




HILGARDIA
A JOURNAL OF AGRICULTURAL SCIENCE

PUBLISHED BY THE

CALIFORNIA AGRICULTURAL EXPERIMENT STATION

VOL. 2 OCTOBER, 1926 No. 4
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I. INTRODUCTION

This paper is a discussion of experiments on the exchange of ions
between solutions and citrus and walnut seedlings, and is intended to
extend our knowledge of certain problems in nutrition. The highly
important role of the ions entering the cells of a plant has long been
recognized, but the dynamics of the process are far from being
understood.

Previous papers from this laboratory have been concerned chiefly
with the study of the effects of salts on the growth and composition
of the plant; this paper will deal with the ionic exchange as affected
by growing plants. Our work has dealt chiefly with citrus and walnut
seedlings which we have found to be very favorable for experimen­
tation.

II. TECHNIC OF HANDLING THE CULTURES

A. CITRUS SEED1JlNG CULTURES

The seedlings were germinated in moist sphagnum moss and
allowed to grow until the roots were 5 to 10 em. long. Before placing
the seedlings in the cultures the testa was taken from the cotyledons;
the roots were dipped momentarily in distilled water and inserted
into holes in tin lids placed on beakers containing the culture solution
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(fig. 1). Since three seedlings were inserted in each perforation they
were firmly held without the use of cotton, which tends to promote
the growth of injurious fungi. The cultures were grown in a glass­
house and the portion of the roof directly over the cultures was pro­
tected by suitable paper to prevent contamination of the cultures by
falling substances, especially calcium compounds. The volume of
the culture solutions was kept approximately constant by frequent
additions of distilled water. Two liters of solution were always pre­
pared, one liter being used in the beakers and the remainder saved
for analysis.

Fig. 1. One of the water cultures used for the study of absorption by citrus
seedlings, with the perforated tin lid used shown at the left. The capacity of
the beaker is one liter.

B. \VALNUT SEEDLING CULTURES

Unbleached walnuts (Juglans regia) were placed in moist silica
sand and kept in the glasshouse until the root just emerged from the
shell (usually about four weeks), and then placed in moist sphagnum
moss. When the tap root was 5 em. or more in length, the seedlings
were removed from the moss, the entire seedling (epicotyl not emerged
as yet) was dipped momentarily in distilled water, and the excess
water was blotted off by inverting the seedling and placing the
shell against several sheets of filter paper. The roots are very sensitive
to lack of moisture and if they become too dry the region just back
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of the tip develops a light straw color, which disappears if the drying
is not too prolonged. The seedlings grew well for several weeks in
cultures of the type here described (fig. 2). Distilled water was
added frequently to maintain the volume of the solution. In some
cases it will be noted that the solutions were renewed, in others they
were not changed.

Fig. 2. A group of twelve walnut seedlings which had grown in a beaker
like that shown in figure 1. Although the plants had been lifted from the
solution, their matted roots held the form of the beaker in which they had grown.

III. EXPERIMENTAL DATA AND DISCUSSION

A. THE ABSORPTION OF IONS BY CITRUS SEEDLINGS

1. The absorption of pota,ssium ions.
Five cultures of rough-lemon seedlings were grown in solutions

which contained 7.7 milliequivalents K for 65 days and two cultures
of grapefruit seedlings for 32 days (table 1). The cultures which
contained KNO g and K 2S04 made the best growth, and those with
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KH2P04 were better than those with KCI. In the solution low in K,
the plants made nearly as good growth as in the KCI set.

In two sets of cultures CI or 804 was added only as KCI or
K 2804 ; thus the milliequivalents of K and anion are directly com­
parable since the anion was not furnished by any other salt.

TABLE 1

ABSORPTION OF IONS BY CITRUS SEEDLINGS FROM NUT'RIE,NT SOLUTIONS CONTAINING

EQUIVALENT A:MOUNT'S OF POTASSIUM

Reaction Total milliequivalents of ions present

Salt added to
nutrient Initial I Final

pH pH K

A. Rough-lemon seedlings grown 65 days.

KCl.......................... 5.5 4.7 8.323 4.786 1. 337 7.613 8.483 5.244 7.734 3.369
K2S04...................... 5.5 5.2 8.114 4.754 1.215 7.726 0.525 13.243 7.499 3.70g
KN03...................... 5.2 5.7 8.083 4.901 1.484 7.828 0.606 5.312 14.659 2.950
KH2P04.................. 4.6 5.2 8.024 4.450 1.163 7.688 0.646 6.895 7.714 9.896
None........................ 5.0 4.8 8.214 4.967 1.302 0.177 0.567 5.319 7.707 2.977

B. Grapefruit seedlings grown 32 days.

Reaction Milliequivalents of ions absorbed

Salt added to
nutrient Initial I

pH
Final
pH K

A. Rough-lemon seedlings grown 65 days.

KC!.......................... 5.5 4.7 3.094 1.453 -.417 5.233 1.777 2.101 4.779 1.542
K2S04...................... 5.5 5.2 3.763 1.092 0.503 6.623 0.525 3.415 7.148 2.090
KN03...................... 5.2 5.7 3.074 1.059 0.208 4.347 0.606 1.469 6.846 1.487
KH2P04.................. 4.6 5.2 3.114 0.649 -.551 4.887 -.164 1.373 6.054 lost
None........................ 5.0 4.8 5.439 2.709 0.373 -0.046 -.322 1.808 6.438 2.142

B. Grapefruit seedlings grown 32 days.

Table 1 shows that the reaction of the solutions was altered by the
growth of the seedlings, but the shift was not always in the direction
of neutrality. There was an increase in the acidity of the solutions
which received KCI or K 2804 and in that which received no K salt,
while those which received KN0 3 or KH 2P0 4 became less acid.

Table 1 also shows the absorption of various ions, as determined
by analyses at the end of the culture period. The amount of K
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absorbed by the rough-lemon seedlings varied considerably but the
quantities ,vere not strictly correlated with the growth of the seed­
lings. A small amount of K was excreted by the roots where K was
at a minimum. The amounts of Na absorbed were variable and there
was no increased absorption of that ion where K was lacking. The
plants absorbed more Ca and Mg when K ions were absent, but the
total milliequivalents of kations absorbed was not greater than in the
other solutions. The high rate of absorption of K by young seedlings
is also shown in table 3. Unless a large amount of Ca was present,
the seedling absorbed more K than Ca. These results are in agree­
ment with those obtained by the ash analyses of orange trees grown
in sand cultures (tables 12, 13, and 14). There was an increased
absorption of the anion of the K salt where the larger amounts were
present, although the plants in the K 2S04 set absorbed slightly more
N03 than those in the KN03 set. These data as well as those of
table 3, show that the citrus seedlings absorbed S04 and P04 ions in
larger amounts than CI ions, even when the initial concentration of
the latter was considerably higher than that of either of the former.
In every case except the KN03 series, the K absorbed exceeded that
of the anion of the K salt. Where much K was supplied the absorption
of Mg was greatest ,vhen KCI was added.

2. The absorption of ca.lc1:um ions.
Several of our published papers have sho"\\l'n the importance of

calcium and the large amounts found in citrus plants. We have made
further studies on the absorption of ions from calcium solutions by
seedlings of four species of citrus with reference to the reacting
values of the ions absorbed. Table 2 shows that the solution became
more acid as gro,vth proceeded and that the plants absorbed more of
the kations than of the anions that were furnished by the added
calcium salt. The results agree with those of the preceding section
in showing the greater absorption of the kation. These data show
more or less significant differences in the amount of ions absorbed in
different experilnents. Cultures conducted during the months of
March and April have usually produced the best plants and have
shown the highest absorption of ions.

The addition of increasing amounts of Ca ions was reflected to a
slight extent in the increased absorption, but the increases were by
no means proportional to the amounts added. The data show that
during certain periods the absorption of N03 by C. limonia was
diminished by the addition of CI ions. The original concentration
of N03 in the four cultures was equivalent yet its absorption was
lowered where CaCl2 was added.
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TABLE 2

THE ABSORPTION OF CALCIUM IONS BY CI'rnUS SEEDLINGS

Reaction of
Dura- culture Calcium Milliequivalents of ions
tion solution furnished absorbed

Seedlings used of (milli-
experi- equiv-

CI NOsment Initial Final alents) Ca. S04
------ --------

Days pH pH
Poncirus trifoliata Raf............... 23 5.8 4.4 7.535 1.587 1.300
Poncirus trifoliata Raf............... 23 6.2 5.2 14.980 2.765 2.304
Poncirus trifoliata Raf............... 23 6.4 <5.0 22.360 2.919 2.622
Citrus limonia Osbeck................ 65 6.0 4.0 7.779 4.845 3.864
Citrus limonia Osbeck................ 48 5.4 4.0 7.685 5.374 4.769
Citruslimonia Osbeck................ 48 5.7 4.0 15.369 6.013 1.523 3.434
Citrus limonia Osbeck................ 39 5.2 4.0 7.884 3.518 2.959
Citrus limonia Osbeck................ 39 5.4 4.0 15.429 3.533 0.818 2.038
C. maxima (Burm.) Merrill...... 36 5.0 4.0 7.794 2.745 2.346
C. aurantium Linn..................... 42 5.2 4.4 9.062 4.661 4.518
C. aurantium Linn..................... 46 6.0 3.8 26.766 10.080 8.776
C. aurantium Linn................... 46 5.2 4.3 7.884 4.491 4.358

3. The absorption of chlorin ions.

A series of experiments with rough-lemon seedlings was made to
study the absorption of CI from nutrient solutions to which different
chlorids were added (table 3). Since these were added to nutrient

TABLE 3

ABSORPTION OF CHLORIDS BY ROUGH-LEMON SEEDLINGS

Reaction
Chlorid Dura- of culture Milliequivalents of ions furnished

added to tion solution
nutrient of
solution experi-

ment Initial Final Ca Mg Na K CI SO. NOa PO.
---- -------------------------------

Days pH pH
None.......... 65 5.0 5.6 7.964 3.177 0.326 4.483 0.443 5.133 3.525
KCL........... 68 5.3 4.8 8.004 5.074 0.234 12.380 8.483 5.406 10.761 3.553
NaCl.......... 68 5.3 5.3 8.184 5.148 6.662 5.445 8.282 5.206 10.980 3.553
CaCI2........ 68 5.4 4.6 15.709 5.115 0.512 4.644 8.443 5.408 10.900 3.709
MgCI2........ 68 5.2 4.7 8.383 12.077 0.456 4.700 8.564 5.418 10.760 3.501

Reaction
Chlorid Dura- of culture Milliequivalents of ions absorbed
added to tion solution
nutrient of
solution experi-

ment Initial Final Ca Mg Na K CI S04 NOa PO.
---- -------------------------------

Days pH pH
None.......... 65 5.0 5.6 3.393 0.058 -.338 3.930 -.367 1.855 2.301
KCl............ 68 5.3 4.8 1.956 0.739 -.386 4.733 0.804 1.639 4.801 1.307
NaCl.......... 68 5.3 5.3 2.335 1.305 0.868 3.154 0.606 1. 217 5.319 1.307
CaC12........ 68 5.4 4.6 4.770 1.059 -.156 4.001 1.091 2.163 6.693 1.775
MgC12........ 68 5.2 4.7 2.136 0.993 -.226 2.496 0.567 1.206 3.718 1.096
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solutions there was always a supply of the kation from other salts,
except in the case where NaCl was the chlorid added. The amounts
of Cl added were very nearly the same in the different cultures but
after 68 days the analysis showed the greatest amount of CI had been
absorbed from the cultures which contained CaCI2 • This may be due
to the fact that these plants made the best growth and hence were able
to absorb more Cl without actually increasing its concentration ·in the
tissues. The ratio of Ca to Cl in the solution at the outset was about
2 :1, but the ratio of the niilliequivalents absorbed was nearly 5: 1.

Although the initial supplies of 804 'and N03 were approximately
the same in all cultures, the amounts absorbed were greatest in the
solution to which CaC12 was added. This may be due to the favorable
ratio between Ca and K in that solution. The absorption of PO4 ions
was greatest where chlorids were at a minimum.

The change in the reaction of the solutions showed the effect of
differential absorption of anions and kations. In three cases the
acidity developed was close to the limit of tolerance for citrus roots.

4. The absorption of sodium a,nd chlorin ions.

With a greater concentration of NaCl than in the preceding experi...
ment the results obtained with Poncirus trifoliata seedlings were
somewhat different. The absorption of Na ions and that of Cl ions
was practically equal (table 4) and' the reaction of, the solution
changed from pH 4.8 to 5.8.

TABLE 4

THE ABSORM'ION OF N a AND 01 BY 192 Ponciru8 trifoliata SEE.DLINGS GROWN FOR

27 DAYS IN A LITER OF NUTRIENT SOLUTION PLUS ApPROXIMATE:LY

1000 P.P.M. Na01

Initial concentration
(milliequivalents)

Ions absorbed
{milliequivalents} pH

Na.............................................................................. 16.544 2.513
Cl................................................................................ 17.419 2.544
Initial........................................................................ 4.8
Final.......................................................................... 5.8

The relation of NaCl to the composition of young orange trees
grown in sand cultures has been rather extensively discussed in
previous papers. The leaves and shoots of such trees usually con­
tained much more Cl than Na, especially if harmful amounts were
employed, but in the trunks and roots Na was more abundant than C1.
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5. The relation between I£on exchange and reaction change of culture
solutions.

In table 5 we have included a few of the representative results of
numerous experiments made on the changes which take place in
culture solutions as a result of the growth of citrus seedlings. The
concentration of the solutions was not excessive and the growth period
was long enough for measurable absorption to take place. The cortical
tissues of the root of ,valnut seedlings tend to slough away in time,
while with young citrus seedlings this does not take place. Conse­
quently with citrus seedlings grown for short periods there is very
little opportunity for acids to arise from the decay of organic matter.
The low concentrations employed permit of fair analytical accuracy.

Th"e table shows in milliequivalents the initial concentration of the
solution and the amount of absorption. In the first five cultures the
sum of the anions originally present exceeded the sum of the kations
originally present and the solutions were acid. The last two solutions
were apparently neutral to phenol red although the ionic balance
would indicate slight alkalinity. In the second and third cultures the
final pH showed a decrease in acidity as a result of the growth of the
plants. In both these cases the total milliequivalents of anions
absorbed was greater than that of the kations absorbed and conse"­
qnently more kations than anions remained in the solution, which
caused greater alkalinity or decreased acidity. In each of the other
cultures the final pII of the solutions showed an increase in acidity.
In these cultures the totals show that a greater amount of kations was
absorbed than of anions, leaving as a result more anions than kations
in the solution, with a consequent increase in the acidity. The
prevailing conception regarding pH changes in culture solutions is
that acid solutions [(NH4)2804 excepted] tend to change in the direc­
tion of neutrality or less acidity and that alkaline solutions tend to
change in the direction of neutrality or greater acidity. Our results
agree with those of Hoagland5 in showing that, where no organic
secretions enter in as factors, that the changes in reaction of culture
solutions may be attributed directly to differential absorption of ions
together with negative absorption (excretion) of certain ions.

Table 5 also shows that in the third and seventh cultures there was
a negative absorption of Na ions even though in the third consider­
able Na was present in the ·solution. In the fourth culture the absorp­
tion of Na ,vas approximately the same as that of CI, and in the fifth
culture that of Na approximately the same as that of 804 where the
initial concentrations were approximately similar. In the second and
third cultures, the absorption of Na ,vas considerably less than that
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of CI or S04 combined; but when KCI or K 2S04 were llsed (sixth
and seventh cultures) the K absorbed always exceeded the anion
supplied with it, and this factor alone contributed much to the
increased acidity of the solution.

The remarkable changes in reaction produced even by young seed­
lings are shown by an additional experiment with Florida Sour orange
seedlings in which the pH changed from 6.8 to 4.0 in 12 days. A
parallel set of cultures, in which the initial pH of 6.8 was changed,
to 5.5 by the addition of citric or tartaric acids, also brought the
reaction to pH 4.0 in 12 days. As time went on the roots became
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Fig. 3. The changes in reaction of culture solutions incident to the growth

of citrus seedlings in them. Sour orange; -0-0-0- Chinese lemon.
Oblique lines represent changes brought about by the plants; vertical lines repre­
sent changes brought about by renewal of the· solutions.

gelatinous but no growth of molds appeared. The results given in
tables 4 and 5 show several cases in ,vhich the pII changes occurred
in the opposite direction.

The changes in the reaction of culture solutions are shown by a
series of graphs in figure 3. In one case the initial pH of the culture
solution containing Sour orange seedlings was 6.8 and in the other 6.0.
In both cases the subsequent changes were in the direction of greater
acidity, although the solutions were renewed at frequent intervals.
The desired initial reactions of the culture solutions were obtained by
taking suitable proportions of KH2P04 and K 2HP04.

It appeared that the rate of change of·the pH was greatest in the
initial stages of growth. The slope of the graphs s~owing the early
changes is greater than that of those showing later stages. A similar
effect has been observed in the case of walnut seedlings, especially so
long as the cotyledons remained attached. The changes in reaction
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of Chinese-lemon cultures started at pH 6.0 agreed with those of the
Sour orange cultures. Although the culture started at pH 4.8
dropped to 4.0 in the early stage of groV\Tth, the subsequent changes
in reaction were to,vard higher pII values.

Since the change of reaction of a nutrient solution depends upon
the exchange of kations and anions, it seems impossible to make pre­
dictions of the direction in which the reaction will change, unless we
know something about the absorption process during that period. In
other words, we must recognize a state of equilibrium between the
plant, the solution, a.nd the gases of solution and atmosphere.

6. The absorp,tion of 003 by seedlings.
Breazeale2 has suggested that when nitrate is present as the anion

in a single-salt solution, the plant may take up more N03 than of the
kation, and that from the bicarbonate formed in the solution, the plant
absorbs its supply of what becomes carbonate when the plant is ashed.

We have grown citrus seedlings in solutions of calcium nitrate and
found that both the ash of the tops and that of the roots gave a strong
effervescence with acid. Low heat was always used in ashing and
the plants were not allowed to catch fire. The ash of tops of rough­
lemon seedlings taken from CaCl2 cultures as well as the ash of roots
of grapefruit seedlings taken from CaS04: cultures in which the
solutions had become either slightly acid or strongly so showed
effervescence with acid. Analyses were made of control rough-lemon
seedlings which had been grown in moss and whose outer seed coats
had been removed prior to being ashed. The ash of these seedlings
showed faint, if any, effervescence with acid. We have found that
the ash of wheat seed gave no effervescence with acid. When wheat
seed was treated with NaCI or NaN03 in dilute solutions, then dried
and ashed, effervescence occurred with acid "Then ignition tempera­
tures were high. When wheat was treated "Tith dilute calcium nitrate
solution, dried and ashed at various temperatures, effervescence always
occurred with HCl. It appears therefore that the gentle ignition of
any organic calcium compound will yield a. carbona.te. Hence the
presence of C03 in plant ash is regulated largely by the relation
between the absorption of kations and anions and volatility upon
ignition.

7. The beha.vior of citrus seedlings in sodium ca,rbona.te solutions.
Breazeale l maintains that the toxicity of soil solutions, containing

small amounts of sodium carbonate is due largely to the action of the
sodium carbonate upon the soluble organic matter. He found that
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neither 400 p.p.m Na2 CO g nor a water extract of peat is toxic to
citrus seedlings when taken singly but, when the two are mixed, the
resulting solution is highly toxic.

In order to ascertain whether Na2 COg up to 400 p.p.m. is stimu­
lating, or at least non-toxic to citrus seedlings, we have grown grape­
fruit seedlings in cultures of carbon-treated distilled water contain­
ing 50, 100, 200, and 400 p.p.m. respectively of Na2CO g • The lowest
concentration was bet\veen pH 8.5 and 10.0 while the others all had
pH values above pH 10. After 2 to 3 days, the 400 p.p.m. culture
was alkaline to phenolphthalein while those with lower strengths were
not. The culture solutions were not renewed. Nine days later most
of the seedlings had gelatinous roots.

The experinlent was repeated, using Chinese-lenlon seedlings and
concentrations of Na2CO g equal to 50, 150, and 400 p.p.m. In 6 days
most of the roots had become gelatinous. In none of the cultures was
there any evidence of elongation of the roots, ahd the high initial pH
and the complete absence of Ca brought about gelatinization of the
roots. The results indicate that the toxicity reported by Breazeale!
may have been due to calcium starvation as well as to OH ions.

Soil containing black alkali, and soil which had been leached with
NaCI until it was considered practically free from replaceable Ca,
were leached with distilled water and the dark-colored leachate was
collected. The solutions gave an alkaline reaction to phenolphthalein.
They were then dialyzed against tap water until relatively free from
·Cl. The dialyzates were not alkaline to phenolphthalein. The dialyzed
water-leachate of the soil containing normal carbonates· contained
1826 p.p.m. total solids, with an ash content of 1132 p.p.m. The
dialyzed water-leachate of the NaCI treated soil contained 2096 p.p.m.
total solids and 1147 p.p.m. ash content. When citrus and walnut
seedlings were placed in these dialyzed leachates, they grew very well,
during the several weeks they were under observaton.

8. The absorption by young orange trees.

a. Wa.ter cultures. These experiments are largely of an explora­
tory nature, considerable difficulty having been experienced in the
determination of suitable cultural methods. Sometimes trees taken
from the field could be started in solution cultures but great difficulty
was experienced in removing adhering soil. When all of the lateral
roots were removed but no1' the tops, a fairlY clean main root could be
secured, but after several days the leaves wilted and the trees usually
died. Where the leaves were removed, the buds frequently started
but remained at a standstill for long periods.
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Fig. 4. Cultures used for the study
of absorption by young orange trees
after one years' growth made in
bottles with a capacity of 20 liters.

Budded Valencia orange trees secured from the nursery were
placed in sand cultures after all branches, leaves, and rootlets had
been removed. The top consisted of a piece of trunk about two feet
in length and the root consisted of an undivided tap root about one
foot in length. The root was scrubbed thoroughly with a brush to

remove adhering soil. When such
trees were placed directly into cul­
ture solutions a scum or film usually
formed on the surface of the solu­
tions. If the tree first regenerated
some of its roots in sand cultures,
such films seldom formed. Aftel
growing in sand kept moist with
Hoagland's nutrient solution (from
April until August 18), the trees
were removed, the rootlets were freed
from the sand and many of the root­
lets were pruned away. The trees
were then placed in 5-gallon wide­
mouthed bottles containing a meas­
ured amount of nutrient solution,
the partial composition of which is
given in table 6A. Trees 1, 2, and 3
were placed in a complete nutrient
solution which contained 318 p.p.m.
Ca as calcium nitrate and 105 p.p.m.
P0 4 derived from KH2P0 4 and
K 2HP04 • Trees 4 and 5 received the
same solution plus 297 m.e. Cl as
NaCl. The culture bottles were kept
in a box covered with boards and
paper so as to exclude light, paper
collars being placed about the trunks
where they projected through the
box cover. Distilled water contain­
ing iron was added from time to
time but no additional nutrient was

added from August 18, 1924, to September 28, 1925.

The method of conducting the cultures and the type of the result­
ing' growth are shown in figure 4. The trees produced about three
cycles of growth on each of the larger shoots and the leaves were dark
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green even though the cultures were grown in the glasshouse. There
was some indication of mottle-leaf on the tree in culture 4 which
received NaCL The temperature of the glasshouse was continually
maintained above 70° to 75° F and during certain periods of the year
it was considerably higher. Some of the roots in the cultures receiving
sodium salts died, and absorption by such root systems doubtless may
be abnormal. The removal of P04 from the solution was due in a
large measure to precipitation occasioned by the repeated additions
of iron tart"rate. The large volumes of water transpired by the trees
are indicated in table 6A. The N03 absorption and the amount of
transpiration furnish indication of the growth made by the various
tree cultures. The absorption of N03 exceeded that of any other ion
determined. Ca absorption, in some of the cultures that grew well
(such as 2 and 3) was extremely large. It will be noted, however,
that in proportion to the amount furnished, the absorption of K
ranks close to that of Ca. The absorption of Mg was not very high,
and the absorption of CI and S04 ions was very low in comparison
with that of the N03 ion. That larger amounts of anion than of
kation were absorbed is indicated by the increased pH.

b. Sa.nd cultures. Four sets of Florida Sour-orange seedlings were
grown in sand cultures (10 plants to a lO-gallon crock) for about
two years, by which time the plants had become approximately four
feet high. The cultures received I-Ioagland's nutrient solution during
the early period of development. The sand was then leached with
distilled water until practically free from dissolved salts, and each
culture was given four liters of complete nutrient solution, the com­
position of which is given in table 6B. After several weeks the cultures
"\vere again thoroughly leached and the per cent of the original ions
absorbed was determined (see table 6B).

The nitrate absorption was greatest, practically all of the N03

being removed. The absorption of K and that of Ca were practically
the same, while that of Mg was considerably less than either. The
804 absorption was less than that of P04 and N03 •

9. The rela.tion of the H-ion to the growth of C1:trus seedlings.

Previous experiments9 on the absorption and growth of rough­
lemon seedlings in solutions maintained at pI-I 6, 7, 8, and 9 showed
optima at pH 8 and 9. We have made additional experiments with
citrus seedlings and present herewith the results at pH 4, 5, 6, 7, 8,
and 9.
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ABSORPTION BY Two-YEAR-OLD SE.EDLINGS OF FLORIDA SOUR-ORANGE IN

SAND CULTURES

Absorption by two-year-old seedlings of Florida
sour-orange in sand cultures

Milliequivalents Milliequivalents Per cent
furnished absorbed absorbed

Ca .
Mg .
K .
N03 .
S04 .
P04 .

62.076
29.983
56.003
71.999
43.014
29.009

53.274 .
16.268
47.291
70.678
26.252
20.309

86
54
84
98
61
70

Before suitable measurements of the effects of the H-ion concen·
tration upon absorption by citrus seedlings can be adequately studied,
we should first know the effects of H-ion concentration upon growth.
The method of studying the effects upon growth has been usually that
of starting with a certain nutrient solution and then regulating the
pH of the culture solutions by the addition of suitable quantities of
acid or alkali (usually 112804 and NaOH).

The present experiments make it evident that the initial pH of the
nutrient solution adopted for such studies and the nature of the acid
or base used in regulating the pH have considerable influence on the
growth obtained at a given pH.

Grapefruit seedlings ,vere grown in white-enamel pails containing
9 liters of Hoagland's solution of pH 5. One of the culture solutions
was brought to pII 4 by the addition of HCI and the other solutions
to pH 6, 7, 8, and 9 by the addition of NaOH. The pH of the
solutions was readjusted two or three times daily and as frequently as
changes in the pH of the solutions warranted. The solutions were
renewed at intervals of from one to two weeks. Figure 5 shows the
growth of plants from the different cultures after 43 days. The
growth of the roots was least at pH 5.0. At pH 9 some of the leaves
showed burning and some root tips were browll.

When St. Michael orange seedlings ,vere grown in a similar
manner for 56 days in Hoagland's solution whose reaction was
brought to pH 4 by adding HCI and to 6,7, 8, and 9 by adding NaOII,
we found the poorest root growth again at pH 5 and the best growth
at pH 7 with a definite decline at pH 9. In another experiment
KH2PO4 was added to IIoagland's solution so as to give an initial
reaction of pH 7. The pH was then adjusted by the addition of HOI
and Na.OH. Figure 6 shows the growth made in these solutions during
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a period of 45 days. The culture of pH 4 was no better than that at
pH 5. The marked changes between the results at pH6 and 7 and
between those at pII 7 and 8 are evident.

Grapefruit seedlings were grown for 47 days in Hoagland's solu­
tion (reaction pH 5) a.nd in Hoagland's solution regulated to pH 4
with Ca(II2P04 )2 and to pH 6, 7, 8, and 9 with Ca(OH)2. The
poorest growth "ras made at pH 5, with greater growth at pH 4 and
a marked increase at pH 6. If we use the solution which had an
initial pH. of 7, and change its reaction to pH 4, 5, and 6 with
Ca(H2P04 )2 and to pH 8 and 9, with Ca(OH2), we find a gradually
decreasing length of the roots from pH 7 to pH 4 and excellent growth
at pH 7, 8, and 9, with slightly the best at pH 8.

The results of these experiments emphasize some matters which
have often been overlooked by previous investigators. They show.the
importance of (a.) the hydrogen-ion concentration, (b) the original
pH of the solution employed, and (c) the nutrient or toxic action of
the reagents per se employed in maintaining the desired reaction.
For example, the growth in a solution having an original reaction
of pH 5.0 was improved for citrus growth either by decreasing or by
increasing the hydrogen-ion concentration. On the other hand, growth
in a solution having an original reaction of pH 7.0 was better than
that in solutions having greater concentrations of hydrogen-ions.
Ca(OH)2 was much more favorable for growth than NaOH when used
to increase the OR-ion concentration, as shown in a former paper.9

B. THE ABSORPTION OF IONS BY WALNUT SEEDLINGS

The problems of absorption were further studied by a series of
experiments with walnut seedlings grown in culture solutions. On
account of their extreme sensitiveness to certain kations walnut seed­
lings are well suited to the study of many problems akin to those
already presented.

1. The absorption from solutions containing a low concentration of
potassium ions. ,

The first series of cultures to be described was planned to study
the absorption of nutrient ions when potassium was present in small
amounts. The question was of no little importance for we have shown
elsewhere9 that walnut seedlings are relativ,ely rich in potassium, and
consequently may grow for some time w~thout additional supplies of
that element. The seedlings grew in the cultures for two p~riods of
35 days· each. At the end of the first period of 35 days, the plants
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were in a vigorous condition; consequently they were transferred to
another similar solution and grown for a second period of 35 days,
at the end of which time the-seedlings were still healthy and vigorous.
The roots were clear ,vhite, the leaves free from tip burn, and the
solutions were free from the yellow tinge which often accompanies
injury. The seedlings absorbed more of the anions and kations during
the first period than during the second, with the exception of P04 which
was completely absorbed during both periods (table 7). Although the
ash of walnut kernels contains approximately 60 per cent of PO4' the
seedlings absorbed all of the P04 present in the solution. Although
the culture solution contained a small amount of K at the beginning
of the first period, no increase of K was evident at the close of that
period. In the second period, however, when the initial concentration
of K was lower, an excretion of K took place but no retardation of
growth or unhealthy appearance of the plants due to lack of K was
evident.

TABLE 7

ABSORPTION OF IONS BY WALNUT SE,EDLINGS GROWN IN CULTURE SOLUTIONS

Lo'v IN POTASSIUM

First period (35 days) Second period (35 days)

Original Absorbed Per cent
m.e. m.e. absorbed

Ca ..
Mg .
Na ..
K .
Cl. .
NOa ;, : .
S04 .
POol .

Original
m.e.

15.958
4.877
3.355
0.556
0.606

14.381
5.287
2.898

Absorbed Per cent
m.e. absorhed

10.798 68
3.908 80
1.484 44
0.149 27
0.606 100

12.519 88
-.242
2.898 100

15.429
3.908
1.167
0.261
0.364

14.381
5.273
3.213

8.254
2.135

-.100
-.044
-.059
9.412
0.478
3.213

53
54

65
9

100

Additional results (table 8) were obtained from the two sets of
cultures in which the absorption from complete and low K solutions
was compared. The similarity in the per cent of ions exclusive of
potassium absorbed in the two cases is remarkable.

The absorptions of ions by walnut seedlings differed from that of
citrus s~edlings when -the concentration of K ions was low, in that no
increased absorption of Ca or Mg took place (compare tables 1 and 8).

2. The absorptl~on of ions from solutions containing higher concen­
trations of potas~um.

The first two sets of cultures of walnut seedlings received Hoag­
land's solution, which contains 8 milliequivalents Ca (table 9). In
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TABLE 8

ABSORPTIONS OF IONS BY \VALNUT SE,E.DLINGS GROWN IN CULTURE SOLUTIONS

FOR 39 DAYS

Complete nutrient solution Culture solution low in potassium

Original Absorbed Per cent Original Absorbed Per cent
m.e. m.e. absorbed m.e. m.e. absorbed

Ca.................................................. 8.283 6.507 78 8.204 5.808 71
Mg.................................................. 4.786 3.637 76 4.901 3.752 77
Na.................................................. 1.016 0.109 10 1.098 -.373
K.................................................... 4.516 3.981 88 0.292 -.161
Cl.................................................... 0.558 0.319 57 0.558 0.358 64
804................................................ 5.393 2.363 44 5.368 2.321 43
P04................................................ 3.473 3.473 100 3.054 3.054 100

cultures 3 and 4, and thereafter when high Ca is noted, we added
15 milliequivalents Ca as the nitrate in making up Hoagland '8 solu­
tion. Solutions 5 and 7 were the basis of a series in which the low
K content was augmented by the addition of an appropriate K salt.

When the initial concentration of K was low, there frequently
resulted an increase in the concentration of K in the solution. When

TABLE 9

ABSORPTION OF IONS BY WALNUT SEEnLINGS FROM: SOLUTIONS CONTAINING

HIGHER CONCENTRATIONS OF POTASSIUM:

Length Reaction of solution Initial Ions absorbed
Cul- Modification of Hoagland's of ab- concen-
ture nutrient solution sorption tration

period Initial Final of K K Anion
---------------

Daus pH r- H m.e. m.e. m.e.
1 Nutrient solution (unmodified) .. 31 5.0 4.6 4.029 2.429
2 Nutrient solution (unmodified) .. 39 5.4 4.6 4.516 3.981
3 High Ca, first period...................... 35 5.0 5.4 4.170 3.840
4 High Ca, second period................ 34 5.3 6.0 4.288 3.320
5 High Ca, low K, first period........ 35 4.8 7.0 0.556. 0.149
6 High Ca, low K, second period.. 34 4.9 6.4 0.261 -.044
7 I,ow K.................................................. 39 5.4 4.6 0.292 -.161
8 High Ca, KC], first period............ 35 5.0 5.5 7.839 6.743 2.442
9 High Ca, KCI, second period...... 34 5.3 6.0 7.839 3.817 1.334

10 !\:Cl........................................................ 30 5.3 4.6 7.808 7.483 2.183
11 KCl........................................................ 39 5.2 4.6 47.265 22.339 14.083
12 High Ca, K2S04, first period........ 35 4.9 5.5 7.790 6.687 2.949
13 High Ca, K2S04, second period.. 34 5.0 6.0 7.662 4.787 1.909
14 K2S04.................................................... 30 5.2 5.2 7.734 4.009 3.251
15 K2S04.................................................... 38 5.0 4.4 39.683 14.121 13.347
16 High Ca, KN03, first period........ 35 5.0 5.6 7.880 5.717 15.083
17 High Ca, KN03, second period.. 34 4.9 6.3 7.759 4.063 14.342
18 KN03.................................................... 30 5.0 6.0 7.767 4.429 8.301
19 KN03..................................................... 39 5.4 6.2 86.502 26.225
20 High Ca, KH2P04, first period... 35 4.6 5.2 7.823 5.985 3.967
21 High Ca, KH2P04, second period 34 4.9 6.0 7.642 2.301 0.208
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KOI was added to the culture solution, the absorption of 01 was
always less than that of the K. The seedlings in cultures 8 and 9
removed less K from the solution containing 15 milliequivalents of
O.a than from that containing 8 milliequivalents (culture 10). The
most active absorption of K took place during the first period (cul­
ture 8). When the initial concentration of K was 47 milliequivalents
a much smaller percentage absorption of K took place than when
lower concentrations of K were employed, although the total amount
absorbed was greater. The solutions used in cultures 1, 2, 7, 10, and
11 became more acid as a result of growth. Oultures 12 and 13 to
which K 2804 was added and which were high in calcium and nitrate
were changed toward greater alkalinity, while those with lower Ca
and N03 (solutions 14 and 15) tended toward greater acidity. There
was less absorption of 804 than of K, even though the usual S04
of Hoagland's solution was present as well as that added with the
potassium. Absorption was again greater in the first than in the
second period. All the solutions used in these experiments contained
calcium nitrate, consequently ,vhere KN03 was added the N03 absorp­
tion far exceeded that of the 01, 804 or P04 anions. It is of interest
therefore to find that, despite the large absorption of N03 , the absorp­
tion of K in the first 35-day period was not greatly different from
that of the cultures which received K 2S0 4 • The reader may be
reminded that a similar relation was found in the case of citrus
seedlings (table 1).

The cultures which received KH2P04 with high calcium nitrate
showed a decrease in H-ion concentration and a greater absorption of
K than of PO4.

Table 10 gives the results of a determination of all ions (except
N03 ) that were absorbed from solutions 11 and 15 of table 9. The
milliequivalents of K absorbed in both cases we~e high, but were less
than half the amounts initially present. From'these data as well as
from those in tables 9 and 13 it will be seen that less 01 and S04
were absorbed than K when a potassium salt was added in excess.

A series of cultures with walnut seedlings was conducted in which
approximately 7.7 milliequivalents of K was added as a single salt
to the nutrient solution. The solutions were analyzed and renewed at
the end of 35 days. The plants were removed after growing 35 days
in the second solution and the amounts of nutrient remaining in the
solutions were again determined (table 11).

We found that, when large amounts of P04 were supplied, the total
absorption for both periods was not greater than when the usual
amount of P04: was supplied. It appears that where all the P04: was
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TABLE 10

IONS ABSORBED BY 'VALNUT SEEnLINGS FROM Two CULTURE SOLUTIONS

CONTAINING AN EXCESS OF POT-ASSIUM SALT

Reaction

Ca ..
Mg ..
Na ..
K ..
Cl. ; .
804 ..
P04 ..

Ca .
Mg .
Na .
K ..
Cl. .
804 ..
P04 .

Initial
concentration

m.e.

8.134
4.754
0.074

47.265
43.185
5.393
3.186

8.144
5.222
1.332

39.683
0.502

48.458
3.342

Ions absorbed
by plants

m.e.

3.423
1.995

-.903
22.339
14.083
2.244
3.186

2.894
1.314
0.933

14.121
0.169

13.347
3.342

Per cent
absorbed

42
42

47
33
42

100

36
25
70
36
34
28

100

Initial pH

5.2

5.0

Final pH

4.6

4.4

TABLE 11

ABSORP1"ION OF IONS BY WALNUT SE.EDLINGS FROM SOLUTIONS CONTAINING

EQUIVAL,ENT A~10UNTS OF PorrASSIUM

Initial milliequivalents of ions
Modification of
control culture

solution

Period of
35 days

Ca Mg Na K CI
---------------------

LowK.............................. First............ 15.958 4.877 3.355 0.556 0.606 14.381 5.287 2.898
LowK.............................. Second........ 15.429 a.908 1.167 0.261 0.364: 14.381 5.273 3.213
Plus KCl.......................... First ............ 15.689 4.770 1.697 7.839 8.483 14.628 5.231 2.769
Plus KC!.......................... Second........ 15.549 4.951 1.424 7.839 8.364 14.628 5.183 2.977
Plus K2S04...................... First ............ 16.058 5.098 1.632 7.790 0.606 14.767 13.505 3.029
Plus K2S04...................... Second........ 15.249 4.811 1.371 7.662 0.403 14.767 13.322 3.002
Plus KN03...................... First ............ 16.048 4.770 1.580 7.880 0.809 22.237 5.115 2.977
Plus KN03...................... Second........ 15.469 4.918 3.333 7.759 0.567 22.237 5.260 2.662
Plus KH2P04.................. First............ 15.788 4.967 1.463 7.823 0.606 14.683 6.725 18.045
Plus KH2P04.................. Second........ 15.259 4.844 2.496 7.642 0.403 14.683 6.931 17.209

Modification Milliequivalents of ions absorbed Ini-
of control Period of tial Final

culture 35 days pH pH
solution Ca Mg Na K CI N03 S04 P04

----- -------------------------------
LowK................ First ........ 10.798 3.908 1.484 0.149 0.606 12.519 -.242 2.898 4.8 7.0
LowK................ Second.... 8.254 2.135 -.100 -.044 -.059 9.412 0.478 3.213 4.9 6.4
Plus KCl... ......... First........ 8.743 2.849 0.104 6.743 2.442 13.899 1.789 2.769 5.0 5.5
Plus KCl... ......... Second.... 7.216 1. 741 -.174 3.817 1.334 12.697 -.347 1. 567 5.3 6.0
Plus K2S04........ First ........ 8.822 3.021 -.517 6.687 0.606 14.339 2.949 3.029 4.9 5.5
PIUB K2S04........ Second.... 6.587 1.905 -.195 4.787 0 8.005 1.909 3.002 5.0 6.0
PIUB KN03........ First........ 8.313 2.849 -.213 5.717 0.809 15.083 1.510 2.977 5.0 5.6
Plus KNOa........ Second.... 7.435 1.905 1.428 4.063 0.144 14.342 0.073 1.487 4.9 6.3
Plus KH2P04.. First........ 8.254 3.136 -.538 5.985 0.606 13.252 1. 741 3.969 4.6 5.2
Plus KH2P04.. Second.... 8.513 1.486 0.937 2.301 -.203 11.759 -4.832 0.208 4.9 6.0
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absorbed from the solution during the first period, the P04 constituted
a limiting factor as indicated by the continued absorption during the
second period. When the amount of P04 supplied was high, less K
was absorbed during the second period. The total amount of Mg
absorbed in each culture for both periods is quite constant. It is of
interest to note that the absorption of S04 was negative in three cases
and practically zero in a fourth. The nutrient solutions in every case
were changed towards alkalinity. Except where KN03 was added,
the K absorbed always exceeded that of the corresponding anion. The
nutrient solution ordinarily used contained the primary potassium
phosphate. Table 12 gives a comparison of this with solutions con­
taining the secondary phosphate and a mixture of the two. The
results are expressed as milliequivalents of ions absorbed by 12 ,valnut
seedlings to a liter of solution during two periods of 33 and 49 days
each.

TABLE 12

ABSORPTION OF K AND P04 IONS FROM NUTRIENT SOIJUTIONS BY WALNUT SE.E.DLINGS

Potassiurn salt used in
nutrient solution

Reaction
Initial Ions absorbed

concentration by plants
Per cent
absorbed

Days Initial Final K K K
--------1-------------------

pH pH m.e. m.e. m.e. m.e.
KH2P04.................................... 33 5.0 4.6 4.355 3.081 3.937 3.081 90 100
KH2P04.................................. 49 5.2 4.8 9.925 6.867 9.160 6.503 92 95
K2HP04.................................... 33 7.0 4.6 5.123 2.690 4.575 2.690 89 100
K2HP04.................................... 49 >7.0 4.9 10.985 6.111 10.084 5.588 92 92

~~f~;:::::::::::::::::::::::::::::: l33 6.2 4.4 4.897 3.186 4.506 3.186 92 100

49 5.6 4.7 10.143 5.248 8.940 4.544 88 87

It will be seen that the solution containing the primary phosphate
had an initially lo,ver pH value than the other two but that the final
pH value in each case was very nearly the same. The amounts of K
and of P04 absorbed were practically identical when expressed as
percentages of the amount supplied. The large absorption capacity
of walnut plants for P04, together with the great need of such plants
for Ca, makes it desirable to test tricalcium phosphate as a source of
Ca and P04. Such experiments are no,v under way but have not been
completed yet.

3. Absorption frorn solutions of calcium and potassium sa,lts.
Since it has not been possible to grow 'walnut seedlings in a

solution lacking calcium, vve nlade another experiment in which walnut
seedlings were grown 47 days in solutions of KCI and of K 2SO,
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(approximately 7.7 milliequivalents of IC) to which a small amount of
Oa003 was added. The object of this experiment was to observe the
absorption of K and its accompanying anion from solutions containing
few other ions.

TABLE 13

ABSOR,prriJON OF IONS BY WALNUT SEoEDLJNGS GRO'VN IN Kel 0& K 2S04 SOLurrrrONS

CONTAINING CaCOa

Solution

Initial concentration in
milliequivalents

Milliequivalent ions
absorbed

Final
reaction

Ca K CI Ca K CI pH
--------1---------------------------
KCI+CaC03 12.475 7.716 7.930 7.595 6.077 2.121 5.5
K2S04+CaC03 12.475 7.619 7.850 7.505 6.482 1.583 4.8

Table 13 shows that the seedlings absorbed approximately the same
amounts of Oa from both solutions, and that although slightly more
K was absorbed from the K 2S04 than from the KOI solutions, less
804 was absorbed than 01. The results add evidence to that already
presented showing the relatively rapid absorption of IC by seedling
plants.

Further studies were made on the absorption by seedlings of
walnut and of St. Michael orange from solutions containing about
7.7 milliequivalents of K ions and about 8 milliequivalents of Oa ions.
We have thus an opportunity to observe the absorption of these
kations in the absence of all others and to compare the results with
those where OaC03 was furnished.

TABLE 14

RELATIVE ABSO&PT'ION OF K AND Ca IONS BY WALNUT AND O&ANGE SE.EnL,INGS

Ab- Reaction Initial Ions Per cent
sorp- concentration absorbed absorbed
tion

Salts period Initial Final
------

Days pH pH K Ca K Ca K Ca
----------------

Walnut: m.e. m.e. rn.e. rn.e.
KCI+Ca(N03h................ 32 4.8 4.4 7.424 7.744 2.726 1.996 37 26
K2S04+Ca(N03h............ 32 5.0 4.6 7.342 8.044 2.696 2.774 37 34

Orange:
KCI+Ca(N03h................ 32 5.0 4.6 7.557 7.924 3.190 2.335 42 29
K2S04+Ca(NOah,........... 32 4.6 4.8 6.774 7.984 2.952 3.094 44 39

Table 14 shows that the amounts of K and Ca absorbed were prac­
tically identical when the sulfate and nitrate were used, but when the
chlorid and nitrate were used somewhat greater amounts of K were
absorbed than Ca. In experiments (table 5) where complete nutrient
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Fig. 7. Walnut-seedling roots
showing the banded surface due
to elongation after recovery from
injury brought about by contact
with a solution having unfavor­
able alkalinity.

solutions were used and the initial concentration of K and Ca was
approximately the same, the milliequivalents of K absorbed were
greater than those of Ca. In table 14, however, we were dealing with
incomplete culture solutions.

4. The absorption of calcium by walmtt seedlings.
In a former paper,s we have shown the sensitiveness of walnut

seedlings to the presence of calcium. We shall now give some data
on the absorption from solutions of single calcium salts.

The absorption of calcium from
solutions of CaClz was studied in two
experiments (table 15), one of which
ran for 20 and the other for 31 days.
In each case the culture solution
showed a slight increase in acidity
due, as will be seen, to the greater
removal of kations than anions, con­
firming the results obtained by Red­
fern. 6 In the 31-day period the plants
absorbed about one-fourth of the cal­
cium present and still less in the 20­
day period.

The absorption of calcium from a
solution of the primary phosphate (in
spite of the higher acidity) was as
great as from calcium chlorid solu­
tions of equal strength. On the basis
of the ions absorbed from the phos­
phate culture, we would expect the
final reaction of the solution to be­
come more acid instead of alkaline.
We can account for the change in the

opposite direction only by assuming that kations entered the solu­
tion from the plants. There was a certain amount of injury to the
roots when first put into the calcium phosphate solution, but they
later recovered only to show successive injury and recovery. This
was particularly the case when 30 p.p.m. Ca as Ca(HzP04 )z was
used. The root cortex of walnut seedlings usually darkens when the
solution is markedly unfavorable. For example, if we place seedlings
in Ca (OH) z solution of pH values in excess of pH 10, the root stops
growing and the cortex becomes somewhat brown. If we then place
the seedlings in a Ca(OH)z solution of more favorable pH, the root
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begins to elongate, and as it does so the darkened cortex develops a
banded appearance in the zone of elongation (fig. 7). Figure 8 shows
the effect of Ca (H 2P04 ) 2 solutions upon the root tips of walnut
seedlings grown in water cultures. When 30 p.p.m. Ca was used, the

Fig. 9. Walnut-seedling roots showing
successive injury and recovery incident to
growth in a solution of Ca(H,PO.),. The
way in which apical and lateral roots were
formed from the stele indicates some differ­
ence in the vitality of the tissues of the roots.

Fig. 8. Walnut-seedling roots showing injury and recovery. The thl'ee roots
on the left were dead for a short distance back of the apex. The two roots
at the right had regenerated new root tips and were beginning to recover.

changes in the effects brought
about by this acid solution
were readily followed. The
roots died at the tip but not
very far back. The cortical
tissue then decayed away,
leaving the central cylinder or
stele still protruding. Grad­
ually this disappeared and the
root made another effort to
grow from the apical end.
Figure 9 shows successive in­
jury and recovery and the
broken-banded condition of
the new roots similar to that
shown in figure 7. The seed­
lings absorbed from a CaS04

solution about the same pro­
portion of Ca as from the
CaCl2 solutions of equal con­
centration. The development of acidity in the CaS04 cultures is
striking, especially in view of the relatively short duration of the
absorption period in the first three cultures, where in some cases the
epicotyls had scarcely emerged from the nuts at the end of the period.
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The absorption of ions from solutions of calcium nitrate was con­
siderably greater than from solutions of any other salts discussed in
this connection. From the weakest solution the plants absorbed in
a 20-day period 50 per cent and in a 47-day period 80 per cent of the
calcium. The greater absorption of Ca in the case of the nitrate
solutions is due in part to the more favorable final reactions of the
culture solutions and in part to the greater absorption of N0 3 •

Two other results should be noticed. The amount of the nitrate
ion absorbed in these cultures was greater than that of the kation and
the solutions decreased in acidity. In all the othe~ cultures shown in
this table the kation was absorbed in greater amounts than the anion,
and as a result the solutions increased in acidity.

TABLE 15

ABSORPTION OF IONS BY WALNUT SEEJ)LINGS FROM SOLUTIONS OF VARIOUS

CALCIUM SALTS

Twelve seedlings to a liter.

Reaction Ions absorbed by
Initial Length plant Per cent

concen- of ab- of Ca
Salt tration sorption absorbed

of Ca period Initial Final Ca Anion
---------------------

m.e. days pH ) H m.e. m.e.
CaC12.............................................. 7.764 20 6.8 4.8 1.238 0.742 16
CaC12.............................................. 15.100 20 7.8 4.8 2.096 1.689 14
CaC12.............................................. 22.914 20 8.3 4.8 2.665 2.160 12
CaC12.............................................. 7.685 31 5.4 <4.8 2.071 1.371 27
CaC12.............................................. 15.838 31 5.8 <5.2 3.583 2.707 23
CaC12.............................................. 23.463 31 5.6 <5.2 5.479 4.436 23
Ca(H2P04h.................................. 7.575 23 3.8 4.2 1.637 0.652 22
CaS04.............................................. 6.208 8 5.5 4.6 0.309 0.227 5
CaS04............................................. 12.250 8 5.8 4.8 0.494 0.198 4
CaS04........................................... 24.750 8 5.8 4.8 1.048 -.121 4
CaS04.............................................. 20.928 20 5.4 4.0 3.124 1.874 15
CaS04.............................................. 30.948 20 5.5 4.2 4.052 4.008 13
Ca(N03h........................................ 8.064 20 4.8 5.8 3.952 4.581 49
Ca(N03h..... :.............................. ·.. 15.773 20 5.2 5.8 4.466 5.152 28
Ca(N03h,............ .......................... 23.967 20 5.2 5.8 4.920 5.297 20
Ca(N03h........................................ 15.639 47 5.0 7.2 12.575 15.508 80

5. The effect of other kations on the absorption of calcium by walnut
seedlings.

It has frequently been mentioned that the absorption of ions is
modified by the presence of other ions. In ·their natural habitat the
plant roots are in contact with many ions. It may, therefore, be
interesting to note the effect of Na and K ions upon the absorption
of Ca as shown in table 16.

The absorption of Ca from solutions of CaC12 was slightly dimin­
ished when NaCI or KCI salts were also present, although the absorp-
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tion of CI was increased. This diluting effect has been rather fully
considered in other studies.9 The addition of KCI or K 2S04 to
Ca(N03 ) 2 solutions caused a final reaction more acid than the initial
one, although when Ca(N03)2 alone was used, there was a decrease in
the acidity (table 15).

TABLE 16

THE EFFECT OF OTHER KATIONS ON THE, ABSORPTION OF CALCIUM BY WALNUT

SEE,DLINGS

Initial Length Reaction Ions absorbed
concen- of ab- Per cent

Culture solution tration sorption absorbed
of Ca period Initial Final Ca Anion

---------------
m.e. days pH pH m.e. m.e.

CaCb.............................................................. 12.400 26 5.6 4.6 2.630 2.152 21
CaC12.............................................................. 24.880 26 6.0 4.6 3.453 2.829 14
CaCb+21.943 milliequivalents of

Naas NaCl................................................ 12.744 26 5.4 4.6 2.126 3.706 17
CaCb+22.381 milliequivalents of

NaasNaCl................................................ 25.050 26 6.0 4.7 3.024 4.746 12
Ca(NOah+7.424 milliequivalents of

K as KCl.................................................... 7.744 32 4.8 4.4 1.996 26
Ca(NO::h+7.342 milliequivalents of

Kas K2S04................................................ 8.044 32 5.0 4.6 2.774 34

6. The passage of solutes from wa.lnut seedlings into the solution.
Walnut seedling roots soon die when maintained in pure distilled

water or in calcium-free solutions.s On the contrary, they grow for
some time if maintained in solutions of a calcium salt. If the seedlings
with the cotyledons attached are kept for some time in moist moss or
sand they make normal growth, limited only by the amount of material
which the cotyledons can supply. The conditions responsible for the
sudden injury to roots in distilled water, or in calcium-free solutions,
form the pertinent starting point for an inquiry into the question
of ionic exchange between the root and its environment.

\Valnut seedlings are very sensitive to calcium salts, as was illus­
trated by an accidental introduction of a small amount of tap water
into the distilled water which was being used. The roots made some
growth whereas injury was soon apparent when the roots were kept
in pure distilled water. It is remarkable that the harmful effects of
distilled water upon walnut roots are so quickly evident. Within an
hour the color of the sub-apical meristematic region of the root
changes from healthy white to pale yellow. During the next few
hours (depending somewhat upon the temperature) the sub-apical
region changes from yellow to dark brown, probably due to the
oxidation of a chromogen, which later appears to diffuse out of the
roots, leaving them lighter colored.
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While these color changes are occurring, the roots become gelatin­
ous and eventually quite slimy for some distance back of the tip. The
condition is altogether typical of that found in previous experiments8

in calcium-free media. It has been shown that the gelatinous roots
will produce laterals if they are transferred to suitable nutrient
solutions before injury has involved the vascular system.

Some additional data are here given which bear upon the question
of injury in pure distilled water. The experiment was a preliminary
test to show whether the amount of ash constituents in a root is
reduced when distilled water is used as a culture medium. One set
was grown in nutrient solution, another in distilled water and a third
in a saturated atmosphere. In distilled water there was opportunity
for electrolytes to diffuse out of the roots. Only the seedlings in
distilled water showed injury.

TABLE 17

EFFECT OF DISrr1:LL,ED WATER. ON THE COMPOSITION OF WALNUT SEEDLING ROOTS

Fresh weight of 25 roots .
Ash in the dry matter ..
Constituents of the ash:

Na .
K ..
Ca ..
Mg .
S04 .
P04 .

Control seedlings
from damp moss

25.00 grams
7. 12 per cent

4.65 per cent
26.77 per cent

.61 per cent
1. 07 per cent
3.65 per cent

38. 60 per cent

Seedlings after 3 days
in distilled water

28.00 grams
6.40 per cent

3.20 per cent
17.39 per cent

.36 per cent

.52 per cent
1. 72 per cent

33.06 per cent

Twenty-five seedlings whose roots were 10 to 20 em. long were
placed in a culture jar containing 20 liters of carbon-treated distilled
water. The roots from seedlings grown 3 days in distilled water and
from seedlings taken directly from damp moss were cut just below the
cotyledons, dried ,at 60° to 70° C and analyzed. Table 17 shows the
composition of the roots of each set. The ash constituents of roots
immersed for 3 days in distilled water were less than for those taken
directly from the moss. The greatest relative difference was in the
case of Ca, Mg, and S04. Our interest centers in the loss of Ca,
because, as we have shown in another paper,s similar injury was noted
when walnut seedlings were grown in nutrient solutions lacking Ca.

With our present knowledge of the salt requirements of plants it
seems difficult to understand this Ca relation. In general there is no
exact minimum requirement; on the contrary, as often shown, there
is a more or less wide range in their salt requirements. One would be
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slow to ascribe the sudden and profound effe'cts observed to a change
in Ca content from 0.6 per cent to 0.4 per cent. It is, of course,
probable that there is a gradient for these ions in the roots, and that
the diminution of Ca in the subapical region may have been much
greater than that shown by the analysis of the whole root. The dis­
tribution of calcium in the walnut-seedling root was determined on
a lot of roots which were about 12 cm. long when removed from the
moss in which they had germinated. The roots were cut off immedi­
ately below the cotyledons and divided into basal, middle, and apical
portions.

The calcium content of these roots is sho,vn in table 18. The apical
portion appears to contain more calcium than the others, although it
is in this region that injury first appears \vhen the roots are grown in
calcium-free solutions.

TABLE 18

THE DISTRIBUTION OF CALCIUM IN THE ROOTS OF WALNUT SE,EDLINGS

DEPENDENT UPON THE: COTYLEDONS

Per cent of Ca in

Fresh weight Dry weight
Fresh root Dry matter

1. Basal part .
2. Middle part .
3. Apical part .

(grams)
43.68
15.30
7.87

(grams)
4.89
1.14

.59

.004

.008

.009

.038

.105

.119

When walnut seedlings are grown several weeks in the usual
nutrient solution the amount of Ca in the roots ranges from 3 to 5
per cent of the ash. Their total Ca content under favorable con­
ditions for absorption is, therefore, not very large. Cranner3 states
that the presence of calcium is necessary to maintain the integrity of
the bounding layer of the protoplast. In distilled water enough calcium
may have diffused out of this layer to alter the permeability relations
to a harmful degree without depleting to a corresponding extent the
calcium content of the cell. Further study is necessary to determine
whether the loss of this small amount of Ca from the walnut root is
the primary cause of the injury noted.

7. The absorption of sodium ions by walnut seedlings.

A comparison of the ions absorbed from the nutrient solution and
from the same with the addition of NaCl is given in table 19. In
each case 12 walnut seedlings were grown for 39 days in 1 liter of
solution. When walnut seedlings were gro\vn in nutrient solutions
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TABLE 19

[Vol. 2, No.4

ABSORPTION OF IONS F'ROM NUTRIENT SOLU'I'ION ",VHEN SODIUM CHLORID

WAS PRESENT

Milliequivalents absorbed

Ca ..
Mg ..
Na .
K ..
Cl. ..
804 ..
NOa .
P04 ..
HCOa* ..

Nutrient solution

6.507
3.637
0.109
3.981
0.319
2.363

3.473

Nutrient solution+87 m.e.
of Na as NaCI

3.214
2.570

12.538
3.295

12.574
1.937

2.451
-2.56

* Determined by titration with methyl orange.

containing fairly large amounts of NaCl there was usually a char­
acteristic suppression of growth in the epicotyls.

The results obtained from analyses of the residual solutions after
the seedlings had grown for 39 days, show that the introduction of
NaCl retarded the absorption of Ca more than that of the other
kations. This effect has already been shown by the analysis of walnut
roots grown in nutrient solutions containing sodium salts. We note
also that Na and Cl were absorbed in molecular equivalents.

Additional experiments were made to determine the effect of NaCI
in a more concentrated nutrient solution (table 20).

The concentration of the nutrient solutions was 1455 p.p.ln. and
7275 p.p.m. respectively. Approximately 1275 p.p.m. of NaCl was
added to one set and 2550 p.p.m to another. The four solutions in
the order listed in table 20 had total concentrations, therefore, of
2730, 8550, 4005, and 9825 parts per million.

The roots of all seedlings in the four solutions showed no injury
from the salts present, but the tops of the seedlings were affected.
In solution No.3 the margins of the leaves were killed in places. In
solution No. 4 only t,vo of the 12 seedlings put up epicotyls; the
remainder were barely able to emerge from the shells. The plants
which grew in the two weaker solutions (Nos. 1 and 2) were good in
every respect.

The increased amounts of sodium apparently restricted the
absorption of other kations. It seems evident from these data that
the presence of an excess of NaCI operates to prevent the absorption
of other ions, especially Ca. When the strength of the nutrient
solution was increased fivefold there was no substantial difference in
the amount of Na and CI ions absorbed.
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When the amount of calcium was increased fivefold there was
increased absorption, though not in proportion to the amount present.
The case of magnesium appears somewhat unusual, because there was
least absorption from solutions which contained most. It is possible
that the' absorption of calcium resulted in lowering the absorption
of magnesium, which enters less readily into loose combination with
the colloidal constituents of the cell. The diminished Mg absorption
shown by solutions 5 to 8, accompanying increasing concentrations of
Na ions, agrees with the reduced Ca absorption.. The chlorin ion was
absorbed in amounts substantially equivalent to those of its kation.

The effect of sodium sulphate was also studied (table 20). Some
of the walnut leaves in solution 8 showed salt burn at the margins.
The seedlings in solutions 5, 6, and 7 made excellent growth.

These results suggest that the roots have come into some sort of
equilibrium with the ions in the solutions and that ions lost in the
initial stage of the experiment may be absorbed later. The results
reported by Hoagland4 were obtained by placing a mass of roots of
healthy plants into solutions for two days. In many cases he found
a passage of ions from the plant to the solution where no doubt there
would have been a net absorption in the course of time. However,
our results agree in the main with those of Hoagland.

8. The rela.fion of the h.ydrogen-ion concentration to ionic'intercha.nge.

In several of the foregoing experiments it was shown that the
unequal rates of absorption of kations and anions resulted in changes
in acidity. Our results agree with those of Hoagland5 who concluded
that the changes in reaction are due to unequal absorption and to the
giving off of ions by the root. IVlany experiments have shown that
the pH of the solution between pH 4.5 and 8.5 has practically no effect
on the growth of walnut seedlings. This may be due to the large
storage of reserve food within the seed. When the walnut plants
grew in solutions well supplied with nitrate there was usually an
accumulation of HC0 3 in the solution. When Ca(N03 ) 2 was furnished
this effect was the more pronounced because of the rapid absorption
of the N03 ions. The methyl orange titration of the nutrient solution
calculated as HC03 was often as high as .7 milliequivalents at the
end of a 33-day growth period and as high as 5.0 milliequivalents at
the end of a second 33-day period. .

The effect of ion interchanges is well shown by data in table 15.
The net effect of absorption from CaCl2 or CaS04 solutions was an
increase in the H-ion concentration, while with absorption from
Ca (N03 ) 2 solutions the OIl-ion concentration increased. The pH of the
CaCl2 or CaS04 solutions usually reached 4.8 or 5.0 without evident
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injury to the roots. When plants were put into solutions of Ca (NO g ) 2

growth continued for a longer time and pronounced increases in pH
were observed. For example, the last set of cultures in table 15 grew
for 47 days, during which time they absorbed most of the ions from
the solution. The solution had a pH of 7.0-7.2 at the end of the
period and upon heating to expel CO2 it changed to pH 8.0. A small
variation in pH, however, may be more significant in the more acidic
solutions than is a large variation in the less acidic solutions.

C. GENERAL DISCUSSION

When a living cell is in contact with a solution, absorption and
excretion occur. The process never reaches an end-point because the
ions absorbed by the plant promote its growth, thereby increasing
its power or capacity further to absorb (or excrete) ions. It presents,
therefore, a moving equilibrium. The exchange of ions .is influenced
by a great variety of conditions, such as the concentration of the
solution, the nature and concentration of the ions present, the effect
of one ion upon the absorption of another, temperature, light, and
other factors. In fact, the absorption of ions is veiled by a host of
factors, few of which are as yet understood.

Since energy is undoubtedly expended in the uptake of ions by
plants, it is to be expected that the ratio and amount of this uptake
should vary with the plant. The results herewith reported may
therefore supplement those of Hoagland,4 obtained from experiments
with other plants. There is abundant evidence in this paper to
support the idea that the processes of absorption are concerned with
ions. The rate of absorption is not related to the velocities, nor to
other physical-chemical properties of the ions so far as they are
known. The amount of an ion absprbed is not strictly related to the
amount already present in the plant. For example, phosphate was
rapidly absorbed by walnut seedlings, although their cotyledons are
very rich in phosphorus. We can only conclude therefore that their
absorption is related to some chemical or physical property of the
protoplasm.

Both citrus and walnut seedlings had a greater ~bsorptive power
for potassium, calcium, and nitrate ions than for magnesium, chlorin,
or sulfate ions. .

The effect of one ion upon the absorption of another was very
pronounced, and occurred whether the ions had like or unlike elec­
trical charges. Potassium ions retarded the absorption of calcium
more than sodium, b·ut sodium did not retard the absorption of
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potassium. One of the striking features of these experiments is the
rapidity with which potassium ions were absorbed. Whenever this
ion was abundant it ,vas absorbed, usually to the exclusion of other
kations and sometimes anions.

In a soil where the rates of renewal and diffusion are slower than
in a water culture there might not be such an accumulation of
potassium in the plant. IIowever, if the concentration of potassium
were fairly high the absorption process might lead to exactly such a
relation between potassium and calcium as we find in "mottle-leaf"
and kindred troubles of citrus trees. There is evidence from data
upon the absorption of ions by trees that the ratio of potassium to
calcium absorbed normally becomes smaller with the growth of the
tree, but the possibility of a later reversal and a return to this early
condition exists.

Almost without exception the plants absorbed greater amounts of
kation than anion, and the rate at which one was absorbed appeared
to influence that of the other. The per cent of kations absorbed was
always greatest when they were accompanied by a favorable anion
like N03 • The converse of this statement is generally true although
the differences are not so striking.

The absorption of chlorin is of particular interest because of its
occurrence in certain irrigated soils where it forms one of the con­
stituents of "white alkali" salts. The detrimental effect of the
absorption of any considerable amount of chlorin by plants has long
been known. Our results indicate that the amounts of chlorin
absorbed stand in the following order with respect to the accom­
panying kation: Ca>K>Na>Mg. It is probable that the larger
amount absorbed is to a certain extent related to the growth pro­
moting po,ver of the individual kation. The larger plants thus pro­
duced have a large capacity to a~sorb ions. When barley plants of
the same size V\Tere placed in the salt solutions the order of magnitude
of chlorin absorbed was I{>Na>Mg>Ca, according to Hoagland.4

One of the effects of sodium chlorid upon the plant seems to be due
to an interference with the absorption of calcium. As sodium chlorid
accumulates in the leaves and meristematic regions it produces direct
injuries, the nature of which is as yet unknown.

The nitrate ion ,vas regularly absorbed in relatively large amounts
even when the initial concentration was high. The presence of chlorin
retarded the absorption of nitrate, but other ions seemed to have little
effect upon its absorption. Wnere the initial concentration was
sufficiently great the absorption of nitrate was sometimes greater than
that of the corresponding kation. In the case of walnut seedlings,
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the absorption of phosphate ions was also large, except where the
concentration of the hydrogen ion was too great for satisfactory
growth. It appears that the cells of the walnut root have some extra­
ordinary powers of combining with phosphates, because when grown
in distilled water there was no excretion of that ion, although the
concentration of phosphorus compounds in ~he root was high.

In all cases studied there ",Tas an exchange of ions between the root
and the solution in which it grew, resulting generally in a change in
the acidity of the latter. The CO 2 excreted by roots tends to main­
tain a reaction favorable to growth. The most important effect noted
was where the rapidly absorbed nitrate anion was furnished with a
more slowly absorbed kation. In such a medium a fairly high degree
of alkalinity may be developed by the formation of carbonates, but
there was no evidence that any carbonate was absorbed by the roots.

The significance of the results of this study seems to lie in giving
a clearer understanding of the processes of absorption from a rela­
tively simple medium. From these results we have tried to obtain
a clearer idea of the principles governing the process of absorption.

IV. SUMMARY

1. The data presented in this paper deal with the absorption of
ions from solutions by citrus and walnut seedlings and by young
trees. They deal with the relative amounts of various ions abRorbed,
the effects of one ion upon the absorption of another, and the changes
in the reaction of the solution due to ion absorption and excretion.

2. Rough-lemon and grapefruit seedlings removed relatively more
potassium than calcium from' solutions containing appro,ximately
equivalent amounts of these ions. When the potassium in the culture
solution was low in amount, citrus seedlings absorbed more calcium,
magnesium, and phosphate from the solution than when potassium
was abundant. There was an interchange of ions between the solution
and roots resulting in an excretion of potassium into the solutions
when the original concentration of potassium was low.

3. Citrus seedlings absorbed more kation than anion from solu­
tions of single calcium salts, causing an increase in acidity of the
solutions. Calcium ions were readily absorbed by citrus seedlings
when sodium and potassium were absent or low in amount.

4. The presence of chlorin ions reduced the absorption of nitrate
ions by citrus seedlings. 'Vhen various chlorids "Tere added to culture
solutions the greatest amount of chlorin was absorbed from those
containing calcium chlorid. These citrus seedlings made the best
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growth and as a consequence were able to absorb more chlorin ,vithout
injury than were the other cultures. From culture solutions which
contained 1000 p.p.m. sodium chlorid, citrus seedlings absorbed
approximately equivalent amounts of sodium and chlorin.

5. The changes in reaction of culture solutions in which citrus
seedlings have grown, lllay be attributed directly to differential
absorption of ions, together with an excretion of certain ions. Acid
culture solutions do not always change in the direction of neutrality
nor do neutral solutions always change in the direction of greater
acidity. In complete nutrient solutions citrus seedlings may, in a
comparatively short period, bring about so great a concentration of
H ions as to be injurious to the roots.

Bicarbonate ions were found in culture solutions from which
citrus roots had removed nitrate ions, but effervescence of the ash of
citrus seedlings is not conclusive proof that the C03 had been
absorbed from the solution.

6. No stimulation of the growth of citrus roots occurred in
solutions of sodium carbonate. When calcium was completely absent
from the solution, a high initial alkalinity due to sodium carbonate
was very injurious to the roots of citrus seedlings; so also was the
complete absence of calcium from a culture solution containing a
favorable amount of the other essential ions.

7. Young Valencia orange trees removed more calcium than potas­
sium from the culture solutions, but in comparison with the initial
concentration the absorption of potassium ranked close to that of
calcium. The absorption of magnesium ,vas not very high in com­
parison with that of cal-cium and potassium. The absorption of the
chIorin and the sulfate ions was very low in comparison with that of
the nitrate ion, when the concentrations of chlorin and of sulfate were
not excessive.

In sand cultures, Florida Sour-orange seedlings, two years of age,
removed practically all of the nitrate present, and about equal per­
centages of the initial concentration of calcium and potassium. The
percentage of the initial concentration of magnesium removed was
much less than that of either c-alcium or potassium.

8. The nature of the growth obtained with citrus seedlings in
water cultures at different pI-I values depends not only upon the main­
tained pH of the solution, but also upon the pH of the original
solution as well as upon the nature of the acid or alkali used in main­
taining the desired pH.

9. Althongh the ash of walnut kernels contains approximately
60 per cent of phosphate, the walnut seedlings rapidly absorbed all
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of the phosphate from a complete nutrient solution. Walnut seedlings
removed less chlorin or sulfate than potassium from culture solutions
containing an excess of potassium salt. When walnut seedlings were
grown in solutions having equivalent concentrations of potassium
chlorid or potassium sulfate, they removed practically the same
amounts of calcium from both solutions. Although slightly more
potassium was absorbed from the potassium sulfate culture, the
absorption of sulfate exceeded that of chlorin. Except in the case of
potassium nitrate, the potassium absorbed by walnut seedlings from a
nutrient solution to which different potassium salts were added, always
exceeded that of the anion added with it.

10. The total amount of magnesium absorbed by walnut seedlings
was quite constant and was not affected appreciably by additions of
potassium salts to the solution.

11. Walnut seedlings removed more kation than anion from solu­
tions of single calcium salts except in the case of the nitrate. The
acidity of the residual solution was entirely dependent upon the
absorption rate of the two ions employed. In a solution of calcium
acid phosphate having an unfavorable degree of acidity, walnut
seedling roots made renewed attempts to elongate, even after the root
tips had been killed by the excessive acidity.

12. The addition of the chlorids or sulfates of sodium or potassium
to calcium solutions brought about a reduction in the absorption of
calcium. The addition of potassium chlorid or sulfate to calcium
nitrate caused a final rea.ction more acid than the initial reaction,
although when calcium nitrate alone was used, walnut seedlings
brought about a decrease in acidity. The presence of an excess of
sodium chlorid in a culture solution prevented walnut seedlings from
absorbing large amounts of calcium. Increasing the concentration
of the nutrient solution containing large amounts of sodium chlorid
caused no substantial differences in the a.mounts of sodium and
chlorin ions absorbed by walnut seedlings.

13. The apical portion of walnut roots grown in calcium-free
solutions contained more calcium than the portions further removed
from the apex, although the first evidences of injury were visible in
this apical portion.
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