 -0. 03 0.90 l. 21 0 . 00 0.00 
o::: l. 31 - 0. 04 0.61 l. 26 -0.02 0. 84 
DE l. 29 -0 .07 0.90 l. 22 -0 . 03 o. 4 0 

Nz P 2 HFI::x l. 30 -0.03 0.68 l. 32 -0.03 0.82 
HFIE l. 28 -0 . 03 0. 55 l. 29 -0 . 03 0. 85 
HFGE l. 35 - 0 . 06 0.73 l. 33 - 0 . 05 0.99 
HDIG l. 32 - 0. 03 0.55 l. 33 -0.44 0.97 
HDIE l. 32 - 0.04 0.79 l. 31 - 0 . 03 0.80 
HDGE l. 31 -0.05 0. 99 l. 28 - 0. 01 0. 34 
FDIG l. 28 -0 .. 02 0.62 l. 29 -0 .02 0. 66 
FDIE l. 26 - 0. 02 0.33 l. 28 -0.04 0, 80 
FDGE l. 30 -0.03 0.85 l. 26 - 0.02 0.74 

NLP3 HIGE l. 33 -0. 04 0.68 l. 32 - 0. 04 0. 70 
FIGE l. 33 -0. 05 0.66 l. 28 -0. 02 0. 33 
DIGE l. 29 -0. 02 0.58 l. 24 - 0 .0 1 0.05 

N3 I) HFDI l. 30 -0. 04 0. 99 l. 28 - 0. 04 0. 39 
HFDG l. 31 -0. 04 0.69 l. 31 -0 . 05 0.75 
HFDE l. 30 -0. 07 0.91 l. 26 - 0 .03 0.57 

N 3P 3 HFDIGE l. 32 - 0. 03 0. 95 1. 30 - 0,03 0.45 



nit!'ogen in the rotation, the yield r esponse to m oisture unde fu!'row 

i rrigation is equal to or g r e ate r than that under s prinkler irrigation. 

How ve r when there is onl y resid ual nitrogen, the yield response to 

m oisture unde r sprinkler irrigation is equal to or higher than tha: 

under furrow i rrigation. Highe r yie ld s are generally ob ained when 
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bo h nit rogen and phosphorus are applied twice in the rotati on , as 

against once, but the response to moisture seems to be about the same 

a.!1d. is g<::>erally higher f or sprinkle r irri gatio!'. . Uncer hrro•11 

~ rrigation the co rrelation is be tte r for phosphorus twi ce p l us 

n: trogen twice , but under s prinkler irrigatio!l phosphorus t'wi ce plus 

n i tr ogen twice gives a lower cor r e l ation than p ho sphorus once plus 

nitrog<:n once. b the s p rinkler method , when phosphorus i. a pplied 

hree ti m es and nitr ogen at l eas t once in the rota · · on , the yield is 

h i gher than when nitrogen is applied three t imes and phosphorus once. 

Thi s conclusion is tru e exce p t in the case of D IC,E (wh ich i s 5 -yea:::

resi d u al nitrogen a nd 3 -year phosphorus). Al so, i n th sprinkler 

method , the correlation is higher when nitrogen is applied three times 

and phosphorus at least once than when phosphorus i s applied thre 

times and n i tr o gen at least once. 

Nitrogen applied thre e times and phosphorus at least once gave 

higher yield and correlation than phosphorus appli e d three t i m es and 

nitrogen at leas t once in the furrow method except in the case of HIGE , 

which is current year nitrogen plus phospho rus thre e ti m es. 
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Annually o r more c urr ently applied fertili ze r appea rs to have 

more effect in increasing the yie ld than i s the case with more 

residual fer tilize r except in some cases in whi c h r esidual phosphorus 

has mo r e effec t. This, too, may be a nitrog e n effect operating through 

a higher production of s ymbioti c nitrogen during the alfalfa growth . 

Maximum e levation is obtained when nitr ogen is applied tw i ce 

annually and one -yea·r r es idual nitrogen plus twice cne year and five

year residual phosphorus under both methods of irrigation, but 

cor r e lation is be tte r under the furro w method in this case. When 

there is a combination of nitrogen and phosphorus in the r otation, 

co rr elation is better under sprinkler irrigation except in some cas es, 

where nitrogen is applied twice and phosphorus tw i ce in the ro tation . 

the cor r e lation is b e tter in furrow irrigation . 

The nature of the data, the parameters of the r egression lines , 

and the correlation coefficient show that a combination of phosphorus 

and nitrogen fe rtilize r gi ves highe r yield at the same l evel of 

moistur e potential than the application of nitrogen or phosphorus 

alone, and the application of nitrogen and phosphorus alone gives 

higher yi eld at the same level of moisture than non-fertilized plots . 

When fertili ze r is applie d in the rotation the maximum yi eld is 

obtained when the mean integrated moisture suction i s in the region 

of 0. 25 to 0 . 4 atmosphere. 



It has been shown (1, 7, ll, 12, 13, 25) that nitrogen fertili zer, 

appli e d e ither annually or residually, has a positive effe ct in 

incre a s ing the yield of sugar beets. The combination of phosphorus 

and nitrogen has always given greater yields than either one alone . 

The r e fore, it can be said that the significant responses of I=DEFGH, 

G =DEFHI, and IG=DEFH are due to DEFGH, DEFHI, and DEFH, which 

have n itroge n three times (240 lbs.) plus phosphoru s tw o and on e 

(88 a nd 44 lbs. ) than to I, G, and GI, which are annual and 

r e sidual phosphorus . 

Hansen and Haddock (14), working on the same data on the basis 

of e a ch y e ar and comparing years, found that a combination of 

phosphorus and nitrogen increased yield und er favorable moisture 

c ondi tions. 

It c annot be said that the annual and r esidual phosphorus or 

n i trog en s eparately did not incre as e yield. The fact is that the 

annual and residual phosphorus or nitrogen separately increased the 

yield, but had less effect than the combination of nitroge n and 

phosphorus annually and residually . In the case of H=DEFGI , it is 

probable that the response was due to mixture of H and DEFGI 

which was nitrogen three times, (240 lbs.) plus phosphorus 

thr e e times, ( 13 2 lbs.) or DEFGI, which w a's nitrogen twice, 

( 160 lbs . ) plus phosphorus three times, ' ( 132 lbs . ) than to H, 

which is annual nitrogen. 

70 



Taylor 1 found no significant response to m oisture when there 

w s no fertilizer in the rotation. H e found only slight response 

wl:e n the re was e i ther phosphorus or nitrogen alone in the rota t i on , 

and no s i gnifi cant effect on the respons e of y ield to m oisture wi h 

f" ve ~year r e s idual nitrogen. Taylor ' s explanation of the case when 

nitr ogen three ti mes plus phosphorus thre e t i m es or the case when 

8 0 loe. of ni trogen and 44 l bs. of phosphorus are applied o sugar 

he<St crops , a ccompanied by the application of a s i m i l a r amount o f 

fr,rt~lize r to one or both of the other two c r ops was not exactly 

as it was obtained here by comparing the v alues of a and b and 

their correlation c o e ffic ient. He found tha t d ifferences in resul ts 

were not large enough to . be statistically signifi cant . Here , these 

combin ations are .in groups that had some of the h igh<;s t respon ses . 

h<. conclus ion of the e ntire study is that the resp onse of sugar 

b eet yield to moi sture potential depends on the ferti lizer program. 

The combi nation of pho s phorus and nitrogen has an effect on the 

resp onse to moisture in -the region of 0 . 25 to 0. 40 atmosphere 

m ois tur e suction. The effect i s on the e l evation of regression 

rather than on the slope of regress i on relating log yield t o m ois -

ture suction. The magnitude of yie l d decrease per uni t of water 

suctio n increase is n ot affected markedly by a f e rtilize r program, 

but the level of yield is certainly infl uenced by fertili ze r . There 

Taylor. Op. cit. 
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i s som e e v i dence th at the s l op e of the respon se curv e m igh be a ffec t e d , 

and "t c ou ld be s hown if data we r e available to cove r th e e nti r e wa t e r 

s uc tion conti nuu1n . .. 

B oth elevat i ons a nd slope s of regression lines t end to be h i ghe r 

un d e r sp r i n kle r i rrigation, because the fertilizer is m o r e availa ble 

a n d th e r e i s m o r e U!liformi ty of water availability unde r th e spri nkle r 

than und e r the furr ow method. 

M a'>':im um yield i s p rod uced when nitrogen i s a pplied three ti mes 

(240 l bs . 1, or twi c e (1 60 l bs. ) more r e cently, plus pho sp horus 

(44 l bs. ) at least once in the rotation. At soil water s uc t i on grea te r 

tr"a" 0 . 40 atm os phe re, the yie ld d ec r e as e s be c a use of low 

watE· r p o e ntia l. In wetter s oil s, yield may also d ecrease b c ause 

of p roblems tha t a c c ompany w e t and inadequate l y drained soil s. 

e m i nim um yi eld i s produc ed whe n there i s n o fe r ti~iz er in 

th e rota ti on or when the re i s e ithe r nitrogen or ph o s p h o r u s a lone . 

P hos phorus a l one giv es higher yields than nitrogen a l one . T h is 

may b e due to the ex i stence of nitrogen in soil as a re s ul t of 

symbi oti c nitrogen remaining from alfalfa in the rotati on. 

There i s a h i gher corr elation between log yield and linea r 

m oisture suction when both phosphorus and nitrogen are in the 

rotation than w h e n they are absent. When nitrogen is applied three 

tim es plus pho sphorus at least once, the correl ation i s bett e r und e r 

s p rinkle r than under furrow irrigation. Nitrogen once plus 



phoe p ho r us at least once and also nitrogen twice alone gi ve a 

L gher co !"r lation coefficient under sprinkler irrigation, but 

phosphorus and nitrogen twice or phosphorus only twice gives a 

Ugh c or r elation coefficient under furrow irrigation . 

M ore studies should be made and more accurate data are 

need ed o d e termine the actual effect of fertilizer on the slope of 

reg:-e!!.s:~o!!. r elating yield to moisture. 
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SUMMARY 

The integrated effect of soil moisture potential and fertiliz e r 

tr eatment and placement on the yield of sugar beets during a 

u sual r o tation under two methods of irrigation (sprinkler and 

fur row ) has been found by relating yield to moisture suction 

und e r each fe rtilizer treatment and placement for each m e thod 

of ir r i gation , and the results of seven years of experiment have 

been c ompared. 

The effect of different fertilizer treatments and placements 

on the s lopes of regression lines relating log yield to linear 

moi stur e suction during seven years of experiment is not 

significant at the 5 percent level but approaches significance at 

this l e v el. 

The actual effect o£ fertilizer on the response of sugar b ee ts 

to moisture suction has been shown to be on the elevation of 

regr e ssion relating log yield to moisture suction. 

A combination of nitrogen and phosphorus showed more effect 

on increasing the elevation, anc;l, consequep.tly , on the yield of 

s ugar beets at the same level of moisture potential than in the 

c as e when nitrogen or phosphorus alone are included in the 

rotation. Increased elevation, and consequently yield, of s ugar 

b ee ts i s also more evident than when there is no fertilizer in 
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the rotation fo r the same l evel of moisture. The correlation 

between log y i e ld and linear moisture suction is high when 

both phosphorus and nitrogen are in the rotation and it is h igher 

under sprinkl e r than unde r furrow irrigati on unless there is 

enough mor e recent ferti li zer in the r o tati on that caus es a 

high correLation under furrow irrigation. 

rn general, tiHl yield and 1t1 c orrelation to moisture potential 

increases with fertilization by a combination of more :reeent 
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n i trogen an:! phosphorus unless there is a case of res i dual phosphorus , 

which , in combination with nitrogen, has more effect in inc r easing 

yield in the same leve l of moisture suction. . The moisture l evel 

for maximum yi e ld is between 0. 25 and 0. 45 atmosphere. In 

most cases, the yi eld i s g reater under sprinkler than under 

furrow irrigation unles s there is enough fertili ze r to ove r come 

the washout of fertili ze r under furrow irrigation. 
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