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ABSTRACT

A field experiment was conducted on a calcareous seoil to study
the effects and interrelationships of the macronutrients N, P, K, Mg
and Na on the growth and composition of sugar beets using a central
composite, rotatable, incomplete factorial design involving 5 variables,
each at 5 levels of application. Quadratic regression equationswere
developed for characterization of the response surfaces for yield of
roots, yield of tops, percentage of sucrose, yield of sugar and chemical
composition of sugar beet leaves.

In general, all variables had a positive effect on yield of
roots. Nitrogen followed by Na gave the highest significant increases
in yield of beet roots. The Mg-Na interaction was highly significant
and complementary in effect. The yield of tops was significantly
increased by N and to a lesser extent by Ma. The highly significant
N-P interaction was antagonistic in effect. The percentage of sucrose
wag not significantly affected by any of the elements varied. Applica-
tion of N and Na gave highly significant increases in yield of sugar
followed by Mg and K while the sliéht increase from P was not significant.
The highly significant P-K interaction was antagonistic whereas the
highly significant K-Mg, K-Na and Mg-Na interactions were complementary
indicating that those thiee.cstions may partially substitute for each
other in sugar beet nutrition. Tﬁ§ leaf composition of bheets was con-

siderably affected by the addition of macro elements and the interactions



between them. However, no definite critical concentrations could be
established in most cases since the point of highest yield depended
on the balance among all the epplied nutrients. In general, it was
found that addition of K, Mg and Na depressed the Ca concentration
while the yield of sugar was iﬁcreased.
The maximum theoretical yield under the conditions of this

experiment and within the limit of the levels of the variables used
was found to be about 8.3 tons of sugar/scre (40 tons of sugar beet)

with the combination 5N, 1P, 3K, 1Mg and 5Na.
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INTRODUCTION

In 1605 Oliver de Serres, a French agronomist observed that some
varieties of wild beet contained sugar, and in 1750 Andrew Marggraf, a
German chemist, obtained sugar crystals from beet roots. o practical
application of Marggraf's discovery was carried out during his life,
until his pupil Frank Karl Achard successfully contimued Margaraf's
experiments and subsequently established the first sugar beet factory
in 1801. The efforts of Marggraf and Achard crezted extreme attention
in all Burope and later on in the U.S.4., and a period of intensive
research and investigation started in the 19th centu;y and continued
up to the present. It was difficult for the beet sugar industry to
survive, because of the competition from cane sugar produced in the
tropics. The sugar beet industry was supported by governments because
of the necessity for national independence from external sugar supplies,
the high prices of sugar during wars and blockades, and the beneficial
influence of this industry on both agricultural and national economies.

8ince Marggraf's discovery until the present the sugar beet
crop has become increasingly more important in the world economy. The
production has been revolutionized by plant breeders, agronomists, and
engineers. The actual world production of sugar is about 35 million
tons (89) with a price value of about two billion dollars, and it is
estimated that about one third of this world sugar production is from
sugar beets. The future of the sugar beet crop is very promising because

the world sugar consumption is inereasing continuously as a result of the



increase in world population and the increase in per capita consumption
of sugar with rising standards of living.

In the Middle Bast, the first beet sugsr factory was established
in Iran in 1900 (89). Additional factories were established in Turkey,
Afghanistan and Syria, and more recently in Ireq and Lebanon.

In Lebanon sugar beet production started in the Beka'a plain
in 1949, after the establishment of the sugar beet factory in Syria.

In 1956 about 3500 dunums of land were planted to sugar beets and the
average yield was about 10 tons per acre with sugar percentage ranging
from 16,5-22,.0 (6). The future success of sugar beet production in
Iebanon is dependent on many factors among which adequate soil fertility
management is one of the most important. While the sugar beet is in-
herently adaptable to a wide variety of soil conditions, it requires
generous supplies of plant nutrients along with proper nmutrient balance
for maximum yields. The fertiliser elements used in greatest quantity
in sugar beet production are N, P and K, and Ca, Mg, S and Na along with
various micronutrients are also required. Although Na is not considered
an esgential mitrient for plant growth, it has been proved to be benefi-
cial to the growth of sugar beets in many instances. More information is
reguired with regard to.the relationship of Na to other plant nutrients.

In designing field or pot experiments on the effect of fertiliz-
erg, all factors that might possibly affect the yield are too numerous to
be included in any one trial, and for this reason it was decided to use
a central composite, rotatable, factorial design as described by Hader
et al. (33) in order to study a mumber of variables simultaneously with

.



a reagsonable number of tregtments. Five macro-nutrient elements (N, P,
K, Mg and lg) were varied at five different rates of application in order
to study the following:

l. The yield of beet Sugar as affected by each element indi-
vidually and in combination with others.

2. The optimum rates of application for maximum Yield of sugar.

3. The composition of sugar beet plants as affected by levels

of N, P, K, Mg and Na application.



REVIEW OF LITERATURE

Many problems related to the fertilization of sugar beet have
been investigated in . field, green house, and laboratory experiments.
Some problems were answered easily whereas others are still under in-
vestigation. It is the purpose of this chapter to review the available
information related to the interrelationships of macromitrient elements

and sugar beet production.

Effect of Nitrogen

In 1918 Kraus and Kraybill (12) investigated the interrelation
of N supply and carbohydrates balance in plants and concluded that when
the supply of N was low to the point where carbohydrates utilization did
not keep balance with photosynthesis the carbohydrates accumlated. On
the other hand, with an abundant supply of N, the tendency was for car-
bohydrates to be utilized or consumed to produce nitrogenous compounds.
This hypothesis was tested by Gardner and Robertson (29). They found
that the sucrose percentage decreases with increasing concentration of
nitrate in the leaves and they concluded that maximum yield of sugar
was reached at a lower level of nitra%a than the maximum yield of roots.
The results of a number of workers Russell (76), Haddock (35, 36), Nelson
et al, (66), Frakes and Childs (26), Ririe et al.(73), Krantz and Mackenzie
(51), Carlson and Herrin (15), Ulrich (87, 88) and Hac et al.(31) was in
general agreement with the hypothaais that there existed a negative cor-

relation between N application and percentage of sugar in roots. Hill (40)



in a field experiment reported that the correlation coefficient of
percentage sugar with nitrate concentration in sugar beet petioles
was equal to - 0.505.

The effect of N application on sugar beet yield of roots and
yield of sugar was studied extensively by many workers including Had-
dock (35, 36), Ulrich (87, 88), Hills (42, 4l1), Nelson et al. (66),
Afensieve et al, (2, 1), Tolman et al. (84), Russell (76), Dowine (23),
Swift (81), Hanson (37), Whitney et al. (95), Walker et al, (92), Baird
(10), Culbertson (2r), Boawn (14), Cormany (17), Doneen (21), Hanson
(37) and Vaugh and Haddock (90). These workers agreed that in gll cases
application of N increased root tonnage and decreased percentage of
sugar. In many cases they found that the increase of root tonnage was
more than the decrease of sugar percentage and as a result the yield
of sugar was increased. The relationship between soil total N content
and yield of sugar beet was studied by Rhoades and Harris (72). They
reported that the percentage sucrose was negatively correlated with total
N concentration in the soil. Baird (10) conducted a field experiment
in South Dakota and he obtained results similar to those of Rhoades and
Harris. Tolman et al. (B4) conducted a survey of soil organic matter
levels and their relation to N need and concludgd that the percentage
increase of root yield over the check from the application of 400 1b.
of N per acre is negatively correlated with soil organic matter per-
centage. He obtained a 24 percent increase in yield from a soil con-
taining 0.5 percent organic matter and only 4.0 percent increase for

soil containing 2.5 percent organic matter.



The critical level of N in the beet plant has been investigated
in field and pot experiments by Ulrich (86). He concluded that sucrose
percentage decreased with increasing aitrate concentration of petioles,
whereas the yield of roots increased sharply with nitrate concentration
of peticles until a level of 1000 ppm is reached above which yield kept
constant. Results of Carlson and Herring (15) were in agreement with
those obtained by Ulrich. The critical level was found to be 1000
ppm nitrate concentration of petioles. Hanson and Haddock (37) reported
that they were able to get significant response of beet to N application
when the nitrate concentration of petioles was 1500 ppm, but no response
was obtained when the nitrate concentration was 3000 ppm.

Krantz and Mackenzie (51) concluded that nitrate concentration
of beet petioles was highly correlated with N application and degree of
response. They found that for optimum yield the nitfate concentration
of petioles should be maintained above the critical level until about
11-12 weeks before harvest. When the nitrate concentration was higher
than the critical level 3-9 weeks before harvest the sucrose percentage
was decreased. Ulrich (88) reported the results of a sand culture ex-
periment in which sugar beets were grown under controlled temperature
and light conditions and concluded that plants with a high nutrient level
of N failed to "sugar up" or to accumulate sugar after 83 days, while
growth of tops and roots continued, on the other hand plants with a
lower supply of N started to accumulate sugar after 83 days of growth.

Haddock (34) found that the nitrate concentration of petioles was



relatively high early in the season and decreased rapidly until the end
of July, and reached a minimum in October. Haddock (35) conducted field
experiments and concluded that the soil must provide 10 1b. of N for
each ton of beets produced. Under conditions where the soil is able to
gupply more than this gquantity, addition of N would not give a significant
increase but might have an adverse effect on yield and sugar percentage.

Hills and Axtell (41) tested five different N carriers and they
found that all of them significantly increased yield tonnage and gross
sugar, but none of them affected the percentage sucrose. There were no
differences between N carriers in effect on yield. The concentrations
of nitrate in petioles indicated that calcium nitrate application gave
the highest significant values as compared to sodium nitrate or ammonium
sulfate. Hills and Axtell (41) mentioned that Ulrich obtained similar.
results and he found that no differences in yield or suecrose percentage
were obtained among plants fertilized with anhydrous ammonia, calcium
cyanamide, ammonium nitrate, urea, ammonium sulfate, sodium nitrate, or
calcium nitrate. However, the results of other workers (91, %, 8,
19, 12) were in disagreement with those obtained by Hills and Axtell.
They concluded that sodium nitrate was’ the best carrier for N fertiliza-
tion.

Walker et al.(93) conducted a sand culture experiment and con-
cluded that the glutamic acid content of leaves is a good indication of
the nutrient status of N in sugar beet. This was also emphasized by

Hac et als (31, 32) who found that there was a negative correlation
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between glutamic acid concentration in leaves and the percentage sucrose
in roots.

The effect of N application on the growth of sugar beet tops was
algo investigated. Haddock (36) found that yield of tops increased as
available N increased and likewise the top/root ratio tended to increase.
He zlso found that growth of tops is more nearly proportioned to the
available nitrogen in the soil, while root growth reached a maximum
after which yield remained constant. However, when N supply is in excess
of that required to stimulate root growth, the percentage sugar is
depressed in roots and increased in leaves. Haddock also concluded that
the top/root ratio may serve as an indication for the N nutrient status
of beetg. When N was the only variable growth factor, he mentioned that,
under normal irrigation and fertilization, this ratio should approach
0.5 in the Great Basin area in Utah.

The interaction of N with other elements has been investigated.
Tolman et al. (83) conducted field experiments in Utah, Idsho, Washington,
Montana, and South Dakota. They found that the response of sugar beets
to N in tonnage of beets and gross sugar was greater as the agvailable P
increased. Alexander et al. (5) reported the results of field experiments
and concluded that the N and P concentration of leaves decreased with
age, whereas Ca, Mg, Na, and K concentrations increased with age. The
sugar beet composition was affected by N application as follows: N and
P percentages of leaf blades were ihcraased, whereas K, Na, and Ca

concentrations decreased.



Effect of FPhosphorus

The implication is sometimes made that P has some special effect
on the growth of roots that it does not have on the above-ground portion
of the plant. Russell (76) reviewed many field experiments conducted
in England and concluded that sugar beet response to F was in terms of
root growth, but there was no effect on sugar percentage. Larson (52)
concluded that P application did not affect the percentage of sucrose.
Hill (40) concluded that P application increased sugar beet root tonnage.
Many results obtained by other workers (43, 50, 61) showed no response
of sugar beet to P application. This brought attention to the available
P supply of the soil in relation to sugar beet degree of response as a
result of P application. Thorne and Tolman (82) conducted field ex-
periments and concluded that soils containing available P205 (carbon
dioxide soluble) less than 5 prms responded highly to P application.

On the other hand there was no response at a level of more than 50 Ppme
of ons. Responses of soils between 5-50 ppm were somewhat less relat;d
to yield. Carlson and Herring (15) conducted field experiments in four
different locations. Sugar beet response to P application was recorded
in one location where available P205 was 8.3 ppm.(sodium bicarbonate
soluble). On the other hand no response was obtained in the other 3
locations where available ons was 83-89 ppm. Olsen et al. (68) found
that in a calcareous soil calecium metaphosphate was less available than
superphosphate in the early stages of sugar beet growth, but had about

the same availability thereafter; ammonium phosphate.and superphosphate
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were about equally available. Alpha ‘tricalcium phosphate supplied the
least amount of P at all stages of growth. Measurements with radio-
active P showed that the sugar beets absorbed about 10-12 percent of the
applied P. Pendelton and Robbins (69) reported that the sugar beet crop
removed P from the soil in amounts about half as great as the N removed
and about the same quantity of K as of No. The P and K concentrations

of sugar beet foliage were more constant than the concentration of N.
Allos and Macksoud (6) conducted a field experiment in the Beka'a valley
of Lebanon (calcareous soil) and they concluded that sugar beet tonnage
was increased significantly by N and P application, while sugar per-
centage did not vary significantly.

The critical level of phosphete in sugar beet petioles was deter-
mined by Ulrich (86). He found this critical level was 1000 ppm Po4
above which there was no increase in yield. Haddock (34) concluded thsat
phosphate concentration of sugar beet petioles tended to decresse rapid-
ly till July, after which the rate of decline beceme very gradual and
reached a minimum in October. The absolute amount of phosphate was
much smaller than the amount of nitrate early in the season, but be-
comes greater at harvest time. The uptake of P by sugar beet was more
highly influenced by the amount of available N in the soil than the up-
take of N was influenced by the amount of available P. Hills and Veaco
(43) conducted twelve field experiments to determine the response of
sugar beets to P application and the& concluded that no response in yield

was obtained when the concentration of phesphate (Pq“) in the petioles
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of check plots was higher than the critical level determined by Ulrich
(lo00 ppm).

The interaction of P with other elements was also investigated.
Grunes (30) proved that the response of beet to P application was much
higher when the supply of N was adequate or added. The uptake of P from'
the soil was increased when N supply was high. Using radiocactive P
mesgurements he proved that the yield of sugar beet roots is highly
correlated with percent P absorbed from fertilizer applications. Alexander
et al. (5) found that application of P decreased the percentage of Mg and
Ca in leaves and increased the Na percentage.

The interrelationship of P with other elements was investigated
by Tolman (85) who conducted a field experiment and concluded that when
W is very deficient in the soil the application of P did not reailt in
any increase of sugar beet yield and in some cases tended to depreass
the yield. Application of N &+ P gave a good response which was higher
than the added response of each element alone. Gardner and Robertson
(29) reported that P application increased sugar beet yield 3.5 tons

per acre but when P and N were added the increase was 7.0 tons per acre.

Bffect of Potassium

Potassium is one of the essential elements in the nutrition of
. plants. Several lines of evidence substantiate the view that the
function of K is not a structural one but is associated with the meta-
bolism of plants. Perhaps one of the most direct effects of K on the

vield of sugar beets and other root crops is its role in photosynthesis



12

and root growth. The fole of ¥ in carbon dioxide assimilation and
carbohydrates accumilation was extensively studied by many workers in-
cluding Robinowitch (74), Pirson (71), and Eaton (25). They concluded
that ¥ is needed for efficient carbon dioxide assimilation. Black (12)
reported that K deficiency resulted in a reduction in sucrose percentage
in sugar cane as well as a reduction in total yield of sugars

The effect of K on root development has received considerable
attention because of the marked effect of K on root crops. According
to Black (12) a good crop of potato tubers contained about twice as
mich K as the tops, and during tuber development some of this K was
translocated from the tops. Black also reported a culture experiment
in which the potato yield of tubers was increased about 15 times as a
result of K application while top growth was not affected. Also the
percentage of starch was increased from 53 to 66 percent.

Carlson and Herring (15) reported the results of four field
experiments and concluded that when available K was more than 1000 lb.
per acre, addition of K decreased root weight and gross sugar while in
one field where exchangable K was 880 lbs per acre addition of X in-
creased both sugar and root yield., BRussell (76) reported the results
of a large series of manurial experiments carried out over the suger
beet areas of Englands Potassium was found to increase yield of suger
per acre, and to be correlated with the amount of exchangable K (acetic
acid soluble)s 4.7 cwhe of extra sugar per acre was obtained when the

amount of exchangable K was below 5 mge per 100 g of soile. This response



was decreased as aveilable K increased and was omly 0.8 cwt. when ex-
changable K was higher than 10 mg. per 100 g. of soil. Russell also
concluded that the primary source of K for plants was the exchangable

E, and its level in the soil was an important factor in determining the
responsiveness of a crop to K fertilization. Ulrich (86) concluded that
the critical level of K in sugar beet petioles was 2.0 percent. Below
this level, application of K would sharply increase the yield while
above this critical leve1 the yield tended to be constant.

Alexander et al, (5) studied the interaction of K with other
elements on the compesition of teet loaf blades, they concluded that
application of K decreased the percentage of Na, and application of N
decreased the percentage of K whereas application of N+ P highly in-
creased the percentage of K. They also found that ;he proportion of
K in the leaves to the total nutrient content was also significantly
depressed by the overall action of N fertilization.

Samuels et al. (78) reported the results of more than 200 field
experiments with K fertilization on sugar cane and conecluded that when
the X content of sugar cane leaves was higher than 2.0 percent (dry wt.
basis) no effect of K fertilization Was-to be expected, while values of
less than 1.8 percent indicated that a response to K fertilization could

be expected.

Effect of Magnesium

Apart from its role of being an integral part of the chlorophyl mol-
ecule, Mg has a definite effect on the rate of photosymthesis (71, 74, 39).
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Mg is also believed by some workers to be intimately associated with
the movement of P within the plants. 8Since many calcareous soils are
notably deficient in P, it may be that abundance of Mg would increase
the efficiency of P utilization within the plant. Alexander and Cormany
(3) conducted an exploratory test in the Arkansas Valley of Colorado
in which sugar beets were sprayed with eighteen compounds and they
recorded that two spraying with megnesium sulfate at the rate of 5 1b.
per acre significantly increased the percent sucrose. Also, potassium
chloride at the rate of 10 1lb. per acre approached the effect of mag-
nesium sulfate. Downie and Swink (24) in a field experiment conducted
in 1948 at Rocky Ford, Colorado obtained results similar to those obtained
by Alexander and Cormany. In 1949 Downie and Swink repeated the same
experiment in the same area but they failed to substantiate the results
obtained in 1948,

In view of the results obtained by Alexander and Cormany, and
Downie and Swink, Holst (45) conducted a field experiment in the Arkansas
Valley of Colorado in which magnesium sulfate at the rate of lo, 20, 30
and‘AO 1b. per acre was sprayed or side dressed to sugar beet plants and
he obtained results which did not show any significant increase in yield
of roote or sugar, and sugar percentage. However, spraying 10 lb. of
magnesium sulfate per acre gave the highest response compared to the

other treagtments.

Effect of Sodium

Sodium is the latest element being considered és a candidaste for
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the essential mutrients list. This consideration had been subjected to

a great deal of controversial discussion. It has not yet been demonstrat-
ed that Na is actually required for plant growth and reproductien, but

it was clearly proved that most plants could complete tleir life cycles

in cultures where the la level was kept as low as possible. On the other
hand it was clearly indicated that maximm yield of many plants cannot

be obtained without Na. BSauchella (79) suggested that Na should be
considered as a "stimlating element" awaiting further research to prove
its essentiality conclusively.

From 1900 till now many experiments were carried out to study
the requirement of most of the higher plants for MNa. Among the workers
wag Harmer (37) who concluded that all crops investigated may be placed
in one of the two main cl&éses a) Benefited by Na in deficiency of K.

b) Benefited by Na in sufficiency of K. Each of the classes may be
subdivided into two tentative subclasses (slight to medium and large
benefit), with regard to their response to Na. The sugar beet is a
classic examplé of Na loving crop and is classified under plants which
are largely benefited by Na in sufficiency of K.

Meny hypotheses were established to explain the beneficial effect
of Na. However, more investigations are still needed to eclarify the role
of Na in plant mutrition.

Black (12) reported the result of an experiment conducted by
Holt et al. and concluded that the low yield of cotton in the absence

of K showed that Na could not completely substitute for. K, and the
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failure of Na to increase the yield of cotton a2t a high level of K
indicated that Na had no independent effect of its own. Appling et al.
(9) observed that when soil was deficient in K the cotton plants accum-
ulated K greatly in the upper, immature leaves and Na accumulation was
greatest in the lower leaves. This behavior suggested that Na may act
for K in its role in balancing organic and inorganie anions, but not in
its essential role in metabolic reactions.

Sodium in some cases was found to have a favorable effect in
its own right. Black (12) reported an experiment in which comparison
was made of two nitrogen carriers sodium nitrate and calecium nitrate at
three levels of K application. He found that at all levels of K sodium
nitrate gave a significant increase of fodder beets, whereas calcium
nitrate failed to give any response. Whehrut (94) found that sodium
nitrate was a superior source of Il in an experiment carried on oats.

He concluded that since in this experiment the amounts of applied N,

P, K, and lime were uniform for all plots, the increase in yield ap-
peared to be due to the utilization of Ha. The response of sugar beets,
rutabagas, carrots, celery, corn, barley, oats, alfalfa, and potatoes
to the addition of Na was studied by Truog et al. (83). He fourd that
the yields of sugar beets, rutabagas, carrots, and celery were all
increased by the addition of Na even when the level of K supply was
adequate or high. He also concluded that crops which highly responded
to Na absorbed a considerable amount oflﬂa especially under a low level
of K (celery contained 4 percent) whereas crops that gave little or no

regsponse to Na absorbed only small amounts, less than 0.2 percent.
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larson and Pierre (53) studied the interrelationship of Na and K on
the yield and cation composition of table beets, flax, oats, and corn
in two soils,Harpster silt loam (calcareous) and Carrington loam. They
found that Na and K were equally effective in increasing the yield of
table beets on both soils. The combination of 2Na + K level produced the
largest yield. There was no Na - K interaction on yield of roots but
at all levels of K increasing the Na level resulted in a marked increase
in the NHa content of the foliage and in reduction of the K content. But
in some cases addition of K or Na may have no effect on decreasing the
uptake of the other, the result depends on the levels of Na and K in
the soil and the relative ease of absorbtion of K and Na by the plants.
The caleium content of beet foliage was decreased by increasing the Na
level at the two lowest K levels but had no effect at the 2K level.
Likewise, K decreased Ca content of beet foliage at the lowest Na level.
Mg content was reduced by increasing the Na supply at nearly all K levels
and likewise was decreased by K at all Na levels. Based on this study
they concluded that it seemed probable that crops that absorb the most
Na with the least depression in K will respond the most to Na fertiliza-
tion. The correlation coefficient of the total Na s K content of beets
tops with yield of roots was 0.91 and 0.93 for the two soils compared
with values of 0.24 and 0.46 for K alone versus yield. This showed tlat
the K content of crops such as beets that absorb large amount of Na
should not be considered as an index fbr predicting yields.

Cope, et al. (18) conducted a greenhouse experiment to determine

the effect of Na on the growth of certain crops, ocats, ladino clover,
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sudan grass, alfalfa, and corn and concluded that K produced greater
increases in the yields of those crops than did Ne application, but
yields of all the crops studied were equally high when half the K
applied was substituted by la. Addition of Na to Mardin &ilt loam
increased the release of nonexchangable K in the soil by about 40 per-
cent as measured by the uptake of K by Ladino clover and alfalfa. Ad-
dition of K to the soil decreased the amount of this element released
from the nonexchangable form.

Marshall and Sturgis (60) reported the results of twenty field
experiments conducted in different soils carefully selected to include
areas that were acidic, PH 5.2-5.9, low in available K, 0.14-0.25 m.e./
100 g., and low in available Na, 0.1-0.4 mee./100 g., and they found
that in general sodium nitrate gave higher response of cotton yield than
did ammonium nitrate when N was the only fertilizer applied. In seven
experiments sodium nitrate gave significantly higher yields than did
ammonium nitrate when N carriers were applied in 2 mixture with P but
without K. In 17 out of 18 experiments to evaluate the influence of
sodium nitrate on the use of soil P, sodium nitrate significantly
increased the yield of cotton more thaﬁ did ammonium nitrate in a mix-
ture containing no P. The application of Na as sodium chloride at =
rate equivalent to 48 lb. of Kzo per acre significantly increased the
yield of cotton.

Whehnut and Collins (94) condﬁoted a field experiment to in-

vestigate the effect of Na and K applied to Norfolk sandy loam at two
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residual K levels on the yield and content of Na and K of oats forage.
They found that marked oats yield responses were obtained with both Na
and K. A significantly higher yield was obtained on the high residual

K plot than on the other. Addition of Na to the soil markedly increased
the Na content of oats foliage.‘ The high residual K of the soil greatly
increased the K content of oats foliage. Increases in the exchangable
Na. of the soil due to the addition of Na were small but significant.
Addition of 120 1b. of Kéo per acre greatly increased the exchangable K
content of the soil. Nathan (65) conducted a field experiment using
Pangola grass and concluded that this grass required a high supply of

K and when Na was added it can substitute for approxirmtely two thirds
of the K requirement without showing any reduction in yield.

Leonard and Bear (58) reported that Na increased the yield of table
beets even when the K level was high. They also found that increase in
the yield was associated with high Na 4+ K content of the plants. ILehr (55)
concluded that Na & Ca « K together with Mg play a complicated and vital
role which was called "cationic equilibrium." The absolute guantities
of each element were not a good indication for yield, whereas the relative
amount was the one to be:considered. When the yield of sugar beet roots
was graphed against their composition of K, Na and Ca in m.e./100 g.,
the higher content of monovalent K « Na gave the higher yield. On the
other hand relatively high contents of Ca or divalent cations correspond-
ed to low yields. The results of Itelie (47), Holt (44) and Kandy (49)

were in general agreement with Lehr. Howard (46) proved that Na can
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substitute for Ca in cotton, He found that when Ca was low, lla main-
tained the yield. This finding was also emphasized by Bear (11).

Andrews (7) believes that Na may increase the availability of
P in the soil. Arnold (8) conducted field and greenhouse experiments
to study the effect of Na on cotton and concluded that sodium nitrate
was more effective than ammonium nitrate. The K content of leaves was
increased with K application to the soil. Likewise, the addition of Na
increased the Na content of the leaves. The percentage of K in the
leaves ranged from 0.65 where no K was added tc 4.03 where K was added
at the rate of 54 1lb. per acre. The Na content of the leaves from the
plots which received sodium nitrate decreased as the rate of K applied
increased. The percentage Na in the leaves from plots to which no Na
was added remained constant as the rate of applied X was varied. There
was no indication that the sum of Na 4+ K in m.e./100 g. of plant material
was constant at the different rates of applied K.

Growther and Garner (19) compared the response of sugar beets
to sodium nitrate and ammonium sulfate in 24 experiments conducted from
1945-1948, Each carrier was tested at two rates on plots with sodium
chloride and plots without sodium chloride and in all plots & normal
dressing of K and P was given. The average gains in cwt. sugar per
acre from ammonium sulfate and sodium nitrate were 6.2 and 10.2 on plots
without sodium chloride and 7.0 and 7.9 on plots with sodium chloride.

Dorph-Peterson and Stenbjerg (22) grew sugar beets in a pot
experiment with increasing guantities of K and Na and.found that an

application of either of these two substances reduced the increase in

.
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yield obtained from the other. The Na effect was produced by various

Na salts, hence, Na must have been responsible for the yield increases.
The Na effect was found to be partly due to the increase in

K availability and uptake. But the greater part of the Na effect was

accounted for by the Ne absorbed by the plants.



MATERIALS AND METHODS

Experimental Design

Five macro-nutrient elements, N, P, K, Mg, and Na were included
as variables in a central composite, rotatable, incomplete factorial
design as described by Hader et al. (33). Each element was varied at
five different levels (Table 1). Coded levels were as follows -2, -1,
0,41, # 2. It was assumed that the 0 level represented an average
rate, and the other rates covered a wide range of application from
possible deficiency, -2, to possible excess,¥ 2.

Carriers of the elements varied were ammonium sulfato-nitrate
for N, concentrated superphosphate for P, potassium sulfate for K,
magnesium sulfate for Mg, and sodium sulfate for Na.

The design used required 27 treatment combinations (Table 2)
with one of them replicated six times in order to obtain an estimate of
the experimental error. This design is quite useful in connection with
experimental determination and calculation of response surfaces and

avoids the necessity of a large mumber of treatments.

Statistical Analysis

The statistical methods used were according to those described
by Cochran and Cox (1l6). Regression equations of the quadratic form for
yield and elemental constitution were computed from the data:. The form

of the equation for five variables is as follows: Y =1b 4+ b X &b, x, #
22 ; '

-
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Table 1. Rates of application of

N, P,0, K,0, Mg and Na

for sugar beets.

Level. ater o rAo
| -2 10.0 1.14
2 -1 27.2 3.09
3 0 , 73.8 8.40
4 +1 200.0 22.75
5 +2 544.0 61.80




24

Treatment combinations of nutrients

Table 2.

applied for sugar beets.

Levels of application

Mg

PO K O
25 2
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2 2 2 2 2
by X5 # b, X, # by xg 4Dy Xy by, X, 8 by X+ b, X+ D X

by, X)X+ Dy Xy X 4Dy, X)X, 405 %) X5 #by X, X 4 by, X)X,
+Dy5 X, X5 # by X3 X, # D5 % X5 4 b X, X,

Where x, = Coded level of N

1
x, = Coded level of P205
X = Coded level of K20
X, = Coded level of Mg
X = Coded level of Na
b = regression coefficient for treatment effect

The statistical significance of individual regression coefficients was
determined by the "t" test. The regression equations were used to
determine the nature of the response surface for the individual inter-
actions that were found to be statistically significant. Correlation
coefficients "r" of the actual yields compared with yields calculated
from the regression equation were computed. Analyses of variance for
the experimental data were also done and the significance of the linear,

quadratic, and lack of fit terms was determined by the critical "F'" test.

Field Methods

.

This experiment was conducted at the American University Farm.
After plowing was done the land was disced with a disc-harrow and ridges
were made 50 cm. apart. Bach plot consisted of 4 rows 10 m. in length,

On April 5, 1960 seeds of sugasr beet (Beta Vulgaris) Hilleshog variety
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were drilled in the upper part of the ridges at a depth of about 3 em.
Fertilizers were applied on April 14 by =ide dreseing in Lands plaged,
in the shoulder of the ridge. Irrigation was done every week using
sprinklers for the first month and by the furrow method later on. The
firast thinning was made when seedlings formed 3 or 4 real leaves by
removing all seedlinge except 2 or 3 seedling per hill at distances of
20 cm.lapart. A second thimming was made one week later leaving only
one plant per hill, On October 20th, 8 m. from the center of the two
middle rows of each plot was harvested. Tops and roots were separated.
A count of the number of beets from the harvested area of each plot was
made and the fresh weight recorded. Four beets were taken at rendom

from each plot for sugar analysis.

Leaf Sampling
Ieaf aampling-for all treatments was done about three weeks

before harvesting. One recently matured leaf ' was collected from

each of ten piants at random within the two center rows of each plot.

Analytical Procedures

Preparation of Leaf Samples. Leaves were washed first in tap

water and soap, and then rinsed 3 times in tap water and another three
times in distilled water to reméve any contamination from dust. The

samples were air dried and placed in a ventilated oven at 70°C, for 48

e - Lo e e
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hours. B8Samples were ground in a Wiley mill using a 40 mesh screen. The
samples were mixed iﬁaﬂamgky and kept in small covered glass jars. All

chemical analysis results were reported on the oven dry basis.

Preparation of the nitric-perchloric acid digest of plant tissue.

The method of wet oxidation as deseribed by Jackson (48) was used. A
1.5 g. sample of oven dried plant tissue was predigested with 10 ml. of
concentrated nitric acid in a 250 ml. .beaker and was left over night.
Then 10 ml. of perchleric acid was added, the beakers were covered with
watch glasses and placed on a hot plate at a temperature of about 1l20-
200° c. Digestion was contimued about four hours until the ligquid was
clear, the samples were filtered and transferred to 250 ﬁl. volumetric

flasks using boiling distilled water.

Nitrogen analysis. Nitrogen was determined on the ground oven

dried plant tissue by the Gunning modification of the Kjeldahl method

as described by Jackson (48).

Phosphorus analysis. FPhosphorus was determined on the nitric-

perchloric digests by the chlorecstanous-reduced molybdophosphoric blue
color method in a hydrochloric acid system as described by Jackson (48).
Absorbancy readings were taken on a Beckman Model B spectrophotometer

using a blue phototube at a wave length of 660 mu.

Cation analysis. K, Mg, Ca, ahh ¥a were determined on the nitric-
perchloric digests using a Beckman D.U - remission spectrophotometer with



28

acetylene flame. The gas pressure was 12 and 7 1b./sq. in. for oxygen
and acetylene respectively. Wave length settings were 770 mu for K,

285 mu for Mg, 590 mu for Na, and 554 mu for Ca.

Soil analysis. A soil sample was collected from the experimental

plot before planting. Soil analysis was done as follows:

pH reading. pH reading was done on the 1:2.5 soil water suspension,

using a pH meter with a glass and a calomel electrode.

Total Nitrogen: Nitrogen was determined by the Kjeldahl method as des-

cribed by Russel (75).

Available Phosphorus. Available P was extracted from the soil according

to the procedure of Olsen et al. as described by Jackson (48) and the
concentration of P was determined by the chlorostannous-reduced molybdo-
phosphoric blue color method in hydrochloric acid system as described by
Jackson (48). Absorbancy readings were taken on the Beckmen Model B
spectrophotometer using a blue phototube at a wave length setting of

660 mu.

Cation Exchange Cepacity: The cation exchange capacity was determined

by the sodium acetate method as described by Jackson (48). Readings on
the extracts were made on the flame spectrophotometer as described for

plant analysis.

Exchangable Cations: Exchangable K, Na, Ca, and Mg were extracted from
the soil by the ammonium acetate method as described by Jackson (48).
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Readinge were made on the extracts using the flame spectrophotometer

as described previouely.

Caleium Carbonate BEguivalent: Percentage of calcium carbonate was deter-

mined by digestion with excess 1.0 N HCR, and by back titration with 0.1 N

Na@GH.

Organic Matter Content: Organic matter was determined by the Schollen-

berger method of wet oxidation by chromic acid with external heat ap-

plied as deseribed by Jackson (48).

Soil Texture: $Soil texture was determined using the hydrometer method

as described by Piper (70).

Sugar analysis. Sucrose percent in roots was extracted and determined

according to the procedure described in A.0.A.C. (63).



RESULTS AND DISCUSSION

Interrelationships of the macronutrient elements N, P, K, Mg,
and Na on the yield of roots, tops, and gross sugar, and on the percent-
age of sucrose of sugar beets were studied in a field experiment con-
ducted on a calcareous soil in the central Beka'a FPlain of Lebanon.
Elements were studied at five levels of each using the central composite,
rotatable, incomplete factorial design described by Cohran and Cox (16).
The use of this design permits calculation of the regression equation in
the quadratic form. The magnitude of the individual regression coef-
ficients indicates the relative effect of the varisble and allows deter-
mination of the statistical significance. A megative sign for the rezs-
ression coefficient for an interaction term indicates that an increase
in the level of one element decreased the requirement for the other.
This type of relationship has been denoted as a complementary effect.

If the sign of the regression coefficient was positive, an increase in
the level of one eiement increased the requirement of the other. This

relationship has been called an antegonistic effect.

Results of Soil Analysis
The goil is cleceified under the category of Light Chestnut.

The physical analysis (Table 3) indicated that this soil has a clay texture.
However, the permeability of the soil to water as observed in the field
was good, and this may be explained by the high caleium saturation of the
collgpdal complex. The moisture content of the air dried s0il ‘was 7.7

i _
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Table 3. Results of physical and chemical analysis of the surface
soil for the experimental plot as compared with the

average value for the same soil category according to

Salib (77).
“Experi- Average
Soil property mental Light
soil Chestnut
Moisture content of the air dried soil, percent. 7.7 7.1
Moisture content at Field Carrying Capacity, percent. 27.7 -
Sand, percent. 22.03 11.02
Silt, percent. 26.94 24.35
Clay, percent. 51.03 64.63
Texture. Clay Clay
pH 8.1 8.2
Calciwm Carbonate, percent. - 19.5 37.9
Organic Matter, percent. 1.62 2.75
Total Nitrogen, percent. 0.112 0.139
Available Phosphorus 1. Olsen Method 10.20 3.36
(ppm. of P) 2. Bray and Kurtz No. 1 6.70 3.55
Cation Exchange Capacity. m. e. / 100 g. 41.44 52.90
Exchangable ~ Calcim 36,01 5,94
Cations Magnesium 1.48
Mms €o / 100 g Potassium 1.99 1.36

Sodium 1.77 0.30
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percent. The pH of the soil was 8.1 and the calecium carbenate content
was 19.5 percent. The total N content was found to be 0.112 percent
indieating a relatively low supply of N. The organic matter percentage
was also low, 1.625 percent. The available P as determined by the Glsen
method was found to be 10.2 ppm: and 6.7 ppm. as determined by the Bray
and Kurtz No. 1 method. According to Russel (75) this soil falls in the
category of a medium level of available P. The cation exchange capacity
was found to be 41.44 m.e./100 g. The exchangable cations determination
indicated that Ca saturation was about 86 percent of the soil exchange
complex. KExchangable Mg, K, and Na were 1.48, 1.99, and 1.77 mee./100 g.
respectively. The available K as calculated in 1lb. per acre was 1550
indieating a high level according to Russel (75). Comparison of the
soil analysis results with the average values for the same soil category
in the same area as determined by Salib (77) indicated that this sil was

fairly representative.

Yield of Roots

The correlation coefficient between observed yields and yields
caleculated from the regression equation: (Table 4) was 0,996 indicating
a very close fit of the regression equation to the actual data.

The analysis of variance for the yield of roots (Table 5) indicated

that only the linear effect was statistically significant.* The lack of

*The term "significent" will be used to denote statistical significance
at the 5% level. The term "highly significant" will be used to denote
statistical significance at the 1% level.



Table 4.

Observed yield of beet roots (Ib.
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fresh weight per

plot) as affected by various levels of N, P, K, Mg
ted

and Na.

from the regression equation are

Yields for the same treatments

of actual yields with calculated yield

given. Correlation
was 0,996,

Treatment level Actual yield Calculated yield
N P K Mg Na 1b. per plot 1b. per plot
2 2 2 2 4 94.5 92.1
4 2 2 2 2 56.5 59.4
2 4 2 2 2 46,0 45.1
4 4 2 2 4 113.0 114.7
2 2 4 2 2 70.0 67.1
4 2 4 2 4 106.0 105.7
2 4 4 2 4 94.0 89.9
4 4 4 2 2 100.5 102.2
2 2 2 4 2 97.5 94.5
4 2 2 4 4 110.0 109.6
2 4 2 4 4 67.5 63.3
4 4 2 4 2 107.0 106.4
2 2 4 4 4 80.5 73.4
4 2 4 4 2 103.0 100.4
2 4 4 4 2 93.0 86.5
4 4 4 4 4 103.5 99.7
5 3 3 3 3 125.5 122.7
1 3 3 3 3 67.0 77.4
3 5§ 3 3 3 87.5 92.9
3 1 3 3 3 90.0 92.7
3 3 5§ 3 3 68.5 78.0
3 3 1 3 3 70,0 68.7
3 3 3 5 3 89.0 98.7
3 3 3 1 3 85.5 83.9
3 3 3 3 5 89.0 94.0
3 3 3 3 1 68.0 71.1
3 3 3 3 3 94.0 87.5
3 3 3 3 3 90.5 87.5
3 3 3 3 3 75.0 87.5
3 3 3 3 3 88.5 87.5
3 3 3 3 3 83.5 87.5
3 3 3 3 3 101.5

87.5
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Table 5. Analysis of variance for yield

of beet roots (1b. fresh wt. per plot).

Source d. f. 8. 8. M. S. F value

Linear effect 5 4336.2 867.23 10.56 #

Quadratic effect 15 4081.3 272.08 3.32

Lack of fit 6 679.5 113.26 1.38

Experimental error 5 409.8 81.96 -
Total 3 9506.8

% Significant at odds of 19:1
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fit term was not significant suggesting no need for applying a cubic or
higher order regression equation.

Study of the regression coefficients (b) and their standerd er-
rors (8,) (Table 6) indicated that the direct effects of N and Na were
gignificant, whereas among quadratic effects only the Mg-Na interaction
was highly significant. All elements studied gave a positive effect on
the root tonnage. Nitrogen gave the highest increase followed by la, K,
and Mg, whereas P gave the lowest. response. The regression equation for
interaction effects indicated that the N-P, N-Mg, N-Na, and P-K inter-
actions were positive in sign which indicated that an increase in ocne of
the elements increased the requirement for the other (antagonistic effect).
The following interactions were found to be negative N-K, P-Mg, P-Na,
K-Mg, K-Na and Mg-Na. This revealed that an increase in the supply of
one element decreased the requirement for the other (complementary effect).

The high response of beet tonnage to N application was not sur-
prising as the soil analysis indicated that the N supply of the soil was
not high, and this was in agreement with the results obtained by many
workers, (72, 10, 84) that when Nlﬁupply is low the application of N
will significantly increase the beet tohnage. The positive N-P inter-
action revealed that the response of beet tonnage to N or P application
was greater as the supply of the other element increased. The results of
Tolman and Johnson (84), and Alexander et al. (4) were in agreement with
this finding. The interaction of N‘wifh Na and Mg revealed the presence
of antagonistic relationships, whereas the N-K interaction was comple-
mentaiy in éffgot.
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Table 6. Regression coefficients (b) and their standard errors
) for yield of beet roots (1b. fresh weight per

plot).

Coefficient b 8
s bo + 87.49 + 3.61
# b + 11.35+ + 1.58
P b, + 0.06 "
K b, + 2,32 "
Mg by + 3.69 "
Na bs + 5.73" n
N by + 3.14 + 1.67
p b,, + 1.33 n
K* by - 3.54 "
ch LW + 0.95 "
Na bss - 1.23 "
N-P by, + 5,66 + 2,26
N-K by - 0.34 .
N-¥g s + 0.84 "
N-Na b g + 2,22 "
P-K bza' + 3.53 "
P-lg h“ . - 2.9 "
P-Na L - 2,03 n
K-dg L - 3.91 "
K~Na big - 3.78 1 n
Mg-Na bys - 10,84 ** n

*Significant at odds of 19:1
**Significant at odds of 99:1
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The slight response of beets-tonnage to P application could be
accounted for by the presence of a relatively high level of available P
in the soil (Table 3). The regression coefficient for K was positive
in sign and the magnitude was less than for N, Na, and Mg but higher than
for P. However, the response to K was counteracted by the negative sign
of the regression coefficient of the K2 term and the overall effect of
K was to increase the yield slightly. It will be noted that although the
soil was high in available K, 1550 lb. per acre, there was still a slight
response to the application of K, which suggested that K is highly needed
for sugar beet production and that even under conditions where the
absolute amount of available K is high, the uptake of K by plants may be
checked by the high percentage of Ca saturation in calcareous soils.

The effect of the K-N interaction was negative whereas the K-P interaction
was positive. The relationships of K with the other cations Mg and Na
were found to be complementary.

The Mg effect on increasing the root tonnage was third in magnitude
among the elements. The Mg-N interaction was found to be antagonistic
whereas the Mg interaction with Na and K was complementary.

Sodium gave a significant increase in yield tonnage. The inter-
action of Na with N was found to be positive which suggested that for
maximum response to N, an adequate supply of Na was required. The re-
sults obtained by some workers (60,94), which showed that sodium nitrate
was the best carrier for N fertilizatian. might be explained by this

antagonistic interrelationship between N and Na. Interactions of Na
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with other elements were negative and the Na-Mg interaction was highly
significant. The complementary interrelationship found for the Na-K
interaction emphasized the hypothesis that Na can partially substitute

for K in sugar beet fertilization (44).

Yield of Tops

The corrélation coefficient between actual yield of beet tops
and yields calculated from the regression equation (Table 7) was 0.912
indicating a close fit of the regression equation to the actual data.

The analysis of variance for beet tops (Table 8) indicated highly
significant linear effects, whereas the gquadratic effects were non-
gignificant. The lack of fit term was highly significant which suggested
the need for applying a cubic or higher order eguation to specify the
interaction clearly.

Examination of the regression coefficients (b) and their standard
errors (Sb) (Table 9) indicated that the effects of N, Ha,'NZ, and N-P
were highly significgnt and N-la, P-Na, and Mg-Na were significant.
Nitrogen gave the highest increase of beet tops followed by Na, whereas
P only slightly increased the yield of tops. On the other hand Mg and
K slightly decreased the yield of topa; imong the guadratic effects N-F,
N-Mg, N-Na, P-Mg, and P-Na proved to have antagonistic relationships
whereas N-K, P-K, K-Mg, K-Na, and Mg-Ha were cdmplementary. As it was
found by many workers (36) N increased the top growth and K and P only
slightly affected the yield. Nitrogen and Na as studied each one alone
or in combination affected both yield of roots and of tops similarly.
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Table 7. Observed yield of beet tops (Ib. greem weight per plot).
as affected by various levels of N, P, K, Mg and Na
Yields of the same treatments calculated from the
regression equation are given. Correlation of actual
yields with ¢alculated yields was 0.912.

Treatment levels Actual Calculated
N P K Mg Na yield yield
2 2 2 2 4 20.5 19.1
4 2 2 2 2 15.0 16.0
2 4 2 2 2 7.5 9.4
4 4 2 2 4 41.0 42.4
2 2 4 2 2 25.0 24.7
4 2 4 2 4 24.5 24.7
2 4 4 2 4 18.5 16.7
4 4 4 2 2 17.5 18.1
2 2 2 4 2 23.5 20.5
4 2 2 4 4 20.5 22.5
2 4 2 4 4 14.0 13.9
4 4 2 4 2 27.5 25,3
2 2 4 4 4 14.5 15.1
4 2 4 4 2 22.0 20.6
2 4 4 4 2 17.5 14.1
4 4 4 4 4 27.5 29.1
3 3 3 3 3 37.0 35.3
i3 3 3 3 14.5 18.7
3 §$ 3 3 3 14.0 16.4
3 13 3% 3 16.0 15.9
3 35 3 3 13.0 13.9
3 313 3 12.5 14.0
3 3 3 § 3 18.0 19.9
3 33 & 3 20.5 19.9
3 3 3 3 § 26.8 25.4
3 3 33 1 12.5 16.4
3 3'3 3 3 20.5 16.9
3 3 3 3 3 16.5 16.9
3 3 3 F 3 17.0 16.9
3 3 3 3 3 14.0 16.9
3 3 3 3 3 15.0 16.9
3 33 3 3 20.6 16.9
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Table 8. Analysis of variance for yields of
beet tops (1lb. fresh weight per plot).

Sm. dn f. ISJ S. l‘. S- r “.].ue

Linear effect 5 415.05 83.01 11.04 % *

Quadratic effect 15 440,57 24.37 3.86

Lack of fit 6 643.06 107.18 14.08 * %

Experimental error § 38.04 7.61 -
Total 31 1536.72

# # Significant at odds of 99:1
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Table 9. Regression coefficients (b) and their standard errors
(sp) for yield of beet tops (1b. green weight per plot).

Coefficient b S
Mean b, + 16,858 + 0,113
N by + 4046 ** + 0.563
P bz + 0,062 ]
K b, - 0,062 "
Mg b, - 0,312 "
Na bs + 2,254 ** n
l: b + 2,540 %% + 0,510
P b - 0,147 "
'y b, - 0.710 "
st b + 0,915 "
Na’ b“ + 1,015 "

55 ’
N-P b, + 3.504%x + 0,687
N-K bn - 1.406 n
N-Mg 514 + 0,009 "
N-Na bls + 2,344 * n
P-K b, - 0,956 "
P-Mg b,, + 0.406 "
P-Na b, + 2,281 * "
K-dMg b, - 0,344 n
K-Na bas - 1.219 "
Mg-Na b,s - 2,219 % "

#Significant at odds of 19:1
**significant at odds of 99:1
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In both cases the relationship betwsen N and Na was found to be anta-
gonistic and suggested that Na must have some role in increasing the
effect of N fertilization. The same antagonistic relationships was
found in both root and tops growth for the following elements, P-K,
P-Mg and P-N. Among cations and for both roots and tops growth a

similar complementary relationship existed.

Bucrose Percentage

The correlation coefficient between the actual sucrose percent-
ages and those calculated from the regression equation (Table 10) was
0.901 indicating a close fit of the regression equation to the actual
data.

The analysis of variance (Table 11) indicated that linear and
quadratic effects were non-significant. The lack of fit was also non-
gignificant. Examinatiﬁn of the individual regression coefficients
(b) and their standard errors (Sb) (Table 12) indicated that only the
N-P interaction was significant. Nitrogen in addition to'K, Mg, and
Na decreased the percentage of sucrose whereas P slightly increased
it. The effect of N was in agreement with the results obtained by
other warkers (35, 36, 76). The individual effect of Na was similar
to that of N, however, the positive sign of the N-Na interaction sug-
gested that Na is needed to counterbalance the depression effect of N
on percentage of sucrose. The sign of the N-P interaction was also
positive indicating that inoreasing P supply may also tend to alleviate

the depression effect of N on percentage of sucrose.
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Table 10. Observed percent sucrose (fresh weight basis) as
affected by various levels of N, P, K, Mg, and Na.
Yields for the same treatments calculated from the
regression equation are given. Correlation of actual
yields with calculated yields was 0.901.

Treatment level Actual Percentage Calculated

P K Mg Na of sucrose percentage

of sucrose.
s 2 3 3 4 17.9 20.4
4 2 2 2 2 22,5 19.7
2 4 2 2 2 23.2 21;1
4 4 2 2 4 17.5 19.3
2 2 4 2 2 21.0 22.5
4 2 4 2 4 21.1 19.2
2 4 4 2 4 20.4 19.2
4 4 4 2 2 20.8 21.9
2 2 2 4 2 20.2 22.3
2 4 2 4 4 19.8 19.0
4 4 2 4 2 20.2 21.9
2 2 4 4 4 17.5 20.4
4 2 4 4 2 19.6 17.3
2 4 4 4 2 21.8 19.9
4 4 4 4 4 19.9 21.2
2 3 3 2 3 16.3 17.5
2 3 3 3 3 20.0 18.5
35 3 3 3 21.0 20.9
3 32 3 3 3 20.6 20.4
33 § 3 3 21.0 21.2
3 3 1 3 3 21.7 21.3
3 3 3 8 3 19.9 20.3
J & .3 3 3 21.0 20.4
3 3 3 3 5 22.7 21.0
.3 33 1 21.4 22.8
3 3 & 3 3 20,8 20.6
s 8 33 3 19.2 20.6
J 3 3 3 3 21.3 20.6
3 3 3 3 3 21.0 20.6
3R -3 B 3 22.1 20.6
3 3 3 3 3 18.7 20.6
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Table 11. Analysis of variance for percentage
of sucrose (fresh weight basis).

Source d. f. S. 8. M. S. F value
Linear effect s 6.95 1.390 0.82
Quadratic effect 15 59.19 3.946 2.33
lack of fit 6 1.59 0.260 0.153
Experimental error 5 8.47 1.69%4

Total 3l 76.20
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Table 12. Ro;ression coefficients(b) and their standard
':i) for pereant sucrose in beet roots.
(fresh ght basis).

Coefficient b by
Mean bo + 20,60 + 0.53
N by - 0.25 + 0.25
P bz + 0.12 ¥ 0.26
K by - 0,01 "
g b, - 0.03 "
Na bs - 0.45 "
N b1 - 0.64 n
Pz bzz + 0.02 + 0,24
‘2 b33 + 0.16 "
ulz L - 0.07 "
Na? bss + 0.33 "
N-P by2 + 0,94 * + 0.32
N—K b3 - 0.01 "
N-dg byy + 0,17 "
N-Na bys + 0.48 "
P=K byy | + 0.33 "
P-dg b24 + 0.21 n
P-Na bys - 0,21 "
K-¥g b3y - 0.33 n
K-Na bys +0.31 "
Mg-Na bys + 0,48 "

* Significant at odds of 19:1
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Yield of Sugar

The correlation coefficient between actual yield of sugar and
yield calculated from the regression equation (Table 13) was 0.984 in-
dicating a close fit of the regression equation to the actual data.

The analysis of variance for yield of sugar (Table 14) indicated
that both linear and quadratic effects were highly significant. The
lack of fit term was significant suggesting the possible need for using
a cubic or higher order equation.

Examination of the regression coefficients (Table 15) indicated
that the following coefficients were highly significant, N, Na, P-K, K-
Mg, and Mg-Na whereas the following coefficients were significant K,
Mg, X¥°, N-Na, P-Na and K-Na. As with the yield of roots the linear
effects were found to be positive for all the elements studied. The
interaction relationship between elements for yield of sugar were also
found to be in agreemerit in sign with the felationships for yield of

-roots.

Effect of Nitrogen

Examination of the effect of 5 levels of N on the yield of sugar
(Fig. 1) as affected by 5 levels of P (other elements were kept constant
at the 3 level) indicated that the response to applied N was considerably
greater with increasing P levels (complementary relationship).

The interaction of N-K on the yield of sugar (Fig. 1) indicated

that the response to N was not appreciably affected by the K supply.
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Table 13. Observed yield of sugar (1b. per plot) as affected
by various levels of N, P, K, Mg, and Na.Yields for
the same treatments calculated from the regression
equation are given. Correlation of the actual yields
with calculated yields was 0.984.

Treatment level Actual Calculated
N P K Mg Na Yield Yield
2 2 2 2 4 16.9 17.6
4 2 2 2 2 12.7 12.6
2 4 2 2 2 10.7 10.8
4 4 2 2 4 19.8 20.2
2 2 4 2 2 14,7 14.2
4 2 4 2 4 22.4 22.5
2 4 4 2 4 19.2 19.1
4 4 4 2 2 20.9 20,0
2 2 2 4 2 19.7 19.1
4 2 2 4 4 23.9 23.7
2 4 2 4 4 13.4 13.5
4 4 2 4 2 21.6 20.8
2 2 4 4 4 14.1 14.0
4 2 4 4 2 20.2 18.8
2 4 4 4 2 20.3 23.8
4 4 4 4 4 20.6 19.6
$ 3 3 3 3 20.4 22.0
1 3 3 3 3 13.4 14.4
3 5 3 3 3 18.4 19.1
3 5 & F '3 18.5 18.6
3 383 3 14.4 16.1
3 331 8 3 15.2 14.1
3 3 3 8% 3 17.7 19.3
3 331 3 17.6 16.5
3 333 5 20.2 19.4
333 3 1 14.6 16.0
3 33 3 3 19.6 ) 17.9
3 3 3 3 3 18.4 17.9
3 3 33 3 17.0 17.9
3 3 33 3 18.6 17.9
3 3 3 3 3 18.5 17.9
33 33 3 19.0 17.9




48

Table 14. Analysis of variance for yield

of sugar for sugar beets (1b. per plot).

Some do fc 8. Se H. S. F “1'0

Linear effect S 128.164 25.63 33.1 **

Qlldﬂtic effect 15 142,272 9.49 12.82 %%

Lack of fit 6 28.08 4.68 6.32%

Experimental error 5 3.730 0.74 -
Total 31 302,250

* Significant at odds of 19:1
** Significant at odds of 99:1
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Table 15. Regression coefficients {b) and their standard errors
(l-b) for yield of sugar (1b. per plot).

Coefficient b 8

Mean bo + 17,921 + 0,352
N by + 1,963 ** +.0,176
P bz + 0.011 "
K b, + 0,504 * n
HS b‘ L 0.696* n
Na b, + 0,863 ** n
'z bu - 0.058 + 0,159
2
P b + 0,329 "
2 22
K h:‘3 - 0,583 * n
“‘2 b“ + 0,129 "
2
Na bss + 0,067 "
N-P bn + 0.344 + 0,216
“ bu - 00094 n
N-Mg bu + 0,281 n
N-Na b],S + 0,819 = 1
P-K b:'3 4+ 1,081 %= ' n
P-Mg bu - 0,369 "
PJ‘ hzs - 0.“5* n
K-Mg by, - 1,281 ** "
H‘ b” - 00569* L
Mg-Na bys - 1.819 ** n

o Significant at odds of 1911
Significant at odds of 99:1
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The relationships between N and Mg was found to be antagonistic.
The response to N was increased considerably (Fig. 1) as the Mg supply
was increased.

The N-Na interaction was alsc antagonistie (Fig. 1). Nitrogen
gave only a very slight increase in yield of sugar when the level of
Na was low. As the Na supply increased, the response to N increased
greatly and reached a maximum at the 5Na level. |

The overall response to N as summarized from the previous dis-
cussion indicated that the need for N fertilization in this experiment
was very high. The response to N was considerably increased if P, Mg
and Na were applied individually at high rates (other elements held
constant at the 3 level) whereas K did not seriously affect the res-

ponse to N.

Effect of Phosphorus

Examination of the yield response of suger to 5 levels of P as
affected by the N supply (other elements were held constant at the 3
level) revealed that at low supply of N (Fig. 2) increasing the rate
of P application slightly depressed the yield of sugar. The depression
effect of P was counteracted by inereasing the N supply and at the 5N
level, application of P increased the yield slightly. These resulis ﬁe?e
in agreement with the york of Grunes (30).

The P-K interaction (Fig. 2) indicated an antagonistic relation-
ship. Phosphorus depressed the yield of sugar when K was low, but in-

creased the yield at high levels of K.
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The P-Mg interaction (Fig. 2) was found to be comﬁlemantary in
effect. Phosphorus slightly increased the yield of sugar at low levels
of Mg, whereas at higher levels of Mg application of P depressed the
yield.

The P-Na interaction (Fig. 2) was found to be similar to the P-
Mz interaction indicating the presence of a complementary relationship.
Phosphorus increased the yield when the Na level was low but at high
levels of Na the P application considerably depressed the yield.

As a summary for the overall P effect on the yield of sugar in
regard to other macro elements we may conclude that when all other elements
were at the 3 level, the application of P gave no beneficial effect on
yield of sugar but when N and K levels were individually high, or Na and

Mg were individually low, the application of P was found to be beneficial.

Effect of Potassium

The K-N interaction (other elements held constant at the 3 level)
indicated (Fig. 3) that response to X was not significantly affected by
the N supply. The response to K was slight at all levels of N with the
highest yield at the 3 or 4 level of K.

The response to K as affected by the levels of P (Fige 3) indicated
that K has a depressing effect on the yield of sugar when P is low, whereas
K gave a considerable yield response at higher rates of P.

Potassium gave a large increase in yield of sugar (Fig. 3) when

the supply of Mg was low. The response to K was reduced as the Mg level
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was increased and at high rates of Mg, the yield of sugar tended to
be decreased when K was applied.

The overall effect of K on the yield of sugar as summarized from
the previous discussion revealed that K application did not affect the
yield appreciably when all elements were present at the 3 level., If the
P level individually increased or the Na and Mg levels individually

decreased K application gave a considerable increase in yield of sugar.

Effect of Magnesium

Determination of the effect of 5 levels of Mg as influenced by
the supply of N (other elements heid constant at the 3 level) indicated
(Fig. 4) that Mg failed to increase the yield of sugar‘when the N supply
was low. At the higher levels of N the application of Mg resulted in a
slight increase in yield of sugar.

Study of the Mg effect in regard to the P supply indicated (Fig.
4) that Mg increased the yield of sugar when the level of P was low.

As the supply of P increased the response to Mg was reduced and at the
higher levels of P the application of Mg failed to give any response.

The Mg effects on yield of sugar as influenced by the K supply
(Fig. 4) indicated a complementary relationship. Megnesium highly in-
creased the yield of sugar when the level of K was low. Increasing the
level of X reduced the beneficial effect of Mg, whereas at high level of
K the application of Mg decreased the yield of sugar.

The highly significant Mg-Na interaction (Fig. 4) was similar
to that for the ugu; interaction but higher in magniéuda. This emphasized
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the complementary relationship between the cations Mg, K, and Na.

The previous discussion revealed that Mg failed to increase the
yield of sugar when all elements were added at the 3 level but if the
level of N was high or the level of P, K or Na individually low, the

response to Mg was increased.

Effect of Sodium

When all other elements were kept constant at the 3 level, the
application of five levels of Na (Fig. 5) increased the yield of sugar
as indicated from the positive sign of Na coefficient (Table 15).

The response to Na was significantly affected by the N supply.
Examination of this relationship (Fig. 5) indicated thét Ha depressed
the yield when the N level was low. However, as the N level increased
the response to Na increased and at high N level a considerable increase
in yield of sugar resulted from increasing Na application. This emphasized
the important antagonistic relationship between Na and N.

Study of the response to Na as affected by the P supply (Fige. 5)
revealed a complementary relationship. Response to HQ was obtained only
when the P level was low, On the other hand, with an abundant supply of
P, Na application depressed the yield. .

Examination of the complementary Na-K interaction (Fig. 5)
indicated that response to Na was obtained at lower levels of K. How-
ever, a high level of K resulted in a decrease in yield of sugar with

increasing Na application.
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Response to Na as affected by Mg supply was similar to that of
the complementary intersctions Na-FP and Na-K but was greater in magnitude.

The over-all response to Na as summarized from the previocus dis-
cussion revealed that Na gave some increase in yield of sugar when other
elements were held constant at the 3 level but response to Na was con-
siderably increased at a high N level, or at a low P, K and Mg level.

The previous discussion was restricted to two variable interac-
tions. In order to study certain of the interactions as influenced by
a third variable, the response surfaces determined from the predicted
yields calculated from the regression equation were utilized to il-
lustrate the interactions among three elements at various treatment level

combination in a three dimensional form (Fig. 6-17).

The Na-K interaction as Affected by Mg

The Na-K interaction as affected by 3 levels of Mg was examined
by caleculating the theoretical yields of sugar with the regression. equa-
tion and plotting the response surfaces (Fig. 6) which indicated that at
the 2 Mg level, increasing the K levels considerably increased the yield
when the Na level was low. As the Na supply increesed, K gave less res-
ponse on yield of sugar. On the other hand when K was low Na increased the
yield considerably but as the level of K was increased response to Na was
reduced. Maximum yield of sugar was obtained when K and Na were at about
the 3 and 5 levels respectively, whereas the minimum yield was obtained at
the combination 1K 4 1lNa. At the 3 Mg level, the response to both K and

Va was considerably less and at the 4 Mg level the tendency m for

-
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reduced yield of sugar with inereasing Na or K except that at the low
level of one the other gave a small increase. The indications were that
there was & considerable overlap of function of the 3 cations Va, K,

and Mg. It would appear that the best combination for the maximum yield
of sugar would be a low rate of applied Mg, a medium level of applied

K and & high rate of applied Na. This was true for a goil where the
exchangable Mg, Na, and K would be considered adequate for high yiel&s
of crops. However, the high level of available Ca in this calcareous

goil probably effectively reduced the uptake of the other cations.

The Na-K Interaction as Affected by N

Examination of the response surfaces for yield of sugar as affected
by various levels of Na and K at three levels of N while other elements
were kept constant indicated (Fig. 7) that at the 2N level both Ne and
K increased the yield of sugar most when the level of the other was
low, whereas when both K and Na were high, the field of sugar was
depressed. At the 3N level the same trend was observed. At the 4N level
the response to Na was considerably increased and the réaponse to K was
bt affected. This result revealed that when the N supply was high the
response to Na was much higher than the response to K. All increments
of Na increased the yield whereas only the first three increments of K
increased'the yield. Maxirum field of sugar was obtained when both N

and Na were at high levels and K was.at the 3 level.
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The Na-K Interaction as Affected by P

Examination of the Na-K interaction as affected by 3 levels of
P indicated (Fig. €) that at a low supply of P, response to Na was much
higher than the response to K. However, highest yield was obtained from
the 5Na ¢ 3K treatment. When the supply of P was increased, the response
to Na was reduced while the response to K was considersbly increased.

This resulted from the positive coefficient for the P-K interaction and

the negative coefficient for the P-Na interaction.

The previous discussion revealed that when N and P were at the
3 level response to either Na or K was obtained only when the other
element was low. At a low level of P, the application of Na was bene-
ficial while the response to K was reduced. On the other hand, at a
high level of P, the application of K was beneficial while the response

to Ha was reduced.

The Na-Mg Interaction as Affected by K

The Na-Mg interaction as affected by 3 levels of K was examined
by calculating the theoretical yield of sugar with the regression equa-
tion and plotting the response surfaces (Fig. 9) which indicated that
at all levels of K, either Na or Mg increased the yield of sugar most
when the level of the other was low (complementary relationship). The
yield was decreased if one was increased at a high level of the other.
The response to both Na and Mg tended to be less with increasing levels
of K« These results emphasized the complementary relationships between

the cations Na, K, and Mg.
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The Na-Mg Interaction as Affected by N

Examination of the response surface for yield of sugar as affected
by various levels of N while other elements were held constant at the 3
level indicated (Fig. 10) that both Nz and Mg increased the yield of
suger most when the level of other was low. Increasing the supply of N
to the 4N level resulted in an increase in the responses to Na and Mg
with the Na response increased to a greater extent than the Mg response.
This was related to the higher positive value for the Na-N interaction
regression coefficient (4 0.819) as compared to that for the N-Mg inter-
action (4 0.281),

It has been established that one of the physiological functions
of cations in the plant was their role in neutralizing the inorganic
and organic acids in plants. This relationship suggested that more
cations were needed when the supply of N was increased to balance the
nitrates and organic anions in the plants. The saddle shape for the Na-
Mg interaction response surface suggested that addition of Na or Mg is
more beneficial when the supply of the other is low than addition of
high rates of both elements at the same time. This revealed that there
mist be a critical level for the suﬁ of the cations in the plants. It
wae found that (Fig, 9) the depression from high rates of Na + Mg was
greater when the supply of K was high. The effect of Mg supply on the

Na-K interaction (Fig. 6) also suggested this complementary relationship.

The Na-Mg Interaction as Affected by P

Examination of .the response surfaces for yield of éuger as affected













68

by various levels of lNa and Mg at each of three levels of P while other

elements were held constant at the 3 level indicated (Fig. 11) that the

response to Na and Mg was slightly decreased as the P level was increased.
Tt was also found that at the 4P level, application of high rates of both
Mg and Na considerably depressed the yield whereas at the 2P level, the
depression was less severe. It was concluded that at all levels of P

the highest yield was cbtained when either Mg or Na was applied at a

high rate while the other was low. Increasing the rate of P applica-

tion appeared to give no appreciable inerease in yield of sugar.

The N-Na Interaction as Affected by X

The N-Na interaction as affected by 3 levels of K was examined
by calculating the theoretical yields of sugar with the regression egua-
tion and plotting the response surfaces (Fig. 12) which indicated that at
the 2K level both N and Na failed to increase the yield of sugar appreciab-
ly when one of them was applied at a low level of the other, whereas both
N and Na greatly increased the yield at a high level of the other. The
maximum yield was obtained at the combination 5N-5Na. On increasing the
level of K to the 3K level, the response to N was not affected whereas
response to Na was decressed. At the 4K level, response to both N and

Na was depressed, but the depression effect on Na was more than that for N
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because the regression coefficient for the Na-K interaction was greater
in magnitude (-0.569) that the coefficient for the N-K interaction
(-0.094). It was noted that at the 3K and 4K levels, increasing the rate
of Ne at a low level of N resulted in a decrease in the yield of sugar,
but this depression effect of Na was counteracted by high rates of N ap-
plication and even at the 4K level Na considerably increased the yield

if the supply of N was high.

Under the conditions of this experiment where the available K
was high (Table 3), application of a high rate of K slightly reduced the
maximum yield obtained from the 5N 4 5Na treatment combination (P and Mg
held constant at the 3 level). Response to application of K was obtained

only if the rate of P was high or the rate of Mg was low (Fig. 3).

The N-Ne Interaction as Affected by Mg

Examination of the response surface for yield of sugar as affect-
ed by various levels of N and Na at the 2Mg level indicated (Fig. 13)
that increasing N did not affect the yield at a low level of Na while it
considerably increased the yield of sugar when the level of Na was high.
On the other hand, Na inoreased the yield at all levels of N. As the
Mg level was increased the response to Na was considerably decreased at
all levels of Ne The maximum yield was obtained at the 5N 4+ 5Na treat-
ment.

In general, the yield of sugar was depressed as the Mg level was
increased. This ind:l.cateci that high yields of sugar could be obtained
with a high rate of Na 4 N without Mg. The application of Mg would be

beneficial only if the applied level of P, K, or Na was low (Fig. 4).
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The YN-Na Interaction as Affected by F

Exenination of the response surface for yield of sugar as affect-
ed by various levels of N and Na at three levels of P indicated (Pig. 14)
that P affected the N-Na interaction in about the same way as Mg did
(Fig. 13). At all levels of P, the combination 5N - 5la gave the highest
yield. In general, the response to Na was depressed at higher levels of
P while the response to N was not affected. Increase P tended to dec-
rease the yield of sugar. The application of P would be beneficial only
if the level of K was high. It was indicated (Fig. 2) that at high levels
of K the addition of P considerably increased the yield and this increase

was higher than the yield depression resulting from the P-Na interaction.

The K-P Interaction as Affected Na

The effect of 3 levels of Na on the response surfaces for yield
of sugar as affected by the E-P interaction (Mg and N were constant at
the 3 level) indicated (Fig. 15) that at all levels of Na, response %o
P oy I woe cbisined crly if the level of the other element was high
(antagonistic relationship). At the 2Na level maximum yield was obtein-
ed at the 5K - 5P treatment. As the level of Na was increased response
to K was greatly reduced and the depression effect of F was increased
and maximum yield of sugar was obtained at the 1K - 1F combination.
Thie revealed that Na application to sugar beet decreased the need for
both P and K fertilization. The combination of low K - P together with
a high Na level gave about the same yield of sugar as o‘btaiﬁed at the

P

high K - P corbination together with a low Na level.

The P-K Interaction as Affected by Mg
Branination of the effect of 3 levels of Mg on the P-K interaction

(]
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(Fig. 16) was found to be similar to the effect of la (Fig. 15) indicat-
ing that response to K and P was reduced as the Mg level was increased.
Yhen the Mg supply was low maximum yield of sugar was obtained at the

5K - 5P combination whereas with a high Mg supply the same yield of sugar
was obtained st the 1K - 1P combination suggesting that a high rate of

Mg application reduced the need for P and K.

The P-K Interaction as Affected by N.

Increasing N (Fig. 17) tended to result in a slightly higher
response to increasing P and in a slightly lower response to increasing
K. In general, the yield of sugar tended to go up wii_;h increasing N.
This emphasized the need for a hig"h rate of N under the conditions of

this experiment.

Optimum Rates for Maximum Yield of Sugar

The ultimate purpose of any fertilizer experiment is to predict
the optimum economic rates of fertilizer application. The use of the
regression equation in this experiment provides a good tool for predict-
ing the possible yields obtained from various combinations of the macro-
mutrients studied. However, from the practical point of view, it is
not possible to test all the possible combinations because within the
scope of the experiment there were an infiﬁita number of combinations.

Examination of the interaoﬁon data indicated that high rates of
N and Na and low 'rateé of Mg and P would result in the probable highest
yield, It was also indicated that a medium level of K tended to be best.
By trial and error method of aubsfitut;l.ng various selected combination of
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mitrients intc the regression equation the combination for optimum yield
of sugar was obtained, The trials were limited to the limits of the
extreme rates of variables used in the actual experiment (1 and 5) be-
cause the predictions are increasingly less accurate the further the
variables were away from the center 3 level. So even though it was in-
dicated that N and Na were etill increasing the yeild beyond the 5 level,
the increase in yield beyond that point would not be economically feas-
ible, Also, at the very high rates above the 5 level, the fotal salt
effect of the fertilizers would eventually affect plant growth,

Solving the regression equation for the combination 5N, Py 3K;
1Mg, and 5Na, resulted in e theoretical yield of 33.l lb. of sugar per
plot and this was considered to be close to the maximum possible yield
within the rates used since changing any of the elements resulted in a
decrease in yield. This would be a yield of about 8.3 tons of sugar
per acre or about 40 tons of beets per acre. From the economic point
of view and using local prices for sugar beets and nitrogen fertilizer
the last inorement of nitrogen would not pay for itself, It was found
that the N level could be reduced to the 4.5 level with only sbout a lbe
per plot reduction in sugar yields The 5 level of N was 544 1b./acre
while the 4.5 level was 331 lb., a reduction of 213 1lb. N/acre. A4lso,
it was found that K could be reduced from the 3 to about the 2 level

with only a very slight decrease in yield. Since
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the 1 level of Mg and P205 were only 10 1b./acre, dropping the levels
to 0 would result in only & slight difference in yield: Therefore, it
was concluded that under the condition of this experiment the following
combination of fertilizers would give the highest economic yield of
sugar beets: '

445 N or about 330 lb./acre (37.5 kg./dunum)

0 ons

2 Kzo or about 30 lb./acre (3.4 kg./dunum)

0 Mg

5 Na or about 540 lb./acre (6l.4 kg./dunum).

Nitrogen Concentration of Beets Tops

The correlation coefficient between observed N concentrations of
beets tops and N concentrations calculated from the regression equation
(Table 16) was 0.927 indicating a close fit of the regression equation
to the observed data.

The analyeis of variance for N content of beets tops (Table
17) indicated that enly the quadratic effect was significant. The lack
of fit term was not significant suggesting that there was no need to
use a cubie or higher order equation,

The determination of the regressioxi coefficients (b) and their stan-
dard errors (S.b) indicated (Table 18) that the linear effect of P (pos-
itive) wes highly significant. Among the quadratic coefficients, only the
N-Na interaction (negative) was highly significant, whereas the N-P (pos-
itive), P-Mg (positive), K-Mg (negative) and Mg-Na (nagative;) interactions
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Table 16. Observed N concentration of beet tops (percent dry
weight) as affected by various levels of N, P, K,
Mg and Na. Nitrogen concentrations for the same
treatments calculated from the regression equation
are given. Correlation of actual N concentrations
with calculated N concentrations was 0.927.

WULWUWLWLLLWLWWWLWFGOAERN A NENENENENDENEN
U WWRRWWWLWWWFOWWRRENNEENNDERANNDERNN

Treatment levels Actual N Calculated
K Mg Na concentration N concentration
percent percent

2 2 4 3.42 3.31
2 2 2 2,88 2.8
R 3 2 2.56 2.53
2 2 4 3.00 2,92
4 3 2 2,88 2.95
4 2 4 2,82 2,84
4 2 4 2.32 3.32
4 2 2 3.08 3.17
2 4 2 3.00 2.87
2 4 4 2.69 2.51
2 4 4 3.54 3.37
2 4 2 3.54 3.43
4 4 4 3.91 2.86
4 4 2 2.85 2.89
4 4 2 2.85 2.88
4 4 4 2.88 2.85
3 3 3 2.61 2.66
3 3 3 2.69 2.81
33 3 3.07 3.15
R A 2.72 2.81
$ 3 3 2.89 3.03
s & 3 2.99 3.03
3 8§ 3 2,69 2,92
3. 3 3 3 2.99
33 B 2,9 3.14
© g% Ak 3.10 3.14
3 '3 "3 2.94 2.92
3 3 3 2,91 2,92
2 3 3 2,97 2,92
4 3 3 3,13 2,92
8 3 '3 2.78 2,92
283 2,% 2.92
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Table 17. Analysis of variance for N concentration

of beet tops (percent of dry weight)

m‘ do f. Se s. M. 3. F n].ne
Linear effect 5 0.2576 0,0515 4,02
Quadratic effect 15 1.1640 0.0776 6.,06%
Lack of fit 6 0.2816 0,0469 3.64
Experimental error | 0.0634 0.0128

Total 31 1.7666

» Significant at odds of 19:1
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Table 18. Regression coefficients (b) and their standard
errors (s,) for N concentration of beet tops

(percent weight).

Coefficient b 8y
Mean b 2.9160 + 1,216
N bl - 0.0375 + 0,0230
P b, + 0.0842 * "
K bs - 0,0008 "
Hg b, - 0,0167 n
Na hs + 0,0233 "
N v, - 0.0444 + 0,0210
p* b,, + 0,0168 "
‘2 533 + 0,0281 "
Mg’ by + 0,0093 "
Na’ bes + 0.0443 n
N-P b, + 0.0750 + 0,0283
N-K bn + 0,0050 "
N-Mg b, + 0,0037 "
N-Na bg - 0,1787 ** "
P-K bn + 0.0012 "
P-dg b,, + 0,0875 " "
P-Na by + 0,0300 "
K-dg b, - 0,0825% n
K-Na bys - 0.0250 _ "
Mg-Na 1'4.'; - 0.0862 * "
* Significant at odds of 19:1

** Significant at odds of 99:1



were significant.

The relationship determined between yield of sugar and leaf
concentration of ¥ as affected by various levels of applied N at each
of five levels of Na (Fig. 18) indicated that the N concentration increased
with N application at a low levels of Na. However, at high Na levels,
the N concentration tended to decresse with increasing N application,
at the 1Na level considerable increase of the N content resulted in a
slight increase of the yield of sugar (lwmury consumption), but yield
was considerably increased along with N content at the 2Na and 3Na level.
Further increments of Na (4 and 5 levels) resulted in considerable
increaserof yield with decreasing W concentration. -When N was held
constant (Fig. 19) increasing Na application considerably increased the
N concentration at low levels of N, but at high levels of N the Na
applicaetion depressed the concentration of N. The yield of sugar
decreased with increasing Na levels at the 1N level, and was not af-
fected at the 2N level where;s at the 3N level both N content and yield
of sugar were slightly increased with increasing Na application. On
- the other hand, at the higher N levels, the yield of sugar was increased
considerably along with decreasing N concentration. These results
indicated that there was a close functional relationship between Na and
N in regard to sugar production. This relationship suggested that high
yield of sugar could be oﬁtained when both Nh and N were applied at a
high rate, but if either N or Ne was at the low lavgl while the other

element was increased there was an excess consumption of N without an





















87

inorease in yield. When either N or Na was at the high level, increasing
the level of the other depressed the N content and considerably increased
the yield of sugar.

Examination of the relationship between yield of sugar and N
content as influenced by the Na-Mg interaction (Fige 20 and 21) suggest-
ed. that high N concentration of beets resulted if either Na or Mg was
high and the other was low, When both Mg and Na were high or low the
N content was low. In all cases, the high yield of sugar tended to
occur at an N concentration between 3 and 3.5 percent:

Examination of the N content and yield of sugar as affected by
the Mg-K interaction (Fig. 22 and 23) indicated that high yield and N
concentration resulted if either Mg or K was high while the other element
was low. When both elements were high or low, the N concentration and
yield were lows In general, the yield of sugar was positively correlated
with the N concentration of beet tops. A critical level of about 3.0
percent of total N was observed (Fig. 23), Below this leveél , a consider-
able inorease in yield was associated with increasing N concentration,
and above this level, only a élig:ht increase or a reduction in yield was
obtained with increasing N concentration.

Study of the N concentration of beet tops and yield of sugar
interrelationship as influenced by the Mg-P interaction revealed that
when P was held constant, the application of Mg resulted in a reduction
of the N concentration while the 'y.fiald of sugar was increased (Fig. 24).

 less reduction in N content and gain in yield of sugar was obtained as
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the P level was increased to the 3 level, At the higher levels of P,
inereasing Mg application decreased the N concentration while the yield
of sugar was not seriously affecteds When the level of Mg was held
constant (Fig. 25), increasing the P rates at the 1Mg level resulted in
a slight reduction of the N concentration and a slight increase in yield.
As the Mg level was increased, increaéing the P application resulted in
increased N concentration while the yield was only slightly affected.

In general, the tendency was for yield of sugar to be negatively cor-
related with N content at both the high and low levels of Mg. No de-

finite ocritical level of total N concentration was observed.

Phosphorus Concentration of Beets Tops

The correlation coefficient between observed P concentration
(percentage dry weight) of beets tops and the P concentration calculated
from the regression equation (Table 19) was 0,413 an incomplete fit
of the regression equation to the observed data.

The analysis of variance for P concentration (Table 20) indi-
cated that the linear effect was highly significant while the quadratic
effect was significant at the 5% levels The lack of fit term was not
significant indicating that there was no need to use a higher order
equationes |

Determination of‘the regression coeificients (Table 21) indicated
that among the linear effocte.‘tho P (positive), Mg (negafive) and Na
(negative) were highly significant whereas among quadratic effects the

Mg-K interaction (negative) was significant.












Table 19.
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Observed P concentration of beet tops (percent dry
weight) as affected by various levels of N, P, K,
Mg and Na. Phosphorus concentrations for the same
treatments calculated from the regression equation
are given. Correlation of actual P concentration
with calculated P concentration was 0.413.

Treatment levels Actual P Congentration Calculated P
N P K Mg Na per cent concentration
per cent
2 2 2 2 4 0.233 0.150
4 2 2 2 2 0.240 0.265
2 4 2 2 2 0.261 0.293
4 4 2 2 4 0.233 0,169
2 2 4 2 2 0.233 0.273
4 2 4 2 4 0.173 0.116
2 4 4 2 4 0.245 0.195
4 4 4 2 2 0.267 0.325
2 2 2 4 2 0.228 0.254
4 2 2 4 4 0.174 0.105
2 4 2 4 4 0.248 0.186
4 4 2 4 2 0.251 0;295
2 2 4 4 4 0.154 0.099
4 2 4 4 2 0.100 0.152
2 4 4 4 2 0.169 0.227
4 4 4 4 4 0.174 0.138
5§ 33 3 3 0,170 0.176
13 3 3 3 0.175 0.204
3 §3 3 3 0.328 0,320
3 13 3 3 0,175 0.217
3 38 %5 3 3 0.174 0.151
3 313 3 0.141 0.199
3 33 85 3 0.121 0.124
3 3 33 § .169 0.077
3 3 3 3 1 8. 1 0.808
3 33 3 3 0.177 0.181
3 3 3 3 3 0.173 0.181
3 3 3 3 3 0.174 0.181
3 33 3 3 0.208 0,181
3 3 38 3 3 0.125 0.181
3 3 3 3 3 0.173 0.181




Table 2D. Analysis of variance for P concentration
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of beet tops (percent dry weight).

Source d. £. S. S. M. S. F value
Linear effect 5 0.0384 0.00768 21.33330
Quadratic effect 15 0.0296 0.00197 5.47220 "
Lack of fit 6 0.0001 0.00001 0.000003
Experimental error 5 0.0018 0.00036

Total 31 0.0699

% Significant at odds of 19:1
#% Significant at odds of 99:1
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Table 21. Regression coefficients (b) and their standard
errors (s, ) for P concentration of beet tops

(percent weight),

Coefficient b 5

Hean by 0.1808 + 0,075
N by - 0,0070 + 0.0038
P bz + 00,0258 ** "

X by ~ 0,0120 "
Mg b, - 0,0206 ** "
Na b, - 0,0579 ** "

W by + 0,002 + 0.0035
": b,, + 0.0220 "o
K b, - 0.0015 "
Hg? by, - 0.0039 "
Na® by, + 0.0029 n
N-P b, + 0,0102 + 0,0047
N-K b3 - 0,0009 "
N-dig b4 - 0,0026 "
N-Na 515 - 0,0058 n
P-K "z; + O.M "
P-Mg b, + 0,0037 "
P-Na bzs + 0.,0012 »
K-dMg b, - 0.0159 * "
K~Na b” + 0.0043 "
Mg-Na bss + 9.0074 "

*Significant at odds of 191

**significant at odds of 99:1
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The relationship between yield of sugar arnd P concentration
as affected by various levels of applied Mg at e;mh of five levels of
K (Fig. 26) indicated that the P concentration of beel tops increased
slightly with increesing Mg application at the 1K level but decreased
with Mg application at the higher K levels. Increasing Mg applica-
tion increased the yield considerably at low levels of K while at high
levels of K the yield of suger was decreased indicating the comple-
mentary relationship between K and Mg. When the Mg level was held con-
stant (Fig. 27) the P concentration tended to be increased with increas-
ing K application at low Mg levels whereas at the higher levels of Mg,
the P concentration was considerably decressed with .increasing ¥ appli-
cation. The yield of sugar was increased by increasing K at low level
of Mg while at high Mg levels the yield of sugar was decreased. The
high concentration of P was associated with the highest yields. A
eritical level was observed (Fig. 27) and its magnitude was determined
by the Mg level ranging from 0.15 at the high Mg level to 0.25 at the
low Mg level suggesting that with a low supply of Mg more P consumption
is needed to give maximum yield of sugar while with a high Mg supply
less P concentration is needed for maximum yields of sugar.

Study of the reiationship between yield of sugar and P concentra-
tion of leaves  as affected by the P-N interaction (Fig. 28) indicated
that when the P supply v}as held constant, the P concentration was decreased
with ¥ appiieation at the low P levels while at high F levels the P con-

c'ent:t"a.tion wag slightly increased with N application. It was cobserved
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The relationship between yield of sugar and P concentration
as affected by various levels of applied Mg at e-a.ch of five levels of
K (Fig. 26) indicated that the P concentration of beet tops increased
slightly with increasing Mg application at the 1K level but decreased
with Mg application at the higher K levels. Increasing Mg applica-
tion increased the yield considerably at low levels of K while at high
levels of K the yield of sugar was decreased indicating the comple-
mentary relationship between K and Mg. When the Mg level was held con-
stant (Fig. 27) the P concentration tended to be increased with increas-
ing K application at low Mg levels whereas at the higher levels of Mg,
the P concentration was considerably decreased with :-Lnoreasing K appli-
cation. The yield of sugar was increased by increasing K at low level
of Mg while at high Mg levels the yield of sugar was decreased. The
high concentration éi' P was associated with the highest yields. A
critical level was observed (Fig. 27) and its magnitude was determined
by the Mg level ranging from 0.15 at the high Mg level to 0.25 at the
low Mg level suggesting that with a low supply of Mg more P consumption
is needed to give maximum yield ';31‘ gugar while with a high Mg supply
less P concentration is needed for maximum yields of sugar.

- Btudy of the relationship between yield of sugar and P concentra-
tion of leaves: as affected by the P-N interaction (Fig. 28) indicated
that whgn.jthe P supply ia.a ‘held constant, the P éamontrgtien was decrea.so;d_
with N apvlisutianat the low P levels wh:l.l_§ at high._P idfrelq the P con-
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that the yield of sugar was increased with increasing N application at
all levels of P but the increase was greater at the higher P levels,
When the N level was held constant (Fig. 29), the tendency for the

first 2 or 3 increments of P was to depress the P concentration while
further increments of P increased the P concentration. The magnitude >
of the depression was reduced and the increasing effect was more as

the N level was increased. The yield of sugar tended to be depressed

by increasing P applications. No definitg critical level for the P

concentration was observed.

Potassium Concentration of Beet Tops

The correlation coefficient between K concentrations of beet
tops and the K concentrations calculated from the regression equation
(Table 22) was 0849 indicating a close fit of the regression equation
to the observed data.

The analysis of variance for K concentrations of beet leaves

(Table 23) indicated that the linear and quadratic effects were signif-
“icant. The lack of fit term was also significant indicating the pos-
gible need for a higher order equation.

Examination of the regression coefficients for linear and
quadratic effects indicated that the negative N effeect, the positive
Mg® effect, and the negative Mg-K interaction were significant. The
negative Na linear effect was highly significant.'

The relationship between K content and yield of sugar as affected
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Table 22. Observed K concentration of beet tops (percent dry
weight) as affected by various levels of N, P, K,
Mg and Na. Potassium concentrations for the same
treatments calculated from the regression equation
are given. Correlation of actual K concentrations
with calculated K concentrations was 0.849,

WWWWWWWLRWWWWWWHFEOANANANENEANDENAENEN

Treatment levels Actual K Calculated K
P K Mg Na concentration concentration
percent percent

2 2 2 4 4.259 4.280
2 2 2 2 5.670 4.895
4 2 2 2 6.989 6.560
4 2 2 4 5.248 4,768
2 4 2 2 6.990 6.564
2 4 2 4 6.225 5.748
4 4 2 4 6.082 5.952
4 4 2 2 8.469 7.540
2 2 4 2 9.308 9.178
2 2 4 4 5.527 5.342
4 2 4 4 6,000 6.166
4 2 4 2 5.911 5.278
2 4 4 4 4,970 5.138
2 4 4 2 6,048 5.418
4 4 4 2 7.090 6.810
4 4 4 4 4,953 4.480
3 3 8% 3 2.722 4.252
3 33 3 6.187 6.012
5 3 3 3 4.735 5.566
13 3 3 4,760 5.282
3 § 3 3 5.679 6.502
3 3 3 3 5.643 6.170
3 35 3 6.817 7.082
3 31 3 5.519 6.670
3 3 3 5 4.239 4,170
3 33 1 5.303 6.538
3 3 3 3 5.384 5.636
3 33 3 5.197 5.636
3 3 3 3 5.924 5.636
3 3 3 3 6.518 5.636
3 3 3 3 6.710 5.636
3 3 3 3 5.500 5.636
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Table 23. Analysis of variance for K concentration

of beet tops (percent dry weight).

Source d. f. S. S. M. S. F value
Linear effect 5 14.991 2.998 T.67%
Quadratic effect 15 15.740 1.949 4,98 %
Lack of fit 6 13.422 2.237 6.72 "
Experimental error 8 1.954 0.391

‘fotal 31 ‘6.107

# Significant at odds of 19:1
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Table 24. Regression coefficients(b) and their standard
errors (s,) for K concentration of beet tops

(percent dry weight).

Coefficient b %
Mean bg 5.636 + 2.350
. by 0,440 « + 0.127
P b, + 0,071 "
K b3 + 0,083 "
Mg b4 + 0,103 n
Na by - 0,639 »= "
N byy - 0.126 + 0,115
p? by, - 0.053 :
K b, + 0,175 "
5(2 b“ + 0.306 = "
Na? bss - 0.047 "
N-P "12 + 0,030 + 0,156
N-K 13 + 0,298 "
N-Mg bl‘ - 0,389 "
N-Na h15 + 0,308 "
P—K b, + 0.186 "
P-dg b, - 0.346 "
P-Na bzs + 0.054 "
K-Mg b34 - 0,580 * 1"
K-Na R + 0.030 "
Mg-Na bs - 0,038 "

# Significant at odds of 19:1
#+ Significant at odds of 99:1
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by K application at each of five levels of Mg (Fig. 30) revealed that
at low Mg levels yield of sugar and K concentration were increased with
increasing K application, whereas at the high Mg levels the K concentra-
tion and yield tended to be decreased with K application. When the K
level was held constant (Fig. 31), increasing the Mg applications re-
sulted in increasing yield and K concentration at low levels of K and
decreasing yield and K concentration at high levels of K.

Examination of the K content and yield of sugar relationships
as affected by the N-Mg interaction indicated that when the N level was
held constant (Fig. 32) at the 1N and 2N levels, the_l;Jg application
resulted in considerable increase of K content while yield of sugar was
not seriously affected (luxury consumption). At the 3N, 4N and 5N
levels, the yield of sugar was increased and the K corcentration was
decreased with increasing Mg applications. When the supply of Mg was
held constant (Fig. 33) at the 1Mg level, the K oonce:nltration was in-
creased with increasing N application. As the Mg level was increased
the tendency was for N applica‘tipn to decrease the K content. No de-
finite eritical level of K in beet leaves could be established since
high yields of sugar were obtained at K concentrations from 3.5 to 9.5

percent.

Magnesiun Concentration of Beet Tops

The correlation coefficient between the observed Mg concentra-
tions and Mg concentrations calculated from the regression equation
was 04711 (Table 24) indicating a good fit of the regression egquation

to the actual data.
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Table 25, Observed Mg concentration of beet tops (percent dry
weight) as affected by various levels of N, P, K, Mg
and Na. Magmesium concentrations for the same treat-
ments calculated from the regression equation are
given. Correlations of actual Mg concentrations with
calculated Mg concentrations was 0.711.

Treatment Levels Actual Mg Calculated Mg
N P K Mg Na concentrations concentrations
percent percent
2 2 2 2 4 «792 .858
4 2 2 2 2 «885 «905
2 4 2 2 2 «802 «660
4 4 2 2 4 «733 o722
2 2 4 2 2 +640 +536
4 2 4 2 4 +206 234
2 4 4 2 4 «694 «498
4 4 4 2 2 2.267 2.088
2 2 2 4 2 +755 «778
4 2 2 4 4 «574 «552
2 4 2 4 4 «864 »882
4 4 2 4 2 1.078 1.016
2 2 4 4 4 <974 «923
4 2 4 4 2 1.059 1.036
2 4 4 4 2 .981 «932
4 4 4 4 34 1.091 1.074
$ 3 33 3 1.143 1.153
I 3 3 3 3 +645 « 757
3 5 3 3 3 «763 1.023
313 3 3 +706 « 567
3 353 3 <704 +885
3 313 3 +705 «649
3 3 35 3 1.125 1.079
3 3 31 3 §707 .879
3 3 33 5 «682 «533
3 3 3 3 1 «676 «953
3 3 33 3 «741 0.759
3 3 33 3 «886 0.759
3 3 3 3 3 «729 0.759
3 33 3 3 «825 0.759
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The analysis of variance for Mg concentration (Tabie 25)
indicated that both linear and quadratic effects were highly signif-
“icant. The lack of fit term was significant indicating the pos-
gible need for a higher order equation.

Examination of the regression coefficients for Mg cencentra-
tion (Table 26) indicated that the highly significant linear effects
of N, P, and Na were positive, whereas the highly significant quadratic
effects N-P, P-K and Mg-Na were antagonistic, and the highly significant
quadratic effect: N-Na was complementary. The significant linear K
effect was positive and the significant quadratic N-K effect was an-
tagonistic whereas the significant N-Mg, P-Mg, P-N-a and K-Na effects
were complementﬁry.

Determination of the relationship between Mg content and yield
of sugar as affected by ﬁ application at each of five levels of Na
(Fig. 34) indicated that the Mg concentration decreased with N applicea-
tion at low levels of Na and increased with N application at high levels
of Na. The yield of sugar was inoressed with increassing N levels.

The yield of sugar tended to decraaae with Mg concentration below
about 1.0 percent. When the N level was kept constant (Fig. 35) the
Na applications considerably depressed the Mg content at low levels

of N. However, the depression was leaa‘in magnitude as the N level
was increased and at the 5N level, the Mg concentration was slightly
inereased with Na application. The yield of sugar was positively cor-
.related with Mg content at the 1N and the 5N levels but not affected
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Table 25. Analysis of variance for Mg concentration

of beet tops (percent dry weight).

som‘ do fo So So Ho S. F "lne
Linear effect 5 0.957 0.191 23.63 # *
Quadratic effect 15 1.829 0.121 15.05 %
Lack of fit 6 0.378 0.068 7.78 %
Experimental error 5 0.041 0.0081

Total 31 3.205

%* Significant at odds of 19:1
# # Significant at odds of 99:1
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Table 27. Regression coefficients(b) and their standard
errors (s,) for Mg concentration of beet tops

(percent dry weight).

Coefficient b s
- bo 0.759 + 0,037
N b1 + 0,099 *x ’ 0.0216
P h2 + 0,114 ** X "
K b3 + 0,059 * "
Mg h4 + 0,050 "
Na bs - 0,105 *= "
N b + 0,049 » + 0.0166
p? b,y + 0.009 "
K b33 + 0,002 "
“82 h“ + 0,055 # n
“'2 bss - 0,004 "
N-P bys + 0,142 xx + 0.0225
N-X b5 + 0,080 * n
N-dg by, - 0,058 * "
N-Na bys - 0,177 %» "
P-K b, + 0,105 #x "
P-g b,, - 0,083 * "
P-Na b25 - 0,060 * "
K-g LI + 0,015 "
K~Na b” - 0,089 & n
Mg-Na bys + 0,112 xx n

# Significant at odds of 19:1
#*» Significant at odds of 99:1
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at the 2N level, whereas it was negatively correlated with Mg con-
centration at the 3N and 4N levels indicating that probably the Mg
concentration had very little direct effect on yield.

Examination of the relationship between yield of sugar and
Mg concentration as affected by N application at each of five levels
of P (Fig. 36) indicated that N application decreased the Mg concentra-
tion at low P levels while Mg concentration was considerably increased
with increasing VN application at high P levels. When the N level was
held constant, the Mg concentration and yield of sugar (Fig. 37) wexre
decreased with P application at the 1N level. No serious change in
yield of sugar as well as Mg concentration was obsérved at the 2N
level but at the 3N level Mg concentration increased with P application
whereas yield of sugar was slightly reduced at the first 3 increments
of'P and slightly increased at the 4 and 5P levels. It was found that
at hizh levels of N, increasing the P rates resulted in considerable
increase in Mg concentration while the yield of sugar was only slightly
increased indicating that when the N level was high, the application
of P induced a lwmury consumption.of Mg by beet plants.

Study of the yield of sugar in relation to Mg concentration of
leaves as affected by P application at each of five levels of K indicated
(Fige. 38) that at the 1K level, P application resulted in reduction of
both Mg concentration and yield of sugar., At higher levels of K, the
tendency for both yield of sugar and Mg content was to increase with

increasing P application. The effect of 5 levels of P indicated
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(Fig. 39) that at low levels of P, the Mg concentration, as well as
yield of sugar, was depressed with increasing K applications. As the
P level was increased the tendency for K application was to increase
both Mg content and yield of sugar. It was observed that high yields
of sugar (Fig. 38 and 39) were obtained when both P and K were high
or low, whereas the minimum yield was obtained if one element was at the
high rate while the other was low. A high yield of sugar was associated
with high Mg concentration. The critical Mg concentration (Fig. 39)
wag observed to range from 0.6-1.5 percent. The magnitude of this
critical level was increased with the P level indicating that at a
low level of P less Mg was needed whereas at high levels of P more
Mg was needed for maximum yield.

The relationship between yield of sugar and Mg concentration
as affected by the Na-Mg interaction (Fig. 40 and 41) indicated that
high yields of sugar were obtained when either Mg or Na was at the
high level while the other element was kept low. Maximum yield of
sugar was correlated with low Mg concentrations; Increasing e;ther
Mg or Na at a low level of the other depressed the Mg content and the
yield of sugar was increased. On the other hand, increasing one element
at high levels of the other resulted in o depression of the yield of
sugar while the Mg concentration was increased. In all cases a negative

correlation between yield of sugar and Mg concentration was observed.

Sodium Concentration of Beet Tops

The correlation coefficient between actual Na concentrations and

.
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concentrations calculated from the regression equation (Table 27) was 0.814
indicating a close fit of the regression equation with the actual data.

The analysis of variance for Na concentration (Table 28) in-
dicated that both linear and quadratic effects were not significant.

The lack of fit term was not significant indicating no need for a
higher order equation.

Examination of the individual regression coefficients for lla
concentration (Table 29) indicated that none of the coefficients were
statistically significant. All linear effects were positive in sign
with N having the greatest effect followed by Mg and then Na. While
not statistically significant, it seemed desirabie to examine the Mg-Il
and Mg-Na interactions in order to determine the connection between
yield of sugar and Na concentration of beet leaves. Examination of the
relationships between yield of sugar and Na concentration of beet leaves
as affected by the Mg-N interaction indicated that when the N supply
was held constant (Fig. 42), inereasing the Mg levels at the low levels
of W resulted in a luxury Na consumption without any increase in yield
of sugar. As the N level was raised to the 3N level, the Mg application
glightly increased the yield of sugar and considerably increased the
Na concentration. At higher levels of N, Mg application depressed the
NQ concentration and inoreased the yield of sugar. The same tendency
was observed for the effect of N application on Na concentration at
each of five levels of Mg (Fig. 43). The concentration of Na at the

highest yield of sugar decreased from about 4.0 percent at low Mg
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Table 28, Observed Na concentration of beet tops (percent
dry weight) as affected by various levels §f
N, P, K, Mg and Na. Sodium concentrations for
the same treatments calculated from the regression
equation are given. Correlation of actual Na
concentrations with calculated Na concentrations

was 0.814.

Treatment levels Actual Na Calculated
N P K Mg Na concentration concentration

percent percent
2 2 2 2 4 1.374 1.561
4 2 2 2 2 2.655 2.439
2 5% 3 2 2,205 2.151
4 4 2 2 4 3.064 3.002
2 2 4 2 2 1.747 1.514
“4 2 4 2 4 3.366 3.357
2 4 4 2 4 2.063 2.241
4 4 4 2 2 3.534 3.239
2 22 4 2 3.021 2,925
4 2 2 4 4 3.204 3.115
2 4 2 4 4 3.348 3.889
4 4 2 4 2 2.942 2.637
2 2 4 4 4 2,915 2.995
4 2 4 4 2 3,001 3.042
2 4 4 4 2 2.456 2.225
4 4 4 4 4 3.306 3.151
2 ¥ 5 s 3 2.715 3.296
2 3 3 3% 2.401 2.184
g %3 3 3 2.388 2.118
B 3-8 & 3 2.145 1.778
3.3 8 3 23 2,501 2,782
3 3 ) 3 3 . 2,633 2.714
3 3 3 8§ 3 2,728 3.100
* 4 3 3% 3 2,228 2.220
3 3 33 8§ 3.&80 3.480
' 3893 2.089 2.752
3 3 33 3 3.127 2.496
3 83 -3 3 2.119 2,496
3 3 33 3 2,708 2,496
- e e OF Bl 1.583 2,496
3 3 33 3 1.959 2.496
2 383 8% 2.843 _ 2.496
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Table 29. Analysis of variance for Na concentration
of beet tops (percent dry weight).
some do fo s. 3. H. s. ' "1110
Linear effect 5 3.988 0.798 2.267
Quadratic effect 15 4.034 0.268 0.761
Lack of fit 6 0.764 0.127 0.361
Experimental error 5 1.760 0.352
Total 31 10.546
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Table 30. Regression coefficients(b) and their standard
errors (s,) for Na concentration of beet tops

(percent dry weight).

Coefficient b s

b
- by 2,596 + 0.246
a by + 0,278 + 0,120
’ b, + 0,085 "
K b, + 0,017 "
Mg b, + 0.220 "
- b, + 0,182 "
N by + 0,061 + 0,109
P Byy - 0.137 "
K b., + 0,063 "
"‘2 b“ + 0,041 "
Na® bes + 0,155 .
W b.a - 0,080 % 04148
N-K b13 + 0,137 "
Mg big - 0.277 "
N-Na %, + 0,022 "
P-K by3 ~ 0.06% "
P-dg by, - 0.119 n
P-Na b, + 0,019 n
K-Mg b34 - 0,149 "
K-Na h35 + 0,058 "
Mg-Na b‘s' + 0.0§6 "
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levels to about 3.0 percent at the high Mg level indicating that a

balance existed between Mg and Na in the leaves. .
Examination of the Na concentration and yield of sugar relation-

ship as affected by the Mg-Na interaction (Fig. 44) indicated that

increasing the Na rate at a low level of Mg considerably increased the

yield of sugar while the Na concentration was not seriously affected.

At high levels of Mg, the Na application tended to increase the Na

concentration while the yield of sugar was depressed. When the Na

level was kept constant (Fig. 45) the tendency for Mg application at

low level of Na was to increase the yield of sugar without affecting

the Na concentration. However, at high levels of Na, the Mg applica-

tion considerably depressed the yield of sugar while the Na concentra-

tion was increased. In general (Fig. 44 and 45), the yield of sugar

was not definitely related to the Na concentration of the leaves.

Calcium Concentration of Beet Tops

The correlation coefficient between actual Ca concentrations
and Ca concentrations calculated from the regression equation (Table
30) was 0.570 indicating an incdmplete fit of the regression equation
to the actual data.

The analysis of variance for Ca concentration (Table 31) in-
dicated that both linear ﬁnd quadratic effects were not significant.
The lack of fit term was also ﬁot gignificant indicating no need for
higher order equation.

Examination of the regression coefficients (Table 32) indicated
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Table 31. Observed Ca concentration of beet tops (percent dry
weight) as affected by various levels of N, P, K, Mg
and Na. Calcium concentrations for the same treatments
calculated from the regression equation are given.
Correlation of actual Ca concentrations with calculated
Ca concentrations was 0.570.

Treatment levels Actual Ca Calculated Ca
N P K Mg Na concentration concentration
percent percent
2 2 2 2 4 1.54 1.66
4 2 2 2 2 2.02 1.96
2 4 2 2 2 2.00 1.97
4 4 2 2 4 1.36 1.25
2 2 4 2 2 1.52 1.58
4 2 4 2 4 1.62 1.70
2 4 4 2 4 1.00 1.11
4 4 4 2 2 1.83 1.66
2 2 2 4 2 1.83 1.88
4 2 2 4 4 1.47 1.55
2 4 2 4 4 1.43 1.53
4 4 2 4 2 1.38 1.21
2 2 4 4 4 1.58 1.78
4 2 4 4 2 1.64 1.67
2 4 4 4 2 1.38 1.14
4 4 4 4 4 1.26 1.13
§ 33 3 3 1.44 1.35
3 3 3 3 3 1.83 1.53
3 $3 3 3 1.48 1.64
313 3 3 2.49 2.24
3 333 3 1.66 1.53
3 31 3 3 1.69 1.74
3 3 3 5 3 1.47 1.35
3 331 3 1.47 1.50
3 33 3 § 1.50 1.41
3 33 3 1 1.80 1.80
3 33 3 3 1.73 1.76
3 3 % 3 3 2.07 1.76
3 33 3 3 1.56 1.76
3 33 3 3 1.67 1.76
3 3 3 3 3 1.58 1.76
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Table 32. Analysis of variance for Ca concentration
(percent dry weight).
sme do fo 3. 3. M. 3. F '&]ne
Linear effect 5 0.92 0.1840 4.18
Quadratic effect 15 1.00 0.0667 1.51
Experimental error 5 0.22 0.0440
Total 31 2.65
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Table 33. Regression coefficients (b) and their standard
errors (s,) for Ca concentration of beet tops

(percent dry weight).

Coefficient b Sy
Mean b, 1.765 + 0,087
N hl - 0,045 + 0,043
P by - 0.150 * "

K b, - 0,052 "
Mg b, - 0.038 "
Na be - 0,097 "
N byy - 0.080 + 0,039
l’2 bzz + 0,045 "
‘1 b33 - 0,032 "
ng h“ - 0.084 n
Na? by, - 0.039 "
N-P b, - 0,042 + 0.052
N-K b.s + 0,090 "
N-¥g bis - 0,077 "
N-Na b5 # 0,001 "
P-K b,, - 0,012 "
P-dg by, - 0,035 "
P-Na b,s - 0,046 "
K-Mg b, + 0,044 "
K-Na b.g + 0,032 "
Mg-Na b,s + 0,085 "

* Significant at odds of 19:1

B
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Table 33. Regression coefficients (b) and their standard
errors (s,) for Ca concentration of beet tops

(Perc‘nt d.rr wight).

Coefficient b S
Mean b, 1.765 + 0,087
N b, - 0.045 + 0,043
P b, - 0,150 * n
K by - 0,052 "
Mg b, - 0.038 "
Na b, - 0,097 "

Nz by - 0,080 + 0,039
P bzz + 0,045 "
‘2 bys - 0.032 "
Mg’ LW - 0.084 "
Na® b - 0.039 n
N-P b, - 0,042 + 0,052
N-K h1.3 + 0,090 n
N=g by - 0,077 "
N-Na b5 ' + 0,001 "
P-K bzs - 0,012 "
P-g by - 0.035 "
P-Na hzs - 0.046 "
K-¥g b, + 0,044 "
K-Na b35 + 0,032 n
Mg-Na b,s + 0,085 n

* Significant at odds of 19:1
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that all linear effects were negative in sign. The negative effect of
P was significant. Although none of the quadratic effects were found
to be significant, the Mg-lNa and N-K positive interactions were the
greatest in magnitude and were examined further.

The relationship determined between Ca content of beets tops
and yield of sugar as affected by the Mg-Na interaction indicated
(Fig. 46) that at low levels of Mg, the Ca concentration of beet
leaves decreased with increasing Na applications, whereas at high
Mg levels, the Ca concentration was increased with incressing Na
applications. The yield of sugar was negatively correlated with Ca
concentration. When the Na level was kept constént (Fig. 47) the
tendency was for the first increments of Mg to increase the Ca con-
centration while further increments of Mg depressed it. In general
the yield of sugar was negatively correlated with the Ca content.

As expected, under the conditiors of the experiment (calcareous soil)
where the Ca supply was abundant (Table 3), the application of other
cations depressed the uptake of Ca (Fig. 46, 47, and 48) and consequently
counterbalanced the injurioué effect of an abundant Ca supply. The
negative correlatipn between yield of sugar and Ca concentration was
evidence for this hypothesis.

Examination of the effect of the N-K interéction on the Ca
concentration of leaves in relation to yield of sugar revealed (Fig.
48) that when N was kept constant, K application ponsidernbly depressed

the Ca concentration at low levels of N and increased it at high levels
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of N. Yield of sugar was increased with the first 3 increment of K
and remained constant or decreased for further K increments. A pos-
sible critical level ranging from l.4-1.6 percent for Ca concentration
was observed (Fig. 48). ihen the K level was held constant, the Cg
concentration was increased (Fige. 49) with increasing N application

at low levels of K. However, at a high level of K the tendency was
for Ca concentration to be decreased with increaging N application.

In general, the yield of sugar decreased with increasing Ca concentra-
tion but at the high 1eve1lof K, the yield increased with increasing

Ca concentration.
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SUMMARY AND CONCLUSIONS

The objective of this investigation was to study the effects
and interrelationships of the macronutrient elements W, P, K, Mg and
Na on the growth and composition of sugar beets. Also, it was believed
that information on the elemental composition of the sugar beet leaves
would help in the interpretation of the yield response to those elements.

A central composite, rotatable, incomplete factorial design was
used in a field experiment conducted at the A.U.B. Farm in the Central
Beka'a plain (calcareous soil) involving 5 varigbles (N, P, K, Mg and
Na) each at 5 levels of application ranging from a low level (possible
deficiency) to a high level (possible excess). The design regquired 27
treatments one of which was repeated 6 times. Leaf samples were col-
lected during the growing season and the concentration of N, P, K, Mg,
Na and Ca determined.

The sugar beets were harvested, the leaves and roots separated
and the fresh weight was recorded for each. Representative samples
of the roots were collected for-the determination of sugar percentage.
The surface.aoil of the experimental plot was sampled before fertilizers_
were applied and the physical and chemical properties were determined.

The actual data obtained for root weight, weight of tops, per-
centage of sugar, yield of total sugar and the concentration of macro-
mitrients studied were used to develop quadratic.regression equations
of the type: :
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= 2 2
Y= bo + blxl + b2X2 - bSIS + b4X4 i b5X5 + bllxl 3 b22X2 *

2 2 2
bisXs™ 4 B, X" ¢ b X S e P15y ¢ B sXiXy ¢ Dy XX, ¢ DK X,

bysXXs ¢ 1, XK, ¢ by XX+ b5%s%, + by XX, 4 b, X X,

Where b = regression coefficient, xl = coded level of W, x2 =
coded level of P, xs = coded level of K, 14 = coded level of Mg and
XS = coded level of Na.

The regression equations were used to determine the nature of
the response surfaces for the effects of interactions between elements.

Analysis of variance for yields and concentration of mitrients
in the leaves indicated that the linear and quadratic effects generally
accounted for most of the treatment variability. Therefore, it was
not considered necessary to use cubic or higher order terms in the
regresgion equation. When the theoretical yields or concentrations
of element in the leaves calculated from the regression equation were
coﬁpared to the actual data, correlation coefficients ranging from
0.413 to 0,996 were obtained indicating a close fit of the regression
equation to the actual data in most cases.

The results and conclusions of this study are summarized as
followé:

1. The results of soil analysis indicated that the soil was
calcareous (19.5 percent calcium carbonate) and had a low supply of
N and a medium supply of available P, The cation exohanga-capacity
was high and the exchangable Ca was abundant. However, the exchangable
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K, Mg and Na would be considered adequate for most crops.

2. The yield of roots was significantly increased by N and
to a somewhat lesser extent by Fa., The Mg-Na interaction was highly
significant and complementary indicating that an increase in the ap-
plication of one element decreased the requirement for the other,

3. The yield of sugar beet tops was significantly increased
by application of N and, to a lesger extent, Na. There was a highly
significant antagonistic interaction between il and P indicating that
when the application of one was increased the requirement for the
other was increased. The Na-1T and la-P interactions were significant
and antagonistic while the significant Na-Mg interaction was comple-
mentary.

4. The percent sucrose was not significantly affecteq by the
application of macromitrients except for the N-P interaction which
was significant and antagonistic indicating that an increase in the
application of one increased the amount of the other needed for high
percentage of sugar.

5. The yield of Sugar was'considerably affected by the elementa
studied. Nitrogen and Na had a highly significant positive effeat
and Mz and X a significant positive effect on the yield of sugar. The
Mg-Na interaction wasa complementary and highly significant as was the
somewhat smaller K-Mg interaction: The K-Na interaction was signif-
icant and also complementary. Thus, there were significant complementary

interactions between the three cations varied indicating that some of
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their functions, at least, were interchangeable. The P-K interaction
was antagonistic and highly significant while the antagonistic N-Na
interaction was significant. The P-Na interaction was significant and
complementary.

6+ The highly significant response of yield of sugar to N
application was increased when the level of P, K, Mg or Na was indi-
vidually increased. The response to P was very slight but was increased
when the N or K level was individually increased or the Mg or Na level
was individually decreased. The significant yield of sugar response
fo K was greater when the P level was high or the Mg or Na level was
low. The significant yield of Sugar response to Mg was increased when
the N level was increased or the P, K, or Na level was individually
decreased. The highly significant Yield of sugar response to Na was
considerably increased when the N level was increased or the P, K or
Mg level was individually decreased.

7. The concentration of N in beet tops was significantly
increased by increasing levels of P, The highly significant N-Na
interaction was complementary in effect on the concentration of N
indicating that the effect of Na in increasing the yield of beets may
be partially due to an increased uptake of N. The significant N-P
and P-Mg interactions had an antagonistic effect on the concentration
of N while the significant K-Mg and Mg-Na interactions were comple-
mentary. No definite critical level of N in the leaves could be
~ established since the point of highest yield depended on the balance

among all the applied nutrients.
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8. The application of P had a highly significant positive
effect on the concentrations of P. Applicationsof Na, K, and Mg were
found to decrease the P concentration. The K effect was significant
whereas the Mg and la effects were highly significant. The significant
K-Mg interaction was complementary in effect on the P cencentration.

No definite critical level of P was established since high yields were
obtained at high and low P concentrations depending on the supply of
other mitrients spplied.

9. The K concentration of leaves was decreased by the signif-
icant effect of N application and the highly significant effect of Na
application. No definite relationship between K concentration and yield
of sugar was determined as high yields were obtained at both low and
high X concentrations. The significant K-g interaction wﬁs comple-
mentary in its effect.

10. The Mg concentration was increased by the highly signif-
icant T and P effects, whereas it was decreased by the highly signif-
icant Na effect. The application of Mg also significantly increased
the Mg concentration. The highly gignificant N-P, P-K and Mg-Na inter-
actions were found to be antagonistic, whereas the highly significant
N-Na interaction was complementary in its effect on the Mg concentra-
tion of sugar beet leaves. The antagonistic N-K interaction was sig-
nificant and the antagonistic N-Mg, P-Mg, P-Na and K-Na effects were
highly significant. No definite Mg critical level could be established
since the high yield occurred at Mg concentrations in a range between

0e7-1.3 percent.
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11. No definite critical level of Na concentration in leaves
was established. However, in general, it was found that high yield
of sugar was obtained at a high Na concentration. None of the linear
or quadratic effects of macronutrients were found toc be statistically
significant, but the tendency for all the variables was to increase
the Na concentration of sugar beet leaves.

12, The Ca concentration was significantly decreased by the
application of P. None of the other linear and quadratic effects were
statistically significant. However, all of the elements that were
varied tended to decrease the Ca concentration. Since the applica-
tion of cations depressed the Ca content and since the higher yields
were associated with the lower concentrations of Cé in sugar beet
leaves it was concluded that part of the response to K, Mg or la might
be due to the depressing effect of those elements on Ca uptake from
calcareous soils.

13. The maximum possible theoretical yield of sugar, under
the conditions of this experiment and excluding levels of the variables
outside the levels used, was found to be about 33.1 1b, per plot ob-
tained from the combination 5N, 1P, 3K, 1Mg and 5Na. This would be
a yield of about 8.3 tons of sugar per acre or about 40 tons of beet
roots per acre. Using local prices for sugar beets and fertilizers,
it was concluded that the following combination would have given the
approximate maximum profitable yield of sugars:

4.5 N (about 330 1b, of N/acre)

0 %05
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2 Kﬁo (about 30 1lb. of Kzofacre)

0 Mg
5 Na (about 540 lb. of Na/acre)

1l4. This study proved that the yield of sugar beets could be
considerably influenced by macronutrient fertilization and that the
interactions between those elements was, in some cases, more significant
than the individual effects indicating that it is not the absolute
amount of fertilizer which determines the yield but the balance among
all mitrients avplied.

15. This study also emphasized the importance of Ne in sugar
beet production and suggested that more study is needed in regard to

the role of Na in sugar beet nutrition.
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