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SUMMARY

The results of seven years of differential fertilization of Marsh
grapefruit trees are reported. Nitrogen was the only element to
exert an influence upon yields. Under the conditions of this exper-
iment the addition of mineral nitrogen regularly increased yields
in comparison to plots not so fertilized. It is cautioned that this
cannot always be expected to follow, but an important influence
of nitrogen on yield is shown.

The quality of the fruit was not influenced by any of the fer-
tilizer treatments. This is believed to be due in part to the fact
that during much of the period of fruit growth and development
there was little difference in the nitrogen nutrition of the tree.

Nitrogen applications tended to increase slightly the nitrogen in
the peel but decreased the phosphorus of peel and edible portion;
otherwise there was no effect of fertilizer treatment on fruit
composition.

Nitrogen was freely absorbed as measured by the nitrogen con-
tent of the leaves. Under the conditions of the study none of the
fertilizing elements suppressed nitrogen uptake. The absorption
of nitrogen suppressed phosphorus uptake. Nitrogen absorption
increased calcium uptake, which in turn suppressed potassium.
Nitrogen thus exerted a regulating effect upon the absorption of
phosphorus, calcium, and potassium.

The application of phosphorus or potassium either alone or in
combination with each other or with nitrogen had no effect on
the fruiting behavior of the tree or upon the amount of either
element in the leaves or fruit. Similarly, calcium applied as cal-
cium nitrate had no effect.



FRUITING AND PHYSIOLOGICAL RESPONSES OF
MARSH GRAPEFRUIT TREES TO

FERTILIZATION

BY A. H. FINCH AND W. T. MCGEORGE

THE PROBLEM

In the course of the development of the citrus industry in the
arid Southwest, problems of fertilization have always been pres-
ent. At the time when the present studies were initiated (1928),
there were many questions of fertilization for which no answers
were to be had. For example, could fertilization be made to im-
prove the yield and quality of fruit? What was the relative value
of manure as compared to the simple commercial fertilizers?
What was the relative value of the major elements, nitrogen,
phosphorus, and potassium? Should these elements be applied
singly or in combination with one another or with manure? If
nitrogen is an important fertilizing element, is there any prefer-
ence as to the chemical form to apply? The work herein reported
was intended to provide information on such questions.

HISTORICAL BACKGROUND

One of the first systematic studies of citrus fertilization was
apparently that of Young (34) in California, reported,in 1917.
This study dealt with the effect of fertilizers upon physical and
chemical characteristics of the fruit. No conclusions were drawn
concerning an effect upon yield, but it was noted that nitrogen
was the only element which seemed to exercise a specific effect
upon the composition of the fruit. Application of nitrogen in-
creased the nitrogen content of oranges, whereas applications of
phosphorus or potassium did not increase the amount of these ele-
ments in the fruit.

In 1922 Vaile (33) reported on further and similarly conducted
citrus fertilization studies at Riverside, California. In these studies
nitrogen was the only element that seemed to be associated with
increased yields. No definite value could be attached to the use
of potash or phosphorus. These early findings appear still to stand
as basically correct, for Parker and Batchelor (28) reported in
1942 that large yield responses were obtained from the use of
nitrogenous fertilizers but found nothing to indicate that phos-
phorus or potassium fertilizers were necessary. The use of lime-
stone, gypsum, and sulfur affected the pH of some soils, but this
did not produce a measurable effect upon yields.

429



430 TECHNICAL BULLETIN NO. 105

Still more recently Johnston (20) reported that citrus trees in
California generally respond profitably to nitrogen, whereas phos-
phorus and potassium have not produced profitable increases in
yield or measurable changes in the quality of the fruit.

Wherever citrus fertilization studies have been conducted, re-
sults are similar to those reported from California. Early trials
in Porto Rico (22), while dealing mainly with complete fertilizers,
showed that nitrogen was more important in influencing yields
than phosphorus or potassium. Similarly, Hardy and Rodriguez
(14) reported that the nitrogen content of the fruit was more
closely related to quality than that of either phosphorus or potas-
sium—a high nitrogen content being associated with low market
quality. No data on yields were presented.

In South Africa, Anderssen (1) found the highest yields of
Washington navel oranges to be associated with the application of
nitrogen regardless of whether phosphates or potash was applied.
Some interactions of the various ions were reported. Recent re-
ports of studies in Australia (29) give similar results. Nitrogen
increased yields as compared to unfertilized plots, and neither
potash nor phosphoric acid had any effect upon yield or quality
of fruit.

In Florida fertilizer studies (3, 11) have been conducted on
lands where trace element deficiencies are serious. These studies
have had to do chiefly with overcoming such deficiencies rather
than having to do with the role of nitrogen, phosphorus, or potas-
sium upon the growth and fruiting of the trees. However, Camp
and Fudge (3), in discussing the fruit symptoms induced by
various deficiencies, noted that trees deficient in nitrogen fre-
quently produced fruit of good texture and flavor.

In the, lower Rio Grande Valley of Texas the importance of
nitrogen in maintaining production has been well demonstrated
in both experimental plots and in commercial orchards.1

In Arizona a number of citrus fertilization studies have been
made at various times since the establishment of the industry
here. These were generally of short duration and results were not
entirely significant. The present study inaugurated in 1928 is the
most systematic and exhaustive investigation on citrus fertiliza-
tion yet conducted in the state. Several progress reports have been
made (8, 9). The present publication constitutes a final report
on the study.

THE EXPERIMENT

The plots comprised 16 acres of Marsh grapefruit located on
the Yuma Mesa Experimental Farm. This was divided into two
8-acre blocks irrigated from the same supply ditch as shown
in Figure 1. The trees were especially selected for uniformity
from a commercial nursery in San Fernando, California, and

^Reported in private correspondence by W. H. Friend, Superintendent Agri-
cultural Experiment Station, Weslaco, Texas.
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planted in May, 1928, 22 feet apart on the square system. All
were on the common (Florida) sour orange rootstock!2

SOILS

The soil is classed as Superstition sand low in salinity. It an-
alyzes 90 to 95 per cent sand. It is known to be extremely low in
total nitrogen. Similarly, it is low in available phosphorus as de-
termined by standard methods but has appreciable total phos-
phorus. Such crops as alfalfa, tomatoes, squash, peas, etc., grow
very unsatisfactorily unless fertilized with phosphate. The soil is
well supplied with available potash. Micronutrient elements are
apparently present in satisfactory amounts, as there was no
evidence of deficiencies or excesses of such elements.

CLIMATE

The climate of the Yuma Mesa is one of the most extreme in the
United States. It is characterized by low annual rainfall (3.5 in.),
low relative humidity, and high summer temperatures; the max-
imum is commonly well over 100 degrees F. from May to October.
Winter temperatures are mild, but light frosts occur occasionally.
Light intensity is high throughout the entire year—about 85 per
cent of possible sunshine.

IRRIGATION

Irrigation water is obtained from the Colorado River. It was
applied by the flood system uniformly to all plots. The land had
been leveled so that the basin within each border (actually one
row or plot) could be filled at one time (Fig. 1). This provided for
moisture penetration throughout the root zone of the trees. Con-
siderable evidence was obtained3 that in this sandy soil much
water passed on below the root area and carried nitrates with it.
The moisture holding capacity of the soil is low, so that in the
summer months irrigations were made at approximately fifteen-
day intervals but were less frequent during the cooler weather.

CULTIVATION

The entire 16 acres were cultivated alike throughout the dura-
tion of the experiment. It was essentially a clean cultivation
method, accomplished by disking as it was needed to control the
weed growth. No extensive growth of weeds or other vegetation
was permitted at any time. The organic content of the soil re-
mained low.
2The trees were planted and brought into production by A. F. Kinnison,
former Horticulturist, and P. S. Burgess, now Director of the Station. Plot
treatments were devised by A. F. Kinnison and W. T. McGeorge.
Unpublished data by C. "W. Van Horn.
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FERTILIZATION PRIOR TO ESTABLISHING DIFFERENTIAL PLOTS

In January, 1929, the first year after planting, manure (analyz-
ing about 1 per cent N and 0.75 per cent P2Or>) was applied uni-
formly at the rate of 2 tons per acre. The amount was increased
by 1 ton each year until January, 1932. At this time, and each
year thereafter until January, 1936, 6 tons per acre were applied
uniformly. No commercial fertilizers were applied during this
period.

PLOT ARRANGEMENT
In January, 1936, the orchard was divided into plots and differ-

ential fertilizer treatments were given, as shown in Table 1 and
Figure 1. Each plot consisted of one row of thirteen trees. As
shown, each experimental plot (row) was separated from the
adjacent one by an untreated guard plot. An irrigation border
separated the plots. The experiment was so arranged as to give
three replicated plots on which the principal fertilizing elements
were applied and in addition one plot each of several different
nitrogenous materials.

The differential fertilizers were first applied in the latter part
of January, 1936, and for the three following years were applied
about February 1 each year. For the 1940-41 crop (blossoms ap-
pearing in March produce fruit harvested the following October
to May) and for the remaining two years of the experiment ap-
plications were made in December rather than in February. Thus,
in the first four years of the experiment, fertilizers were applied
about February 1, and for the last three years they were applied
about December 1 each winter.

This was the only change in treatments during the entire seven
years except for Plots Chk-2NAo These plots were maintained as
checks for the first four years of the experiment and then, begin-
ning with the 1940-41 crop, 5 pounds of ammonium sulfate were
applied about December 1 and 6 pounds of calcium nitrate about
February 1 throughout the remainder of the experiment.

All fertilizers were applied by broadcasting evenly on the sur-
face of the soil and were then disked in.

METHODS
YIELD RECORDS

Yields were obtained by counting the number of fruits per tree
at harvest time. This is the only measure which gives comparable
yield data. Trees with fewer fruits tend to have larger and
heavier fruit. Similarly, fruit picked late in the season is larger
and heavier than when picked earlier. Thus weight or volume
(field box) measurements would not be comparable. Each year
the crop from the entire experimental block was harvested at the
same time. In obtaining yields, the first two trees next to the
supply ditch and the last tree in each row were excluded. Yields
are thus shown as an average number of fruits per tree based on
the ten center trees.
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TABLE 1.—DESIGNATING SYMBOL, TREATMENT, RATES OF
APPLICATION, AND NUMBER OF PLOTS

Plots not receiving mineral fertilizer at any time

Designating
symbol

Chk
3T
6T
9T

Treatment

No manure or mineral fertilizer
Three tons manure per acre
Six tons manure per acre
Nine tons manure per acre

Number
of plots

2
14
1
1

Plots receiving a base application of 3 tons of manure per acre plus non-
nitrogenous mineral fertilizers as indicated

K
P

PK

Potassium sulfate, 5 pounds per tree
Treble superphosphate (44% P2O5), 5 pounds

per tree
Potassium sulfate and treble superphosphate,

each 5 pounds per tree

Plots receiving nitrogenous fertilizer but no manure

Chk—2NAC No manure or commercial fertilizer during first
four years of differential fertilization. Dur-
ing the last three years 5 pounds of ammon-
ium sulfate were applied December 1, and 6
pounds of calcium nitrate February 1. No
manure was applied at any time

Plots receiving a base application of 3 tons of manure per acre plus
nitrogenous mineral fertilizers as indicated

NA
No
Nu
2NA
2Nc

NK

NP

NPA

NPK

Ammonium sulfate (20% N) , 5 pounds per t ree
Calcium nitrate (16% N) , 6 pounds per tree....
Urea (42% N), 2 pounds per t ree
Ammonium sulfate, 10 pounds per tree
Calcium nitrate, 12 pounds per tree.
Urea, 4 pounds per tree ,
Ammonium sulfate and potassium sulfate each,

5 pounds per tree
Ammonium sulfate and treble superphosphate

each, 5 pounds per tree
Ammonium phosphate 16-20 and ammonium

phosphate 11-48 each, 3V2 pounds per tree....
Ammonium sulfate, treble superphosphate and

potassium sulfate each, 5 pounds per tree

Leaf samples

SAMPLING

Leaf samples were collected and analyzed for various mineral
constituents during three of the seven years of differential fer-
tilization.

Four representative twigs were removed from the north, south,
east, and west sides of five trees in each plot. Five representative
leaves were removed from each twig, making a sample of one
hundred leaves for each plot. This sample was then dried at 70
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degrees C. and ground in a Wiley mill to a fineness of 60-mesh.
The sample was then stored for subsequent chemical analyses.

During 1939 analyses of leaves from the different plots were
made and reported elsewhere (8). Similar and more nearly com-
plete samples were obtained and analyzed during the fall, winter,
and spring of 1940-41 and again in 1941-42. All data obtained were
in agreement, and only those for 1941-42 are shown in the present
publication.

Leaves from the 1941 spring flush of growth were collected on
November 19 and 29 and December 22, 1941, and January 12, 1942.
Fertilizers were applied this year on December 3. Thus the first
two samples of these old leaves preceded, and the last two fol-
lowed, fertilization. Young leaves from the 1942 spring growth
were collected as soon as they were fully expanded, on April 21
and again on June 15.
Fruit samples

Fruit samples were obtained and analyzed at intervals through-
out the course of the study. However, only one systematic sam-
pling comparable to the sampling of the leaves was obtained. This
was done by collecting five fruits (one from the outside at each
major compass point and one from the inside center) from each of
five trees in each plot. This sample of twenty-five fruits was
weighed and the peel separated from the edible portion. The peel
was dried and the edible portion macerated and an aliquot taken
for analyses. This sampling was made on December 1, 1941, and
corresponded to the third leaf sample (collected November 29) in
the data presented on leaf samples.

CHEMICAL ANALYSES

Nitrogen
Nitrogen was determined by the usual Kjeldahl method without

modification to include nitrates.
Phosphorus

Phosphorus was determined upon the ashed sample according
to the method of the A.O.A.C, except that the color comparison
was made by means of a photolometer.
Calcium

Calcium was determined upon the ashed sample by precipitation
as calcium oxalate and titration with potassium permanganate
according to the A.O.A.C.
Potassium

Potassium was determined on a sample ashed at 550 degrees. It
was then taken up with HC1 and K determined on an aliquot by
the cobaltinitrite method.

DEFINITIONS
The terms absorption and uptake are used to indicate the move-

ment of elements into the tree only as reflected by their occur-
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rence in the leaves and fruit. It is not inferred that this is neces-
sarily an accurate indication of the passage of ions from the soil
solution into the roots.

The term mineral nitrogen is applied to all the nitrogen carry-
ing fertilizers other than corral manure. Thus urea is classed as a
mineral nitrogen.

PRESENTATION AND DISCUSSION OF DATA
YIELDS OF FRUIT

Yields in average number of fruits per tree under the various
treatments and for each year of the treatments are shown in
Figure 2. At the top of the figure is shown the base yield or aver-
age number of fruits per tree for the three years prior to differen-
tial fertilization. Percentage increase or decrease from this base
yield was calculated in order to compensate for any inherent dif-
ferences between plots. This did not alter the data in any essen-
tial manner, so that only data as actual number of fruits are
shown.
Influence of nitrogen

Nitrogen was the only element affecting the amount of fruit
produced. Striking and consistent differences are shown between
those plots receiving mineral nitrogen and those not receiving
it. These results are in agreement with those of workers through-
out the world and already referred to.

The 1936-37 crop was light and the number of fruits per tree in
the plots not receiving mineral nitrogen fell below the average
for the three previous years. Where nitrogen was applied the
yields increased in every case except two. Throughout the re-
maining six years, yields of the plots receiving nitrogen were
never lower than the base yields and were consistently higher
than where no commercial nitrogen was applied.

In any one of the seven years of comparison, the lowest yield
of any tree receiving nitrogen was higher than the highest yield of
any tree not receiving nitrogen. In view of this clear difference
the yield data were not subjected to statistical analyses.
Influence of phosphorus and potassium

These elements either alone, together, or in combination with
nitrogen failed to influence the yield of fruit. Similarly, the cal-
cium of calcium nitrate had no effect upon the amount of fruit
produced. As will be pointed out later, the uptake of phosphorus,
potassium, and calcium was influenced by nitrogen supply. Thus,
even if these elements had a direct influence upon yield, it would
hardly be exhibited independently of nitrogen.

Horticultural literature for the past twenty-five years reports
many researches evidencing the important role of nitrogen and
carbohydrate nutrition in fruiting. Since neither potassium, cal-
cium, nor even phosphorus enters into the metabolism of carbohy-
drates in the important way that nitrogen does (uniting with them
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I- YIELD • • • • • - • • • •
PLOTS CHK 3T 6T 9T K P PK CHK NA Nc Hu 2NA 2NC 2Ny NK NP NPA NPK

• , , ^ • • • • • • • • • • • • • • •
YIELD

.1936-37 .

YIELD
1937-38illillil

YIELD
1938-39,ilililll

_ 1942-43-••••••
P L O T S 2 1 4 I 1 3 3 3 2 3 I I I I I 3 4 I 3

Figure 2,—Average number of fruits per tree in the various plots.
Note the marked difference in yield between plots which received
mineral nitrogen and those which did not. Note also the absence of
any effect of P or K upon yields.
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to form proteinaceous materials which constitute an important
portion of the plant body), it is not surprising that they have not
shown the profound effect upon yields in the present study that
nitrogen has. They are of course just as important to the proper
physiological functioning of the tree.
Influence of corral manure

Trees in the manure plots yielded but very little better than the
check plots which received no fertilizer whatever. There was,
however, some tendency for the check plots to yield less as the
experiment progressed, whereas the plot receiving 9 tons of ma-
nure per acre increased and in the latter years gave the highest
yields of any plot not receiving mineral nitrogen.

The failure of manure to give satisfactory yields, even when
applied in quantities to give total amounts of nitrogen comparable
to that received by the mineral nitrogen plots, appears to be re-
lated to the seasonal supply of nitrogen. Other studies (25) have
shown that large demands for nitrogen are made upon the tree
prior to and during the blossoming and growth period. This must
be supplied either by current supplies in the soil or reserves
stored in the tree. By its nature, manure does not break down
and release large amounts of nitrogen within a short period of
time—particularly in the winter months when soil temperatures
are low; and, in these sandy soils, the leaching of nitrates during
the summer months limited their absorption and incorporation
into the tissue as reserves which would be available at blossoming.
Form of nitrogen

The yield data show no differences associated with different
forms of mineral nitrogen which are considered significant. This
is believed to be due chiefly to the rapidity with which the
reduced forms of mineral nitrogen undergo oxidation in the
warm Arizona soils.4 Either an ammoniacal or amid form of
nitrogen is converted to the nitrate form within a week or two, so
that regardless of the form in which it is applied nitrogen soon
becomes a nitrate. Under orchard conditions such as those of this
study, applying any mineral form of nitrogen is essentially the
same as applying a nitrate.
Amount of nitrogen

Trees which received 2 pounds of nitrogen did not yield signif-
icantly differently than those receiving 1 pound. Nitrogen is
effective in increasing yields only as it reaches the tissues where
growth and blossoming occur. Leaf analyses (Fig. 3) did not in-
dicate that more nitrogen had been absorbed where 2 pounds were
used than where only 1 had been applied. Clearly, some condition
prevented the utilization of the extra nitrogen. This is believed
again to be related to the excessive downward leaching of nitrates
with irrigation water. The periods during which nitrogen re-
4Unpublished data, W. P. Martin, Soil Chemistry Department, University of
Arizona.
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mained in the soil may not have been any longer where 2 pounds
of nitrogen were used than where only the single pound was
applied.
Correlation between nitrogen and yields

In the data of Figure 2, yields are positively correlated with
nitrogen applications and in turn (Fig. 3) with nitrogen content of
the leaves at blossoming time. Also, the highest yields in these
plots were generally somewhat lower than in near-by plots on the
same farm where the nitrogen content was maintained at higher
levels through the winter and spring months than obtained in any
of the present experimental plots. The implication is that the
higher the nitrogen the greater the yield that results. It should*
be cautioned that this is not necessarily the case. It is only when
ample carbohydrates are present to metabolize the nitrogen that
a high nitrogen content can give high yields.

In the present study, and in grapefruit on the Yuma Mesa gen-
erally, carbohydrates seldom appear to be a limiting factor. This
again is believed to be because of the declining nitrogen content
through the summer, as induced by leaching of nitrates in these
sandy soils. This accounted for the small amount of summer
growth giving opportunity for carbohydrates to accumulate. With
the addition of nitrogen in the winter a nutritional situation fa-
vorable to blossoming and fruit setting was created. Incidentally,
this is the condition obtaining generally on the Yuma Mesa and is
believed to account in part for the large and regular yields of that
district. Yields have not been improved by the application of
nitrogen in the winter in those experimental plots where nitrogen
has deliberately been maintained high throughout the year and
the trees made repeated growth flushes.

QUALITY AND MATURITY OF FRUIT

For two seasons, 1937-38 and 1938-39, samples of fruit from the
different plots were measured for such aspects of quality and
maturity as: early season coloration, juice content, percentage
total soluble-solids and acid, soluble solids: acid ratio, and rind
thickness. The results of these measurements have been reported
by Hilgeman (15). It is sufficient here to say that no wide or
significant differences were apparent which could be attributed to
any of the fertilizing elements.

During one season, 1939-40, fruit from the different plots was
graded commercially5 to evaluate any effect of the different
fertilizers upon commercial grade. No important differences in
grade were found. In none of the seven years of differential ferti-
lization were there observed differences in external characteristics
of the fruit at harvest time.

The evidence is taken as indicating that where phosphorus,
potash, and calcium are present in sufficient amounts to provide
for healthy normal growth, then the addition of these elements
5Courtesy Yuma Mesa Fruit Growers Association.
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does not improve fruit quality or affect maturity. Also, as will be
pointed out later, the uptake of phosphorus, potassium, and cal-
cium was influenced by nitrogen so that if these elements had any
specific influence upon quality or maturity of fruit it could not
be exhibited independently of nitrogen.

Nitrogen probably had the most effect upon quality of any of
the elements, but even this was negligible under the condition of
this study. Again, the leaching of nitrates downward from the
root zone is suspected. Because of it, as has been pointed out, the
nitrogen supply for all plots was restricted during the late
summer. Leaves in all plots had only about 1.5 per cent nitrogen
by fall (Fig. 4). Thus, during the period of development and ma-
turity fruit of all plots was subjected to about the same level of
nitrogen nutrition. Other work (25) at the Arizona Station has
shown the important influence which summer and fall nitrogen
content of the tree may have upon fruit quality and maturity. A
further supporting point is that the composition of the fruit itself
was but slightly influenced by the fertilization (Table 2).

MINERAL AND NITROGEN CONTENT OF FRUIT

Data on the influence of the various fertilizing elements upon
fruit composition are not so complete as those to be discussed later
which deal with leaf composition. Only one complete sampling
was made. This was on December 1, 1941, and just prior to
fertilization. Data are shown in Table 2.

Percentage nitrogen in the rind was only slightly higher in
plots receiving mineral nitrogen than those not receiving it. This
would tend to support the suggestion made above—that during
the season of growth and ripening, fruit of all plots was subjected
to about the same quality of nitrogen nutrition.

Percentage of phosphorus was slightly higher in both rind and
edible portion where mineral nitrogen was not applied than when
the trees received nitrogen. Application of phosphorus, either
alone or in combination with nitrogen or potassium, did not affect
the percentage of phosphorus in the fruit. These results are in
agreement with those of Anderssen (1) and some other workers
who have found that nitrogen may reduce the amount of phos-
phorus present in the fruit.

The percentage of calcium and potassium in either rind or
edible portion was not significantly affected by any of the treat-
ments. There was no evidence that the application of calcium (as
calcium nitrate) or of potassium influenced the percentage of
these elements in the fruit. These results are again in agreement
with those of Anderssen (1), who found that the calcium and
potassium content of the juice was not affected by fertilizer
treatment.

Percentage ash in the edible portion tended to be higher where
no commercial nitrogen had been applied.



RESPONSES OF GRAPEFRUIT TREES TO FERTILIZATION 441

TABLE 2.—COMPOSITION OF FRUIT FROM THE VARIOUS PLOTS
COLLECTED DECEMBER 1, 1941

Where plots received no nitrogen

Plot

Chk
3T
6T
9T
K
P
PK
Av.

Composition of rind in
percentage dry weight

N

.545

.525

.540

.585

.520

.525

.496

.534

P

.0951

.0879

.0891

.0934

.0867

.0953

.0934

.0916

Ca

1.07
1.07
1.08
1.13
1.05
1.05
1.16
1.09

K

1.37
1.51
1.49
1.60
1.63
1.52
1.50
1.52

Composition of edible portion
in percentage of fresh weight

P

.0401

.0413

.0392

.0390

.0422

.0392

.0393

.0401

Ca

.0145

.0132

.0111

.0141

.0100

.0121

.0128

.0113

K

.162

.168

.167

.167

.165

.159

.177

.166

Ash

.476

.476

.495

.474

.469

.452

.485

.475

2N.C
NA
Nc
Nu
2NA
2Nr
2Nu
NK
NP
NPA
NPK
Av.

.725

.580

.460

.494

.629

.554

.597

.508

.560

.514

.521

.558

Where

.0730

.0616

.0763

.0666

.0708

.0613

.0684

.0650

.0753

.0722

.0710

.0692

plots received

.90
1.00
1.13
1.10
.96

1.41
1.12
1.05
1.11
1.10
1.08
1.09

1.53
1.45
1.64
1.51
1.67
1.33
1.55
1.52
1.51
1.49
1.57
1.52

nitrogen

.0328

.0311

.0326

.0329

.0331

.0341

.0336

.0337

.0316

.0338

.0329

.0106

.0143

.0118

.0087

.0104

.0105

.0139

.0132

.0109

.0118

.0116

.157

.142

.155

.151

.152

.155

.159

.159

.150

.156

.154

.424

.393

.427

.454

.427

.448

.431

.448

.415

.432

.430

Attention should be called to the fact that the percentage com-
position of all these elements in the fruit is relatively low as com-
pared to the leaves. It is in the leaves that the uptake of the
various elements is most clearly reflected. Cameron and Apple-
man (2) have noted that 40 to 60 per cent of the nitrogen of
orange trees is in the leaves.

MINERAL AND NITROGEN CONTENT OF THE LEAVES

The data for percentage composition of the leaves are shown in
Figures 3 and 4 and for total amounts of materials in Figures 5, 6,
and 7.
Nitrogen

Percentage and actual amount of nitrogen in the leaves reflected
the application of mineral nitrogen. It increased promptly (Figs.
3 and 4) following fertilization and remained substantially higher
through the balance of the winter, spring, and early summer than
where no mineral nitrogen was applied. By fall it was only
slightly higher. Hilgeman (16) has shown the uptake of nitrogen
by grapefruit trees on the heavier soils of the Salt River Valley.

Differences in leaf nitrogen between plots receiving different
forms or amounts of nitrogen, or nitrogen in various combinations
with other elements, are not considered significant.
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Figure 3.—Percentage N, P, Ca, and K m old leaves (left portion of curves)
and young (right portion of curves) plotted for the various dates of collec-
tion as explained under "Methods." Note how mineral nitrogen applications
affected the percentage of all four elements in the leaves.

Apparently there was no effect of phosphorus, calcium, or potas-
sium on the uptake of nitrogen under the conditions of this study.

The failure of the plots receiving 2 pounds of nitrogen to have a
higher leaf nitrogen value is believed to be related to the leaching
of nitrates, as already suggested.

The failure of any form of nitrogen to produce leaves of higher
nitrogen value is probably related to the rapid conversion of all
forms of mineral nitrogen to the nitrate form. This is not to imply
that there may be a difference in absorption between reduced and
oxidized nitrogen, but simply that opportunity for absorbing
reduced nitrogen is of very short*duration.

The percentage of nitrogen was highest in the young leaves and
diminished as they grew older, except following the application
of mineral nitrogen in early December (Fig. 4). Actual amounts
of nitrogen tended to increase slightly through the life of the
leaves (Fig. 6).
Phosphorus

Percentage and actual amounts of phosphorus in the leaves were
found to have little relation to the application of phosphorus when
applied either singly or in combination with other elements. By
comparison the uptake of phosphorus as revealed by the phos-
phorus content of the leaves was markedly influenced by jnitrogen
application and uptake.

Wherever nitrogen was applied and therefore was high in the
leaves, phosphorus was low regardless of whether or not it had
been applied. Conversely, wherever nitrogen was not applied and
was low in the leaves, phosphorus was high even in the check
plots which received no fertilization.
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Figure 4.—Percentage N, P, Ca, and K in leaves as average of plots receiv-
ing mineral nitrogen and those not receiving it. Note that in all cases the
percentage composition was influenced by nitrogen application.
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The higher percentage and actual amount of phosphorus in the
leaves of the low-nitrogen trees was accomplished by the gradual
increase in phosphorus as the leaves became older.

The inverse relationship of nitrogen and phosphorus in the
leaves suggests that when nitrogen is present in ample amounts
for absorption it takes precedence over phosphorus in absorption.
When nitrogen is limited phosphorus is absorbed. Numerous nu-
trient culture studies have shown the antagonistic effect of nitro-
gen and phosphorus. These will not be reviewed here, as it is
more appropriate to consider the nitrogen and phosphorus nutri-
tion of field-grown plants.

An inverse nitrogen-phosphorus relationship in leaves under
field conditions has been variously reported. Haas (12), in work-
ing with several types of citrus in experimental plots at Riverside,
California, found that leaves from plots receiving large applica-
tions of nitrogen had the lowest percentage of phosphorus. He
concluded that a high percentage of phosphorus in the leaves is
indicative of a limited nitrogen supply. Nightingale (26), in in-
vestigations of pineapple nutrition, found that where soils were
low in both potassium and phosphate, phosphate was freely
absorbed if relatively little nitrate was supplied. Similarly, when
conditions required the addition of nitrate, phosphate absorption
was suppressed. Such a condition was a high carbohydrate ac-
cumulation within the plant.

The present data reveal clearly that the grapefruit trees were
able to absorb phosphates readily from this calcareous soil. This
is in striking contrast to lettuce, tomatoes, alfalfa, and other
herbaceous crops which will not grow well without phosphate
fertilization but when fertilized with phosphorus give a nitrogen
response. This point deserves discussion.

Lilleland and coworkers (23) have shown that deciduous fruit
trees may give no response to phosphorus in the same soil in
which annual crops fail unless they are fertilized with phosphate.
The soil contained about 2,000 p.p.m. total phosphate, but the
so-called available phosphate was deficient as determined by a
number of standard laboratory methods. These workers con-
cluded that "phosphate responses of annual crops cannot serve
as criteria of phosphate needs of fruit trees."

From all data at hand this would appear to be a clear and true
statement of the situation in Arizona with respect to the various
vegetable crops which respond so markedly to phosphates, and
to citrus trees which have not responded to phosphorus in any
number of trials.

In a later survey of the phosporus content of leaves in many
California peach orchards, Lilleland (24) found that the phos-
phorus content of the leaf varied markedly with nitrogen fer-
tilization and irrigation (which latter often has the effect of
increasing the nitrogen supply) and that in a single orchard these
two factors produced as wide a range in phosphorus content of
leaves as was found in the high and low analyses in one hundred
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total) nitrogen in new mature leaves decreased as the phosphorus
concentration of the nutrient solution increased. Perhaps the
large and permanent root system of orchard trees gives opportu-
nity for the gradual absorption of the PO4 ion and the reduction
of nitrate within the plant. As Kraybill (21) found in the Mid-
west: the response to phosphate fertilization of lettuce, alfalfa,
and such plants in Arizona more closely resembles a nitrogen
response than it does a response to phosphorus. In spite of the
general response of these crops to phosphorus, true phosphate
deficiency symptoms are not commonly observed. Possibly the
physiological differences that account for the differences in phos-
phate response of annual and tree crops may be related to the
nature and mechanism of nitrate reduction in the two.

Another possibility involves carbohydrates. Little is known
of the carbohydrate supply available to roots of the various crops.
The permanency of the plant and the large capacity for carbo-
hydrate storage and, in the case of citrus the absence of a leafless
period, might suggest a greater carbohydrate supply to the roots
of trees than of such herbaceous plants as lettuce, tomatoes, or
even alfalfa, considering that the entire top of the latter is re-
moved periodically. One effect of the amount of carbohydrate
storage would conceivably be to influence the absorption of
phosphorus through affecting CO2 liberation by the roots and the
solubility of phosphorus compounds in the soil. This is a familiar
viewpoint.

Another view expressed in recent years relates to the energy
release through aerobic respiration of carbohydrates within the
plant, the suggestion being that absorption is an energy con-
suming process and carbohydrate reserves thus favor ion absorp-
tion. Hoagland (17) in 1937 emphasized this point. He concluded
from all evidence that "salt accumulation (absorption) is depend-
ent on metabolic activities of the plant cell associated with aerobic
respiration." More recently, in a discussion of absorption (18),
Hoagland states further, "Carbohydrate must be available for the
respiratory or other metabolic processes associated with salt ac-
cumulation." In 1942 Nightingale (27) noted that pineapple
plants which had been allowed to accumulate a high carbohydrate
reserve apparently absorbed nitrate more vigorously than did
plants continuously lower in carbohydrates. A condition which
is believed to be exactly parallel to Nightingale's is currently
reported (19) for grapefruit trees in Arizona. Recently Eaton
and Joham (6) reported from studies on the cotton plant that
much of the decline in mineral uptake with heavy fruiting can
be attributed to the reduced movement of carbohydrates to the
roots.

In the present study phosphorus was absorbed most abundantly
when nitrogen was limited and carbohydrates would be expected
to be highest. Perhaps if a grapefruit tree were made sufficiently
low in carbohydrates, possibly comparable to a lettuce plant, it
too would have to be fertilized with phosphorus.
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Calcium

The percentage and actual amounts of calcium in the leaves,
like that of nitrogen and phosphorus, was influenced by the appli-
cation or withholding of mineral nitrogen. Calcium bore a direct
relation to the nitrogen and was thus inversely related to the
phosphorus content. The addition of calcium as calcium nitrate
did not increase the calcium content of the leaves above that of
any other mineral nitrogen.

While nitrogen and calcium were high under the same treat-
ments, the time of their entrance into the leaf was somewhat
different. The percentage nitrogen was highest in the very
young leaves and diminished as they increased with age. The
actual amount per leaf remained rather constant, although pos-
sibly increasing somewhat. The percentage and total amount of
calcium, like phosphorus, was lowest in the very young leaves
and increased during the summer.
Potassium

The percentage and actual amounts of potassium in the leaves,
like that of nitrogen, phosphorus, and calcium, was influenced
by the application or withholding of nitrogen. The application of
potassium itself, either alone or in combination with nitrogen or
phosphorus or both, did not markedly influence the potassium
content of the leaves.

Potassium in the leaves, like phosphorus, bore an inverse rela-
tion to the nitrogen content so that wherever nitrogen had been
applied and was high in the leaves potassium was low. Con-
versely, where nitrogen was not applied and was low in the
leaves, potassium was high. Potassium moved into the young
leaves rapidly so that maximum amount and percentage were
reached fairly early in the life of the leaf.

INTERACTION OF ELEMENTS IN ABSORPTION UNDER
ORCHARD CONDITIONS

Effect of nitrogen on absorption of other elements

Nitrogen was found to be taken up freely by grapefruit trees
under the conditions of this experiment.

Under these conditions phosphorus was absorbed by grape-
fruit trees less readily than was nitrogen. Of the anions PO4 and
NO3, nitrate apparently took precedence, and when ample nitro-
gen was present for absorption, as was necessary to maintain
yields, the absorption of phosphorus was suppressed.

Calcium was freely absorbed when nitrogen was applied. In the
highly calcareous soils of this study it appears that the cation Ca
and the anion NO$ balance and move into the tree together. If
nitrogen was limited, calcium for some reason was not absorbed so
readily and potassium was taken up. Thus, while nitrogen in effect
appeared to regulate the uptake of potassium as well as phos-
phorus and calcium, it is believed that the action was accomplished
indirectly through affecting calcium uptake.
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The recognition of this influence of nitrogen upon absorption of
other ions by grapefruit trees in Arizona provides an extension to
the information given by Foote and McElhiney (10) who, also
working with orchard trees, found that a high nitrate concentra-
tion of the soil solution suppressed the absorption of sulfate and
boron. Apparently nitrogen is absorbed more readily than sulfate
or boron. Using all information at hand, it seems possible to
postulate with reasonable assurance that if nitrogen is freely
available the uptake of calcium is increased, but that of phos-
phorus, potassium, sulfate, and boron is suppressed.
Effect of other elements on absorption of nitrogen

In the present studies conducted on soils having ample supplies
of phosphorus, calcium, and potassium, there was no convincing
evidence of a suppressing effect of any element upon nitrogen
uptake. Such an effect has been found by other workers and
might have occurred in the present studies if larger amounts had
been applied.

Haas (13), as previously noted, depressed both total and nitrate
nitrogen as well as other mineral constituents in the leaves by
increasing phosphorus content of the nutrient solution. Hardy anil
Rodriguez (14) found that the nitrogen content of grapefruit
leaves was decreased by fertilization with potassium and phos-
phorus. At the same time nitrogen fertilization increased the
calcium content and reduced 'the potassium content, as in the
present data. These workers, however, did note that with heavy
applications of nitrogen there was a slight positive relationship
between nitrogen and potassium in the leaves. In studies with
pineapple, Nightingale (26) found that low potassium supplies
suppressed nitrogen absorption. It was necessary to apply potas-
sium in order to obtain free absorption of nitrogen. This in turn
suppressed phosphorus uptake. Where plants were already high
in phosphorus and deficient in nitrates the application of phos-
phorus accentuated the nitrate deficiency and further reduced
yields. Nightingale notes, however, that this suppressing effect
of phosphate on nitrate absorption is much less common under
field conditions than that of nitrate on phosphate uptake.

The suppressing effect of phosphorus (13, 26, 30, 31) upon
nitrogen absorption from nutrient solution cultures could pos-
sibly provide an explanation of the results obtained by Chapman
and coworkers (4) in which it was found that under conditions
of nitrogen excess, increased amounts of phosphorus made for
smoother, juicier fruit. Perhaps one effect of increasing the phos-
phorus was a suppression of nitrogen uptake, as Haas (13), and as
Chapman and Brown (5) reported. If so, then even in high nitro-
gen nutrient fruit may have developed under a relatively low
nitrogen nutrition in so far as the tree itself was concerned. No
analyses of the fruit or plant tissue for phosphorus or nitrogen
were given. However, the description of the fruit (oranges)
produced (4) with high nitrogen and high phosphorus nutrient
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is suggestive of grapefruit which matured (19) under a measured
low nitrogen nutrition of the tree and that produced in high
nitrogen and low phosphorus suggests that which matured (19)
under a measured high nitrogen level in the tree. In this study-
where nitrogen was uniform at blossoming time phosphorus con-
centration in juice and peel was not influenced by differences in
nitrogen induced later in the season. On the other hand Anderssen
(1) found that oranges not receiving nitrogen fertilization at any-
time produced fruit having thinner rinds and a higher phosphorus
content of the juice than plots fertilized with nitrogen.

The role often ascribed to phosphorus of hastening maturity-
may, at least in part, be one of reducing nitrogen absorption.
This has been shown by Strebeyko (30), Williams (31, 32), and
others.

Other data (19) currently published suggest another related
condition influencing nitrogen uptake by grapefruit trees. This
is the nitrogen content of the tree itself. Leaves already moder-
ately high in nitrogen cannot be increased by nitrogen fertili-
zation to as high a nitrogen level as those having a relatively low
nitrogen content prior to fertilization.
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