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INTRODUCTION

The subject of salt toxicity, or “alkali,” has been the object of
experimental attention almost since the beginning of irrigation de-
velopments in the Western States. Recent advances in an under-
standing of the role of trace elements in plant growth and in the
development of methods of physiological research have not only
pointed to the need and provided the means for new studies of salt
toxicity but they have also afforded an insight into some of the
difficulties encountered by early investigators. Although salt tox-
icity and the quality of irrigation waters constitute but one aspect of
the problem of profitable and permanent agriculture under irrigation,
it is none the less 3 significant one, since decisions on the suitability
of water supplies, the quantities of water required for soil leaching,
and the financial advantages of drainage works and their capacities
can bc based intelligently only upon quantitative information on salt
toxicity to plants. The wise selection of crops for saline soils must
likewise rest on a knowledge of the relative tolerances of species and
varieties of plants to the salt constituents of soil solutions.

When the present work was undertaken in 1934, there was a wide-
spread belief in the western irrigated areas that If the neutral salts
were below substantial concentrations the plants would be uninjured
whereas if salts were above these concentrations injury would be
pronounced. It appeared to the author, on the basis of evidence
drawn from the literature as well as from observations in the field andin
minor experiments, that there were weaknessesin this high-tolerance
point of view and that additional investigations were needed. The
experiments as originally undertaken had as a principal objective a
study of the comparative reactions to chloride and sulfate salts of a
number of crop plants grown together in a series of outdoor sand
cultures differentially supplied with salts added to a base nutrient
solution.  Particular attention was paid to the development of plant
symptoms that might be of diagnostic value under field conditions.
The concentrations of salt constituents in the cxprcsscd sap of the
plants were measured as a means of correlating injury with salt
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accumulation. Following the outdoor experiment, a number of
greenhouse experiments were conducted for the purpose of obtaining
a clearer idea of the character of the salt-injury curves through a
series of low as well as intermediate and high concentrations of
chloride and sulfate. The results of the first-mentioned work have
been briefly referred to in an earlier paper (10).*

The literature bearing on the toxicity of chloride and sulfatc salts,
though not particularly extensive, is difficult to coordinmtc and
summarize. The experimental procedures employed both in the
field and in the laboratory have been diverse, and there is wide
variability in the tolerance of different plants to chloride and sulfate
ions. Moreover, the reactions of plants are in some measure de-
pendent upon whether the chloride and sulfate arc present as calcium,
magnesium, or sodium salts, and upon climatic conditions as well.
There has been no extensive work on this problem in recent years,
and it has seemed better to refer in the text to results directly related
to the present data rather than to undertake a general review of the
literature

EFFECT OF CHLORIDE AND SULFATE SALTS ON A SERIES OF
CROP PLANTS IN OUTDOOR SAND CULTURES (EXPERIMENT 1)

CLIMATIC CONDITIONS

The summer temperatures at Riverside, Calif., which is 40 miles
inland from the Pacific Ocean, arc not so high (table 1) as these pre-
vailing in many of the interior valleys of the Southwest., nor are they
as low as those of the coastal area. The climate at Rivcrsidc, usually
tempered by the prevailing westerly winds from the Pacific, is oc-
casionally hot and dry as a consequence of north and easterly winds
coming off the Mojave and Colorado Deserts. The noonday relative
humidity customarily falls in the 30-to-50 percent range, and the
nights arc almost always cool.

METHODS AND MATERIALS

The six sand beds used in this cxpcriment have previously been
described (9). The eight crops grown in short parallel rows in each

TaeLe |.-Climatological data ! .for the period of the outdoor sand-culture experiment
at Riverside, Calif., in 1934

Temperature Relatnl(:/) hn!(l)l(g;d”‘y at
M onth Maximum Minimum
. Mean
Mean Mean |Lowest |Highest of N
Lowest |Highest| of Lowest | Highest of mout
month month
°F. °F. °F, °F. °F. ° F. | Percent|Percent | Percent
May ... . 74 107 88.2 41 39 50.2 10 48 311
June._________________._._._. 68 97 82 46 63 53.7 22 68 46.1
July. .. 88 | 117 Y5.9 51 68 58.7 14 51 33.6
August_._ 90 | 102 96. 1 52 64 57.4 15 46 32.4
September . 61 [ 104 92.8 41 63 55.2 15 76 32
October____ . 65 104 86 ‘44 60 50 18 84 37.6
November - 61 93 74 34 52 44 15 94 43.6

'Measurements made at Hirerside by the University of California

4 Italic numbers in parcntheses refer to Literature Cited, p. 397.
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of the beds were, in order of planting from the north end to the
south end, as follows: Dwarf milo (Sorghum vulgare Pers.), Acala
cotton (Gossypium hirsutum L.), rooted lemon cuttings (Citrus limonia
Osbeck), barley (Hordeum vulgare L.), navy beans (Phaseolus vulgaris
L.), sugar beets (Beta vulgaris L.), alfalfa (Medicago sativa L.) (three
cuttings), and tomatoes (Lycopersicon esculentum Mill.).  All but the
lemons were carried to maturity.

The treatments consisted of a control bed supplied with a base
nutrient solution, which was the same in all the cultures, two chloride
beds, one with 50 and one with 150 millicquivalents of chloride ion
per liter, and three sulfate beds in which concentrations of 50, 150,
and 250 milliequivalcnts, respectively, of sulfate ion per liter were
maintained. Fifty percent of the chloride and sulfate ions was
added as sodium salts, with the remaining 50 percent divided between
calcium and magnesium salts. Equal proportions of the latter were
used in the two chloride beds and also in the 50-sulfate bed, but
because of the limitations of calcium sulfate solubility, magnesium
sulfate was substituted for calcium sulfate above 20 milliequivalents
per liter in the 150- and 250-sulfate beds. Tap water was used in the
preparation and replenishment of the culture solutions.

The culture of a series of crop varieties together in sand beds or
water cultures for a studv of comparative physiology affords the best
possible assurance that all are subjected to the same substrate condi-
tions, including such factors as the concentrations of nutrient and
toxic elements, temperatures in the root zone, oxygen, carbon dioxide,
and water supply. Free exposure out of doors likewise tends to
provide nearly the same gross climatic complex for all members of a
planting. Nevertheless inequalities in exposure arc created by
reason of the differential responses of the several crops grown in each
of the sand beds to superimposed variables, in this case the chloride
and sulfate salts. Since plants are reduced in size by these salts,
their exposure to light and wind is increased in relation to the control
plants.  This condition exist's also in field plantings.

The average composition of the tap water and the concentration
of the constituents added in the preparation of the nutrient solutions
arc shown in table 2. The tap water contained 0.15 part per million
of boron, and 0.85 p. p. m. was added in the preparation of each of
the new solutions; 0.5 p. p. rn. of manganese was also added. Iron
was added daily as 10 ml. of a 5-percent iron tartratc solution. Zinc
was not added dircctlp, but measurements made on solutions of a

TABLE 2.-Composition of tap water and concentrations of salt constituents added to
tap water in preparation of nutrient solutions

Constituent (milliequivalents per liter)

ltem

Ca Mg Na K HCO3 | S04 Cl NOs | HoPO4
Tapwater______________..___ 1.84 0. 56 1.63 0.17 2.460 0. 61 0.63 0.05 |..__. __

Constituents added:
Control________.____ I 6. 00 2.0 |.._.___ 8 .. 2 13 1
50-chloride._____ ... 18.5 14.5 25 8 2 50 13 1
150-chloride._ | 43.5 39. 5 5 8 . 2 150 13 1
50-sulfate_ ___ .| 185 14.5 25 8 ... ;7 2 13 1
1560-sulfate . ... ______ 26.0 57.0 75 8 o162 L 13 1
260-sulfate_ _ . _.________ 26.0 107.0 125 8 . 252 |_o___.. 13 1
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subsequent experiment indicated that sufficient quantities were
derived from the tap water and from impurities in the salts used in
making up the solutions.

The eight crops were planted in parallel 18-inch rows in each of the
six sand beds on April 17, 1934. These plantings were carried
beyond germination with the base nutrient solution plus one-fifth of
the final quantity of the chloride and sulfate salts. Additional fifths
of salt were added on April 30 and May 2, 4, and 6. A half portion of
each of the solutions with the final concentration of salt was then
made up, used to flush the sand, and discarded. On the following
dates new solutions were substituted for those in use: May 12 and 30,
June 13 and 28, July 12, August 2 and 24, September 6, and October 5.
The nitrate concentrations in all solutions were measured periodically,
and deficiencies from the initial concentrations were replaced by
additions of potassium nitrate or ammonium nitrate on July 19,
July 26, August 16, and September 20.

The 180 liters of solution applied to the surface of the sand at each
flooding of the beds was sufficient to replace by about one and a
guarter times the solution held against gravity by the sand. The
culture solutions returning to the lower reservoir were brought to
volume with tap water after each use and then drawn up by suction
into the upper reservoir to be used again. The solution held by the
sand was replaced once each morning while the plantings were small,
but as they became larger the operation was repeated a second time

shortly after noon.
TOLERANCE

The relative tolerances of the series of crops to chloride and sulfate
salts, as observed under the conditions of this cxpcriment, are reported
in table 3.

Tase 3.-Growth and yield ! of plants iNn experiment 1

LEMONS, ROOTED EUREKA CUTTINGS (APR. 17-NOV. 19)

Leaves retained Total (leaves, stems, and roots)
':;Ertiieor;t Plants surviving . .
Dry weight RCI\?\}eIi\g:htd ry Dry weight RCIS_tr'ng%tdry
Number Grams Percent Grams Percent
Control.......... 3 2 100 m 100
SO-chI‘ori_d"e.. h ) 27 13 38
AOsileard o - 3 21 81 39 33
150-sulfate 3 8.7 32 15. 2
250-sulfate.. 2 2.6 10 7.1 15
BEANS, NAVY (APR. 17-JULY 13)
Seed Entire plants
1:{33;;’;} Plants surviving . .
Dry weight Relvz‘}gligﬁtdry Dry weight Roﬁf}i‘g’]‘;éhy
Number Qrams Percent Arams Percent

Control 5 347 671 100
50-chloride______ 5 135 39 271 40
150-chloride_.___ O | IS U,
50-sulfate ....__ 5 225 65 443 66 .
150-sullate..____ 5 89 25 1680 24
250-sulfate.._.__ 0 [ N I [

1Sums of weights of plants in 18-inch rows arc represented, unless otherwise indicated.
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TaBLE 3.—Growth and yield of plants in experiment 1—Continued

MILO, DWARF (APR. 17-SEDPT. 19)

Grain Entire plants
Nutrient .
: Plants surviving
solution i . .
o Relative dry i Relative dry
Dry weight weight Dry weight woight
Number Grams Percent Grams Percent
Control = .__ _. 4 1,134 2,717 100
50-chloride .. 4 613 54 1,720 63
150-chloride. 4 80 7 421 15
50-sulfate. .- 4 961 85 2,213 81
150-sulfate ..___. 4 399 35 1,165 43
250-sulfate.. .. 4 150 13 586 22
ALFALFA, CHILEAN (APR. 17-0CT. 10)
Hay cuttings
Roots
Nutrient Plants Dry weight Relative dry weight
solution Surviv- . —
) ng Rel
July | Aug. | Oct. T July Aug. Oct. Dry i, €la-
otal ¢ Total | tive dry
10 21 30 10 21 30 weight weight
NumberGrams|Grams|Grams|Grams|Percent| Percent|Percent|Percent|Grams| Percent
Control____.___. 15 385 201 235 821 100 100 100 100 87 100
50-chloride....__ 13 235 158 210 603 61 79 89 73 81 93
150-chloride_.___ 11 137 107 114 358 36 53 49 41 63 72
50-sulfate_ .. ._. 15 276 196 189 661 72 98 80 81 67 77
150-sulfate ... ... 15 232 162 176 569 60 81 75 69 62 71
250-sulfate_._._. 15 178 153 135 466 46 77 57 57 54 62
COTTON, ACALA (APR. 17-NOV. 9)
Seed cotton Entire plants
Nutrient
A Plants tested
solution . .
S . e . lative di
Dry weight | Retve dry | ey weigng | Relative dry
Number Grams Percent Grdms Percent
Control P 4 622 00 2,116 00
50-chloride._ ... __ 4 469 5 1, 560 74
150-chloride .. __ 4 287 46 870 41
50-sulfate.______ 4 492 79 1.321 62
150-sulfate _ 4 460 7 1,274 60
250-sulfate 4 251 40 657 31

TOMATO, STONE (APR. 17-SEPT. 20)

7i S i \ i 1
vV mesé:;gudmg Total fruits | Entire plants
Nutrient Plants Aver- | Num-
solution tested Rela- Rela- age ber Rela-
Dry tive Fresh Dry tive fresh with Dry tive
weight dry weight |weight 2| dry | weight | blos- | weight | dry
weight weight (per som- weight
fruit) |end rot
Num-
ber Grams | Percent | Grams | Grams |Percent| Grams {Percent| Grams |Percent
Control_________ 2 2,232 100 | 16,741 92 100 130 ( 3,153 100
50-chloride ... 2 1,719 77 13,619 749 81 90 T 2,468 78
150-chloride ... 2 594 27 673 37 4 22 34 631 20
50-sulfate _ . 2 1,764 79 1 12,115 666 72 148 2 2,430 77
150-sulfate . 2 1,363 61 4,480 246 27 43 ] 1,609 51
250-sulfate ... 2 771 35 1,774 98 11 25 84 869 28

2 Assumed moisture content of fresh (ruit, 94.5 percent.
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Taste 3.-Growth and yield of piants in experiment 1--Continued
BARLEY, CLUB MARIOT (APR. 1i-JULY 31)

Plants Grain ‘ Entire plants
Nutrient
solution N ; :
« Average . Relative dry i Relative dry
Toested height Dry weight woight Dry weight weight
Number Centimeters Grams Percent Grams Percent
Control .. ____ 12 100 3214 100 564 100
50-chloride . ___ 12 88 295 138 685 121
150-chlori 12 67 104 49 219 39
50-sulfate - 12 90 247 115 495 88
150-sulfate._____ 12 75 144 67 322 57
250-sulfate____. . 12 70 fir 31 195 35
SUGAR BEETS, U.S. NO. 1 (APR. 17-OCT. 29)
Beets
Nutrient ;
: Plants tested !
solution ! orage frosh waid T
! Average fresh weight Average 1rcs_hvy~c1ght {rela;
tive)
Number Frams Percent
Control.._______ 4 1,475 100
50-chloride____ _ 4 1,452 98
150-chloride_____ 4 i, 281 87
50-sulfate. ______ 4 1,148 8
150-sulfate__ ... 4 1,209 82
250-sulfate___.. _ 4 837 59

3 The control barley, though systematically dusted, was heavily infested with mildew. There was little
or no mildew on the other barley plants. The early growth of the control barley was more rapid than that
of the other barley plants.

The lemon plants, which were from 4-inch January cuttings with
two leaves, were rooted in the greenhouse in coarse sand and trans-
planted when the first growth cycles were making their appearance.
Of the eight crops, lemon was the most sensitive to the chloride salts.
The combined roots, stems, and retained leaves of the three plants
supplied with solution containing 50 milliequivalents of chloride per
liter weighed 28 percent as much as those of the plants in the control
bed, and all of the plants in the 150-chloride bed died. The sulfate
tolerance of the lemon plant was much higher than its chloride toler-
ance; two of the three rooted cuttings set out in the 250-sulfate bed
lived until the end of the season, all of them making some growth.

Chapman and Liebig (5) in greenhouse experiments, found no
depression in the growth of sweet orange seedlings from either 20
milliequivalents of chloride or 20 milliequivalents of sulfate when these
ions were added as mixed salts of potassium, calcium, and magnesium
in a series of solutions of different nitrate concentration.

Milo was substantially more tolerant to chloride during its early
growth stages than after the approach of flowering. With the
appearance of the flower stalks the leaves of plants in the 150-chloride
bed began to burn, and they made poor heads, whereas the burning of
milo leaves in the sulfate beds came on gradually. This observation,
which was again made in a later experiment points to a chloride-
induced physiological upset associated with the time of rapid transloca-
tion of materials to the flower stalks in this variety of milo. It will
later be shown (tables5 and 6) that milo in the 150-chloride bed
accumulated a disproportionately high concentration of chloride ion
in its sap.

Three cuttings were made from the alfalfa, and there was consid-
erable variation in the growth depression of these successive crops in
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both the chloride and the sulfate series. The growth of the midsum-
mer crop was reduced relatively less by salt than either the first or
final crop.

The vegetative growth of cotton plants was reduced relatively more
by chloride and sulfate salts than was the yield of seed cotton. The
average weight of individual bolls was not affected by the treatments.
The plants from this experiment are shown as figure 1.

Fruit production by tomatoes was depressed by salt roughly in
proportion to the respective reductions in vine growth in the 50-
chloride and 50-sulfate beds, but in the beds maintained with higher
salt concentrations blossom-end rot became the dominant factor in
yield. Blossom-end rot and its greater severity in the sulfate beds
will receive consideration after the discussion of the analysis of the
expressed sap.

The barley in the control bed was severely affected with mildew,
but there was little or none on the plants in the salt beds. Because
of the poor condition of the control barley, satisfactory conclusions
cannot be drawn with respect to this plant’s salt tolerance. It may
be noted, however, that the reductions in yield between the 50- and
150-chloride and between the 50-, 150-, and 250-sulfate beds are
proportionately much sharper than was the case with some other
crops, indicating that mildew had substantially reduced the growth
of the control plants. It has been observed, both in this experiment
and in other experiments at this laboratory, that either chloride or
sulfate salt, as well as boron (8), serves to repress mildew infestations
of barley.

The sugar beets showed a high degree of tolerance to chloride but
not to sulfate salts; a greater reduction in yield was found to result
from 50 milliequivalents of sulfate than from 150 milliequivalents of
chloride

Lill, Byall, and Hurst (16) have recently reported an increased
growth of sugar beets in Michigan following applications of upward to
1,000 pounds of sodium chloride per acre. These increases were not
as great as those resulting from complete fertilizers, and they were
attributed to the indirect effects of thr salt in the liberation of nutri-
tional elements from the soil.

To facilitate a comparison of the toxicity of chloride and sulfate
salts to this series of plants, the means of the relative production in the
50- and 150-sulfate beds and in the 150- and 250-sulfate beds have
been set opposite the relative yields in the 50-chloride bed (table 4).
Under the conditions of this cxperiment, 50 milliequivalcnts of chloride
brought about growth depressions of dwarf milo, alfalfa, and cotton
that were roughly equal to those indicated for 100 milliequivalents of
sulfate. The toxicity of chloride to these particular plants, as
measured in milliequivalents, was thus about twice as great as the
toxicity of sulfate. Navy beans withstood 100 milliequivalents of
sulfate substantially better than 50 milliequivalents of chloride, and
the lemon plants withstood three or four times as much sulfate ion as
chloride ion. Beets, on the other hand, were nearly as sensitive as
alfalfa to sulfate, but they withstood high concentrations of chloride
with little injury. The tomato plants withstood 50 milliequivalents
of chloride better than 100 milliequivalents of sulfate.

On the basis of the similarity in the toxicity of 50 milliequivalents
of chloride and 100 milliequivalents of sulfate to milo, alfalfa, and
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TaeLe 4.-Growth of plants in 50 milliequivalents of chloride and in 100 and 200
milliequivalents of sulfate (average of 50 and 150 milliequivalents and 150 and 250
milliequivalents of sulfate) relative to the control plants

| Yield! with indicated concentration of

Crop Chloride Sulfate
50 milliequiv- | 100 milliequiv- | 200 milliequiv-
alents alents alents
Percent Percert Percent
Lemoneattings..___ ... ... R 28 59
Navy beans (seed).____________________ J O 39 45 |
Dwarf milo (grain)_ . _____ e 54 60 24
Chilean alfalfa (3 cuttings) ... 73 75 63
Acala cotton (sced cotton). ... 75 77 57
Stone tomatoes (entive). .. ___ i ‘84 40
Sugar beets {fresh roots).. ... ____ I a8 80 71

+ Percentage of yield with control nutrient solution.

cotton, it might be urged that if the concentrations of the chloride and
sulfate salts had been measured in terms of electrical conductivity or
freezing-point depression (see table 5) or in terms of moles of salt or
of total solids, an equal toxicity of the two ions would have been indi-
cated. The possibility of such simple relationships in salt toxicity
is largely eliminated, however, when account is taken of the fact that
two of these seven crops (lemon and navy bean) were far more tolerant,
of 100 milliequivalents of sulfate than of 50 millicquivalents of chloride
and that two others (tomato and sugar beet) were substantially more
tolerant of 50 millicquivalents of chloride than of 100 milliequivalents
of sulfate. The evidence of specific ion effects is such as to indicate
that it will not be possible to satisfactorily evaluate chloride and sul-
fate toxicity on the basis of any of these summation indices. Further-
more, the toxicity of chloride and sulfate cannot be expected to be
independent of the kind and proportions of the bases with which they
are associated in culture or soil solutions.

SYMPTOMS

The leaves of lemon plant’s in the control bed were larger than those
in the salt beds, and the control plants were more vigorous and healthy
in appearance. Nevertheless, symptoms of diagnostic value were
lacking except for some yellowing, which preceded leaf abscission in
both the chloride and sulfate beds and an occasional burned tip in the
chloride bed. Badly injured lemon trees in San Diego County, Calif.,
irrigated with a water high in chloride, have been observed to show
marked bronzing of the leaves, and the fruit from the grove softened
badly while in the packing house. Chapman and Licbig (6) record
some burning of the leaves of their orange seedlings in 20 milliequiva-
lents of chloride, but this was not accompanied by reduced growth.

The size of the leaves of the beans in the salt beds was reduced
roughly in proportion to the reduction in plant size, but, the size of
the mature seeds was not affected. When harvested on July 13, the
control plants and the plants in the 50-sulfate bed had a few dead
leaves, but nearly all were green. Most of the leaves had burned and
if still retained were nearly ready to drop from the plants in the 50-
chloride and 150-sulfate beds.

There were outstanding differences at time of harvest in the amount
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of burning of the milo leaves under the different treatments. At this
stage the oldest leaves of the control plants had already died, and the
margins of the leaves successively higher up the stalk showed drying
to a decreasing degree; in the 50-chloride bed, from 25 to 50 percent
of the leaf tissue was dead; the drying started at the margin, but it
was accompanied by some yellow striping between the veins. The
milo in the 150-chloride bed was practically dead when harvested a
month in advance of the five other cultures. Less than 25 percent of
the leaf tissue was dead in the 50-sulfate milo bed, and about 50 per-
cent in the 250-sulfate; the plants in the 150-sulfate bed were inter-
mediate. The stalks of the plants in all of the beds except the 150-
chloride were still green when harvested, but they had started to dry
near the heads.

Except for a reduction in plant size and a tendency toward slightly
smaller leaves, the alfalfa in the high-chloride and high-sulfate beds
lacked outward leaf symptoms indicative of salt injury. The margins
of some leaves in the salt beds turned white in a narrow band, but this
symptom cannot be regarded as specific, since it has been observed in
fields and in other experiments where high salt conditions did not
exist. The last two crops of alfalfa began to flower irregularly earlier
in the chloride- and sulfate-treated beds than in the control bed.

The cotton plants growing in the high-chloride and high-sulfate beds
were reduced in size, and the leaves were somewhat smaller than the
controls, but otherwise all were normal in appearance (fig. 1). Symp-
toms of injury or other abnormalities were lacking.

concentrations of salts added to the nutrient solution: A, Control; B, 50 milli-
equivalents of chloride per liter; C, 150 milliequivalents of chloride; D, 50
milliequivalents of sulfate; E, 150 milliequivalents of sulfate; and F, 250 milli-
equivalents of sulfate.

4X3833-42-2
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Aside from the prevalence of blossom-end rot on the tomatoes,
neither chloride nor sulfate salts produced symptoms of injury.

The tips of older leaves of barley plants under both the chloride
and sulfate treatments were burned considerably, and this burning
was more pronounced with the higher concentrations.

The leaves of the beets in all beds were normal in appearance.

GROWTH-DEPRESSION GRAPHS

The character of the growth-depression graphs (fig. 2) is regarded
as significant. No evidence is afforded by these graphs of a particular
range of chloride or sulfate concentrations that can be regarded as
critical in the sense that the term is sometimes applied in discussions
of salt toxicity. Starting at some most favorable concentration, un-
determined in this experiment, each additional unit of chloride and
sulfate brought about further depression in growth. The graphs tend
to flatten out as the concentrations become higher, indicating that the
toxicity per unit of salt decreased as units were added. This latter
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point will be taken up again in the discussion of the analyses of plant
saps and in connection with experiments conducted in water cultures
in the greenhouse.

PHYSICAL AND CHEMICAL PROPERTIES OF PLANT SAP
EXTRACTION oF PLANT SAP

The samples of freshly picked leaves, or entire tops in the case of
alfalfa and barley, were compacted in glass tubes, which were then
stoppered and scaled with paraffin paper secured in place with rubber
bands. These tubes were packed in solid carbon dioxide and allowed
to stand overnight, after which the samples were thawed out one at
a time, and the sap was expressed while still cold by the gradual appli-
cation of pressure of 2,400 pounds per square inch in a Carver press
having monel-metal parts. The samples were left at this pressure for
several minutes or until the rate of sap release became very slow.

The evidence of Phillis and Mason (26) on the marked differences
in the composition of the fluids expressed from flat piles of unfrozen
cotton leaves (regarded as vacuolar sap) and that obtained after the
residue was frozen (regarded as principally cytoplasmic sap) raises
important questions as to the equilibriums existing between these
leaf-tissue fluids and the extent of dissociation of the organic and in-
organic materials in living cytoplasm. This question of interpreta-
tion and expressed-sap data extends further to possible differences in
composition and physical characteristics between the fluids obtained
from palisade, spongy parenchyma, and epidcrmal tissues, all of which,
as shown by Turrell (33), are extensively exposed to the intercellular
air spaces of the leaf. Leaving these problems and the indicated
complex relations as they now stand, there still remains much justifi-
cation for employing the customary methods in studies of the reaction
of plants to their environment in terms of the characteristics of the
composite sap obtained from frozen tissue.

EFFECT oF SALT ON SUCCULENCE

Barley was the only crop that showed a change in quantity of
cxpresscd sap with changes in the composition of the nutrient solution;
both chloride and sulfate salts decreased the succulence of barley.
The control and the barley plants in the 50- and 150-chloride beds
yielded rcspcctivcely 72, 48, and 39 ml. of sap per 100 gm. of fresh tissue,
and the control and the plants in the 50-, 150-, and 250-sulfate beds
yielded rcspcctively 72, 51, 45, and 32 ml.  The quantities of expressed
sap from the other plants were notably uniform throughout the treat-
ments. The average yield of sap from milo leaves was 52 ml. per 100
gm. of tissue; from alfalfa plants, 47 ml.; from cotton leaves, 67 ml.;
from tomato leaflets, 71 ml.; and from sugar-beet leaf blades, 47 ml.

ACCUMULATION oF SALT CoNSTITUENTS 1IN PLANT SaP

Determinations were made of the concentration of some or all of
the following constituents in each of the sap samples: Calcium,
magnesium, sodium, potassium, total sulfur, chloride, and total
phosphorus. The official methods of the Association of Official
Agricultural Chemists for plant materials were followed! with the
exception that sodium was determined by the uranyl-zinc-acetate
method and potassium by a cobaltinitrite procedure. The data on
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date of collection of the samples and the parts of the plants represented
are given in table 8. For purposes of discussion total sulfur and total
phosphorus are treated as SO, and PO,.

The results of the sap analyses and the average composition of the
nutrient solutions are presented in tables 5 and 6. In table 5 each
crop is considered in turn and the effect of the added salt’s is shown on
the pH value, electrical conductance, and ionic concentration. In
table 6 the data are so grouped as to bring out differences among the
crops in the accumulation of each of the electrolytes. The first
method is the more logical, but the second furnishes a better basis for
discussion of the comparative reactions of the different crops. In
table 6 the accumulation ratios also are shown. The term “accumula-
tion ratio,” as here used, signifies the concentration of a constituent in
expressed plant sap divided by the concentration in the supporting
nutrient solution, 1. e., the concentration gradient against which
additional small quantities of the ion would be accumulated. Eight
different crops were grown in the beds, but there was insufficient
material for sap analyses of the lemons and navy beans, and only
partial analyses were made of the barley. The agricultural plants
used for the salt-uptake comparisons (table 5) represent five well-
differentiated botanical families, namely, the Gramineae (two repre-
sentatives), the Leguminosae, the Malvaceae, the Solanaceae, and
the Chenopodiaceac.

Certain important similarities of reaction to the added salts have
been found among these six crop plants, but on first appraisal diversity
of behavior and species specificity are the prominent features. The
data well illustrate the hazards associated with the formulation of
generalizations on ionic uptake and interionic effects on the basis of
the reactions of a single plant species.

All crops accumulated relatively high concentrations of cations
from the base nutrient solution (table 6), but the concentrations in
milo, for example, were only approximately one-half as great, on all
solutions as those in cotton. The concentration of total bases in the
sap of milo and cotton in the control bed was, respectively, 18.2 and
34.8 times as great as in the nutrient solution. Alfalfa, tomatoes,
and sugar beets occupied intermediate positions. The total concen-
tration and, in most instances, the concentration of individual ions
in the sap were greater in plant's grown in the salt beds than in the
control bed, but it is to be noted that the accumulation ratios decreased
with the addition of salt. The milo and cotton, with accumulation
ratios of 18.2 and 34.8, respectively, for total bases in the control
bed, had ratios of 1.8 and 3.5, respcctivcly, in the 250-sulfate bed.

The sharp decreases in accumulation ratios with the addition of
ions to the nutrient have shown the need of an additional measure
of the effects of substrate concentrations upon the accumulation of
salt in plants. To this end there are set forth in table 7 what arc
termed “increment ratios.” These values represent the ratios of the
differences in the concentration of the ions in the sap of the salt-
treated and the control plants divided by the differences between the
saline and control solutions:
sap concentration of salt-treated plant-sap con-

centration of control plant
solution concentration in salt bed--solution con-
centration in control bed

Increment ratio=
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TABLE 5.— Concentration of inorganic constituents in expressed plant sap and in
supporting nutrient solutions of various crops (experiment 1, 1934)

Freez-
ing-
Nutrient solution and point
A pII |depres-
source of sap sion
)
Culture solutions (av-
erage new and dis-
carded):
Control________.___ 0.06
50-chloride__ .21
150-chloride. .50
50-sulfate. - . 15
150-sullate. i .29
250-sulfate . _ B | 42
Milo, dwarf (leaves):
Control_..._______. 4.72 .92
50-chloride. _._. __| 4.63] 1.11
150-chloride... . 4.38 1,49
S0-sulfate_ _ _ 4.68 1.04
150-sulfate_ 4.570  1.10
250-sulfate__ -| 456 1.15
Alfalfa (first cutting): |
Control____..______ 5.31; .95
50-chloride. 5.260  1.06
150-chloride___ 513, 1.28
50-sulfate. .. 5.28 1.03
150-sulfate . 5.25 129
250-sulfate. . 5.32 1.41
Alfalfa (sccond eut-
ting):
Control ___________ 1.26
50-chloride__ 1.26
150-chloride. 1.4t
50-sulfate. - 1.15
150-sulfate. 1.14
250-sulfate_________ SO 1.37
Alfalfa, third cutting
(stems and leaves):
Control ._....______ . 1.23
50-chloride. . . 1.28
150-chloride . - 1.47
50-sulfate. . . - 1.27
150-sulfate. - 1.31
250-sulfate. .. __. 1.43
Cotton, Acala (leaves):
Control __________. - 1.15
50-chloride. .- 1.19
150-chlorid. . 1.31
50-sulfate .. . 1.15
150-sulfate. . 1.16
250-sulfate - 1.23
Tomato (leaves):
Control.____._. I 7!
50-chloride__ - .90
150-chloride N 1.18
50-sulfate_ _________|_____ .89
150-sulfate_________|____ 1.01
260-sulfate________ R 1.14
Barley (stems, leaves, '
and flow ermgheadb)
Control .. -] 6.01 .83
50-chloride. oo 599 1.4
150-chloride. 566 1.72
50-sulfate_ _ _| 6.00 1. 50
150-sulfate. o] 6.02 1.39
250-sulfate._ . _.-| 6.02 1.57
Sugar beets (leaves):
Control.__.._.___.__ 597 113
50-chloride. C.oo| 5950 1.36
150-chloride._ . 5.96!  1.75
50-sulfate. . 3 1.31
150-sulfate._ 1.41
250-sulfate 1.

Constituent (milliequivalents per liter)

3,180
3,318

2| 334

3, 550

128

56
55

107
109
133

58
49

251
335
427
358
352

3115
164
205

{‘}]5
478

159

5.84
6.81
8.06
7.01
7.56
8.02

179
155
180
180

203

167
112
109
149
164
163

342
306
297
286
250
240

265
250
230
255
243
224

228
185
132
255
208
240

161
129
154
177
165
153

459

526
468
482
550

6056
680
751

779«

821
908

365
434
503
392
565
722

O 00 ~T

Cl

1"Total

S as
S04

Total
P as
PO,

NO3

11, 08

[

first applied.
2 Trace.

t Average of used solutions only.

There was a heavy precipitation of phosphate when new solutions were
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The concentrations of constituents in the sap of plants growing in the
salt beds were in some instances found to be lower than those in the
sap of control plants; these reductions in concentration are indicated

by —ec.

Ratios below unity show that the sap concentration of the

salt plant was greater than that of the control plant but that the

TaBLE 6.—Concentrations and accumulation ratios of inorganic constituents in
nutrient solutions and plant saps

Treatment

Total cations:
Culture solution_ ... ...
E)lt\prlessed sap:
Alfalfa (third cutting)_
Cotton______.____
Tomato___
Sugar beet
Calcium:
Nutrient solution.______
hxpressed sap:

Sugar beet
Magnesiunt:
Nutrient solution......_
E\prlwsed sap:
AMalfa (third cuttmg)
Cotton.________._...
Tomato.______.
Sugarbeet_ .. ... ___
Sodium:
Nutrient solution.______
Expressed sap:

Milo

Alfalfa (third cuttmg)

Cotton____________.___

Tomato. .._

Sugar beet

Potassium:

Nutrient solution
Expressed sap:

Milo
A]falfa (third cutting) .
Jotton___ ... ___
Tomato e -
Sugar beet_.. .
Chloride:
Nutrient solution.______
Expressed sap:
Milo._ ... . _______
Alfalfa (third cutting) _
Cotton_...
Tomato_ -
Sugar beet____________
Sulfate:
Nutrient solution.._.__.
Expressed sap:

Milo

Alfalfa (third cutting)
Cotton_.______________
Tomato
Sugarbeet . __.______

(A) Coneentration (milliequivalents
per liter)

(B) Accumulation ratio (sap_concen-
tration/solution concentration)

Control bed

Clgg(riide Sulfate bed
gl.al sl 8.2
A EHIEEIET
S| Ep|E: f% | Eg
o3 |88 o5 |5 gr
"5 FE| "z | 25 8E
53 5} @ < <
4| 66.7| 169.8 64.3| 163.3| 259
399 555 | 342 | 426 | 474
472 | 526 | 468 | 482 550
680 | 751 79 | 821 908
434 | 503 | 392 | 565 | 722
634 746 | 551 620 | 609
5| 17.7| 42.4| 16.4] 23.6/ 25.1
96 | 151 | 57 | 44 | 42
109 133 90 58 49
335 | 427 | 358 | 352 | 334
164 205 89 1315 478
Ol o]lolo|o
3| 14.7) 41.6] 15.3| 58.6| 105.4
144 210 100 179 216
74 | 98 | 70 | 100 | 156
134 165 141 223 283
130 130 111 68 63
145 167 103 130 104
8| 27.4| T7.7| 25.6] 73.6| 120.4
4 | 1 5 9 | 13
39 | 65 | 43 | 8t ;121
26 7 | 25 | 38 | 51
11 14 15 17 28
297 | 392 258 | 370 347
8 6.8 8.1 7.0 7.6 8.0
155 180 180 194 203
250 | 230 | 255 | 243 | 224
185 | 182 | 255 | 208 | 240
120 | 154 | 177 | 165 | 153
192 187 190 120 158
L6 51.2] 149.3 .9 .7 .8
81 267 35 27 ..
79 171 27 20 17
76 | 178 9 4 2
71 155 23 17 13
91 | 175 | 31 | 43 | 44
2.9 3.3| 50 147.5) 241.3
,,,,,, | 45 T 110
31 33 45 67 118
230 232 | 328 392 | 439
152 | 128 | 177 | 222 | 299
29 41 55 82 110

Chloride

] bed Sulfate bed
<
3 Z] L8 L] .8 b
S |ZESE |2 |28 |28
= "5% g:ﬂ :::%; =8 |2y
S |EZ EE EE|EE %

SR R

< = <