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2
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INTRODUCTION

A major objective in our nutritional work with citrus has been to develop
criteria and methods by which to evaluate the nutritional status of the tree,
thus providing more accurate guidance for fertilizer practice.

The acute stages of mineral element deficiencies and excesses in citrus are
sufficiently tangible and specific (Camp, Chapman, Bahrt and Parker, 1941;
Chapman and Kelley, 1943; Chapman, 1946)5 to enable a positive diagnosis
in most cases. But the early or incipient stages are ill general not characterized
by any identifiable growth, fruit, leaf or other symptoms. These early or in­
cipient stages are, however, the conditions most frequently encountered in
the field. The need for supplementary tests is therefore apparent.

Investigators working with trees as well as other crops have come to feel
that the plant itself offers a more promising means of diagnosing nutrient
status and fertilizer requirement than the soil. At the same time it is recog­
nized that any over-all evaluation of tree condition, fertilizer requirement,
and recommended soil-management practice will require considerable soil
and management information in addition to what is furnished by the plant.

The work reported in this paper was undertaken in an effort to develop
techniques for evaluating the potassium status of orange trees. Specific inves­
tigations were carried on to establish (1) the part of the plant best suited
for assessing potassium status; (2) tentative standards; (3) limitations of
the method and factors to take into account in interpreting results; and (4)
proper sampling and analysis techniques.

1 Received for publication July 7, 1949.
2 Paper no. 616, University of California Citrus Experiment Station, Riverside, California,
3 Professor of Soils and Plant Nutrition and Chemist in the Experiment Station.
~ Associate Chemist in the Experiment Station (deceased).
5 See "Literature Cited" for citations, referred to in text by author and date.
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The early as well as the more recent work on the general problem of nutrient
status diagnosis by plant analysis has been thoroughly reviewed by Goodall
and Gregory (1947). In addition Ulrich (1948) has prepared a valuable
chapter on plant analysis in the recent book, Diagnostic Techniques for Soils
and Crops. Hence a brief mention of basic principles, and a brief review of
such work as has been done by others in citrus will suffice here.

It is well recognized that each plant presents a separate problem in estab­
lishing standards, suitable plant parts, etc. Generally accepted too is the idea
that plant analysis based upon a single sampling can indicate no more than
current nutrient status. Such analysis offers guidance for future fertilizer
and soil-management practices, but tells little about the potential available
supply of any given nutrient in the soil. It is also unlikely, save on the basis
of considerable experience, that the analysis will allow for predictions about
the nutrients or factors which will next prove limiting once the original con­
dition is corrected.

As to basic concepts some, for example Macy (1946) believe that for any
given plant there exists a fixed "critical percentage" for each nutrient;
amounts in excess of this percentage representing luxury consumption, and
amounts below representing a "poverty adjustment range" until a "minimal
percentage" is reached. The critical percentage is thought of as "ideal" and
subject perhaps to some slight variation depending upon other growth factors,
but it is regarded essentially as a "fixed" value, characteristic for a given
plant of given age. Macy thus visualizes three ranges or portions of a curve
relating plant response to percentage concentration: (1) a narrow minimum
percentage range where response may increase but internal concentration re­
mains constant; (2) a poverty adjustment range where both response and
internal concentration rise; and (3) a luxury consumption range in which
response remains constant but concentration increases.

Ulrich (1948) combines the concept of critical nutrient levels in the plant
with the "limiting factor" idea of plant growth. He thinks that for any given
element and plant part the critical nutrient level probably represents a nar­
row range of concentrations.

Goodall and Gregory (1947) have discussed theory at some length, and
note that plant growth is conditioned by two sets of factors: (1) the external
factors such as light, temperature, and water and nutrient supply; (2) inter­
nal factors, mainly nutritive but including hormones. They continue:

"With regard to the intensity level of all these factors the following gen­
eralization is possible, namely, that for each factor in turn there is an optimum
level and that growth is increased if the intensity is brought to this level and
decreased if it is raised further. These optima are not fixed but depend upon
all factors simultaneously; nevertheless, in theory one may postulate an
optimal concatenation of factors at which development of the plant would
be maximal and that no greater rate could be attained by alteration in the
level of anyone or more factors. The maximal yield of the plant would then
be secured and would be determined entirely by internal genetic factors. As­
suming then that all external factors including all nutrients except one are
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maintained at optimal level, then as this is raised growth made will be a func­
tion solely of the available amount of this single nutrient, and as the optimum
is approached the 'maximum possible yield' of the plant will be reached."

These concepts have much in common. However, until a more complete un­
derstanding of plant growth arid the functions and interrelations of nutrient
elements is at hand, it will be difficult if not impossible to lay down a law or
principle, applicable to all plants, which completely describes the relationship
of nutrient content to plant performance. The practical need is for more data
about this relationship.

As to specific work on citrus, much less has been published to date than
on certain other plants such as the apple. In 1935 Hardy, McDonald and
Rodriguez, working on grapefruit, suggested nutrient ratios in leaf ash com­
position for assessing the nutrient status of the soil, and proposed the compo­
sition of certain high-performance trees as standards. At that time no such
standards were locally available for grapefruit, and the authors made use
of published analyses of California citrus trees presumed to be satisfactory.
The leaf composition of the California average ("ideal") selected was as fol­
lows: ash, 17.7 per cent in the dry matter; nitrogen, 13.5 per cent; P 205 , 2.1
per cent; K20, 7.2 per cent; CaO, 48.4 per cent; and MgO, 4.5 per cent of
total ash.

Leaf analysis of high performance trees is a useful approach, but must be
supported by evidence showing that such standards have a fixed or unique
value. In the absence of such evidence one might justifiably assume that
equally good performance may be possible with another set of values or ratios.
Bathurst (1943, 1944) in South Africa has been studying leaf analysis meth­
ods as applied to valencia orange trees, and though no standards have as yet
been published certain tentative levels for the different elements have been
fixed, and in private correspondence it is indicated that-as with Hardy
et al.-standardization is being accomplished by leaf analysis of high-per­
formance orchards. Bathurst includes a wider group of groves in his study,
and these data should lead-to values of much greater significance than is pos­
sible where only one or at best a few groves are used as standards.

Applying the sampling technique worked out by Bathurst and such data
as are available, Oppenheimer (1945) has analyzed leaves of Shamouti orange
from various groves in Palestine, and obtained results considered useful in
fertilizer recommendations in that country. The total nitrogen content of
leaves from various groves ranged from 1.38 to 3.05 per cent. Oppenheimer
thinks that 2.0 per cent nitrogen marks a low level and 2.5 per cent an ample
supply. Innes (1946) working with grapefruit in Jamaica suggests the fol­
lowing critical values as percentage of dry matter of the leaf: nitrogen, 2.3
per cent, phosphorus less than 0.13 per cent, and potassium about 1.1 per cent.

EXPERIMENTAL PROCEDURE

In our efforts to test the value of tissue analysis and develop methods for
diagnosing the potassium status of citrus trees, we have made use of infor­
mation from three major sources: (1) controlled-culture experiments with
citrus; (2) field-fertilizer experiments with citrus; and (3) data derived from
high-yielding citrus orchards.
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The two most important experiments which provided material for this study
were: (1) a large-scale outdoor nutritional experiment with navel and valen­
cia orange trees growing in solutions of graded potassium content. A detailed
account of this experiment has been published by Chapman, Brown, and Ray­
ner (1947). (2) The Citrus Experiment Station long-time fertilizer experi­
ment trials with navel oranges. Reference to this experiment may be found
in two publications, one by Batchelor, Parker, and McBride (1928), the other
by Parker and Batchelor (1942). This experiment involves 44 different fer­
tilizer treatments. Some of these, in addition to supplying ample nitrogen,
have resulted in the accumulation of considerable potassium in the soil. This
experiment has been an especially valuable source of plant material for test­
ing out a number of questions raised in this study.

Method of Handling and Analyzing Leaves
Except where otherwise specified, the analyses reported in this paper were

made on composite samples of leaves of sufficient number and size-gradation
to overcome the leaf-variability factor. (No detailed statistical study has been
made, but sufficient data are available to show that for any given nutrient
element, differences in reported values of greater than 10 per cent are sig­
nificant.)

The leaves were individually washed in tapwater, rinsed with distilled
water, dried at 50° C, ground, and stored in stoppered bottles. Potassium was
determined by the cobaltinitrite method as outlined by Wilcox (1937). Other
constituents such as calcium, magnesium, sodium, nitrogen, phosphorus, sul­
fur, chlorine, and ash were determined by accepted methods of analysis.

RESULTS

Part of Plant Most Indicative of Potassium Level in Soil
There is evidence that with many plants the leaf is well suited for indi­

cating nutrient status. It does not follow, however, that this is true for all
plants, nor that for any given plant the leaf is best for estimating the ade­
quacy of all elements. To secure information as to what part of an orange tree
best reflects potassium status, tests were made on composite samples of leaves,
twig bark, blossoms, immature fruit, and mature fruit, of navel orange trees
growing in a series of differentially fertilized plots of the University of Cali­
fornia Citrus Experiment Station trials. The plots from which samples were
taken were those showing a wide range of potassium in the soil (the result of
differential fertilizer treatment carried on over 13 years). The results, pre­
sented in table 1, show that the leaves from trees in the different plots varied
about as widely, and were better related to soil values, than the other parts
tested. Twig bark was next in line; fruit "vas the least reflective of soil supply.

Part of Leaf Most Indicative
Leaf petioles have been given preference over leaf blades with some plants

such as grapes, sugar beets, and Ladino clover (Ulrich, 1948; Lorenz, 1942).
It therefore seemed desirable to check on this question with reference to citrus.
A large composite sample of navel orange leaves (spring cycle) was picked
on August 16, 1943, from all the trees of replicate plots of the calcium nitrate
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and manure treatments, respectively, of the fertilizer trials. Large differences
in potassium content of the soils of these two treatments existed at the time
of sampling. After cleaning, the petioles were separated from the leaf blades
and each analyzed separately for total calcium, potassium, and phosphorus.
Table 2 shows that the petioles, though slightly lower in potassium and phos­
phorus than the leaf blades, appear to offer no advantage over the blade as
regards sensitivity to potash.

TABLE 2

BLADES VERSUS PETIOLES AS INDICATORS OF NUTRITIONAL STATUS

Composition in per cent of dry matter *

Plot treatment Plot no. Calcium Potassium Phosphorus

Blades Petioles Blades Petioles Blades Petioles
---------------

Calcium nitrate, winter cover crop D32 4.96 4.87 .86 .79 .189 .147
H24 5.00 4.86 .93 .80 .192 .154
140 4.93 4.82 .85 .79 .204 .152
L12 4.76 4.71 .84 .77 .200 .167

---------------
Average ......................... 4.91 4.81 .87 .79 .196 .155

---------------
Manure, winter cover crop D54 4.42 4.61 1.49 1.42 .192 .160

G46 4.76 4.23 1.62 1.50 .190 .157
126 4.25 4.27 1.68 1. 61 .201 .156
K12 4.80 4.80 1.56 1.55 .203 .167

---------------
Average.......................•. 4.43 4.48 1.59 1.52 .196 .160

* Each analysis was made on samples derived from spring-cycle twigs; 20 to 30 leaves were picked from each
of the 8 navel orange trees in each plot and com posited into one large sample. The petioles were separated from the
blades and each analyzed separately. The leaves were collected on Aug. 16, 1943.

Kind and Age of Leaves Most Indicative of Potassium Status
The above data indicate that total potassium in the leaf reflects potassium

variations in the soil better than any of the other plant parts tested. The ques­
tion arises next whether leaves of one age or cycle are better suited than those
of other ages or cycles. Citrus trees are evergreen and leaf growth is cyclic.
One flush of leaf and twig growth occurs in the spring at time of bloom (the
orange fruit is borne, save for "off-bloom," on the terminals of this spring
growth) ; another flush of growth under California conditions follows usually
in June, and another in August or September.

To determine whether one growth cycle showed any advantage over another
in reflecting potassium variations in the soil, nonfruit-bearing twigs of both
the spring and June cycles were tagged for identification, and composite leaf
samples collected from these at periodic intervals for from 10 to 12 months
thereafter. Trees of two contrasting fertilizer plots were chosen, one receiving
urea alone, in which the soil level of potash was relatively low, and the other
receiving manure, in which the potash was high.

The data (table 3) show that the June or summer-cycle leaves systemati­
cally averaged a little higher in this element than the spring leaves, but that
the spread in potassium between the two plots was somewhat wider with the
spring flush.
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Effect of Fruit on Leaf Composition
To determine whether spring-cycle leaves from fruit-bearing twigs show

different potash levels and trends than those of nonfruit-bearing twigs, both
types were tagged and leaf samples taken at periodic intervals for 10 months.
Individual trees in each of five differentially fertilized plots were sampled
for this study. Table 4 shows that the potassium in some cases is slightly lower
in the leaves from fruit-bearing twigs, but the difference if real is very slight,
and of doubtful consequence.

TABLE 5

CHANGE IN POTASSIUM PERCENTAGE OF L,EAVES WITH AGE*

Per cent potassium in dry matter

Date of Age of Plot J16
Year· picking leaf (urea, super-

(months) Plot F38 Plot F3 Plot K12 phosphate, Average(urea) (manure) (manure) potassium
sulfate,
manure)

1940-41 6-10-40 .... 3 0.65 1.56 1.32 1.18 1.18
8-14-40 .... 5 0.59 1.55 1.38 1.13 1.16
11-12-40... 8 0.50 1.25 1.22 1.01 0.99
2-3-41. .... 11 0.44 0.97 0.87 0.75 0.76
4-7-41 ..... 13 0.24 0.84 0.78 0.39 0.56

1941-42 6-4-41 ..... 3 0.44 1.06 1.20 1.04 0.93
8-14-41. ... 5 0.60 1.29 1.29 0.98 1.04
11-12-41... 8 0.62 1.32 1.17 1.03 1.03
1-30-42 .... 11 0.47 1.14 1.11 0.95 0.92

IB43 6-8-43 ..... 3 0.73 1.27 1.04 1.17 1.05
7-6-43 ..... 4 0.58 1.24 1.22 1.21 1.06
8-6-43 ..... ·5 0.59 1.15 1.15 1.18 1.02
9-2-43 ..... 6 0.64 1.20 1.30 1.12 1.06
10-4-43 .... 7 0.55 1.14 1.28 0.91 0.97
11-3-43 .... 8 0.57 1.08 1.17 0.70 0.90

• The 1940 data are averages drawn from table 4 and refer to leaves from fruit-bearing spring-cycle twigs;
the data for 1941,1942, and 1943are averages of several trees in each of these plots sampled at successive dates, the
leavee being from spring-cycle fruit-bearing twigs.

Effect of Age of Leaf
This problem has been studied in considerable detail and data from two

sources are presented in tables 5 and 6. The data of table 5 were derived from
analyses of composite samples of leaves picked from several trees respectively
in each of four different fertilizer plots. Data for three different seasons are
shown. In all cases the leaves for anyone series were picked from fruit-bearing
twigs of that spring's cycle. In most instances the youngest leaves were higher
in potassium than the oldest leaves, and in some instances there was a pro­
gressive potassium diminution with age. But this was not true in all cases.
Thus, while in the 1940-1941 set there was a progressive reduction of potas­
sium percentage with age, leaves from these same trees in 1941-1942 were
essentially constant in composition on the August and November sampling
dates, then dropped off some in January.
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A more detailed record was obtained on individual trees in the outdoor
nutritional experiment. Beginning in May of two successive years, leaves were
picked from spring-cycle fruit-bearing twigs at frequent intervals. Three
groups of trees were included in this study: those acutely deficient in potash,
those slightly deficient, and those receiving an a.mplesupply. These data. (table
6) with table 5 show that by April, at the time of bloom, the year-old or nearly
year-old leaves are definitely lower in potassium than at any other time. These
and other data indicatea translocation of potassium from older trees at this
time to supply the needs of the bloom and new cycle growth. Moreover, the
difference in potassium content between leaves from trees lacking potash and
those amply supplied is somewhat greater at this time than earlier. It would
appear from this evidence that the best time of year to sample trees would
be in the spring at the time of the blossom and growth cycle, choosing leaves
from twigs of the previous year's spring cycle.

But there are two objections to the choice of such leaves. In many or­
chards-particularly navel-the fruit has usually been picked, and some dif­
ficulty would be encountered in definitely distinguishing the year-old spring­
cycle twigs from subsequent, and in some cases former growth cycles. A second
objection is that the use of leaves of this age would restrict sampling to the
short spring period when bloom is at its peak. June to November leaves, which
do not have these disadvantages, are reasonably stable in leaf composition
and show an adequate spread in potassium percentage of leaves among trees
growing under variable potassium supply conditions. Hence for the present we
have chosen to standardize on spring-cycle leaves from three to seven months
old, and from fruit-bearing twigs only. Such leaves are definitely dated.

Year-to-Year Fluctuations of Potassium in Leaves from
Trees Grown under Uniform Nutrition

One question which came up was whether leaves of similar age from orange
trees growing under conditions of uniform culture would show the same pot­
ash values from one year to the next. An excellent opportunity to test this
question was presented by the outdoor culture experiment, where three groups
of trees were grown in solutions of constant composition. Leaf-analysis data
for two consecutive years (1944-1945) are presented in table 7. (The data of
table 7 were drawn from table 6 to illustrate the present point.) Considering
all the factors that might conceivably affect potassium percentage in one year
as against the next-e.g., variations in fruit produced, and other factors which
might influence rates of absorption, translocation, growth, photosynthesis­
the values obtained are remarkably constant. The three groups of trees kept
the same appearance over the two years studied.

Table 8 gives year-to-year potassium percentage in similarly aged leaves
from individual trees of several uniformly treated fertilizer plots. The leaf
values of these field trees show considerably greater yearly variations than
those of the culture experiment. From these and other data we conclude that
under field conditions, similarly aged foliage from trees not deficient in potas­
sium may show fairly wide potassium fluctuations from one year to the next;
however, under conditions of potassium deficiency, and where the degree of
deficiency is constant, fairly uniform values are likely to be found.
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Effect of Crop on Potassium Status of Leaf
From the fact that the potassium levels of leaves borne on fruit-bearing

and nonfruit-bearing twigs are essentially the same, we might infer that yield
fluctuations from year to year exert little effect on leaf potassium levels. Data
bearing on this inference were obtained in a special experiment, in which
nearly all of the young fruit were picked from two valencia trees, and the

TABLE 9

EFFEOT OF DEFRUITING TREES ON OOMPOSITION OF SPRING-CYCLE LEAVES

Composition in per cent of dry matter

Date Age of
Nsampled leaf Tree Cn Mg K P

(months)

-* + - + - + - + - +
------ - ---------------------
6-8-43 ... 3 1 2.91 3.14 .30 .24 .86 .85 2.80 2.69 .144 .141

2 2.84 2.84 .25 .28 .94 .94 2.78 2.80 .157 .140

7-6-43 ... 4 1 3.63 3.93 .33 .32 1.15 1.02 3.00 2.96 .151 .144
2 3.77 3.79 .29 .32 1.15 1.16 3.09 3.05 .166 .148

8-5-43 ... 5 1 3.84 4.90 .32 .33 1.15 .84 3.03 2.79 .160 .135
2 4.16 4.12 .33 .35 1.16 .92 3.11 2.74 .154 .137

9-2-43 ... 6 1 4.67 4.84 .33 .30 .95 .93 3.05 3.08 .141 .143
2 4.87 4.81 .32 .29 .87 .92 3.03 3.05 .149 .138

10-4-43 .. 7 1 4.68 4.93 .29 .30 .97 .83 3.01 2.80 .128 .132
2 4.89 4.88 .33 .29 .88 .84 3.03 2.95 .138 .137

11-3-43 .. 8 1 4.70 4.89 .30 .30 .86 .83 2.86 2.70 .115 .130
2 4.68 4.79 .31 .32 .88 .80 2.86 2.82 .128 .128

------ - --------------------
Average 4.14 4.32 .31 .30 .98 .91 2.97 2.87 .144 .138

• Minus sign (-) indicates those trees from which a large part of the young fruit was picked following spring
bloom; plus sign (+> indicates trees, serving as checks, on which the fruit was allowed to remain. Leaves in both
sets of trees were taken from nonfruit-bearing spring-cycle twigs.

potassium of their leaves compared with that of adjacent trees allowed to
bear their regular crop of fruit. Spring-cycle leaves, picked at successive
months beginning in June from mature valencia orange trees growing under
uniform conditions, were the subject of study. The leaves were analyzed for
calcium, magnesium, nitrogen, and phosphorus in addition to potassium. The
data are presented in table 9 and show that the magnesium, potassium, nitro­
gen and phosphorus in leaves from the fruit-bearing trees are all somewhat
lower, though to a very small degree.

Table 10 presents the effect of late versus early picking of valencia oranges
on the mineral composition of leaves. In this experiment the mature valencia
fruit from one series of rows was picked early in the season (April), and in
the other rows allowed to remain on the trees until fall (October). Leaves from
spring-cycle fruit-bearing branches were picked from the two sets of trees in
August. The data show little if any significant difference.
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The evidence of tables 9 and 10, while incomplete and presenting some un­
certainties in interpretation, suggests that the yearly fluctuations in potas­
sium in similarly aged leaves noted in table 8 are likely due to causes other
than the variable amounts of fruit borne from year to year. So far as potas­
sium is concerned, that which goes into the orange fruit does not appear to be
drawn primarily from the leaf supply; it is probably carried directly to the
fruit by the transpiration stream.

Effect of Nutrient Deficiencies on Potassium Content of Leaf
In evaluating nutrient status it is desirable to know the effect of a deficiency

or excess of one element on the level of other elements in the leaf. The effect

TABLE 10

EFFECT OF EAR.LY AND LATE PICKING OF ORANGES ON LEAF COMPOSITION*

Composition in per cent of dry matter

Row Ca Mg K N P

Early Late Early Late Early Late Early Late Early Late
----------------

39and 41................ 5.24 5.30 0.37 0.33 0.71 0.79 2.82 2.82 .129 .126
42and 44................ 5.49 5.46 0.33 0.35 0.77 0.84 2.74 2.84 .132 .138
45and 48................ 5.13 5.09 0.34 0..37 0.80 0.77 2.83 2.76 .132 .144
49and 51......... , ...... 4.87 4.97 0.33 0.35 0.78 0.80 2.83 2.82 .140 .128
52and 54................ 4.79 5.20 0.32 0.35 0.84 0.82 2.80 2.83 .133 .132

------------------
Average............... 5.10 5.20 0.34 0.35 0.78 0.80 2.80 2.81 .133 .134

• Leaves picked August 23, 1943. from spring-cycle fruit-bearing twigs.

of various nutrient deficiencies on the potassium content of citrus leaves is
presented in the following section.

Nitrogen deficiency. In the Citrus Experiment Station fertilizer plots with
Washington navel oranges, the trees of plots receiving no nitrogen fertilizer
were markedlydeficient in this element. Leaf samples (spring cycle from both
fruit-bearing and nonfruit-bearing twigs) were collected in July and again
in August, 1943, from the no-nitrogen, the urea, and the calcium nitrate plots
respectively. The latter two plots are well supplied with nitrogen and the
trees were green. The data (table 11) show that the potassium accumulates
markedly in leaves of nitrogen-deficient trees. There is also a substantial ac­
cumulation of phosphorus, but calcium and magnesium are somewhat de­
creased.

Phosphorus deficiency. An opportunity to test the effect of phosphorus
deficiency on potassium and other nutrient levels in the leaf was afforded by
a nutritional experiment with trees growing out-of-doors in solutions of vary­
ing maintained phosphorus levels. The trees were Washington navel oranges
budded on sour root, and the experiment was begun in 1940 with one-year-old
budded trees. Successive phosphate increases in the cultures were accom­
plished by adding increasing amounts of monosodium phosphate to the base
culture solution. Five different levels of phosphate were maintained. The
lowest was maintained at concentrations varying from 2.5 to 3.5 p.p.m.T'Oj.
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The trees of these cultures were all mildly deficient in phosphate as judged by
growth and tree symptoms. The highest level was maintained at concentra­
tions varying between 150 and 175 p.p.m. P04 •

In 1943 and again in 1944 leaves from the current spring-cycle twigs were
picked in July, A.ugust and September and analyzed for calcium, magnesium,
potassium, nitrogen, and phosphorus. The data (table 12) show that with
phosphorus-deficient trees there was a tendency for potassium to accumulate
in the leaf. Nitrogen was also significantly higher in the leaves of phosphorus-

TABLE 11

EFFECT OF NITROGEN DEFICIENCY ON INORGANIC COMPOSITION OF ORANGE LEAVES

Composition in per cent of dry matter

Plot Tree Plot no. Picked in July· Picked in August"treatment condition

Ca Mg K N P Ca Mg K N P
------------------

Cover crop Extreme D12 .............. 4.28 0.28 1.29 2.13 .188 5.15 0.33 1.04 2.15 .206
alone nitrogen H32 .............. 4.30 0.24 1.56 2.26 .312 4.74 0.31 1.38 2.44 .304

deficiency J4 ................ 4.85 0.31 1.15 2.27 .250 5.55 0.31 1.03 2.24 .229
L22 ............... 4.50 0.39 1.44 2.16 .242 4.69 0.36 1.41 2.25 .218

------------------
Average......... 4.48 0.30 1.36 2.20 .248 5.03 0.33 1.21 2.27 .239

------------------
Urea, cover Healthy F50 ............... 5.20 0.48 0.62 2.64 .145 5.16 0.35 0.60 2.60 .143

crop 16 ................ 5.59 0.38 0.49 2.72 .136 5.54 0.36 0.57 2.79 .134
K28 . . . . . . . . . . . . . . . 5.34 0.37 0.58 2.59 .139 5.18 0.35 0.64 2.78 .132
M12 .............. 4.90 0.37 0.62 2.82 .160 4.90 0.38 0.64 2.80 .156

------------------
Average......... 5.26 0.40 0.58 2.69 .145 5.19 0.36 0.61 2.74 .141

------------------
Calcium Healthy D32 .............. 4.72 0.32 0.70 2.78 .153 5.29 0.33 0.62 2.86 .148

nitrate, F40 ............... 5.33 0.44 0.67 2.84 .157 5.23 0.38 0.67 2.98 .150
cover H24 .............. 4.70 0.46 0.68 2.97 .158 5.68 0.42 0.75 2.88 .148
crop L12 ............... 4.72 0.35 0.70 2.32 .152 5.27 0.35 0.77 3.07 .142

------------------
Average......... 4.87 0.39 0.69 2.73 .155 5.37 0.37 0.70 2.95 .147

• Leaves picked from spring-cycle fruit-bearing and nonfruit-bearing twigs.

deficient trees. Magnesium was not much affected. In an earlier experiment
(Chapman and Brown, 1941) analyses of both young and old leaves from
phosphorus-deficient trees grown in large soil cultures, as compared with
leaves from healthy trees grown under the same conditions, showed marked
accumulations of potash and nitrogen; magnesium was also higher, while
calcium was substantially lower. The evidence as a whole shows that potas­
sium builds up in the leaves of phosphorus-deficient trees.

Other nutrient deficiencies. Information about other deficiencies is less
complete but sufficient to indicate the trend.

The potassium content of young leaves from sulfur-deficient orange trees
(Chapman and Brown, 1941) was markedly higher than that of leaves of
similar age from healthy trees grown under the same conditions.

Magnesium deficiency is also accompanied by potassium increases in the
leaf, as Fudge's analyses (1939) of magnesium-deficient and normal grape­
fruit leaves show. More recently many leaf samples from California citrus
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orchards showing typical magnesium-deficiency patterns have been analyzed
and without exception have shown high potassium values in comparison with
green leaves picked from the same trees. Similar data have been published
by Haas (1948) and Parberry (1935). Hence it can be safely concluded that
potassium accumulates in leaves showing typical magnesium-deficiency pat­
terns.

Not many data are available as to the effect of calcium deficiency, but the
analyses of Reed and Haas (1923) have shown that potassium was higher in
leaves of young orange trees grown in calcium-free nutrient media than in
those of trees receiving calcium. These data, and in addition the reciprocal
relations well known to exist between these elements, make it quite certain
that calcium deficiency will result in increases of potassium in the leaf.

With reference to minor element deficiencies, Kelley and Cummins (1920)
published an extensive series of analyses of citrus leaves which proved con­
clusively that "mottled" citrus leaves contain higher potassium and lower
calcium percentages than normal green leaves. Mottle leaf of citrus was sub­
sequently shown to be caused by acute zinc deficiency. No citrus data are
available with reference to iron deficiency, but since the considerable work
done with other plants has generally shown that iron-deficient plants are
higher in potassium and lower in calcium than normal green leaves, it is fair
to infer that the same relation obtains with citrus.

No data are available with reference to copper, manganese, boron, and
molybdenum deficiencies, but in view of the fact that lack of nitrogen, phos­
phorus, sulfur, magnesium, zinc and probably iron result in potassium ac­
cumulations in the leaf, it is reasonable to suppose that the same holds with the
rest of the essential elements. It seems safe to conclude that if a citrus tree
is more lacking in some other element than in potassium the latter will ac­
cumulate to a greater or lesser degree in the leaf. This fact in no way invali­
dates the leaf test for potassium deficiency, provided it can be shown that
when potassium is in deficient supply there are reasonably stable and fixed re­
lations between percentage concentration in the leaf and degree of deficiency.

Varietal and Rootstock Effects
In the nutritional experiment with trees grown in solutions of graded potas­

sium content referred to (Chapman, Brown, and Rayner, 1947), both navel
and valencia oranges on sour stock were included. Under conditions of potas­
sium deficiency, the potassium percentage of the leaf of both varieties came
down to the same point. It would thus appear that the critical. potassium level
for the two varieties is the same. Under field conditions, however, analyses
of leaves from commercial orchards indicate that valencia leaves are charac­
teristically lower in potassium and higher in calcium than navel leaves. An
opportunity to check this question further, and also the effect of rootstocks,
was afforded by the University of California Citrus Experiment Station root­
stock plots where both varieties are being grown in a series of replicated plots
under uniform culture. Composite samples of spring-cycle leaves from all
of the trees were collected September, 1945, and analyzed for potassium, cal­
cium, magnesium, nitrogen, and phosphorus.

The data (table 13) show constant and significant differences between
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valencia and navel oranges which hold irrespective of rootstock. Thus the
navel orange leaves show a definitely higher potassium and nitrogen content
than the valencia leaves; phosphorus is slightly higher too. On the other hand
calcium is definitely lower and in some cases magnesium, although with mag­
nesium the differences are not great. With reference to rootstock effects, the
leaves from trees on sour orange root, both navel and valencia, are higher
in calcium and slightly lower in potassium. Nitrogen and phosphorus also
appear to be a little lower. Rootstock effects of grapefruit and Sampson tangelo
lie in a similar direction. Rough lemon, however, is more like sweet stock.

These .data make it clear that the composition of leaves is definitely affected
by rootstock and variety, and one might presume that the critical nutrient

TABLE 13
EFFECTS OF ROOTSTOCK AND VARIETY ON INORGANIC COMPOSITION OF LEAVES*

Valencia orange leaves Washington navel orange leaves
(Composition in per cent dry matter) (Composition in per cent dry matter)

Rootstock

Ca Mg K N P Ca Mg K N P
------------------

Sweet orange (average of
5 varieties) ............. 5.97 0.40 0.49 2.37 .105 4.84 0.37 0.90 2.91 .126

Sour orange (average of
5 varieties) ............ 6.75 0.44 0.42 2.20 .096 5.43 0.37 0.80 2.79 .120

Grapefruit (average of
2 varieties) ............. 6.49 0.37 0.53 2.24 .097 5.31 0.35 1.04 2.79 .124

Sampson tangelo (aver-
age of 5 plots) ......... 6.32 0.44 0.64 2.16 .103 5.59 0.45 1.09 2.67 .119

Rough lemon (average
of 3 plots) ............. 5.37 0.48 0.44 2.63 .114 4.86 0.48 0.64 2.85 .120

• Spring-cycle leaves from fruit-bearing branches picked in September 1945.

levels for potassium are also affected. However, our nutritional experiments
and other data to be presented under the section on standardization suggest
that the critical nutrient level for potassium in citrus leaves is constant and
that this value holds irrespective of rootstock or variety. However, the ability
of a plant to secure adequate potassium or other nutrients from a soil may be
affected by variety, rootstock, and various scion-root combinations.

STANDARDIZAnON

The foregoing data indicate that the leaves of citrus trees reflect potassium
differences in the nutrient medium and that three- to seven-month-old spring­
cycle leaves from either fruit-bearing or nonfruit-bearing branches are reason­
ably stable in composition, and, under uniform conditions of culture, show
fairly constant nutrient contents from one year to the next. From work with
other plants, moreover, there is ample reason to believe that under any given
set of conditions in which potassium is in deficient supply, increasing defi­
ciency within limits will be characterized by decreasing potassium percentages
in the leaf. The important question is whether the critical nutrient level is a
fixed value and holds under all conditions, or whether it varies depending
on the confluence, or concatenation of all other factors, nutritional and other­
wise, affecting growth.
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TABLE 14-PERCENTAGE POTASSIUM AND OTHER, INOR,GANIC' CONSTITUENTS IN LEAVES OF POTA~

Nutrient solution in which seedlings grew
Dry weighl

of whole
Composition in millequivalents per liter plant

Potassium Nitrogen Predominant bases and other (average
status status characteristics per plant)

Ca Mg K Na CI NOs SO. PO.·
-----------------

me me me me me me me me (/11&8.

Ample Low Caand Mg .................. 3.0 1.50 1.50 0.48 . 0.28 1.00 5.00 0.20 118.0
Ample Medium Caand Mg.................. 5.0 2.50 2.50 0.48 0.28 5.50 5.00 0.20 136.7
Ample High Ca and Mg................... 12.50 6.25 6.25 0.48 0.28 20.00 5.00 0.20 142.7
Deficient Low Caand Mg.................... 4.00 2.00 0.00 0.48 0.28 1.00 5.00 0.20 42.6
Deficient Medium Caand Mg................... 6.66 3.34 0.00 0.48 0.28 5.00 5.00 0.20 26.9
Deficient High Caand Mg................... 16.66 8.34 0.00 0.48 0.28 20.00 5.00 0.20 32.8

Deficient High Mg........................... 5.00 20.00 0.00 0.48 0.28 20.00 5.00 0.20 - 47.8
Deficient High Na ........................... 4.00 2.00 0.00 19.48 0.28 20.00 5.00 0.20 45.4
Deficient Medium Ca and Mg, high sulfate...... 16.66 8.34 0.00 0.48 0.28 5.00 20.00 0.20 30.4
Deficient Medium Ca and Mg, high chloride.... 19.33 9.67 0.00 0.48 19.28 5.00 5.00 0.20 38.5
Deficient Medium Na and high chloride......... 6.66 3.34 0.00 19.48 19.28 5.00 5.00 0.20 52.0
Deficient Medium Ca, Mg, Na, high phosphate.. 6.66 3.34 0.00 3.48 0.28 5.00 5.00 3.20 58.0

• The phosphate was later increased to 0.5 me.

While insufficient data are available to afford a final answer to this ques ..
tion, the evidence at hand indicates that potassium deficiency in citrus,
whether in seedlings, cuttings, or trees, is marked by a very narrow and con..
sistent range of leaf values for potassium. For purposes of perspective, it
should be stated at the outset that potassium values in citrus leaves range all
the way from a low of 0.06 per cent to a high of over 9.0 per cent in the dry
matter of the leaf. The latter figure was reported by Oppenheimer and Mendel
(1938) for sweetlime seedlings injured from excessive potassium in the nu..
trient medium. Reed and Haas (1923b) reported values as high as 6.76 per
cent, and in the authors' work values up to 4.85 per cent have been obtained
in leaves of citrus plants injured by excessive potassium absorption. The 0.06
per cent low was found in sweet orange seedling leaves taken from plants
grown in sand cultures markedly deficient in potassium.

In order first of all to show the relative constancy of potassium in the leaves
of potassium-deficient sweet orange seedlings grown under a wide range of
nutritional conditions, data taken from a former publication of Chapman
and Brown (1943) are presented in table 14. The data show clearly that the
symptoms of acute potassium deficiency were the same irrespective of nutrient
conditions and the analysis of leaves of the same age and displaying the same
kind of deficiency symptom (crinkling and malformation of leaves) showed
substantially the same potassium content. The average value was 0.17 per
cent; the lowest was 0.11 per cent, and the highest 0.25 per cent. Considering
that potassium values in citrus leaves may range all the way from 0.06 to 9.0
per cent, the given values represent a narrow range. The lemon cuttings also
included in the experiment and grown under the same nutrient conditions
showed similar potassium levels in leaves from potassium-deficient plants.

The data of table 15 further substantiate the probability that values of
less than 0.20 to 0.25 per cent potassium in citrus leaves (excluding senescent



March, 1950] Chapman-Brown: Analysis of Orange Leaves 521

SlUM-DEFICIENT SWEET ORANGE SEEDLINGS GROWN UNDER WIDELY VARIABLE NUTRIENT CONDITIONS

Description of leaf Constituents of dry matter of leaf (per cent at 105° C)

Color and condition Age ash Ca Mg K Na I N P S CI(months)

------------------
Yellowish,nitrogen deficient.................... 6 14.0 2.43 0.11 3.45 0.03 1.42 0.12 0.33 0.14
Green, normal ................................... 12 17.4 4.95 0.23 2.05 0.00 2.54 0.10 .... ....
Green, normal ................................... 6 14.1 2.18 0.22 2.38 0.02 2.90 0.14 0.37 0.15
Yellowish, crinkled, acute potash deficiency..... 6 11.9 3.72 0.52 0.11 0.06 2.47 0.12 0.36 0.13
Green, crinkled, acute potash deficiency......... 6 15.2 4.97 0.63 0.15 .... 3.26 0.08 .... ....
Dullgreen, crinkled, yellow spots, acute potash

deficiency..................................... 6 15.3 5.20 0.59 0.13 0.01 3.18 0.10 0.29 0.13
Yellowish, crinkled, acute potash deficiency ..... 6 10.2 2.74 0.62 0.17 .... 3.16 0.12 .... ....
Mediumgreen, crinkled, acute potash deficiency 6 12.3 5.02 0.61 0.25 0.40 3.02 0.12 .... ....
Dullgreen, crinkled, acute potash deficiency ..... 6 15.65 5.17 0.57 0.19 0.02 3.30 0.12 0.35 0.07
Dullgreen, crinkled, acute potash deficiency .... 6 16.55 5.60 0.67 0.20 0.01 3.66 0.15 .... 0.40
Green, crinkled, acute potash deficiency ......... 6 13.60 4.35 0.55 0.16 0.15 3.30 0.11 .... 0.34
Dullgreen, crinkled, acute potash deficiency .... 6 17.35 5.84 0.60 0.16 .... 3.22 0.20 .... ....

leaves about to absciss) are indicative of potassium deficiency within the plant
as a whole. Assembled here are all the analyses known to the authors relat­
ing potassium in the leaf to known conditions as regards potassium status
of the citrus plant. Data in lines 1 and 2 were drawn from sand culture ex­
periments with young valencia trees on sour root carried out by Reed and
Haas (1923a, 1923b'). At the end of 16 months early symptoms of potassium
deficiency were clearly manifest in the trees not receiving potassium. An
analysis of a composite sample of all the leaves from one of these trees gave
a value of 0.19 per cent. Data in lines 3 to 8 are from the experiment of
Chapman and Brown (1943) previously referred to. As stated, the potassium
value of leaves from both sweet orange and lemon plants showing severe defi­
ciency symptoms ranged from 0.25 to 0.11.

Data from the outdoor nutritional experiment on potassium with navel and
valencia orange trees described by Chapman, Brown, and Rayner (1947) are
presented in lines 9 to 14. As stated previously, there were three groups of
.trees in this experiment: those amply supplied with potassium; those in which
only the earliest stages of potassium deficiency were allowed to develop; and
those allowed to become acutely deficient in this element. In the trees only
slightly deficient, leaf values for potassium ranged from 0.26 to 0.35 per cent.
In trees acutely deficient, values ranged from 0.14 to 0.24.

Recently, Arnot of Australia (1947) reported on a sand culture experi..
ment with young Washington navel orange trees in which characteristic symp­
toms of potassium deficiency developed on the trees not supplied with this
element. Analyses of leaves from these trees showed values of 0.22 per cent
potassium. Analyses of leaves from commercial orchards in Australia show­
ing the same type of symptoms as those Arnot obtained in solution cultures
showed values of 0.20 per cent. These two sets of data are given in lines 15-17,
It is thus apparent that the reports of different workers show excellent agree..
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ment in leaf values for potassium where the citrus plant shows clearcut potas­
sium-deficiency symptoms.

Also included in table 15 are leaf-analysis data from two longtime field
fertilizer trials with citrus carried out by the University of California Citrus
Experiment Station. In the earliest experiment, known as the Rubidoux ex­
periment, enough different treatments were included to afford a fairly reliable
estimate of potassium need, although the soil was not altogether uniform and

TABLE 17

LEAF ANALYSIS STANDARDS AND OTHER CRITERIA FOR ASSESSINO

POTASSIUM STATUS OF ORANGE TREES

Potassium in Probability of
dry matter of 3- to Indications as to Other criteria helpful in diagnosis, and yield response
7-month-old leaves potassium status associated conditions to look for to application

from of tree of adequate
fruit-bearing twigs potash fertilizer

per cent
Less than 0.25 Potassium likely Look for crinkled, puckered leaves, more or less Good

deficient yellowing of foliage, excessive leaf shedding at
bloom period, small fruit ami dieback of twigs)
excessive sunburn on south side of tree follow-
ing hot weather

0.25-0.40 Potassium may be Look for heavier than usual shedding of leaves at Fair
slightly deficient bloom period, small fruit; leaves may show un-

usual amount of sunburn on south side follow-
ing hot weather

0.40-1.00 Potassium prob- This is the range of potash values found in Very doubtful
ably ample healthy high-yielding orchards; if orchard not (fruit sizes, how-

productive look for causes other than potash ever, may be in-
deficiency or excess creased by potash

in this range)

1.00-2.50 Potassium ample Look for other deficiencies or conditions limiting None (doubtful ef-
tree growth feet on fruit size)

More than 2.50 Potassium may be Look for excess potash in soil, and other condi- None
excessive tions including malnutrition limiting growth

of tree

plot replication was not such as to permit evaluation of small differences. No
evidence of a response to potassium was obtained in this experiment; leaf
analyses made of valencia leaves from one of the plots receiving nitrogen and
phosphorus but no potash showed 0.78 per cent potassium, a value well above
those associated with a deficiency of this element.

The other fertilizer trial located- on the present Citrus Experiment Station
grounds likewise has given negative results with potassium (Parker and
Batchelor, 1942). Leaves from trees in plots receiving nitrogen and phos­
phorus but no potassium showed values ranging from 0.54 to 0.80 per cent
in five-month-old spring-cycle leaves from fruit-bearing twigs. Recent data
emanating from this experiment, as reported by Parker and Jones (unpub­
lished) show evidence of fruit size improvements where potash applications
have appreciably raised the potassium content of the leaves.
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Not included in table 15 are leaf-analysis data from a number of other
fertilizer experiments of shorter duration being carried out in numerous com­
mercial groves. None of these trials has thus far shown evidence of response
to potash applications; The leaf values for potassium in trees of plots receiving
nitrogen and phosphorus but no potassium range, as among these different
groves, from 0.42 to 1.46 per cent potassium in five-month-old spring-cycle
leaves from fruit-bearing branches.

Table 16 presents further evidence suggesting that values greater than 0.40
indicate an ample potassium supply. The group of high-yielding commercial
orange groves in California gave leaf-analysis data showing potassium values
ranging from 0.38 to 1.12 per cent.

Based on the evidence available, a series of leaf-analysis standards for
potassium are presented in table 17. These values are thought to hold for both
valencia and navel orange trees irrespective of rootstock. They may also hold
reasonably well for lemons though further testing will be necessary to con­
firm this. It should be emphasized that these standards apply only to leaves
taken from fruit-bearing (and probably nonfruit-bearing; see page 509)
spring-cycle twigs during the period July through November; i.e., leaves
varying from three to seven months of age. Young tender leaves and senescent
leaves are likely to give wholly misleading information if potassium status is
judged by the standards in table 17.

Satisfactory techniques for sampling, handling, and analyzing the leaves
are set forth in the following section.

STUDIES OF SAMPLING TECHNIQUE

In the course of our studies on leaf analysis many different tests were made
of analytical methods, methods of cleaning leaves, and sampling techniques.
The more significant of the data and results are here given.

Analysis and Cleaning Methods
With reference to the method of analyzing leaves for total potassium, a

comparison of the cobaltinitrite method as outlined by Wilcox (1937), and
the standard platinic chloride method gave identical average values on a
series of 34 different samples. The potassium percentage of these various
samples ranged from 0.30 to 0.93 per cent. The average for the cobaltinitrite
method was 0.578 per cent and for the platinic chloride method 0.577 per cent.
As between replicate determinations of potassium by the cobaltinitrite method
on ground samples from the same bottle, the maximum variation between the
highest and the lowest value was about 5 per cent.

With regard to cleaning .leaves prior to drying, grinding, and analysis,
several techniques were compared. In one experiment a large sample of about
300 orange leaves freshly picked was divided in half, and one set was cleaned
by wiping each leaf with a damp cloth, while the other was washed by sloshing
the leaves en masse with tapwater in a large pan, using several changes of
water and finally rinsing with distilled water. The average of duplicate de­
termination gave a value of 1.155 per cent for the wiping technique and 1.160
for the washing en masse.

In another experiment comparison was made between washing en masse,
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as in the former test, and washing each leaf separately. In the latter method,
each leaf was washed with the fingers in a stream of tapwater and then rinsed
with distilled water. The results on eight different sets of samples, shown in
table 18, indicate no difference between washing methods.

The data suggest that no potassium is lost by thorough washing of fresh
leaves in water. However, in view of the fact that a large part of the total

TABLE 18

EFFECT OF METHOD OF CLEANING ORANGE LEAVES ON POTASH CONTENT

Per cent potassium in dry matter

Sample no. Each leaf
washed

separately

2198... . . . . , . . . . . . . .58
2199. . . . . . . . .. .58
2200.... .63
2201 , .59
2202........ .58
2203................................................... .62
2204................ .40
2205................................................... .60

Average............................................. .572

Leaves sloshed
about in beaker

with several
changes of water

.57

.57

.64

.58

.54

.64

.39

.62

.568

TABLE 19

EFFECT OF DRYING TECHNIQUE ON POTASH PERCENTAGE IN CITRUS LEAVES*

Method of drying chopped-up green leaves

Allowed to air-dry in open evapor~tingdish 6 days; then put in oven at 1050 C for 24 hours.
Potassium determined on this sample .

Dried at 500 C for 24 hours; loss at 1050 C determined on separate sample and result computed
to 1050 C basis , .

Dried at 500 C for 24 hours; then dried in oven at 1050 C for 24hours and analyzed for potassium
Dried at 500 C for 72hours; then dried in oven at 1050 C for 24hours and analyzed for potassium
Dried at 800 C for 24 hours; then dried in oven at 1050 C for 24hours and analyzed for potassium

• Green sample of navel leaves chopped in food chopper and handled as above.
t Average of duplicate determinations:

Potassium in
dry matter­

1050 Ct
per cent

1.02

1.05
1.06
1.08
1.05

potassium in citrus leaves is water-soluble, and since it is not always feasible
to deal with strictly fresh samples, use of the leaf-wiping technique is recom­
mended. Clean diaper cloth has been found useful for the purpose.

Another question arising during the course of the work was whether the
method of drying the leaves prior to analysis would affect percentage com­
position. For this experiment a large sample of fresh navel orange leaves was
first washed and then ground into coarse pieces in a food chopper. The ground
fresh material was then thoroughly mixed and divided into five lots. These
lots were dried in various ways (see table 19) and analyzed for potassium,
the results being expressed as percentage total potassium in dry matter at
1050 C. No significant differences were found.
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Experiments on Sampling Techniques
A considerable number of questions additional to those of leaf age, cycle,

etc., naturally arose in arriving at a final sampling procedure. Among these
were whether leaves from one part of the tree varied from those taken from

TABLE 20

INORGANIC COMPOSITION OF LEAVES PICKED FROM Top, MIDDLE, AND LOWER. PART OF TREE*

Composition in per cent of dry matter
Sample Part of tree

no.
Ca Mg K N P S CI

------------
5903 Top-1O'-16' from ground ............. 2.44 .27 1.19 1.92 .174 .22 .09
5904 Middle-5'-10' from ground ........... 2.39 .25 1.25 2.50 .178 .26 .09
5905 Bottom-2'-5' from ground ........... 2.36 .23 1.25 2.64 .185 .22 .07

• Each sample consisted of about 200 leaves picked from the 8 trees of plot 136; they were taken from spring­
cycle twigs on June 27, 1145.

TABLE 21

POTASSIUM CONTENT OF LEAVES PICKED FROM Top TO

BOTTOM SEGMENTS AROUND TREE*

Per cent potassium in dry matter
of a 25-leaf composite

Segment no. t

1 (slightly east of north) .
2 · .
3 .
4 .
5 .
6 .
.7 .
8 .
9 .

10 (slightly west of north) , .

Plot F32
(urea)

per cent
0.70
0.71
0.74
0.73
0.67
0.75
0.75
0.74
0.74
0.72

Plot K12
(manure cover

crop)

per cent
1.24
1.25
1.21
1.21
1.20
1.28
1.20
1.26
1.26
1.20

• Leaves collected June 1945 from spring-cycle 'twigs.
t Each of these 10 samples was taken from different segments of the same tree.

another part; the differences, if any, between large and small leaves; in­
dividual tree variation; and variability of samples taken from different parts
of the same orchard.

To determine the variability in inorganic composition of leaves picked from
various parts of the same tree, a composite sample of leaves taken from the
tops, middle, and lower portions respectively of a group of trees in one of the
Citrus Experiment Station fertilizer plots (plot 136) were collected. Each
composite sample consisted of about 200 leaves. These were spring-cycle leaves
from fruit-bearing twigs. The results (table 20) indicate that the leaves from
the tops of the trees are definitely lower in nitrogen, and slightly lower in
potassium and phosphorus although differences in the case of these two ele-
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ments are slight. Calcium and magnesium appear to be slightly higher in the
top leaves.

Two tests were made to find out whether the leaves on different sides of the
tree vary in composition. In the first test a composite sample of 25 leaves was
taken from spring-cycle fruit- and nonfruit-bearing twigs from the bottom to
the top of the tree at ten different stations around a single tree. The results,
shown in table 21, indicate no constant trend. The second test was made of
leaves taken respectively from the north, east, south, and west sides of the
tree. Each sample was a composite of leaves taken from the fertilizer plot

TABLE 22

INORGANIC COMPOSITION OF LEAVES PICKED FROM FOUR DIFFERENT SIDES OF TREE

Composition in per cent of dry matter
Sample Side of

no." tree
Ca Mg K N P S CI

per cent percent percent percent percent percent percent
5895 North ........ 2.26 .23 1.34 2.73 .174 .25 .08
5896 East ......... 2.31 .25 1.40 2.72 .178 .22 .10
5897 South ........ 2.72 .25 1.33 2.72 .182 .21 .11
5898 West ......... 2.75 .24 1.29 2.72 .190 .25 .09

• Each sample is a composite of spring-cycle leaves from 8 trees of plot 136. Picked June 21, 1945.

TABLE 23

INORGANIC COMPOSITION OF LARGE VS. SMALL LEAVES

Composition in per cent of dry matter
Sample Size of

no." leaves
Ca Mg K N P S CI

--- --------
5899 Large ........ 2.51 .22 1.36 2.68 .186 .23 .08
5900 Small ........ 2.66 .25 1.31 2.57 .184 .23 .11

• Each sample is a composite of about 200 spring-cycle leaves picked from 8 trees of plot 136. About 25 leaves
taken from each tree in a band around circumference at a height of from 2 to 7 feet from ground. Picked June 21,
1945.

sampled, and consisted of about 200 leaves. The leaves were spring-cycle from
both fruit- and nonfruit-bearing twigs taken from the middle portions of the
tree (zone 2 to 7 feet from ground). The results are shown in table 22. There
appears to be no significant difference save in the case of calcium. The leaves
from the south and west sides of the tree are a little higher in this element.

While leaves from spring-cycle twigs average smaller in size than those
from other growth cycles, there are among these great variations. in size.
Some, especially those on the southerly side of the tree, are often very small
as compared with leaves from the north side. The question thus arose whether
inorganic composition is materially influenced by leaf size. Composite samples
respectively of small and large leaves were collected from a total of eight trees
in the same fertilizer plot as that of the preceding experiment. The results,
given in table 23, reveal only a very small and doubtful difference in inorganic
composition.

Another question of interest was as to individual tree variation. To test this
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question, leaf samples were obtained from each of four trees in two different
fertilizer plots. Forty leaves were picked from each tree. These trees were
sampled at successive months over a period of six months (June through
November). The data, shown in table 24, reveal good tree uniformity, with­
as might be expected-a moderate degree of variability. This suggests that, in
obtaining leaves for advisory purposes, sampling and compositing from five
or more trees at most will suffice to secure an average figure representing
potassium status in the part of the grove in question.

To determine the variation between successive composite samples of leaves
taken from the same trees of an orchard, a set of ten samples was procured.
Each sample consisted of 15 leaves taken in a band from two to seven feet
above ground around each of ten consecutive trees. The leaves were picked
from spring-cycle fruit-bearing twigs in September 1945, five of the composite
samples by one operator and five by another. The leaves, washed individually
and dried at 50° C, were analyzed for calcium, magnesium, potassium,
nitrogen, and phosphorus. The results (table 25) show, as might be expected
from previous data, that the variability between samples and that between the
sample-groups of the two operators agree closely.

The preceding information indicates that the potassium status of any
particular part of an orchard can be ascertained, within the limitations of
the leaf-analysis method, by compositing 15 to 20 representative leaves from
each of five to ten representative trees in that particular part of the orchard.
The succeeding question is to determine the variations in potassium status of
groups of trees in widely different parts of the same orchard. To this end,
composite leaf samples were procured from replicate plots of the Citrus Ex­
periment Station fertilizer trials. This whole experiment covers an area of
about 50 acres, and so far as general management is concerned (i.e. irrigation,
pest control, etc.) is treated uniformly. Each fertilizer treatment is replicated
four times and in general the replicates are widely scattered. Each plot con­
sists of eight trees. In September 1945 composite leaf samples from eight trees
of each of the four replicate plots were collected from fruit-bearing spring­
cycle twigs. The leaves were washed individually, dried at 50° C, and analyzed
for calcium, magnesium, potassium, nitrogen, and phosphate.

The results, shown in table 26, indicate that while for the most part there
was a considerable uniformity of potassium status in similarly treated plots,
the differences between replicate plots in some instances exceed sampling
error and suggest soil differences. Similar differences have sometimes been
obtained in the sampling of commercial orchards.

All of this suggests that the best way to make a detailed evaluation of the
potassium status of commercial orchards is to secure composite samples of
from 15 to 20 leaves each, from five or more representative trees in each of
several parts of an orchard. If less detailed knowledge is required, one com­
posite sample taken from one representative tree in five or more widely sepa­
rated locations will suffice.

DISCUSSION

It may be remarked that the investigation reported in this paper leaves
certain aspects untouched or incomplete. For example, no attempt was made
to determine whether water-soluble or some other fraction might be a better
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indicator of potassium status than total potassium. Further, a more ex­
haustive investigation of the plant part best suited might have been carried
out, and more complete studies on the relation of fruiting behavior to potas­
sium status. But in the light of the information obtained, it seemed, to the
authors, that the leaf was sufficiently sensitive to potassium variations in the
nutrient medium. This question, and the question of the most satisfactory type
and age of leaf once settled, the important problem is whether the tentative
levels established for incipient and acute potassium deficiency are basic, and
hold under all conditions in which citrus is grown.

The data thus far accumulated suggest that the values presented in table
17 are fundamental; but it will require further data from field experiments in
various parts of the world to fully confirm these tentative standards: More­
over, the extent to which and under what conditions the quality or size of
fruit can be influenced by marked increases in potassium above critical levels
are not known. Our work thus far (Chapman, Brown, and Rayner, 1947)
indicates that increases in potassium above the level required for optimum
yields will make fruit slightly more acid, increase rind coarseness somewhat,
aIlcl'm.ay increase fruit size. Parker and Jones (unpublished data) have
recently found in a field experiment that substantial increases in the potas­
sium of leaves have somewhat increased fruit sizes.

Meanwhile, a tentative set of standard values and a workable method (see
Appendix for details of sampling analysis) are presented for all who are
engaged in citrus research to test under their particular set of conditions.
The authors again emphasize that where some other nutrient or growth factor
is more limiting than potassium, potassium in all probability will be found in
amounts deemed ample or even excessive. The situation with respect to potas­
sium adequacy may be entirely different, however, when the other limiting
conditions are corrected. On the basis of present knowledge and experience
it is impossible to forecast what the potassium status will be when other limit­
ing conditions are corrected.

With reference to the use of nutrient ratios as a basis for diagnosis, or the
use of both ratio and concentration as suggested by Shear, Crane, and Myers
(1948), the authors have felt that little if anything is to be gained so far as
specific potassium diagnosis is concerned, particularly when all the available
evidence indicates that total potassium on a percentage-dry-matter basis cor­
relates well with potassium status. The data of table 14 in fact indicate that
the ratio of potassium to one or more other mineral constituents in the leaf
correlates less well with potassium status than potassium percentage alone.
Some other basis of evaluation may well prove better suited in the case of
phosphorus, nitrogen, calcium, or magnesium.

In evaluating potassium status it is worth while, though not essential, to
make analyses for calcium, magnesium, nitrogen, phosphorus, and sulfur.
This supplementary information may offer clues as to why potassium is high
or low, and also give preliminary indication about the nutrient status of these
other elements. In all cases where the deficiency of any of these elements is
acute, it is known that leaf content of the element is subnormal.

'I'he percentage composition of three- to seven-month-old spring-cycle leaves
associated with, or suggestive of incipient deficiency of each of the nutrient
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TABLE 24

VARIATION IN PERCENTAGE POTASSIUM OF COMPOSITE SAMPLE OF LEAVES

FROM INDIVIDUAL TREES IN FERTILIZER PLOTS*

Plot F38t Plot J16t
Age of (urea-no cover crop) (urea, P20S, K20, manure X 3)

Date sampled leaf
(months)

Tree 2 Tree 4 Tree 6 Tree 8 Tree 2 Tree 4 Tree 6 Tree 8
------------------------

6-8-43 ......................... 3 0.85 0.69 0.76 0.61 1.18 1.09 1.33 1.09
7-6-43 ......... , ., ............. 4 0.58 0.58 0.60 0.57 1.09 1.05 1.40 1.30
8-6-43 ......................... 5 0.53 0.61 0.69 0.52 1.13 1.10 1.24 1.27
9-2-43 ......................... 6 0.62 0.64 0.66 0.63 1.12 1.20 1.12 1.03

10-4-43 ......................... 7 0.54 0.56 0.57 0.53 0.96 1.03 0.89 0.75
11-5-43 ......................... 8 0.60 0.51 0.52 0.65 0.61 0.89 0.64 0.67

------------ ------------
Mean ......................... .. 0.62 0.60 0.63 0.58 1.01 1.06 1.10 1.02

• 40 leaves from each of the trees were collected. The leaves were spring-cycle from fruit-bearing twigs taken
ina band around circumference of tree.

t The averages of the figures for individual trees are used in table 5.

TABLE 25

REPRODUcmILITY OF RESULT WHEN REPLICATE SAMPLES

TAKEN FROM SAME GROUP OF TREES

Composition in per cent dry matter
Sample Collectorno."

Ca Mg K N P

4685 A ................. 3.78 0.22 1.07 2.75 0.147
4686 A ................. 3.66 0.22 1.08 2.80 0.149
4687 A ................. 3.69 0.21 1.10 2.80 0.148
4688 A................. 3.73 0.22 1.07 2.76 0.152
4689 A ................. 3.62 0.20 1.10 2.80 0.152

Av. ................... 3.70 0.21 1.08 2.78 0.150
--------- ----------

4690 B ................. 3.80 0.23 1.06 2.85 0.148
4691 B ................. 3.68 0.22 1.07 2.87 0.152
4692 B ................. 3.76 0.22 1.10 2.85 0.149
4693 B ................. 3.80 0.21 1.15 2.83 0.152
4694 B ................. 3.72 0.20 1.12 2.76 0.156

Av. ................... 3.75 0.22 1.10 2.83 0.151

Mean··t················ ... 3.72 0.21 1.09 2.81 0.150

Range .................... 3.62-3.80 20-.23 1.06-1.15 2.75-2.87 .147-.156

• Each sample consisted of 150 leaves, taken from the same 10 trees. 15 leaves were collected per tree in a band
around circumference of tree. Leaves were collected on September 18, 1943 from spring-cycle fruit-bearing twigs.
No effort was made to collect each successive replicate from the same twigs.

elements in turn is given in column 2 of table 27. It should be emphasized that
all data in this table represent tentative values, and while based on the best
information available are obviously incomplete and should be regarded as of
quidamce value only. Columns 3 and 4 give the range and average values for
similarly aged leaves found in high-performance groves. Column 5 gives
tentative values for each element associated with or suggestive of unbalanced
nutrient conditions in the tree. In the remaining columns are shown, so far
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TABLE 26

V ARIABILITY OF RESU.LTS WHEN SAMPLES COLLECTED FROM

DIFFERE,NT PARTS OF' 50-AcRE PLANTING*

533

Composition in per cent of dry matter
Plot treatment Plot no.

Ca Mg K N P
-----------_.---

Urea, cover crop ........... , ............................. M12 5.05 0.40 0.68 2.95 0.124
F50 5.02 0.36 0.70 2.66 0.103
16 4.94 0.41 0.71 2.83 0.112
K28 4.64 0.36 0.88 2.90 0.122

---------------
Factory Mix 3-3-3, cover crop ........................... M26 4.57 0.33 1.08 3.03 0.131

D6 5.07 0.33 1.09 2.91 0.130
110 4.96 0.34 1.02 2.88 0.118

---------------
Nitrate of lime, cover crop ............................... L12 5.25 0.40 0.63 2.86 0.124

032 5-')5 0.37 0.74 2.80 0.122
H24 5.25 0.41 0.72 2.95 0.127
140 5.03 0.39 0.81 2.84 0.130

--------------
Urea, superphosphate, sulfate of potash, cover crop ...... LI8 4.64 0.37 1.09 2.81 0.124

JlO 4.78 0.36 0.90 2.83 0.118
E14 4.91 0.36 1.05 2.98 0.120
142 4.62 0.37 1.24 2.94 0.128

---------------
Urea, superphosphate, cover crop ........................ L20 5.01 0.40 0.80 2.90 0.122

J18 4.84 0.37 0.54 2.75 '0.105
E12 5.34 0.40 0.71 2.99 0.120
H46 4.80 0.41 0.90 2.92 0.124

------ ---------
Urea, superphosphate, sulfate of potash, cover crop ...... L26 4.26 0.32 1.50 2.85 0.123

J14 4.31 0.33 1.32 2.88 0.120
E2 4.78 0.27 1.23 2.77 0.116
H40 4.50 0.33 1.23 2.92 0.122

---------------
Manure, cover crop ...................................... M34 4.66 0.32 1.59 2.77 0.121

K16 4.62 0.32 1.50 2.66 0.116
136 4.79 0.33 1.48 2.74 0.114

---------._-----
Urea, sulfate of potash, cover crop ....................... E6 4.86 0.33 0.97 2.79 0.114

H42 4.61 0.36 1.01 2.86 0.120
J22 4.28 0.36 1.08 2.91 0.117

---------------
Urea, superphosphate, sulfate of potash, manure, M30 4.60 0.31 1.86 2.73 0.124

cover crop .......................... , ... , ............. E8 4.73 0.28 1.83 2.72 0.112
H50 4.29 0.33 1.89 3.00 0.130

• Each sample was a composite from the eight trees of the fertilizer plot and consisted of about 160 leaves.
Leaves were taken from spring-cycle fruit-bearing twigs in a band around the circumference of the tree. Bample
collected in September 1945.

as definite information is available, the direction in which values for each of
the other nutrient elements changes when a given element is deficient. For
example: If, under complete analysis, the value for potassium in orange leaves
three to seven months old is less than 0.35 per cent, then it is likely that
nitrogen will be somewhat higher than the average (2.45 per cent) commonly
found in high-performance orchards; calcium and magnesium are also almost
certainly to be on the high side; while with respect to other constituents, not
enough data are available to indicate the trend.
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SUMMARY

A detailed investigation has been carried out to determine whether the po­
tassium status of a citrus tree can be determined byleaf analysis. The study
has shown that the leaf, of the various plant parts tested, best reflects the vary­
ing potassium condition of the nutrient medium. A set of standards based on
controlled culture and field experiments has been worked out for three- to
seven-month-old spring-cycle leaves, and is thought to reliably indicate the
current potassium status of the tree. Detailed directions for sampling,
analysis, and interpretation are given in the Appendix, pp. 536-37.

ACKNOWLEDGMENTS

The work reported in this paper was aided by a grant from the American
Potash Institute. The authors wish to express their thanks and appreciation
for this support.

The University of California Citrus Experiment Station fertilizer trials,
initiated under the general direction of L. D. Batchelor and E. R. Parker
and carried on in recent years under the latter's direction, have provided
valuable material for this study. In addition, the rootstock plots initiated by
the late H. J. Webber and carried on by L. D. Batchelor, have also provided
important plant material for this study. The authors wish to thank these in­
vestigators for permission to draw on the experiments for plant and soil
material.



APPENDIX

RECOMMENDED PROCEDURE FOR DETERMINING POTASSIUM
STATUS OF ORANGE TREES BY LEAF ANALYSIS

Based on the studies reported herein, it is believed that the potassium
status of orange trees can be reliably assessed by leaf analysis. Directions
for sampling, analysis, and evaluation follow.

A preliminary survey to determine orchard uniformity should be made.
If tree condition varies distinctly in different parts of the orchard, composite
leaf samples should be drawn fromeach area. In orchards which a.ppear uni­
form it will probably suffice to take one composite sample from a representa­
tive part of the orchard. The choice of ten representative trees in any given
sampling location is recommended. Twenty to 25 spring-cycle leaves from
fruit-bearing twigs should be collected from each of the ten trees and com­
posited into one sample. Leaves should be collected in a band around the
circumference of the tree from positions near to the ground to as high as one
can reach, the object being to obtain leaves representative both in size and
condition of the average of this leaf-type on the tree. On fruit-bearing twigs
the number of spring-cycle leaves will vary all the way from one to six or
seven. Our practice has been to take only one leaf per twig, and, where there
are several leaves, one more or less average in size. Position on the stem is
immaterial, but the leaf must be spring-cycle. In some cases no spring-cycle
leaves will be found on fruit-bearing twigs.

The fresh composite leaf sample is cleaned by wiping each leaf on both sides
with dampened clean diaper or cheesecloth. Where minor elements are also
to be determined, each leaf is dipped into an Ivory soap solution, rubbed
with the fingers, the soap solution is rinsed off with tapwater and the leaf
finally rinsed with distilled water. If the leaves are fresh, anyone of several
cleaning techniques may be used in. determining potassium; the wiping tech­
nique is preferable if the leaves have partially dried out. The cleaned leaves
are then placed in a container and dried in an oven at 50° C for 24 to 48 hours,
or as long as is necessary to enable grinding. The leaves are then ground (if
minor elements are to be determined, shattered by hand) and stored in stop­
pered bottles. Analyses for potassium are made by the cobaltinitrite method
as follows:

Weigh out a 2-gm. sample of the ground leaf material and at the same
time a 2-gm. sample for moisture determination. (Dry sample for 5 hours
at 105° C for determination of moisture loss.) Ash the sample for analysis
in a silica dish in a muffle furnace at 900° F until the ash is nearly white.
After ignition, and when the dish is cold, carefully add 20 ml. cold distilled
water. Cover with a watch glass and add 1 ml, concentrated nitric acid. When
the reaction ceases, wash the spray on the watch glass into the silica dish and
evaporate the contents to dryness on a steam bath. Treat the residue with 10
drops concentrated nitric acid and about 25 m!. hot water, and digest a few
minutes on the steam bath. Filter and wash residue; collect filtrate in a 200
ml, volumetric flask and make to volume. Pipette 10 ml. of the solution into a
30 ml, beaker and evaporate to dryness. Take up residue with 1 ml. 1 N
nitric acid and 10 ml, distilled water. Add 5 ml, sodium cobaltinitrite solu-

[536]
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tion. (This reagent consists of 1 gm. trisodiumcobaltinitrite salt in 5 ml.
water. It should be made fresh prior to use and filtered.) Mix and allow to
stand for 2 hours at room temperature. Filter in tared porous-bottom por­
celain crucible, wash precipitate 10 times with 2 ml. portions of 0.011 N nitric
acid and 5 times with 2 ml. portions of 95 per cent ethyl alcohol. Dry for 1
hour at 110 0 C, cool in a desiccator, and weigh. K = 17.216 per cent of the
weight of the precipitate. Calcula.te percentage potassium in the moisture-free
sample.

Standards for evaluating potassium status are given in table 17 (page
525). Tentative standards for evaluating other nutrients are given in table
27 (page 534).
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