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A STUDY OF LIME-INDUCED CHLOROSIS

IN ARIZONA ORCHARDS
BY W. T. McGEORGE

INTRODUCTION

Among the nutritional problems that are met in the culture of
orchard crops, micronutrient element deficiencies, which manifest
themselves as chlorosis, are important for they occur widely on
trees growing in calcareous western soils. The problem has been
studied extensively for many years and the progress of this re-
search has appeared from time to time in literature on soil
science and plant physiology.

It has been the practice to identify deficiencies of micronutrient
elements by certain leaf patterns. Those which are present on
citrus in Arizona, in order of their importance, are iron, zinc, and
manganese deficiency patterns. The iron deficiency pattern is one
of a fine network of green veins on a yellow background and in
severe cases the green veins disappear to give a solid yellow leaf.
Since this pattern is usually found on plants growing on highly
calcareous soils it is often referred to as "lime-induced" chlorosis.
In the zinc deficiency pattern the leaves are small and possess a
sharply contrasted pattern of green along the midrib and lateral
veins with yellow tissue between the veins. This type of chlorosis
is usually referred to as mottle leaf. In the manganese deficiency
pattern the leaves are usually of normal size with a network of
green veins on a light green background which at times resembles
the zinc deficiency pattern except for the size of leaf. In Arizona
the manganese deficiency pattern is most common on young
leaves.

The deciduous fruits rarely show any except the iron deficiency
pattern. Except in severe cases where the leaves are practically
100 per cent chlorotic, it usually occurs only on the younger leaves
—the terminal or rapidly growing part of the shoot. The older
leaves, farther back on the branch, the early season leaves, are
usually green in the mild cases of chlorosis.

These micronutrient deficiency symptoms may be caused either
by an actual soil deficiency or by an alkaline-calcareous substrate
in which the soil may or may not be deficient. Actual soil defi-
ciencies are usually found only in acid soils. No true soil defi-
ciency has been found in Arizona alkaline-calcareous soils.

The three chlorotic patterns mentioned above under the discus-
sion of citrus are frequently present on the same trees in Arizona.
Furthermore all citrus orchards and most deciduous orchards are
located on calcareous soils. In view of this all three of these
chlorotic patterns may be classed as lime-induced and in this
bulletin the soils will be referred to as chlorotic soils and non-
chlorotic soils.
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LEAF ANALYSES

The usual approach to studies on chlorosis has been by chemical
analyses comparing chlorotic and non-chlorotic leaves. While
some of these analyses have indicated certain unbalanced ratios,
in general they have not contributed a great deal to a solution of
the problem. Reference is made especially to the determination
of total iron, manganese, zinc, and copper percentage. This is
illustrated in Table 1 where the analyses of citrus leaf samples
from fourteen Arizona groves are presented. The groves are sep-
arated into badly chlorotic, mildly chlorotic, and groves in which
no chlorosis was present. The leaf samples were taken in mid- to
late winter when chlorosis is at its worst in Arizona. All samples
are mature leaves.

Ash.—The mineral content of the leaves, per cent ash, is lower
in the chlorotic leaves from the badly chlorotic trees than the
green leaves from the same trees. The average per cent ash is
highest in the leaves from the non-chlorotic groves. The per cent
ash in citrus leaves varies with the age and since leaves may
remain on the trees for two years or more it is difficult to select
mature leaves of exactly the same age in sampling different
groves. In view of this the higher per cent ash in the green leaves
can only be considered as indicative.

Nitrogen.—This element is always highest in new leaves which
may contain as much as 4 per cent (air-dry basis). The percentage
diminishes as the leaves mature. The nitrogen determination for
the group of samples given in Table 1 show that the nitrogen
percentage for the green leaves is lower than for the chlorotic
leaves. Both leaf types were of the same age. This indicates, as
do other observations, that the normal maturation of the leaf
does not take place when chlorosis develops. Therefore less nitro-
gen is withdrawn from the chlorotic leaves, by the tree, as the
leaves mature.

Phosphate.—There does not seem to be any significant phos-
phate relationship in the analysis of chlorotic and non-chlorotic
leaves. In the normal maturation of citrus leaves the percentage
phosphate decreases—that is, it is higher in new leaves than in
mature leaves. This decrease in percentage of phosphate takes
place in both green and chlorotic leaves so it is apparently not
disturbed by chlorosis.

Calcium and potassium.—The calcium and potassium data are
highly significant as they have been in previous studies in this
laboratory (22) as well as studies conducted by others in western
states (18, 19) both for citrus and for deciduous fruits. Since
there is a reciprocal relation between these two elements they
will be discussed together. A new citrus leaf has a high potassium
and a low calcium percentage and therefore a low Ca:K ratio.
As the leaf matures the per cent calcium increases and the per
cent potassium decreases, resulting in a high Ca:K percentage
ratio in normal mature leaves. The analyses given in Table 1 show
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that per cent calcium is higher in the green leaves than in the
chlorotic leaves when the two types of leaves are taken from
chlorotic trees. In the groves that showed only traces of chlorosis,
or none at all, there is a normal balance between the green leaves
and those that are only faintly patterned. There is a higher Ca:K
ratio for green leaves than chlorotic leaves, namely a higher
potassium percentage in chlorotic leaves than in green leaves.
There is evidence in these analyses that the factors contributing
to chlorosis interfere with the normal translocation of calcium.
In other words, chlorosis of citrus growing in alkaline-calcareous
soils is associated with a failure in the normal maturation process
because the normal maturation is a change from low Ca:K ratio
to high Ca:K ratio. This is illustrated by the data given in Fig-
ure 1.

I CALIFORNIA

| ^] NORMAL VALENCIA LEAVES

[] MOTTLED VALENCIA LEAVES

j~] MOTTLED NAVEL LEAVES

~j MOTTLED GRAPEFRUIT LEAVES

P MOTTLED LEMON LEAVES

ARIZONA

2 NORMAL GRAPEFRUIT LEAVES

[j CHLOROTIC GRAPEFRUIT LEAVES

Cd

AGE OF LEAF

Figure 1.—Ca, K, N, in citrus leaves at one week, six weeks, six months,
and three years, and Ca, K, N content of chlorotic leaves.

Magnesium.—The data for magnesium show that there is
no deficiency of this element in Arizona citrus leaves. The per-
centage magnesium in chlorotic and non-chlorotic leaves however
shows a relationship somewhat similar to that for calcium—
namely less magnesium, lower Mg:K ratio, lower Ca:Mg ratio in
chlorotic leaves—also less chlorophyll. The magnesium percent-
age in citrus leaves changes very little with age and therefore
translocation interferences, even if present, would not be as
great as calcium, potassium, and nitrogen.

Iron, manganese, zinc, and copper.—The determination of total
iron, zinc, and copper percentage did not show any significant
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differences between green and chlorotic leaves or between chloro-
tic and non-chlorotic groves. On the other hand the percentage
manganese is quite consistently higher in the green leaves than
in the chlorotic leaves. This is true for both the iron and zinc
deficiency patterns. Regardless of this there is no definite proof
that a manganese deficiency is a contributing factor. The man-
ganese percentage in green leaves from non-chlorotic groves is
within the range of that for leaves from chlorotic groves. This
indicates that if manganese deficiency is a contributing factor
there are other major contributing factors also present.

Among the nutrient elements required in large amounts, the
so-called macro-nutrient elements, such as calcium, potassium,
nitrogen, magnesium, and phosphorus are important and fre-
quently determined in the analysis of leaves. It is shown in Table
1, and in the preceding discussion, that there are significant macro-
nutrient element differences in the chemical analyses of green and
chlorotic citrus leaves. It is particularly true for calcium, potas-
sium, and nitrogen. The low Ca:K ratio and the Ca:N ratio for
the chlorotic leaves are positive evidence of a physiological dis-
turbance but there is no evidence as yet whether this is a result
arising from the factors which cause chlorosis or whether it is a
contributing cause. For green and chlorotic leaves from individ-
ual trees the relationship is quite definite but this relationship
does not hold true in comparing leaf analyses from separate trees
or separate groves. This is somewhat like the manganese data
when comparisons are made between individual trees and sep-
arate trees or groves.

Our chemical analyses of citrus leaves are in agreement with
those of Kelley and Cummins (18). More recently a similar Ca:K
percentage ratio has been noted for chlorotic and green leaves
from deciduous fruit trees (19). The early work of Kelley and
Cummins particularly stressed the significance of the Ca:K ratio
in green and chlorotic citrus leaves as did also the early analyses
of Arizona citrus leaves (22). A part of the data from Kelley and
Cummins are charted in Figure 1 together with a typical analysis
of green and chlorotic Arizona grapefruit leaves for the purpose
of showing the significance of the macro-nutrient element rela-
tionships—calcium, potassium, and nitrogen. The curves show
the analyses of leaves at the ages of one week, six weeks, six
months, and three years, and the changes in analyses at these
ages are given for calcium, potassium, and nitrogen. In order
to compare the curves, which show the changes with maturity of
normal leaves, with calcium, potassium, and nitrogen percentages
in chlorotic leaves, values for the latter are inserted in the figure:
1 represents normal Valencia leaves; 2, mottled Valencia leaves;
3, mottled navel leaves; 4, mottled grapefruit leaves; 5, mottled
lemon leaves; 6, normal Arizona grapefruit leaves; 7, chlorotic
Arizona grapefruit leaves. On comparing these analyses with the
maturity curves for normal leaves the data show that mature
chlorotic leaves are within the range of leaves which are six
weeks to six months old rather than fully mature leaves. There



LIME INDUCED CHLOROSIS IN ARIZONA ORCHARDS 347

is clearly a physiological disturbance present which retards the
normal process of maturation. It is conceivable that this may re-
duce the activity of micronutrient elements within the leaf.

MISCELLANEOUS LEAF ANALYSES
In most of the work on chlorosis in this laboratory pattern

differentiation has not always been made in selecting samples
for analysis. This procedure may appear unusual but the pri-
mary objective of this investigation is a search for the inherent
soil 'characters and soil conditions which contribute to chlorosis
and to find whether the soil contributes directly or indirectly to
micronutrient element deficiency symptoms. Another reason why
differentiation of chlorotic patterns was given limited considera-
tion is that all the patterns are present on many chlorotic citrus
trees in Arizona citrus groves but on these same soils deciduous
fruit trees show only the iron deficiency pattern. The principal
difference in soil character, between groves, is in the amount of
calcium carbonate in the soil and its distribution at different soil
horizons. The soils are all alkaline-calcareous types and most of
them are considered potentially capable of producing chlorosis
under certain cultural practices, notably the irrigation schedule.
All the patterns appear to be "lime-induced" in Arizona. It is of
interest to present the data in Table 2 at this point in order to
show a number of miscellaneous leaf analyses which are pertinent
to the chlorosis problem.

Iron and zinc deficiency patterns.—In the first section of the
table the analyses of leaf samples from three groves are presented
comparing green leaves and iron and zinc deficiency patterns
from the same trees. In the first two groves both patterns were
abundant on all chlorotic trees. In the third grove the iron de-
ficiency pattern was dominant and very few mottled leaves were
present. All the analyses for these three groves show the same
general character, namely, lower percentage calcium, higher per-
centage potassium, and lower Ca:K ratio for the chlorotic leaves.
This is true for both the iron and zinc deficiency patterns. For the
micronutrient elements, manganese is the only one that shows a
consistent relation between green and chlorotic leaves. In all
three groves the green leaves have a higher percentage manga-
nese than the chlorotic leaves and again this is true for both the
iron and zinc deficiency patterns. These data are in agreement
with the data for the fourteen groves given in Table 1. The data
indicate that total iron and zinc are not deficient in the citrus
leaves showing the respective deficiency patterns and that manga-
nese is lower and may be deficient in both.

Young and mature leaves.—In discussing the data in Table 1
the suggestion was made that certain chemical changes which
occur normally during the process of maturation fail to take place
in the maturation of chlorotic leaves. In other words, on a per
cent air-dry basis, the chemical analysis of a mature chlorotic leaf
is more like that of an immature normal leaf with respect to cal-
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cium, potassium, and nitrogen. In the second section of Table 2
chemical analyses of new and mature leaves are given to illus-
trate this. The first two are Valencia orange and the second two
are grapefruit. The new leaves contain a lower percentage of
calcium and magnesium and a higher percentage of potassium
and nitrogen. A major difference between new and mature leaves
is the low ash and the high phosphorus percentage of the former.
As the leaves mature the ash increases and the phosphorus de-
creases. This change with maturation seems to proceed normally
in the maturation of both green and chlorotic leaves. There are
no consistent differences in the micronutrient elements for the
new and mature leaves.

Comparison of varieties.—In one grove a block of Valencia
oranges was found growing beside a block of an unidentified seed-
ling. The Valencias were quite chlorotic while the seedling was
only faintly chlorotic. Green and chlorotic leaf samples were
taken from both and their analyses are given in the next section
of Table 2. There is nothing in the chemical analyses of these to
indicate why one is more tolerant to the conditions producing
chlorosis than the other.

Cultural practice.—In the survey of groves in the Salt River
Valley attention was called to two groves growing side by side, on
the same soil type, and separated only by a small irrigation ditch.
During the 1930's when citrus prices were very low many groves
were badly neglected. The principal neglect was in fertilization
and irrigation. One of the groves had been neglected in this way
and the other well cared for. The former (sample 608) was en-
tirely free of chlorosis and the latter, that had been well cared for
(samples 609-10), was quite severely chlorotic. There is nothing
in the analyses of these leaves which can be interpreted as show-
ing why one grove was chlorotic and the other not. In this con-
nection it is of interest to refer to the work of Burgess and Pohl-
man (3) on the contribution of soil moisture and continuously wet
subsoils to citrus chlorosis. Continuously wet subsoils tend to
raise the pH of the soil, reduce aeration and root respiration, and
produce other environmental conditions which contribute to
chlorosis in alkaline-calcareous soils.

Irrigation.—As just stated there is considerable evidence that
the irrigation schedule is often correlated with green and chlorotic
trees in Arizona orchards. This is especially true where the iron
deficiency pattern predominates. When the water is allowed to
pond for too long a period or if the grove is continually irrigated
on such a schedule that the subsoil is kept continuously wet, or if
the drainage is very poor, trees are often chlorotic on calcareous
soils. In this connection the next set of leaf samples given in Table
2 represent green leaves which were taken from non-chlorotic
trees located at the head of the irrigation run, and green and
chlorotic leaves taken from badly chlorotic trees at the lower end
of the run where the water had a tendency to remain for long
periods in the subsoil. Again there are no differences in these
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chemical analyses that might indicate why the leaves are chlorotic
on the trees where the subsoil is too wet except possibly the lower
manganese in the chlorotic leaves.

The data given in Table 2 lend further proof to the conclusions
arrived at on the basis of the data given in Table 1, namely, that
total percentage of micronutrient elements in green and chlorotic
leaves is of little help in diagnosing the problem. It is significant
that all the analyses given in Table 2 again show lower manganese
in chlorotic leaves.

ACTIVITY OF MICRONUTRIENT ELEMENTS
IN THE PLANT

The leaf analyses which have just been presented in Tables 1
and 2 give no conclusive evidence that any of the micronutrient
elements are deficient except possibly manganese. Since chlorotic
leaves often turn green when dusted or sprayed with salts of the
micronutrient elements, when these are injected into the trunk
or branch of a tree, and even when an acid is injected into a tree,
this indicates that immobility in the plant, or inactivity, may be
the principal cause of chlorosis and within certain limits not the
actual amount present in the plant.

Research on chlorosis in Arizona has shown that while there is
a precipitation of iron in the roots of grain seedlings and
a reduced mobility from roots to tops, an apparent sufficiency of
all the micronutrient elements does move to the aereal part of the
plant (24, 25). The problem appears to be one of activity in the
leaves. A similar condition has been noted in sugar cane chlorosis
in which the plants were greened by injecting sulphuric acid into
the stalk of chlorotic plants (23) as well as by injecting iron sul-
phate and by side-dressing with sulphur at the rate of 1 ton per
acre.

Oserkowsky (28) employed chemical methods to study the
activity of iron in leaves. His problem concerned the chlorosis
of pear leaves in orchards located on highly calcareous soils in the
Santa Clara Valley of California. Finding no apparent relation
between per cent total iron and chlorophyll he studied solubilities
with several extracting acids and found a close relation between
the amount of iron extracted from the leaves by normal HC1 and
their chlorophyll content. He also found that the amount of iron
extracted from green leaves by normal HC1 is higher than for the
corresponding chlorotic leaves. On this basis he designated the
iron soluble in normal HC1 as "active" iron (28). Jacobson (17)
found Oserkowsky's active iron concept valid for corn, tobacco,
and pear leaves and Linder and Harley (19) found it valid for
leaves of deciduous fruit trees in the Northwest. Even though the
correlation was striking they were not convinced that all the iron
soluble in normal HC1 is necessarily active. This in no way dis-
agrees with Oserkowsky who only claimed a correlation. He rec-
ognizes that only a fraction of the iron in leaves may be in an
active form—that is, active in chlorophyll formation. This active
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iron is more abundant in the green leaves than in the chlorotic
leaves although the reverse may be true in the case of total iron in
the leaves. As will be shown, Oserkowsky's concept appears to fit
the case of chlorosis of plants growing on the alkaline-calcareous
soils in Arizona.

Since our citrus leaf analyses failed to show any difference in
total iron content, leaf samples were taken for active iron deter-
minations, using the Oserkowsky method. Ten grams of finely-
ground leaves were shaken with 150 ml. of normal HC1 for one
hour, let stand overnight, filtered with the aid of suction, and the
residue on the paper washed with distilled water to a filtrate vol-
ume of 250 ml. This filtrate was evaporated to dryness in a porce-
lain casserole, 10 ml. of aqua regia added and, after action had
subsided, evaporated to dryness to" destroy organic matter and
remove excess of acid. The casserole and contents were then
heated in an electric furnace at low heat to a white ash. This
residue was then boiled with an excess of normal HC1 and made
to 200 ml. in a volumetric flask. Aliquots of 150 ml. for manganese,
5-10 ml. for zinc, and 25 ml. for iron were used for colormetric
analysis. The data are given in Table 3.

TABLE 3.—TOTAL AJNTD ACTIVE IRON, MANGANESE, AND ZINC IN
CHLOROTIC AND GREEN CITRUS LEAVES.

Per cent iron(Fe) Per cent manganese(Mn) Per cent zinc (Zn)
No. Pattern Total Active Total Active Total Active

745
746
747
841
843
842

748
749

750
751
752
753
757
816

608
609
610

Green
Iron def .
Zmc def.
Green
Iron def.
Zmc def.

Green
Iron def.

Green
Iron def.
Green
Zinc def.
New green
Acid*

Green
Green
Zinc def.

Roger's grove
.0145 .0041
.0165 .0028
.0150 .0038
.0095 .0052
.0080 .0042
.0075 .0049

(Valencia orange)
.0019 .0018
.0011 .0010
.0017 .0015
.0026 .0021
.0023 .0023
.0029 .0023

McKellip's grove (Valencia orange)
.0142 .0034 .0016 .0014
.0220 .0027 .0016 .0012

Grunow's grove (Grapefruit)
.0187 .0061 .0018 .0018
.0212 .0055 .0022 .0017
.0202 .0062 .0023 .0023
.0244 .0060 .0022 .0021
.0366 .0362 .0022 .0019
.0196 .0171 ,0023 .0024

White's grovef
.0140 .0080
.0136 .0080
.0120 .0032

(Valencia orange)
.0020 .0024
.0027 .0031
.0015 .0016

.0026

.0032

.0018

.0021

.0028

.0019

.0022

.0030

.0028

.0032

.0030

.0030

.0029

.0028

.0033

.0021

.0022

.0022

.0032

.0018

.0029

.0024

.0024

.0032

.0026

.0024

.0022

.0024

.0024

.0036

.0026

.0024

.0036

.0025

^Leaves from branch into which H2SO8 was injected.
fSample 608, green leaves from neglected grove; 609 and 610 from grove
which had not been neglected.

Roger's grove.—The first set of samples was taken in March,
1946, representing a season at which chlorosis is at its worst in
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Arizona. The samples were all mature leaves. The green leaves
were taken from trees that had been fertilized with a manure-
sulphur mixture and the leaves with iron and zinc deficiency
patterns were taken from chlorotic trees alongside the fertilized
trees. The analyses show that total iron is less in the green leaves
but active iron is higher. There is less active iron in the iron defi-
ciency pattern than in the zinc deficiency pattern. While Oser-
kowsky did not determine any other micronutrient elements in
the HC1 extract it seemed advisable to make these determinations.
These data show that manganese and zinc are present in citrus
leaves in forms that are entirely soluble, or nearly so, in normal
HC1. The second set of samples from the Roger's grove was taken
in October, 1946, a period of the year when chlorosis is less severe
than in March. These data show more active iron at this season
but the green leaves are again higher in active iron and lower in
total iron than the chlorotic leaves.

McKellip's grove.—The green leaf sample from this grove was
taken at the head of the irrigation water run and the chlorotic
sample from the lower end of the run. This is a case where a
continuously wet, highly calcareous subsoil definitely contributes
to the chlorosis. The data in Table 3 show the green leaves are
lower in total iron but higher in active iron. This shows that a
continuously wet, calcareous subsoil will reduce the activity of
iron in the leaves. As in the case of the Roger's samples the total
and HC1 soluble zinc and manganese are in close agreement for
the two leaf samples. Therefore they are present in more soluble
and more active form than iron.

Grunow's grove.—The chlorotic and green leaves were taken
from trees that had been fertilized with sulphur-manure mixture.
Again the green leaves contain less total iron than the chlorotic
leaves but more active iron. It is of interest that the active iron
in the leaves from this grove is higher than the two preceding
groves. This would indicate that the amount of active iron in
chlorotic leaves is consistently less than in green leaves from indi-
vidual groves, but this does not necessarily hold in comparing
leaves from widely separated groves. Sample number 757 is a
sample of new leaves, age about six weeks, which had a mangan-
ese deficiency pattern. This analysis shows that the iron is highly
active and that the manganese deficiency symptom in young citrus
leaves may be an iron toxicity. Sample 816 is a leaf sample taken
from a branch into which a 1 per cent solution of sulphur dioxide
had been injected. At the time the acid was injected the leaves
were badly chlorotic. After about a month the leaves greened
up and were sampled. The analysis of this sample indicates that
the sulphurous acid increased the activity of iron in these leaves.

White's grove.—These samples were taken from adjacent
groves. Sample 608 is from a grove that had been neglected for
an extended period during the 1930's and 609 and 610 from the
grove that had been irrigated and fertilized during this same
period. The former grove was entirely free of chlorosis while the
latter was badly chlorotic. The analyses of the green leaves from
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the chlorotic grove and the non-chlorotic grove agree closely in
both total and active iron but the active iron in chlorotic leaves
from the chlorotic grove is very much lower. The analyses of the
leaves from this grove are again of interest in connection with the
observations of Burgess and Pohlman (3) for chlorosis studies
on the Yuma mesa where chlorotic trees were cured by drying out
the soil.

These data show a good correlation between the activity of iron
in citrus leaves and citrus chlorosis. There is no apparent signifi-
cance in the zinc determinations but there is some evidence of a
slightly reduced manganese activity in the chlorotic leaves. The
manganese deficiency symptoms in young leaves and the high
activity of iron in these same leaves is significant. In most cases
the manganese deficiency symptoms which appear on citrus leaves
in Arizona are present on new leaves. Since the iron is in a highly
active form in these leaves the evidence indicates that there is an
iron toxicity as noted by Sommers and Shive (34). They found
that pathological symptoms produced with an excess of iron are
identical with those produced when manganese is deficient and
symptoms produced by excess manganese are identical with those
produced when iron is deficient.

In order to study the activity of these elements further extrac-
tions of dry leaf material were made with carbonic acid and ace-
tate buffer solutions. The carbonic acid extraction of dry leaf
material was made by bubbling carbon dioxide through a suspen-
sion of 10 grams dry leaf material (40 mesh) and 100 ml. of di-
stilled water. The flasks were then tightly stoppered and allowed
to stand for sixteen hours. The final pH of the mixture was 5.2.
The whole was then filtered with the aid of suction, washed to a
filtrate of 250 ml., the filtrate evaporated to dryness in a casserole,
10 ml. aqua regia added to destroy organic matter, again evapor-
ated to dryness, ashed in an electric muffle furnace, cooled and
this residue boiled with dilute HC1 for solution. This was filtered
into a 200 ml. volumetric flask and aliquots of this solution used
to determine iron, manganese, and zinc.

The acetate buffer was prepared by dissolving 10 grams of NaOH
in 500 ml. of distilled water, adding 19 ml. of glacial acetic acid
and diluting the whole to 1 liter. The pH of this was adjusted to
5.2. According to the literature the pH of citrus leaf sap is closely
5.8. For extraction with the acetate buffer 10 grams of finely-
ground leaves, 40 mesh, were placed in a 250 ml. Erlenmeyer flask,
100 ml. of acetate buffer added, the flask tightly stoppered and
then agitated in a shaking machine for one hour. After standing
for sixteen hours the whole was filtered with the aid of suction
and the filtrate analysed in the same manner as described for the
carbonic acid extract.

The data obtained from the analyses of these extracts are shown
in Figures 2 and 3.

Iron.—The two samples taken from the Roger's grove show a
good correlation for the normal HC1 values and this is true also
for the samples from the other two groves. The values obtained
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Manganese.—The manganese values obtained with normal HC1
show a good correlation, as in every case except one the HC1
values are lower than the totals and are slightly lower for the
chlorotic leaves than for the green leaves. A fair correlation was
also obtained with the acetate buffer and the carbonic acid with
only one exception. The values are lower than the totals and the
HCl values, and are lower for chlorotic than for green leaves. A
much greater percentage of manganese in leaves is soluble in
these weak solvents than is true for iron.

Zinc.—The zinc values obtained, that is total, HCl soluble, ace-
tate soluble, and carbonic acid soluble do not show any correlation
between green and chlorotic leaves nor between iron and zinc
deficiency patterns. As in the case of manganese a high percent-
age of zinc is soluble in the weak extracting agents.

The principal significance of the data obtained with the acetate
buffer and the carbonic acid extraction is that manganese and zinc
are far more soluble and therefore should be more active than
iron in citrus leaves, even though the totals in the leaves are much
lower. The data further indicate that iron is the principal ele-
ment contributing to chlorosis of citrus growing in alkaline-
calcareous soils of Arizona regardless of leaf pattern. There is
no positive evidence that either manganese or zinc become seri-
ously immobile or inactive in these citrus leaves.

In order to obtain confirming data on the relation between
total and active iron in green and chlorotic citrus leaves another
set of leaf samples was collected in the spring of 1948 from Valen-
cia and grapefruit groves. The analyses of these are given in
Table 4. Calcium and potassium and the Ca:K ratios are sub-
mitted for comparison with the data on micronutrient elements.
In all cases the per cent active iron and the active : total iron
ratios are lower for the chlorotic leaves. High calcium and high
Ca:K ratios are noted for the green leaves in which active iron
was highest.

ROOT STOCK AND VARIETY DIFFERENCES

In 1945 a group of nineteen grapefruit groves in the Salt River
Valley were selected for a study of fruit quality. As a part of this
investigation leaf samples were analysed each month, for twelve
months, beginning in June, 1945, and continuing to May, 1946. In
the chemical analyses of these leaf samples total iron and man-
ganese were determined. The data obtained from these analyses
are significant with respect to these two elements. In one grove
in which the trees were on rough lemon the leaves consistently
analysed higher in manganese than all the other eighteen groves
and in most cases were higher in iron. At least the iron values
were always within the upper range. This is shown by the data
in Table 5. There is evidence in the data given in Table 5 that
grapefruit on rough lemon root takes up more manganese and
possibly more iron.
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TABLE 5.—PER CENT IRON AND MANGANESE IN GRAPEFRUIT ON
ROUGH LEMON AS COMPARED TO EIGHTEEN OTHERS ON SOUR

ORANGE.

Per cent iron(Fe)
Rough lemon Others

Per cent manganese (Mn)
Rough lemon Others

June
July
August
September
October
November
December
January
February
March
May

.0138

.0140

.0124

.0177

.0193

.0150

.0141

.0181

.0212

.0125

.0250

.0084

.0076

.0078

.0032

.0075

.0081

.0086

.0081

.0113

.0044

.0050

- .0208
- .0204
- .0156
- .0156
- .0115
- .0156
- .0136
- .0179
- .0306
- .0100
- .0206

.0041

.0040

.0038

.0051

.0045

.0042

.0042

.0042

.0038

.0017

.0025

.0016
,0016
.0015
.0015
.0017
.0016
.0016
.0015
.0014
.0011
.0011

- .0028
- .0026
- .0027
- .0027
- .0032
- .0025
- .0026
- .0030
- .0026
- .0016
- .0016

In 1940 a co-operative planting
of ten trees of each of eleven
varieties of oranges was made at
the Val Vista Grove north of
Mesa by the U. S. Department
of Agriculture and the Arizona
Agricultural Experiment Sta-
tion. The following is a descrip-
tion of this planting:

Washington Navel types on
sweet seedling root

Sunny Mountain
Robertson
Workman
Rico 1

Valencia types on sweet
seedling root

Chapman
Hart's Tardiff
Mohn
Corona Late

Sweet seedling types on sour
orange root

Diller
Hamlin
Butler

D D NAVEL

Q [] VALENCIA

ARIZONA SEEDLING _

TOTAL ACTIVE

Fe Fe

Figure 4.—Fe, Mn, Zn, Cu in
leaves from rootstock experiment.

These trees were first observed by the author in 1946 and his
attention was attracted by a wide difference in the prevalence of
chlorosis and a correlation between cions and chlorosis. Mature
leaf samples were taken in March, 1947, composite samples from
all trees of each cion, and the analyses of these are given in Table
6 and Figure 4.

The cions making the poorest growth are low in active iron and
are most severely chlorotic. In every case the manganese and
copper are lowest in the non-chlorotic leaves.
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T\BLE 6—FE M\T ZN AND CU IN ELEVEN VARIETIES OF ORANGES
IN RELATION TO CION AND CHLOROSIS, PER CENT AIR-DRY

MATERIAL

Variety

Sweet seedlin.
Robertson
Workman
Hart's Tardiff
Mohn
Sunny Mt.
Corona Late
Chapman
Rico No. 1

Tree
growth

g rootstock
Very weak
Verv weak
Moderate!
Moderate!
Moderate
Moderatef
Strong?
Very strong!

Iron(Fe) Manganese Zinc
Total

.0160

.0150

.0170

.0120

.0190

.0185

.0155

.0217

Active

.0043

.0042

.0052

.0044

.0054

.0043

.0059

.0056

(Mn)

.0027

.0027

.0027

.0029

.0029

.0028

.0028

.0032

(Zn)

.0032

.0032

.0028

.0031

.0032

.0025

.0032

.0032

Copper
(Cu)

.0023

.0018

.0018

.0015

.0021

.0018

.0019

.0022

Sour orange rootstock
Diller
Hamlin
Butler

Moderatef
Moderate!
Moderate^

.0120

.0165

.0155

.0054

.0074

.0055

.0023

.0019

.0024

.0028

.0026

.0031

.0012

.0011

.0014

- Chlorotic to severely chlorotic. Sunny Mountain was severely chlorotic
when sample was taken in 1947 but very slightly chlorotic in December,
1948, twenty-two months later.

tSlight to moderate chlorosis.
JNo chlorosis.

It Is of interest in this connection that Gile (10) cites a case in
which chestnut trees were chlorotic and failed in soils containing
more than 3 per cent CaC03 but when grafted on oak roots they
grew superbly. Hendrickson (11) found that the character of the
rootstock had a direct effect on chlorosis and tolerance to the
conditions that cause chlorosis. There is evidence in the data
given in Tables 5 and 6 that rootstock and cion may offer a solu-
tion of the citrus chlorosis problem.

DECIDUOUS FRUITS
Chlorosis on deciduous fruit trees is quite common in Arizona

and this is particularly true of peaches, apples, and grapes. While
it may occur in the spring, as the leaves unfurl, it generally
appears first in the summer on the topmost leaves or on the ter-
minal leaves of outside shoots which represent the summer
growth. The pattern is indicative of iron deficiency. The manner
in which the chlorosis appears indicates that sufficient active iron
is present in the spring, following the winter dormancy, to supply
the first leaves that appear in early and late spring. As the season
advances and additional leaf and twig growth are made on the
tree the iron is not sufficiently active to support normal leaf color.

A number of green and chlorotic leaf samples were collected
and the analyses of these samples are given in Table 7. In this
group there are green and chlorotic apple and peach leaves from
near Willcox, peach leaves from the Safford Valley, peach, plum,
and grape leaves from St. David, peach leaves from Tucson, and
peach leaves from Nogales.

An examination of the analyses given in Table 7 will show that
the leaves from these deciduous trees are much higher in both
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TABLE 7.—ANALYSES OF LEAVES FROM DECIDUOUS FRUIT TREES,
PER CENT AIR-DRY MATERIAL

No

964
965
966
968

1091
1092
1090
1112
1113
1114
1115
1116
1141
1142
1127
1128
1147
1143
1144
1151
1152
1153
1154
1155

Location

Willcox
Willcox
Willcox
Willcox
Safford
Safford
Safford
St. David
St. David
St. David
St. David
St. David
St. David
St. David
Tucson
Tucson
Tucson
Nogales
Nogales
St. David
St. David
St. David
St. David
St. David

Fruit

Apple
Apple
Peach
Peach
Peach
Peach
Peach
Peach
Peach
Peach
Peach
Plum
Grape
Grape
Peach
Peach
Peach
Peach
Peach
Apple
Apple
Apple
Peach
Peach

Leaf

Green
Chlorotic
Green
Chlorotic
Gieen
Green
Chlorotic
Green
Chlorotic
Green
Chlorotic
Green
Green
Chlorotic
Green
Chlorotic
Green
Green
Chlorotic
Green
Green
Chlorotic
Green
Green

Per cent iron
Total Active

.033

.041

.048

.045

.040

.034

.034

.030

.035
.030
.025
.023
.107
.065
.035
.039
.036
.041
.030
.051
.036
.038
.038
.032

.011

.016

.024

.018

.015

.013

.016

.011

.009
.014
.012
.010
.054
.030
.017
.021
.014
.015
.015
.024
.011
.009
.016
.014

Per cent
manganese

.0085

.0075

.0065

.0048

.0059

.0072

.0144

.0222

.0217
.0425
.0132
.0322
.0175
.0364
.0128
.0085
.0135
.0070
.0099
.0093
.0091
.0093
.0323
.0175

Per cent
zinc

.0038

.0025

.0036

.0078

.0075

.0065

.0060

.0045

.0071
.0031
.0031
.0029

.0050

.0040

Per cent
copper

.0014

.0014

.0014

.0016

.0011

.0015

.0011

.0009

.0013
.0012
.0012
.0018

.0015

.0020

total and active iron than citrus leaves and also considerably
higher in manganese. Chlorotic leaf samples in Table 7 are much
higher in both total and active iron than green citrus leaves. On
comparing the green and chlorotic leaf analyses in Table 7 the
relation between the two is not so consistent as in the case of
citrus leaves. That is, the active iron and manganese are not
lower in all cases for the chlorotic leaves.

Failure to find less active iron in the chlorotic leaves, in all
samples, may be due to difference in age of leaves. All green and
chlorotic leaves were taken from individual trees and the chlorotic
leaves were younger leaves than the green leaves as they were
farther out on the shoots. This explanation is offered because
the trees gave a favorable response when ferric citrate was
plugged into the tree trunk or branch.

Sample 1154 is a sample of leaves which turned green after
plugging the tree from which sample 1112 was taken, 1155 is a
sample of leaves which turned green after plugging the tree from
which sample 1114 was taken. Both these samples show an in-
crease in total and active iron and in manganese. Samples 1151-3
inclusive were taken from a large apple tree on which one limb
only was plugged with ferric citrate and a very favorable re-
sponse was obtained. Sample 1151 represents green leaves from
the plugged limb, 1152 represents green leaves from other parts
of the tree, and 1153 represents chlorotic leaves from other parts
of the tree. Both peach and apple trees were plugged with iron
citrate in late July and the samples were taken in mid-October.

The high managanese in the analyses of these leaf samples
indicates that the iron deficiency pattern may be in part due to
high manganese. Epstein and Lilleland (6) made peach leaf
analyses representing thirty-nine Elberta orchards in California
and found manganese values varying from .0006 to .0293 per cent
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on a dry-weight basis. Manganese deficiency symptoms were
usually evident when the manganese was less than .0017 per cent.
Thorne and Wann (37) found .0025 and .0003 per cent manganese
in manganese deficient peach leaves in Utah. It is clearly evident
that there is no deficiency of manganese in the Arizona orchards
covered by our analyses and that the amounts may be classed as
excessively high in some cases.

These experiments indicate that plugging chlorotic fruit trees
with ferric citrate is an effective way to control the trouble. It is
essential that the soil be well irrigated if the iron citrate is to
be effective.

CITRIC AND OXALIC ACIDS
Chemical and physiological studies on chlorosis by Iljin and

Schander (14, 15, 32) show a correlation between the citric acid
in leaves and presence of chlorosis. They found that a high cal-
cium uptake from calcareous soils is accompanied by an an un-
usual increase in the formation of citric acid in the chlorotic
leaves. Iljin first made this observation on apple leaves where he
found 28.7 mgm. citric acid per gram of dry matter in chlorotic
leaves and only 1.9 mgm. per gram in healthy green leaves. He
later made similar observations in chlorotic grape vineyards and
with other plants. The content of citric acid proceeds practically
parallel to that of calcium and magnesium. Ordinarily the pro-
duction of citric acid in the leaves lags but if it gains ascendency
a yellowing of the leaves proceeds parallel to it. Schander has
also made some valuable contributions to this phase of the chloro-
sis problem and offers his opinion that formation of organic acids,
especially citric, play a role in the development of chlorosis.

In order to study the application of Iljin and Schander's obser-
vations to the orchard crops in Arizona samples of green and
chlorotic leaves from citrus and deciduous fruit orchards were
analysed for citric and oxalic acids. The chlorotic citrus leaves
represented both the iron and zinc deficiency patterns while the
chlorotic deciduous fruit leaves were the iron deficiency pat-
tern. The methods of Pulcher, Vickery, and Wakeman (30) and
Pulcher, Vickery, and Leavenworth (29) were used for determin-
ing the organic acids. These data are given in Tables 8 and 9.

Citrus.—Samples of green and chlorotic leaves from ten citrus
groves were analysed for oxalic and citric acids. In all cases
except three there is excellent agreement with the observations
of Iljin for other plants. Per cent citric acid is higher in the
chlorotic leaves than the green leaves in all samples except in one
sample of lemon lea.ves and two samples of grapefruit leaves
where excess boron is known to be a complicating factor. It is
significant that the difference between green and chlorotic citrus
leaves is not as great as Iljin found for apple and other leaves.
The per cent oxalic acid is less for the chlorotic leaves in all
orchards. In fact, the oxalic acid values are more consistent than
the citric acid values in a comparison of green and chlorotic leaves.
Apparently chlorosis in citrus is accompanied by a reduction in
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TABLE 8.—CITRIC AND OXALIC ACIDS IN CITRUS LEAVES, MGM.
PER GM. AIR-DRY MATERIAL

Sample
number

750
751
753

1064
1066
1060
1057
1058
745
746
747

1061
1062
1063
1072
1073
748
749

1067
1068
1069
1070
1071
1074
1075
1082
1083
1084
1085

Variety

Grapefruit
Grapefruit
Grapefruit
Grapefruit
Grapefruit
Grapefruit
Lemon
Lemon
Valencia
Valencia
Valencia
Valencia
Valencia
Valencia
Valencia
Valencia
Valencia
Valencia
Valencia
Valencia
Valencia
Valencia
Valencia
Grapefruit
Grapefruit
Grapefruit
Grapefruit
Grapefruit
Grapefruit

Condition
of leaf

Green
Chlorotic
Chlorotic
Green
Chlorotic
Green
Green
Chlorotic
Green
Chlorotic*
Chlorotict
Green
Chlorotic*
Chlorotict
Green
Chlorotic-"
Green
Chlorotic"1'
Green
Chlorotict
Green
Chlorotic*
Chlorotict
Green
Chlorotict
Green
Chlorotic*
Green
Chlorotic*

Citric
acid

19.3
15.4
21.1
16.8
15.9
16.8
2.9
2.7

15.0
17.0
20.6
19.7
26.5
25.5
18.3
20.4
14.3
17.0
34.2
56.5
29.0
31.2
47.2
24.4
26.5
12.9
15.8
12.5
15.8

Oxalic
acid

55.2
53.5
53.5
53.7
51.6
53.5
65.5
46.5
46.9
34.4
20.2
42.1
30.3
32.6
43.0
31.1
43.4
34,2
39.2
31.2
41.6
33.3
31.8
38.7
28,5
fi3.5
55.8
71.9
59.4

*Iron deficiency pattern.
fZinc deficiency pattern.

oxalic acid and an increase in citric acid in the leaves. This is true
in a comparison of individual samples from individual trees or
groves but not necessarily in an over-all comparison of the data
from all the groves.

So far as Iljin's observations concern citrus chlorosis the differ-
ence in citric acid in chlorotic and green leaves is true to a limited
extent and far less so than for deciduous fruits as will be shown
later. The data for citrus leaves indicate that the difference in
oxalic acid in green and chlorotic leaves is more significant and
more consistent. Chlorosis is present where formation of oxalic
acid lags.

Deciduous fruits.—The data obtained from the analyses of
leaves from deciduous fruits are more in agreement with those of
Iljin than the citrus leaves. In every case the chlorotic leaves are
higher in citric acid than the green leaves and the difference
between the two leaf types is, on the whole, greater than for green
and chlorotic citrus leaves. The oxalic acid, in every case, is less
in the chlorotic leaves. The highest oxalic acid value is that of a
leaf sample taken from a normal plum tree, sample number 1116,
which was growing alongside the badly chlorotic peach trees from
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TABLE 9 —CITRIC AND OXALIC ACIDS IN GREEN AND CHLOROTIC
LEAVES FROM DECIDUOUS FRUIT TREES, MGM. PER GM. AIR-DRY

MATTER

Sample no.

1091
1092
1090
1112
1113
1114
1115
1127
1128
1143
1144
1116
1117
1141
1142
1151
1152
1153
1147
1154
1155

Fruit

Peach
Peach
Peach
Peach
Peach
Peach
Peach
Peach
Peach
Peach
Peach
Plum
Peach
Grape
Grape
Apple
Apple
Apple
Peach
Peach
Peach

Leaf

Green
Green
Chlorotic
Green
Chlorotic
Green
Chlorotic
Green
Chlorotic
Green
Chlorotic
Green
Green
Green
Chlorotic
Green
Green
Chlorotic
Green
Green
Green

Location

Safford
SafYord
Safford
St. David
St. David
St. David
St. David
Tucson
Tucson
Nogales
Nogales
St. David
St. David
St. David
St. David
St. David
St. David
St. David
Tucson
St. David
St. David

Citric
acid

5.7
2.5

11.2
11.8
22.2
8.5

29.0
6.9

18.8
2.7

13.0
4.7
5.6
2.3
3.5

11.2
13.0
23.1
8.1

18.6
13.7

Oxalic
acid

73.2
63.3
48.1
69.7
49.8
77.6
44.0
80.0
54.1
81.5
33.7
93.0
56.5
19.9
15.7
50.5
49.5
32.7
61.6
74.0
52.2

which samples 1112 and 1113 were taken. This plum tree was
completely free from chlorosis and the analysis of this sample
adds significance to the low citric acid and the high oxalic acid
percentage of green leaves where chlorosis is absent.

For the grape samples the green leaves are from a Zinfandel
grapevine which was entirely free from chlorosis and growing
besides a chlorotic Thompson variety from which the chlorotic
grape leaf sample was taken. The citric acid is only 1.2 mgm.
more in the chlorotic leaves than in the green leaves, while the
oxalic acid is 4.2 mgm. less. The data indicate that the difference
between green and chlorotic grape leaves is somewhat like that
between citrus leaves—that is, difference between the two leaf
types is not as great.

As mentioned in the section on micronutrient elements a num-
ber of trees were plugged with ferric citrate in late July to deter-
mine the response to this type of treatment. As has already been
shown this greened up the leaves as should be expected. Leaf
samples were taken from these plugged trees and analysed for
citric and oxalic acids. These leaf samples were taken in mid-
October. Sample 1147 is one of green leaves from a plugged
branch comparable with chlorotic leaf sample 1128 taken before
the tree was plugged, sample 1154 is likewise comparable with
1113, and 1155 with 1115. It is significant that in all three cases
where ferric citrate was plugged into the tree and the leaves
turned green there was a reduction in citric acid and an increase
in oxalic acid content of the leaves in addition to the increase in
active iron.
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Samples 1151, 1152, and 1153, taken from a large apple tree,
represent green leaves from the plugged branch (previously
chlorotic), green leaves from branches not plugged, and chlorotic
leaves from branches not plugged. Here again plugging the tree
with ferric citrate reduced the citric acid, increased the oxalic
acid, and, as shown in Table 7, increased the active iron in the
leaves.

SOIL STUDIES
The leaf analyses merely offer an approach to the chlorotic

problem—there is a definite failure of the leaves to attain the
Ca:K ratio and other chemical characteristics of normal mature
citrus leaves; the chlorotic leaves are definitely lower in active
iron, lower in oxalic acid, and higher in citric acid. For the citrus
the chlorotic leaves are consistently lower in manganese but this
is not true for the leaves from deciduous fruit trees. While the
calcareous soils are a contributing factor we must recognize that
there are many excellent citrus groves growing in calcareous
soils. It is of interest therefore to present some soil data at this
point.

Soil types.—All the groves selected for this study, that is, those
from which leaf samples were taken for the analyses given in
Table 1, are located in the Salt River Valley. The soil series on
which they are located are the Mohave, Cajon, McClellan, Gila,
and Laveen. In types they vary from clay loam to gravel and stony
loams. They also vary some in profile characteristics and struc-
ture but not greatly in chemical composition except in the per
cent calcium carbonate and the soil horizon at which the cal-
cium carbonate content is greatest. There is no relation between
soil series or type and chlorotic condition of the trees.

With the absence of any relation between soil type and grove
condition the soils were examined for available nurients, pH
salinity, active calcium, and calcium carbonate. These data are
given in Table 10.

Salinity.—Total soluble salts were determined by conduc-
tivity of the 1:5 soil water suspension and are expressed as parts
per million soil. None of these soils are high in salinity.

pH.—The pH values were determined on the soil paste and for
a soil water ratio of 1:10. The differences between groves are
not significant. All samples were surface foot samples.

Available nutrients.—Available phosphate and potash as de-
termined by the carbonic acid extraction method do not show
anything significant.

Active calcium.—Active calciuum (5) was determined by shak-
ing 10 grams of soil with 250 ml. of 0.2 normal ammonium oxalate,
filtering, and titrating an aliquot of the filtrate with potassium
permanganate. The difference between the original oxalate con-
tent and that of the filtrate represents the calcium present in the
soil in an active form. This calcium value is definitely highest in
the soils from the badly chlorotic groves and is probably a con-
tributing factor in development of chlorosis.
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active, and inactive elements could be determined on the same
sample. The data obtained are given in Tables 11, 12, and 13.

Calcium and potassium.—The data for calcium and potassium
are given in Table 11. Three calcium values are given, namely,
HC1 soluble, HC1 insoluble, ard total. Only one potassium value
is given because all the potassium is soluble in normal HC1 solu-
tion. For the acid soil, calcium in both leaves and roots was
increased by liming as should be expected. There was a signifi-
cant increase in HC1 insoluble calcium in the leaves of plants
grown in the limed soils and there was an increase in Ca:K ratio,
in both leaves and roots, from liming. This increase was greater
for the heavier lime application, especially in the leaves.
TABLE 11.—PER CENT CALCIUM AND POTASSIUM IN ROOTS AXD

LEAVES OF CITRUS PLANTS, POT EXPERIMENT

Sample Acid soluble Acid insoluble Total
calcium calcium calcium

Old leaves
New leaves
Tap roots
Secondary roots

Old leaves
New leaves
Tap roots
Secondary roots

Old leaves
New leaves
Tap roots
Secondary roots

Leaves
Tap roots
Secondary roots

Leaves
Tap roots
Secondary roots

Leaves
Tap roots
Secondary roots

Leaves
Roots

Leaves
Roots

Leaves
Roots

Leaves
Roots

1.94
1.81
0.65
1.54

2.06
1.90
0.73
1.46

2.09
1.90
0.76
1.72

3.20
1.12
2.10

1.99
1.18
4.32

2.21
2.83
4.84

2.32
4.54

1.80
4.04

2.12
1.24

2.16
3.26

Acid soil control
.774 2.71
.449 2.26
.116 076
.561 2.18

Acid soil plus 100 gm. CaCOo
1.382 3.44
.492 2.39
.100 0.83
.292 1.75

Acid soil plus 200 gm. CaCO3
1.156 3.25
.483 2.38
.191 0.95
.549 2.26

Laveen soil control
.216 3.42
.216 1.33
.316 2.41

Laveen soil 70 gm. sulphur
.583 2.57
.100 2.28

1.032 5.35
Laveen soil 140 gm. sulphur

.990 3.20

.158 2.99
2.280 7.12

McClellan soil control
.250 2.57
.300 4.84

McClellan soil plus sulphur
.833 2.63
.308 4.35

Pima soil control
.955 3.07
.191 1.43

Pima soil plus sulphur
.432 2.59
.216 3.47

Total
potassium

2.06
1.95
0.77
2.18

2.52
1.86
0.83
1.52

1.59
0.48
0.42
2.15

1.43
0.76
1.21

1.26
0,26
1.21

1.89
0.51
1.06

2.04
1.38

2.49
1.28

2.26
1.45

1.91
1.31

Cv:K
rano

1.32
1.16
0.99
0.96

1.35
1.28
1.00
1.15

2.03
4.96
2.26
1.05

2.39
1.75
1.92

2.04
8.75
2.87

1.69
5.86
6.70

1.26
3.51

1.06
3.39

1.29
0.96

1.35
2.64

For the Laveen soil the major influence of the sulphur was
noted in the secondary roots where there was a notable increase
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in both soluble and insoluble calcium. This should be compared
with calcium distribution in the citrus seedlings grown in the
acid soil where the highest calcium values are for the leaves.
This high calcium correlates with a reduction in potassium in all
cases except one. Definitely there are certain differences in the
calcium potassium values but the data are not sufficiently con-
sistent for exact interpretation. For the McClellan soil the cal-
cium content of both leaves and roots and the Ca:K ratio in roots
were increased by sulphur fertilization. For the Pima soil the
calcium and the Ca:K ratio were increased in the roots.

Like the barley seedling experiments (24, 25) with these soils
the data show that a high calcium in the roots is accompanied by
low potassium but there is no consistent effect on the leaves.
This pot experiment does not indicate that a distributed Ca:K
ratio is a contributing factor in citrus chlorosis.

Iron.—For the seedlings grown in the acid soil the active iron
was higher in the old leaves and secondary roots where the soil
was limed. By far the major part of the iron is held in the roots
—largely the younger secondary roots. It is significant that in all
cases the per cent active iron, active Fe total Fe, is lowest for the
roots. These data show that even when citrus is grown in an acid
soil a large percentage of the iron in both leaves and roots is in
an inactive form and the percentage of active iron is lower in the
roots than in the leaves. The seedlings grown in the limed soil
took up more iron than those grown in the unlimed acid soil. This
confirms our previous experiments which showed that in cal-
careous soils the increased uptake of calcium creates a need for a
greater amount of iron in the plant.

Some very significant data are noted for the iron values ob-
tained for the three alkaline-calcareous soils. The total iron up-
take for the Laveen and McClellan soils, which are the most
troublesome soils so far as chlorosis is concerned, show a very
high iron uptake and this is largely retained in the roots. It may
be significant that this uptake is very much higher than for the
acid and the non-chlorotic Pima soil. For the Laveen soil the
total iron content is lower in one case for the leaves of the plants
which had been fertilized with sulphur and minerals but it is
reasonable to assume that this is due to the fact that the plants,
and especially the leaves, were smaller on the control plants.
This is indicated by the fact that the percentage active iron, of
total iron, was increased by sulphur. For the McClellan soil total
and active Iron were increased in both roots and leaves and this
is true for the Pima soil also. These two soils are both lower in
CaCO> than the Laveen soil.

The data for iron determinations in the citrus seedlings are in
agreement with the iron data obtained from barley seedling ex-
periments. The citrus seedlings grown in the highly calcareous
Laveen soil absorbed more iron than those grown in the Pima and
acid soils. Furthermore the iron uptake did not show any increase
when a mineral mixture containing iron sulphate was added to
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TABLE 12.—PER CENT IRON, ACTIVE, INACTIVE, AND TOTAL IN
LEAVES AND ROOTS FROM CITRUS POT EXPERIMENT, PER CENT

AIR-DRY BASIS

Old leaves
New leaves
Tap roots
Secondary roots

Old leaves
New leaves
Tap roots
Secondary roots

Old leaves
New leaves
Tap roots
Secondary roots

Leaves
Tap roots
Secondary roots

Leaves
Tap roots
Secondary roots

Leaves
Tap roots
Secondary roots

Leaves
Roots

Leaves
Roots

Leaves
Roots

Leaves
Roots

Per cent Per cent
Inactive iron Active non

Acid soil, control
.0084 .0050
.0062 ,0061
.0212 .0055
.0437 .0172

Acid soil, 100 grn.CaCOs
.0125 .0072
.0048 .0044
.0167 .0051
.0650 .0240

Acid soil, 200 gm. CaCO
.0106 .0054
.0050 .0050
.0084 .0037
.0587 .0185
Laveen soil, control
.0275 .0070
.0575 .0075
.1450 .0185

Laveen soil, 70 gm. sulphur
.0147 .0053
.0300 .0055
.0134 .0190

Laveen soil, 140 gm. sulphur
.0365 .0195
.0375 .0185
.0937 .0150

McClellan soil, control
.0112 .0050
.0925 ,0115

McClellan soil, sulphur
.0343 .0055
.1250 .0150
Pima soil, control

.0092 .0045

.0525 .0090
Pima soil, sulphur
.0103 .0112
.0687 .0115

Active i.on
Total ucn

37.2
49.5
20.6
28.3

36.7
47.8
23.2
26.9

33.7
50.0
30.8
23.9

20.3
11.5
11.3

26.5
155
12.4

53.4
49.3
13.8

33.6
11.0

13.1
10.7

30.3
14.6

52.1
14.4

the soil, although the activity of the iron in the plant was in-
creased.

This citrus pot experiment adds further proof to our previous
observations that plants grown on southwestern alkaline-calcare-
ous soils are amply supplied with total iron and that active iron
is the major factor in chlorosis of plants growing in these soils.

Manganese.—For the acid soil, liming increased the manganese
content of the old leaves only slightly but there was an appre-
ciable increase in the manganese content of the secondary roots.
This indicates that liming has caused some fixation of manganese
in the roots. This soil is a highly organic soil. The low manganese
in the tap roots indicates a good mobility of this element.
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For the three alkaline-calcareous soils the manganese data are
quite significant. The manganese uptake, especially where man-
ganese sulphate was added to the soil in the mineral mixture, is
lower for the plants growing in the soil containing the highest
CaCO.} content, the Laveen soil. This fact, together with the
hi ah retention of manganese in the secondary roots, suggests
several probabilities. The movement of manganese from roots to
tops, in the citrus seedlings, is more greatly restricted than was
noted in our experiments with barley seedlings. Second, fixation
of manganese in roots of citrus seedlings is much greater for
highly calcareous soils than for the lesser calcareous soils. This
is shown by the greater manganese content of leaves of citrus
seedlings grown in the Pima and McClellan soils as compared
to the Laveen soil.

This experiment indicates that there may be some merit in the
use of manganese salts in citrus fertilization since our many leaf
analyses from groves located in the state showed a lower man-
ganese content for the chlorotic leaves. This is also suggested by
the greater manganese content found in leaves from deciduous
fruit trees.

The uptake of manganese from the highly calcareous soil is
lower than for the slightly calcareous soils and in this way is
unlike iron.

Zinc.—For the acid soil the zinc analyses do not show much
variation. In fact, the uniform distribution between roots and
leaves is significant when comparison is made with distribution
of iron and manganese between roots and leaves. There is some
indication that liming increased the zinc content of the secondary
roots.

For the alkaline-calcareous soils the zinc content of both roots
and leaves was increased by sulphur fertilization and the mineral
mixture. The greatest increase was in the zinc content of the sec-
ondary roots. In this respect the zinc data are in agreement with
the manganese. Also they are in agreement with the manganese
data in that the retention in the citrus roots indicates a luxury
storage in the roots. This was not observed in experiments in
which grain seedlings were fertilized with a mineral mixture.

Copper.—The copper determinations do not show a great deal
of variation between the controls and the seedlings fertilized with
sulphur and the mineral mixture. Like the other three micro-
nutrient elements there is a higher percentage of copper in the
roots than in the leaves.

In addition to the pot experiment in which the quantitative
uptake of micronutrient elements was determined an observation
experiment was conducted. The sour orange plants used in this
experiment were some that had been used by the Botany depart-
ment for respiration studies and were 12-16 inches high and all
the leaves were of a rich green color when they were transferred
to pots of McClellan soil, one of the most troublesome soils in the
state. The transfer of plants was made March 15,1947. The differ-
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TABLE 13.—PER CENT ZINC, COPPER, AND MANGANESE IN LEAVES
AND ROOTS FROM CITRUS POT EXPERIMENT, PER CENT AIR-DRY

MATERIAL

Old leaves
New leaves
Tap roots
Secondary roots

Per cent
zinc

Acid soil,
.0036
.0059
.0066
.0064

Per cent
copper

control
.0012
.0029
.0021
.0024

Per cent
manganese

.0033

.0037

.0018

.0114
Acid soil plus 100 gm. CaCOs

Old leaves
New leaves
Tap roots
Secondary roots

.0039
.0053
.0029
.0056

.0014

.0014

.0014

.0034

.0039
.0028
.0017
.0161

Acid soil plus 200 gm. CaCO
Old leaves
New leaves
Tap roots
Secondary roots

.0060

.0053

.0057

.0075

.0015

.0014

.0018

.0021

.0043

.0039

.0016

.0127
Laveen soil, control

Leaves
Tap roots
Secondary roots

Leaves
Tap roots
Secondary roots

Leaves
Tap roots
Secondary roots

.0044

.0032

.0110
Laveen soil, 70

.0049

.0099

.0501
Laveen soil, 140

.0053

.0063

.0168

.0019

.0027

.0054
gm. sulphur

.0018

.0015

.0040
gm. sulphur

.0016

.0022

.0035

.0043

.0039

.0080

.0027

.0038

.0209

.0042

.0028

.0085
McClellan soil, control

Leaves
Roots

Leaves
Roots

Leaves
Roots

.0068

.0154
McClellan soil

.0071

.0379
Pima soil,

.0035

.0036

.0020

.0025
plus sulphur

.0016

.0026
control

.0016

.0020

.0065

.0080

.0340

.0463

.0042

.0062
Pima soil plus sulphur

Leaves
Roots

.0082

.0458
.0026
.0032

.0185

.1082

ent soil treatments and the condition of the plants on March 15,
April 24, and July 29 are shown in the following:

1. Control, no treatment
2. Control, no treatment
3. Control, no treatment
4. Control, no treatment
5. Control, no treatment
6. Control, no treatment
7. 15 gm. sulphur, 25 gm. manure,

2 gm. FeSO4 and 2 gm. MnSO4 Green
8. Same as 7 Green

March 15
Green
Green
Green
Green
Green
Green

April 24
Chlorotic
Chlorotic
Chlorotic
Chlorotic
Chlorotic
Chlorotic

July 29
Chlorotic
Chlorotic
Chlorotic
Chlorotic
Chlorotic
Chlorotic

Green
Chlorotic

Green
Green
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9. 15 gm. sulphur, 25 gm. manure,
2 gm. FeSO4, 2 gm. MnSO4,
1 gm. CuSO4, 1 gm. ZnSO4 Green Green Green

10. Same as 9 Green Green Green
11. 15 gm. sulphur, 25 gm. manure Green Green Green
12. Same as 11 Green Green Green

Of the whole series the seedling growing in pot 11 had the best
color. No chemical analyses were made in this experiment as it
was intended only as an observation test. The plants which re-
ceived applications of copper sulphate and zinc sulphate showed
toxicity as evidenced by drooping leaves and some defoliation.
This is" not surprising in view of the amount of copper sulphate
added. However, after the plants recovered from this toxicity the
leaves came back green in spite of the fact that there was not a
complete recovery. In view of the excellent response to the sul-
phur-manure mixture it is clear that this treatment which is
recommended for chlorotic orchards has a good fundamental
basis. It is clear from this observation test that small trees will
respond readily. Failure to get response to sulphur-manure in
old trees is probably due to inability to reach enough of the roots
or to the age of the trees.

FIELD EXPERIMENTS
In 1934 (22) some field experiments were conducted with

chlorotic grapefruit trees in which 25- and 50-pound applications
of sulphur were made to the soil around the drip of the tree. The
sulphur was applied in soil augur holes or in a trench around
the tree. In some cases a trench was dug and then soil augur holes
made in the bottom of the trench in order to get the sulphur to
a greater depth. The trees were young trees and a definite
response to sulphur was obtained—that is, within a year after
the sulphur was applied, the chlorosis had disappeared. Chlorosis,
in Arizona citrus groves, is at its worst during the late winter or
early spring and this is the period at which observations should
be made in order to determine response.

In applying corrective soil measures the condition of the tree
is important in relation to response. When chlorosis appears in
old trees there may be several physiological disturbances in addi-
tion to the micronutrient element deficiency symptoms. There is
also a strong probability that when severe chlorosis is manifested
in the leaves there is an equally serious disturbance in the root
system. When citrus seedlings are grown in water cultures,
under conditions that produce chlorosis, a visible root injury often
precedes the appearance of chlorosis in the leaves. Severe chloro-
sis is not a disease that comes on suddenly. The fact that it is
most prevalent in old trees indicates that it has been built up
progressively over a period of years. Thus when one attempts to
improve the chlorotic condition of an old tree, by soil correctives,
a quick response cannot be accomplished and possibly none at
all if the root system is in bad shape. Sonamers and Shive (34)
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found that when the Fe:Mn ratio was low, that is, low iron and
high manganese, the first indication of disorder was a discolora-
tion of roots, retarded growth, and later the plants became chloro-
tic.

In 1943 a number of old groves in the Salt River Valley reported
serious chlorosis. In view of the response obtained with sulphur
and sulphur-manure mixture in previous field tests, experiments
were installed in two groves. One of these groves was in the
North Central Avenue district and the other on the south side in
Hidden Valley. Sulphur-manure mixture was used in these ex-
periments on the theory that manure would help to oxidise the
sulphur and by adsorbing hydrogen ions would give a zone of
low pH in the soil. The mixtures were prepared by a commercial
fertilizer mixer in order to get a uniform mix. Two different
mixtures were used

Mixture 1 Mixture 2
1000 Ib. sulphur 800 Ib. sulphur
900 Ib. manure 850 Ib. manure
100 Ib. soil 100 Ib. soil

100 Ib. iron sulphate
100 Ib. manganese sulphate
50 Ib. zinc sulphate

These mixtures were applied in furrows along the drip of the
trees and parallel to the rows at the rates of 25, 50, and 100 Ib.
per tree. The first applications were made in September, 1943.
In April, 1944, leaf samples were taken from each grove for chem-
ical analyses. This sampling was continued at intervals until
April, 1946. On May 1, 1945, a second 100-pound application was
applied to trees which had received an initial 100-pound appli-
cation. The leaf analyses were made in order to study the effect
of the acidulating material on the uptake of both macro- and
micronutrient elements. In all, 257 leaf samples from the two
groves were analysed and they included new leaves, mature
green leaves, and chlorotic mature leaves. In lieu of presenting
such a large amount of data comments will be confined to a sum-
mary of the analyses.

Ash.—On the whole the ash determinations were not signifi-
cant but in most of the sets of samples taken on single dates the
ash was higher in the leaves taken from the trees that had been
fertilized with the sulphur-manure mixture. There was a trend
toward a lower per cent ash in the chlorotic leaves than in the
green leaves.

Nitrogen.—There was no relation between the nitrogen con-
tent of leaves from control trees and fertilized trees.

Phosphate.—Fertilization with these materials had no effect
on the per cent P2O5 in the leaves. Comparing green and chlorotic
leaves the trend was toward a lower percentage in the latter.
Phosphate was always higher in the new leaves than in the
mature leaves. Since chlorosis is more prevalent in mature leaves
this indicates that chlorosis is not due to an excess of phosphate.
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Potassium.—In the leaf analyses from both groves the potassium
was definitely higher in the chlorotic leaves at all sampling dates.

Calcium.—The calcium determinations were quite variable.
The samples of new leaves were all very low in calcium and the
mature leaves higher. It was only when calcium values for leaves
from individual trees were compared that a significant relation
was found between green and chlorotic leaves. There was no
evidence that sulphur fertilization influenced the per cent cal-
cium in leaves or improved the Ca:K ratio.

Iron. There was a wide variation in the percentage of iron in
the citrus leaves from the two groves and no relation to chlorosis.
At the April, 1944, sampling, the first after the application of the
sulphur-manure mixture, there was a definite increase in the iron
content of the leaves. While this was not true at all the subse-
quent sampling dates there was a definite trend toward higher
iron. The active iron was increased in the leaves but the in-
crease was greater for grove 1 than for grove 2, the former is in
Hidden Valley.

Manganese.—Of the four micronutrient elements included in
this study the manganese determinations are the only ones that
showed a consistent relation between green and chlorotic citrus
leaves. It was definitely lower in chlorotic leaves for both groves
and at all sampling dates throughout the period of the experi-
ment. Also there was a definite and consistent increase in per
cent manganese in leaves from the fertilized trees.

Zinc and copper.—Zinc and copper determinations did not
show any significant relation between green and chlorotic leaves
nor between fertilized trees and controls.

In grove 1 there was a good response to applications of the
sulphur-manure mixture but no response in grove 2 where the
problem is complicated by a boron problem.

DISCUSSION

In Arizona all the citrus groves and most of the deciduous fruit
orchards are located on alkaline-calcareous soils. All forms of
chlorosis in these crops are therefore classed as lime-induced—
at least the highly calcareous substrate is a major contributing
factor. In the study of the chlorosis problem in Arizona orchards
several hundred analyses of green and chlorotic leaves have been
made, numerous pot experiments have been conducted, and a
limited number of field experiments. In an investigation of this
type it is necessary to interpret the data as a parallelism rather
than a definite proportionality.

Among the macro-nutrient elements interesting relations be-
tween calcium, potassium, and nitrogen were found. In normal
green citrus leaves percentage calcium increases and percent-
ages potassium and nitrogen decrease as the leaves mature. In
the leaves which develop chlorosis, calcium movement into the
leaves and withdrawal of nitrogen and potassium, as the leaves
mature, are notably restricted. While only a limited number of
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deciduous fruit leaves were analysed a similar disturbance in the
Ca:K ratio was not found. The data indicate that the disturbed
Ca:K ratio is a result of the conditions that cause chlorosis rather
than a causal factor itself. Further evidence of this is shown by
the fact that the Ca:K ratio disturbance is only true for green
and chlorotic leaves from single trees or possibly a single small
group of trees. Green leaves from non-chlorotic trees have fre-
quently been found to contain less calcium and more potassium
than many chlorotic leaves from chlorotic groves.

Only four micronutrient elements were studied in this investi-
gation, namely, iron, manganese, zinc, and copper. The deter-
minations of total iron, zinc, and copper did not contribute a
great deal of data indicative of the cause of chlorosis. There is
no evidence of a deficiency of any of these three elements in the
orchards studied. Manganese was found to be quite consistently
lower in chlorotic leaves and, strange to say, this is true for both
the iron and zinc deficiency patterns. However this is still not
conclusive evidence that a manganese deficiency is a cause of
chlorosis of citrus. Certainly it is not deficient in the leaves from
chlorotic deciduous fruit trees. There is some evidence of a failure
of citrus trees to take up sufficient manganese from the same soils
from which the deciduous fruit trees take up an excessive amount.

A major condition in the leaves, and undoubtedly a major con-
tributing factor in the development of chlorosis, was found by
employing the Oserkowsky method for determining the "active"
iron in plants. This method showed a consistently higher per-
centage of active iron in green leaves. It is significant in this
connection that manganese, zinc, and copper were found present
in leaves in a much more soluble and therefore more active form
than iron. Iron appears to be the only one of these four elements
that is fixed in the leaves in excessive amounts. This fixation of
iron in an inactive form was noted for plants growing in acid
soils as well as calcareous soils but is much greater for the latter.
Apparently, even under favorable conditions, a large percentage
of the iron is fixed in an inactive form in plants. This investiga-
tion strongly indicates that activity of iron is the principal factor
contributing to leaf condition in plants growing in alkaline-
calcareous soils. It is significant in this connection that Finch,
Albert, and Kinnison (8) found many pecan trees with rosette,
which responds to treatment with zinc salts, growing adjacent
to citrus or deciduous fruit trees with chlorosis which respond
to iron salts.

The influence of rootstock and cion on chlorosis or micronutrient
element uptake and utilization is indicated by data in Tables 5
and 6. Leaves of grapefruit trees on rough lemon were found to
be consistently higher in manganese and generally higher in iron.
Further evidence of this was found in the analyses of leaves
from eleven different orange varieties on two different rootstocks.

Interesting and significant data were obtained from a pot ex-
periment in which sour orange seedlings were grown in an acid
soil, a slightly calcareous non-chlorotic soil, and two highly cal-
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careous chlorotic soils. Best growth was obtained in the acid
soil, and poorest in the chlorotic soils. Chemical analyses of roots
and leaves showed the greatest percentage of iron in the plants
grown in the two chlorotic soils and this iron was largely held
in the roots. The per cent active iron was increased by adding
sulphur and manure to the soil. When iron sulphate was added
with the sulphur and manure, iron uptake was not increased
but there was an increase in active iron. Unlike our barley
seedlings (25) the mobility of zinc, manganese, and copper were
somewhat restricted in the plants grown in the chlorotic soils
as shown by a comparison of the analyses of leaves and second-
ary roots.

The seedling studies (25) and earlier field experiments with
young citrus trees (22) show that acidulating materials have a
favorable influence on chlorosis. For field experiments in this
investigation two badly chlorotic groves were selected. One grove
definitely responded to application of the sulphur-manure mix-
ture while the other did not. In the grove where a response was
obtained the leaf analyses showed an increase in active iron. It
appears that if such an increase can be obtained there will be a
favorable response. In old trees this is difficult to accomplish
because the condition of the root system influences the response.
It has been experimentally demonstrated that chlorosis is often
preceded by a root discoloration or retarded growth. Definitely
this will restrict an otherwise favorable effect of a corrective
soil treatment. Then again there is the fact that as trees age
their roots retire to the subsoil because of high surface soil tem-
peratures and the rapidity with which the surface soil dries
between irrigations. Crider's (4) study of citrus roots in Arizona
soils is of interest. He removed cross sections of soil at the drip
of the trees 2% feet wide and one-fourth the distance around
the tree. The roots were separated from the soil by screening and
then weighed. In the case of three- to six-year-old trees more
than 50 per cent of the roots were located in the top 18 inches of
soil. In older trees the roots were largely in the second and third
feet where more continuously moist soil is present and tempera-
tures more uniform. The temperature effect on citrus root growth
is also shown in other studies by Crider. Following are the
growth rates for April, July, and October.

April 4.33 m.m. per day
July 1.33 m.m. per day
October 2.44 m.m. per day

In Arizona chlorosis is most prevalent in old trees where most
of the roots have retired to the subsoil or have been otherwise
injured. Milad (26) made similar observations on pear trees.
Young trees whose roots were largely in the surface soil were
normal while chlorosis occurred when trees became older and a
greater percentage of roots was in the subsoil. Wynd (39) found
a similar condition in Sudan grass in the calcareous soils of the
Rio Grande Valley. Young plants showed no chlorosis. As the
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plants became older and more of the roots had retired to the
subsoil, chlorosis became more severe and finally the stand died
out. Observations by Hoagland, Chandler, and Hibbard (12) are
also of interest. In a study of zinc deficiency in California
orchards no zinc deficiency symptoms could be reproduced when
the surface soils from the affected orchards were used for green-
house pot studies. It was only when the subsoil was used in the
pot cultures that zinc deficiency symptoms could be produced.
This demonstrates the difference in availability of micronutrient
elements in surface and subsoils. Such conditions in the irrigated
lands of the Southwest should be compared with Florida citrus
trees where a large root population is present in the surface soil
due to higher humidity and lower soil temperatures in the
summer.

As already stated, throughout our investigations the larger
amount of inactive iron in chlorotic leaves, and also in the roots,
appears to be a major factor in leaf condition. It has been shown
that rye and barley seedlings (25) contain more iron when grown
in alkaline-calcareous soils than when grown in acid soils. This
observation has also been made in other experiments. Hoffer
(13) found that liming a peat soil increased the iron absorbed by
maize. Gile (9) says "increased absorption of calcium creates a
necessity for an increased quantity of iron because the excess of
calcium in the plant may render the iron inactive." Oserkowsky
(27) failed to find any evidence that iron does not reach the leaves
of pear trees, growing in calcareous soils, in sufficient amount
for normal chlorophyll development if there is no interference
with utilization. Milad (26) found a higher iron content in the
roots of pear trees that were chlorotic than in those that were
normal—both growing in calcareous soils. There is evidence that
iron immobility in plants growing in highly calcareous soils is
due to the effect of the calcareous substrate on the pH of the plant
sap. McGeorge (23) cured sugar-cane chlorosis by injecting sul-
phuric acid into the stalk, by injecting ferrous sulphate into the
stalk, and by side-dressing with sulphur at the rate of 1 ton per
acre. It is true that iron deficiency chlorosis can be cured by
introducing iron salts into the roots, the trunk, or in branches of
chlorotic trees. This does not necessarily prove that an iron
deficiency actually exists, for solutions of iron salts have an acid
reaction and acidity tends to increase the activity of iron in plants.

Loehwing (20) found that the H-ion concentration of the sap
of plants grown in limed soil was considerably lower than that of
plants grown in unlimed soil. Tests on the roots of limed soil
disclosed large amounts of iron in the nuclei of root hairs and
basal stem nodes of corn. High lime plants generally displayed
this peculiar iron immobility characterized by copious precipita-
tion of iron in the roots with a tendency to diminish in aereal
parts to such an extent that the leaves displayed iron deficiency
chlorosis. Hoffer and Carr (13) suggest that mobility of Iron in
plants is associated with sap acidity. Ingals and Shive (16)
selected a group of plants in which the pH of the plant sap varied
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from 4 04 to 6.10 and determined the total and soluble iron in the
sap They found that the total iron increases in the different
plant species as the pH of the tissue fluids increases—high total
iron for high pH and low total iron for low pH. On the other
hand the soluble iron in the tissue fluid varies in the inverse
order—that is low pH corresponds to high soluble iron, and high
pH with low soluble iron. In nine species with the sap varying
in pH from 4.04 to 6.10 the soluble iron varied from .0958 to .0281
mgm. per gm. and total iron from .137 to .571. Therefore plants
with high plant sap pH require larger amounts of total iron and,
being naturally low in soluble iron, the balance in the plant is
easily disturbed by any factor that affects the iron transport or
activity in the plant.

There is some evidence that extreme lack of organic matter in
the semiarid soils may contribute to chlorosis as it does to other
soil properties in the Southwest. In the study of pineapple chloro-
sis in highly calcareous soils Gile (9) found an interesting excep-
tion in the Florida Keys. The soils there contain 4 to 25 per cent
CaCO.i but an excessive amount of organic matter—in some cases
as much as 70 per cent—and pineapple plants grown in these
soils were not chlorotic. He interpreted this as showing that
calcareous soils do not cause chlorosis of pineapples if an excessive
amount of organic matter is present, and he proved this by fer-
tilizing chlorotic pineapples with large amounts of manure. The
favorable influence of organic matter is also mentioned by Willis
and Piland (38) who suggest that organic matter constitutes a
source of potentially reductive material and becomes actively
reductive during the process of decomposition. This tends to
keep iron in a reduced form in the soil and ferrous iron is con-
sidered more available and more active. Malherbe (21) describes
a dark-colored soil containing 80 per cent CaCO3 which supported
non-chlorotic fruit trees because of its high humus content. On
similar soils deficient in organic matter the trees were severely
chlorotic. Burgess and Pohlman (3) showed that organic matter
improved the color of chlorotic grapefruit seedlings.

The present investigation shows that acidified organic matter
increases the activity of iron within the plant. In semiarid soils
organic matter stimulates root respiration and promotes better
aeration in the soil. This in turn promotes better carbohydrate
utilization and more CO2 evolution by roots. This creates a more
active root-soil contact film which helps the roots to overcome
the adverse effects of a highly calcareous soil. It has been fre-
quently demonstrated in aerated and unaerated plant cultures
that the latter are usually chlorotic.

In living cells many reactions in which micronutrient elements
are involved take place with the aid of enzymes that act as cata-
lysts. While this subject is somewhat beyond the sphere of this
investigation, brief reference should be made to it. Many years
ago Gile (9) suggested that a relation between micronutrient
element balance, oxidation-reduction reactions in the plant and
enzyme activity might exist. Bailey and McHargue (1) studied
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the relation of some micronutrient elements to enzyme activity
in tomato plants and alfalfa. There was considerable uniformity
in the enzyme response for each element. This was interpreted
as indicating that these enzyme activities are expressions of
general metabolic conditions within plants rather than a direct
influence of the elements. Thatcher (35) postulated that iron,
manganese, zinc, and copper function as oxidation-reduction
regulators in the plant. He points out that these four elements,
plus cobalt and nickel, have atomic numbers 25 to 30, which place
them adjacent to each other in the periodic table. In other words,
their atomic structures differ only by the successive addition of
one electron to the proton nucleus. With respect to iron and
manganese, zinc and copper, he believed that there is sufficient
experimental evidence to justify the hypothesis that there are
two pairs of mutually co-ordinating catalysts for oxidation and
reduction reactions—the former for biological reactions in which
the addition or removal of oxygen is the basis of energy exchange,
and the latter for those in which the loss or gain of hydrogen is
involved. These functions are as catalysts in oxidation-reduction
reactions in biological processes. Excess of CaCO3 disturbs the
FerMn and/or the Cu:Zn balance.

The data obtained from the analyses of green and chlorotic
leaves from deciduous fruit trees are somewhat at variance with
the data for citrus leaves. Both iron and manganese are higher
in the former while zinc and copper are not significantly differ-
ent. There is also a difference in the percentage of active iron.
Even the chlorotic leaves from deciduous fruit trees are higher
in active iron than the green citrus leaves, but the difference
between chlorotic and green leaves from the deciduous fruit
trees does not show the same difference as between green and
chlorotic leaves from citrus trees. Branches of trees into which
ferric citrate was plugged gave a favorable response and the
leaves which turned green following the plugging showed an
increase in per cent active iron.

The data obtained by analysing the leaves for citric and oxalic
acids are more significantly related to chlorosis in deciduous
fruit trees than in citrus. In fact, the data suggest that the high
citric acid and low oxalic acid in the chlorotic deciduous leaves
are major contributing factors. This is especially evident be-
cause on injecting iron citrate into the trunk, while there was an
increase in the active iron in the leaves that had greened up fol-
lowing this treatment, there was also a reduction in the citric
acid and an increase in the oxalic acid toward that of a normal
leaf.

CORRECTIVE MEASURES

Research on the chlorosis problem in Arizona has indicated the
following soil conditions which may be classed as contributing
factors:

Poor drainage
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Poor soil aeration
Restricted root growth due to poor aeration
Lack of roots in the upper strata
CaCO, alkalinity accompanied in some cases by high salinity
Moderately high to high soil pH.

Recommended corrective measures are:
Improved drainage
Irrigation schedule designed to prevent a continuously wet

subsoil
Growing cover crops or mulching the soil in orchards
Use of acid soil correctives
Injecting salts of micronutnent elements into trees
Spraying leaves with salts of micronutrient elements.
Improved drainage.—There is no question about poor drainage

and irrigation at such frequent intervals that the subsoil is kept
continuously too wet being a contributing factor in Arizona.
This was proved by Burgess and Pohlman (3) some years ago
and such conditions have been noted in some of the groves exam-
ined during this investigation. In a semiarid climate such, as in
Arizona it is a difficult matter to adjust the irrigation schedule
in a way that will correct this trouble. Surface soils tend to dry
at such "a rapid rate, as compared to the subsoils, that they will
often be below the wilting point when the subsoil is still above
the moisture equivalent. Frequent light irrigations interspersed
between occasional irrigations heavy enough to wet the subsoil
seem to be the corrective program for controlling this contrib-
uting factor. Cutting weeds and allowing them to lie as a mulch
will help materially in maintaining a uniform moisture content
throughout the soil profile but this is objectionable because it
introduces a fire hazard in the grove. In all cases of chlorosis in
orchards the moisture conditions in the subsoil to a depth of at
least 4 feet should be examined with a soil tube.

Reuther (31) conducted an experiment at Indio, California, to
study the effect of continuously wet subsoils on grapefruit grow-
ing in calcareous soils. Winter chlorosis was abundant on trees
receiving 2-3 inches per week in summer and 2-3 inches each
two or three weeks in winter. There was no chlorosis in the
trees receiving 2-3 acre-inches every four to six weeks in summer
and every six to eight weeks in winter.

An excellent example of the influence of excess moisture in
the subsoil or continuously wet subsoil conditions is shown in
Plate V. These pictures were taken in an apricot orchard near
Casa Grande in which many trees had become so chlorotic that
they were in a state of decline. The year previous to the time
these pictures were taken the soil had been intercropped to
vegetables and heavily irrigated. One photograph was taken on
April 6, 1928, when the only good trees were in an outside row
alongside a tamarisk windbreak. These tamarisk trees had drawn
water from the subsoil and kept the moisture low enough to
prevent chlorosis in this row of apricot trees. After drying the
rest of the orchard another photograph was taken on July 2,
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surface soil, in the former and their absence under the latter
climatic conditions. It has been shown that citrus roots retire
to lower soil horizons as the trees mature, and feeder roots are
not usually adaptable to subsoil environment. The only prac-
tical way to encourage root growth in the surface soil (semiarid
soils) is by mulching or by cover crops which protect the soil
from excessive heat and drought. An excellent example is a
block of citrus trees located at the University Citrus Farm on
the Yurna mesa. During the 1930's this was a severely chlorotic
block of trees. At the present time it is notably free of chlorosis
largely because weeds have been permitted to grow rampantly
as a cover crop. Frequent mention is made in the literature on
chlorosis that it is far less prevalent in orchards where a perma-
nent sod is maintained. Mulches and cover crops stimulate more
root growth in the surface soil where most of the available micro-
nutrient elements are located. The practice of cover crops is
complicated by the extra water required for such a program.

Acid soil correctives.—By using an acidulated mixture of sul-
phur and manure containing salts of the micronutrient elements
our research has shown that activity of iron and greater uptake
of manganese, zinc, and copper can be accomplished. Field ex-
periments show that this effect cannot be attained in all orchards
especially for old trees. If it is possible to contact a reasonable
number of the roots it will give favorable results. In old trees
where roots have retired to the subsoil or have been permanently
injured by having had to combat an unfavorable soil environ-
ment, this practice is of doubtful value. In order to attain a
favorable response with the sulphur-manure mixture it should
be banded or furrowed regularly alongside the trees beginning
when the trees are young. Since chlorotic trees are usually
scattered in a grove—not chlorotic throughout—there is a ques-
tion whether the expense of treating the entire grove is justified.

The practice of using an acid manure is based on sound funda-
mentals of plant nutrition. A healthy root system can usually
maintain a satisfactory pH in the root-soil contact film. If the
soil is high in CaC03, and has a high buffer capacity, the roots
may fail to accomplish a satisfactory pH adjustment. The prac-
tice of fertilizing with an acid manure-sulphur mixture is to aid
the roots in attaining a satisfactory pH adjustment. There is an
abnormal metabolism that develops through the influence of a
calcareous soil which can be corrected by the use of acidulated
materials. In Arizona there is no deficiency problem in the soil.
Lime-induced chlorosis is a different type of disturbed metabolism
than that caused by a true deficiency. There is an excessive
uptake of calcium by plants growing on these highly calcareous
soils.

Sprays and tree injections.—In cases where trees will not re-
spond to fertilization with sulphur-manure mixture, notably old
trees, tree injections seern to be the final answer. Sprays are of
questionable value in a semiarid climate because of the aridity
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and the difficulty in getting complete leaf coverage. Tree injec-
tion has proved quite effective. In some injection treatments
with peach and apple trees we obtained a very quick response
using a plunger developed by Scott (33) together with the dosage
recommended by Bennett (2). In some cases the trees greened
up in ten days and the leaf analyses showed that the percentage
of active iron and manganese was increased in the leaves that
turned green. Also the balance between oxalic and citric acids
was changed to that of a normal green leaf. It was noted that
only trees that were heavily irrigated responded to the treatment.
Finch, Albert, and Kinnison (7) obtained a good response with
tree injections on citrus. Ferric citrate gave better response than
ferrous sulphate. Orange trees treated in the trunk with ferric
citrate in March definitely improved after six months. Grapefruit
trees treated in September showed improvement in six weeks.
Lemon trees showed improvement in two to three weeks. This
would indicate that deciduous trees give a quicker response than
citrus.

CONCLUSIONS

In Arizona, chlorosis of citrus and deciduous fruit trees—both
the iron and zinc deficiency patterns—is definitely associated
with a reduced activity of iron in the roots and leaves but not
apparently related to percentage total iron in leaves.

Deciduous fruit tree leaves are in general higher than citrus
leaves in both total and active iron percentage.

Manganese is definitely lower in chlorotic than in green citrus
leaves. As compared to Florida and California citrus leaf analyses
there is also some evidence that Arizona citrus leaves have a low
manganese percentage.

There is no evidence of a manganese deficiency in the analyses
of leaves from the deciduous fruit orchards from which samples
were obtained for this study.

Continuously wet subsoils and high calcium uptake by plants
reduce iron activity in the leaves of both citrus and deciduous
fruits.

Chlorotic leaves are higher in citric acid and lower in per-
centage oxalic acid than green leaves—more significantly so in
the case of the deciduous fruits. There is evidence that a lag in
oxalic acid behind calcium uptake in leaves is a major contribut-
ing factor in development of chlorosis on fruit trees in Arizona.

Increase in manganese uptake can be more easily accomplished
by fertilization than iron uptake. Fertilization with iron salts is
largely shown in an increase in percentage of active iron with a
lesser effect on percentage total iron.

A sulphur-manure mixture containing iron and manganese
salts will have a favorable effect on chlorotic trees if sufficient
contact can be made with the roots to increase manganese uptake,
iron activity, reduce the citric acid, and increase the oxalic acid
percentage.
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Plugging trees with ferric citrate increased active iron, in-
creased oxalic acid percentage, and reduced citric acid percentage.
All three of these factors are closely correlated with leaf condi-
tion.
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