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Introduction
Preliminary research with natural pumice (18, 23) has indicated that it

might be a useful and inexpensive substrate in experiments on the mineral
nutrition of plants. Appreciable surface activity appears to be associated
with the high porosity of pumice. An experiment was undertaken to deter-
mine the availability to roots of specific elements held on different lots of
pumice each of which had been immersed in a single salt solution. This
investigation was designed to trace plant growth during the progressive
diminution of an individual nutrient element in the substrate, the entire
quantity of which wlas initially supplied in an adsorbed state on the pumice,
in the presence of a nutrient solution containing all other essential ions in a
soluble form and supplied at a uniform rate.

Methods
The pumice used in this experiment was first leached of its readily solu-

ble components and different lots thereof then soaked in single salt solutions,
each containing a different nutrient element as described below. A single
lot of natural pumice (table I) consisting of pieces one inch or less in dia-

TABLE I
CHEMICAL ANALYSIS OF PUMICE*

Silica ............ 72.90% .....Soda..................... 3.64%
Alumina......11.28 ...Potash..........4.38
Iron oxide ............ 0.86 Sulfuric anhydride .................... 0.03
Titanium oxide ............ 0.06 Loss by ignition .................... 5.20
Calcium oxide ............ 0.80 Organic material content .................... 0.022
Magnesium oxide ............ 0.36 Water soluble content .................... 0.13

* Analysis furnished by Pumice Corporation of America.

meter was first leached of readily soluble material by submersion for 24 hours
in a large volume of 0.04N hydrochloric acid solution containing acid in con-
siderable excess of that required to neutralize the alkalinity of the pumice it-
self (21). The pumice was then washed in distilled water until no evidence
of chlorine or shift in pH of the eluate could be detected. Three different
sublots of this leached pumice were then immersed for 48 hours in 0.1M sin-
gle salt solutions containing CaCl2, MgSO4 or KCl respectively. Analyses
of these salt solutions containing pumice indicated considerable cation ad-

682



MCILRATH: PUMICE SUBSTRATE 683

sorption. Equilibrium in distribution of calcium, magnesium and potassium
ions was attained between the salt solution and pumice during a 48-hour
period of soaking. After soaking, these three sublots of pumice were again
transferred to distilled water, thoroughly rinsed and then air dried.
A fourth or phosphate series was similarly prepared except that the

natural pumice was initially leached in a 0.1N solution of NaOH and then
soaked in an excess of 0.5N solution of 113P04. Four experimental series of
10 jars each of pumice were arranged as follows: the first containing the
pumice previously soaked in CaCI2, the second pumice soaked in MgSO4, the
third pumice soaked in KCI and the fourth pumice soaked in H3PO4. Uni-
form amounts, 3900 grams dry weight, of treated pumice were placed in
three gallon glazed jars and again leached for one week in three liters of
distilled water. At the end of this time the final amounts of the various ions
still retained in adsorbed form on the pumice were determined (table II).
Each pumice-adsorption complex constituted one experimental culture.

TABLE II
TOTAL QUANTITIES OF THE VARIOUS ELEMENTS IN MILLIEQUIVALENTS ADSORBED ON THE

PUMICE PER JAR

SERIES ELEMSENT QUANTITY INITIALLY QUANTITY PRESENT AFTERSERIESELEMENADSRBEDPLANTS GROWN ON
THE SUBSTRATE

mn.e. m.e.
-Ca Ca 77.85 122.82
-K K 60.06 4.23
-Mg Mg 47.34 2.49
-P P 84.57 18.09

A nutrient solution (table III) containing all essential elements except
one was added to each of the foregoing series. The only available source of

TABLE III
MILLIMOLAR CONCENTRATION OF SALTS IN ORIGINAL NUTRIENT SOLUTION ADDED TO

VARIOUS SERIES*

First to fourth weeks
Control (gravel) 0.703 KNO3 0.522 KH2PO4 0.591 MgSO4 1.726 Ca(NO3)2
-K (pumice) 0.699 NaNO3 0.741 NaH2PO4 0.591 MgSO4 1.726 Ca(NO3)2
-Mg (pumice) 0.703 KNO3 0.522 KH2PO4 0.598 Na2SO4 1.726 Ca(NO3)2
-Ca (pumice) 0.703 KNOs 0.522 KH2PO4 0.591 MgSO4 3.496 NaNO3
-P (pumice) 0.703 KNO3 .................................... 0.591 MgSO4 1.726 Ca(NO3)2

Fifth to twelfth weeks
Control (gravel) 1.406 KNO3 1.044 KH2PO4 1.182 MgSO4 3.452 Ca(NO3)2
-K (pumice) 1.398 NaNO3 1.482 NaH2PO4 1.182 MgSO4 3.452 Ca(NO3)2
-Mg (pumice) 1.406 KNO3 1.044 KHXPO4 1.196 Na2SO4 3.452 Ca(NO3)2
-Ca (pumice) 1.406 KNO3 1.044 KH2PO4 1.182 MgSO4 6.992 NaNO3
-P (pumice) 1.406 KNO3 ............................... 1.182 MgSO4 3.452 Ca(NO3)2

* All series received traces of microelement boron, copper, iron, manganese and zinc
in nutrient solution.
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this missing element was that adsorbed on the pumice. The series depend-
ing upon the pumice for their supply of the specific element are designated
as -Mg, -K, -Ca and -P respectively. A fifth separate series comprising an
inert quartz gravel substrate in which all essential elements were supplied
in the nutrient solution in soluble form was also run and designated as the
control series. The solutions were all drained weekly and immediately re-
newed at the ion concentrations indicated (table III). All culture solutions
were brought to an initial pH of 6.4 with sodium hydroxide before addition
to the jars. During growth of plants, chemical analyses for magnesium,
potassium, calcium, nitrogen and phosphorus were made of the residual so-
lutions drained from the jars at the end of each week (table IV).

TABLE IV
SOLUBLE IONS IN PARTS PER MILLION IN RESIDUAL NUTRIENT SOLUTIONS AS DRAINED FROM

JARS AT WEEKLY INTERVALS DURING GROWTH OF PLANTS IN EACH SERIES

Weeks 1 2 3 4 5* 6 7 8 9 10 11 12

Series Calcium in residual nutrient solution, p.p.m.
Control (gravel) 37.6 62.8 58.0 103.2 85.2 65.6 60.0 36.4 16.4 28.6 40.0
-Mg (pumice) 70.4 88.4 54.0 97.6 74.0 15.2 12.8 6.4 5.8 0.0 6.4
-K (pumice) 138.0 100.0 80.0 62.8 60.0 72.8 0.0 12.0 5.8 0.0 10.0 22.0
-Ca (pumice) 636.0 184.0 176.8 56.6 50.4 13.6 11.0 6.4 4.7 4.0 13.4 5.3
-P (pumice) 40.0 27.2 22.0 18.8 40.0 80.0 17.6 19.2 27.0 9.6 12.6 32.0

Potassium in residual nutrient solution, p.p.m.
Control (gravel) 40.0 24.8 9.6 24.2 0.0 5.4 0.0 0.0 0.0 0.0 2.0
-Mg (pumice) ............ 55.6 22.8 35.8 45.2 5.0 5.0 0.0 5.0 0.0 0.0 0.0
-K (pumice) 500.0 320.0 169.8 102.4 68.8 25.6 2.4 Tt 0.0 2.2 0.0 0.0
-Ca (pumice) 80.0 28.2 45.8 32.6 45.6 40.6 9.6 17.7 41.2 35.2 64.0 27.2
-P (pumice) 12.4 7.6 7.0 6.0 9.0 5.0 0.0 0.0 3.0 0.0 0.0 0.0

Magnesium in residual nutrient solution, p.p.m.
Control (gravel) 15.0 21.0 18.0 21.3 9.9 2.1 7.8 9.0 8.4 9.9 11.1
-Mg (pumice) 48.0 61.5 10.2 30.0 13.5 3.0 1.2 1.5 T T T
-K (pumice) 14.2 22.8 14.4 12.0 8.1 13.8 1.5 1.2 T T 2.4 4.8
-Ca (pumice) 15.2 22.5 19.2 14.4 15.3 2.4 1.8 1.8 2.1 3.9 12.3 1.8
-P (pumice) 10.8 12.0 12.0 11.1 14.1 15.0 4.8 2.4 2.4 2.1 3.0 6.9

Nitrogen in residual nutrient solution, p.p.m.
Control (gravel) 64.8 61.5 54.5 71.5 31.0 13.6 4.8 1.6 1.8 4.7 5.1
-Mg (pumice) 84.0 75.0 72.0 80.5 56.0 43.0 5.9 1.1 1.4 2.5 4.6
-K (pumice) 83.5 89.0 72.5 66.0 77.5 59.5 37.0 3.1 1.3 2.3 4.2 7.2
-Ca (pumice) 74.0 77.5 76.0 75.0 79.0 71.5 41.5 32.2 80.0 79.0 84.0 72.0
-P (pumice) 56.0 62.0 *63.5 61.0 78.5 70.0 48.5 7.8 1.1 1.4 1.7 2.0

Phosphorus in residual nutrient solution, p.p.m.
Control (gravel) ........... 15.0 13.0 22.5 25.0 10.5 1.1 T 1.3 T 1.4 1.7
-Mg (pumice) ............ 19.0 18.8 17.5 21.8 19.5 4.3 T 0.0 T T 1.4
-K (pumice) 22.5 22.5 23.5 46.0 21.8 20.0 1.0 1.2 0.0 T 3.2 1.6
-Ca (pumice) 17.5 16.5 16.8 13.3 23.3 24.3 17.6 23.0 36.5 16.0 27.5 17.5
-P (pumice) 185.3 180.2 107.1 68.0 16.0 3.0 T 1.6 0.0 0.0 0.0

* Concentration of salts in original nutrient solution (Table III) doubled at fifth
week and so maintained thereafter.

t T indicates a trace present.
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Seeds of tomato, variety Pan America, were germinated in sand at a
temperature of approximately 270 C. The sand was kept moist with dis-
tilled water, and an occasional application of dilute complete nutrient solu-
tion was made to prevent the appearance of deficiency symptoms. On Feb-
ruary 9, 24 days after the seeds were sown, plants which had attained a uni-
form height of 45 millimeters were transferred to the jars of all series.
Throughout the period of the experiment, these plants were pruned to one
main axis for convenience of handling and measurement. Mean diurnal
and nocturnal temperatures were maintained at 290 C and 190 C respec-
tively. A mean relative humidity of 50%o was maintained over the period of
the experiment. Mean intensity of normal daylight for the months during
which the plants were grown was 1250 foot-candles. On overcast days,
natural daylight was supplemented with 40-watt fluorescent "daylight"
lamps.

TABLE V
ELEMENTAL COMPOSITION OF VARIOUS PLANT PORTIONS AS PERCENTAGE OF DRY WEIGHT AND

TOTAL QUANTITY IN MILLIGRAMS AT THE STEM ELONGATION STAGE

ELEMENT ROOTS LEAVES STEMS

0/% mg. % mg. % mg.

Control Series
Ca 1.40 0.70 4.24 14.42 3.24 2.27
K 5.08 2.54 4.90 16.66 10.74 7.52
Mg 0.60 0.30 0.76 2.58 0.83 0.58
N 2.78 1.39 5.48 18.63 2.33 1.63
P 0.71 0.36 1.06 3.60 0.63 0.44

-Mg Series
Ca 0.64 0.38 2.77 8.03 0.89 0.62
K 4.56 2.74 4.26 12.35 10.48 7.34
Mg 1.00 0.60 1.28 3.71 1.13 0.79
N 2.88 1.73 5.80 16.82 2.30 1.61
P 0.72 0.43 1.08 3.13 0.61 0.43

-K Series
Ca 1.06 1.06 3.65 11.68 2.03 1.83
K 5.22 5.22 5.20 16.64 11.46 10.31
Mg 0.62 0.62 0.73 2.34 0.68 0.61
N 2.95 2.95 5.29 16.93 2.16 1.94
P 0.93 0.93 1.05 3.36 0.74 0.67

-Ca Series
Ca 1.53 1.38 4.15 13.28 3.02 2.42
K 3.60 3.24 4.52 14.46 10.24 8.19
Mg 0.59 0.53 0.50 1.60 0.66 0.53
N 2.78 2.50 5.36 17.15 2.50 2.00
P 0.89 0.80 1.00 3.20 0.66 0.53

-P Series
Ca 0.89 0.62 4.18 9.20 2.56 1.28
K 2.66 1.86 2.12 4.66 6.40 3.20
Mg 0.66 0.46 0.71 1.56 0.78 0.39
N 2.84 1.99 4.85 10.67 2.33 1.17
P 2.54 1.78 1.15 2.53 0.99 0.50
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Samples for chemical analysis were taken in the late afternoon at five
stages in the developmental cycle, as follows: at (1) stem elongation (table
V), (2) flower bud primordia development (table VI), (3) anthesis (table
VII), (4) early fruit enlargement (table VIII), and (5) the mid-fruiting

TABLE VI
ELEMENTAL COMPOSITION OF VARIOUS PLANT PORTIONS AS PERCENTAGE OF DRY WEIGHT AND

TOTAL QUANTITY IN MILLIGRAMS AT THE FLOWER BUD PRIMORDIA STAGE

ELEMENT ROOTS LEAVES STEMS

% mg. % mg. % mg.

Control Series
Ca 1.47 2.94 4.14 49.68 3.24 8.10
K 5.52 11.04 5.78 69.36 10.24 25.60
Mg 0.69 1.38 0.77 9.24 0.87 2.18
N 3.28 6.56 6.74 80.88 2.64 6.60
P 0.85 1.70 1.07 12.84 0.78 1.95

-Mg Series
Ca 0.75 4.65 3.12 34.32 1.47 3.23
K 3.44 21.33 4.36 47.96 10.48 23.06
Mg 0.87 5.39 1.25 13.75 1.09 2.40
N 2.50 15.50 5.20 57.20 2.26 4.97
P 0.93 5.77 1.06 11.66 0.64 1.41

-K Series
Ca 1.32 4.36 3.93 40.48 2.62 5.24
K 4.70 15.51 5.80 59.74 10.54 21.08
Mg 0.76 2.51 0.74 7.62 0.82 1.64
N 2.46 8.12 5.15 53.05 1.95 3.90
P 1.04 3.43 1.06 10.92 0.66 1.32

-Ca Series
Ca 1.16 5.22 4.40 35.20 3.49 5.93
K 2.98 13.41 4.64 37.12 9.10 15.47
Mg 0.66 2.97 0.76 6.08 0.88 1.50
N 2.60 11.70 6.68 53.44 2.20 3.74
P 0.59 2.66 1.04 8.32 0.55 0.94

-P Series
Ca 1.57 11.78 3.77 62.21 2.76 9.11
K 2.00 15.00 2.20 36.30 5.68 18.74
Mg 0.62 4.65 0.74 12.21 0.92 3.04
N 3.20 24.00 4.55 75.08 1.95 6.44
P 1 09 8.18 1.01 16.67 0.78 2.57

stage (table IX). At the first sampling the plants were in a period of rapid
vegetative growth while at the second sampling flower buds had become vis-
ible to the eye. The flowering (anthesis) samples were taken after several
flowers at the lowest infloreseence had reached anthesis, early fruit enlarge-
ment samples when the ovaries of these flowers had begun to enlarge and the
mid-fruiting samples when fruits of the first inflorescence were fully en-

larged and had just turned red.
At each sampling, plants were divided into roots, stems and leaves in-

cluding petioles. In the final harvest, fruits were also sampled separately.
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Percentage dry weight of these portions was determined in a Brabender
Moisture Tester at a temperature of 1000 C. Leaf areas were determined
at each sampling by tracing the leaf outlines on paper and computing areas
with a planimeter. Plant material for chemical analysis was killed at a
temperature of 1000 C, dried rapidly at 800 C in a forced draft oven and
ground to 40 mesh in a Wiley mill. Chemical analyses for magnesium, po-

TABLE VII
ELEMENTAL COMPOSITION OF VARIOUS PLANT PORTIONS AS PERCENTAGE OF DRY WEIGHT AND

TOTAL QUANTITY IN MILLIGRAMS AT THE FLOWERING STAGE (ANTHESIS)

ELEMENT ROOTS LEAVES STEMS

% mg. nmg. % mg.

Control Series
Ca 1.69 74.36 3.43 459.62 1.65 59.40
K 2.12 93.28 3.28 439.52 3.76 135.36
Mg 0.50 22.00 0.53 71.02 0.45 16.20
N 3.56 156.64 5.73 767.82 3.55 127.80
P 0.98 43.12 0.63 84.42 0.59 21.24

-Mg Series
Ca 0.89 54.29 3.49 471.15 2.12 72.08
K 2.20 134.20 4.26 575.10 5.20 176.80
Mg 0.47 28.67 0.49 66.15 0.50 17.00
N 3.24 197.64 6.30 850.50 3.83 130.22
P 0.81 49.41 1.03 139.05 0.78 26.52

-K Series
Ca 0.97 83.42 3.87 634.68 2.21 101.66
K 1.42 122.12 2.98 488.72 5.01 230.46
Mg 0.47 40.42 0.44 72.16 0.41 18.86
N 1.88 161.68 4.19 687.16 2.36 108.56
P 0.55 47.30 0.96 157.44 0.64 29.44

-Ca Series
Ca 0.46 15.18 3.05 341.40 1.48 74.00
K 2.68 84.44 3.20 358.40 3.60 180.00
Mg 0.47 15.51 0.57 63.84 0.55 27.50
N 4.44 146.52 5.58 624.96 4.19 209.50
P 0.81 26.73 0.93 104.16 0.84 42.00

-P Series
Ca 1.19 86.87 4.37 638.02 2.65 87.45
K 1.60 91.98 2.42 353.32 2.88 95.04
Mg 0.66 48.18 0.59 86.14 0.59 19.47
N 5.08 370.84 6.60 96.36 4.55 150.15
P 0.78 56.94 0.91 132.86 0.69 22.77

tassium, calcium and phosphorus were made by modification of the methods
of WOLF and ICHISAKA (27) and for nitrogen by modification of the method
of KOCH and MCMEEKIN (13).

Data and discussion

NUTRIENT SOLUTION RESIDUES

Transplanted seedlings immediately began rapid growth. There soon

were definite indications from the analyses of the jar residues (table IV)
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that ions previously adsorbed on the pumice had been released to the nu-
trient solution (11, 12). This was particularly evident in the -K, -Ca and
-P series in which large quantities of the adsorbed ions were found in the
first solution residues. The uniformly healthy appearance of the plants
confirmed this observation as none of them developed nutrient deficiencies
during the first several weeks of growth. During the first six weeks it also

TABLE VIII
ELEMENTAL COMPOSITION OF VARIOUS PLANT PORTIONS AS PERCENTAGE OF DRY WEIGHT AND

TOTAL QUANTITY IN GRAMS AT THE EARLY FRUIT ENLARGEMENT STAGE

ELEMENT ROOTS LEAVES STEMS

% gm. % gm. % gm.

Ca
K
Mg
N
p

Ca
K
Mg
N
p

Ca
K
Mg
N
p

1.91
2.20
0.71
2.21
1.08

1.06
1.62
0.36
1.86
0.56

0.93
0.94
0.63
2.46
0.61

Ca
K
Mg
N
p

Ca
K
Mg
N
p

0.35
3.52
0.49
3.08
1.08

0.63
1.24
0.77
2.51
0.36

0.149
0.172
0.154
0.172
0.084

0.144
0.220
0.049
0.253
0.076

0.099
0.100
0.068
0.261
0.065

0.026
0.264
0.037
0.231
0.081

0.081
0.159
0.099
0.321
0.046

Control Series
3.12
2.53
0.53
2.13
0.59

-Mg Series
3.30
3.28
0.53
2.25
0.78

-K Series
3.93
2.10
0.66
2.68
0.61

-Ca Series
2.40
3.36
0.76
3.25
0.85

-P Series
3.62
2.20
0.77
2.68
0.37

1.030
0.832
0.175
0.703
0.195

1.69
2.20
0.34
1.29
0.55

1.109
1.102
0.178
0.756
0.262

1.152
0.615
0.193
0.785
0.179

0.538
0.753
0.170
0.728
0.190

1.104
0.671
0.235
0.817
0.113

1.47
2.92
0.42
1.78
0.59

1.89
1.94
0.56
1.50
0.50

0.57
2.20
0.55
2.48
0.72

1.43
1.82
0.49
2.25
0.42

0.198
0.257
0.040
0.151
0.064

0.162
0.321
0.046
0.196
0.065

0.178
0.182
0.053
0.141
0.047

0.051
0.196
0.049
0.221
0.064

0.109
0.138
0.037
0.171
0.032

was noted that solution residues from all pumice series had a lower pH than
that of the original solution. Stout working with hemp observed a similar
pH shift in the jar residues (23). This response was in contrast to the con-

trols in gravel which exhibited a rise in pH (fig. 1). Correlated with the
rise in pH after the sixth week was extreme diminution in the amount of the
various elements originally adsorbed on the pumice which were recovered in
the nutrient solution residues (table IV).
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A large fraction of the calcium found in the first week's residues of most
of the pumice series was undoubtedly due to the soluble calcium derived
from the pumice itself. This was indicated not only by leaching data, but
also indirectly by the fact that at the end of the second week the concentra-
tion of calcium in these residues for most of the series had dropped by 50%0.
An additional fact pointing in this direction was that in some series, particu-

TABLE IX
ELEMENTAL COMPOSITION OF VARIOUS PLANT PORTIONS AS PERCENTAGE OF DRY WEIGHT AND

TOTAL COMPOSITION IN GRAMS AT THE MID-FRUITING STAGE

ELEMENT ROOTS LEAVES STEMS FRUIT

% gm. % gm. % gin. % gm.

Control Series
Ca 2.77 0.255 4.15 1.926 1.76 0.308 0.40 0.167
K 1.38 0.127 1.82 0.845 1.30 0.228 4.00 1.672
Mg 0.48 0.044 0.62 0.288 0.40 0.070 0.08 0.033
N 1.88 0.173 1.71 0.793 0.96 0.168 2.68 1.120
P 1.18 0.109 0.46 0.218 0.43 0.075 0.74 0.309

-Mg Series
Ca 2.36 0.236 3.82 1.627 2.03 0.371 0.43 0.186
K 0.90 0.090 2.12 0.903 1.14 0.208 4.18 1.810
Mg 0.07 0.007 0.42 0.179 0.26 0.048 0.10 0.043
N 1.65 0.165 1.88 0.801 0.83 0.152 1.85 0.801
P 0.78 0.078 0.59 0.251 0.47 0.086 0.71 0.307

-K Series
Ca 1.88 0.328 4.41 3.136 1.66 0.305 0.35 0.142
K 1.90 0.157 0.98 0.697 0.74 0.136 2.30 0.934
Mg 0.44 0.077 0.75 0.533 0.40 0.073 0.05 0.020
N 2.05 0.357 2.05 1.458 1.15 0.211 1.78 0.723
P 0.59 0.103 0.51 0.363 0.38 0.070 0.48 0.195

-Ca Series
Ca 0.71 0.105 1.77 0.660 0.60 0.100 0.38 0.078
K 1.34 0.199 2.18 0.813 0.88 0.147 3.12 0.644
Mg 0.23 0.034 0.86 0.321 0.52 0.087 0.11 0.023
N 2.50 0.371 3.01 1.123 2.01 0.335 1.88 0.388
P 0.62 0.092 0.91 0.339 0.72 0.120 0.67 0.138

-P Series
Ca 1.40 0.192 4.07 1.679 1.30 0.266 0.28 0.077
K 0.72 0.099 1.20 0.495 0.76 0.155 2.02 0.553
Mg 0.50 0.079 0.58 0.239 0.29 0.059 0.05 0.014
N 1.99 0.273 2.50 1.031 1.19 0.243 1.99 0.544
P 0.31 0.043 0.31 0.128 0.28 0.057 0.45 0.123

larly -K, the quantity of calcium in the jar residues during the first four
weeks was double that added in the original solution as shown by compari-
sons between tables III and IV. In comparing data on the composition of
the nutrient solutions and that of plant tissue at the stem elongation phase
(tables IV and V), it is interesting to note that high concentrations of po-
tassium in the substrate are correlated with low calcium content in the tis-
sues. This phenomenon of diminution in absorption of one element in the



PLANT PHYSIOLOGY

presence of an abundance of another (antagonism) has been observed by
numerous workers (5, 8, 9, 15).

The amount of soluble calcium in the substrate is extremely variable, as
shown by analyses for this ion in the -Ca series in which the original nu-
trient solution was lacking in calcium (table III). The total quantity of
calcium present in the substrate at the end of the growing period was
greater than the quantity determined as initially present (table II). Since
analyses made before and after plant growth were determined for different
samples of pumice, the variable leachability of calcium from the natural
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FIG. 1. Shifts in pH of the nutrient solutions. Determinations made with a LaMotte
Roulette Comparator.

pumice became distinctly evident. After the seventh week, the quantity of
originally adsorbed elements found in the nutrient solution was very linited,
indicating almost complete cessation of release of these ions by the pumice
to the nutrient solution.

During the flower bud initiation phase, larger quantities of nitrogen and
phosphorus were found in the residues than were contained in the nutrient
solution supply of the current week, suggesting some elimination of these
elements from the plants (tables III and IV). Other investigators have
also reported the apparent loss of ions by the plants to the soil solution dur-
ing this developmental phase (7, 10, 14, 19).

GROSS MORPHOLOGY

STEMs.-Until the 12th week of plant growth, the stem height of the
-Mg and -K plants exceeded the controls (table X). During the 12th week
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PLANT PHYSIOLOGY

the rate of stem elongation of the -K series showed a considerable decline.
Correlated with this reduction in rate of stem elongation was a diminished
quantity of potassium in the stem (table IX). The stem elongation rate
of the -Ca series of plants was slightly less than that of the controls through-
out the growth period. In the -P series the stem elongation rate was below
that of the controls in early developmental stages but finally surpassed the
controls during the 12th week.

Control, -Mg, -K, -Ca and -P series of plants all maintained about the
same rate of node initiation (table X). The mean internodal length in -K
and -P series was slightly greater than the control at the 12th week, though
not significantly so. The -Ca series exhibited a slightly shorter internodal
length.

LEAVES.-Taking into account the number of leaves that abscised, the
total number of leaves initiated in all series was about the same (table X).
The leaf area of the control plants exceeded that of all plants of the pumice
series at the first sampling (elongation), but by the flower bud primordial
stage the leaf area of the plants of the -Mg series was in excess of the controls
(fig. 2). At the final fruit phase the leaf area of the -Mg series far ex-
ceeded that of the control plants. Leaf areas of the -K and -P series were
slightly less than that of controls.

FLOWERS.-There was no significant difference in the number of flowers
in comparable inflorescences of the various series. Flower abscission in the
-Mg and -Ca series, however, was 9% greater than in the control, while in
the -K series of plants it was about 1% greater. The -P series had 1%
less flower abscission than the control.

DEFICIENCY SYMPTOMS.-In the seventh week some of the plants of the
-Ca series began to show such signs of typical calcium deficiency as retarded
vegetative growth and yellowing of the leaves of the upper part of the plant
(1). By the ninth week these symptoms had become very severe in some of
the plants of the -Ca series but were not evident in others of the same series.
This fact points to the irregular availability to plants of the calcium from
pumice. Other investigators have noted a similar irregular release of cal-
cium from synthetic ion-exchange resins employed in mineral nutrition ex-
periments. On the basis of improved plant growth and composition, a re-
duction in the pH of the substrate evidently improved uptake of calcium.
Thus plants were apparently taking up little or no calcium from the sub-
strate at pH 7.0, as shown by deficiency symptoms and low calcium content
of tissues. Upon reduction of hydrion concentration of the nutrient solu-
tion to pH 4.5 by addition of small amounts of acid, however, some of the
plants previously manifesting deficiency symptoms showed indications of
early recovery. New leaves were produced, but often they were abnormally
thick and showed a tendency to curl downward at the margins. Some
plants did not respond favorably to acidification of the nutrient solution.
Analyses indicated that this pH shift caused greater leaching of calcium
from pumice in some of the jars than in others. Reasons for this irregular
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response were not clear. The appearance of blossom-end rot in the -Ca
series during the tenth week may also be regarded as an indication of cal-
cium deficiency (16, 22, 26).

RoOTs.-AS a general rule roots of plants grown on pumice were larger
and more uniformly distributed throughout the substrate. The roots of the
control plants in gravel were comparatively short and more abundant at
the upper levels of the substrate. The roots of the plants of the -Ca series
developed several thick laterals and displayed extensive browning with some
decay, typical symptoms of calcium deficiency (1).

CONTROL
.MG
O-K
-CA
-P

DYS
FIG. 2. Mean leaf areas of plants of the various experimental series.

FRESH AND DRY WEIGHTS.-Anaalyses based on fresh and dry weights of
the various parts of plants indicated that the weights of roots of plants
grown on pumice were consistently higher than for the controls in gravel
(table XI). The weights of the shoots of all pumice series, with the excep-
tion of -Ca, were quite comparable to the controls. The shoots of the -Ca
series of plants were consistently lower in weight. In all cases the top-root
ratios of the plants grown on pumice were lower than the controls, because
of the more extensive root systems of the pumice-grown plants (table XI).
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Fruit produced by the first and second inflorescences of plants of the
gravel control, -Mg, -K and -P series were all comparable in size. Fruits
of the -Ca plants were much smaller than those of any other series (fig. 3).
The mean fresh weight of fruits on plants in the gravel controls was greater
than that for all pumice series except -Mg (table XI). The percentage dry

CM.

2-E1

r
KS? T R<r°: _ _ $sd o S ~~~~~~~~~A 4"J

FIG. 3. Representative fruit at the mid-fruiting stage (82 days). First inflores-
cence bottom row, 28 day old fruit; second inflorescence center, 21 day old fruit in con-
trol, -Mg, -K and -Ca series, 14 day old fruit in -P series; third inflorescence top row,
14 day old fruit in control, -Mg and -K series, seven day old fruit in -Ca series, and
four day old fruit in -P series.

weight of the fruits of the pumice series was about equal to that of the con-
trol except for the -Ca culture in which it was much higher.

TISSUE ANALYSIS

In the samples taken during the stage of rapid stem elongation it was
found that the percentage of magnesium, potassium and phosphorus in the
plants grown on pumice and which had been supplied these elements in the
adsorbed form exceeded the corresponding values of the control series (table
V). In these cases the total quantity of the elements present in the plant
tissue was also greater (fig. 4). The percentage and total amount of cal-
cium in the plants of the -Ca series was about the same as in the controls.

At the flower bud primordial stage the percentages and total quantities
of magnesium and phosphorus were present in the plants of the adsorbed-
ion series in equal or higher amounts than in the corresponding gravel con-
trols (table VI). Although the percentage of potassium in the -K series
and calcium in the -Ca series was higher in the leaves and stems, the total
quantity thereof was less (fig. 4).

By the time the plants had reached the flowering stage, the only plants
of the adsorbed-ion series which had a percentage of elements equal to or
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greater than that found in control plants were the -Mg series, the stems of
*-K series, and the stems and leaves of the -P series (table VII). The total
quantity of ions present when compared to control were higher in the -Mg,
-K and -P series (fig. 4). In the fruit enlargement phase magnesium in
the -Mg series was the only element supplied in an adsorbed form which
occurred in the plants in equivalent or higher percentages and higher total
quantities, than in the gravel controls (fig. 4, table VIII). At this stage
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FIG. 4. Mineral increment of the tomato plants at various stages of development.
Series grouped by elements: C, control; -Mg designates that all magnesium was originally
supplied in adsorbed form on pumice in this series; same for -K, -Ca and -P respec-
tively. Data based on tables V to IX.

the percentage of calcium present in the -Ca plants was about one-half that
found in the controls and the total quantity was only about one-third. Dur-
ing the stage of rapid fruit enlargement, visible signs of extreme calcium
deficiency were correlated with the low calcium content of tissue of the
-Ca series.

In all cases in which an element had been supplied in an adsorbed form,
it was found in a smaller quantity in all tissues during the fruiting stage
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than in the corresponding control series (table IX), indicating that the total
intake of the adsorbed element was less than from a nutrient solution con-
taining all essential elements in the soluble form (20).

Certain striking transitions were observed in the composition of plants in
the course of their development within a particular series. At the elonga-
tion phase in the -K series, there was a relatively high potassium concen-
tration in the plant with a corresponding low calcium content (4, 5, 6, 8, 15),
a condition reflecting the high concentration of available potassium ions
(tables IV and V). This calcium deficiency (fig. 4) was also associated with
an increased intake of magnesium and phosporus (24, 25). When plants in
the -K series reached the fruiting stage, however, a potassium deficiency
had developed and the intake of calcium had increased appreciably (tables
VIII and IX) (2, 17, 25). This late increase in calcium intake was asso-
ciated with a distinct gain in nitrogen content of the plants (3). In the
-Ca series it was noted that with low intake of calcium there was a higher
absorption rate of magnesium (17), but not of potassium.

Conclusions
On the basis of gross habit of the plants in the various series, it was found

that growth in the -Mg, -K and -P pumice series was comparable to that in
the gravel controls. The metabolic efficiency of tomato plants dependent
upon the treated pumice for their supply of a given element was also com-
parable to that of the controls in gravel because the dry weight was essen-
tially the same in both at maturity. Evidently sufficient quantities of mag-
nesium, potassium and phosphorus were adsorbed on the pumice to satisfy
the plant requirement for growth to maturity. On the other hand, the quan-
tity of available calcium was inadequate for normal growth. In spite of
the fact that plant growth was often comparable irrespective' of whether an
ion was originally supplied in an adsorbed or freely soluble form, the total
quantity of an ion in the plant was less when supplied as a pumice-adsorp-
tion complex (20).

During the period that ions which had originally been adsorbed on the
pumice were being rendered soluble, the plants were evidently wholly de-
pendent upon this source of a given ion. After this time, however, due to
weekly drainage and replacement of solutions, very small quantities or
sometimes none of the originally adsorbed ions appeared in the nutrient solu-
tion. The plants nevertheless continued to absorb these elements in sub-
stantial amounts (fig. 5). To judge from increments of these ions in the
plant tissues certain amounts of them were absorbed directly from the
pumice-adsorption complex. An important factor in making adsorbed ele-
ments available to plants grown in pumice might well have been their more
luxuriant root systems which were in extremely intimate contact with and
ramified throughout the pumice to such a marked degree as to suggest a
strong tropic stimulus. One consistent difference between the gravel and
pumice-grown plants was a larger and more extensive root system in the
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cultures containing pumice shown by the uniformly smaller top-root ratio
for the plants of all pumice series.

In contrast with previous investigations (18, 23) in which complete nu-
trient solutions were added to a pumice substrate, there was no indication
in the present experiment that a pumice substrate as treated herein greatly
accelerated plant development or materially improved plant growth as com-
pared with ordinary gravel or soil cultures.

-K SERIES 2000 o -MG SERIES
-PPM INSOLUTiON /80IS-- MILLIGRAMS IN PLANT' 1400

/ 40E - ELONGATION /
16 F\B- FL. BUD PRIM. 110003L-LO_RI__
tO\ FL - FLOWERING I 0 20. \,". 2C00

o FE - FR. ENLARGEMENT IxsrV
cc 14 FR-FRUITING I 40 z

1200 E FB F FE FR
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10009 I o \ P SERIES ooo

58C \ X/ 800~JF80 \ 60

2o/

FIG. 5.0Amounts.ofions originally adso. onpc/ 4~~~~~006 400

C (

* E FS FL FE FR E FB FL FE FR

FIG. 5. Amounts of ions originally adsorbed on pumice which occur in nutrient
solution residues and in entire tomato plants at various stages of development in the
pumice series. Left, -K series shows potassium content of solution- residues and of en-
tire plants. Right, comparable data for magnesium and phosphorus in the -Mg and -P
series.

Summary

1. This investigation employing the Pan America variety of tomato was
undertaken to determine the availability for plant growth of ions of mag-
nesium, potassium, calcium and phosphorus which had been adsorbed on a
pumice substrate. Each of these ions was adsorbed on a separate lot of
pumice and all the other essential elements were supplied in a nutrient so-
lution. Four single ion pumice-adsorption complexes were employed and
the series designated as -Mg, -K, -Ca and -P respectively. For comparison
a control series with an inert quartz gravel substrate was also employed, to
which all of the essential elements were supplied in nutrient solution.

2. Loss of appreciable amounts of previously absorbed nitrogen and
phosphorus from tomato plants to the substrate was noted in all series at
the flower initiation phase.

3. In the -K series, tissue content of calcium was low when the available
potassium supply in the nutrient solution was high.

4. Compared with gravel, the pumice substrate as employed in this in-
vestigation did not enhance yield or -accelerate maturation of tomato plants.
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5. Plants in the -Ca series paralleled control plants grown in gravel
in leaf and node number but plants of the -Ca series had a smaller total
leaf area and were shorter than controls in stem height. Plants of the -Ca
series exhibited symptoms of calcium deficiency.

6. Plants dependent upon magnesium, potassium and phosphorus ad-
sorbed on pumice were comparable in stem height, total leaf area, number of
leaves and number of nodes to those grown in gravel containing a complete
nutrient solution. The total weight of fruit by plants in the -Mg and -K
series produced in a 12-week growing period was comparable to gravel con-
trols but slightly less than controls in the -P series.

7. Root systems of the plants grown in pumice substrates were much
larger than those in the gravel controls. Roots of the pumice-grown plants
ramified throughout the individual lumps of pumice and were in intimate
contact with the pumice substrate as if responding to a strong tropic
stimulus.

8. The total quantity of an element absorbed by the plants from a
pumice-adsorption complex, treated as described, was less than when the ion
was supplied in nutrient solution but plant growth was essentially compar-
able.

9. Pumice treated as described supplied sufficient amounts of available
magnesium, potassium and phosphorus for normal growth but not enough of
calcium. Calcium evidently is not held firmly by pumice, as indicated by the
early leaching thereof into the nutrient solution. Pumice compares favor-
ably with other artificial substrate used in nutritional studies. It is cheaper
than most solid substrates, a fact which may permit use of pumice in large
scale experimental and commercial operations.

DEPARTMENT OF PLANT PHYSIOLOGY AND PATHOLOGY
AGRICULTURAL AND MECHANICAL COLLEGE oF TEXAS

COLLEGE STATION, TEXAS
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