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ABSTRACT 

Determination of Crop Production Functions as 

Related to Soil Moisture and Nitrogen 

James W. Bauder, Doctor of Phil osophy 

Utah Sta te University, 1g74 

Major Professor: Dr. R. J. Han ks 
Department: Soil Science and Biometeorology 

Soil moisture and nitrogen are often the primary controlling fac-

xi 

tors of crop production . Production functions are valuable in des cri bing 

crop responses to such controlling factors. Such functions are al so 

needed for determining the economic reliability of crop produc­

tion. 

Soil moisture and nitrogen fertilizer were maintained at various 

levels to determine the response of field corn to these controlling 

factors. A conventional split plot design, a continuous fun ction experi-

mental design, and a confined bar rel plot design were used to obtain 

data for determining production functions . 

The compl ete factorial, conventional split plot data wa s successful ly 

used to generate reliable production functions in two locati ons. The 

multiple correlation coefficient was approximately 0.68. The cont inuous 

function design consisted of a large number of treatment combinat ions 

with only small sequenti al increments in treatment level s , from pl ot to 

plot. This made it poss ible to eliminate border rows and use a much sma ll er 

pl ot s ize. The design was tested in two locations, using 10 so il moistu re 
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levels and 22 nitrogen ferti lizer levels. The multip le corre lati on 

coefficients were about 0.33 and 0.49. Using this design , it was necessary 

to replicate entire blocks. 

The production functi ons from the conventi onal split plot design and 

continuous variable plot design compa red favorably within locations, but 

not between locations. Production functions were also determined for rel­

ative yields and treatments . The inputs were expressed as fractions relat­

ive to both the maximum and optimum levels. The relative producti on func­

tions were similar for both locations. The production functions were 

tested for transferability by making adjustments in the input data to 

account for site specific controlling factors. No definite conclusi ons 

were possible although the results suggest that transferability is possible. 

Several reduced field designs were also tested using the data 

obtained. Three different incomplete factorial, split plot designs ap­

pear to be suitable for generating production functions . Grouping of the 

continuous function plots to as few as four soil moisture levels by four 

fertilizer levels also gave reliable production functions. Several 

suggestions regarding the use of reduced field designs are presented 

along with suggested future research needs in this area . The data 

indicate that the continuous variable design is quite useful for deter­

mining production function s. The barrel plots consisted of field corn 

grown under various treatment combinations on undisturbed soil cores . The 

data obtained from these barrel plots (210 liters) were too variable to 

generate a reliable production function. 

(112 pages) 



INTRODUCTION 

v.Jithin the past decade both the domesti c and world food markets 

have experienced supplies inadequate to meet consumers' demands . 

Several factors have contributed to the increasing shortage, including 

an increasing population, changing consumer habits, and changing land 

use. At the same time, several avenues are available whereby the burden 

of demand can be answered. One means of increasing production in the 

United States and abroad is to increase the efficiency of crop culti­

vation and production practices. 

Agronomists are particularly concerned with the optimum utilization 

of our resources. Presently, considerable attention is being given to 

the study of many of the factors that influence crop growth. The 

objective is to determine the levels of various inputs necessary to 

obtain maximum economic return from the land. Consequently, considerabl e 

importance has been placed on the collection of data relating crop yields 

to various factors such as location, soil fertility, available soil 

moisture, crop variety , parasites, and others. 

There i s little doubt that crop production is a function of many 

variables. The problem of examining each of these variables in detail 

is evident because of the number and ma gn itude involved. In order to 

efficiently examine crop production, study techniques should be designed 

to provide a maximum amount of useful information while requiring a 

minimum amount of r esource inputs. 

In view of these conditions much agricultural research has been 

focused toward the combined effects of various controlling factors on 
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crop growth. Soil moisture and nitrogen fertility have recei vea con­

s iderable attention. Much past researc h has treated these two va r iabl es 

somewhat separately, either neglecting or over-looking the possibi l it1es 

of interac ti ons and t heir effects on crop production. Thi s has led to 

inconclus ive results in many instances. 

In an attempt to determine efficient irri gation and ni trogen 

fe rtilization practices, research has increased in recent times. By 

determining the level s of soil moisture and fert ility as related to 

crop production and the signifi cance of the interact i on of these two 

variables, it should be possible to develop reliable predict ion 

equations, which would provide a means for efficient irri gati on and 

fertilization programs that would result in maximum economi c return. 

This research was undertaken with these objectives. 

Objecti ves 

The specific objectives of this research have been to provide the 

information and means by whi ch reliab le prediction equations cou ld be 

determined for field corn grown under conditions of controlled so il 

moisture and nitrogren fertil izer . The specifi c objectives were: 

(l) to determine if crop production fun ctions can be developed in 

the field, 

(2) to determine the consi stancy of crop production fun ctions for 

a parti cular crop (fiel d corn) grown under two condi tions, namely 

in field plots and in barrel plots in two locations, 

(3) to eval uate the cont i nuou s variable plot desi gn method for 

determining crop production functions with respect to soil mo isture and 

fertility, 
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(a) compare the population described by the conti nuous va riable 

design with that of the conventional design, 

(b) determine the maximum amount of grouping and elimina tion 

of replications that is possible and still be able to develop a 

reliable production function, 

(4) to examine the transferability of the production functions 

determined in different locations and years. 



LITERATURE REV! EfJ 

Crop production, whether in semi-arid or sub-tropic climates , is 

dependent on many fac tors. Some of those factors include availability 

of moisture, temperature conditions, light intensity, and nutrient 

availability. Certainly the interaction of many of these factors 

markedly influences plant growth. Various agricultural management 

practices provide a means for contro lling or influencing some of the 

environmental factors that affect crop production. Soil moisture 

supply and nutrient availability can easily be in f luenced through 

the practices of irrigation and fertilization. 

Soil moisture and crop growth 

The inf l uence of soil moi sture availability on crop growth is 

fairly well understood . An extensive amount of research concerning 

this subject has been carried out (Kramer, 1963; Ashton, 1956; Letey 

and Peters, 1959; Moss, l~usgrave, and Lemon, 1961; Veihmeyer and 

Hendrickson, 1950; Holt and Van Doren, 1961; Parks and Knets ch, 1959). 

Extensive research has demonstrated that maximum yields of agricultural 

crops are most often obtained when the rate of water application is 

equal to the potential evapotranspiration, provided that fert ility is 

not a limiting factor. Among the researchers who have shown this to 

be the case for various crops are Dreibelbis and Harrold (1958) and 

Pe nman ( 1956), working with grass, and Pearson, Cl easby, and Thompson 

(1961), work ing with sugar cane. 



For many crops the soil moisture level necessary for max llilUin 

product ion has been determined. Examining the opti mum levels for 

several different crops suggests that there is no single optimum 

moisture level applicable to all crops. Many crops may produce maximum 

yields at unique soil water contents. For example, soil moisture 

levels greater than 50 percent of the total storage capacity result 

in maximum production of alfalfa (Lucey and Tesar, 1965), tobacco 

(van Bavel, 1953), sweet potatoes (Jones, 1961), and peaches {West 

and Perkman, 1953) . Tomatoes (Moore, Kattan, and Fleming, 1958), 

barley and suga r beets (Penman, 1956), pears (Hendrickson and Veihmeyer, 

1942), and many other crops show little or no increase in crop yields 

when the soil moisture level is increased above the fifty percent 

level. Similarly, several investigators have demon strated that pro­

duction of particular crops decreases as the soil moisture is increased 

to excessive level s. Viets (1962) and Chang {1968) have presented two 

summary articles, discussin g the information presently available 

regarding crop production and soil moisture. 

As the demand for crop production expands, increased importance 

will be placed upon efficient water use in agriculture. Efficiency 

in the broadest sense may mean growing as much crop as possible with 

limited water supplies. Consequently, it is necessary that continued 

consideration be given to the subject of crop production as it is 

affected by soi l moisture availability particularly under conditions 

of limited water. 

A related subject of crop production that has received considerable 

attention is the relationship between actual evapotranspiration and 

crop yields . Several experiments with crops grown in containers 

have indicated that the relationship between dry matter production and 



tran spiration i s linear (Chang, 1968 ) . llowever, thi s may not be the 

case when considering evapotranspiration and production . Whil e Vi ets 

(1962) and Allison et al., (195B) have found a linea r relationship 

between evapotranspiration and production, Staple and Lehane (1954 ) , 

working with spring wheat grown in field plots, found that yields 

increased curvilinearly with increasing evapotranspiration. 

The spec ifi c soil mo i sture level required for maximum product ion 

varies _with differe nt crops. For many reasons the determination of 
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such optimum l eve l s has received cons iderable attention . The information 

relating to this aspec t of crop growth has proven most valuabl e in t he 

deve lopment of effi cient irrigation programs for many crops. Predi c­

tion equa tions based on so il mo i sture availability have been developed 

to desc ribe the influence of soi l moisture on yields. As a result it 

has been possible to develop effi cient cropping practices based on 

existi ng so il moisture and irri gat ion conditions. 

Nj_IJ:.Q9en and crop_ growth . 

A cons iderab le amount of researc h has demonstrated that soil 

f ertility also influences crop growth . Ti sda le and Nelson (1966) ha ve 

indicated that yie lds often do not reach the geneti c li mit of crop 

plants because of nutrient deficiencies. Under low-fert ili ty conditions 

a given crop varie ty may not be allowed to develop the full potential of 

its yi elding capacity . An adequate supp ly of pl ant-nutri ent el ements 

i s a prerequi s ite to maximum agricultural production. 

Si xteen elements are r eq ui red for crop growth (Bear, 1964 ; Ti sda le 

and Ne 1 son, 1966 ; Buckman and Brady , 1960) . Each of the e 1 ements p 1 ays 

a specific rol e in the growth and development of a plant, and when present 



in an insufficient quantity, growth and crop yields may be sign ifi cant ly 

reduced. Nitrogen is one of the necessary nutri ent elements. As 

Mill~r. Turk, and Foth (1958) have s tated, perhaps no el ement ha s 

received so much attention as has nitrogen in s tudies relativP Lo ~l ant 

nutrition. 

Soi l nitrogen i s importa nt in several aspects of crop growth. 

Its presence affects both color and over-all growth . Plants defic ient 

in nitrogen usually experi ence a gradual loss of chlorophyll, whi ch 

resu lts in a light green to yel low color. The supply of ni trogen also 

influences the time of crop maturity. Evid ence also indicates that 

the crop qua li ty and disea se resistance i s partially a function of the 

amount of nitrogen avail abl e (Millar et al., 1958). 

Several stud ies have considered corn responses to soil nitrogen . 

Included among these are studi es by Carlson, Ales s i, and Mickel son 

(1959); Fox (1973); Hu sza r , Skold, and Dan i el sen (1970); Linscott , Fox, 

and Lipps (1962); Nunez and Kamprath (1960); Parks and Knetsch (1959); 

and several others. The results of these s tudi es indi cate that the 

several growth s tage s of corn production can be influenced by soil 

nitrogen. Consequently , the rate of development and over-all growth 

is strongl y dependent on the soil nitrogen status throughout the 

growing season . 

Sg_i j _ _rnp_i_st u~_-.I!..U..r:.~e n interactions 

Extensive research has been concerned with the subject of the 

interactions of soil moisture with fertility. Viets (1962) has presen ted 

a sun111ary of research deal ing with this subject. A similar review has 

ueen prepared by Pierre et al . , (1965) . Soi l moisture can s ignifi cant ly 
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influence the fert ili ty status within the crop root zone. Soi l ~oisture 

acts as a transport mechanism, a dissolving agent. and a l ea ching agent 

for var ious fertilizers, while at the same time being involved in pl•nt 

transpiration. 

The interaction of soil moisture and nitrogen has been studi ed 

extens ively. The relatively high solubility of most nitrogen compound s 

makes most nitrogen subject to extensive leaching. Consequently, it 

becomes unavailable for plant use. Denitrification losses are commonly 

associated with high.·soil moisture conditions (Mahendrappa and Smith, 1967; 

r~yers and McGarity, 1971; Patrick and Wyatt, 1964). 

Several studi es have considered the specific relationships of soi l 

moisture-nitrogen interactions to corn production. Among these are 

studi es by Carlson et al. (1959), Huszar et al . (1970) , Knetsch (1959), 

Parks and Knetsch (1959), and Viets (1965). Their findi ngs were quite 

var i abl e. However, in most studies it was concluded that the so il lnois­

ture- ni trogen interaction was of consi derabl e importance to corn pro­

duction. Studi es by Huszar et al. (1970) and Sta nford (1973) and Black 

(1966) indi cated t hat maximum crop production was not always associated 

with maximum soi l moisture and nitrogen lev el s because of the interaction 

effects. 

P_r_!)_duct ipn fu nct i ons descri bing crop respons~-

The increasing need for efficient crop production has caused an 

increasing concern for the methods used to investigate crop responses 

to various growth factors. At the same time increased attention ha s 

been directed toward the methods of describing crop responses to so il 

Jisture and fert ili zer conditions. 



Crop re spo nses to vari ous comb inati ons of soil moistu re d11J ferti-

li ze r have been us ed to determine ideal response surfaces , or production 

functions, for many crops (Black, 1966; French, 1956; Heady and Pes0k, 

1954; Hu szar et al, 1970; Jensen and Pesek, 1959b; Knetsch, 1959; 

Parks and Knetsch, 1959). Box and Hunter (1958) have indicated that 

the production function approach of de scribing crop responses i s used 

for two reasons: (1) to find the co nditions of the variables under 

consideration , which give the best yield, and (2) to determine the 

characte ristics of the re sponse surface in the neighborhood of the optimum 

operat ing conditions to indicate how operations should be modified if 

conditi ons change in order to best control management. 

Several production function forms have been used to describe 

co rn res ponses to various combinations of soil moi sture and fertilizer. 

Heady and Dillon (1961), Oaum e t al. (1956), and French (1956) have 

described as many as five forms including the Spillman exponential 

functio~, the Heady, Pesek, Johnson quadratic, the Heady transformed 

quad ratic, the Cobb-Douglas power function, and the Gompertz curve. 

The fonn that has been most successfully used to describe the response 

surface of corn to soi l moisture and nitrogen fertilizer is a seco nd 

degree form of th e Heady, Pesek, Johnson quadratic function (Hu szar, 

1970; Jensen and Pesek, 1959a; Heady and Dillon, 1961). 

The genera l form of the second degree quadratic production function 

i s represented by eq uation {1): 

2 2 
= a +S1x1 +S2x2 +S11 x1 +S22x2 +S

12
x1x2 

+ £ 

where: 

=dependent variable, here yie ld 
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independent variables, here soil moisture 111d 11 i tn1ucn 

fertilizer 

£ = error due to the fact that the postulated independent vari ab les 

do not completely explain Y 

Si= population regression coefficients 

The response data is used to derive an estimate of equation (1) . Heady 

and Dillon (1961) have presented a thorough discussion of production 

funct ion forms and their use . 

Several researchers have described field designs for obtaining 

response data sufficient to derive estimated response surfaces (Box, 

1954; Cochran and Cox, 1957 ; Hal crow, 1955; Heady and Dillon, 1961; Ost l e, 

1963) . Box (1954) demonstrated the use of a two level factorial or 

fractional factorial which would allow for the estimation of all linear 

and two factor interaction terms. This des ign, augmented with additional 

points, would also allow the quadratic effects to be determined. Such 

composite designs have been quite success ful. Cochran and Cox (1957) 

have also suggested the use of a central composite design with fractional 

replication to strengthen the weakness in the second order terms. They 

al so suggested the use of a rotatable second order design, with repli­

cat ion of points at the center. Heady and Dillon (1961) and Huszar 

et al. (1970) have described the use of complete factorial, split plot 

designs. The split plot design has also been successfully used with 

i ncomp 1 ete factori a 1 experiments (French, 1956; Huszar et a l. , 1970) . 

Another field design that has received only limited use is the continuous 

function experimental design. Fox (1973) has used this design to obtain 

data describing the response of s 1~eet corn t c. .. it rogen fertilizer . 



Cochran and Cox (1957) have i ndicated that polynomial resf)unse 

su rface s are relatively easy to fit but are notor ious ly untrustworthy 

ll 

when extrapol ated. Therefore, a po lynomial surface should be rega t·ded 

only as an approximation to the response surface within the regi on covered 

by an experiment. They also suggest that any predictions made from the 

pol ynomial about the response outside the region should be verified by 

experiments. French (1956) has sta t ed that the fault of most factorial 

experiments is the number of treatments from which a respon se is determined 

is usually insufficient to permit accurate estimation of the yield 

response function. Estimated functions based on observations over the 

complete range of treatment s closely approximate the over-all f unc tion . 

Si milarly, Halcrow (1955) has indicated that adequate production func tions 

are not available because of poor research techniques. Only fragment s 

of input-output curves have been deve loped . He goes on to state that 

few researchers have ana lyzed the output response associated with a wid e 

range of input variables. 

Fox (197 3) has successfully used the continuous function experimental 

design to measure the response to inputs over a very wide range of 

treatments. The continuous function design is one in which a variabl e 

i s increased in many smal l increments across an experimental area. By 

treating only a few plants as a plot, and using sma ll treatment level 

increments, many treatment rates can be established. Using thi s method 

a second variable can be examined by arranging the small increments at 

right angles to the first variable . "Bo rder effects" can be ignored 

because t he incremental change in the variable is very small and the 

treatment is increased in one direction and ~~~reased in the other direct ion 
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from each plot. Fox (1973) has indicated that if a secon~ fac~or 

is varied at right angles to the first, a well def i ned response surface 

can be obtained. 



EXPERIMENTAL PROCEDURE 

The 1972 trials were carried out on Millville s ilt l oam soi l at 

the Utah State University Greenville Farm near Logan. Thi s soil was 

13 

well drained. The experimental site was located on a nearly level trac t , 

with a 0 to percent slope. The 1973 plots were establi shed on a 

Kidman fine sandy loam soil at the Utah State Univers ity Farm , near 

Farmington, Utah. This soil was well drained, deep, and coarse textured. 

~.Il.Y.I!.!ltional _s_£lit plot desi gn_ 

In 1972 and 1973 a complete factorial split plot design wa s l ai d 

out (Figures l and 2). The soil moisture and nitrogen treatments were 

arranged so that so il moisture levels served as whoJ .e plots and nitrogen 

levels were considered as subplots. This split plot design has been 

the conventional method of field layout used to collect data suitabl e 

for prod uct ion functions (Box and Hunter, 195B; Heady and Dillon, 1961; 

Mason, 1956; Cochran and Cox, 1957). 

The 1972 plots consisted of f our rows of field corn (Utahybrid 

544A) for each treatment combination. Plots were 10.67 meters long with 

a 1.52 meter alley at the end of each plot. All 20 treatment combinati ons 

were replicated four times. Whole plots and subplots were completely 

randomized and arranged as in Figure 1. The same procedure wa s used t o 

arrange the treatments in 1973. However, the record rows were onl y 

6. 10 meters long. Again, each block was replicated four times. Figure 

is the layout of the 1973 t rial s . Both years the corn was pl anted at 

~ rate of 65,200 plants/ha . 
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Figure 2. 1973 conventional split plot design, complete 
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The i rri gat ion sys tern for Green vi 11 e consisted of gated J 1 ;mi num 

pipe and furrow irrigation. Each who l e plot in each block was i rrigated 

separately . First year experience with a furrow system demonstrated 

the need for greater control over the irrigation treatments. Con sequent ly, 

a drip irrigation system wi th emitters spaced every 0. 61 meter was 

insta lled in Farmington in 1973. Prior to setting up the field plots, 

four irrigation levels were established both in 1972 and 1973. Using 

the so il moisture characteri stic curve for each of the so il s (see Appen ­

dix) mi ni mum matric potential values were se l ected for each of the irri­

gation levels to be considered. Throughout the growing season, soil 

moisture measurements were made, using a neutron probe to 1.22 meters 

and commercial tensiometers t o 0. 46 meter. When moisture measurements 

indi ca ted that the matric potential of a particular whole plot was 

equal to or below the previous ly estab li shed ideal minirnurn for that 

water level, the whole plot was irrigated back to field capacity or as 

close to that soi l moisture level as practical. 

Nitrogen fertilizer was banded to a depth of approximately 0.20 

meter on each plot . The source of -nitrogen was ammonium ni trate, 

34-0-0 . Five rates were establi s hed with the intent of providing for 

levels that would be both exces sive and deficient . Although the N 

fertilizer treatment levels for the plots were the same in 1972 and 1973, 

the initial soil nitrogen l eve l s were different between l ocations. The 

Greenvill e Farm site had previous ly been cropped to dry beans, while the 

Farmington Farm site had been fallowed for two years prior to establishing 

the plo t s t here. The difference i n past history of the two sites 

suggested that differences in init ial so il f c; :~ lity conditions existed. 
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The fallow practice at Farmington was used to eli mi nate mo.t ~u il N 

prior to the 1973 planting. The levels establi shed are shown i n Table 1. 

All of the plots were fertil ized with a uniform applicati on of pho<pnorous 

at a rate of approximately 18 kg P/ha to insure that P did not become a 

li miting factor during the growing season. This rate was based on soil 

test phosphorous measurements made in 1972 and 1973. 

Tabl e 1. 1972-1973 conventional spl it plot design, nitrogen fertilizer 
treatment levels. 

N-fertilizer level N applied, kg/ha 

3 
4 
5 

0 
56 

ll2 
225 
449 

The experimental units for both years were four row plots. The two 

inside rows from each plot were used as record rows, while t he outside 

row on each edge served as a buffer. Using this technique , each recorded 

plot was separated from adjacent pl ots by two buffer rows. Little 

lateral water or fertilizer movement occurred in these soils. Therefore, 

the two row buffer was adequa te . The reduction in row length fr om 10 .67 

to 6. 1 meters in 1973 was undertaken in an attempt to redu ce the field 

plot size . The Farmington site was cons iderabl y more uniform than the 

Logan site due to the past history and soi l type . 

Th e harvesting operations were similar in 1972 and 1973. Within 

the conventional split plot field design, the plots were harvested using 

a si ngle row mechanical chopper . One record row in each plot was har­

vested and wei ghed. A silage sample from each plot was collected and used 
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for plant moisture content determinations . All yi elds werL tne11 adjusted 

to oven dry weights. Grain yield was also dete rmined for each treat­

ment. The ears from the second record row in each pl ot were harv e~ted 

and dried prior to shelling . The grain yields were dete.wined and then 

adjusted to standard wa ter percentage weights and reported as kg/ha. 

The 1973 dry matter yields were also sampled for nitrogen analysis. 

A split plot analysis of variance was performed fo r both the 1972 

and 1973 conventional plot data pr i or to any data manipul ation. The 

procedure used was that descri bed by Steel and Torrie (1 960). The same 

kind of analysis was performed for the dry matter yi elds , shel led corn 

yields, and nitrogen analysi s results. 

Continuous variable plot design 

As a means of examining many levels of each of the two pa ramet ers, 

soi l moisture and nitrogen fertilizer, a second f i eld design was developed. 

The field layout involved a systematic positioning of controll ed para­

meters at right angles to each other within a field . The treatment l evel 

of each parameter was progressively increased from plot to pl ot going 

across the experimental area . In order to do this, it was necessary to 

position relatively small ex perimental units adjacent t o each ot her and 

eliminate buffer zones between plots. Using this method each of ten 

rows of corn, planted at a rate of approximately 65,200 pl ants/ha, 

was treated as a different soil moi sture level. Within each row, each 

successive 1.0 meter (Logan) or 1. 22 meter (Farmington) s t rip was 

fertili zed at a sli ghtly hi gher rate than the adjacent s tr i p. The 

incremental treatment l evel i n 1972 was approximately 25 kg/ ha and in 

,973 it was 24 kg/ha. Twenty-two levels of fertilization were established 

in 1972 and 24 levels were estab li shed in 1973. 
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Anmonium nitrate fertilizer was spread with a sma ll hand ferti li zer 

spreader. The fertilizer wa s then disked to a depth of approximately 

0. 15 meter . The fertilizer trea tments, presented in Table 2, were 

placed at right angles to the soi l mositure levels, across the rows. 

Table 2. 1972-1973 continuous variable plot design, nitrogen fertilizer 
treatment levels . 

N-fertilizer N applied, kg/ha 
l evel 1972 1973 

1 0 0 
2 26 24 
3 39 48 
4 65 72 
5 79 96 
6 105 120 
7 118 144 
8 144 168 
9 157 192 

10 183 216 
11 196 240 
12 222 264 

N-ferti 1 i zer 
level 

13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

N applied, kg/ha 
1972 1973 

235 288 
262 312 
274 336 
301 360 
31 3 384 
339 408 
353 432 
379 456 
392 480 
421 504 

528 
552 

The incremental increase in treatment level from plot to plot was 

assumed to be sma ll enough so that each plot functioned es senti al ly as 

a buffer plot for the adjacent plots, thus justifying the elimination of 

spec ific buffer zones between treatments. 

This particular field desi gn required good control of the variab les 

being stud i ed. The · relatively small plot size and the slight increase 

in treatmen t level from one plot to the next could be achieved onl y with 

good control of the variables. Prior to planting, ten soil moisture 

levels were selected, ranging from a level s l ightly higher than field 

- ~pacity to permanent wilti ng . Based on the soi 1 characteri stic curves 
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(see Appendi x) the corresponding ma tri c potent ial values 1·1ere tiete rmined. 

The l evel s se lected in 1972 and 1973 are presented in the Result s . 

Irrigation scheduling ~~as determined usi ng the same method as t he 

conventional split plot desi gn. Irrigati on was done using a drip irri­

gation sys tem. The daily irri gat ion sched ul e is in the Appendi x. The 

need for control made it necessary to equip each rm~ of emitters with 

its own shut off val ve . This made it poss ible to irri gate each row 

separately, just as each whol e pl ot in the split plot des i gn was 

irrigated independently of the other whole plots. The field plot lay­

out for 1972, in Fi gure 3, shows the system used to locat e the rows and 

fert il ization rates within each row. The same pattern wa s used in 1973, 

with only sl ight modifications. In 1973 the l ength of each plot wa s 

increa sed from 1.0 to 1.22 meters and the number of fertili zer trea tments 

was increa sed from 22 to 24 l evel s. Figure 4 shows the positioning 

of the four 1972 rep l icates with respect to each other . Repli cation 

of treatments was attained by replicating the entire block four times. 

In 1973 the blocks were positioned so that the outside row of each 

block was bordered by a s imilar treatment level of an adja cent block. 

By positioning the blocks in such a manner, the highest water l evel of 

one block served as a border row to the highest water level of the 

adjacent block . 

The continuous vari able desig n plots were harvested by hand i n 

both years . The entire production from each plot wa s co ll ected and 

weighed on a spri ng balance. From every fifth plot in each row a plant 

sample was also collected to determ ine the mo i s ture percentage of the 

plant material. The mo i sture percentage valut:> were then used to 
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determine the dry weight yield from each plot. The same pr ~eLi •. re wa s 

used in 1972 and 1973. 
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Prior to performing an analysis of variance of the yield data f•om 

the continuous variable design plots, it was necessary tc decide upon 

the proper procedure to use. The method used to establish the various 

fertilizer treatment levels was such that any variability in the yields 

due to errors associated with the establishment of the fertili zer levels 

would not be significant. That is, by initially calibrating the hand 

spreade r at one application rate and then using that single setting to 

establish all the treatment levels, any error associated with one treat­

ment would be spread over all treatments. The experimental design was 

such that each row within a ten row block was treated as a soil moisture 

level and within each row each successive sample was treated as an 

N-fertilizer level. Although the treatments were not randomly arranged, 

each soil moisture level, or row, was considered a whole plot while the 

fertilizer treatments were considered as subplots. Based on these 

assumptions, the analysis of variance was performed as a split plot 

analysis, using the procedure described by Steel and Torrie (1960). 

Barrel lysimeters 

In an attempt to evalute the possibility of developing a simple 

method of determining reliable water use data for response surfaces for 

field corn, severa l of the treatment combinations of the conventional 

split plot design were applied to corn grown in 208 . 2 liter barrels of 

soil. The barrels were also used to provide additional infonnation on 

crop water use . 

The barrels were installed in such a way as to provide a means of 

controlling the soil mositure status of the plots. The barrels eliminated 
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the problems associated with upward soil water flow into t he rco t zone 

and downward flow of water out of the root zone . The barrels al so provided 

a rela tively sma ll plot, which could be easily installed to obtai n data 

for the determination of crop response surfa ces. 

In 1972 ten of the 20 treatments i n the split plot design were 

rep licated twice within the barrels. The location of the barrels within 

the experimental area is shown in Figure l. In order to subject the 

crop grown in barrels to conditions simil ar to those of the field plots, 

the soil cores used in the barrels were undi sturbed. The procedure used 

to obtain the cores has been presented in the Appendi x. The barrels 

were placed in the ground within the ins ide buffer row of the fiel d 

plots they represented. Soil moisture measurements were collected from 

each barrel using a neutron probe. The soil moisture level of each 

barrel was maintained so as to be representative of the field plot within 

which the barrel was located. Water wa s applied to the surface of each 

barrel by hand when neces sary. Fertilizer was applied by hand to each 

barrel and then raked into the so il to approximately 20 em depth prior to 

planting. The fertilization rate of each barrel was the same as the 

field plot within which each barrel was located. 

The barrel plots used in 1973 in Farmington were not located within 

the plots they represented. In a separate block twelve barre l s were 

installed prior to planting. Each of these undisturbed cores was located 

in the center of a 3.05 meters sq uare plot. Each plot and barrel was 

planted, fertilized and irri gated separately by hand . The borders around 

each barrel were irri ga t ed usi ng the drip sys tem. The field plot layout 

of the barrels used in 1973 is shown in Figur: 5. 
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In 1972 and 1973 all the barrel plo t yield s were harvesteu when 

the fi eld plots were harv ested. The entire yi eld f r om each barrel was 

wr iqhNI c~nd then drird to det enninc the moi s tu•·c pe•·cent ilCJP of lh <' pidnts. 

The~ yields were reported as kg/ha of oven dry 111atter. ril e y ie ld d c~t, , 

and the water use data, determined from the irrigation schedul e and 

the change in soi 1 moisture storage, were used to determine the lvat er­

use efficiency of corn grown under various soil moisture condi t ions. 

The information is included in the Results and Appendix. 
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RESULTS AND DISCUSSION 

So il moisture levels 

Initially the objective of the irrigation scheduling was to main­

tain the soi l water content of each treatment at such a level that the 

matric potentia l never became less than the proposed ideal minimum level. 

Within the 1972 conventional split plot design four proposed soil 

moisture levels were established as in Table 3. The actual minimum 

matric potential values were qu ite different from those proposed, for 

several reasons. The matric potential and the water content within the 

profile with actively growing roots was not uniform. The shape of the 

characteristic curve in this range was such that a s light change in the 

water content was accompanied by a large change in the matric potential. 

Furthermore, the changing crop demands for water made it quite difficult 

to maintain a particular soil water level for any length of time, as 

evidenced by the changing soil water contents in the root zone (Figures 

6 and 7). Consequently, rather than maintain the ideal levels, an 

attempt was made to keep the soil mo isture for the various treatments 

between two extreme l evels, those being a level of maximum irrigation, 

level 4, and a level of irrigation by natural precipitation only, level 1. 

The actual minimum matric potential values for the 1972 conventional 

plots were not determined. The so il water content was determined on 

approximately a weekly basi s. Initially the minimum water content 

measured for eac h soil water level was above the proposed minimum. However, 

as the season progressed and the crop demand ~"' · water increased, the min-



Table 3. 1972 conventional split plot des ign 1 soil moistu ;·(! treatment 
level s. 

Soil water 

Change in soil 

28 

Soil 
moisture 
l eve l 

Matric potential 
proposed 
minimum 

moisture storage Total em 
in top 120 em used2 

-9.0 bars 

-2.4 

3 -0.67 

4 -0 . 27 

em applied 

7. 15 

24.57 

37.98 

51.05 

+7 . 11 

-0 .45 

+3 .25 

-1 .30 

14 .26 

24.12 

41.23 

49.75 

lGreenville Experiment Station 
2This does not include possible upward flow or depleti on below 120 em. 

imum water content began to decrease. Although the plots were irrigated 

in an attempt to recharge the profiles to field capacity when the minimum 

levels were reached, sufficient water was no t always added during the 

irrigations to recharge the profiles . The length of time the plots 

were irrigated with the furrow system was not always long enough to 

provide adequate recharge to the profile. With the drip sys tem irri gation 

water was available only two days per week, and the emitters were not 

able to supply the amount of water needed to recharge the profile during 

this limited ti me period . Slow infiltration rates al so reduced the 

effectiveness of the irri gations in Farmington. Consequent ly , the 

min imum water content decreased with each successive measureme nt throughou t 

the season. Therefore, the actual minimum matric potential va lue obtained 

by any method of averaging the matr ic potentials at several times did 

not adequately describe the dynamic situation that actually existed in 

' he field plots. Although other investigations have not emphasized this 
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problem, almost all soil moisture experiments conducted ir ·~~field 

have similar problems . 

Similar discussion could be applied to the vol umetric water co tent 

detennined for each soil moisture level. Here again the avera ge water 

content, detennined on approximately a weekly schedul e, decreased during 

the growing season. The dynamic situation encountered in the 1972 

conventional plots was also true for 1973 at Farmington . Table 4 includes 

the soil moisture level s proposed for the Farmington conventional split 

plot desig n, along with the cumulative irrigation rate for each level . 

Table 4. 1973 conventional split plot design1 

Soil water 

Soil Matric potential Change in so il 
moisture proposed moisture storage Total em 
level minimum em app l ied in top 120 em used2 

~15.0 bars 10.78 +15.6 +26.4 

~ 2.0 30.55 +11 . 4 +42 .0 

- 0.8 44.91 +11. 0 +55 .9 

4 - 0.3 57 . 77 +6.8 +64.6 

1Fannlngton Exper1ment Stat1on 
2This does not include possible upward flow or depletion below 120 em. 

The changing soil moisture levels are shown in Figure 6. This shows 

the volumetric water content measured from 0.3 to 0.6 meter depth through-

out the study period. These data are from the 1972 Logan experiments. 

The same data for the 1973 plots are shown in Figure 7. Soil moisture 

measurements from 0.9 to 1.20 meters depth have also been plotted and 

included in the Appendix (Figures 19 and 20) to demonstrate the changing 
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so il moi sture l evel s t hat were exper i enced dur i nu the 197 ? Jnd l'J73 

crop growi ng seasons. 

A clima t ic summary of the conditions for the two study _yedt·s h 

i nc luded in the Append ix (Tab le 28 and 29 ) . 
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Results from t he cont inuous vari abl e design pl ots were treated si mil ar 

to the conventional plots in analyzing the yield data. The i nitial ideal 

ma t r ic potentials were aga in not mai ntained. The cha nging matric potential 

and the dec reasing water con t ent within each profile made it difficult to 

apply a quantitative value to ea ch soil moisture l evel. The method of 

sc heduling irri gations was such that the ideal l evel s were not maintained. 

The so il mo i sture l evels were actually maintained in t he following ma nner: 

the lowest soil moisture level was determined as the natural ly occurring 

level, supported by natural prec ipitation and moi sture stored with i n the 

soil profile, while the highest l evel was ac hi eved by i r ri gating at t he 

highest feasible rate as determined by the availabili ty of i rr igation 

water , the capacity of the trickler irrigation system to deliver water 

to the plots , and the ability -of the soils to absorb water . The inter­

mediate level s we re maintained at l evel s which would provide a continuous 

gradation in so il moi sture l evel s from the fi eld capacity l evel to the 

wilting poin t l evel . 

In 1972 and 1973 ten soil moisture levels were initi al ly se l ected 

from the matric potential-water content curves . However , onl y seven 

level s were achieved in 1972 and eight in 1973. In 1972 levels 1, 2, 

and 3 were all equal to the mini mum level . One other row was treated 

as a border and not harvested. Natural precipitati on was such that the 

ideal lower levels could not be achieved . Tabl e 5 shows the soil mois­

t ure trea t ment levels for the 1972 pl ots. The eight soil moisture level s 
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Table 5. 1972 continuous variable plot des i gn 1 soil moi sture t reatment 
l evel s. 

Soi 1 
moisture 
l eve l 

Matric potential 
proposed 
minim um 

0 (border) 
1 

-2S.O 
-2: . 0 

2 - 5.5 
3* - 2.4 
4* - l. 2 
s* - 0.67 
6* - 0. 41 
7* - 0.27 
a* - 0. 18 
9* - 0.10 

em applied 

4.09 
·'· . 09 
4.09 
4.09 

14 .06 
19.74 
43.34 
53.71 
63.79 
72.38 

Soil water 

Cha nge in soi 1 
mo isture Tota l em 
storage2 used3 

+7. 77 
+7. 77 
+7 .61 
+7. 31 
+7. 01 
+6.09 
+2.82 
-0.45 
-1 .06 
-1 .67 

11.36 
11. 86 
11.70 
11.40 
21.07 
25.83 
46.16 
53.26 
62.73 
70.71 

rloga-;;-------·-------------

2Change in storage measured in the top 
3This doe s no t include poss ible upward 
*Yield data collected from thi s plot . 

120 em of the profile. 
flow or depletion bel ow 120 em. 

Table 6. 1973 continuous variable plot des ign 1 soil moisture treatment 
levels. 

Soi l Matric potential 
mois ture proposed 
level minimum 

1 -15.0 bars 
2* -10.0 
3* - 2.0 
4* - 1.0 
s* - 0. 6 
6* - 0.4 
7* - 0.2 
8* - 0.1 
9* - 0.05 

10 - 0.05 

r ----:-. 

em applied 

10 .99 
10.99 
17.20 
25.99 
28.93 
29.97 
33.39 
39.96 
49.59 
G4.65 

Soi 1 1~ater 

Change in soi 1 
moisture Tot a 1 em 
storage2 used3 

+19.6 
+18.5 
+16.7 
+18.7 
+17.9 
+19.5 
+14.9 
+12.8 
+10.3 
+9. 3 

30.6 
29.5 
33.9 
44.7 
46. 8 
49.5 
48. 3 
52.8 
59.9 
74.0 

Farnn ngto n 
2Cha nge in storage measured i n the top 
3Th i s does net include poss ible upward 
*Yield data co llected from this plo t . 

120 em of the ~rofi l e. 
flow or depletion below 120 em . 
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established in 1973 are shown in Table 6. Here level s 1 and 10 .~prp usPd 

as border rows; the effective levels from which yield data were col lected 

were 2 through 9. 

The problem of a changing soil moisture level during the growing 

season was experienced within the continuous variable plots also. Some 

of the soil water contents as measured during the growing season are shown 

fo r the 0.3 to 0.60 meter depth here in Figures 8. and 9, for the 1972 

and 1973 plots respectively. Additional curves have been included in the 

Appendix (Figure 24 and 25). It is quite clear from these curves that the 

so il moisture levels were not maintained at some constant minimum levels, 

but decreased with time during the growing season. Again, this was the 

result of several factors, including the fact that irrigat i on water was 

available on a limited time schedule, making it necessary to irrigate 

when water was available. Another factor contributing to the failure to 

irrigate the plots to field capacity at each irrigation was the capacity 

of the tricklers to supply water to the plots. The slow delivery rate 

became a major drawback. However, the total water use was cons iderabl y 

different for the various water levels, so the levels may have been 

mo re di s tinct than suggested by the soil water content data. Moreover, 

since water was applied frequently at low rates, the surface water 

contents were probably much different than shown by the neutron probe 

data which was limited to 30 em and deeper . 

In order to compare the results of the conventional spl i t plot 

designs with the results of the continuous variable plot designs, it 

was necessary to describe the treatments in a similar manner for both 

~xperiments. When selecting the treatment levels to be established 
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in the field, it wa s intended that the several soil moisture level s 

ass igned to the continuous vari ab le plots would ioclude the soil moisture 

leve l s assig ned to the conventional split plot s. That is, the lowes~ 

and hi ghes t so il moisture l evels within the conventional split plot 

experiments were to be equivalent to the lowest and hi ghest soil moisture 

l evel s within the continuou s variable plots. As previously mentioned, 

it was particularly diffi cult to maintain discrete so il moi sture levels 

within the field. Consequently, the comparison of the soi l moisture 

level s from the two designs wa s different than that initially intended. 

Based on a comparison of the amount of water applied to each treatment 

level, t he frequency of irrigation, the change in soi l moisture storage, 

and the volumetric soi l moi sture content in the root zone throughout the 

growi ng season, the following relationships were sel ected to desc ribe 

the soil moisture levels of the co nv entional spl it plot desi gns in terms 

of the continuous variable plot so il moisture treatment levels for the 

two years. 

Conventional split plot 
soil moisture level 

1 
2 
3 
4 

1972 Logan Experiments 

equival ent 
to 

1973 Farmington Experiments 

Con ventiona l split plot 
soil mo isture level 

1 
2 
3 
4 

equ ivalent 
to 

continuou s var iable pl ot 
so il moisture l evel 

3 . 0 
5.0 
6.5 
8.0 

continuous variabl e plot 
soil moisture l evel 

2 
4 
7 
9 
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In all subsequent calculations the split plot soil moisture treatment 

levels were expressed on a scale comparable to the continuous variable 

plot soil moisture levels, as indicated above. 

Y _i_e _l_d_ data 

The yie ld data from the 1972 conventional plots from each repli cate 

are presented in the Appendix (Table 30.) The oven dry matter yields 

were used in plotting the yield curves in Figure 10 . The curves indicate 

that i ncreases in both nitrogen fertilizer and the so il moisture level 

caused increases in the dry matter yields. The increase in yields from 

so il moisture level to level 5 is rather large . The additional respon­

ses to increased soil moisture above level 5 are s ignificant, although 

not as great as from level 3 to level 5. Similarly, the relative re sponse 

to the lower rates of fertilization are much higher than to the higher 

fertilization rates. Above the level of approximately 11 2 kg N/ha the 

yield curve for each soil moisture l evel approaches a zero slope, suggesti ng 

that the response to fertilization above this level is s light . Similar 

curve s for shelled corn are shown in the Appendi x (Figure 21). 

The dry matter yields obtained in 1973 at Farmington were used to 

plot Figure 11. The data from each replicate as well as the data on shelled 

corn yields, the results of the nitrogen anal ysis performed on the dried 

matter samples, and the corresponding yield curves are included in the 

Appendix. 

The yield curves plotted from the 1973 data are similar to those of 

1972. Production was significantly increased by increasing the soi l 

moisture level. Significant yield increases occurred between the lowest 

and highest soil moisture l ev~ l s. Yields also increased as the fertilizer 
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level was increased . The response to low levels of fertilizer wa s large, 

but as the fertilizer level was increased, the response dimini shed . 

Above approximately 224 kg N/ha there was littl e response to additional 

fertilizer. 

The results of the split plot analysis of variance, performed fo r 

both the 1972 and 1973 conventional plot dry weight yields are presented 

Table 7. Analysis of variance for oven dry matter yields from the 1972 
conventional split plots. 

Source of Degrees of Sum of Mean sum 
variation freedom squares of squares F-ratio 

Replicates 3 156 . 7 52.2 
Soil moisture 3 2569.6 856.5 39. l* 
Error (A) 9 197.1 21.9 
Fertilizer 4 185.0 46.3 3. 2* 
Interaction 12 222.4 18.5 1.3 
Error (B) 48 693.5 14.5 

* Signi~icant at the 95 percent level. 

Table 8. Analysis of variance for oven dry matter yields from the 1973 
conventional split plots. 

Source of degrees of Sum of Mean sum 
variation freedom squares of squares F-ratio 

Replicates 3 10.3 3.4 
Soi l moisture 3 2200.2 733.4 80 . 6* 
Error (A) 9 81.5 9.1 
Fertilizer 4 1711.7 427.9 27 .1* 
Interaction 12 520.3 43 . 4 2. 7* 
Error (B) 48 757.7 15.8 

*Significant at the 95 percent level. 
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in Tables 7 and 8, respectiVely. Similar results were obtai ned f or th e 

shelled corn yields and nitrogen analysis and are included in the Appendi x 

(Table 35, 36, 37) . 

The analysis of variance of the 1972 conventional split plot data 

indicates that the yield values differed signifi cantly with respect to 

both the soil moisture levels and the nitrogen fertilizer levels. How­

ever, the interaction between soil moisture and fert i li zer was not signi­

ficant. For the 1973 conventional plots the interaction term proved to 

be sign ifi cant along with the soi l moisture and fertilizer t erms . 

The 1972 variable plot data consisted of yields mea sured on four 

replicates of each of 154 different plots. The averages of these four 

replicates are included in Table 9. The yields from each repli cate are 

included in the Appendix. Only the dry matter yield was measured on the 

continuous variable design plots. Initially the data were plotted as 

they appear in Table 9. However, the variability of the data due to 

the small sample size made it difficult to detect the trends in the 

yield responses. Therefore, the data in Table 9 were smoot hed by 

determining a three plot running average down each column. This was done 

twice. The smoothed data were used to plot the curves of Figure 12 . 

The averag ing operations were quite successful in smoothing the 

data and helping to reduce the variability previous ly mentioned. The 

large number of points were valuable in plotting the yield curves. The 

many treatments make it possible to plot the entire yield curve for 

each soil moisture level . The yield curves indicate a positive response 

to increas ing fertilizer l evels up to approximately 280 kg N/ha. Above 

.h is level the yields begin to decrease . The corn also responded 



40 

Table 9. 1972 continuous variabl e plot des ign oven dry matter yield . 1 

----------- - ~----~--------

- --- ------------------
N-fertilizer Soil moisture l ev!:!_l 

level kg/ha 1,2,3 4 5 6 7 8 9 
----------

0 9.1 10.4 11.6 12.4 13 . 2 14.3 15.1 

26 12.3 7.1 13.7 14.4 22.0 13 . 9 13.3 

39 6. 9 10.6 10.6 12 . 7 11 .2 19 .3 17 .5 

65 10 . 7 9. 4 13.4 17 .8 13 0 7 17 01 15.0 

79 7. 4 9.8 12.7 19.7 20 . 1 20.5 15 . 1 

105 10 . 9 11.0 11.7 11.9 16.6 16.9 13 .9 

11 8 11.9 12.4 18 . 6 16.0 17 01 14 .5 23.6 

144 7.2 8.9 13.2 20.1 18.9 23.7 21.5 

157 9.6 12.4 13 . 9 13.6 14 .0 19 .2 19.1 

183 10.5 9.7 10.1 19.5 14.4 18.9 21.5 

196 11.6 14 . 2 14.9 15.6 22 .1 21.6 18 . 7 

222 12 . 5 10.6 15.8 19.0 16 . 7 22.9 19.7 

235 8.7 12.1 14.1 21.1 15 .8 19.9 21.3 

262 13 .4 12 . 6 14.0 16.9 25.2 27.9 22.3 

274 11.6 13. 9 12.1 21.3 21.4 25 . 2 21. 4 

301 11 .1 13.8 13.1 17 . 9 21.2 18 . 6 22.4 

313 10.3 15.1 16.9 19 . 5 17 . 6 23 . 5 14 .9 

339 8.3 11 . 7 12.6 15.8 18 .3 21.9 20.8 

353 13.4 15.1 13.4 24.1 18.1 19.4 22.8 

379 10.3 12.7 14.9 20 .2 17.7 16.7 16. 5 

392 9. 9 11.1 10 . 9 20.8 22 .4 15,8 19. 6 

421 11.4 15.2 12 . 5 10 . "' 14 . 1 19.1 18. 4 

\ach-v-;;-1~~ i s the average of four replicates in metr ic tons dry matter/ha. 
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po sitively to the increase in soi l moisture l evel s from l evel 3 to level 

9. The largest single increa se due to so il moisture occurred between 

level s 5 and 6. 

The data from the 1973 continuous variable design plots were averaged 

to obtain the data of Tabl e 10 . This average block data was then used in 

determining the running average values , used in plotting the yield curves 

of Fi gure 13. The original data from the Farmington plots have been 

included in the Appendi x. As in 1972, the corn respond ed posit ·ively to 

the fertilizer treatments; as the treatment level was increased to 

approximately 300 kg N/ha, the yie ld increased. Above that level, add-

itional fertili zer caused a reduction in dry matter production . The 

respons e to the increasing soil moisture levels wa s also positive. The 

largest single response again occurred between soil moi sture l evels 

and 6. 

The analysis of variance for the 1972 data i s presented in Table 11 . 

Signifi ca nt F-ratios were found for soil moisture and N-fertilizer. 

Yield differences associated with the interaction of the two treatments 

and with the various replicates were found to be non-significant. 

A s imilar analysis was performed with the yield data of 1973 

(Table 12) . 

As with the 1972 analysi s, the 1g73 analys is indicated that sig nifi cant 

differences in yield were associated with the so il moisture levels and 

theN-fertili zer levels . The interaction between soil moisture and 

N-fertilizer wa s also significant. Replicate s were al so sign ifi cant. 

The barrel plots were treated s imilar to the field plo ts for purpose 

of analysis. The 1972 barrel water use data and corresoondinq yield data 
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Table 10 . 1973 continuou s varia b le pl ot des ign oven dry ma tter yield . 
1 

N-fertili zer 
Soil moisture level 1 evel kg/ha 1 , 2 s---6- --7--

8 

6. 4 5. 1 8. 5 8. 9 9. 6 10 .2 10 .5 10. 7 
24 6. 4 4.1 8. 1 5. 6 7. 7 10.7 10 .7 14.1 
48 6.4 7. 5 10 . 1 7. 9 11.6 11.2 11.5 13.8 
72 6. 3 7. 1 8. 6 8.8 11.0 13.4 12.1 13.9 
96 6. 5 6.8 8. 7 8.9 14.4 13 . 6 15.1 14 .3 

120 8.5 B. 5 9.2 10.3 14. 0 13. 7 14. 3 15.1 
144 7. 2 B.l 11.2 10.5 12.7 16 .5 14 .2 17 .0 
16B 7. 7 9.2 10.4 10 . 6 17 . 1 14. 0 14.6 16.2 
192 7. 7 9.2 9.B 9.6 13.5 15. 8 17.5 14. 3 
216 7. 6 8. 9 12.7 9. 7 15. 1 15. 6 14 .B 19 . 3 
240 9. 0 9.B 9.6 11. 0 1B.5 16.3 lB.O 18.3 
264 6.B 9.6 l l. B 11 . 2 15.2 16.B 13.9 14 .7 
2BB B.9 9. 6 9. 5 13.4 13.3 15.3 1B.2 l B. 3 
312 7. 7 7.B 11. 1 12. 5 13.9 14 .9 17.7 16 .6 
336 6. 9 B.B 10.0 l O.B 15.4 14.2 16.1 17 .3 
360 6. 6 B.6 11.2 11. 1 17 . 1 15 .5 17 .7 20.7 
3B4 10.4 9.1 10.6 10.7 14.6 16. B l B. l 16.7 
40B 7.0 10. 0 11.7 11 . 4 14.7 12 .4 12.5 17.7 
432 B.B B. 7 11.2 11.2 14.7 15.7 16.5 19 .2 
456 7.0 B. 6 9. 9 10. 1 14.4 14 . 4 13. 6 lB. 7 
4BO 7. 3 9. 4 9.4 11. 9 13.5 15. 0 l B. l 14.7 
504 B. 4 B.2 10. 1 10.2 14.9 12.2 13.5 17 . 1 
52B 7. 7 9.2 11.1 9. 2 14.0 13. 5 13 .6 15.B 
552 5. 7 7. 1 B. 3 B.5 9. 5 13.3 12.9 15 . 7 

Ti'iic1ivaYue-·1Slhe average of four rep-1 icates in metric ton s dry s ila ge/ha. 
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Table 11. Analysis of variance for oven dry matter yi e lds fr om the 1972 
continuous variable plots. 

·-· ------ ----·---------------------------- - ------------------- ---------
Source of Degrees of Sum of Mean sum 
variation freedom squares of squares F-rati o 
-----------· 
Replicates 3 0. 72 0.24 
Soi 1 moisture 6 209. 13 34.86 30 . 34* 
Error (A) 18 20.68 1.15 
Fertilizer 21 51.39 2.45 3. 26* 
Interaction 126 93.95 0.75 1.00 
Error (B) 441 330.76 0. 75 

*Significant at the 95 percent level. 

Table 12. Anal ysis of variance for oven dry matter yields from the 1973 
continuous variable plots. 

Source of 
variation 

Replicates 
Soi l moisture 
Error (A) 
Fertilizer 
Interaction 
Error (B) 

Degrees of 
freedom 

3 
7 

21 
23 

161 
552 

Sum of 
squares 

8.53 
62.46 
3.48 

13 .32 
9.14 

30.06 

Mean s um 
of squares 

2. 84 
8.92 
0.17 
0. 58 
0.057 
0.057 

*S1griifTcant_at_the95r;:p;:e;-:r~c;;-en:-:t.--;lc:e-:-:v-=e'l. -. -------------

F-ratio 

17.51* 
53.82* 

10.65* 
1. D4* 

was grouped and averaged (Tabl e 13) . Both the sma ll sample size within 

each barrel, and the uncertainty of water use (due to poor control of 

irrigation) were responsible for the variabi lity in yield within soil 

moisture levels. The barrels were situated within the plot rows such that 

several of the barrels were mistakenly irrigated when the surrounding plot s 

were furrow irrigated. The yield data were a v ~;- aged by soil moisture levels. 



Table 13. 1972 barrel plot water use and dry matter yiel d. 

Soil moisture em HzO 
level appl1ed 

3 

4 

22. 18(6) 2 

32.87(8) 

40.25(6) 

43.31(8) 

em HzO 
usedl 

39.94 

49.21 

55 . 98 

56.15 

k_g __ dry matte_r 
ha 

14099 

15944 

15087 

15423 

kgf ha 
Clll 

353 

324 

270 

274 

1cm H20 used equals em H20 applied plus the change in soil moi stu re 
storage within the barrel during the season. 
2Numbers in parenthesis indicate the numbe r of barrel plots included 
in the average . 

The plots established in 1972 provided some useful guidelines for 
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installing simila r plots in Farmington. Although the cores within the 

barrels were undisturbed, the conditions_tor crop growth in the fi eld 

were not duplicated in the barrels. The barrels created a confined 

root zone for the corn and, consequently, the soil within the barrel s 

was . depleted of soil moisture at a faster rate than in the field . Each 

barrel supported only a small number of plants, making it necessary for 

good control of the treatment levels. 

In 1973 the barrel plots included two N-fertilizer levels . The 

rates of application were no fertilization and approximately 340 kg N/ha . 

The soil moisture levels are shown in Table 14, along with the yield s. 

The data was grouped by water levels and averaged, so that each value 

presented is the average of four barrel plots. Inspection of the yi eld 

data indicated that the yields were not significantly affected by the 

fertilizer treatments, and could be averaged. 
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Table 14. 1973 barrel plot water use and dry matter yiel d. 

So i I moi ~ turc cut HzO em HzO kg dry matter k~ / h a 
l evel dpplied used! ha Clll 

·- ---·-·-· - ·-··----

10.79 20.61 3210 156 

2 42.45 50 . 72 9874 195 

45.86 52.70 12666 240 
-------- - --- ------------ ------.- ---

1cm HzO used equals em H20 appli ed plus the change in soil moi sture 
storage within the barrel during the season. 

~so l_u]:~_ J!!od_u_c t ion f unct i O_rl_i 

The data collected in 1972 and 1973 were used to describe the respons e 

of field corn to combinations of various level s of soil moi sture and 

N-fertilization . The response surfaces were described in te rms of second 

degree quadratic production functions . The second degree quadrati c 

form provided the best fit, which was consistent with other findings 

(Huszar, 1970; Heady and Dillon, 1961; Jensen and Pesek, 1959a) . 

The procedure used to estimate the regression coefficients wa s that 

of multiple regress ion by least squares analysis. A Burroughs 86700 

computer system was used to implement the necessary programs from the 

Stati st ical Program Package (STATPAC) developed by Hurst (1973). The 

programs used included t he Multivariate Data Collection (MDCR), Stepwise 

Multiple Regression (SMRR) and Stepwi se Multiple Regression Upward 

(SMRU) . Initially the yield data collected from all treatments of each 

design were used in the least squares analysis. The produc tion fun ction 

determined from the 1972 co nventi onal split plot design i s represented 

by equation (2). Equation (3) wa s obtained us1119 the data from the 1972 

con tinuous variable plot design: 
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4552 + 2813W + 13.9N 165.9W2 - 0. 03N2 ~ 0.6WN ( 2) 

R2 : 0.64 F : 29.08 

P(Y 1 5.9%) : 0.95 

- 3595 + 4053W + 29.8N 216.4W2 - 0.06N2 
+ 0. 7WN (3) 

R2 : 0.33 59.83 

P(Y±3.2%) : 0.95 

where Y : yield of oven dry matter measured in kg/ha 

W: soil moisture l evel, expressed as a qualitative level, i . e ., 

3, 4, 5, 6, 7, 8, 9. 

N amount of N fertilizer applied, measured in kg/ha, i.e., 

0 to 448 kg N/ha . 

The 1972 data demonstrate quite clear ly that production function s can be 

easi ly developed, using data collected in both the conventional split 

plot design and the continuous variable des ign. 

The negative regression coefficients associated with the second 

degree N-fertilizer term suggest diminishing returns to high level s of 

nitrogen. The diminishing returns to high levels of N-fertilizer are 

consistent with other finding s (Stanford and Hunter, 1973; Heady and 

Pesek, 1954; Hu szar et al., 1970). 

The multiple correlation coefficients, or R2 values, for the two 

production functions indicate different degree s of goodness of fit. 

The percent of variation in dry s ilage yield that was explained by the 

variation in levels of soi l moisture and N-fertilizer appl i ed ranged 

from 33 to 64 percent. The low R2 associated with the continuous variabl e 

design wa s the result of considerab le variation with i n the limited number 

of replications and the smal l plot s ize. The ~ ratio for each production 

function indicated a high degree of statistica l significance. Analys es 
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of variance for the regressions were performed to determine t he s ignifi-

ca nce of the subsets of each production function . Simple correlation 

mat rices were also determined for each of the terms in the quadrat ic 

production function. The correlat ions of yield with each subset are 

included in Table 15, along with the regression analyses of variance 

for the 1972 des igns. 

Table 15. Regression analys i s of variance and s imple correlation 
coefficients for the 1972 designs. 

---------- ----------------------------

Source of 
variation 

Degrees of 
freedom 

Mean sum 
of squares 

Simple correlation 
F-ratio with yield 

---------------
-~o nvent i o nal spl.i!.J>lot d_~i! 

So il moisture . 1290E + 09 22.50* 0.879 
Fertilizer . 1836E + 08 3. 20 0.164 
Second order 

soi l moisture .5507E + 08 9.60* 0.822 
Second order 

fertilizer . 283lE + 08 4.94* 0.113 
Soi l moisture x 

fertilizer 1 .6364E + 07 l. 11 0.518 
t1odel 5 . l668E + 09 29.08* 
Error 74 .5735E + 07 

~ontinuous variable plot design_ 

So il moisture .7813E + 09 29. 16* 0.726 
Ferti lizer .3566E + 09 13. 31* 0.249 
Second order 

soi l moi stu re .3462E + 09 12 . 92* 0.694 
Second order 

fertilizer .4502E + 09 16.80 0.191 
Soi l moisture x 

fertilizer l .2255E + 08 0.84 0. 561 
Mode l 5 . 1603E + 10 59.83* 
Error 610 . 26 79E + 08 

* -
Significant at the 95 percent l eve l . 
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In both designs the dry matter yield correlated highes t wi t h the 

soi l l•lOisture. The correlation indicated that as the soil moisture level 

increased, the yield increased. The F-raties were also significan t. 

The correlation between yield and fertilizer levels was relatively low 

in both designs, suggesting that ,the initial soil fertilizer level wa s 

relatively high. Only the F-ratid from the continuous plots was signi-

ficant. 

The production functions were used to predict the yield curves 

presented in Figures 14 and 15. The estimated yield curves represent 

the smoothed response surface. The yield curves for the two designs 

are quite similar. The greatest positive response to theN fertilizer 

treatments occurred at nitrogen levels below the maximum application 

rate . A positive response occurred up to approximately 250 kg/ha of N. 

Above this rate the slope of the yield curve became negative , indicating 

a diminishing response to higher N fertilizer levels . Within the con-
., 

ventional design the greatest response to soil moisture occurred between1~ 

levels 1 and 2. Each subsequent increase in the soil moisture l evel ·!1! 
I 

resulted in a smaller positive response. \. 

The predicted yield curves for the 1972 continuous variable design plots 

(Figure 15) also demonstrated the diminishing response to increasing soil 

moisture. The diminishing returns to soil moisture and fertilizer inputs 

were also evident from the actual yield curves. The actual data showed 

the greatest response to soil moisture between levels W5 and W6 (cf . Fig . 

12). Ideally the treatment levels considered were to include soil moisture 

treatment levels that would result in negative returns. However, because 

of the problems previously mentioned, excessive irrigation was not possible. 

Any negative returns predicted from the production functions would be be-

yond the range of the data used to determine the functions. 
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A similar procedure was appli ed to the 1973 data as ~1a s used in 1972 . 

The yield data from all the conventional design pl ots were used to obta in 

equation (4) and all the continuous variable design plot data were ~ 'ed 

to obtain equation (5) . The dimensions of the input data were approxi-

mate ly the same in 1972 and 1973. 

4373 + 498W + 31.7N- 54.6W2 - O.OBN 2 + 2.9WN (4) 

R2 
= 0.74 F 43.07 

y 
P(Y±7.9%) = 0.95 2 1547 + 1405W + 26.8N- 22.1W O.OSN 2 + O.SWN (5) 

R2 
= 0. 49 F 199.37 

P(Y±2. 6%) 0. 95 

The production functions developed are simi lar to those obtained with the 

1972 data. 

The coefficients of determination are quite similar to those 

obtained with the 1972 data. The better goodness of fit of the conven­

tional design data compared with the continuous design data wa s parti al ly 

due to the smaller number of data poin t s used to determine the conventional 

design production function. The F ratio for each production function 

indicates a high degree of statistical significance (Table 16). 

The s imple correlat ions of dry silage yield with the subset of the 

1g73 desig ns are quite s imil ar to those for the 1972 data as shown in 

Table 16. As with the 1972 data the dry matter yield was correlated 

highest with the soil moisture variable. Yields were relativel y hi ghly 

correlated with the soil moi sture-Nfertilizer interaction . The correlation 

between yield and N fert i lizer was relatively low. Analyses of variance 

"0r the regressions are included in Table 16, along with the simple corre­

la tion coefficients for dry silage yield. 



Table 16. Regre ss ion analyses of va riance and s imp le correla t1on 
coefficients for 1973 desi gns 
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Source of 
variation 

Degrees of 
freedom 

Mean sum 
of squares 

Simpl e corre l a~ion 

Soil moisture 
Fertilizer 
Second order 

soil moisture 
Second order 

fertilizer 
Soil moisture x 
fertilizer 1 

Model '5 
Error 74 

.Soi l moisture 
Fertilizer 
Second order 

soil moisture 
Second order 

fertilizer 
Soil moisture x 

fertilizer 1 
Model 5 
Error 762 

Conventional s~ l it ~lot 

. 1369E + 08 

. 1322E + 09 

.3449E + 06 

. 1902E + 09 

.5833£ + 08 

.2459E + 09 

.5709E + 07 

F-ratio with yield 

de~ 

2.40* 
23. 16* 

0.06 

33.31* 

10. 22* 
43.07* 

0.703 
0.461 

0.690 

0.348 

0. 74 3 

~pntinuou_L~a ri_i~Ql.u.lot de2_i_g.!} 

. 2222E + 09 

.7519E + 09 

.5366E + 07 

.1013E + 10 

.2858E + 08 

. 1668E + 10 

.8366E + 07 

26.55* 
89.87* 

0.64 

121. 03* 

3.42* 
199 . 37* 

0.841 
0.188 

0.822 

0. 097 

0. 620 

The yield curves presented in Figures 16 and 17 were determined 

from the production functions. The predicted yield curves represent 

the complete response surfaces for field corn grown in the 1973 conditions. 

Here again, the predicted yield curves for the two field designs are 

quite similar. The maximum response toN fertilizer occurred at approxi-

mately 350 kg N/ha. Above this level diminishing yields were predi cted. 

Within the conventional plot design, the greatest response to increasi ng 

soi l moisture levels occurred between levels 2 and 4. Each additional 
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Figure 17. 1973 cont inuou s variable plot des ign , predicted dry 
matter yield;,, .. ,~ric tons dry matter /ha: 
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increase in soil moisture re sulted in a smaller increase i n yield. The 

co ntinuous variable design predicted yield curves indicated that there 

was little difference in fertilizer response from level to l evel. The 

predicted curves smoothed the actual data . The yield data indicated tha t 

the greatest response to soil moisture within the continuous variabl e 

design p 1 ots occurred between soi 1 moisture 1 eve 1 s W5 and W6 ( cf. Figure 

12.) 

Using the production functions developed for each design of 1972 

and 1973, yields were predicted for each of the treatment combinations 

estab lished in the field plots . The predicted yield values were then 

used to perform an analysis of variance between the populations descr ibed 

by the production functions (Table 17) . Initially the analyses were 

Table 17. F ratios of analyses of variance of dry matter yields 
predicted by the 197 2 and 1973 production functions . 

Source of variation 
- - ·-- ---.----- -· - -- ---· --- --· ------ --------

Between 1972 desig ns 
conventiona l vs. continuous 

Between 1973 designs 
conventional vs. continuous 

Between conventional designs 
1972 VS . 1973 

Between continuous designs 
1972 vs. 1973 

*Significant at the 95 percent level. 

F-rat i o 

3.48 

l. 59 

56 .07* 

21.76* 

performed to compare the populations described by each of the two functions 

obtained in 1972 and 1973 . The F ratio determined was non-si gnificant 

at the 95 percent level, indicating that the predicted populations did 

not differ signifi cantly. A simi lar analysis was used to compare the 1972 



and 1973 conventional split plot des ign production functio n. and the 

1972 and 1973 continuous variable plot design prod uction function s . 

The results of the several comparison are presented in Tabl e 17. 
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The comparison of the yields predicted by the production functions 

from both des igns of 1972 and 1973 indicated that the two product ion 

functions did not predict the same population. 

Several factors could account for the fact that one fi e ld design, 

used in two different years, resulted in significantly different produc ­

tion f unctions. The Logan site was different from the Farmington site 

in both so il and climatic conditions. The differences in soil charac t er­

istics included texture, water holding capacity, and initial so il nitrogen. 

The residual soil N of the Kidman so il at Farmington was very low, whil e 

the residual N was considerably higher for the Millville soi l . The 

important climatic fa ctors that were different were the potential evapo­

transpirational demand and the length of the growing season. All these 

factors most likely contributed to the differences in yields from 1972 

to 1973 . 

Relative production functions 

The production functions determined from the dry rna tter yields provided 

estimates of the yield as influenced by soil moisture and N fertilizer. 

However, the magnitude and vari ation in the levels of the input variables 

make it difficu lt to realize the contribution of each of the components 

of the total production function to the predicted yield values. In 

order to demonstrate the contribution of each component to the predicted 

yi eld, rel a tive production functions were determined. For each des ign 

-"e maximum soi l moisture level and N fertilizer level was determin ed. 
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The trea tment l evels associated with each plot were transfor·med to 

relative values by expressing them as fractions of t he maximum l evel of 

each variable. The yields were also changed to relative yields as 

fractions of the maximum measured yield. A least squares analysis was 

then performed using these relative treatment and yield values. 

The sample regression coefficients obtained using the relative 

levels demonstrated the magnitude of the contribution of each component 

in the production function to the predicted yields. This is evident 

from t he relative production functions determined from the 1972 data. 

The 1972 rel ative production functions for the conventional split plot 

design and the continuous variable plot des ign, respectively, are: 

\'max 0.178 + l . 285W + 0.294!!_ 0.65(W )2 0. 294(N )2 + 
W01ax Nmax (Wmax) (Nmax) 

0. 14W N 
Wrnax Nrnax (6) 

and 

-0.127+ 1. 301W + 0.449N - 0.62(~ )2 0.39(~ )2 + 
Ymax Wma x Nmax (Wmax) (Nmax) 

0. llW N 
Wmax Nmax (7) 

Using the same procedure with the 1973 data, the relative production 

functions were determined for the two designs . They are for the conven-

tional split plot design and the continuous variabl e design, respectively, 

Ymax 

~d 

0.213 + 0.428>{ 
Wmax 

0. 43W N 
Wmax Nmax 

+ 0.8 1N 
Nmax 

0.05(W )2 

(Wmax) 
0.78(N )2 + 

(Nmax) 

(8) 



0.075 + 0. 61W + 0.72N - 0.085(W )2 

Wmax N·ma x (Wmax) 
0. 69(N )2 

T 

(Nmax) 
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0. 13W (9) 
Wmax Nrnax 

The relative contribution of each of the components in t he product ion 

function to the predicted yields varies with each production f un ct ion . 

Th e mos t s ignificant regression coefficients were those asso ciated wi th 

the re lative soil moisture level and the relative N fertiliz er l evel. 

The diminishing returns to increas ing input levels were respon s ibl e for 

the s i gnificant second order terms (cf. Table 15, 16). 

The relative yi e lds predicted by each of the relative product i on 

function s were used to compare the four sets of results . As with t he 

previous ly determined functions, an ana lys i s of variance was perfo rmed 

on the populations predicted by these relative functions. Th e res ult s 

of those analyses are shown in Table 18, the F ratios of the anal yses . 

Table 18 . F ratios of analyses of variance of the re l ative yi e ld s 
predicted by the 1972 and 1973 relative production fun cti ons . 

. -- -·-----· ------ ------ -------- -------------

Source of variation F ra tio 

1972 designs 
conventi onal vs. continuou s 2.11 n. s . 

1973 designs 
conventional vs . continuous l. 93 n. s . 

1972 vs. 1973 
conventiona l designs 1.43 n. s. 

1972 vs . 1973 
continuous designs 0 . 70 n. s . 

n. s . =Non-s ignificant at the g5 percent level. 

The analyses indicate that the differences in the sampl e popul at i ons 

predi ct ed by the relat i ve producti on functions were not s ignifi ca nt. Thi s 
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sugges t s that when the data from the 1972 and 1973 convent iona l >plit 

plot des igns are expressed in relative terms, the cor responding r esponse 

surfaces did not differ for the two designs. The ana lyses indi cated 

the same for the 1972 and 1973 continuous variable des i gns . The s imil arity 

of the relative respon se surfaces among years, locations, and designs 

support s the possible use of some form of relat i ve respon se surfac e 

in describing a transferable production function. 

R~d~c_ed_ d_es_i_g_ns 

An obj ec tive of this resea rch was to determine the extent to which 

the fi eld plots cou ld be reduced, with regard to both the plot s i ze and 

the number of treatments established in the field, and st ilI obta in data 

sufficient to develop reliable production functions. The ana lysis of 

the dry matter yie lds predicted by the continuous variable design and the 

conventional split pl ot des i gn in either 1972 or 1973 indicated that the 

predicted yields did not differ s ignificantly. Consequently , either 

des ign appea red suitable for determining the production function. Al so, 

the 1972 and 1973 conventional s plit plot des i gn function s were determin ed 

from differe nt plot s izes. The coefficients of determination for the 

two conventional plot experimen ts indicated approximately the same 

reliability of t he 1973 as the 1972 data, even though the former plots 

were reduced in s ize by approximately 50 percent. The improved contro 1 

of the irri gat i on practices used in 1973 may be responsibl e for ma in taining 

the R2 at a l evel comparable to that of the 1972 data . 

The complete factori al split plot design s of the Log an and Farmington 

sites were used as the basi s for eva luating the feasibility of reducing the 

.. umber of treatments necessary to determine production fun ct ions . 
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In order to evaluate the poss ibility of us ing an inco"1 plete factor-

i al rles i 9n, several different incomp l ete factori al des igns were cons tructed 

from the data co ll ec ted from the 1972 complete fa cto ri al split plo t 

design . After el i minat ing the data from se l ected treatments , a l east 

squ ares analysi s was performed, using the remaining data. The resu ltant 

production f unction was compared t o the function obta ined from the complete 

factorial design . Using thi s approach the 1972 conventional plot des i gn 

wa s reduced from 4 1·eplicates of 20 treatment combinations to 4 replicates 

of 10 treatment comb inati ons, without sig nifi cantl y changing t he produc-

t i on function . One incomplete factorial desiqn that predi ct ed t he 

same res ponse surface as that desc ribed by the comp 1 ete factori a 1 i s 

shown in Tabl e 19 . Several other studies have demon stra t ed t he need 

for replicat i on of the treatment plots (Heady and Dillon , 1961; Viets, 

1965; and French, 1956). 

Table 19. Treatment combinations included in incompl ete factorial split 
plot design used to determine the 1972 and 1973 production 
function s. 
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The 1973 split plot design data were treat ed the same way. The 

maximum reduction in the number of treatments was approximatt>ly the sa u1e 

as that of the 19?;1 data. The production fun ction~ detenuinNl with ~liP 

data· from the incomplete factorial designs were essenti a lly the same as 

those from the complete factorial designs. The production function s for 

the incomplete factorial conventional split plot design s are presented 

below for the 1972 and 1973 data. 

Y = 4301 + 1295W + 23.8N + 4. 16W2 - 0.06N 2 + 1.4WN 

R2 
= 0~ 76 

P{Y ±8.8%) = 0.95 

4950 + 611.2W + 41.7N + ll . 6W2 - 0.09N 2 +2.1WN 

R2 
= 0.79 

P1Y l l2.2Z) 0.95 

(1 0) 

( 11) 

The coefficients of determination for the incomplete factorial 

des igns are substantially higher than those of the complete factorial 

designs, because of the fewer points and the better fit to the quadratic 

form. All of the R2 values were significant at the 95 percent level . 

Several other reduced designs were consi dered in incomplete fact-

orials of the 1972 conventional split plot data . Within two of these 

reduced designs an entire whole plot was eliminated by omitting all 

yield responses from water level 5. The production function obtained 

from the data from the treatment combinations shown in Table 20 is 

presented in Equation 12. 

Y = 6725 + 21.4W + 31.4N + 120.8W2 - 0. 07N
2 

+ 1.59WN 

R2 + 0.70 

P(Y~8.7% ) 0. 95 

( 12) 



Tab le 20. Treatment combinations incl uded in an incomp l ete factorial 
split plot design used to determine the 1972 and 1973 
production f unctions. 
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So il moisture l eve ls N fet ci lizer level, kg/ha 

lJ.z.? 12?.:3 0 ?E. 
2 X 

5 4 

6.5 7 X X 

8.0 9 

----- ----------- ·- ------ ----------------------

The population predicted by Equation 12 did not differ s ignifi cantly 

from that predicted by the production function obtained from t he comp l ete 

f actorial split plot design (Equat ion 2). 

Another des ign tested was that s hown in Table 21 below. 

Table 21. Treatment combinations included in an incompl ete factorial 
split plot des ign used to determine the 1972 and 1973 
production functions. 

Soi l mo i sture levels 

6.5 

8.0 

]_9!_3 

2 

4 

9 

N fertil izer l eve l , kg/ha 

Q -~-4J. 
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The population described by the production func tion obta ined from 

this incomplete factorial design did not differ significantly from that 

described by the complete factorial production function. The production 

function (Equation 13) was quite similar to the complete factorial function . 

Y = 3328 + 1762W = 24.1N- 65.5W
2

- 0.07N
2 

+ 2.6WN 

R2 
= 0.68 

P{Yt8.9%) = 0.95 

( 13) 

The same incomplete factorial designs were considered with the 1973 

conventional split plot design as were tested with the 1972 data (Tables 

20 and 21). The respective production functions are presented in Equa-

tions 14 and 15. As in the case of the 1972 data, the populations 

described by the production functions from the incomplete designs were 

not signif icantly different from that described by the 1973 complete 

factorial design production function {Equation 4). The production 

functions detennined were for the two designs. 

Y 5268 + 531 . 7W + 39.7N + 17 .5W2 - 0.08N
2 

+ 2.1WN 

R
2 

= 0. 74 

P(Y110.5%) = 0.95 

Y 4960 + 799.6W + 26.2N + 14.4W2 - 0.06N 2 
+ 2.1WN 

R2 
= 0.76 

P(Y±lO .O% ) = 0.95 

(14) 

(15) 

Within the conti nuou s variable plots, consideration wa s given to 

grouping the treatment levels and yields rather than eli minating treat­

ment level s. All grouping of the cont inuous variable plots was designed 

_o create l arger plots that would facilitate the harvesting operations, 

without cha nging the continuous variable design in such a manner that 
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buffer zones were needed between plots. Initi all y the 1972 yie lds were 

grouped by two treatments within each row . The resul ta nt desig n consisted 

of four rep li ca tes of 11 fertilizer level s within 7 so il moisture lev2ls. 

Therefore , eac h yield was the average yield of two adjacen t fertilizer 

treatme nts within a row . The production function determined from these 

grouped data was essentially the same as that obtained us ing all repli­

cates of the 154 treatment combinations (cf. Table 40, Appendix). 

The production functions obtained from several othet' grouping 

schemes were compared with the overall production function . The maximum 

number of plots grouped together wa s twelve. The yields fr om al l plots 

in one group were averaged along with the so il moisture and fertilizer 

levels. Table 22 represents the treatment combi na tions included in 

eac h group. The corresponding production function i s presented in 

Equation 16. The maximum grouping created a 4 x 4 comp lete f actoria l 

design with four replicates of each grou p. 

Table 22. 1972 continuous variable plot design grouped dry matter yie lds. 

Grouped so il moisture levels 

3 + 4 

5 + 6 

+ 8 

9 

Grouped N fertilizer l evels, kg/ha 

0 + 25 + 39 + 65 + 78 + 104 

117 + 143 + 157 + 183 + 195 + 222 

234 + 261 + 274 + 301 + 313 + 339 

352 + 378 + 392 + 421 

~ -61 88 + 4354W + 46.1N- 234.3W2 - 0. 08N 2 
+ 0.13WN 

R2 
= 0.73 

(16) 

P(Y±6.5% ) 0.95 
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The 1973 continuous variable plot des ign data was al so grou~ed. The 

192 treatment combinations were reduced to 16 treat ment combinati ons 

without a significant change in the production fun ction . The F ratio 

for the comparison was 0.577 . The 4 x 4 complete tactori al was obtained 

by grouping 12 plots together and averaging the yields . Each grouping 

was the average of the yields . from 6 consecutive N fertilizer level s 

within two adjacent rows . The treatment combinations comprising the 

groups are shown in Table '23. 

Table 23. 1973 continuous variable plot grq4ped_ drji' silage yields . 
--------- -- ----· 

Grouped soil moisture levels 

2 + 3 

4 + 

6 + 

8 + 9 

Grouped N fertilizer level s, kg/ha 

0 + 24 + 48 + 72 + 96 + 120 

144 + 168 + 192 + 216 + 240 + 264 

228 + 312 + 336 + 360 + 384 + 408 

432 + 456 + 480 + 504 + 528 + 552 

The production function for the reduced design is shown below (Equation 17). 

Y 880 + 1667W = 25.5N- 43.9W2 - 0.04N2 
+ 0 . 6WN 

R2 = 0.81 
P(Y±7.6%) = 0.95 

(17) 

The multiple correlation coefficient was significantly increased by the 

grouping process. The improved goodness of fit is the result of both 

the twelve-fold reduction in the number of data points and the smoothing 

caused by the averaging of plots to obtain the grouped yield . The 

grouped plot R2 for the continuous variable plots is considerably higher 

than that for the conventional split plot design. 
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The confidence interval for the estimated mean yield f rom each 

production function varied considerably with the des igns. The 95 percent 

confi dence interval, expressed as a percentage of th e es timated medn 

yiel d, varied from 2.6 to 7.9 percent. In both 19/2 and 1973 the contin­

uous variable design data was associated with a smaller confidence interval 

than the conventional split plot design data . 

The production functions obtained with the data from the field 

designs may be somewhat misleading. The regression coefficients obtained 

by the least squares method of fit, when used to estimate yield responses, 

tend to smooth the data. The smoothing tends to "da~1pen" the crop 

responses to the different soil moisture levels. Consequently, theW 

l evels are not distinguished in the estimated response surfaces as 

s ignificantly as the raw data show. A comparison of Figures 12 and 15 

clearly demonstrates this point . The data of Figure 12 show that the 

most significant yield increase occurred between soil moisture levels 

5 and 6. However, the estimated response curves in Figure 15 indicate 

that the most sig~ificant yield response occurred between soil moisture 

levels 3 and 4. The same can be seen from the 1973 continuous variable 

plot data (Figures 13 and 17) . The production function s also tend to 

over-emphasize the decreasing returns to high fertilizer levels. This 

is especially true for the lower soi l moisture levels. Within the 1972 

and 1973 conventional split plot designs the response to increas ing 

fertilizer levels within the lowest soil moisture level was either non 

s i gnificant or positive (Figures 8 and 9). The predicted yield curves 

of Figures 14 and 16 indicate that a decreasing response occurred above 

1 fertilizer rate of approximately 250 kg/ha wichin the lowest soil 

moisture level . Consequently, the predicted yield curves should be 
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considered with some caution, outside of the region from wh ich the 

experimental data was obtained . 

Although the estimated populations from the incomplete factori al 

designs do not differ significantly from those of Clle complete factori al 

designs, considerable resolution is sacrificed for the incompl ete desi gn. 

The reduced designs contained approximately 50 percent of the treatment 

combinations of the complete factorial designs. The confidence intervals 

as sociated with the estimated mean yields of the incomplete des i gns are 

considerably larger than those for the complete designs. The increase 

in the R2 with the reduced designs indicates a greater degree of close-

ness with which the predicted response surface fits the observed points. 

The reduction in fertilizer levels from five to four or three level s causes 

the data to approach the ideal number of data points to which a second 

degree quadratic function ca n be fitted . 

The grouping procedure used to reduce the continuous vari abl e designs 

increases the R2 by reducing the number of data points through whi ch 

the regression plane must fit and by smoothing the data before fitting 

the production function. The reduction in the number of observation 

poi nts also causes an increase in the confidence interval for the esti-

mated mean yield of each function . 

!_~nsf J!..t:E!?..Ui..t.L~Q.<!usJ.L<? n f U!l_C t i O_IJ2. 

The transferability of the production functions to another location 

was considered with the functions obtai ned from the 1972 and 1973 data. 

The production functions were transformed into several different forms 

and the resultant populations were compared. The procedure was to se lect 

lhe 1973 continuous variable design production function as a base against 



which all other production functions were compared. The 1973 function 

was used as a base because of the low residual soil N associated with 

the Farmington site. 
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The comparison of the absolute production functions, as previously 

di sc ussed, indicated that the production functions determined by the two 

designs did not differ significantly within the study years, but they 

did differ significantly between years. The yields predicted from the 

1972 functions from Logan were considerably higher than the yields meas­

ured at Farmington. Consequently, the transferability of an absolute 

production function was disregarded . The absolute production function 

for any particular study is site spec ific. Wh en considering the yield 

responses in a second l ocation no consideration was given to the site 

differences such as soil characteristics and climat i c conditions. 

Consideration was al so given to the possible transfe1·ability of 

a relative production function (Equations 6, 7, 8, and 9) . The relative 

production functions determined for the 1972 data were considered (Table 

18). These production functions had been determined by expressing all 

input data relati ve to the maximum level of the variables. The relative 

production functions for the 1972 designs were not significantly different . 

If the relative production function was transferable, it would be pos­

sible to predict the yield response to inputs at any site, knowing only 

the transferable re lative production fun ct ion and the maximum input 

levels at another site. 

The comparison of the 1972 and 1973 relative production function s 

indicated that the predicted populations did not differ significantly. 

However, with the treatment level s expressed as fract ions of the maximum 

level of each variable, the magnitude of the relative values i s dependent 
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on the max i mum treatment l evel. This may be quite mislead ing becau se 

the maximum treatment level is not necessari ly associated with the 

ma ximum yield response. 

The yields and treatment l evels were also expressed re l at ive t o the 

treatment l evel s associated with the maximum yield rather than the 

maximum treatment levels for each design . Production functions were 

then determined and compared for the two designs of 1972 and 1973 . 

(The product i on functions are included in the Appendix, Table 41). 

The populations predicted by the relative production functions of 

the 1972 and 1973 conventional split plot designs were significantly 

different. The 1972 plots were presumab_ly high in soi l N, which was not 

accounted for when determining the prediction equat ions. The conventional 

plot yield curves indicated that the relative yield at zero fertilizer in 

Logan was approximately equal to the relative yield at a treatment level 

of 75 kg N/ha in Farmington . Therefore, each N fertilize r treatment 

for Logan was adjusted upward by 75 kg/ha and the resultant production 

function determined . The population predicted by the adjusted relative 

production function did not differ significantly from the 1973 Farmington 

conventional split plot design relative production functi on. The results of 
the comparison are presented below. 

Analysis of variance for populations estimated by the conventional 
split plot design relative (of optimum) production fun ctions. 

source of variation 

1973 vs. 1972 l 
1973 vs . 1972 adjusted 

* 
1significant at the 95 percent level. 
all fertilizer levels increased by 75 kg N/ha. 

df F ratio 

2. 28* 
0.17 
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For the continuous variable designs, the production funct ions deter­

mined with the ratios of the treatments and yields to the optimum l evel s 

of the 1972 and 1973 data predicted significantly different popul ations. 

Several methods were used to adjust the 1972 data in an attempt to obtain 

a production function that predicted populations that did not differ 

significantly from the 1973 data. The maximum yield obtained in 1972 

was associated with a much lower N fertilizer level than that for the 

maxmimum yield of 1973. 

To account for the contribution of the high residual soil N to the 

1972 yields, each 1972 N fertilizer treatment level was increased by 

75 kg/ha and a new relative production function was determined, using 

ratios of the optimum levels. The same procedure was used with the 

continuous variable designs as was used with the conventional split plot 

data. A comparison of this function with the 1973 function showed that 

the predicted populations differed significantly. 

This s~me procedure was repeated several times, changing the N 

fertilizer level by which the treatments were increased before determining 

the adjusted 1972 production function. The 1972 treatment levels were 

shifted upward by as much as 200 kg N/ha. This implied that the initial 

residual soil N. was e.quivalent to aN fertilizer level of 200 kg N/ha . 

The population described by the 1972 production function, adjusted by 

200 kg N/ha did not differ significantly from that described by the 1973 

continuous variable design function. Below that level of adjustment 

the populations differed. This supports the idea that a relative pro­

duction function can be adjusted or manipulated to the degree that it 

may be transferable to several locations. Ho·•::·:er, since a sh ift of 

200 kg N/ha was needed with one design and a shift of 75 kg N/ha was 
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needed with another des ign there i s some ques tion of the val idity of t hi s 

method of adjus tment . 

~rre 1_ 1 ys imete r_~ 

The effectiveness of the barrel lys imeters, which were intended to 

provide useful information regarding the crop water use effi ci ency at 

Logan and Farmington, was limited by several problems in 1972 and 1973. 

As previously mentioned, several of the plots at Logan were mi stakenly 

irrigated on several occas ions. Consequently, the actua l water use was 

somewhat in question . Another problem with the 1972 data was the varia­

bility in yield . Because of the sma ll plots . the variabili ty was as great 

within the treatments as between treatments . 

Although the 1973 barrel plots were handled with much more control , 

the data was as variable within the treatments as between the treatments. 

In determining the water _u se data of 1972 (Table 13) all the ferti­

lizer treatments within ~a c h soil moisture level were averaged . The 

1972 data indicated that the water use efficiency of field corn within 

the barrel plots decreased with increasing soil moisture l eve l s. The 

1973 barrel plot data (Table 14) indicated that the water use effi ciency 

increased with increasing soil moisture . The barrel data indicated that 

the small plots with the limited plant populations were not suitable to 

obtain reliable data for prod'uction functions. Because of the variability 

of the data collected during the two years, the barrel plots were not 

used to determine production functions for the two sites. 

A second objective of the barrel plots wa s to assi s t in est imating 

the water use in the field plots. The field plot yields were, in most 

~dses, cons i derably larger than the yields within the barrel plot s . 

This wa s especially true within the highest soil moisture levels. If 
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a s ituation had been attained within the highe•t soil mo i ~lure levels of 

both the field plots and barrels, where soil moisture wa s not li mit ing, 

and if the barrels were representative of the field plots, then the 

yields from the two plots should have been comparable. The s i gnificant 

difference in yie ld between the highest soil moisture level of the barrel 

plots and field plots suggested that the corn within the barrels did not 

behave the same as that in the field. The variability of th e data within 

treatments and the 1 ack of agreement with the fie 1 d p 1 ots indi cated that 

the barre l plot data were not r e liable enough to be used t o assi st in 

estimating the water use in the field plots. 
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SUMMARY AND CONCLUSIONS 

An objLctiV2 oi this study wa s to determine if crop production 

functio ns could be deve loped i n the field. Two of the three fi eld designs 

studied provided crop response data that was suitable for generatin g 

reliable production fun ctions. Production functions describing fi e ld 

corn production as related to soil moisture and nitrogen f er ti li zer 

were determined from data co l l ected from the conventional sp l i t plot 

de s ign and from the continuous variable plot design. The mult ipl e 

corre la tion coefficients for the production fu nct ions determined in 

1972 and 1973 ranged from 0.33 to 0.74. The high er R2 values were 

assoc iated with the conventional spli t plot desig n, al t hough all 

coefficients were significant at the 95 percent l evel . 

The product ion function s determined from t he two des igns did no t 

differ signifi cantly within years, but they did differ s ignificant ly 

between yea rs. The between year variation wa s most likely due to the 

changes in growi ng co nditi ons from 1972 and 1973 and from Logan to 

Farmington, Utah. 

Relative production function s were also determined by express in g 

yields and treatment level s as fractions of either the maximum level of 

each vari abl e or the optimum level of each variabl e (that associated 

with maximum yield was not necessaril y the maximum treatment l evel ). 

The relati ve (of the max imum l evel ) prod uct ion functions did not diffe r 

significantly within years or between years. Those determined rel at i ve 

to the opt imum input level s did not differ si~11ifica ntl y within years but 

they did differ significantly between years. 
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Another objective wa s to determine the maximum degree of treatment 

eli mination and/or treatment grouping possible whil e not significantly 

reducing the reliability of the resultant product ion functions . Severa l 

incomplete factorial split plot designs were created in reduced designs 

of the conventional split plot designs. The production functions obtained 

did not differ significantly from the complete factorial designs, and 

the conf idence interval wa s increased only slight ly by redu cing the number 

of treatments. The most reduced design was an incomplete factorial, 

split plot of three soil moisture levels and five fertilizer levels 

in nine treatment combinations. 

The continuous variable plot designs were reduced by grouping similar 

treatment plots together and averaging the yields before determining the 

production functions. Both the 1972 and 1973 continuous variable designs 

were reduced to complete fac t.o rial c'.esigns of four soil moisture levels 

and four fertilizer levels. The resultant production function s did 

not differ significantly from those of the complete designs, although 

the confidence limits were considerably larger with the reduced des igns. 

The ability to group several similar treatment combinations within 

the continuous variable design improves the usefulness of thi s design. 

The grouping process is particularly valuable when harvesting the plots . 

Rather than harvest many small plots, it is possible to increase the 

plot size and improve the reliability of the yield data by grouping . 

Certa inly the grouping process does facilitate harvesting . However , 

a compromise must be made in order not to defeat the purpose of the 

continuous variable plot design . The major fault of most conventional 

designs is that the number of points used to aescribe the production 

function is too few to adequately describe the complete respon se surface. 
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One compromise which seems to offer a solut ion to the probl em i s that 

of fewer treatment combinat ions, while using them in a continuous 

variable design. In this particular study a continuous variable des iqn 

of approximately eight fertilizer treatment level s and eight soil 

moisture treatment level s would have probably provided sufficient data 

to develop a reliable production function. 

The transferability of the production functions was considered. The 

similarity of the relative production functions within designs and between 

years suggested the possible transferability of a relative production 

function. The relative (of the optimum level s ) production functions 

were adjusted by several methods in an attempt to account for site 

specific conditions, such as residual soil nitrogen, which influence 

crop production. The conclusions were that the production functions as 

they were determined here could not be readily transferred to a second 

location without first making additional consideration for site specific 

soil fertility conditions. 

When considering the use of any particular design for obtaining 

production function data, consideration should be given to the adaptability 

of the design to the physical situation and to the information desired. 

Although the continuous variable design is quite well-suited to locations 

where field space is limiting and/or many treatment variables and com­

binations are to be considered, this design should be used only on 

relatively uniform s ites. The systematic location of treatments with 

respect to each other, rather than randomization, i s based on the assump­

tion that field variability (with respect to soil properties) is at a 

minimum. The completely randomized, conventionai spl it plot design is, 



converse ly , well -s uited to s ituat ions of significant si te variability. 

Consequently, each site and experiment should be treated with the most 

appropriate design . 
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SUGGESTIONS FOR FURTHER RESEARCH 

This s tudy, ·1 ike most others of a sc ientific nature, has been 

successful at answering some questions and raising some new ones. 

Certainly our understanding of production functions and the field designs 

necessary to obtain data su itable for generating reliable production 

functions has increased. At the same time several questions have been 

raised, suggesting the need for additional research. Some of those 

ques tions and a1·eas of further investigation are: 

1. How well will the reduced designs function in the field ? What 

amount of incomplete replication can be used to obtain reliabl e data for 

production functions? 

2. What other means are available to express the changing so i 1 

moi sture conditions in the field ? 

3. Is it possible to maintain a somewhat constant soi l moisture 

l evel ? If so how could it apply to a practical condition? 

4. What is the largest treatment increase that i s possible whil e st ill 

ma intaining the continuous variable design? 

5. What are the economic considerations of corn production, based 

on the information provided from the production function s? 

6. Can transferable production functions be determined for other 

contro lling factors? 

7. What is the most useful field design to use i n a particular 

l ocation, the complete or incomplete, the conventional sp li t plot or the 

rnntinuous variable plot design ? 
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8. Can the continuous variabl e desi gn be modifi ed to be used wi th 

a sprinkler irrigation system? 

9. Is the continuous variable design practical with more t han two 

variables and with other crops? 
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Fi9ure 18. Moisture characteristic curves. Millville silt loam and Kidman sandy loam 
(Fan~i ngton) soils. 

.30 

.26 

.22 
~ 
0 

~ 
.18 g 

" ii 
~ 

. 14 ~ 

.10 

.06 

00 

""" 



,3 

c: 

~.2 
0 
u 

... 
,f 

~ . I 

0 .9-1.2m 

6/10 7/10 
Dote 

85 

· ....................... . 

8/10 9/10 

Figure 19. 1972 conventional split plot design, volumetric water 
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Table 24. Irrigation schedul e of 1972 conventional split plot design 
plots. Greenville Farm (centimeters of water.). 

··----·- ·· ---------- ----

Date 

6/14/72 
20 
23 
24 
26 
29 

7/7/72 
12 
18 
20 
21 
26 

8/l/72 
7 
9 
11 
13 
16 
21 
23 
24 
29 
30 

9/5/72 
6 

TOTAL 

Wl 

l. 27 
.50 

l. 50 

.96 

.20 

.28 

l . 55 
.89 

7.15 

W2 

1.27 
0 50 

l. 50 

1.90 
5.30 

5.62 

0 96 

5.60 

.20 

.28 

l. 55 
.89 

24.57 

Soij_f!loi stu~_e_]e_v5!l 

W3 

l. 27 
.50 

1.50 

2.54 
3.81 

3.81 
1.81 

7.62 

5.62 
.96 

5.62 

.20 

.28 

l. 55 
.89 

37.98 

W4 

l. 54 
l. 54 
l. 27 

.50 
l. 50 
2. 54 

1.54 
l . 54 

2.54 
2.54 

5.82 
7.82 

.96 
13 .24 

3.24 
.20 
.28 

l. 55 
.89 

51.05 
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Table 25. 

Date 

6/2/72 
5 
6 
7 
8 
9 
10 
12 
13 
14 
15 
16 
17 
19 
20 
21 
22 
23 
26 
27 
28 
29 
30 

7/l/72 
3 
4 
6 
7 
8 
10 
11 
12 
13 
14 
17 
18 
19 
20 
21 
22 
24 
25 
26 
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Irrigation schedule of 1972 continuous variable des i gn plots . 
Greenv ill e Farm (cen ti me t ers of water ) . 

Soil moi s t!Jre l ev~ 

rll \~2 W3 W4 W5 W6 W7 W8 119 

.42 .42 . 42 .42 .42 .42 .42 .42 .77 
.69 
.69 
.69 
. 65 

.86 1 .48 . 74 

. 63 . 63 . 63 
. 62 . 62 .83 . 83 

. 62 . 62 . 62 

. 62 .62 l. 25 
.62 .62 . 62 
. 32 .31 . 64 . 64 

. 73 . 73 . 73 
.71 . 63 .63 l. 34 
.59 . 59 . 62 .62 
.81 . 81 .81 .81 

. 73 . 73 . 73 l. 27 l. 27 l. 27 l. 27 1.27 l. 27 l. 27 l. 27 l. 27 l. 50 l. 50 1. 50 l. 50 l. 50 l. 50 l. 50 l. 50 l. 50 
. 65 
.82 

l. 00 1. 00 
l. 00 

1.33 l. 33 l. 33 l. 33 
.82 .82 .82 .82 
. 52 . 52 .96 . 96 

.36 . 36 .36 . 64 . 64 
l. 09 1.09 l. 09 l. 09 
1.04 l. 04 l. 04 

1.39 1.39 1. 39 l. 52 l. 52 l. 52 
l. 32 1.32 1 . 32 
l. 14 l. 14 l. 14 l. 14 

.88 . 88 .88 .88 
1.84 1. 84 1. 84 1. 84 

l. 06 1.06 1.06 1.06 l. 06 1.06 
.99 . 99 . 99 . 99 

.05 
1.56 l. 56 l. 56 

1.58 l. 58 
. 62 

1.04 1.04 l. 04 l. 04 l. 04 
. 75 . 75 . 75 . 75 

.81 .81 .81 
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Table 25. Continued. 

Soil moisture 1 eve 1 

Date W1 wz W3 W4 W5 W6 W7 W8 W9 

7/27/72 . 52 .52 .52 . 52 
28 1.10 1.10 1.10 1.10 
31 1. 07 

8/ 1/72 1. 51 1. 51 1. 51 1. 51 
2 1.19 1.19 1.19 
3 1.10 1.1 0 1.10 1.10 
4 1.04 1. 04 1. 04 1.04 
5 . 95 . 95 .95 . 95 
7 1. 32 1. 32 1. 32 1. 32 1. 32 
8 1. 50 1. 50 1. 50 1. 50 
9 1. 04 1.04 1. 04 1. 04 1. 04 
10 1. 36 1.36 2. 90 2. 90 
11 . 49 .49 .49 . 49 .49 
12 1.00 1.00 1.00 1.00 1.00 ]. 00 
14 1.14 1.14 1. 14 1 . 14 
16 . 91 .91 .91 .91 
17 1.00 1.00 1.00 
18 1.1 9 ]. 19 
21 1.65 1.65 1. 65 1.65 
22 1.04 ]. 04 ]. 04 ]. 04 1.04 
23 1.44 1. 44 1. 44 
24 1.26 ]. 26 ]. 26 
2!> . 73 
28 . 75 . 75 . 75 . 75 . 75 
29 . 41 .41 . 41 .41 .41 .4 1 . 41 .41 .41 
31 1.56 ]. 56 ]. 56 ]. 56 

9/7/72 .88 
11 .88 .88 .88 .88 

TOTAL 4.10 4.10 4.10 14.07 18 . 77 41.80 52.20 63.70 72.40 

- - - - - - --



89 

Table 26. Irri~ution sc hedul e of 1973 co nventi onal split pl ot d c' i~rr 
plots. Fannington Farm (centimeters of water) . 

---- - ------ ----------- ------- --- ----------- -.- --------------------------- -------- -
Soil moist ure level 

Date Wl W2 \43 W4 

--------- ---- ------- ---- -- -· ---

617173 0.09 0. 09 0. 09 
ll l. 08 1.08 l. 08 
19 5. 38 5.38 
26 4. 30 
29 2.69 2.69 

7 I 3/73 2.30 2.30 
6 3.36 3. 36 
10 5.53 2.84 
12 l. 34 l. 34 
12-15 3.60 3.60 3.60 3. 60 
17 l. 34 
19 2. 50 2.50 2.50 2.50 
20 2.69 l. 34 
21 2.18 2. 18 2.18 2. 18 
25 2.07 
27 l. 34 

8/l /73 2.69 l. 34 
3 2.69 
7 4.04 l. 34 
10 4.04 l. 34 
14 2.69 2.69 
17 4.04 
21 2.69 
24 2.69 l. 34 
28 8 .07 2.69 l. 34 

9/2/73 2. 50 2.50 2.50 2. 50 

TOTAL 10.78 30.55 44.91 57.77 
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Table 27. Irrigation schedu le of 1973 continuous variabl e des1g n plots, 
Farmington Farm (centimeters of water ) . 

Soil moisture l eve l 

Date Wl W2 W3 W4 W5 W6 >17 W8 W9 HlD 

6/7/73 0. 21 0 . 21 0.21 0. 21 0. 21 0.21 0.21 0.21 0.21 0.21 
8 0.34 0.34 0. 34 0.34 0.34 0. 34 
11 l. 04 1.04 1.04 l. 04 l. 04 l. 04 l. 04 1.04 1.04 l. 04 
19 4.14 4.14 4.14 4.14 4.14 4.14 4. 14 
21 3. 15 
26 0.68 0.68 3. 79 
29 4.14 4.14 

7/3/73 1.81 l. 81 1. 81 1. 81 
6 3.42 3. 42 3. 42 
10 4 .40 2.07 4.40 2.33 2. 33 
13 2. 07 
12-15 3.60 3. 60 3.60 3.60 3.60 3.60 3.60 3.60 3.60 3.60 
17 3 .1 0 2. 07 
19 2.50 2. 50 2. 50 2. 50 2.50 2. 50 2. 50 2. 50 2. 50 2. 50 
20 2.07 
21 2.18 2.18 2.18 2.18 2.18 2.18 2.18 2.18 2. 18 2.18 
25 5.17 3. 10 2. 07 
27 5 . 17 2. 07 

8/l/73 3.10 
3 2. 07 2. 07 
7 4.14 3.10 2. 07 
10 4 . 14 4.14 4.14 
13 4.14 4.14 3.10 
16 4.65 4.14 2. 58 
21 6.21 
24 6.21 1.03 3.10 4.14 5. 17 2.07 
28 3.10 3.10 2. 07 

9/2/73 2. 50 2. 50 2. 50 2.50 2. 50 2.50 2.50 2.50 2. 50 2.50 

TOTAL 10.99 10.99 17.20 25.99 78. 93 29.97 33.39 39.96 49.59 64.65 
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Table 28. Weather data for Logan, Uta h, at the Greenvi ll e Fa rm, 1972. 
-·--- -·---- -------------------- ---. -· --- ---------------- --.- -------- -- -- ··------ - ----. - ----------------- -------- ----

~i..!:___!~nQerature Wind 
Max ~lin Wet Dry mi / Prec . cpa n. 

Date F F F F day em Clll 

. - -- --- ···-- --------------- -------- --.--------

5/ 17 83 45 54 79 103 1.14 
18 78 45 57 74 38 . 38 
19 75 55 52 75 60 . 71 
20 75 49 51 62 56 .69 
21 64 48 46 60 11 8 .1 8 . 41 
22 60 35 50 51 5 . 23 
23 70 37 55 64 35 . 13 .56 
24 76 41 57 76 48 .03 .56 
25 75 42 45 72 19 . 46 
26 75 37 56 73 25 . 74 
27 78 39 58 78 18 .56 
28 80 46 61 78 22 . 61 
29 82 48 63 80 41 .81 
30 83 63 60 80 117 1. 09 
31 87 47 63 86 30 .63 

6/1 87 50 64 78 8 .79 
2 79 54 63 75 36 . 41 
3 83 56 68 80 57 . 71 
4 80 54 61 72 47 1. 24 1.1 2 
5 81 55 62 71 50 .84 
6 82 55 66 82 38 .25 
7 83 56 65 74 49 .64 
8 80 59 60 69 57 .64 
9 82 52 63 80 47 .64 
10 84 55 62 84 43 . 58 
11 83 49 61 77 54 1. 07 
12 79 45 65 80 13 .33 
13 79 45 59 75 24 . 61 
14 84 46 64 82 22 .38 
15 87 56 64 84 35 .94 
16 88 60 62 75 33 1.14 
17 85 64 59 68 58 .79 
18 81 54 59 65 24 . 20 . 61 
19 71 41 57 71 21 . 38 
20 77 43 59 77 20 .66 
21 82 50 63 80 39 .66 
22 82 50 63 68 35 .84 . 51 
23 77 55 59 67 24 .86 .53 
24 70 50 55 55 43 1.04 .33 
25 71 45 59 65 53 .79 .28 
26 74 43 59 70 12 . 41 
27 77 47 61 69 20 . 76 
28 83 48 67 82 14 .53 
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Tab l e 28 . Continued. 

A i r t~mpe_r_a _ture Wind 
Max ~h n Wet Dry 111i I l'rec . L~an . 

Da te F F F F day Cl\1 Clll 

-- - ----. -·-·-- -------- - ---------------- -----

6/29 89 50 64 86 13 .64 
30 91 54 65 88 14 .79 

7/1 91 51 67 86 8 
2 86 47 61 73 25 .84 
3 81 47 62 80 20 .53 
4 83 51 62 80 58 .86 
5 89 47 63 83 13 .66 
6 91 57 66 86 22 . 76 
7 90 58 62 83 26 .89 
8 90 50 65 82 22 . 61 
9 89 53 64 89 19 .69 
10 89 52 63 85 18 .66 
11 91 50 67 91 12 . 51 
12 91 53 67 90 15 .76 
13 93 58 69 91 11 .89 
14 93 58 66 86 27 . 84 
15 87 52 85 85 17 .58 
16 85 51 66 85 12 . 64 
17 85 51 63 83 8 .58 
18 84 52 62 84 26 .81 
19 84 54 64 82 30 .84 
20 85 53 53 72 35 .08 . 79 
21 79 49 60 72 35 .48 
22 78 46 61 78 20 .46 
23 89 45 64 88 13 .69 
24 91 54 67 89 33 .81 
25 90 55 67 90 31 .08 . 71 
26 90 59 66 87 8 .48 
27 91 55 63 81 16 .66 
28 90 52 65 87 10 .53 
29 96 51 68 94 9 l. 02 
30 96 57 63 78 25 .53 
31 87 63 70 86 10 . 51 

8/1 92 58 67 87 22 .53 
2 89 54 65 85 20 .66 
3 89 48 68 87 4 . 94 
4 91 57 66 90 36 .76 
5 91 52 65 89 2 . 51 
6 93 52 64 92 11 .74 
7 95 51 66 93 5 . 69 
8 95 52 64 92 8 .76 
9 96 55 65 59 9 .76 
10 96 55 65 94 11 . 71 
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Table 28 . Continued. 

Air tem12erature \'i nd 
Max Min Wet Dry mi/ Prec. :pan . 

Date F F F F day em Clll 

-·------
8/11 96 60 68 94 17 .89 

12 96 71 73 94 41 . 51 
13 95 58 67 84 13 .89 
14 85 55 65 73 25 1.09 . 66 
15 84 54 65 80 20 .38 
16 87 59 66 84 27 .66 
17 87 54 62 86 25 .58 
18 87 51 62 81 11 . 56 
19 83 60 67 83 30 . 51 
20 84 49 60 84 8 .61 
21 86 50 65 82 14 .66 
22 88 50 63 84 23 .56 
23 87 52 53 63 6 .43 
24 75 43 55 75 13 .38 
25 82 52 62 78 47 . 61 
26 85 57 65 80 16 .53 
27 87 51 64 85 20 
28 87 55 65 76 21 1. 27 
29 81 48 60 80 15 .53 . 15 
30 83 49 66 83 18 .08 . 56 
31 84 54 63 76 17 .43 

9!1 80 48 63 58 19 .43 
2 80 47 60 70 25 .41 
3 84 50 62 82 25 .46 
4 85 50 60 80 38 .66 
5 81 56 58 58 23 1. 83 . 38 
6 69 50 55 57 44 . 64 .23 
7 75 47 62 73 12 .25 
8 81 47 60 76 13 .56 
9 80 63 61 78 83 .74 
10 80 50 59 79 47 .53 
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Table 29. Weather data for Farmington, Utah, at the Farmi ngton Experiment 
Station, 1973 . 

Air tem[>erature .1\_i _!"__t~e_!:"a tu~ 
Max Min Prec. Max Min Prec . 

Date F F em Date F F Clll 

----------

5/ 11 73 37 6/22 92 52 
12 80 44 23 92 67 
13 81 58 24 86 56 
14 81 57 25 88 53 
15 79 44 26 90 57 
16 82 44 27 95 58 
17 83 49 28 92 68 
18 86 51 .20 29 92 63 
19 86 51 30 94 61 
20 72 51 
21 70 50 7/1 93 58 
22 75 41 2 91 51 
23 80 44 3 94 56 
24 80 57 4 96 57 
25 77 48 1.27 5 99 56 
26 59 35 .15 6 98 70 
27 64 36 7 94 59 
28 71 40 8 95 71 
29 74 42 9 97 59 
30 76 51 10 99 70 
31 82 46 11 99 63 

12 90 68 
6/1 82 50 .79 13 84 61 3.07 

2 67 46 . 08 14 84 64 .03 
3 67 39 15 82 55 .58 
4 66 45 16 86 59 
5 76 41 17 92 56 
6 85 45 18 92 62 
7 87 53 19 83 61 l. 91 
8 87 50 20 84 55 . 10 
9 96 56 21 85 44 l. 32 
10 95 61 22 77 55 . 46 
11 94 55 23 81 47 .53 
12 87 50 24 82 53 .28 
13 89 56 25 85 61 
14 86 59 . 41 26 87 56 
15 64 48 . 46 27 89 57 
16 75 40 28 91 57 
17 75 48 29 91 59 
18 60 38 30 89 56 
19 69 35 31 90 57 
20 79 40 
21 86 48 8/1 92 55 
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Table 29. Continued. 

Air temperature Ai r temperature 
Max Min Prec. Max Min Ptec. 

Date F-; F em Date F' F em 
---------------·-- ---

8!2 93 56 9/ l 70 42 1.63 
3 93 61 2 61 41 2.06 
4 93 64 . 13 3 74 40 
5 84 56 4 80 42 
6 88 58 5 88 52 
7 87 58 6 88 59 
8 91 54 7 87 53 
9 96 55 8 80 46 l. 04 
10 93 55 9 70 47 .08 
11 91 56 10 78 51 .06 
12 95 55 
13 89 58 
14 90 60 
15 94 56 
16 95 65 
17 90 57 
18 90 57 . 46 
19 92 63 
20 96 66 
21 94 66 .03 
22 86 57 . 18 
23 90 57 
24 88 50 
25 87 49 
26 89 50 
27 89 57 
28 80 47 
29 82 47 
30 89 48 
31 88 54 
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Tab l e 30 . 1972 conventiona l split pl ot desi gn oven dry matter vicl d' 
metric tons dry ma tter/ha. 

. . . -- - - ----------- . -.. -- - ·- . ---------- ---
Soi 1 moisture level N-ferti 1 i ze r lev pl kg /th. 

I 

------- -· ~--. ---~----·------·-~---·- - --

!J~ck 0 ~6_ l.~~ ~-Q ~_49 

1 9.9 12.6 8.6 8.8 13.0 
2 8. 1 10 .0 11.0 8.2 8. 1 
3 11.6 9.0 11.2 11 .8 9.7 
4 7.8 10.4 9.6 11.0 9.7 

1 17. 6 13.6 15.4 12.0 18.0 
2 13.7 15.4 13 .5 12.7 15 .3 
3 16 .8 17 . 3 15.9 17. 1 18.9 
4 12.3 14.3 15.0 17. 2 16 . 6 

1 11.3 15.9 17.3 17.6 17.7 
2 11.9 15.9 17 .9 18.3 11.0 
3 16.2 15.1 16 .9 18.2 18 .6 
4 16.8 19 . 2 18 . 3 19.7 16.0 

4 1 16.8 14 .7 22.2 26.9 21. 1 
2 14 .5 20.0 18.5 20.5 17 .2 
3 16.8 16. 8 21.5 21.3 22 . 3 
4 15.3 17.3 18.5 12 . 9 16.8 

r;;- -·---~---

applied as NH4 N0 3, 34%N. 
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Table 31. 1972 co nvent iona l 
tons gra inl fha . 

pl ot des i gn, s hell ed corn yield , n1et ric 

--------- --- .. ------ --- ~- --. 
- -- ------· --- - . - ---- . - -

Soi l moi s tu r e leve l N- fer ti li zer leve l kg / hu 2 

B_l_o_c_k Q ~~ ill 2].5 '!.4_9_ 

1 2. 7 4.2 3. 1 2.7 3.0 
2 3.9 2.8 4.5 3.6 4.0 
3 3.8 2.1 5.4 4.9 3.5 
4 4. 3 3. 4 3.9 4.5 4.3 

1 9.9 6. 4 6.7 7.0 6.8 
2 7. 1 7. 8 7. 2 7.6 8.5 
3 7. 0 8. 1 7. 8 7.3 8.2 
4 7. 6 7. 0 8. 5 7.8 7.3 

3 1 5.8 6 .8 7. 5 8.0 7.8 
2 5.2 7. 2 7. 7 7.5 6.6 
3 7.9 8. 8 7.5 8.3 7.4 
4 6.2 7. 5 9.1 7.5 7.7 

1 7. 3 5.4 8.2 9.3 7.0 
2 5. 7 6. 6 5. 7 9. 4 9.2 
3 8. 1 9.5 8. 7 9.8 8.9 
4 7. 0 7.6 7. 1 6.4 7. 3 

- -----1grai n yi eld i s reported at 15 . 5% moisture content . 
2N appli ed as NH 4No 3, 34% N. 



Table 32. 1973 conventional split plot design oven dry matter yield , 
metric ton dry matter/ha . 

.. . O·R---~-----

98 

0 ------- - ------ ---------------- --- ---- ---- - ------ -- - • -

Soil moisture level N-fertili zer level kg/ha 1 

!ll9s~ Q 56 ll1. .2.~ 4_4_2 

1 6.9 11.8 8.3 7.3 10.1 
2 8.4 5.8 11.4 8 . 4 10 .5 
3 5.1 10.0 10.9 10. 3 12.4 
4 8. 4 8.6 7.6 10.6 9.2 

1 7.8 8.4 12.9 12.1 12.7 
2 6. 4 14 .9 12.5 14 .2 14 .3 
3 8.7 9.7 16 .4 15 .2 8.7 
4 9.5 9.9 10 .5 13.7 12.4 

3 1 7.6 13.5 19.5 21.0 17.7 
2 10.2 11.0 14 .9 17 .1 16.9 
3 9.1 16 . 3 11.2 15.9 17 . 1 
4 9.0 13 . 7 11.9 17.6 21.1 

4 1 7.5 16.5 20.2 18 .9 21.6 
2 8.1 16.2 18.02 18. 2 21.7 
3 6.6 20.3 19.6 21.3 20.4 
4 11.4 16.4 17.2 20.0 15.8 
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Table 33. 1973 conventional split plot des ign 
metric tons grainl /ha. 

she 11 ed corn yield, 

Soi 1 moisture level N-fertilizer 1 evel, kg/ha 2 

!ll2.c_~ Q 56 ill 225 449 

1 2.0 3.4 3.1 4.7 4.5 
2 2. 3 3.6 2.3 4.3 2.2 
3 1.8 3.3 4.6 3.8 4.3 
4 2.3 6.8 3.6 3.9 4.1 

2 1 2.8 4.1 6.9 5.9 7.0 
2 1.9 4.7 5.2 5. 7 3.8 
3 2.9 4.6 3.4 3.0 5.7 
4 2.2 4.6 5.0 6.4 5.2 

1 3.6 5.8 5.8 9.3 9.0 
2 2.6 7.2 5.6 8.6 8.4 
3 3.1 6.3 8.8 9.1 8.3 
4 2.1 5.3 9.3 9.3 8.1 

4 1 3.1 6.1 7.7 11.2 10.1 
2 2.7 5.3 8.2 10.6 10 .9 
3 3.6 4. 2 9.0 8.1 11.4 
4 2.2 5.1 8.3 8.8 9.9 

1grain yield is reported at 15 .5% moisture content. 
2N applied as NH 4No3, 34% N. 
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Tabl e 34. 1973 conventional spli t plot desig n per cent ni t rogen in 
dry matter. 

---------- -·----·----------- ---- -·------- - --- -- ~ -----------
So il moisture level N-fertilizer level kg/ha 1 

-------
Block Q i§ .!_11. 225 ~9-

1 0.16 0.87 1.07 1. 03 1. 22 
2 0.83 1.03 1. 04 1. 00 1. 18 
3 0.65 1.02 0.99 1. 31 1.26 
4 0.74 1. 09 1.06 1. 25 1.17 

2 1 0.63 0.84 0. 73 1. 20 1. 30 
2 0.69 0. 79 1.15 1.11 1.10 
3 0.62 0. 84 1.01 1. 05 1.36 
4 0.57 0. 75 1.02 1.19 1. 26 

3 1 0.57 0.77 0.78 0.98 1. 32 
2 0. 77 0.63 0. 77 1. 07 1.13 
3 0.68 0.79 0.83 1.14 1.08 
4 0.60 0.82 0.76 1. 05 1. 23 

4 1 0.54 0.70 0. 67 1.10 1.08 
2 0.76 0.68 0. 66 0. 72 1.1 2 
3 0.55 0.66 0.94 1. 07 1.1 2 
4 0. 58 0. 61 0.72 0.87 1. 01 

1N applied as NH4No3, 34% N. 
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Table 35. Analysis of variance for shelled corn yields fr om the 1972 
conventional split pl ot s . 

. ··- - - · -

Source of Degrees of Sum of Mean sum 
variation freedom squares of squares F-rat io 

Replicates 3 34.03 11.34 
Soil moisture 3 686.11 228.70 57 .15* 
Error (A) 9 36.01 4. 00 
Fertilizer 4 18.72 4. 60 l. 27 
Interaction 12 50 . 61 4. 22 1.1 4 
Error (B) 48 177.47 3. 70 

*s ignificant at the 95 percent level. 

Table 36. Analysis of variance for shelled corn yields from the 1973 
conventional split plots . 

Source of Degrees of Sum of Mean sum 
variation freedom squares of squares F- rati o 

Replicates 3 0.59 0.20 
Soil moisture 3 41.79 13 . 93 61 .92* 
Error (A) 9 2. 03 0.23 
Fertilizer 4 48.09 12 .02 54. 15* 
Interaction 12 16.40 1.37 6. 15* 
Error (B) 48 10.66 0.22 

* Significant at the 95 percent level. 

Table 37 . Analysis of variance for percent nitrogen in dry matter yie lds 
from the 1973 conventional split plots. 

Source of Degrees of Sum of Mean sum 
variation freedom squares of squares F- ratio 

Replicates 3 0.025 0.0083 
Soil moisture 3 0.505 0. 1683 33.66* 
Error (A) 9 0.045 0. 005 
Fertilizer 4 2.880 0.720 67 . 29* 
!nteraction 12 0.183 0. 015 1. 42 
Error (B) 48 0.516 0. 011 

* Significant at the 95 percent level. 
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Figure 21. 1972 continuous variable plot design , volumetric water 
content in the root zone during t he growi ng season, 
0.9- L2m depth. 
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1973 co ntinuous vari able plot des ign, volumetri c water 
content i n the root zone during the growi ng season, 
0.9 - 1.2 m d,~ •h. 
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Table 38 o 1972 continuous variable plot design, oven dry mat ter yi eld, 
metric tons dry matter;ha 0 

. - ------------- . - --------------
. --------- - -- -- - --- -----

il-ferti 1 i zer Soil moisture 1 eve 1 
level kg/ha 1 ,2,3 4 5 6 7 8 9 

Blo.£k_l 

0 5o4 704 1005 11o6 1305 17 02 12 o9 
26 9o0 1000 1206 1707 11. 8 14 07 1709 
39 9o0 l0 o3 800 1504 130 8 17 09 21. 3 
65 9o4 502 1603 1606 1601 l9 o8 1202 
79 604 100 3 8o6 1702 170 2 19 00 l8o2 

105 900 14o2 1500 15 02 17 02 1903 1709 
118 120 0 11.6 2208 21.3 14 01 l7 o3 1804 
144 504 1408 15 04 21.0 17 02 21.9 21.8 
157 9o4 7 ol l3o3 905 l6 o7 l7 o6 1200 
183 801 8o4 1008 2007 806 1909 260 0 
196 1505 1704 l5o7 11.3 3004 21.6 18 04 
222 9o 1 1402 20 o3 l6o6 l4ol 4508 24 o0 
235 1505 11.0 11.0 2804 11.5 10 02 19 00 
262 l8o2 1903 1702 2400 3308 2204 a1.o 
274 1108 l6o8 l4 o5 1900 1702 19 o6 2504 
301 l5o2 180 7 1702 15 0 2 2308 21.6 2301 
313 l5o5 11 0 6 1408 1606 14 o 1 19 03 17 o6 
339 708 18 00 1402 2406 1607 18 0 2 19 o2 
353 l3 o5 16 01 17 o8 1705 1409 19 00 260 2 
379 307 903 1203 1405 2001 l8o7 15 06 
392 1201 l5o1 1500 2607 2905 13o3 2308 
421 5o4 11.6 l5 o0 12 07 l4 o 1 21.6 l2 o0 

~-os~2 

0 602 5o2 8o2 11.9 1003 11 00 1405 
26 150 9 2o6 1702 1006 21.3 110 3 150 9 
39 4o7 8o0 807 l5o4 1409 1404 l8 ol 
65 9o0 708 16o0 23o4 1307 23o5 1709 
79 8ol 7 ol llo 7 2004 2204 19 08 12 03 

105 8o4 1003 7o3 1306 1302 1801 15 0 6 
118 l3o8 ll oO l3o5 17 06 1409 2201 27 09 
144 6o0 4o5 1001 21.6 1801 2500 2007 
157 12o5 11.3 11.4 l3o0 1609 15 09 20 04 
183 6o8 7o4 7o0 20ol 18 o4 17 06 17 03 
196 9o4 11.6 14o4 18ol 12 03 22 07 18.4 
222 11.5 9o0 l0o7 16o0 2009 1900 21.0 
235 3o1 5o8 1702 23o7 1609 34 01 200 4 
262 1205 1502 8o6 2202 2508 49o3 l8 o4 
274 11.1 11.6 12o3 21 03 19o6 4503 21.3 
301 1.7 9o7 11.0 17 01 26 o4 1700 17 00 
313 7o0 l8o4 l7o9 l9o3 20 01 2601 11 0 7 
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Table 38. Continued . 
... - - ---- - ----- -------- ------ ------------- -· -- -- . ·- --- -- - -------- -

·-- -- -- --·---- --- . --- -- - ----~- --- --·- - - - ---- ---- -- --- -

N-fertilizer Soil moi st ure level 
level kg/ha 1, 2,3 4 --5- - ---- 6--- -- -7 - 8 9 

-- -------------

~-!9-~ 

339 7.0 9.0 9.5 16.6 21. 3 28.1 19.6 
353 11.5 10.3 15 . 0 24 .5 25.3 12. 2 16.8 
379 14 .8 9.7 12.0 15 . 1 14 .1 19 .6 16 .2 
392 8.1 9.7 7.3 18.4 22 .4 15.9 23 .4 
421 5. 4 17.9 11.0 28 . 1 15.5 16 .2 22.6 

Block 3 

0 10.0 10.6 12 .2 10.5 12.0 12.0 13.0 
26 17 . 5 8. 4 9.8 13.3 27.5 18. 1 15.9 
39 6.0 12.6 17.8 12. 5 11 .5 24.4 12.6 
65 9.5 10 .6 12.6 10.0 14 .9 11.3 12.3 
79 7.8 10.9 13.5 22.5 27 .0 27.5 12.0 

105 10 . 5 11.3 12.9 9.7 8.3 23.6 14. 5 
118 9.7 12 . 9 17 .8 10.7 23 . 5 11.6 19 .0 
144 6. 4 8. 0 16.3 21.0 17 .2 18.4 23.4 
157 8.7 14 .2 17.2 16 .6 10.9 22.7 17 .3 
183 12.5 6.8 11.0 24.5 10 .9 22 .1 18. 1 
196 9. 5 12.6 20.0 13.0 26.1 21.6 18.7 
222 13.4 13.2 17.8 34.2 8.6 20.1 13.7 
235 8.4 16.4 18.1 10.0 11.7 12 . 5 16 .7 
262 8.7 4.5 12.0 10 . 7 29 .8 24.1 23.2 
274 12 . 1 19 . 6 16 .6 27.2 18 .9 11 .0 21.0 
301 8.7 12 .9 11.0 18 . 7 11. 5 15.3 29.3 
313 12.8 10.6 16 .9 23 .1 16 .0 19 .3 12 .3 
339 9. 5 14.5 16.6 13.0 12. 5 2.3 13 . 4 
353 16.2 13 .2 12.3 32.5 9.2 17 .0 17.0 
379 9.6 17 . 7 17 . 5 25.5 23 .0 17 .0 25.4 
392 10.5 8.0 7. 4 20.1 12.3 18 . 1 22.3 
421 12 . 1 20 .6 12.9 25.1 17 .5 22.7 26.8 

~ _!Q__c...l5_i 

0 15 .0 18.4 15.7 15 .6 17 . 1 17 .0 20.1 
26 6.8 7.4 15 . 4 16.0 27 . 5 11. 3 3.7 
39 7.8 11.5 8.0 7.4 4.o 20.4 17. 9 
65 15 .0 14. 2 8.9 21.3 10.0 13 .6 17 .9 
79 7.4 10 .9 17 . 2 18.7 13. 7 15.9 17.9 

105 15 .9 8. 2 11.7 9.2 27 .5 6.8 7.8 
11 8 12.1 14 .2 19.4 14. 5 16.0 6.8 29.0 
144 10.8 8. 0 11.0 1f; Q 23 .0 29.5 20.1 
157 7.8 16 . 9, 13 . 5 15.4 11.5 20 .4 26 .8 
183 14.5 16 . 1 11.7 12 . 7 19 .5 15.9 24.5 
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Ta ble 38 . Continued . 
. ~ ------------ - -- -·---- ------------------------ -- .. --···· --- ------------------------ ----------------- .-------

N- fertil i zer Soil moisture level 
level kg/ha l. 2.3 4 5 6 7 8 9 

--------- ----------

l!_l_Q_c~ 

196 12.1 15.4 9.5 19 .8 19.5 20 . 4 19.3 
222 16 . 2 5.8 14.2 9. 5 23. 3 6. 8 20. 1 
235 7.8 15.2 9.8 22. 2 23.0 22.7 29.0 
262 14.2 11.6 18.1 10.7 11. 5 15.9 26.8 
274 11.5 7.8 4.9 17.7 29. 8 25.0 17-9 
301 11.8 14.2 12.9 20.4 23 . 0 20.4 20.1 
313 0 5. 8 20.0 18.1 19.0 20 . 1 29. 5 18.1 
339 7.8 5. 2 10 . 2 9.2 23.0 18. 1 31. 2 
353 12 . 5 20 . 6 8.6 21.9 23 .0 29 . 5 31. 2 
379 - 13 . 2 13.9 17.5 25 .8 13.7 11.3 8.9 
392 9. 1 11.6 13.8 18.1 25.3 15. 9 8. 9 
421 22.6 10 . 6 11.0 12.5 9. 2 15 .9 
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Tab l e 39. 1973 continuous variable plot desi gn, oven dry ma tter yield, 
metric tons dry matter/ha . 

N- fet·L i 1 i zer 
level kg / ha 1 ,2 

0 
24 
48 
72 
96 

120 
144 
168 
192 
216 
240 
264 
288 
312 
336 
360 
384 
408 
432 
456 
480 
504 
528 
552 

0 
24 
48 
72 
96 

120 
144 
168 
192 
216 
240 
264 
288 
312 
336 

6.4 
6.6 
8. 7 
7. 6 
6.2 
7.4 
6.2 
6.4 
7.4 
7. 0 
6.7 
6.4 
9.3 
9. 5 
6. 8 
6. 8 
8.9 
8 .3 

10.0 
4.5 
7.2 
4.9 
5.7 
5. 7 

6.8 
5.9 
5.7 
5.3 
4. 7 
8 . 3 
7. 2 
8. 1 

10.6 
8.3 
6. 4 
4.0 
7.6 
6.6 
5.1 

3 

10. 0 
4.3 
6. 8 
8.3 
7.3 

10. 9 
4. 3 

10.1 
!l.8 
7.9 
8. 2 
9.4 
7.5 
6.4 
8.5 
9.2 
9.0 
6.8 
7.9 

10.7 
7.1 
8.6 
9.4 
8 . 8 

3. 4 
4.7 
6.0 
4.7 
5. 3 
3. 6 
7. 3 
9.4 
8 .1 
8.6 
9.0 
7. 1 
8.3 
7.7 
9.2 

Soi l moi s ture leve l 
4 · ·5 · · · · 6 7 

------ - T--
!U_ ock 1 

14 . 0 10 .2 
8. 7 4.1 

10.8 9.0 
11.4 9.4 
10 . 6 10 . 2 
8 . 7 7.8 

10 . 6 9.0 
10.6 10.9 
8. 3 7.8 

12.6 6.6 
10.6 9.8 
8.3 11. 5 
9. 9 13.3 

12.8 10 .9 
12.6 11.7 
10 . 6 12 .3 
10 .8 10 .2 
11.6 11 .9 
9.3 8.4 

11.6 13.1 
7 . 5 9.4 
9.5 11 . 7 
9. 5 9.2 
8. 9 6.1 

5.7 
7.7 

10 . 2 
4.9 
5.7 
9.5 
9.5 
9.5 
7.3 

11 .0 
6.5 

11. 8 
11. 8 
10 .2 
8.9 

7. 4 
8.0 
7. 6 
5.7 
8.2 
7.2 
8.0 
8. 6 
8 .4 
9.2 
9.4 
7.8 
9.0 

11 . 3 
8.6 

13.6 17. 0 
9.3 12 .8 

11. 4 11.9 
8.9 14 .8 

14 . 7 11.7 
14.9 12.8 
11.4 16.6 
15.4 10 .6 
12.0 15.5 
11.8 18. 8 
13. 1 15.7 
16. 2 16.8 
14 . 7 14.8 
14 .2 12.8 
17 .4 11. 9 
12.2 13 .7 
15.8 17 .2 
12 .2 10 .8 
12 . 5 14.8 
12.5 12 .4 
13 .8 14 .4 
11.4 10 .8 
11.6 14.6 
9. 6 14.6 

7. 6 6. 4 
2. 7 9. 3 

11.4 11 .0 
12 .0 9. 7 
10.7 8.8 
10.5 10.8 
8.0 14.1 

18 .2 13.5 
11 .6 10.4 
12 .9 13.5 
19.1 12.4 
13 . 1 16.1 
11 . ~ 12.6 
11.4 9. 7 
7.6 13 .0 

8 

12 . 9 
7. 5 

10 .8 
10.4 
8.5 

11 .4 
10.2 
12.9 
-1.0 
12 .0 
16 .6 
12.9 
19.3 
17. 8 
13.7 
17.0 
11.0 
15 .5 
13.1 
10. 2 
17. 8 
13. 3 
13.3 
11.0 

9 

10.6 
11 .2 
15. 1 
11. 9 
14 .7 
14. 3 
14. 9 
17 . 9 
17.9 
18.8 
15 .3 
14. 7 
16.6 
16.2 
12.7 
19. 2 
17.5 
17. 3 
17.5 
15.5 
10. 8 
13.2 
13.6 
13 .2 

9. 5 10 .8 
11 . 0 12.1 
12.2 11. 7 
12.6 13 .2 
20. 5 11 . 2 
14 . 7 10 .6 
16 .0 12.5 
16.0 16. 8 
17 .2 15 .8 
13.7 19 .0 
17 .4 16 .2 
15.8 15 .8 
18. 0 14 .9 
17 .6 12.1 
15.1 16. 8 
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Table 39. Conti nued . 

------ ·· -------- -- ------·-· -- -- - - .. 
. -- ·-- ------------·-------- -------- --------

il- fertilizer So i l moisture level 
l evel kg/ha l ,2 3 4 .. -5-- - ·- 6" .. . 1 8 9 

--- ---- -- -----

Block_2_ 

360 5. 9 5.8 7.7 6.6 14.2 8.2 10 .2 15.3 
384 8.3 8.6 9.8 7.8 14.0 11.3 16.0 9. l 
408 4.9 12.6 9.9 8.8 8.9 8.2 12 .6 10.8 
432 8.7 6.6 12.0 7. 4 14.0 13.0 13.7 14. 7 
456 6.8 7. l 7.7 4. 9 12.7 12. 6 11.6 13 .8 
480 6.2 6.6 8.3 10.2 11.4 11.9 16 .8 10.4 
504 9.1 9.0 11 .6 8.4 15.8 9.5 12.4 11.7 
528 11.0 8.5 10 .4 6.4 10.7 12.8 16 .4 12.1 
552 5.7 7.1 10.4 8.2 9. 1 17. 2 10.8 18.4 

.!Dock 3 

0 6.8 3.4 7. 7 9. 2 9.3 2.6 10 .2 11 .0 
24 6.8 3.4 9.5 4.5 10 .9 10 .2 14.1 12. 3 
48 5.9 8.3 10. 2 7.0 13 .1 9.9 12 .9 14 .5 
72 5.7 6.6 10.4 10.7 8 .2 16 . 1 13.1 15 . 5 
96 10. 2 5.6 9.5 11 . 1 15. 1 16. 1 15.5 17. l 

120 8.5 9.8 9.5 14.3 14. 2 17.0 15.8 19.0 
144 7.9 9.8 13. 2 14 .7 15.6 16 .8 15. 1 19 . 0 
168 9.3 7.9 8.5 8 . 2 16.7 14 .8 13.7 15.8 
192 7. 4 7.7 11.2 12.9 16 . 5 19. 0 17.8 15.8 
216 10 .0 10 .0 14. 2 10 . 2 18.0 16 .8 13 .3 21.0 
240 17.6 10 . 1 11.6 12.7 18 .5 19.0 17.4 19.0 
264 9.3 13.1 14 .0 10 . 4 13 . 6 14 .6 11. 2 14 . 9 
288 9.8 9.0 8. 1 16.4 16 .2 l7 .4 17 .2 19.0 
312 6.8 9.2 12.6 16 .2 12 .9 19.4 17 .0 15.3 
336 8.3 9.6 8.9 11.8 18.0 14.4 21.8 20.1 
360 8.3 9.8 12.0 13.9 21.4 23.4 21.6 22 .9 
384 16. 6 7.5 13 .8 12.8 13.8 19.0 23 .0 24.2 
408 5.9 10 .9 10.4 12 . 9 20.0 16 .8 10.6 20. 1 
432 5.9 8.3 14 .6 12 . 5 14.7 15.7 19 .5 18.4 
456 9.8 7.7 9.9 12.7 18.2 16.1 16.2 21. 2 
480 8. 1 10 . 1 11 .8 10 .4 10.5 16.1 14.1 19 .9 
504 5. l 5.8 8.3 10.9 17.4 14.8 17 .6 17.7 
528 5.5 11 .1 14 . 0 11.9 15 . 4 11.3 14 .3 19.4 
552 5. 7 5.6 4.9 9.2 4.9 12.6 20.3 17. 5 

!l1ock 4 

0 5.5 3.8 6.7 8. 6 8.0 14 .8 9.3 10 .6 
24 6.4 4.1 6.5 5.9 7.9 10.6 10.4 21.0 

. 48 5.1 9.0 9.3 8.0 10.5 11.7 10.2 13.8 
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Table 39. Continued. 

-· --- -· --- .. - -- -----·-·- --- ---··---- - ---- --·-- --- -- ----- - .. 
-- -------- ·-- ---- . . ------ ... 

N-ferti li zer Soil moisture level 
level kg/ha l ,2 4 ----s-··-"6 --- ---7 8 9 

--- ------------ --------------------
~lock _ _i 

72 6.4 9.0 7. 7 9.4 14.9 13.0 12.4 15.1 
96 4.9 9.0 9.1 5.9 16.9 17.4 16 .0 14.3 

120 10.0 9.8 8.9 12.0 16.5 14.4 15 .1 16.6 
144 7.4 11 .1 lL5 10 .2 15.8 18. 3 15.6 2L6 
168 7.0 9.2 12.8 14 .7 18.2 17 .0 16.0 14.3 
192 5.3 12 .4 12.4 9.4 14.0 18 .3 24.0 7.6 
216 5.3 9.0 13.0 12.9 17 .6 13.5 20.1 18.6 
240 5.3 11.7 9,7 12.1 23.1 18.3 20.7 22.7 
264 7.4 8.6 13.2 14 . 9 17.8 19 .9 16 .0 13.5 
288 8 . 7 13.6 8.1 14 .7 11 . 1 16.6 18. 5 22.7 
312 8.1 7.9 8.9 11.7 16 .9 17 .7 18.5 22.9 
336 7.4 7.9 9.5 ll. l 18 . 5 17 .7 13.7 1916 
360 5. 3 9,6 14.4 lL5 20.7 16.6 22.0 25.5 
384 7.6 1Ll 8.1 lL9 14 .7 19.6 22 . 6 16.0 
408 8.7 9.6 15.0 12 . 1 18.0 13.7 11. 2 22.7 
432 10.4 12.0 8.7 16 . 6 17.8 19 .2 19.9 26 , l 
456 7.0 9,0 10.4 9,6 14. 2 16 .3 16.6 24.2 
480 7.9 13.7 9.9 17 . 4 18.5 17.4 23.8 17 .9 
504 14.4 9.4 1LO 10 . 0 14.9 13.7 10 .6 25.9 
528 -8.5 8.1 10.4 9.2 18.2 15.2 1.0.6 17.9 
552 5.5 7. 0 11.2 10 .7 14.5 8.8 9.6 

--~------- . -------------------------------- ----- --------.. ---



Table 40 . Production functions determined with two plot grouping of 
continuous variable design plot yields . 

1972 continuous variable design plots 

' Y = -3627 + 4107W + 29.2N - 227 . 3W2 - 0.05N2 + 0.76 WN 

R2 = 0. 47 

1973 continuous variable design plots 

Y = 1563 + 1387W + 26.9N - 20.6W2 - 0. 05N2 + 0.55WN 

R2 = 0.56 
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fable 41. Production functions detennined with treatment l eve ls ,, ncl yi t'id· 
transformed to a fraction of the optimum treatment and yiPl d 
levels. 

1_972 conv_en.!_ion_9l..?P1 _i_!_ p_!.Q_t d!!_sigp 

Y max = 20400 kg/ha, Wopt = W4, Nopt = 224 kg/ha 

= 0.18 + 1.2 9W + 0. 15N- 0.65W2 - 0.07N 2 
+ 0.07WN 

Ymax w·opT NopF Wopt:·z Noj)t7 wo-i>T No~t 

R2 
= 0.66 

197_2 CO!Jt inu_gu_s i_ari _ab_1_e __ p_l_o.!_ .des_i~_n 

Y max = 27900 kg/ha, Wopt = W8, Nopt = 261 kg/ha 

~ -.13 + 1 .1 6W + 0. 28N- 0.50W2 - 0. 15N2 + 0.06WN 
Ymax w·a-p·c Nop"f Wopfl"" Ncij)tz Wep-t No.pt 

R
2 

= 0.33 

1_9.2} _c 9n ven _!; i o n~l.?.J?.1J.!..J2..!.2!..E~_!) 

Y max = 19890 kg/ ha, Wopt = W4, Nopt = 448 kg/ha 

Y 0.21 + 0.43W + 0.81N 0.05~J 2 - 0.78N 2 + 0.43WN 
Ymax Wopt Nopf WopfT NoptZ WoptNopt 

R2 
= 0. 74 

Y max = 20730 kg/ha, Wopt = W9, Nopt = 360 kg/ha 

Y = 0.08 + 0.59W + 0.47N - 0.07W2 - 0.29N 2 + 0.08WN 
Ymax wo-Pt:-- "ffii-p·c Wopfr NQPtT" WoptNopt 

R2 = 0.57 



Procedure for using the apparatus 
for obtaining undisturbed soil cores 

111 

The followin g materials and procedure was used to obtain undisturbed soil 

co res within the barrel plots in the field: 

Materials: two or more workin g bodies, two long-handle, 8" spades , 8 
pound maul, access tube (6' ), digger equipment, including frame, 
winch , cable and hook , triangular lifter, diyger, bottom slats, 
center rod, and allen wrenches . 
2" - 4" plank (6" wide x 3' long), two screwdrivers, 55 gallon 
barrel with top cut off, top of barrel, to the center of which 
a 1" nut has been welded, claw hammer, access tube triangle. 

Procedure: 

1. Place the digger, cutting edge down, in position . Dig arou nd 
the outside of the di gger to a depth of approximately 1 foot. 
Place the plank on top of the digger and , using human "l ard", 
push the digger down. Continue this process in about 1 foot 
increments to a depth of approximately 30 inches. 

2. Using the shovels as l evers, wedge the bottom slat s into the 
digger to hold the co re in place. The maul or a hammer may be 
used to force the s lats in. 

3. Place the access tube triangle on top of the digger and make an 
access tube hole in the center of the core. Thi s should be 
more than 30" deep, and directly in the center of t he core. 

4. Remove the access tube triangle and place the triangular lifter 
on the digger. Position the frame directly over the core, and 
using the winch, l ift the core and digger apparatus out of the 
ground. It should be lifted about 3 feet . 

5. Put a barrel upside down into the hole, below the core . Place 
the barrel top plate under the core and then put t he threaded 
center rod down through the core. Thread the center rod to 
the nut on the barrel top and lower the core down on to the 
barrel . 

6. Remove the triangular lifter and attach the cable to the center 
rod. Lift up the core and digger and remove the barre l from the 
hole. Eye-ball level the hole and put the barrel in the hole, 
right side up. The barrel should be directly under the core . 

7. Lower the core down to the top of the barrel and remove the 
bottom slats . With the digger centered directly over the barrel, 
spring open the digger with the allen wrench and a screw driver. 
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8. ?_lo_l'l_ll: lower the core down into the barrel, while res t i n\) t he 
digger on the top of the barrel . Hold the digger directl y 
over the barrel as the core is lowered down . Two peopl e ca n 
center the digger well, using screw drivers. Once the core i s 
completely down, remove the digger. 

9. Position the barrel by lifting it with the center rod . If 
the core is completely down and the barrel is in place , un­
thread the center rod and fill in the hole. 

10 . If the core wi 11 not slide into t he barrel, pull it up and 
lower it again. Also, the digger must be directly over the 
barrel and vertical. If it is tilted off line from the barrel, 
the core will bind. The person keeping the barrel and 
digger in line can also help by shaking the digger s light ly 
as the core is lowered into the barrel. 

11. If al l goes well, the barrel lysimeters can be installed a t 
a rate of approximately l per hour, with two or three graduat e 
students earning their pay. 
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