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NUTRIENT INTERRELATIONS IN LIME-INDUCED
CHLOROSIS AS REVEALED BY SEEDLING TESTS

AND FIELD EXPERIMENTS

BY W. T. McGEORGE

INTRODUCTION

In a recent bulletin a seedling method was proposed for study-
ing the nutritional disturbances associated with chlorosis in plants
growing in alkaline-calcareous soils (12). The investigations re-
ported therein showed that the Neubauer technic of growing
100 grain seedlings in 100 grams of soil has certain advantages
over other methods of study which had not hitherto been em-
ployed. Reference is made particularly to the practice of analyz-
ing" the seedling roots and tops separately. The data thus obtained
indicate the availability of micronutrient elements in the soil,
their transport within the plant itself, the effect of soil reaction
and soil character on uptake and transport, and the nature of
some of the nutrient disturbances involved in chlorosis.

The investigations presented in the present bulletin are a con-
tinuation of these seedling studies and are designed to show the
application of the seedling technic to the chlorosis problem.
The experiments presented give data on the disturbance in the
Ca : K ratio which is characteristic of plants growing in alkaline-
calcareous soils, upon the "activity" of micronutrient elements in
the plant, and on the uptake of these elements from calcareous
soils as influenced by soil conditions and soil corrective amend-
ments. Experiments are also presented in which the seedlings
are fertilized with salts of the micronutrient elements. Finally,
some field observations and experiments are presented to show
the practical value of the seedling experiments.

Citrus is the major crop in which chlorosis is a major problem
in Arizona but it occurs frequently on deciduous fruit trees and
on some field crops. In the case of citrus, iron, zinc, and man-
ganese deficiency patterns are predominant. For the deciduous
fruits and field crops the predominant pattern is the iron deficien-
cy type. The soil as an alkaline-calcareous substrate is definitely
a" contributing factor in all cases of chlorosis in the state. On the
other hand, there are many excellent citrus groves located on
calcareous soils. The same is true for deciduous fruits and field
crops. Adjacent trees in orchards may be green and chlorotic
and areas of field crops may be spotted with green and chlorotic
plants. There is evidence that other factors in addition to the
calcareous substrate contribute to the prevalence of chlorosis.

In the past it has been the general opinion that the alkaline
reaction of calcareous soils reduces the solubility of the salts of
the micronutrient elements to the deficiency range and under
such soil conditions the plants are not able to supply their nutri-
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ent requirements. This theory is no longer tenable, as plant anal-
yses, especially total iron determinations, do not show any exist-
ing deficiency. In Arizona chlorosis is only found on plants
growing in alkaline-calcareous soils but all the plants growing
on these soils are not chlorotic by any means. In view of this we
have come to refer to these soils as chlorotic and non-chlorotic
soils.

EXPERIMENTAL PROCEDURE

Growing seedlings.—The procedure for growing seedlings is
essentially the Neubauer technic. In most of the experiments
conducted in this study Sacramento barley was used instead of
rosen rye. The 100 seedlings are grown in 100 grams of soil, using
the customary sand dilution, for a period of seventeen days from
date of planting. The plants are harvested at the end of this
period, carefully washed in running tap water, roots and tops
separated, and the roots given two rinses in dilute HC1. The plants
are then dried and ground to pass a 40-mesh screen.

Analysis of seedling.—The dry plant material is ashed at very
faint redness in an electric muffle furnace. No attempt is made to
obtain a white ash at this first ashing. The ash is moistened with
distilled water and 5 ml. of con. HC1 added. The platinum dish
is then covered with a watch glass and heated on the steam bath
for a few minutes. This ash extract is filtered into a 200 ml. volu-
metric flask and the residue on the filter paper washed three
times with distilled water. The filter paper and insoluble residue
are then returned to the original platinum dish and heated to a
white ash in the muffle furnace. Five ml. of HF are added to the
dish and the dish placed on the steam bath for evaporation to
dryness to remove silica. This residue is taken up in 5 ml. of con.
HC1. Solution is accomplished by heating a few minutes on the
steam bath. This second ash extract is added to the extract in the
200 ml. flask. The whole is made to volume and aliquots of this
used for colorometric methods of analysis. For each set of analy-
ses a blank composed of reagents is also made to 200 ml. and
aliquots used to correct for any micronutrient elements in the
reagents.

UPTAKE OF IRON, ZINC, AND MANGANESE FROM
CHLOROTIC AND NON-CHLOROTIC SOILS

The application of the seedling test to the study of soil condi-
tions which contribute to chlorosis is illustrated by the first ex-
periment in which four chlorotic soils, two slightly chlorotic soils,
and four non-chlorotic soils were used. The data obtained from
this experiment are given in Table 1.

This seedling experiment is introduced at this point to illus-
trate how the seedling technic can be employed in the study of
chlorotic soils. The data show the iron, manganese, and zinc
uptake, roots and tops separately for chlorotic soils, slightly
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TABLE 1.—SEEDLING TEST FOR AVAILABLE IRON, MANGANESE
AND ZINC IN CHLOROTIC AND NON-CHLOROTIC SOILS, MGM PER

200 SEEDLINGS

Orchards

A
B
C
D
Average
Root: top ratio

G
H
Average
Root: top ratio

I
J
K
L
Average
Root: top ratio

Zinc (Zn) Iron (Fe)
Roots Tops Roots Tops

.211

.200

.240

.200

.213

.182

.180

.181

.164

.247

.204

.190

.201

Chlorotic soils
.180 7.6
.176 7.4
.216 3.0
.196 2.8
.192 5.2

1.11 20.8

Slightly chlorotic soils
.140 2.8
.180 2.1
.160 2.5

1.13 13.8

Non-chlorotic soils
.142 2.1
.168 2.4
.160 2.5
.160 2.8
.157 2.5

1.28 10.2

.20

.27

.28

.26

.25

.16

.19

.18

,20
.21
.34
.22
.24

Manganese (Mn)
Roots Tops

.64

.66

.32

.31

.48
2.8

.36

.28

.32
2.0

.28

.32

.30

.39

.32
1.8

.17

.17

.16

.17

.17

.14

.18

.16

.16

.18

.16

.21

.18

chlorotic soils, and non-chlorotic soils. The average root: top ratios
for each of the three groups are also given. The root: top ratio is
interpreted as an indication of the mobility of micronutrient ele-
ments within the plant.

The seedlings grown in the chlorotic soils have the highest aver-
age iron uptake for both roots and tops and also have the highest
root: top ratio. This shows a greater uptake of iron from the chloro-
tic soils but a restricted transport from roots to tops—lower mo-
bility. The highest manganese value for roots is shown for the
chlorotic soils and the seedlings grown in this group show the
highest root:top ratio. This shows that mobility of manganese is
slightly restricted but not seriously so. There is little difference
in the manganese values for the plant tops for the three soil
groups. The zinc values for the seedlings grown in the chlorotic
soils are slightly the highest and there is little or no evidence
of restricted mobility. The comparative mobility of these three
elements is best best illustrated by the root: top ratios: zinc, 1.28 to
1.11; manganese, 1.80 to 2.80; and iron, 10.2 to 20.80. Clearly the
low ratios for zinc and manganese are evidence of good mobility
and that iron is the only micronutrient element fixed in an immo-
bile form in the plant. Later experiments will show a low root: top
ratio for copper. Utilization of iron is at a low efficiency even in
the non-chlorotic soils.

Chlorosis of plants growing in alkaline-calcareous soils is most
often the iron deficiency pattern and thus it has come to be known
as limestone chlorosis. The data given in Table 1 show that this
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term is well chosen because the principal effect of the calcareous
substrate is on the root: top ratio of iron and has little or no effect
en manganese and zinc.

CALCIUM POTASSIUM RELATIONSHIPS

In the analyses of green and chlorotic leaves from orchard
crops a disturbance in the Ca:K ratio is a prevailing character-
istic. The next experiment was designed to determine whether
the barley seedling test could be used to study this type of nutri-
tional disturbance — namely, the uptake from a calcareous sub-
strate and distribution between roots and tops. In all our previous
seedling studies calcium and potassium determinations have been
made on the whole plant.

Two experiments were conducted in which calcium and potas-
sium determinations were made on the roots and tops separately.
In the first experiment only calcium and potassium were deter-
mined and these data are given in Figure 1. In the second experi-
ment calcium, potassium, iron, manganese, zinc, and copper were
determined in both roots and tops. These data are given in Table
2 and, in part, in Figure 2.

For the first experiment five soils were selected from chlorotic
citrus groves and nine soils from non-chlorotic groves or where
trees were only slightly chlorotic. The curves in Figure 1 show
CaCOs and active (3) calcium in the soils, the calcium and potas-
sium content of roots and tops, and a comparison of these values
as influenced by the calcareous substrate. The average for each of
the soil groups is given at the right of the chart for comparison
with the values obtained from the sand cultures.

The calcium content of the seedling tops is remarkably con-
sistent regardless of the CaCO3 content of the soil and whether
grown in chlorotic or non-chlorotic soils. Likewise, while the
potassium content varied considerably there is no significant
difference between plants grown in the two soil groups even
though the average potassium is higher in the seedlings grown
in the non-chlorotic soils. There is a definite Ca:K upset in the
roots. This is also where the major fixation of iron takes place as
shown by this and the previous experiment, Table 1. The exces-
sive accumulation of calcium may be a contributing factor in the
fixation of iron. The soil and leaf analyses are presented, from
left to right in Figure 1, in order of the severity of chlorosis. The
first five soils are chlorotic soils and the nine other soils grade
from slightly chlorotic to non-chlorotic. The significant part of
these data is the reciprocal change in the Ca:K ratio in passing
from the chlorotic to the non-chlorotic soils. The fourth and fifth
soils are Mohave stony gravelly loam soils, a type which is not
excessively calcareous but plants grown on this soil type exhibit
a high calcium uptake and citrus chlorosis is common in orchards
located on this soil. With the exception of these two soils there is
an excellent correlation between per cent CaCO3 in the soil,
active calcium in the soil, uptake of calcium and potassium by
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Chlorotic soils- -non or slightly chlorotic soils Chi. Good Sand

Figure 1.—Comparison of CaCO8 and active calcium in chlorotic and non-
chlorotic soils, Ca and K as mgm. per 200 seedlings in roots and tops, aver-
age Ca:K ratios for seedlings grow nin chlorotic soils, non-chlorotic soils,
and sand controls.

the seedlings, and distribution between roots and tops. While the
highly calcareous soil has reduced potassium uptake it is evident
largely in the roots at this stage of growth.

In the second experiment designed to study the Ca:K ratio
two chlorotic and two non-chlorotic soils were selected and used
for cultures in which the Neubauer technic was again employed.
Roots and tops were analysed separately. Iron, manganese, zinc,
and copper were determined in addition to total calcium and
potassium. The solubility of each in normal HC1 was also deter-
mined. The data obtained from this experiment are given in Table
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TABLE 2—TOTAL CALCIUM, POTASSIUM, IRON, MANGANESE,
ZINC AND COPPER HC1 SOLUBLE (ACTIVE) CALCIUM AND IRON,

MGM. PER 200 SEEDLINGS

Calcium Potassium
Ca K

HC1 soluble
HC1 soluble
Total
Total

HC1 soluble
HC1 soluble
Total
Total

HC1 soluble
HC1 soluble
Total
Total

HC1 soluble
HC1 soluble
Total
Total

HCI soluble
HC1 soluble
Total
Total

roots
tops
roots
tops

roots
tops
roots
tops

roots
tops
roots
tops

roots
tops
roots
tops

roots
tops
roots
tops

8.0
88
7 0
9.0

126
9.0

32.4
11.0

25.8
10.3
35.4
15.7

Sand

23,5
24.2

Manganese Iron
Mn Fe

.178

.124

.198

.143

Chlorotic soil A
.298
.171

26.7 .306
64.5 .217

Chlorotic soil B
.248
.209

25.3 .290
66.9 .219

Non-chlorotic
7.1

12.4
8.2 40.5

11.8 62.2

Non-chlorotic
10.0
10.6
10.5 40.5
10.9 75.6

soil A
.256
.206
.294
,213

soil B
.265
.178
.306
.202

.50

.14

.54

.16

1.07
.45

7.06
.55

1.07
.39

6.60
.46

1.30
.51

4.35
.38

1.17
.46

4.94
.46

Zinc
Zn

.21

.18

.32

.30

.28

.28

.34

.30

.26

.26

CoDper
Cu

.083

.063

.107

.109

.143

.136

.133

.101

.140

.130

2 and Figure 2. Oserkowsky (14) employed chemical methods to
study the activity of iron in leaves. Using chlorotic and green pear
leaves he found no apparent relation between total iron and
chlorophyll. In a study of solubilities he found a close correla-
tion between the solubility of iron in normal HCI and chlorophyll.
In view of this he designated this HCI soluble iron as active iron—
that is, active in chlorophyll formation. In our study of chlorosis
in citrus and other crops in Arizona we have found that chlorotic
leaves are quite consistently lower in active iron than green
leaves using the Oserkowsky method. We have also used this
method to determine the solubility of other elements in chlorotic
and green leaves. Manganese, zinc, copper, and potassium are
practically completely soluble in normal HCI. The solubility of
iron and calcium in chlorotic and green leaves is definitely differ-
ent and for this reason both total and HCI soluble iron and calcium
are given in Table 2, while only total zinc, copper, and potassium
are given. Both values are given for manganese because of a
slight difference.

The calcium potassium relations shown in Table 2 are similar to
those obtained in the previous experiment. The Ca:K ratio for
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Figure 2.—Comparison of Fe, Mn, Ca, and K in roots and tops of seedlings
grown in sand, chlorotic soils, and non-chlorotic soils. Mgm. per 200 seed-
lings and as per cent active iron.

the roots of the two non-chlorotic soils is similar to the ratio for
plants grown in the sand controls — namely, low calcium and
high potassium. The opposite relation exists for the plants grown
in the chlorotic soils — namely, calcium is higher than potassium.
It is significant that the solubility of calcium in normal HC1 is
appreciably less than total calcium for the seedlings grown in
the chlorotic soils, while the total and HC1 calcium for the seed-
lings grown in the non-chlorotic soils and those grown in sand
controls are not significantly different. This shows that a consid-
erable portion of the calcium taken up by the seedlings from the
chlorotic soils is present in the roots as a relatively less soluble
complex.

The Ca:K relations in the tops are not significantly different
for the two types of soil although it is of interest that, as in the
roots, there is an appreciable amount of HC1 insoluble calcium
in the tops of seedlings grown in the chlorotic soils. This experi-
ment lends confirmation to the previous experiment and shows
that there is an excessive uptake of calcium from highly calcare-
ous chlorotic soils; that this calcium is in most part retained in
the roots; that there is a measurable amount of HC1 insoluble
calcium in both roots and tops; and that these conditions do not
exist, or are less true, for seedlings grown in non-chlorotic soils.

The data for iron are given in Table 2 and Figure 2 for the sand
cultures, the two non-chlorotic soils, and the two chlorotic soils.
A perusal of these data will show that there is more active iron
but less total iron in both the roots and tops of seedlings grown
in the non-chlorotic soils. There is a definite correlation between
total calcium, solubility of calcium in normal HC1, per cent of
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total iron soluble in normal HC1, and the chlorotic and non-chlor-
otic soils.

In all the soil cultures the manganese values, both total and
active, in roots and tops, show the same root: top ratio trend as
the seedlings grown in the sand control. The experiment shows
that manganese uptake and distribution between roots and tops
is not greatly different for the chlorotic and non-chlorotic soils.

There was little or no difference between total and HC1 soluble
zinc and copper for the seedlings grown in either the sand or soil
cultures so only the total values are given in the table. The ex-
periment shows that the calcareous soils do not seriously reduce
uptake of these two elements or their distribution between roots
and tops in grain seedlings.

LIMING AN ACID SOIL

Chlorosis often occurs on crops grown in an acid soil after it
has been limed — especially if over-limed. In order to further
study the effect of CaCOa alkalinity another experiment was
conducted in which applications of CaCO^ were made to an acid
soil. The acid soil was obtained from a forest reserve northeast of
Tucson. The purpose of this experiment was to compare the
growth of barley seedlings in naturally calcareous soil with
growth in acid soil to which comparative amounts of CaCO^ had
been added. In this experiment there were four replications of
sand controls, six of soil controls, and six replications each to
which 1, 5, and 10 grams CaCO3 were added per 100 grams soil.
The seedlings were grown from November 16 to December 6, at
which date they were harvested and the roots washed in run-
ning tap water followed by a double rinse in dilute HC1. Uptake
of iron, manganese, zinc, and calcium was determined in roots
and tops separately. The data are given in Table 3.

TABLE 3.™EFFECT OF CaCCh ON UPTAKE OF IRON, MANGANESE,
ZINC, AND CALCIUM FROM ACID SOIL, MGM. PER 200 SEEDLINGS

Iron Manganese Zinc Calcium
(Fe) (Mn) (Zn) (Ca)

Roots Tops Roots Tops Roots Tops Roots Tops
Sand, total
Soil, total

active
1 gm. CaCOj, total

active
5 gm. CaCO-j, total

active
10 gm. CaCO3, total

.60
1.60
1.70
1.30
1.00
1.65
1.00
1.00

.36

.38
.36
.44
.36
.42
.22
.46

,131
.220
.289
.223
.204
.220
.231
.212

.104
.154
.173
.160
.154
.177
.165
.196

.26
.40

.38

.38

.36

.22
.30

.38

.34

.36

9.4
10.6
9.6

11.2
10.4
14.1
11.2
9.9

8.6
11.8
10.8
14.2
14.4
14.2
12.6
14.6

active 0.70 .31 .204 .193 11.4 15.4

Iron.—The data show that CaCO3 reduced the iron content of
the roots and increased the iron content of the tops of the barley
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seedlings. There was a definite reduction in active iron in the
roots and tops as a result of CaCO3 additions to this acid soil It
is also significant that the fixation or precipitation of iron in the
roots is definitely less than for the natural alkaline-calcareous
soils. This may be due to the fact that this acid soil is a highly
organic soil and the calcareous soils of the semiarid Arizona
valleys are notably deficient in organic matter. Large amounts of
organic matter in the soil are known to improve iron utilization
within plants. This experiment confirms our previous observa-
tions that plants growing in calcareous soils need more, and
actually take up more, total iron because of the inactivation of
iron when the roots are growing in an alkaline-calcareous sub-
strate.

Manganese.—The manganese data are somewhat less significant
than the iron but there is a trend toward a slight reduction in
the roots and an increase in the tops with increase in CaCO3 added
to the soil. There is better mobility of manganese in the entire
series than was noted for the barley seedlings grown in the
naturally calcareous soils. Organic matter may again be a con-
tributing factor.

Zinc.—Zinc uptake and zinc mobility in the plant are not af-
fected by CaCO^ additions in this seedling experiment. There is
a close agreement with the zinc values obtained in the cultures
where naturally calcareous soils were used.

Calcium.—The calcium content of both roots and tops was in-
creased by CaCQi additions to this acid soil. The most significant
difference between the seedlings grown in natural calcareous soil
and limed acid soil is in the lesser difference between total and
HC1 soluble calcium. It is of interest that the uptake and retention
of calcium in the roots is only about one third that of a naturally
calcareous soil containing an equivalent amount of CaCO3. It is
of further interest that with less calcium uptake there is a lower
root: top ratio for iron in the seedlings grown in this experiment.

ARIZONA CALCAREOUS SOILS AND FLORIDA MARL SOILS

The marl soils of Florida are much higher in CaCO3 than many
of the calcareous soils of Arizona and micronutrient element defi-
ciencies are shown by a number of crops grown in the Florida
marl soils. In view of this it seemed of interest to conduct a seed-
ling experiment which would compare the micronutrient uptake
from these two types of calcareous soils. The Florida soil consisted
of a surface and subsoil sample. The surface soil was a 4-inch
blanket of marl and organic matter containing 13.1 per cent
CaCO3, and the subsoil was that under this blanket and contained
46.1 per cent CaCO3. The Arizona soil contained 10 per cent
CaCO3. The data obtained from a barley seedling test on these
soils are given in Table 4.

The seedlings grown in the Arizona calcareous soil contained
more total iron in the roots and more active iron in both roots
and tops. They also contained more zinc, manganese, and copper
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TABLE 4 —COMPARING MICRONUTRIENT UPTAKE FROM FLORIDA
MARL AND ARIZONA CALCAREOUS SOIL, MGM. PER 200 SEEDLINGS

Arizona soil
Roots Tops

Total iron (Fe)
Active iron (Fe)
Total manganese (Mn)
Active manganese (Mn)
Total zinc (Zn)
Total copper (Cu)
Total calcium (Ca)

3.65
.80
256
.232
.200
.164

36.1

.44

.40

.193

.193

.210

.100
16.0

Marl surface
Roots Tops

2.6
.60
.186
.162
.175
.108

33.6

.53

.28

.170

.166

.170
088

17.6

Marl subsoil
Roots Tops

2.2
.46
.164
.174
.145
.160

23.7

.43

.30

.124

.108

.145

.072
13.2

than the seedlings grown in the Florida marl. This experiment
indicates that the Florida marl soil contains less available micro-
nutrients than the Arizona soil. At least the uptake is less for the
Florida marl. It is of interest that micronutrient elements are
added to commercial fertilizer used for this soil.

OTHER CALCIUM SALTS

It is clear from the experiments presented up to this point that
barley seedlings grown in alkaline-calcareous soils show an ex-
cessive uptake and retention of calcium in the roots. An inactiva-
tion of iron in the roots takes place along with this calcium
accumulation. It appears that these characteristics are in most
part produced by soils containing more than 3 per cent CaCO3.
Also it has been shown that on adding an excess of CaCO3 to an
acid soil the uptake of calcium and its accumulation in the roots
was increased and the active iron reduced. The question arises
regarding the effect of other calcium salts since CaSO4 and CaCl2
are frequently present as salines in alkaline-calcareous soils—the
chlorotic soils in Arizona.

Breazeale (1) found that citrus roots were stimulated in growth
by CaCOs but injured by Ca (OH) 2 which is a hydrolytic product
of CaCO3 and believed to be present in puddled or poorly aerated
alkaline-calcareous soils. It is significant in the light of Breazeale's
observations that when calcareous soils are kept continuously too
wet their CaCOs hydrolyses to form Ca (OH) 2 and that a continu-
ously wet subsoil is known to be associated, as a contributing fac-
tor, with chlorosis of plants growing in these soils. In their studies
on chlorosis Gile and Carrero (6) examined the influence of
several calcium salts and also the effect of calcium and carbonate
ions separately. In one set of cultures they added an excess of
calcium as sulphate to a soil in which rice was grown as the
indicator crop. There was a certain amount of yellowing in the
leaves which was not typical chlorosis and was not corrected with
iron sulphate as is lime induced chlorosis. Since there was an
excessive uptake of calcium in this experiment, just as when rice
was grown in the presence of an excess of CaCO3j he concluded
that an excessive uptake of calcium alone does not produce chloro-
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sis. In other experiments he used an excess of NaHCQj in order
to produce the alkalinity effect of carbonate without calcium. This
injured growth but did not produce chlorosis. He concluded that
chlorosis of plants growing in highly calcareous soils is specifi-
cally a CaCO3 effect. Hofifer (8) found that liming a peat soil in-
creased the amount of iron absorbed by maize. Hibbard (7) found
that the tissue of plants growing in calcium deficient solutions
have less iron in the roots, terminal leaves, and basal stems, and
that iron is negatively correlated with calcium.

The next experiment was designed to study uptake of calcium,
potassium, iron, manganese, zinc, and copper by barley seedlings
from an acid soil, a noncalcareous Palo Verdes soil, and sand con-
trols to which CaCO3, CaSO4, and CaCL were added. The follow-
ing is an outline of the experiment in which the Neubauer technic
was employed:

1. Acid soil control.
2. Acid soil plus 10 grams CaCO3.
3. Acid soil plus 10 grams CaSO4.
4. Acid soil plus 0.5 grams CaCl2.
5. Palos Verdes soil control.
6. Palos Verdes soil plus 10 grams CaCO3.
7. Palos Verdes soil plus 10 grams CaSO4.
8. Palos Verdes soil plus 0.5 grams CaCL>.
9. Sand control.

10. Sand plus 10 grams CaCO*.
11. Sand plus 10 grams CaSO4.
12. Sand plus 0.5 grams CaCl2.

Each of the twelve treatments was replicated four times. The
barley seedlings were grown for the usual seventeen-day period
after which they were harvested and washed in running tap water
and dilute HC1. The roots and tops were analysed separately and
the data are given in Table 5.

Calcium and potassium.—Calcium uptake by both roots and
tops was increased by all three calcium salts and the magnitude
of the uptake was directly related to the solubility of the salt.
Potassium uptake and its retention in the roots was reduced by
the calcium salts and correlates negatively with the amount of
calcium retained in the roots. Potassium uptake as measured by
the potassium content of the tops, transport to tops, was increased
by all the calcium salts and in two cases correlates with the solu-
bility of the calcium salt. This experiment shows that excessive
uptake of calcium both under calcareous and noncalcareous (car-
bonate) soil conditions upsets the normal Ca:K balance in the
roots but does not apparently adversely affect transport of potas-
sium to the tops at this stage of growth.

Iron.—As in most of our seedling experiments, and other leaf
analyses, the determination of total iron did not yield any data
that could be significantly correlated with chlorosis. For the acid
soil and the sand cultures all the calcium salts reduced the iron
in the roots, but in the noncalcareous Palos Verdes soil the iron
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TABLE 5—EFFECT OF CaCO , CaSO,. CaCL ON ACTIVE AND TOTAL
IRON 4ND ON POTASSIUM, CALCIUM, MANGANESE, ZINC, AND

COPPER UPTAKE, MGM. PER 200 SEEDLINGS

Potassium (K)
Roots Tops

Acid soil
Control
CaCO,
CaSO,
CaCL

Palos Verdes
Control
CaCO
CaSO,
CaCL

Sand
Control
CaCO,
CaSO,
CaCL

39.8
36.2
39.4
32.3
Soil
41.2
32.7
32.7
32.0

30.5
26.3
25.2
25.6

Total
Acid, soil

Control
CaCO,
CaSO*
CaCL

Palos Verdes
Control
CaCO,
CaSO*
CaCL

Sand
Control
CaCOo
CaSO4
CaCL

5.0
2.9
1.8
1.6
Soil
2.1
2.3
3.1
2.2

1.0
.36
.50
.36

56.8
73.2
69.3
71.8

64.3
69.3
73.9
81.0

21.3
26.6
34.0
35.5

iron (Fe)

.30

.36

.83

.25

.31

.28

.28

.21

.13

.16

.17

.14

Calcium (Ca) Manganese (Mn)
Roots Tops Roots Tops

14.2
16.0
17.2
22.6

12.2
13.8
15.7
29.9

10.8
13.2
16.0
46.1

13.3
15.5
16.1
33.0

13.7
15.3
17.0
33.4

7.6
11.2
13.0
42.3

Active iron (Fe)

1.3
.6
.5
.5

.70

.52

.51

.50

.36

.41

.29

.32

.30

.22

.21

.23

.20

.20

.18

.15

.13

.10

.14

.19

.34

.29

.23
1.08

.93

.84

.93
1.24

.22

.17

.17

.21

Copper

.152

.132

.112

.100

.140

.132

.130

.128

.092

.104

.088

.104

.21

.20

.17

.36

.54

.50

.59

.59

.09

.09

.10

.14

(Cu)

.100

.102

.106

.086

.087

.082

.084

.079

.056

.077

.059

.057

Zinc
Roots

.44

.34

.30

.30

.38

.33

.32

.28

.28

.26

.26

.27

(Zn)
Tops

.27

.26

.27

.26

.24

.24

.27

.27

.17

.17

.28

.27

content was increased. There is no consistent variation in total
iron in the tops. The activity of the iron, as measured by solubility
in normal HC1, was reduced by all the calcium salts, in both roots
and tops of seedlings grown in the two soils. It is quite evident
that excessive calcium uptake under both carbonate and noncar-
bonate conditions reduces the activity of iron in the plant. If
excessive uptake of calcium and reduced activity of iron play a
major part in chlorosis then all three of these calcium salts should
be recognized as potential contributing factors in lime-induced
chlorosis. Gile says (6) that increased absorption of calcium in
the plant may render the iron inactive. Panche (15) found that
CaCl2 is more readily absorbed by plants and will cause chlorosis
in yellow sweet lupine.

Manganese.—The manganese determinations yielded some
quite consistent data for both the soil and sand cultures. A slight
tendency toward decrease in manganese uptake was shown by
the plants grown in the cultures to which CaCO3 and CaSO4 were
added, while CaCl2 very markedly increased manganese in both
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roots and tops. These data show that excessive calcium uptake
may slightly reduce manganese uptake in highly calcareous and
highly gypsiferous soils but increases manganese uptake if an ex-
cess of CaClo is present in the substrate. This experiment indi-
cates that CaCl2 acts as an active replacing agent for replaceable
manganese. This is clearly apparent from a comparison of the
manganese content of the seedlings grown in the soil and sand
cultures.

Zinc.—For both soils there is a slight reduction in the zinc con-
tent of the roots in all the cultures to which calcium salts were
added but there appears to be no significant effect of large
amounts of calcium on transport of zinc from roots to tops.

Copper.—The data for copper are quite similar to those of zinc
in their relation to calcium uptake. There is a slight reduction in
the copper content of the roots, no significant effect on copper in
the tops, and no apparent interference with transport of copper
from roots to tops.

This experiment shows that an excess of all three calcium salts
produces a calcium potassium disturbance in barley seedling
roots, an excessive uptake of calcium, a fixation of excess calcium
in the roots, an excessive fixation or precipitation of iron in the
roots, and a reduced activity of iron. All of these factors have
been shown to be associated with development of chlorosis on
plants growing in highly calcareous soils.

EFFECT OF LIGHT
In severe cases of citrus chlorosis the condition is present

throughout the year but is always more pronounced during the
late winter or early spring months. Also the chlorosis is usually
more prevalent on the south side of the tree, in the Southwest,
and rarely occurs on citrus trees grown in the shade of date
palms when the two are grown together. In other words, observa-
tions have shown that light intensity or quantity may be a factor
in the development of chlorosis.

Hibbard (7) found that iron was most plentiful in the roots
and basal stems of pea plants, next in the leaves, and least in the
terminal stems under long day conditions but the reverse was
true for short day conditions. Light seems to be necessary for the
absorption of iron but its transfer to the aereal parts of the plant
appears to be more rapid under short day conditions. When grown
in calcium deficient cultures there was less iron in the roots show-
ing a correlation between high iron and high calcium in the plants.
Gericke (5) found that the greater the light quantity the greater
the need for iron. In commenting on this Hibbard says that this
should explain why the quantity of iron in the roots, under short
day conditions, was 26 per cent less. Ingals and Shive (11) showed
that the H-ion concentration of tissue fluids varies with light in-
tensity; low H-ion concentration corresponds to high light inten-
sity and high H-ion concentration to low light intensity. Chap-
man, Vaneslow, and Liebig (2) found that citrus plants grown



310 TECHNICAL BULLETIN NO. 116

in full light of the greenhouse showed more mottling than those
subjected to lower light intensity. Schander (18) says that
"youth" chlorosis in lupines is due to an arrested transport of
reserve iron from the cotyledons if the pH is greater than 4.8 to
5.0. The pH depends upon the soil reaction in the immediate vicin-
ity of the roots and upon the ability of the plant to regulate the
reaction of the sap. This ability decreases with the increase in
the transpiration, as in excessive light or heat, especially if this
increase in transpiration takes place when the plant sap is above
the optimum pH. Chlorosis develops when these conditions arise.

In order to study the effect of light on micronutrient element
uptake and transport by barley seedlings an experiment was con-
ducted in which one set of seedlings was grown in darkness for
seventeen days and the other under greenhouse conditions—day
and night conditions. Three soils were used: a highly calcareous
soil, a lightly calcareous soil, and an acid soil. The data obtained
from this experiment are given in Table 6.

TABLE 6.—UPTAKE OF IRON, MANGANESE, AND ZINC BY BARLEY
SEEDLINGS GROWN IN DARKNESS AND UNDER DAY-NIGHT CON-

DITIONS, MGM. PER 200 SEEDLINGS

Total iron (Fe) Active iron (Fe) Manganese (Mn) Zinc (Zn)
Roots Tops Roots Tops Roots Tops Roots Tops

Dark
Light

Dark
Light

Dark
Light

4.6
7.6

3.2
5.1

2.3
5.3

Hi
.26
.44

ghly calcareous

2.00 .23

Slightly calcareous
.38 1.00 .26
.29 1.80 .40

.20

.28

Acid soil
1.00 .26
3.40 .32

soil
.31
.42

soil
.31
.32

.43

.43

.21

.21

.22

.22

.21

.28

.34

.44

.36

.52

.28

.36

.30

.30

.32

.48

.28

.24

In all three types of soil there was a greater uptake of iron by
the seedlings grown under day and night light quantity as com-
pared to those grown in darkness for the seventeen-day period.
The difference is apparent only in the roots. It is significant that
the seedlings grown under complete darkness have less active
iron in the roots. There is a very little difference in the manganese
uptake by seedlings grown under these two light conditions. As
for the zinc uptake, this element appears to have been taken up
in greater amount by the plants grown under day and night con-
ditions but, like iron, the difference is largely in the roots.

The effect of light is further illustrated by an experiment with
chlorotic Sudan grass found growing in a field at the University
Farm. After pasturing off this field the new growth came back
almost solidly chlorotic. Four of these plants were dug up in the
field and transferred to pots without disturbing the roots. This
was on July 21. These potted plants were placed in the shade,
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out of doors, and watered regularly. Two of the plants were
sprayed with a 1 per cent solution of ferrous sulphate and the
other two left untreated. By August 25 the chlorosis had com-
pletely disappeared from all four plants. This indicates that high
light intensity and high transpiration rate, as suggested by
Schander (18) probably contributed to chlorosis in this field of
Sudan grass. In this same soil, at the University Farm, hegari
shows considerable chlorosis but it is significant that the plants
growing in a border which is shaded from the afternoon sun by
cottonwood trees were practically free of chlorosis. It is of addi-
tional interest that pecan rosette in Arizona is most often present
in the topmost part of the tree where the leaves are most exposed
to the heat and light (4).

SOIL CORRECTIVES

In 1935 (13) we obtained an excellent response by trenching
sulphur and sulphur-manure mixture around young citrus trees
at the drip of the tree. At that time the correctives were applied
on the assumption that the solubility of micronutrient elements
in alkaline-calcareous soils was so low that a reduction in soil
pH was needed to increase the solubility and/or availability. In
subsequent investigations this assumption was found to be in
error. That is, although acid soil correctives do influence the
solubility and availability of micronutrient elements in the soil
the uptake, without the addition of these correctives, seems to be
ample if the plant is in a condition to properly utilize these ele-
ments after they are taken up into the roots. Previous seedling
studies (12) have shown that sulphur increases the uptake of
iron in some cases and of zinc, manganese, and copper in most
cases. It was also shown to reduce the root: top ratio for these
elements which indicates a better utilization or a greater activity
within the plant.

The next seedling experiment was a continuation of our sulphur
studies (12). Two soils were selected for this experiment. One
contained 8.4 per cent CaCO3 and the other 1.9 per cent CaCQ3 —
the latter a lesser calcareous and non-chlorotic soil. Sixty-four
barley cultures, thirty-two for each soil, were grown. The follow-
ing will identify the treatments for each replication. There were
eight replications for the soil controls and four replications for
each of the treatments.
A.—8 soil controls to which no treatment was added.
B.—4 soil cultures to which 1 gram sulphur was added.
C.—4 soil cultures to which 3 grams sulphur were added.
D.—4 soil cultures to which 6 grams sulphur were added.
E.—4 soil cultures to which 2 grams sulphur-manure mix were

added.
F.—4 soil cultures to which 6 grams sulphur-manure mix were

added.
G.—4 soil cultures to which 12 grams sulphur-manure mix were

added.
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These applications are greater than field applications but it was
necessary to use them because zonal applications, such as are used
in the field, are not adaptable to this type of experiment. The
sulphur-manure mixture used in this experiment is one that has
been used in field experiments. It was composed of 800 Ib. sulphur,
100 Ib. soil, 850 Ib. manure, 100 Ib. ferrous sulphate, 100 Ib. man-
ganese sulphate, and 50 Ib. zinc sulphate per ton.

The sulphur and sulphur-manure additions were well mixed
with the 100-gram portions of soil and transferred to glass tum-
blers Sufficient distilled water was added to bring the soils to
70 per cent water holding capacity. The tumblers were then
covered with watch glasses and incubated for forty-five days.
The soils were then removed from the tumblers and dried in the
air. Then each 100-gram portion was used for a barley seedling
culture. The plants were grown for seventeen days and then
prepared for analysis—roots and tops separately. The data ob-
tained are given in Figures 3 and 4.

ROOTS TOPS
IRON

ROOTS TOPS
MANGANESE

ROOTS TOPS
ZINC

Figure 3.—Comparison of Fe, Mn, Zn, and Cu in roots and tops of seed-
lings grown in highly calcareous soil: A, sand cultures; B, soil control cul-
tures; C, 1 gm. sulphur; D, 3 gm. sulphur; E, 6 gm. sulphur; F, 2 gm. sul-
phur-manure; G, 6 gm. sulphur-manure; H, 12 gm. sulphur-manure. Mgm.
per 200 seedlings.

Iron.—The effect of a calcareous substrate on iron uptake is well
illustrated in this experiment. There is more iron in the roots of
the control, untreated soil, plants grown in the soil containing
the higher percentage of CaCO3 (Figure 3), than in the seedlings
grown in the lesser calcareous soil (Figure 4) but less in the
tops for the former. This shows the effect of a highly calcareous
soil on the fixation of iron in the roots and on the transport of
iron from roots to tops. In this experiment sulphur did not increase
the iron content of the roots in the higher calcareous soil but did
increase the iron content in the roots of the seedlings grown in the
lesser calcareous soil in two instances. In other words there is no
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Figure 4.—Comparison of Fe, Mn, Zn, and Cu in roots and tops of seedlings
grown in moderately calcareous soil: A, sand cultures; B, soil control cul-
tures; C, 1 gm. sulphur; D, 3 gm. sulphur; E, 6 gm. sulphur; F, 2 gm. sulphur-
manure; G, 6 gm. sulphur-manure; H, 12 gm. sulphur-manure. Mgm. per
200 seedlings.

evidence, in the total iron determinations, that an acidifying agent
has helped iron uptake. In both soils the heaviest application
produced the lowest iron content in the roots. The iron content
of the plant tops, for the seedlings grown in the higher calcareous
soil, was increased by sulphur and sulphur-manure mixture but
not progressively with the amount applied. On the whole, the
iron data are not very consistent and certainly do not show that
iron uptake was definitely influenced one way or another by the
soil correctives used in this experiment.

Manganese.—The seedlings grown in the control soil showed a
greater uptake of manganese in the more highly calcareous soil
and higher root: top ratio. The latter indicates that transport of
manganese was measurably affected in the seedlings grown in
this soil. Acidulating agents added to the soils increased the man-
ganese content of both the roots and tops for the seedlings grown
in the lesser calcareous soil. While transport to the tops was in-
creased in the lesser calcareous soil there was no increase for
those grown in the higher calcareous soil. Where iron, manganese,
and zinc salts were added, in the sulphur-manure mixture, there
was a great increase in uptake both in the roots and tops, and the
increase was greater for the lesser calcareous soil This experi-
ment definitely shows that acidulating agents increase uptake of
manganese from calcareous soils and transport of manganese from
roots to tops. The magnitude of this effect depends upon the CaCO3
content of the soil.

Zinc.—There is no significant difference in the uptake of zinc
or its transport from roots to tops for seedlings grown in these
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two soils, the controls, with different CaCO3 content. Sulphur
very definitely increased the zinc content of both roots and tops.
Where zinc was added in the sulphur-manure mixture there was
a great increase in the zinc content of both roots and tops. Here
again the zinc content, of both roots and tops, was less for the
seedlings grown in the more highly calcareous soil. This shows
that zinc uptake and transport may be reduced when the soil is
excessively high in CaCO}. Like manganese, its uptake is related
somewhat to the percentage of CaCO^ in the soil.

Copper.—The seedlings grown in the more highly calcareous
soil are lower in copper content — both for roots and tops. Sul-
phur fertilization definitely increased the copper uptake and
transport from roots to tops. The increase is greater for the lesser
calcareous soil.

In this experiment there is no definite proof that sulphur or
sulphur-manure mixture, containing iron sulphate, significantly
increased iron uptake by the barley seedlings. Uptake of man-
ganese, zinc, and copper was definitely increased and this increase
is progressively higher with increase in the amount of acidulating
agent added to the soil. In view of the nature of the iron data
obtained from this experiment the whole experiment was re-
peated again and the iron uptake was not significantly affected by
adding acidulating agents to the soil. The experiments indicate
that the effect of sulphur, in creating a lower pH in the soil, is
on the activity of iron in the plant rather than on total uptake
of iron. In the confirming experiment the manganese, zinc, and
copper uptake by the barley seedling was increased by sulphur
and sulphur-manure just as in the previous experiment.

APPLICATIONS OF IRON, MANGANESE, ZINC, AND
COPPER SALTS TO THE SOIL

In the preceding experiment special emphasis was placed on
the fact that when iron salts were added to the soil there was
little or no favorable effect on uptake of iron by the barley seed-
lings while uptake of manganese, zinc, and copper was greatly
increased. The next experiment was designed to study the uptake
of these four elements when sulphates of all were added separate-
ly to the soil cultures used for growing the barley seedlings.
Following is the outline of the cultures and the salt additions
made to the soil. For each salt one set of cultures had 5 grams of
hydrogen-saturated manure added in addition to the salt and the
other set received the salt without the manure.

Number of
replications Soil treatment

8 Sand control cultures
8 Soil control cultures
4 5 mgm. Fe as iron sulphate
4 25 mgm. Fe as iron sulphate
4 50 mgm. Fe as iron sulphate
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4 5 mgm. Fe as iron sulphate; 5 gm. manure
4 25 mgm. Fe as iron sulphate; 5 gm. manure
4 50 mgm. Fe as iron sulphate; 5 gm. manure
4 1 mgm. Mn as manganese sulphate
4 10 mgm. Mn as manganese sulphate
4 25 mgm. Mn as manganese sulphate
4 1 mgm. Mn as manganese sulphate; 5 gm. manure
4 10 mgm. Mn as manganese sulphate; 5 gm. manure
4 25 mgm. Mn as manganese sulphate; 5 gm. manure
4 1 mgm. Zn as zinc sulphate
4 10 mgm. Zn as zinc sulphate
4 25 mgm. Zn as zinc sulphate
4 1 mgm. Zn as zinc sulphate; 5 gin. manure
4 10 mgm. Zn as zinc sulphate; 5 gm. manure
4 25 mgm. Zn as zinc sulphate; 5 gm. manure
4 1 mgm. Cu as copper sulphate
4 10 mgm. Cu as copper sulphate
4 25 mgm. Cu as copper sulphate
4 1 mgm. Cu as copper sulphate; 5 gm. manure
4 10 mgm. Cu as copper sulphate; 5 gm. manure
4 25 mgm. Cu as copper sulphate; 5 gm. manure

The salts were all dissolved in water and the respective solu-
tions applied to the 100-gram portions of soil to be used for single
cultures. The soils were then dried in the air and from this point
the regular Neubauer technic was followed. Only one soil was
used for this experiment because of the large number of treat-
ments and replications. It was the highly calcareous soil from the
University Farm at Mesa. The data obtained from this experiment
are given in Table 7.

Iron.—Uptake of iron, in roots and tops showed little or no
change when iron sulphate, up to 50 mgm. per 100 grams ot soil,
were added but there was an increase in the tops where manure
was added to the soil. The solubility of iron in normal HC1, the
active iron, was increased stepwise, both in roots and tops, by
addition of iron sulphate to the soil. The activity was increased
additionally when acidified manure was also added to the soil.
This confirms the sulphur and sulphur-manure experiments in
that it is not a question of iron intake but of activity in the plant.
This is all the more significant because the plants were young
seedlings and at this stage of growth plant tissue is normally high
in active iron. With increased activity there appears to be a lesser
iron uptake because of better utilization. This too is in agreement
with previous studies which showed that a lower iron uptake
correlates with a higher percentage activity.

When manganese sulphate was applied to the soil the total iron
in the roots was not affected, but where manure was added with
this salt, the iron in the tops was increased. The activity of the
iron was increased stepwise with increase in amount of mangan-
ese sulphate added to the soil. There was no apparent effect on
either the total or active iron in the tops.
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When zinc sulphate was added to the soil total iron was in-
creased in the roots and tops but the data are somewhat variable.
The trend is toward an increase where manure was added to the
soil.

When copper sulphate was added the activity of the iron, in
both roots and tops, tended to be lower. Total iron in roots and
tops was increased where manure was added with the copper sul-
phate.

Manganese.—Manganese uptake in the roots and tops was in-
creased by application of manganese sulphate to the soil and the
increase was greatest when acidified manure was also added. Iron
sulphate definitely increased manganese in the roots and, to a
lesser degree, in the tops where again it is greater where manure
is present in the soil. Both zinc sulphate and copper sulphate in-
crease manganese uptake, and again the increase is greater in the
presence of manure — especially in the roots.

Zinc.—Zinc uptake was increased by addition of zinc sulphate
to the soil and, as with the other elements, the increase was great-
er where manure was also added to the soil. Copper sulphate sig-
nificantly increased the zinc content of the roots and, to a lesser
extent, of the tops. There was an additional increase when manure
was added to the soil. The effects of iron sulphate and manganese
sulphate on zinc uptake are quite variable and show no definite
trend.

Copper.—Copper uptake was increased by the addition of cop-
per sulphate to the soil and the greatest increase is for the roots,
with again an increased uptake where manure was present in the
soil. Uptake of copper in the cultures to which iron sulphate,
manganese sulphate, and zinc sulphate were added is quite varia-
ble and no definite trend is indicated by the data.

There are some very significant data in this experiment. First,
the conditions of the experiment are of interest. All the micronu-
trient elements were added in solution to the soil and the soils
were then dried in the air. This should fix or precipitate most of
the iron, manganese, zinc, and copper, as the soil was an alka-
line-calcareous type. The acidified manure was prepared by add-
ing dilute sulphuric acid to the manure. The excess acid was
removed by filtration and washing on a Buchner funnel and the
washed manure dried in the air before mixing with the soil used
in the cultures. This manure had a final pH of 3.0. Thus the con-
ditions were such that the precipitated micronutrient elements
were present in one series of cultures, and in the other series the
acidified manure should contribute to better solubility and should
increase uptake and mobility.

This experiment again shows that barley seedlings apparently
take up an ample supply of iron from alkaline-calcareous soils
without the help of soil correctives. Even when 50 mgm. iron per
100 grams of soil were added the uptake of iron was not greatly
increased, but the activity of the iron in the plant was increased,
especially when acidified manure was added to the soil. This is
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in agreement with our observations in the field — namely, sul-
phur-manure mixtures increase the active iron in citrus leaves
and field crops but not necessarily the total iron percentage.
Clearly chlorosis is a matter of activity within the plant and not
solubility in the soil. Since inactivity or immobility, within the
plant, is in most part a characteristic of iron only the burden of
maintaining a normal green color in plants growing in alka-
line-calcareous soils appears to be largely on iron regardless of
type of pattern.
" The influence of a zone of low pH in the soil, such as is obtained

by placing acidified manure or manure-sulphur mixture in bands
of holes in orchard soils and as side dressing for field crops, is
further verified by this experiment.

Unlike iron, the uptake of manganese, zinc, and copper are
definitely increased by additions of the salt of these respective
elements to the soil. Since the uptake, in proportion to the amount
applied to the soil, is very small this indicates that the seedlings
were well supplied with these four micronutrient elements in the
control soil cultures. One significant fact brought out in this cul-
ture experiment, and also the previous experiment in which sul-
phur-manure mixture was used, is the change in root: top ratio for
zinc, manganese, and copper. In the seedling test for most soils
the root: top ratio for these three elements is closely 1:1. On fer-
tilizing with acid correctives and salts of these elements this ratio
was materially increased. This is evidence that the seedlings take
up excessive amounts, when large amounts are present in the
soil or when they are made more available, and that a luxury
build-up of a reserve nature develops in the roots. This build-up
in the roots is however not fixed in an insoluble form as is iron.

In our field experiments we have usually employed a sul-
phur-manure mixture. Manure has a relatively high cation ad-
sorbing capacity and therefore a capacity for adsorbing hydrogen
ions. A hydrogen saturated manure is closely pH 3.0. It is thus
possible to maintain a zone of low pH in bands or holes by the
use of this corrective.

In the literature on plant nutrition iron is often not classified
as one of the micronutrient elements because it is present in most
plants in comparatively greater amounts than manganese, zinc,
copper, and others. If a comparison is made on the basis of activity,
that is solubility in -normal HC1, iron is definitely present in
micro amounts. The amount of active iron present in plants is not
greatly different from total manganese, zinc, and some others.

ACID ADSORBENTS

The advisability of using acidulated materials in commercial
fertilizers is a subject to which a great deal of attention has been
given in our study of the nutrition of crops growing in alkaline-
calcareous soils. Most crops are best able to supply their nutrient
requirement at soil pH values within the 6.5 to 7.5 pH range, pro-
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vided of course there are no other growth limiting factors. Since
it is not economically feasible to reduce the entire mass of a
highly calcareous soil to this pH range we must resort to the use
of acidulating materials in bands, furrows, or in soil augur holes.
The nutritional disturbances in the plant that are associated with
the development of chlorosis usually arise if the roots are sur-
rounded by an alkaline-calcareous soil. At least this is definitely
a contributing factor. This condition can be corrected in part by
providing a zone of low pH for a part of the root system.

Any material that has a high adsorbing capacity for hydrogen
ions should be useful as an acidulating agent. Experiments were
therefore conducted with manure, carbon, and diatomaceous
earth. Solutions of sulphuric and phosphoric acids were made of
1, 5, 10, 25, 40, 50, 60, 75, 90, and 100 millequivalents per liter. Then
250 ml. of each concentration were shaken with 10 grams of man-
ure, carbon black, or diatomaceous earth. They were then filtered
and washed free of excess acid. The pH determinations were made
on the acid, the acid-solid mixture, the filtrate, and the solid after
washing free of acid.

The data obtained from this experiment are given in Figures
5 and 6. The diatoms became hydrogen saturated with 50 m.e.
per liter H2SO4 and 75 m.e. per liter HJPO4 solutions. The latter
had a pH of 4.1 to 4.3 and the former a pH of 4.7. Manure became
hydrogen saturated with 30 to 40 m.e. per liter H2SO4 and 50 to
60 m.e. HsPO4 and in both cases the solid had a reaction of closely
pH 3.0. Carbon black was practically saturated with hydrogen by
50 m.e. per liter HsPCU and 40 m.e. per liter HUSC^ and the solid
had a pH of 2.5 to 2.8. Thus carbon black gave the lowest pH on
being saturated with hydrogen and diatomaceous earth the high-
est pH. It is evident that either of these three adsorbents should
make a satisfactory acidifying agent when saturated with hydro-
gen.

The total acidity of these hydrogen saturated materials is of
interest. This was determined by titrating weighed amounts of
each with 0.1 normal NaOH solution. These data are given here-
with as milligrams hydrogen per gram.

Saturated with Saturated with
H3PO4 H2SO4

Diatomaceous earth .022 .065
Carbon black .222 .118
Manure .141 145

These data show that carbon black adsorbs the most HaPO4 and
manure the most H^SO^ In view of the fact that excessive uptake
of phosphate is known to contribute to chlorosis in some cases
it may not be advisable to use phosphoric acid saturated adsorb-
ent for the correction of chlorosis. On the other hand it could be
used to advantage as a phosphate fertilizer in a supersaturated
form.
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MlLLl-EQUIVALENTS H3P04

90 100

Figure 5.—Showing adsorption of H-ions from HsPO^ by treating 10 gm.
adsorbent with solutions of 1 to 100 milliequivalents per liter. Curves show
pH of solid, solid-acid mixture, and filtrate.

ACIDULATED MATERIALS — RYE SEEDLINGS
The next experiment was designed to study the effect of acidu-

lated carbon black, diatomaceous earth, and manure on uptake
of iron, manganese, zinc, and copper from a calcareous soil. Rye
seedlings were used in this experiment because rye is an acid
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Figure 6.—Showing adsorption of H-ions from HsSCX by treating 10 gm.
adsorbent with solutions of 1 to 100 milliequivalents per liter* Curves show
pH of solid, solid-acid mixture, and filtrate.

loving plant* Barley is not at its best in acid soils. The Neubauer
technic was again employed. The experiment consisted of the
following series of cultures and each was replicated four times.

Soil cultures, controls
Soil plus 10 grams manure, and 1 gram mineral mix
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Soil plus 10 grams manure
Soil plus 10 grams carbon, and 1 gram mineral mix
Soil plus 10 grams carbon
Soil plus 10 grams diatoms, and 1 gram mineral mix
Soil plus 10 grams diatoms

The rye seedlings were grown for seventeen days, after which
they were washed in running tap water with a double rinse in
dilute HC1 for the roots. The mineral mixture is one that was
obtained from the Arizona Fertilizer Co. and was a Tennessee
Corporation product composed of 50 parts FeSO4j 25 parts MnS04,
12.5 parts ZnSO4) and 12.5 parts CuSO4.

The dry weight of plants and content of iron, manganese, zinc,
and copper are given in Table 8 and Figure 7. In this experiment
roots and tops were not separated for analysis—that is, the seed-
lings were analysed as a whole. The data show grams dry weight
and milligrams elements per 200 seedlings.

TABLE 8.—ANALYSES OF RYE SEEDLINGS, MGM. PER 200 SEED-
LINGS

Soil
Soil-manure-minerals
Soil-manure
Soil-diatoms-minerals
Soil-diatoms
Soil-carbon-minerals
Soil-carbon

Dry Weight

Gm.
3.93
3.56
4.78
3.84
4.34
3.68
4.10

Iron
(Fe)
Mgm.

2.56
2.08
4.65
1.71
3.95
2.76
2.50

Manganese
(Mn)

Mgm.
.260

1.930
.623

3.090
.726

2.520
.310

Zinc
(Zn)

Mgm.
.467

1.068
.706

1.040
.602

1.260
.840

Copper
(Cu)
Mgm.
.140
.461
.208
.238
.122
.151
.113

The data obtained from this experiment are somewhat similar
to those obtained from the cultures in which sulphur and sul-
phur-manure mixtures were used. Reference is made to the effect
of these on uptake. The dry weight of plants shows a slight in-
crease from mixing acid adsorbents with the soil. On the other
hand, while there was no outward manifestation of injury,
growth was slightly reduced in the cultures to which the mineral
mixture was added. This was not unexpected as an application
of 1 gram per 100 grams of soil is excessive but not seriously toxic
in a highly calcareous alkaline soil.

Iron uptake, both on a per plant basis and as per cent dry
matter, was increased by acidified manure and diatoms but there
was a decrease in iron uptake when the mineral mixture was
added. Manganese, zinc, and copper uptake were increased great-
ly when the mineral mixture was added with the acid adsorbent,
and in most cases where the acid adsorbent only was added to the
soil

This experiment again confirms our observation that uptake
of manganese, zinc, and copper can be readily increased by acidu-
lating materials and by adding salts of these elements to the
soil In this property they are distinctly different from iron.
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Figure 7.—Rye seedlings. Showing mgm. per 200 seedlings and per cent
air dry whole plants. All elements mgm. per 200 seedlings.

ACID ADSORBENTS — BARLEY SEEDLINGS

Two barley seedling experiments were conducted in which
comparisons were made between uptake from the soil, uptake
from the soil to which hydrogen saturated adsorbents were added,
and uptake from the soil to which both the adsorbents and min-
eral mixture were added. The mineral mixture was the same as
that used in the previous experiment. The first experiment was
composed of the following cultures:

1. Soil, controls
2. Soil plus 10 grams acid manure
3. Soil plus 10 grams acid manure, 1 gram mineral mix
4. Soil plus 10 grams diatoms
5. Soil plus 10 grams diatoms, 1 gram mineral mix
6. Soil plus 10 grams carbon
7. Soil plus 10 grams carbon, 1 gram mineral mix
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Figure 8.—Showing mgm. Fe, Mn, Zn, and Cu per 200 seedlings, roots and
tops separately: 1, soil control; 2, manure; 3, manure and minerals; 4, dia-
toms; 5, diatoms and minerals; 6, carbon; 7, carbon and minerals.

The regular Neubauer procedure was followed except that the
plants were grown in the greenhouse at varying night and day
temperatures and for twenty-four days instead of the usual seven-
teen-day period. Each of the seven treatments was grown in four
replications. Roots and tops were analysed separately. The data
are given in Figure 8.

Again in this experiment the iron values are quite variable and
lack consistency as far as any relation to the fertilization of the
seedlings. On the other hand, the acidified adsorbents definitely
increased uptake of manganese, zinc, and copper, particularly
when the mineral mixture was added to the soil. It is of interest
that the iron content of the roots, for the twenty-four-day-old
seedlings, is greater than that found in previous experiments
where the seedlings were grown for seventeen days.

In the next experiment the amount of acid adsorbent added to
the soil was reduced to 5 grams per 100 grams of soil, and carbon
was omitted. The barley seedlings were grown for seventeen
days, and roots and tops analysed separately. Following is the
plan of the experiment:

1. Soil control
2. Soil plus 5 grams manure
3. Soil plus 5 grams manure, 1 gram mineral mix
4. Soil plus 5 grams diatoms
5. Soil plus 5 grams diatoms, 1 gram mineral mix

Each was replicated four times on two different soils: a slightly
calcareous soil and a highly calcareous soil. The analytical data
obtained from this experiment are given in Table 9. Total iron
in both roots and tops is greater for the seedlings grown in the
control untreated soil and this is true for both soils. The only iron
data that show an effect from the acid adsorbents and the mineral
mixture are those given in the column that show the per cent
active iron — that is, per cent of total iron that is soluble in normal
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TABLE 9—IRON, MANGANESE, ZINC, AND COPPER IN BARLEY
SEEDLINGS AS INFLUENCED BY ACID ADSORBENTS AND MINER-

ALS, MGM PER 200 SEEDLINGS

Total
iron
Fe

Active
iron
Fe

Active
ironf

Fe
Manganese

Mn
Zinc
Zn

_

Copper
Cu

Culture

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

Roots
Tops
Roots
Tops
^oots
Tops
Roots
Tops
Roots
Tops

Roots
Tops
Roots
Tops
"Roots
Tops
Roots
Tops
Roots
Tops

3.9
54

2 2
.44

2.1
°0

2.2
36

1.3
.36

7.2
?7

4.0
?7

4.60
32

5.0
25

2.9
.15

.25
14

.19

.11

.30

.12

.44
17

.24

.10

.50

.08

.37
14
.21
.13
.24
14

.18

.11

6.7
25.9
8.6

25.0
14.3
40.0
20.0
47.0
18.5
27.9

6.9
298

9.2
51.8

4.6
40.6

4.8
56.1

6.2
61.7

.31

.23
1.00

.39
3.48
225
.77
.33

3.48
2.09

.42

.25

.46

.26
3.32
151

.32

.26
3.33
1.71

.244
.482
260
.460
.644
.606
.280
.572
.644
.650

.292

.446

.330

.392
662

.504

.246
274
.556
.444

.136

.088
.108
.092
.376
.116
,144
.088
.3°S
.124

.124

.108

.136

.108

.344
.144
.088
.100
.264
.116

'Per cent.
f 1 to 5 slightly calcareous soil; 6 to 10 highly calcareous soil.

HC1. These values are higher for the seedling tops grown in both
so1"Is ard for the roots of seedlings grown in the lesser calcareous
soil. As in all previous experiments the uptake of manganese,
zinc, ?nd copper was increased by both the acid adsorbents and
the mineral mixture, and this is true for both soils.

These seedling experiments show quite definitely that fertili-
zation of calcareous soils with sulphur, with hydrogen saturated
adsorbents, or with salts of iron, manganese, zinc, and copper,
with or without acidifying agents, may or may not increase iron
uptake but do increase the activity of iron in the plant — using
solubility in normal HC1 as a measure of activity. The experi-
ments show in all cases that manganese, zinc, and copper are
less subject to fixation in the plant and are therefore proportion-
ately more active. They show that uptake of these elements is
increased by sulphur and acid adsorbents and, finally, that uptake
may be greatly increased by adding salts of these elements to the
soil even though it is highly calcareous.

RHODES GRASS AND DALLIS GRASS

Within the grass family there are distinctive differences in tol-
erance for highly calcareous soil conditions, and lack of tolerance
is often exhibited by chlorosis. Two grasses were selected as
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representatives — Rhodes grass for tolerance and Dallis grass
for lack of tolerance. The latter usually develops chlorosis when
grown in highly calcareous soils. Seeds of these two grasses
were planted in pots of three different soil types. Two of the soils
are classed as chlorotic calcareous soils, one as a non-chlorotic
slightly calcareous soil, and the other as an acid soil. The pots
were planted in triplicate and the grasses grown for two months.
Considerable difficulty was experienced in getting the Dallis
grass to grow in the two highly calcareous soils. At the end of
two months the grasses were harvested and prepared for analysis
in the same manner as the barley seedlings. Roots and tops are
analysed separately and the data are given in Table 10.

It is significant that the tolerant Rhodes grass takes up more
iron from the highly calcareous soils than the Dallis grass, but
this is not true for the non-chlorotic and the acid soils. The active
iron in the roots is higher for the Rhodes grass grown in the
calcareous soils but less for the acid soil. This indicates that with
the greater amount of active iron in the roots, the iron in the
tops is better able to function — that is, better mobility. The
Ca:K ratio is much higher for the Rhodes grass than for the
Dallis grass in both roots and tops and for all four soils. Also the
Ca:K ratio is higher for the Rhodes grass grown in the two
chlorotic calcareous soils than for the same grass grown in
non-chlorotic calcareous soil. Only iron, calcium, and potassium
are given in Table 10. The rest of the data were not significant.

TABLE 10.—-ANALYSES OF ROOTS AND TOPS, RHODES GRASS AND
DALLIS GRASS — PER CENT AIR DRY MATERIAL.

Total iron (Fe) Active iron (Fe) Calcium (Ca) Potassium (K)
Dallis Rhodes Dallis Rhodes Dallis Rhodes Dallis Rhodes

Chlorotic
Roots
Tops

Chlorotic
Roots
Tops

soil no. 1
.155
.105

soil no. 2
.243
.168

Non-chlorotic soil
Roots .195
Tops .178

Acid soil
Roots
Tops

.188

.154

.370

.096

.555

.167

.246

.102

.187

.083

.052

.025

.073

.037

.057

.040

.087

.048

.070

.021

.092

.048

.077

.022

.080

.028

.49

.97

.51

.89

.50

.99

.71

.92

1.96
.85

.67
1.06

.58

.89

.55

.73

1.72
2.24

1.74
2.45

1.75
2.55

1.51
2.27

.89
1.63

.83
1.19

1.21
1.56

.89
1.77

HEGARI AND SUDAN GEASS

During the summer of 1947 severe chlorosis appeared in hegari
and Sudan grass at the University Farm near Tucson. Samples of
plant materials were taken from these fields on July 21. On this
date the hegari was about 8 inches high. The Sudan grass had
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just been pastured off and was about 6 inches high. The field of
Sudan grass was almost solidly chlorotic. The hegari field was
spotted here and there with chlorotic plants. Soil samples were
taken at this time for fertility, salinity, and pH. These analyses
are as follows:

pH Total soluble Phosphate Nitrate
salt, p.p.m. p.p.m. PO4 p.p.m. N

Good hegari 8.2 360 16 37
Chlorotic hegari 8.2 320 12 42
Chlorotic Sudan grass 8.2 415 12 42

It is clear from these analyses that there was no salinity problem
involved and that the soils were very well supplied with available
phosphate and nitrogen. The soil is of course highly calcareous
and the pH, which is that of the soil paste, is marginal. The alka-
linity is largely calcareous alkalinity.

Plant samples were also taken at this time and a strip of hegari
was side-dressed with the sulphur-manure mixture used in the
barley seedling experiments. The side dressing was placed at a
depth of about 4 inches and about 3 inches to the side of the
plants. Following is a description of the plant samples:

Lab. no. 936 Sudan grass, green, separate field
937 Chlorotic Sudan grass
940 Chlorotic Sudan grass
938 Green hegari
939 Chlorotic hegari
941 Green hegari

The analyses of these samples are given in Table 11.

TABLE 11.—ANALYSES OF SUDAN GRASS AND HEGARI, PER CENT
AIR DRY MATTER

Iron (Fe) Manganese Zinc
Total Active (Mn) (Zn)

936
936
937
937
940
940

938
938
941
941
939
939
942
942

Leaves,
Roots
Leaves,
Roots
Leaves,
Roots

Leaves,
Roots
Leaves,
Roots
Leaves,
Roots
Leaves,
Roots

green

chlorotic

chlorotic

green

green

chlorotic

chlorotic

.050

.337

.116

.410

.085

.117

.072

.420

.059

.053

.124

.425

.096

.127

Sudan grass
.048

.026

.025

.017
Hegari plants

.026

.025

.025

.021

.020

.017

.0151

.0157

.0223

.0163

.0136

.0070

.0153

.0145

.0118

.0102

.0184

.0163

.0132
,0083

.0164

.0269

.0164

.0164

.0112

.0161

.0105

.0114

.0059

.0144

.0116

.0135

.0062

.0094

Copper
(Cu)

.0046

.0070

.0044

.0066

.0037

.0080

.0038

.0036

.0028

.0066

.0030

.0040

.0030

.0043

Here again we find a condition where the chlorotic leaves con-
tain more iron, a higher percentage, than the green leaves, while
the iron content of the roots is variable and not consistent with







333 TECHNICAL BULLETIN NO. 116

each prepared separately for analysis. The data are given in Table
13 as per cent air dry matter and per unit leaf, stalk, and root
system,
* On a percentage basis the chlorotic leaves contained the most

iron and the most active iron; the same is true for the stalks, while
the roots contained the least total iron and the least active iron.
These analyses show that on a percentage basis the per cent active
and total iron in roots bear a close relation to chlorotic and non-
chlorotic leaves. The per cent calcium does not show any signifi-
cant relation. Manganese shows an increased uptake in the roots
and leaves of the side-dressed plants but this loses significance
because the chlorotic leaves contain a higher percentage of man-
ganese than the slightly chlorotic leaves. There is a greater per-
centage of both zinc and copper in the chlorotic leaves. In com-
paring plants so badly dwarfed by chlorosis as these mature
chlorotic plants, comparison on a percentage basis is often mis-
leading. This condition applies here as shown by the comparative
unit weights given in Table 13.

TABLE 13.—ANALYSES OF GREEN AND CHLOROTIC HEGARI
PLANTS, LEAVES, STALKS, AND ROOTS, PER CENT AIR DRY

MATTER

Unit Iron (Fe) Calcium Manganese Zinc Copper
weight Total Active (Ca) (Mn) (Zn) (Cu)

981
982
983

Leaves
Stalks
Roots

Chlorotic plants
.080 .018 .388
.030 .013 .228
.101 .020 .260

Non-chlorotic plants Side-dressed
984
985
986

987
988
989

Leaves
Stalks
Roots

Leaves
Stalks
Roots

.036 .013 .408

.010 .0045 .172

.184 .036 .260

Slightly chlorotic plants
.042 .015 .380
.012 .0062 .152
.144 .024 .220

.0111

.0155

.0081

plants
.0146
.0136
.0106

.0073

.0062

.0071

.0083

.0088

.0098

.0072

.0063

.0040

.0044

.0052

.0042

.0026

.0020

.0017

.0020

.0018

.0016

.0017

.0016

.0016

Mgm. per unit leaf, stalk, roots

981'
982
983

Leaves
Stalks
Roots

.97
18.50
3.43

Chlorotic plants
.776 .174 3.76

5.55 2.50 42.18
3.45 .684 8,91

.108
2.87

.278

.080
1.62
.336

.025

.370

.058

Non-chlorotic plants Side-dressed plants
984
985
986

987
988
989

Leaves
Stalks
Roots

Leaves
Stalks
Roots

2.41
68.15
11.50

2.50
75.00
11.26

.87 .325 9.81
6.81 3.070 117.22

21.16 4.14 29.90

Slightly chlorotic plants
1.05 .375 9.50
9.00 4.65 113.20

16.20 2.70 24.70

.351
9.26
1.22

.180
4.65
.80

.173
4.30

.460

.110
3.90

.517

.048
1.23
.184

.042
1.20
.180
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Since there was such a great difference in the size of the plants
the dry weights per unit leaf, stalk, and roots were determined
and the analyses calculated to a unit basis. These data are also
given in Table 13. On this basis all the data are significant. The
chlorotic plants took up the least iron and had the least amount
in the leaves, stalk, and roots. The proportionately large amount
of iron in the stalk suggests a poor mobility similar to the iron
accumulation in cornstalks noted by Hoffer (8). The relative
amounts of active iron are also significant and are highest in the
leaves and roots of the plants side-dressed with sulphur-manure
mixture. The presence of large amounts of iron in the roots of
the side-dressed plants shows a high iron uptake from the side-
dress application. The side-dressed plants also took up the larg-
est amount of manganese, zinc, and copper.

The results obtained by side-dressing the chlorotic hegari plants
with the sulphur-manure mixture shows a field reaction similar
to that obtained by using the Neubauer technic to grow barley
seedlings. Chlorosis in hegari can definitely be corrected by sul-
phur-manure side-dressing but it must be placed deep enough to
reach a good part of the feeder roots.

In 1948 this same field was again planted to hegari and it was
again spotted with chlorotic plants. The strip which had been
side-dressed in July, 1947, showed a residual response. The re-
plants in this strip were green and again surrounded by badly
chlorotic plants. On September 1, leaf samples were taken from
the side-dressed plants, from a field of green hegari, and from
the chlorotic plants adjacent to the plants which had been side-
dressed in 1947. These samples were analysed for per cent active
iron. The side-dressed plants contained .042 per cent; the other
green plants, not side-dressed, contained .025 per cent; and the
chlorotic leaves contained .014 per cent active iron.

Samples were also taken from fields of soybeans and peanuts
where many chlorotic plants were present. The analyses of these
are given in Table 14.

TABLE 14.— ANALYSES OF GREEN AND CHLOROTIC PEANUT
PLANTS AND SOYBEANS, PER CENT AIR DRY MATTER

Total Active Manganese (Mn)

Peanuts
1045 Green .049 .028 .0039
1046 Chlorotic .040 .011 .0055

Soybeans
946 Green .042 .018 .0272
947 Chlorotic .087 .025 .0310

CITRIC AND OXALIC ACIDS IN LEAVES
A new approach to the chlorosis problem is that of two Euro-

pean workers, Iljin and Schander. A review of their work has
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recently been compiled by Hofler. The excessive uptake of calcium
by some plants growing in highly calcareous soils prompted Iljin
to investigate the organic acids with which this calcium is bound
in the plant. Following this line of approach he discovered that
chlorotic leaves were higher in citric acid than green leaves. For
example, in apple leaves he found 1.9 mgm. citric acid per gram
of green leaves and 28.7 mgm. in chlorotic leaves. Studies on
chlorotic grapevines showed that the chlorotic leaves differed
from the normal leaves in a higher content of citric acid (10).
The content of citric acid proceeds approximately parallel to that
of the calcium and magnesium. Ordinarily the production of citric
acid lags but if it gains ascendency a yellowing of the leaves pro-
ceeds parallel to it (9). Schander also found that the formation
of organic acids, especially citric, plays a role in the development
of chlorosis (19) and he believes that the pH and salt concentra-
tion of the plant sap make a major contribution (20). The higher
the salt concentration the narrower the pH band of the sap at
which there is no chlorosis. From his research on lupines he states
that chlorosis of yellow lupines depends neither on the calcium
content nor on the reaction of the soil as a whole, but the pH of
the soil in immediate contact with the roots is the deciding factor.
This is normally regulated to suit the plants' needs by root excre-
tions (18,21).

In connection with our studies on chlorosis of field crops at the
University farm the citric and oxalic acid content of Sudan grass,
hegari, soybeans, cotton, and peanuts were determined. All these
crops except cotton bore many chlorotic leaves — the iron defici-
ency pattern. The cotton was not chlorotic, but growing in this
same chlorotic soil the leaves bore many brown necrotic spots. For
the determination of these acids the methods of Pucher, Vickery,
and Wakeman (16), and Pucher, Vickery, and Leavenworth (17)
were used. The data obtained are given in Table 15.

Samples 984-5-6 represent hegari plants which were side-
dressed with sulphur-manure mixture and were taken in 1947,
while 1148-9-50 are leaves from plants growing in this same spot
in 1948. Iljin was apparently the first to observe that chlorosis of
plants growing in highly calcareous soils is accompanied by an
unusual increase in the formation of citric acid in the leaves. He
made this observation on deciduous fruits, grapevines, and le-
gumes. Apparently he made no studies on grains. In our analyses
of leaves from citrus trees and deciduous fruit trees we obtained
significantly higher citric acid in the chlorotic leaves.

The data given in Table 15 for cotton, soybeans, and peanuts
show much higher citric acid in the chlorotic leaves than in the
green leaves. This is in agreement with Iljin's observations. On
the other hand the analyses of the hegari leaves show a very low
citric acid content and no significant difference between green
and chlorotic leaves. It may be significant that the leaves of grain
plants give a siliceous ash and the others give carbonate ashes.
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TABLE 15.—OXALIC AND CITRIC ACID CONTENT OF CHLOROTIC
___AND GREEN LEAVES, MGM. PER GRAM AIR MY_M^J[ggJAL

Citric Oxalic

941
942
981
982
983
984
985
986
987
988
989

1148
1149
1150
936
940
946
947
949
950

1145
1146

Green leaves, hegari
Chlorotic leaves, hegari
Chlorotic plant, leaves, hegari
Chlorotic plant, stalk, hegari
Chlorotic plant, roots, hegari
Green plant, leaves, hegari
Green plant, stalk, hegari
Green plant, roots, hegari
Green plant, leaves, hegari
Green plant, stalk, hegari
Green plant, roots, hegari
Green plant, leaves, hegari
Green plant, leaves, hegari
Chlorotic plant, leaves, hegari
Sudan leaves, green
Sudan leaves, chlorotic
Soybeans, leaves, green
Soybeans, leaves, chlorotic
Cotton, leaves, green
Cotton, leaves, necrotic
Peanuts, leaves, green
Peanuts, leaves, chlorotic

4.2
3.6
9.9
5.4
4.5
3.4
4.5
2.5
7.6
3.1
1.1
2.0
2.5
3.8
6.5
3.2

24.2
41.7
58.4
8.1

17.7

1.3
5.5
0.9
0.9
3.5
1.5
0.9
3.4
0.9
0.5
1.8
3.8
3.0
5.6
9.8
6.3
4.4
5.2
2.2

SUMMARY

The indispensable role of iron, manganese, zinc, and copper in
the nutrition of plants has been repeatedly demonstrated. The
manner in which they function in plant metabolism is not, how-
ever, entirely clear but they are believed to act as catalysts in
oxidation-reduction reactions and in the enzymatic activities
within the plant. When one or more of these elements is deficient
in the soil, plants usually exhibit chlorotic leaf patterns although
such deficiencies are not always accompanied by chlorosis.

Chlorosis of plants growing in calcareous soils occurs much
more frequently than in noncalcareous soils. In the former soils
these elements may or may not be deficient. The generally ac-
cepted opinion has been that chlorosis of plants growing in cal-
careous soil is due to deficiencies which are caused by the alkaline
reaction of the soil and the subsequent lower solubility and re-
duced uptake under alkaline-calcareous soil conditions. More re-
cently experimental evidence has shown that chlorosis of plants
growing in calcareous soils is one in which these elements fail
to function in the plant itself rather than a reduced uptake from
the soil. It may be described as a condition of poor mobility or
activity in the plant. Evidence of this is shown by the fact that
chlorosis can often be corrected by injecting sulphuric acid into
the plant as well as by spraying leaves or injecting salts of the
micronutrient elements, all of which have an acid reaction. For
some reason not yet explained the elements become less active
and less mobile within the plant when the plant roots are sur-
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rounded by an alkaline-calcareous substrate. Within a limited
root-soil contact film plant roots are equipped to adjust the soil
reaction to an optimum pH. If the soil is highly calcareous the
roots fail to make this adjustment and chlorosis is attributed in
part to this failure.

Most of the great mass of literature on chlorosis is composed
of qualitative observations on the pathological and physiological
symptoms, largely descriptive chlorotic leaf patterns, and the
association of micronutrient element deficiencies with these pat-
terns. The investigation presented in this bulletin shows that for
southwestern semiarid calcareous soils chief interest is not in
the availability of micronutrient elements in the soil. Trace ele-
ment malnutrition, if such is the major cause of chlorosis, lies
largely in the plant itself. The plant roots being surrounded by
an alkaline substrate, as compared to an acid or noncalcareous
substrate in other soils, is a major contributing factor in this dis-
turbance in the plant.

The investigations presented in this bulletin were designed to
study the manner in which alkaline-calcareous soils contribute to
chlorosis. A seedling technic developed in this laboratory was
used.

A major nutritional disturbance in orchard crops is one involv-
ing the Ca:K ratio which is greater in green leaves than in
chlorotic leaves. The seedling technic shows a Ca:K disturbance
which up to the seventeen-day period of growth is confined largely
in the roots of barley. There is a greater uptake of calcium by the
seedlings grown in chlorotic soils. This excessive uptake of cal-
cium is, in large part, held in the roots in a form which is insolu-
ble in normal HC1. This is in contrast to the data for seedlings
grown in non-chlorotic soils where calcium is entirely soluble in
this acid. The seedling technic therefore shows a definite Ca:K
disturbance for chlorotic soils and it seems reasonable to assume
that in mature plants the disturbance would spread throughout
the plant. There is evidence that a severe disturbance is confined
largely to soil containing more than 3.0 per cent CaCO3.

Since calcareous soils in the Southwest are also saline soils, and
soluble calcium salts are present, the question arises as to the
influence of these soluble calcium salts on the Ca:K disturbance.
Experiments show that an excessive uptake of calcium occurs
when either the sulphate, chloride, or carbonate is present in ex-
cess. Likewise a disturbance in the Ca:K ratio occurs in all cases.

Chlorotic symptoms of iron, manganese, and zinc deficiencies
have been observed in Arizona. Major interest is therefore con-
fined to these three elements but studies with copper have been
included in this investigation. The seedling technic proved quite
fruitful in this phase of the investigation. This is largely due to
the practice of analysing roots and tops separately and to the use
of the Oserkowsky method for determining the iron fraction
which is active in chlorophyll formation.
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There is evidence that a calcareous substrate does slightly re-
duce uptake of iron, manganese, zinc, and copper in some cases.
However the data indicate that uptake is ample if the functional
properties of the plant are in a position to utilize them. It is sig-
nificant that chlorosis of plants growing in calcareous soils is
predominantly the iron deficiency pattern — hence the terms
limestone chlorosis and iron deficiency are used in describing it.
The data presented in this bulletin show that the two terms are
thus properly used. Using the Oserkowsky method as a measure
of activity for manganese, zinc, and copper it is significant that
all three, within the limits of error, are completely soluble in
normal HC1 and this is true for both roots and leaves/It is further
significant that the root: top ratios for these three elements are
closely 1:1 which shows that mobility or transport from roots to
tops is not seriously restricted by the alkaline-calcareous soils.

Referring now to the iron uptake from chlorotic soils it is
greater than for the non-chlorotic soils. There is an excessive fixa-
tion of iron in the roots of the seedlings grown in the chlorotic
soils. This reflects in a higher root: top ratio which further shows
a poor mobility and transport. The Oserkowsky method shows
that a major portion of this iron is insoluble in normal HC1 and
therefore less active in chlorophyll formation and probably other
of its functions. This method also shows that the iron in seedlings
grown in non-chlorotic soils is more soluble and more active.
Definitely the failure of iron to function in the plants is the major
cause of chlorosis for these semiarid calcareous soils. There is
definite evidence that the excessive calcium uptake, which corre-
lates with exessive uptake and fixation of iron in the roots of
plants growing in chlorotic soils is a contributing factor.

On the basis of the evidence obtained from these studies the
seedling technic was next employed to study the effect of correc-
tive soil treatments and fertilization with salts of the micronutri-
ent elements. Acidulating agents added to the soil have proven
beneficial in a number of cases in the field. Seedling cultures to
which acidulating agents were added gave further evidence of the
respective roles of iron, manganese, zinc, and copper in chlorosis,
and of the corrective value of such treatments on a field scale.

Attention has been called to the contrast between, the uptake
and activity of iron and the three other micronutrient elements for
seedlings grown in calcareous soils. The experiments with acidu-
lating agents and fertilization with salts of the micronutrient
elements showed an equally significant contrast. Uptake of man-
ganese, zinc, and copper is markedly increased and the increase
is stepwise with increase in the amount applied to the soil. This
is not true for iron. While there may be in some cases a slight
increase in uptake of iron following the application of acidulating
agents and iron sulphate to the soil the effect is primarily on the
activity of iron in the plant and not uptake.

A brief study of the effect of light on iron activity showed a
lesser uptake of seedlings grown in the absence of light.
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Within the last ten years research has shown a significant rela-
tion between the citric acid in green and chlorotic leaves. The ex-
cessive uptake of calcium is preceded or accompanied by the pro-
duction of an excessive amount of citric acid. Analyses of green
and chlorotic hegari leaves indicate that this is not true for this
grain crop and it is suggested that this may be due to the fact
that grain leaves are highly siliceous. There is some indication
however that the citric acid content of the roots and stalk of
chlorotic hegari plants are higher in citric acid than the green
plants.

Regarding micronutrient fertilization of crops in Arizona cal-
careous soils the following suggestions are offered:

1. For cases where iron deficiency symptoms are manifested
the addition of iron salts in the fertilizer should increase active
iron in the plant.

2. Fertilization with manganese salts will increase mangan-
ese uptake. In many Arizona crops the manganese content is less
than zinc and low enough to suspect a deficiency in the more
highly calcareous soils.

CONCLUSIONS

1. The value of a seedling technic for studying micronutrient
availability as well as macronutrient availability in calcare-
ous soils has been demonstrated.

2. Seedlings grown in chlorotic soils take up more calcium and
less potassium than those grown in non-chlorotic soils. This
does not disturb the Ca:K ratio in leaves of young seedlings
but does disturb the ratio in the roots.

3. The excessive uptake of calcium is accompanied by greater
uptake of iron, a larger amount of inactive iron in the plant,
and a higher root-top ratio for iron — namely lower mobility.

4. Mobility of manganese, zinc, and copper is not seriously af-
fected by the alkaline calcareous soils. This is shown by a
comparison of the root: top ratio of these three elements and
for iron.

5. Addition of CaCO3 to an acid soil reduces the active iron in
seedlings, increases the calcium uptake, but has little effect
on manganese, zinc, and copper.

6. These disturbances occur also in seedlings grown in soil
containing an excess of soluble calcium salts.

7. Seedlings grown in continuous darkness contain less active
iron than those grown in night and daylight quantities.

8. Seedlings fertilized with sulphur, sulphur-manure mixture,
acid adsorbents, and salts of micronutrient elements show
an increase in uptake of manganese, zinc, and copper. The
effect on iron is principally an increase in activity of iron
rather than on total uptake.
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9. Chlorosis of hegari is corrected by side-dressing with sul-
phur-manure mixture and the principal effect is on activity
of iron in the plant.
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