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THE MOVEMENT OF SALT (ALKALI) IN
LETTUCE AND OTHER TRUCK BEDS

UNDER CULTIVATION

BY

W. T. MCGEORGE AND M. F. WHARTON

INTRODUCTION

Fertilizer experiments designed to study the changes in a V
able nitrogen, phosphate, and potash in the soil of lettuce b:_P-
under Arizona field conditions were conducted by the authors di'
ing the winter lettuce season of 1934 and 1935. In order to stuc
changes in available nitrogen, nitrate determinations were mal
on soil samples taken at different soil depths, at several locatio.
in the beds, and at several periods during the growth of the cr
These data showed very wide fluctuations in nitrate with respe
to sample location, soil depth, and period of growth.

The growing of head lettuce and other vegetables on raised be /
is the standard practice under irrigation in Arizona, and a salir
efflorescence can usually be observed on these beds soon of
irrigation is started.

In view of the fact that the nitrate ion moves freely in the sc
solution, the presence of a "salt line" as well as our observatiy
on nitrate fluctuation suggested a study of salt (alkali) moverr4
in such beds. Obviously in semiarid climates, bed culture
which the furrow system of irrigation is used may result in
appreciable movement of salts toward the center of the bed.
height to which the salt rises in the bed should be related to thk
capillary water line on the bed. As a matter of fact, there is
plenty of evidence in the form of saline efflorescence that a notable
movement and accumulation of salt does take place.

The bed method of culture was adopted to insure a more favor-
able soil environment for lettuce roots than would be possible
with level plantings and flood irrigation. While the raised bed
does accomplish this, it permits a high rate of evaporation in the
surface center of the bed, which is only wet by the capillary move-
ment of water from the furrow. Obviously the capillary move-
ment of soil moisture and its subsequent evaporation must result
in a salt accumulation.

Figure 1 illustrates the type of bed used for lettuce culture.
The seed is planted on the shoulders of the bed with an approxi-
mate distance of 20 inches from shoulder to shoulder and 11 inches
from shoulder to the center of the furrow. Fertilizer is applied

391



392 EXPERIMENT STATION BULLETIN NO. 152

either broadcast before bedding or as a band under the seed at
planting. Many growers also apply additional fertilizer as side
dressing during the crop growth.

Figure 1. -The common type of bed used in lettuce culture.

It is quite conceivable, in alkali soils, that salts might accumu-
late in sufficient concentrations in the surface of the bed to burn
the leaves or reduce plant vitality. Furthermore, an excessive
-oncentration of nitrate in the surface inch of the bed center

ight remove a large portion of available nitrogen from the for-
ting range of the plant roots. These and other questions sug-
sted a study of salt movement in bed culture and its possible
fluente upon the fertilization and production of truck crops.

EXPERIMENTATION
PRELIMINARY EXAMINATION OF FIELDS

To illustrate the salt movement, some preliminary observations
11 be offered as evidence of the nature of the problem.
Two commercial lettuce fields were selected for examination.
,e first set of samples was taken to study the movement of
-ate, phosphate, and potassium ions. The samples were taken
n three beds. One bed was unfertilized, one was fertilized
h ammonium phosphate (16 -20), and the third with ammonium
phate. Samples representing the first foot and second foot

were taken from the furrow, the shoulder of the bed, and the
center of the bed. The soils were analyzed by passing carbon
dioxide gas through a 1:5 soil -water suspension for fifteen
minutes, filtering this and determining nitrate, phosphate, and
potassium in the filtrate by colorometric methods. The data
obtained from these analyses are given in Table 1 and show a
considerable movement of nitrate to the center of the bed. The
data do not indicate any appreciable movement of phosphate or
potassium when the furrow is compared with the shoulder and
center. On the other hand, the capillary movement may be, in
most part, a surface movement, and since these samples repre-
sent 12 -inch soil layers, it appeared that thinner surface layers
should be used for such a study.

A second series of soil samples was taken as a preliminary de-
termination of the salt movement, and these data are submitted
in Table 2 to further illustrate field conditions. Three types of
beds were sampled -namely, a flat bed, a 1 -inch crown bed, and
a 2 -inch crown bed. The soil samples represent the surface soil
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TABLE 1.- MOVEMENT OF NITRATE (NO3), PHOSPHATE (PO9),
AND POTASSIUM (K) IN LETTUCE BEDS - P.P.M. SOIL.

First foot Second foot

Furrow
bottom

Bed
shoul-
der

Bed
center

Furrow
bottom

Bed
shoul-

der
Bed

center

Nitrates
Check plot 2.0 5.0 30.0 4.0 3.0 15.0
Ammophos R. 6.0 7.0 38.0 4.0 2.0 11.0
Ammonium

sulfate 6.0 5.0 29.0 3.0 2.0 9.0
Phosphates

Check plot 4.0 4.0 2.6 7.0 2.7
Ammophos B., 9.5 5.5 5.0 3.4 2.3 3.5
Ammonium

sulfate 3.8 4.2 4.8 3.8 2.6 4.8
Potassium

Check plot 41.0 53.0 46.0 30.0 34.0 38.0
Ammophos R. 72.0 96.0 56.0 41.0 41.0 42.0
Ammonium

sulfate i 66.0 56.0 58.0 41.0 38.0 29.0

to a depth of 1 inch. They were taken at the shoulder where the
plants were growing and in the center of the bed. No samples
were taken from the furrow. The soil samples were taken at ten
different locations and composited for analysis. These data again
show a heavy movement of nitrate to the surface soil layers of the
bed center and a tendency to accumulate there. This is true also
for all the other soluble salts. There is some variation in salt
movement, and tendency to accumulate, with type of bed. The
flat bed in this case showed the least difference between shoulder
and center, while the 2 -inch crown showed the greatest difference.

TABLE 2.- MOVEMENT OF SALTS (ALKALI) IN LETTUCE BEDS -
P.P.M. SOIL.

Flat bed
Shoul-

der
Top

center
Total soluble

salt 2,274 3,257
Calcium 450 638
Magnesium 38 94
Sodium 300 365
Chlorides 810 1,230
Sulfates
Carbonates _

400
0

500
0

Bicarbonates 156 180
Nitrates 120 250
pH 7.4 7.5

1 -inch crown bed 2 -inch crown bed

Shoul- Top
der center

3,709 15,145
375 3,150

38 938
820 662

1,100 6,690
825 2,800

0 0
451 305
100 600

7.4 7.0

Shoul-
der

Top
center

2,658 16,743
150 1,613

23 656
723 3,419
800 7,350
500

0
3,200

0
427 305
35 200

7.6 7.2

While the above observations involve only a superficial examin-
ation made on commercial beds without reference to the time of
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Plate I.- Typical lettuce and cantaloupe beds. Lettuce beds ready to
plant (above) and cantaloupe beds just planted and irrigated (below).
Furrow, plant line, and capillary water line are indicated by F, P, and

CW. respectively.

irrigation or age of crop, there is definite evidence of appreciable
salt movement and accumulation. The significance of this salt
movement cannot be interpreted from these few observations. In
fields where the accumulation of alkali may reach toxic propor-
tions, it is possible that the type of bed may determine the success
or failure of the crop. That is, with plants growing on the shoulder
it would seem to be the better field practice to utilize the type of
bed which brought about the least salt accumulation on the
shoulder if the soil contains more than average amounts of alkali.
In order to study the problem more thoroughly, _ experiments
were planned and carried out on a broader scale.



Plate II.- Location of plants on a typical lettuce bed.

EXPERIMENT 1- MOVEMENT OF SALTS IN
UNFERTILIZED BEDS

This experiment was conducted on the University Farm al
Mesa. In preparing the soil the field was disced to provide for
adequate water penetration and given a flood irrigation of 4 acre -
inches. As soon as the soil was sufficiently dry an initial set of
soil samples was taken to determine the amount of soluble salts
in the soil at this time. The samples were taken with a soil
sampling tube to represent the surface 2 inches of soil and the

Plate IIL -Salt accumulation at the capillary water hne ( looking across
the field at aimost right angles to the rows) .
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soil layers from 2 to 6 inches, 6 to 12 inches, and 12 to 24 inches;
these four soil horizons were analyzed separately. Each sample
represented six borings over an area of 130 linear feet of bed.
This system of soil sampling was used throughout the experiment
regardless of location or the point at which the samples were
taken. After these initial soil samples were collected, the field
was disced and "bedded up" and a second set of soil samples was
taken to represent the furrow and the top of the bed. Six types
of beds were constructed as shown in Figure 2. These were flat
(level) beds, 1 -inch crown beds, 2 -inch crown beds, 3 -inch crown
beds, concave beds, and high beds.

The experimental program of irrigation and soil sampling is
given in the following outline. Briefly, this consisted in regular
periodical irrigation and soil sampling over a period of approxi-
mately two months, after which the beds were disced and "floated
down" level, and the area was then given a final flood irrigation.

OUTLINE OF IRRIGATION AND SOIL SAMPLING

May 28 -Soil samples taken before bedding
June 3 -Soil bedded and soil samples taken before irrigation
June 3 -Four- to six -acre -inch irrigation, eighteen -hour run
June 10- Four -acre -inch irrigation, eighteen -hour run
June 12 -Soil samples taken
June 20- Three -acre -inch irrigation, twelve -hour run
June 24 -Soil samples taken
June 28- Three -acre -inch irrigation
July 6- Three -acre -inch irrigation
July 10 -Soil sdmples taken
July 12- Three -acre -inch irrigation
July 25- Three -acre -inch irrigation
July 29 -Soil samples taken
July 30- Three -acre -inch irrigation
Aug. 6 -Field disced and "floated down" level
Aug. 7 -Soil samples taken
Aug. 8 -Field flood irrigated
Aug. 13 -Last set of soil samples taken

In view of the fact that the salt movement in the beds is in-
fluenced by rainfall and temperature as well as irrigation, the
rains are briefly summarized as follows:

June -No rainfall
July 19 -Trace
July 27 -Trace
July 28 -.07 inch
Aug. 2 -.13 inch
Aug. 3 -.02 inch
Aug. 7 -.25 inch
Aug. 9 -.79 inch
It will be noted that the rains all came at the end of the ex-

periment and therefore this climatic factor did not introduce any
appreciable error. The maximum temperature during June and
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Figure 2. -Types of beds used in this study of salt movement: (1) flat
(level) bed, (2) 1 -inch crown bed, (3) 2 -inch crown bed, (4) 3 -inch

crown bed, (5) concave bed, (6) high bed.
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ate IV. -The relation of sthe salt line the water line. The knife
placed at the line reached by the irrigation water, the salt line repro -

ts the point to which the water moved by capillarity, and the hat is
c d on top 't .f the bed. The distance from the knife to the salt line

is 10 inches.

July varied from 92 to 109 degrees, with forty-six out of four
days above' 10 degrees. Detailed weather conditions are giv
n Table kincluding humidity, wind velocity, and evaporation.

CHEMICAL METHODS OF ANALYSIS
n' the analyses. of these soils all determinations were made on
'soil -water extraacts and calculated .to parts per million of dry

ail. The total solids ehboride sulphate, wand calcium were de
ermined by shaking the soils for one hour, and filtering through

clay filters when necessary to obtain clear: nitrates Total solids'
were determined by calculation from conductivity, chloride by
titration with standard silver nitrate solution, sulphate by the
turbidimetric' method, and calcium by titration With standard
sodium oleate. In view of the low solubility _of potassium And
phosphate in carbon - dioxide -free water and the error usually
accompanying` the determination of these by the above method
due; to absorption by the clay filter, the water extraction method
was modified for determining these. Carbon dioxide gas was
passed through a 1:5 soil -water 'suspension for fifteen minutes
after which the soils were filtered and .phosphate determined ix
the filtrate by the molybdenum -blue 061orometric method, the
potassium by the cobà:ltinitrite- coloron etric method. and the
nitrate by the phenoldisulphonic -acid method. This carbonic acid
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TABLE 3.- WEATHER CONDITIONS AT MESA FARM DURING
EXPERIMENT.

Date
Temperature Relative

humidity
at noon

Wind*
Evapo-
ration
(in: per
day)

Rain

per
per

day)
Maxi-
mum

Mini-
mum

May
20 88 50 25 36 .300
21 91 59 29 40 .344
22 93 60 26 34 .338
23 56 26 29 .346
24 96 60 26 27 .356
25 94 55 27 .355
26 93 56 26 .345
27 93 55 29 21 .340
28 92 54 25 .340
29 93 56 22 41 .303
30 88 55 26 .374
31 86 50 29 29 .331

Average 91.5 60.5 26.5 30.0 .339

June
1 92 50 22 22 .193
2 98 57 25 28 .425
3 102 60 24 8 .328
4 105 62 19 .364
5 106 69 22 31 .409
6 104 67 23 27 .377
7 104 66 25 26 .247
8 103 66 28 17 .449
9 105 67 22 .394

10 107 65 23 17 .363
11 68 29 21 .377
12 109 26 23 .310
13 105 71 26 23 .310
14 105 69 26 20 .482
15 101 65 27 33 .520
16 100 62 21 27 .378
17 99 62 22 30 .399
18 103 60 22 18 .333
19 107 64 17 .359
20 107 65 22 14 .360
21 107 64 24 16 .382
22 107 69 21 20 .395
23 105 67 24 .599
24 100 65 16 27 .414
25 103 62 17 22 .372
26 104 65 22 20 .384
27 104 65 20 22 .393
28 103 62 22 22 .377
29 103 59 ____ 22 .373

Average 103.5 64.0 23.1 22.5 .382

July
1 102 58 . 33 .433
2 92 56 87 .688
3 99 26 14 .244
4 99 59 34 .430
5 102 60 19 14 .370
6 102 73 92 26 .262
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TABLE 3.- WEATHER CONDITIONS AT MESA FARM DURING
EXPERIMENT -Continued.

Date
Temperature Relative

humidity
at noon

Wind*
Evapo-
ration
(in. per
day)

Rain
(in.
per

day)mum mum
Mini-

7 104 69 18 .309
8
9

68
22

30 .366

10 105 68 23 27 .707
11 108 75 28 23 .389
12 109 73 37 47 .393
13 107 78 24 .281
14
15

107 71 36 53 .192

16 107 75 63 .721
17 105 75 44 20 .379
18 99 72 55 .376
19 98 74 41 46 .160 T
20 103 76 37 27 .368
21 102 77 34 42 .404
22 103 74 34 24 .299
23 104 77 30 16 .327
24 105 70 24 6 .355
25 106 70 28 23 .351
26 108 71 14 .364
27 104 75 45 38 .384 T
28 101 73 35 21 .411 .07
29
30

106 78 44 11 .237

31 100 75 46 58 .768

Average 103.2 71.1 36.2 31.6 .354

August
1 99 76 49 21 .377
2 88 72 93 51 .291 .13
3 97 69 55 22 .101 .02
4 101 77 36 19 .273
5 101 71 39 15 .307
6 104 74 39 16 .309
7 96 72 55 25 .350 .25
8 100 70 51 49 .234 T
9 99 66 47 37 .646 .79

10 104 75 45 9 .145
11 102 71 41 22 .432
12 100 75 46 20 .307
13 93 73 60 30 .321 .02
14 92 74 54 17 .141
15 89 70 66 15 .077 .19
16 92 70 63 5 .141 .68
17 98 68 50 9 .208
18 100 66 17 10 .243
19 101 68 41 5 .247
20 104 71 37 11 .274

Average 98.0 71.4 49.2 20.9 .271

*Average miles per hour for each twenty -four hours.
Note: These data are from the official weather station located 50 yards

from the experimental plots on the Mesa farm.
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The data in Table 4 show the analyses of the soils before and
after bedding up but before the furrow irrigations were started.
These data are presented to show the original salt concentration
of the soil before bedding up and any further change that might
occur during the soil treatment which accompanies the bedding
up practice. The data show that the soil used in this experiment
was low in soluble salts at the start- namely, 755 p.p.rn. in the
surface 2 inches and 535 p.p.m. in the subsoil (12 to 24 inches). .

The nitrate content of the soil had been quite thoroughly reduced
during the initial soil preparation. The analyses made immedi-
ately after bedding up show a very active return of nitrate to
the surface of the soil and a corresponding increase in chlorides
and total solids. This increase in nitrate may also be due, in part,
to active nitrification following the treatment given the soil dur
ng bedding up- namely, an optimum moisture content and

t eration. It is significant and of interest that at the start of the
experiment there was little or no difference between the analyses::
of the soils from the furrow and the top of the bed. These data:
are given as 5:::/28 and (3/3 in figures 3 to 6, inclusives

ata in Table .'::i.,4 ny.:: .

The data in. Table 5 represent the movement and accumulation;.
of salts between June 3, at which time the field was bedded up,
and June 12. During this time the field had received two 4- acre -
inch irrigations, and there had been no rainfall. These analyses:.
are illustrated as 6,12 in figures 3 to 6, inclusive
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Data in Table 6

The data given in Table 6 represent the movement and accumu-
lation of salts up to June 24. At this time the area had received
three irrigations, one of which had been given since the June 12
sampling. There had been no rainfall during this interim. These
data are given as 6/24 in figures 3 to 6, inclusive.
Data in Table 7

The data in Table 7 represent samples taken July 10. Up to
this time the area had received five irrigations, two of which had
been given after the previous soil sampling. There had been
no rainfall during the interim. These data are given as 7/10 in
figures 3 to 6, inclusive.
Data in Table 8

Table 8 gives the data obtained from the analyses of samples
taken July 29. Up to this date seven irrigations had been given
for a total of 23 to 25 acre -inches. During the interim .07 inch of
rain had fallen, but it had occurred on the day preceding the
sampling of the soil. These data are given as 7/29 in figures 3 to
6, inclusive.
Data in Table 9

Table 9 gives the analyses of the samples taken August 7 after
discing the field just sufficient to level the soil (samples 745 to
748) and the final set of samples taken August 13 after a flood
irrigation (samples 749 to 752) . During this interim .81 inch of
rain had also fallen. These data are given as 8/7 and 8/13 in
figures 3 to 6, inclusive.

DESCRIPTION OF FIGURES

In preparing graphs to illustrate the numerous soil analyses, an
effort has been made to present the data in such a form as to show
most effectively and clearly the amount and nature of the soluble
salts in the furrow, shoulder, and center of the beds and there-
fore the salt movement and accumulation. The dates at which
soil samples were taken are given at the base of the graphs. The
first group of analyses presents the data from samples taken
before bedding up. The next group is after bedding up and
before initial irrigation. Following these, the furrow, shoulder,
and center samples are presented, each in single groups, and in
this order from left to right according to bed type. To the right
of the center samples, the capillary water line and plant line
samples from the high bed are given. These data are shown
separately because of the radical difference between this type of
bed and the others. At the extreme right are shown the two
single sets of samples taken after "discing down" the beds (L)
and after the final flood irrigation (M) . In these graphs one can
readily compare the several furrow, shoulder, and bed center
samples either as a group or at definite periods. The soil depths
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at which samples were taken are represented by the solid and
broken lines described in the figure.

The group samples are designated by the following letters:
A- Furrow samples, with the exception of 4/28 which is the

original soil sample and the second 6/3 which represents
the surface of the bed immediately after bedding up. This
sample is included here because there is little or no differ-
ence between the furrow and bed before irrigation.

B- Shoulder samples from the level bed
C- Shoulder samples from the 1 -inch crown bed
D- Shoulder samples from the 3 -inch crown bed
E- Shoulder samples from the concave bed
F -Bed center samples from the level bed
G -Bed center samples from the 1 -inch crown bed
H -Bed center samples from the 3 -inch crown bed
I -Bed center samples from the concave bed
J- Capillary water line samples from the high bed
K -Plant line samples from the high bed
L- Samples after discing beds and floating the soil level
M- Samples after the final flood irrigation
The preceding letters apply to figures 3 to 6, inclusive. The

following description applies to figures 7 and 8. The letters at the
base of the figures are F, furrow samples; S, shoulder samples;
and C, bed center samples.

DISCUSSION OF ANALYSES
Total Soluble Salts

All the soluble salts, largely composed of the chlorides, nitrates,
and sulphates, are represented in the total soluble salt movement
which is shown graphically in Figure 3.

The original sampling showed a total salt content for this soil
which varied between 755 p.p.m. in the surface 2 inches and 515
to 535 p.p.m. in the 12- to 24 -inch soil horizon. There was practi-
cally no change in soluble salts at the bedding up stage of the
experiment. This is shown by the dot in Figure 3. After two 4 -inch
(6/12) irrigations there was some increase in total salts in the
bed shoulders and a great increase at the bed centers. The great-
est movement of salt was in the 3 -inch crown bed with the 1 -inch
crown and flat beds next, and it was least in the concave and
high beds. After the next irrigation period the soil samples
showed a still further increase in salt movement (6/24) to the
bed center, reaching a maximum of 16,500 p.p.m. in the surface
2 inches of the 1 -inch crown bed and 15,200 p.p.m. in the 3 -inch
crown bed. The flat bed is slightly less and the high bed con-
tinued to show less movement of soluble salts.

During the next irrigation period there was a marked drop in
the soluble salts in the surface soil layers of all beds, except pos-
sibly the concave and high beds which had shown least salt move-
ment from the beginning of the experiment. There was a still
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further drop in salt concentration following the next irrigation
period. It appears that during this drop the salts have been most
strongly held by the flat and concave beds, as their salt content
is highest in the final set of bed samples. During the last days
of this period there was a rainfall of .07 inch which may have
washed some of the soluble salts out of the surface layer of the
crowned beds, helping to reduce the salt in these to a greater
extent than the level and concave beds.

The salt concentration of the furrow remains remarkably con-
stant throughout the experiment, and there is little difference
between the soil samples from the four different furrow horizons
sampled in this study. This uniformity in the furrows is also
reflected in the absence of any appreciable fluctuation in soluble
salts at depths below 6 inches in the shoulders adjacent to the
furrows. The only fluctuations below 6 inches are in the center
of the bed, indicating a lateral movement of salts preceding a
vertical capillary movement to the surface of the bed center.

The data indicate that the 3 -inch crown bed will have the low-
est salt accumulation at the shoulder, which may be an important
factor where alkali is high and there is danger of salts accumu-
lating in toxic amounts.

The high bed seems to be the most satisfactory type so far as
salt movement is concerned. It shows a major accumulation of
salt at the capillary water line and a relatively small salt con-
centration at the plant line. This bed is a wider type of bed and
is used largely for cantaloupe culture. It is significant that it
shows the lowest salt accumulation of all bed types at the capil-
lary water line. The marked difference in methods of irrigating
the high bed and the low bed explains the observations noted in
this experiment. A low bed is soaked until the entire surface is
thoroughly wet during the first two irrigations. Following these
two initial irrigations, that is after the lettuce seed has germi-
nated, the irrigation is regulated so that the bed is wet slightly
beyond the plant line only. This difference means a reduction
of approximately 75 per cent in the wet evaporating surface. The
thorough wetting which the bed receives in the first two irriga-
tions accounts for the high salt concentration in the bed center
in the early set of soil samples (6/12) and its reduction toward
the end of the experiment. Apparently the location of greatest
salt concentration follows the movement of the capillary water
line. The high bed is never soaked through as thoroughly as the
low beds and is always irrigated to the same water line, hence
there is less fluctuation in salt concentrations of the soil solution
at different locations in the bed, especially the bed center.

It is quite evident that the salt concentration largely follows
the capillary water movement. This is shown by the relative
accumulation of salt at the capillary water line in the high bed
and by the reduction in accumulated salt in the bed center of the
low beds beginning with the time when soaking of the beds was
discontinued and the beds were wet slightly past the shoulder
only. In fact the reduction in salt accumulation in the bed center
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is caused by the capillary withdrawal of salt from the high
capillary water line established by the initial heavy soaking of
the bed.

In view of the fact that the plants are located on the shoulders,
it is of interest to study this part of the data separately. At the
first sampling there was little difference between the shoulders
of the several types of bed (3 -inch, highest) . At the second
sampling the concave bed was highest. As the salts began to re-
duce, after the second set of soil samples was taken, the beds with
the highest crown show the greatest reduction in sail on the shoul-
ders. The last set of soil samples is an exception. The data show
quite conclusively that the salts move with greatest ease and with
widest fluctuations in the beds with raised centers.

Nitrate

The movement of nitrate follows the total salt movement quite
closely, as shown in Figure 4. One difference is the increase in
nitrate after bedding up as there was comparatively little increase
in total solids at this time. This is probably a nitrification of soil
nitrogen following the addition of water to the dry soil and the
aeration of the soil produced by discing and bedding. Following
the first two irrigations (6/12) the greatest movement of nitrate
was in the flat and 1 -inch crown beds and least in the high bed.
At the next sampling (6/24) the flat, 1 -inch crown, and 3 -inch
crown beds still show an active movement and high accumulation
of nitrate in the surface layers of soil. All three are practically
equal at this point. On continued irrigation, with decrease in
quantity of water per irrigation, the nitrate decreases just as did
the total solids, with the flat, concave, 1 -inch crown, and 3 -inch
crown beds all about the same. The high bed shows the lowest
nitrate content throughout. On discing down and flooding prac-
tically all of the nitrate is leached below the first 2 feet of soil.

With the large accumulation of nitrate in the 2-inch surface
layer of the bed center, there is some question as to whether this
layer is within the foraging range of the roots, since it is the dri-
est part of the bed.

The nitrate determinations in this experiment indicate the
relatively large amounts of nitrate which exist in the ground
waters of the southern Arizona valleys, as none was added to the
soil except the small amount present in the irrigation water.

The nitrate in the furrow at all depths down to 24 inches de-
creases very rapidly soon after irrigation is started and remains
low throughout. In the shoulders there is little difference in the
6- to 24-inch depth, but considerable fluctuation in the 0- to 2-inch
and 2- to 6-inch layers of soil. The flat bed shows the lowest
concentration of nitrate at the shoulder and the concave bed the
highest. In the latter type of bed the shoulder is the highest
point on the bed.

In the center, the 6- to 24-inch soil layer is as high in nitrate,
or higher, than the 2-inch surface layer of the shoulders. This
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does not hold true, however, for the total soluble salts. The 0- to
6 -inch soil horizon shows wide fluctuations and movement of
nitrate in the flat, 1 -inch crown, and 3 -inch crown beds, and it is
lowest in the center of the concave bed.

The data show that the largest part of the nitrate is held in
the center of the bed in the bed system of cultivation and irriga-
tion used in lettuce culture, irrespective of depth. In spite of a
major accumulation in the surface 2 inches of soil there is an
active mobility of nitrate which maintains a high nitrate concen-
tration throughout the 2 feet of soil.

The data obtained from the analyses of soils in the high bed
show how this type of bed also promotes a greater accumulation
of nitrate at the capillary water line.
Potassium

Usually potassium does not move readily within the soil con-
fines. At least it is not classed as readily mobile unless the soil
solution contains some bases which are able to replace potassium
from its less soluble or fixed forms. As already mentioned, the
potassium was determined in this experiment by extraction with
carbon -dioxide- saturated water. The data therefore represent
not only the water -soluble but also the readily available forms
of potassium and are shown graphically in Figure 5. The first
set of soil samples (6/12) shows more available potassium in the
shoulders than in the center of the bed. This indicates that some
of the potassium has been withdrawn from the furrow but, mov-
ing more slowly than nitrate, has not reached its maximum con-
centration in the center of the bed at this time. This is confirmed
by the next set of soil samples (6/24) which shows that the potas-
sium is highest in the center of the bed on this date. This is true
for every type of bed. The potassium continues to remain high-
est in the center throughout the period of the experiment except
for the concave bed. It is significant that the potassium is lower
for the last two samplings, just as nitrate, but the decrease is of
lower magnitude, again because of lower mobility or fixation.

Throughout the experiment the available potassium in the sub-
soil remained lower than the surface soil with few exceptions.
A study of the data obtained for the high bed shows least fluctu-
ation in potassium movement. That is, this bed shows greater
uniformity in soluble potassium throughout the bed. These data
illustrate how potassium is carried by water movement. The
capillary water line contains a higher average potassium content
than the plant line on this type of bed. It is of interest in this
connection that on "leveling off" and "floating down" the potas-
sium is greatly reduced in the surface 2 -inch soil layer but greatly
increased in the horizon from 6 to 24 inches. This is of interest
because it shows that potassium is leached from the surface by
flooding and fixed in the subsoil where it is still available and
within the foraging range of the roots, yet may be drawn back
to the surface soil by capillarity.
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The leaching action of the water is also apparent from Figure
5, A, showing that the potassium has undergone steady reduction
in the furrows. As should be expected, there is less difference in
the potassium content of the furrows, shoulder, and capillary
water line in the high bed.
Chlorine

The movement of chlorides, largely sodium and calcium chlor-
ides, is shown graphically in Figure 6. As would be expected,
the chlorine movement follows very closely that of the total salts
and to a certain extent the nitrates. Starting with an original
chlorine content of 16 to 32 p.p.m., it increases to approximately
4,700 in the 1 -inch and 3 -inch crown beds but returns to practi-
cally the original chlorine content after the final discing and
flooding. This part of the experiment shows that there is the
least accumulation of chloride in the concave and high types of
bed and the least shoulder accumulation in the 3 -inch crown bed.
When chlorides are present in soils in toxic amounts this may be
a point in favor of the 3 -inch crown bed.
Phosphate

This soil is very low in available phosphate, as shown by fer-
tilizer experiments on lettuce conducted at the Mesa Farm dur-
ing the past season and is therefore poorly suited to a study of
phosphate mobility without some fertilization. The most signifi-
cant part of the data given in the tables is that which shows that
the phosphate in the surface 2 inches of the furrow is highest
throughout, and that little of this has shown a tendency to move
with the capillary water. This higher phosphate in the furrow is
probably due to the greater moisture content of the soil there.
At the last sampling there is a very slight indication of an increase
in available phosphate in the center of the beds.
Calcium

A large part of the mobile bases in the soil solution is composed
of calcium. It is present in least amount in the furrow through-
out the experiment and reaches its highest concentration in the
center of the 3 -inch crown bed at 6/24. It is later reduced in the
bed centers by reduction in quantity of irrigation water applied
and length of water run. While the maximum calcium concen-
tration reached in the concave bed center is less than the other
three bed types, the calcium seems to be held in this bed with the
greatest tenacity when the irrigation is reduced. The calcium
accumulation in the high bed is far below that of any other type.

EXPERIMENT 2- MOVEMENT OF SALTS IN FERTILIZED
BEDS

Some of the beds were fertilized in order to study the move-
ment of salts in fertilized beds. One bed was fertilized with
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calcium nitrate and the other with ammonium phosphate (11 -48).
Both were applied as side dressings at the rate of 2,000 pounds
per acre just a few days before the July 10 set of soil samples was
taken. Other than fertilization, these beds received the same
experimental treatment as the unfertilized beds. The data ob-
tained from this part of the experiment are given in tables 10 and
11 and figures 7 and 8.

CALCIUM NITRATE FERTILIZATION

The movement of calcium nitrate and its effect upon the move-
ment of total salts, nitrate, potassium, and phosphate is shown in
Figure 7 and tables 10 and 11. Figure 7 shows that nitrate was
present largely in the furrows on 7/10, which was just a few days
after the fertilizer was applied. On the other hand, there is an
increase in the shoulder and center at this time and a further
increase on 7/29, with a marked reduction in the furrow. It is
quite evident that nitrate is very rapidly leached into the sub-
soil of the furrow by furrow irrigation, as shown by the high
nitrate in the 6- to 24 -inch depth of soil on 7/10. The data show
that more nitrate is leached into the subsoil than is drawn to the
center or surface of the bed by capillarity. However, the nitrate
leached into the subsoil of the furrow apparently rises again to
the surface of the bed center.

The potassium determinations show a reduction in the furrow,
shoulder, and center from calcium nitrate applications. In the
center of the bed there is a final tendency of the potassium to in-
crease. This is unquestionably an exchange reaction between
calcium and potassium.

The movement of total salts in the bed fertilized with calcium
nitrate is very much on the order of that in the unfertilized beds
and warrants very little further comment.

The movement of phosphate in the fertilized beds is of special
interest in the light of the phosphate deficiency which character-
izes this soil. Calcium nitrate has had a measurable effect upon
the solubility of phosphate as well as its movement. While this
increase in solubility is small it is appreciable, for as little as 1
p.p.m. phosphate in the soil solution is significant in plant nutri-
tion. In both series of samples from the beds fertilized with cal-
cium nitrate the available phosphate in the shoulder and center
of the bed is higher than in the furrow. However, the phosphate
content of the fertilized furrow is higher than that of the unfer-
tilized furrows.

Of the so- called common essential ions such as calcium, nitrate,
potassium, and phosphate, the last is normally present in least
concentration in the soil solution. In this connection it has been
shown that if the soil can maintain a concentration of 1 p.p.m. in
the soil solution this will be sufficient to support excellent plant
growth for many crops. In view of this the increase in soluble
phosphate which accompanies calcium nitrate fertilization is
significant.
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AMMONIUM PHOSPHATE FERTILIZATION

Ammonium phosphate has been shown in fertilizer tests to be
a very suitable fertilizer for Arizona soils as it supplies both
nitrogen and phosphate in a readily soluble and readily available
form. In view of this it was selected as another commercial
fertilizer salt for studying fertilizer movement in lettuce beds.
The soil analyses made for this part of the experiment are given
in tables 10 and 11 and in Figure 8.

The total salt determinations are shown graphically at the left
in Figure 8 and show a movement of salts to the shoulder and
thence to the center of the bed. This movement takes place in
the subsoil as well as the surface soil.

The nitrate determinations show that nitrate is distributed
largely between the furrow and center of the bed. The data
indicate that the ammonium ion did not move very readily. This
is shown by the low nitrate in the furrow (7/10) during the early
stages of the experiment and a steadily increasing nitrate in the
center of the bed, with highest nitrate still in the -furrow at the
end of the experiment. This latter observation shows that the
ammonium ion was held largely in the furrow until it had become
nitrified, after which it of course became very mobile.

The potassium determinations are of interest. The solubility
should be increased both by the ammonium ions and by the
calcium ions brought into solution as calcium nitrate during nitri-
fication, both of which bases can replace potassium that is fixed
in the soil. It is shown by the data submitted that a replacement
of potassium has taken place but that the largest increase in
soluble potassium has occurred in the 2- to 12 -inch soil layer and
in the center of the bed.

The phosphate determinations show very little lateral move-
ment of phosphate. This is evident from a comparison of the
phosphate in the subsoil of the furrow, and the surface soil, and
subsoil of the shoulder and center of the bed. On the other hand,
again recognizing that as little as 1 p.p.m. PO, in the soil solu-
tion can satisfy the requirements of most crops if it is continu-
ously maintained, it might be said that the movement of phos-
phate was appreciable. At the completion of the experiment,
approximately twenty days after the application of the fertilizer,
the phosphate in the shoulder had increased from 2 to 35 p.p.m.
and that in the center of the bed from 3 to 9 p.p.m. with some
increase also in the 2- to 6- to 12 -inch soil horizons.

The data show that soluble phosphate will be quite well dis-
tributed in the root zone of the lettuce bed when applied as a side
dressing in the form of ammonium phosphate.

EXPERIMENT 3- MOVEMENT OF SALTS UNDER WINTER
CONDITIONS

The preceding experiments were conducted under summer con-
ditions, which of course promote maximum evaporation and sur-
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face salt accumulation. In order to study the movement of salt
under winter conditions another experiment was conducted with
a late- fall -early -winter crop of lettuce.

This experiment was located at Avenue J and Lateral 23 in the
Salt River Valley. The crop was planted September 9, 1935, and
the following experimental program was followed. The fertilizer
was applied as side dressing in three applications - namely, Octo-
ber 21, October 31, and November 16 -in the following amounts:

Plot No. VIII - Ammonium phosphate, three applications of 70
pounds each per acre

Plot No. IX- Cyanamid, three applications of 70 pounds each
per acre

Plot No. X- Calcium nitrate, three applications of 100
pounds each per acre

Plot No. XI- Ammonium sulphate, three applications of 70
pounds each per acre

Soil samples were taken on October 31, November 15, and
December 4 from the furrow shoulder and center of the beds.
The 0- to 6 -, 6- to 12 -, and 12- to 24 -inch depths of soil were ana-
lyzed separately. The chemical analyses consisted in determin-
ations of total salt, phosphate, nitrate, ammonia, and pH value,
and the data obtained are given in tables 12, 13, and 14.
pH Value

In most cases the pH value is highest in the furrow and least in
the center of the bed, which may be due in part to better aeration
in the center and the effect of the higher concentration of salt
upon the hydrolysis of the soil zeolites. Fertilization shows a
steady decrease in pH with continuous application of fertilizer
with the greatest reduction accompanying ammonium sulphate.
Total Solids

The total soluble solids in the furrow remained quite constant
throughout the period during which these soil samples were taken
and also were the lowest. The greatest salt accumulation was in
the center of the beds.
Phosphate

There was a small but definite movement of phosphate toward
the center of the bed in practically all cases. In view of the fact
that neutral salts often reduce the solubility of phosphate in
alkaline -calcareous soils, the accumulation of phosphate in soluble
form in the center of the bed is all the more significant.
Nitrate and Ammonia

There was a high nitrate accumulation in the center of the bed
at all depths and a very active movement and accumulation of
nitrate in the center. There was not a great deal of movement
of ammonia nitrogen. Where applied as ammonium sulphate it
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is highest in the furrow, showing that very little has moved from
the point of application.
Soil and Air Temperatures

Thermographs were installed to obtain temperatures of the air
and of the soil at 6 to 12 inches deep. These data are given in
Table 15. They are presented because of the effect of temperature
on nitrification. On comparing the soil temperatures with move-
ment of ammonium and nitrate ions, it is seen that nitrification
is sufficiently active in the surface layer of soil, where tempera-
ture is highest, to supply an appreciable amount of nitrate to the
capillary soil moisture even during the cold winter months.

DISCUSSION AND SUMMARY

Under irrigated agriculture where crops are grown on raised
beds, hills, or rows, and are irrigated in the furrows, the move-
ment of salts in the irrigation water and the soil solution from the
water table may induce wide fluctuations in salt concentration,
and the salts may accumulate in toxic proportions in some part
of the bed or hill. This accumulation results from the capillary
movement of salty water toward the peak of the bed as the salt
movement proceeds slightly beyond the water line of the furrow.
Under semiarid conditions this water and salt movement is
speeded by the high rate of evaporation. In view of this, a study
of salt movement in lettuce beds has been conducted. It should
be mentioned, however, that this salt movement and accumula-
tion is not confined to lettuce alone, but is also true for other
truck crops. Furthermore, this condition has been observed in
some citrus groves irrigated by the furrow method and is probably
true for many other crops.

While the soils used in these experiments were not high in
total soluble salts to begin with, they proved well suited to the
study.

Mesa Farm Experiment

The two most important factors associated with salt movement
in soils and specifically in bed culture were found to be type of
bed and method and amount of irrigation, that is, the length of
run and distance which the irrigation water line is allowed to
penetrate toward the center of the bed. Due to the aridity of our
climate it was anticipated that this experiment would show an
accumulation of salts in the center of the bed, largely as a result
of capillary movement of salts. However, the presence of heavy
salt accumulations in the subsoils directly under the beds indi-
cates a large amount of lateral movement, both from the furrow
toward the center of the bed, and downward or upward, depend-
ing upon the direction of water flow.

The salt concentration was always least in the furrows and
highest in the center of the beds, and this usually applied to both
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the surface layers of soil and the subsoil. There was very little
difference between the concentration of salts in the surface soil
and subsoil of the furrow, while the concentration of salts in the
subsoil directly under the bed was always higher than that of
the surface soil in the furrow. This was due to the fact that the
water moves largely in one direction in the furrow, while there
is a proportionately greater lateral movement underneath the
bed in its attempt to saturate the bed throughout and establish
a moisture equilibrium. The amount of salt accumulating in the
bed may be controlled to a certain extent by varying the time
the irrigation water is allowed to run at each irrigation. This is
shown by the reduction in salts after the initial heavy irrigations
made in this experiment had been reduced to shorter runs. It is
also shown by the difference between the salt concentration at
the capillary water line and plant line in the high bed. If one is
searching for the type of bed best suited for highly alkaline soils,
the high bed and 3 -inch crown bed, which showed proportionately
less salt concentration at the plant line, should be most satis-
factory. Salt concentration may apparently be reduced in the
bed center by using the level or concave types. On the other
hand, these types of beds retain the salts more tenaceously as
shown by the lower fluctuation in salt concentration during this
experiment.

An explanation of the change in line of maximum salt accumu-
lation is given graphically in Figure 9. A represents the capillary
water line; B, the plant line; and C, the height of irrigation water
in the furrow. It may readily be seen that the salt accumulation
will always be greatest and be practically constant at the capil-
lary water line, A, in the high bed (Fig. 9c) . However, in the
lettuce (low) beds the capillary water line is initially at the
center of the bed (Fig. 9a), establishing a continuous wet contact
from furrow to furrow, and there will be greatest evaporation at
the center. As the capillary water line is lowered by shorter
irrigations after seed germination (Fig. 9b), the salt accumulated
in the center is drawn back to the new capillary water line. The
directions of water movement, based upon the data obtained from
the soil analyses, are indicated by the arrows.

During the movement of salt in the beds a large amount of
plant food is transported, much nitrate, to a less extent potassium,
and to a still less extent phosphate. There is little or no move-
ment of phosphate in this soil, which is deficient in phosphate,
except where it is added as soluble fertilizer. The potassium
movement is in large part a base -exchange phenomenon while
nitrate movement is a simple case of unrestricted mobility. The
surprising feature of the nitrate -movement data is the amount
accumulated in the beds and its source. In the unfertilized beds
a maximum accumulation of 150 p.p.m. nitrogen as nitrate was
found in the surface of the 1 -inch crown bed on June 10, which is
equivalent to 75 pounds nitrogen per acre. At the time of bed-
ding up, May 28, there were 5 p.p.m. of nitrate nitrogen present
in the surface soil. One week later this had increased to 10 p.p.m.
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Q

c

Figure 9. -The nature of salt movement: a, in water -saturated beds;
b, in partially saturated beds; c, in high beds. A represents the
capillary water line; B, the plant line; and C, the height of irriga-

tion water in the furrow.

in the surface of the bed. This increase was entirely from nitri-
fication of soil nitrogen as the beds had not yet been irrigated to
establish a capillary water film. The maximum nitrate accumu-
lation was reached one week after the beds had been saturated
with water. While some of this nitrate was undoubtedly formed
by nitrification during the week's interim, it must have been
drawn up largely from the subsoil to which it had been leached
during the leaching operations conducted preparatory to bedding
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the field. The great increase in soluble salts in the surface of
the bed at this same time offers further evidence of the ground
source of this nitrate nitrogen. The capillary film established
between the surface soil and subsoil by the first irrigation pro-
vided the means to start capillary salt movement to the surface
of the bed where evaporation is greatest.

The ground waters of the Salt River Valley soils are usually
very well supplied with nitrate salts, and it is not unusual to find
relatively large amounts of nitrate in fallowed soils. The pre-
vious history of this field is as follows: alfalfa 1929, alfalfa 1930,
fallow 1931, barley and cowpeas 1932, small grains and hegari
1933, and fallow 1934. This would indicate that a nitrate accumu-
lation had taken place during the fallow year of 1934.

So much for the movement of the natural soil constituents.
What of the movement of fertilizer salts? The fertilizer experi-
ments show that the appplication of nitrate as a side dressing will
be followed by a very rapid diffusion of nitrate. The principal
movement is downward in the furrow, and this shows that irriga-
tion water should be judiciously employed after fertilization to
avoid leaching the nitrate below the root zone. However, in spite
of this downward movement of nitrate in the furrow, there is
also an appreciable movement of nitrate laterally into the bed
as well as an upward movement of nitrate through the bed dur-
ing the periods between irrigations.

The addition of ammonium salts to the soil is followed by a
rapid fixation of the ammonium ion which, after nitrification,
diffuses through the bed in the form of nitrate.

In spite of the great fixing power of the soil for phosphate, the
diffusion or movement of phosphate in the fertilized beds is of
considerable magnitude. It is of special interest that the applica-
tion of calcium nitrate resulted in an increase in the solubility of
soil phosphate and its mobility as well. In both the shoulder and
center of the bed the amount of available phosphate was increased
by calcium nitrate fertilization. When the phosphate was added
as ammonium phosphate, the greatest movement of phosphate
was downward; in fact, the depth of penetration greatly exceeded
all expectations. There was also an appreciable lateral move-
ment into the shoulder and center of the bed.

On the whole, it may be safely said that the side dressings ap-
plied in this experiment resulted in a very satisfactory distribu-
tion of plant food in the root zone.

Stanley Experiment

In the Mesa Farm experiment, the beds were kept bare, that is,
they had no plants growing on them. Thus the influence of ab-
sorption of salts and plant food by the crop as well as the shading
effect of the plants was not a factor in the interpretation of the
results obtained in that experiment. In this experiment the soil
samples were taken from a commercial lettuce field fertilized and
irrigated according to regular field practice based on the fertilizer
and water requirement of the crop. Only three sets of soil
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samples were taken, but these were sufficient to give a compari-
son between salt movement under winter conditions as compared
with summer conditions and cropped as compared with uncropped
beds.

So far as the salt and plant food movement is concerned, the
trend is always the same - namely, an accumulation in the center
of the bed. However, with cooler temperatures and a growing
crop the magnitude of the accumulation is considerably less.

CONCLUSIONS

1. During the culture of truck crops on raised beds, there is a
considerable movement and accumulation of soluble salts in the
beds, but on discing down and flooding after harvest the distribu-
tion of salts in the soil returns approximately to its original con-.
dition.

2. The principal accumulation is of nitrates, chlorides, and sul-
phates of the alkali and alkaline earth bases as these are the most
mobile salts.

3. The rate and amount of salt movement in the beds is a func-
tion of the type of bed and the quantity of irrigation water applied
as well as the length of the run.

4. The salt movement closely precedes the degree to which the
irrigation water penetrates the bed, hence the relation of salt
accumulation to length of irrigation run and quantity of water
applied at each irrigation.

5. The greatest salt accumulation occurs in the centers of the
convex beds.

6. The least salt accumulation takes place in the high beds of
the type used in cantaloupe culture.

7. The subsoil under the beds has a higher salt content than
the surface soil of the furrow.

8. The 3 -inch crown beds show the least concentration of salt
on the bed shoulder.

9. A notable movement of potassium was observed. Like the
other elements, it moves toward the center of the beds, but more
slowly because its movement depends, in large part, on base-
exchange reactions.

10. The least amount of movement was observed for phos-
phate, and this was negligible except when soluble phosphate
fertilizers were applied.

11. Calcium nitrate increased the solubility and mobility of
phosphate. There was a measurable increase in soluble phos-
phate in the bed centers following calcium- nitrate fertilization.

12. When added as ammonium phosphate, phosphate showed
a considerable lateral movement to the center of the beds and
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a very active movement into the subsoil of the furrow.
13. Under late fall and winter conditions the trend of salt

movement is the same as in summer, but the magnitude of the
movement is less.

14. This investigation shows that crowned beds of 1 or more
inches are the most satisfactory for bed culture because there is
a lower concentration of salt at the shoulder, where the plants
are located.


	B152-1936-a1_m
	B152-1936-a2_m
	B152-1936-a3_m
	B152-1936-391_m
	B152-1936-392_m
	B152-1936-393_m
	B152-1936-394_m
	B152-1936-395_m
	B152-1936-396_m
	B152-1936-397_m
	B152-1936-398_m
	B152-1936-399_m
	B152-1936-400_m
	B152-1936-401_m
	B152-1936-402_m
	B152-1936-403_m
	B152-1936-404_m
	B152-1936-405_m
	B152-1936-406_m
	B152-1936-407_m
	B152-1936-408_m
	B152-1936-409_m
	B152-1936-410_m
	B152-1936-411_m
	B152-1936-412_m
	B152-1936-413_m
	B152-1936-414_m
	B152-1936-415_m
	B152-1936-416_m
	B152-1936-417_m
	B152-1936-418_m
	B152-1936-419_m
	B152-1936-420_m
	B152-1936-421_m
	B152-1936-422_m
	B152-1936-423_m
	B152-1936-424_m
	B152-1936-425_m
	B152-1936-426_m
	B152-1936-427_m
	B152-1936-428_m
	B152-1936-429_m
	B152-1936-430_m
	B152-1936-431_m
	B152-1936-432_m
	B152-1936-433_m
	B152-1936-434_m
	B152-1936-435_m
	B152-1936-436_m
	B152-1936-437_m
	B152-1936-438_m

