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Nitrogen from three sources—(NH4)2S04, Ca(NOs)2, NH4OH— 
was applied to four irrigated soils during a five-year lysimeter ex-
periment. Effects on yields, irrigation water used, salinity of soil 
and drainage water, and soil acidity were studied. Gains or losses 
of other elements were also recorded. Yields of Swiss chard and 
corn were not affected by the (NH4)2S04, Ca(N03)2, and NH4OH 
materials, but the Ca(N03)2 resulted in higher nitrogen content 
of plants. The (NH4)2S04 acidified the soil, caused higher losses of 
Ca in the drainage water of one soil, and produced higher total salt 
in all soils. The Ca(N03)2 and NH4OH materials produced similar 
effects. The Ca in Ca(N03)2 was largely precipitated. 
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P. F. Pratt, G. H. Cannell, 
M. J. Garber, and F. L. Bair 

Effect of Three Nitrogen Fertilizers on Gains, 
Losses, and Distribution of Various Elements 

in Irrigated Lysimeters1 

INTRODUCTION 
LYSIMETERS have been used for many 
years to measure losses of water and 
mineral elements as a result of cropping 
and of leaching. Kohnke, Dreibelbis and 
Davidson (1940) provided a thorough 
review of the literature and the con-
struction of lysimeters up to that date. 
Newer types of construction are illus-
trated in the report by Harrold and 
Dreibelbis (1958). Most reports on ly-
simeters have dealt with humid, non-
irrigated areas; very few studies have 
been conducted on gains and losses of 
mineral elements in irrigated soils. 
Earlier work at the Citrus Research 
Center and Agricultural Experiment 
Station in Riverside has been reported 
by Chapman, Liebig, and Rayner 
(1949); Broadbent and Chapman 
(1949); and Pratt, Branson and Chap-

Twenty-four steel lysimeters, each 4 
feet in diameter and 6 feet deep, were 
installed in a terrace in the winter of 
1957-1958. Each was lined with poly-
ethylene to prevent contamination of 
the contents by the metal container. 
Polyethylene drains conducted the wa-
ter from the bottoms of the lysimeter 
tanks to polyethylene receiving tanks at 
the bottom of the terrace. Each tank 
was first covered with a 3-inch layer of 
pea gravel, after which soil was added 
6 inches at a time. After each addition, 

1 Submitted for publication May 12,1966. 
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man (1960). Pratt and Chapman 
(1961) reported gains and losses of 
elements during a 20-year lysimeter 
experiment. Their source of irrigation 
water was the same as that used in the 
experiment reported here, and the soil 
was similar to one of the four soils in the 
present experiment. In the earlier work, 
however, only one fertilizer was used. 

This paper reports results of a five-
year lysimeter experiment with four 
soils and three nitrogen fertilizers. In-
put of irrigation water, composition of 
drainage water, crop yields, and gains 
or losses of various elements were 
studied. Depletion or accumulation of 
the trace elements boron, copper, 
molybdenum, and zinc, in this experi-
ment, has already been reported (Pratt 
and Bair, 1964). 

the soil was walked over in order to 
pack it. "When the tanks were full, the 
soil was settled by adding water until 
it appeared in the drainage lines. The 
tanks were again filled and re wetted. 
The final depth of soil plus gravel layer 
was approximately 69 inches, with 3 
inches left for a water reservoir at the 
top. 

The four surface soil materials are 
described in table 1. Analysis of each 
load of soil indicated that the material 
was quite uniform in the characteristics 
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TABLE 1 

CHARACTERISTICS OF LYSIMETER SOILS, AND THEIR CATION-EXCHANGE 
CAPACITY AT pH 8 

Soil no. a n d series p H CaCOs To ta l N 
conten t 

Water a t 
sa tura t ion C E C 

1. Moreno 
sandy loam 

2. Greenfield 
s a n d y loam 

3. A l t a m o n t 
clay loam. . 

4. Hol tvi l le 
clay loam. . 

7.2 

per cent 

<0.01 

0.10 

per cent per cent 

28 

25 

m.e./gm 

0.27 

0.17 

noted in the table. Starting in the win-
ter of 1958-1959, a crop of Swiss chard 
was grown during each fall and winter, 
and a crop of sweet corn in each spring 
and summer. The chard was planted in 
October and harvested inFebruary. The 
corn was harvested when the ears were 
ripe for marketing. Total aboveground 
parts of the plants were harvested and 
their dry weight recorded. Plant mate-
rials were analyzed, and total removal 
of elements by plants calculated. 

Both irrigation and drainage waters 
were analyzed for chemical content, and 
input and removal of the elements 
found were calculated- The irrigation 
water contained (m.e. per liter): 2.43 
Ca; 0.76 Mg; 1.46 Na; 0.63 Cl; 1.03, S04 ; 
3.00 HC03; and 0.07 K. 

Soils were sampled and analyzed for 
pH and soluble and exchangeable ions 
before and after the experiment. 

Tensiometers were placed at the 8-
inch depth in each tank, and water was 
applied when the suction reached 0.7 to 
0.8 bar. Five other tensiometers, placed 
at 1-foot intervals to indicate water loss 
between irrigations, were used to deter-
mine the amount of water to be added 
at each irrigation. In the spring, be-
tween crops, the tanks were leached to 
give a volume of drainage about equal 
to 7 per cent of the volume of irrigation 

water applied during the previous year. 
Fertilizer treatments consisted of ap-

plications of (NH4)2S04, Ca(N03)2, 
and NH 4 0H in amounts required to 
supply N at the same rates. The sulf ate 
and nitrate were dissolved in water and 
added to the surface soil; irrigation wa-
ter moved them into the soil. The NH4 

OH was added at the 4-inch level by 
means of a pipette. About 30 holes were 
made in the moistened soil, and the pi-
pette delivered NH4OH at the bottom 
of each hole. The holes were then 
plugged to prevent escape of NH3. 
Following applications of (NH4)2S04 

and NH40H, the surface soil was kept 
moist to prevent loss of NH3 to the at-
mosphere. 

Two replications were made with the 
soils, and treatments were randomized 
within each replication. 

The rate of N application averaged 
3.9 gm equivalents per tank per year or, 
on an area basis, 420 pounds N per acre 
per year (470 kg per hectare). During 
the first year of operation, the rate was 
200 pounds per acre. The rate was in-
creased to 600 pounds during the last 
year in order to maintain high yields as 
the readily decomposable organic resi-
dues in the soils became exhausted. 
Since each tank had a large border, and 
neither fertilizer nor water was a limit-
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ing factor, very large populations were 
possible and high yields were obtained. 
Rates of planting were high, and final 
stands were dense—45 plants per tank 
for chard, and 12 for corn. On an acre 
basis, the corn had 42,000 plants per 
acre (104,000 per hectare). 

The metric system is used to express 
results. Equivalents used are gram 
equivalents. Because of the tremendous 
border effect obtained in growth of 

Crop yields. Data on total dry weight 
of the aboveground parts of corn plants 
during the fi.Ye years of the experiment 
are presented in table 2. Soils 1 and 3 
showed no statistically significant dif-
ferences in treatment means. In soil 2, 
yields were highest with (NH4)2S04; 
with the Ca(N03)2 and NH40H, yields 
were almost alike. In soil 4, however, 
the Ca(N03)2 produced the highest 
yield, and (NH4)2S04 produced the 
lowest. The overall effect of treatments 
was small, and because there was a 
treatment-soil interaction the treatment 
mean differences are difficult to inter-
pret. The means for soils show statisti-
cally significant differences, with soil 3 
producing the highest yields and soil 2 
the lowest. I t is unlikely that the differ-
ences in yields from the various soils 
resulted from poor nutrition, because 
the concentration of all essential ele-
ments was optimum in all cases. Assum-
ing the absence of nutrient element de-
ficiencies, some physical or biological 
problems must have been the limiting 
factors in production. Although no 
quantitative data are available, observa-
tions indicated that soil 2 had the 
highest bulk densities and the lowest 
hydraulic conductivity, and soil 3 had 
the lowest density and the highest hy-
draulic conductivity. 

Data for dry weight of Swiss chard 
are presented in table 3. There were 

267 

plants, extrapolation to field conditions 
(acre or hectare basis) is not justified. 
To convert to an area basis, add 50 per 
cent to the 12.5 square feet of soil sur-
face of the tanks to adjust arbitrarily 
for the border effect. We have expressed 
the data on a tank basis to allow for 
comparisons within the experiment. 
Most data, except the means for the soils 
and treatments, represent averages of 
two replications. 

TABLE 2 

AVERAGE DRY WEIGHT OF ABOVE-
GROUND PARTS OF CORN PLANTS 
DURING A FIVE-YEAR LYSIMETER 

EXPERIMENT 

Soil no. 

1 

2f 
3 
4J 

T r e a t m e n t 
m e a n s . . . 

Dry wt. with fertilizer treatments of: 

(NH4)2S04 

kg/tank 

12.4 
12.4a 
14.3 
11.2b 

12.6 

Ca(N03)2 

kg/tank 

13.1 
11.0b 
13.4 
12.6« 

12.5 

NH4OH 

kg/tank 

12.1 
10.5b 
13.2 
11.5ab 

11.8 

Soil 
means* 

12.5b 

11.3° 
13.6a 
11.8bo 

12.3 

* Soil means not having a letter in common differ at the 0.01 
level. 

t For soil 2 only, treatment means not having a letter in 
common differ at the 0.05 level. 

% For soil 4 only, treatment means not having a letter in 
common differ at the 0.05 level. 

TABLE 3 

AVERAGE DRY WEIGHT OF SWISS 
CHARD DURING A FIVE-YEAR 

LYSIMETER EXPERIMENT 

Soil no. 

1 

2 
3 
4 

T r e a t m e n t 
m e a n s . . . 

Dry wt. with fertilizer treatments of: 

(NH4)2S04 

kg/tank 

2.6 
2.3 
4.6 
4.0 

3.4 

Ca(N03)2 

kg/tank 

3.6 
2.3 
3.9 
3.6 

3.4 

NH4OH 

kg/tank 

3.7 
2.6 
3.8 
3.9 

3.5 

Soil 
means* 

3.3b 
2.4« 
4 . 1 * 
3.8ftb 

3.4 

* Soil means not having a letter in common differ at the 0.01 
level. 

RESULTS 
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Soil no. 

If 
2 
3 
4 

T r e a t m e n t 
m e a n s . . . 

Irrigation water applied with 
fertilizer treatments of: 

(NH4)2S04 

l/tank 

7,171b 
7,538 
8,250 
7,611 

7,642 

Ca(N03)2 

l/tank 

7,945a 
7,127 
8,009 
7,473 

7,639 

NH4OH 

l/tank 

8,050^ 
7,638 
7,884 
7,006 

7,644 

Soil 

means* 

7,722*b 
7,434b 

8,048a 

7,363b 

7,642 

no statistically significant differences TABLE 4 
among fertilizer treatments in any of IRRIGATION WATER APPLIED TO 
the soils. The yield differences among LYSIMETERS DURING A FIVE-YEAR 
soils were the same as for corn—soil 3 
produced the highest yields and soil 2, 
the lowest. One reason for the low yields 
on soil 2 was a crop failure during the 
fifth year of the experiment, resulting 
from low germination and lack of seed-
ling survival. Even with an additional 
0.6 kg (the average yield for four 
years), the yield would have been only 
3 kg per tank—75 per cent of the yield 
for soil 3. 

The absence of differences in yield 
as a result of treatments indicates that *Soil means not h a v i n g a letter in common differ at the o.oi 
a l l t h r e e N S O U r c e S S u p p l i e d S u f f i c i e n t N t For soil 1 only, treatment means not having a letter in 
, . T m i . « -,. . . common differ at the 0.05 level. 

to the crops. The rates of application 
were high, but perhaps not excessive, TABLE 5 
judging from the fact that relatively DRAINAGE WATER COLLECTED AS 
small amounts of N appeared in the P E R CENT OF IRRIGATION WATER 
drainage water from soils 1 and 4, both APPLIED 
of which had very low organic matter 
and thus low rates of mineralization of 
N from organk sources. 

Irrigation and drainage water. Data 
on the added irrigation water are pre-
sented in table 4. For the five-year pe-
riod, the average water added minus 
average drainage water (table 5) was 
7,077 liters, equivalent to 240 surface 
inches, or 20 surface feet. Since the 
average rainfall was 6.2 inches p e r * The treatment means for soil 2 not having a letter in common 

year, the total evapotranspiration was differ at the °'01 level-
slightly in excess of 4.5 surface feet per J n t h e r a t i o g o f y[eM ^ ^ a p p l i < j a_ 
y a r ' tion, however, no significant differences 

Soil 3 was highest m irrigation water w e r e a p p a r e n t w i t h relation to either 
applied and also in drainage. Variation g 0^g o r treatments 
between added irrigation water and F o r t h e c o r n c r o p j t h e a v e r a g e ratio 
drainage was very small, ranging from o f y i e l d t o w a t e r a d d e d w a s 0.00292. 
soil 4, with 6,816 liters difference, to soil S i n c e t h e r e w a s n o r a n i d u r i n g the corn 
3, with a difference of 7,339 liters. growth period, and no drainage water 

Data not presented here, on quanti- w a s collected, the water added repre-
ties of water added during growth (ex- s ents the evapotranspiration, and the 
elusive of seedling stage) of corn and ratio of yield to water added represents 
chard, show highly significant variation the efficiency of water use. Thus, the 
among years and between years and soil efficiency of water use was independent 
type. "With corn, water applications of soils and treatments. 
were significantly related to soils, the Leaching percentages for the five 
largest amounts being applied to soil 3. years, presented in table 5, were fairly 

Soil no. 

1 
2* 
3 
4 

Average 

Amt. of drainage water with 
fertilizer treatments of: 

(NH4)2S04 

per cent 
8.0 
6.7»b 

7.6 
6.8 

7.3 

Ca(N03)2 

per cent 
7.2 
8.0^ 

7.5 
8.0 

7.7 

NH4OH 

per cent 
7.2 
6.6b 
8.0 
7.6 

7.3 

Five-year 

per cent 
7.5 
7.1 
7.7 
7.4 

7.4 
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uniform, varying from 6.6 to 8 per cent, 
with an average of 7.4. No differences 
resulting from treatment or soil type 
were found except with soil 2, which 
showed a higher leaching percentage 
with Ca(N03)2 than with NH40H. 

A substantial portion of the salts 
added in irrigation water was removed 
by the crops. Salts in the irrigation 
water used for evapotranspiration 
amounted to 32.5 equivalents per tank. 
(Total cation concentration of the wa-
ter was 4.65 m.e. per liter.) Crop re-
moval of cations averaged about 25 
equivalents per tank, which represents 
77 per cent of the salt added in the wa-
ter. This removal by crops reduced the 
need for leaching to remove salt. The 
leaching requirement (L.R.), assum-
ing no removal by crop or by pre-
cipitation in the soil, and assuming a 
concentration of 120 m.e. of cations per 
liter in the drainage water, was 3.9 per 
cent, whereas after adjustment for re-
moval by crops it was 0.93 per cent— 
one-fourth that considered ideal. 

Assuming the evapotranspiration, as 
the salinity of the water increases, and 
the salt removal by crops to be con-
stants, the relative importance of re-
moval of salts by crops can be calcu-
lated. Within limits, these assumptions 
are justified because use of water is 
independent of dry-weight production 
within a wide range of crop yields, and 
as yields decrease as a result of salts in 
the soil, the plants contain higher con-
centrations of salts. 

Using the formula of Bower (1961): 

ViCi-VaPd-Sc = 0 (1) 

for a system that is not gaining nor 
losing salt, where V equals volume of 
water, C equals concentration of salts, 
subscripts i and d, respectively, refer to 
the irrigation water and drainage, and 
Sc equals crop removal of salt, the L.R. 
can be calculated and compared with 
the simple L.R., which is Ci/Cd. From 
equation (1) and the assumption that 
Vi equals consumptive use or evapo-

transpiration plus Va, the L.E. be-
comes: 

T,r> _ \ W - Q » / 

Ve+\ Ca-Ci ) 

where Ve equals evapotranspiration. 
The relations between L.R. and the 

cation concentration of the irrigation 
water, based on Ci/Cd or on equation 
(2), are presented in figure 1. A Cd 
value of 120 m.e. cations per liter was 
used in all of the calculations. The re-
lationships presented show that if the 
irrigation water contained less than 4 
m.e. total salts per liter, no leaching 
would be required with the type of crop 
management system used in the lysi-
meters and with comparable yields. As 
the salt concentration increases, how-
ever, the need for leaching increases, 
and the relative difference between the 
two L.R. values decreases. The relative 
difference in L.R. values at 20 m.e. salt 
per liter is only 14 per cent, which is 
probably smaller than the departure 
from ideal behavior in leaching effi-
ciency. Thus, when salinity of water is 
high, the removal of salt by crops does 
not contribute greatly to reducing the 
L.R. 

In some very impermeable soils, how-
ever, where water of low salt content is 
used, removal by crops can be impor-
tant, and different cropping patterns 
can be expected to have a significant 
effect on salt accumulation in the soil. 

Composition of drainage water. 
Data on the relationship between Mn 
and nitrate contents of the drainage 
water during the first year fell into two 
groups, and are plotted differently (fig. 
2). In the case of soil 3, the reducing 
conditions essential for putting Mn in 
solution did not reduce the N0 3 to as 
low a level as in the other three soils. 
This difference was probably a result of 
a much higher N0 3 content of soil 3. 
In spite of a high N0 3 content there 
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40 

c 
u 
a> 30 
a. 

100(VeCi-Sc) 

(Cd-Cj) 

(VeCj-Sc) 
6 (Cd-Ci) 

10 20 30 40 

TOTAL CATIONS (m.e. per liter) 
50 

Fig. 1. Relationships between leaching requirement and total cation concentration of irrigation 
water adjusted for removal of salts by crops, as compared with the simple L.R., which = 
100 Ct/Cd. 

was a tendency for lower N0 3 with 
higher Mn. 

In the other soils there was a signifi-
cant reduction in N0 3 with increase in 
soluble Mn. Each tank seemed to oper-
ate individually in so far as soluble Mn 
and N0 3 contents were concerned. This 
fact is well documented in table 6 which 
presents data on the Mn, Fe, N03-N, 
SO4-S contents and volume of drainage 
water. The tanks from which these 
paired comparisons were taken had re-
ceived the same treatment following the 
time at which they were filled with soil. 
Yet some factor created much more re-
duction in one than the other. In each 
case in which the soluble Mn content 
was high there was evidence of reduc-
tion of S04 and NO3. In the case of soil 
4, the SO4-S concentration of the drain-

2 4 6 8 10 

MANGANESE (ppm) 

Fig. 2. Relationship between nitrate and Mn 
contents of drainage water during the first 
year of operation of the lysimeters. 
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TABLE 6 

CONTENT AND VOLUME OF DRAINAGE WATER DURING FIRST YEAR OF 
LYSIMETER EXPERIMENT* 

Soil 
no. 

2 

2 

4 

4 

T a n k 
no . 

5 
21 

12 
17 

27 
11 

16 
1 

6 
19 

Ferti l izer 
t r e a t m e n t 

(NH 4 ) 2 S0 4 

(NH4)2S04 

(NH4)2S04 
(NH4)2S04 

N H 4 O H 
NH4OH 

N H 4 O H 
N H 4 O H 

C a ( N 0 3 ) 2 

C a ( N 0 3 ) 2 

Soluble 

Mn 

ppm 

0.0 
4.4 

0.0 
12.0 

0.0 
12.7 

0.0 
3.0 

0.0 
4.8 

Fe 

ppm 

0.02 
4.31 

0.02 
4.45 

0.03 
5.51 

0.02 
0.03 

0.02 
0.56 

SO4-S 

ppm 

62 
19 

23 
6 

33 
9 

930 
882 

930 
908 

NOs-N 

m.e./l 

7.8 
0.2 

2.0 
0.2 

2.9 
0.1 

7.3 
0.2 

4.3 
0.4 

Volume of 
drainage 

water 

liters 

153 
122 

114 
117 

139 
116 

139 
116 

160 
150 

* Paired comparisons for tanks given the same management. 

TABLE 7 

AVERAGE VOLUME AND CONCENTRATION OF VARIOUS IONS IN DRAINAGE 
WATER DURING FIFTH YEAR OF LYSIMETER EXPERIMENT 

Soil 
no. 

2 

3 

4 

T r e a t m e 
(NH4) 
Ca(NC 
NH4O 

Fertilizer 
t r e a t m e n t 

(NH4)2S04 

Ca(N03)2 
NH4OH 

(NH 4 ) 2 S0 4 

C a ( N 0 3 ) 2 

N H 4 O H 

(NH 4 ) 2 S0 4 

C a ( N 0 3 ) 2 

NH4OH 

(NH 4 ) 2 S0 4 

C a ( N 0 3 ) 2 

N H 4 O H 

n t m e a n s : 
S 0 4 

>3>2 

H 

Soil m e a n s : 
1 
2 
3 
4 

Volume of 
dra inage 

water 

liters 

50.0 
57.0 
63.0 

42.0 
56.0 
54.0 

59.5 s 

47.5 
46.0 

60.5 
48.0 
45.0 

53.0 
52.1 
52.0 

56.7 
50.7 
51.0 
51.2 

NO3 

m.e./l 

2.34 
1.46 
0.90 

6.68 
8.64 
3.94 

2.3Sk* 
18.14* 
19.56^ 

0.48 
1.71 
1.11 

2.97 
7.49 
6.38 

1.57 
6.42 

13.36 
1.10 

SO4 

m.e./l 

38.5 
16.2 
17.4 

16.8 
10.4 
12.9 

20.9 
10.8 
10.8 

61.0 
56.2 
48.4 

34.3a* 
23.4b 
22.4b 

24.0b* 
13.4b 
14.2b 
55.2a 

Cl 

m.e./l 

0.70 
1.16 
1.39 

1.46 
2.72 
2.34 

1.90 
2.90 
2.95 

1.16 
1.90 
1.20 

1.30 
2.17 
1.97 

1.08b* 
2.17ab 
2.58* 
1.42ab 

Ca 

m.e./l 

35.8 
19.9 
19.6 

23.0 
16.8 
17.8 

23.8 
25.8 
26.4 

26.6 
23.4 
20.2 

27.3af 
21.5b 
21.0b 

25.1 
19.2 
25.3 
23.4 

Mg 

m.e./l 

9.30 
5.40 
5.60 

5.85 
4.45 
4.60 

8.20 
8.80 
9.35 

26.45 
23.95 
20.45 

12.45 
10.65 
10.00 

6.77bc* 
4.97° 
8.78b 

23.62a 

K 

m.e./l 

0.88 
0.71 
0.78 

1.12 
0.82 
1.06 

0.40 
0.40 
0.42 

0.88 
0.86 
0.82 

0.82 
0.70 
0.77 

0.79a* 
1.00a 
0.41b 
0.85a 

Na 

m.e./l 

1.38 
0.38 
0.58 

2.89 
2.22 

. 2.65 

2.55 
2.51 
2.46 

24.65 
25.10 
22.30 

7.87 
7.55 
7.00 

0.78b* 
2.59b 
2.51b 

24.02* 

B 

ppm 

0.24 
0.25 
0.18 

0.36 
0.22 
0.24 

0.26 
0.34 
0.16 

0.54 
0.95 
0.92 

0 35 
0 44 
0 38 

0 22b* 
0 27b 
0 26b 

0.81a 

* Values within each soil set of entries not having a letter in common differ at the 0.01 level. 
t Values within each soil set of entries not having a letter in common differ at the 0.05 level. 
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TABLE 8 

TOTAL SOLUBLE CATIONS IN SATURATION EXTRACT OF SOIL SAMPLES 
BEFORE AND AFTER TREATMENT OF LYSIMETERS WITH THREE N SOURCES 

DURING A FIVE-YEAR EXPERIMENT 

Soil no. and t y p e 

1. Moreno 
sandy loam 

2. Greenfield 
s andy loam 

3. A l t a m o n t 
clay loam 

4. Hol tvi l le 
clay loam 

D e p t h 

cm 

0-15 
15-30 
30-60 
60-90 
90-120 

120-150 

0-15 
15-30 
30-60 
60-90 
90-120 

120-150 

0-15 
15-30 
30-60 
60-90 
90-120 

120-150 

0-15 
15-30 
30-60 
60-90 
90-120 

120-150 

Soluble cation cone, wi th fertilizer t r e a t m e n t s of: 

(NH 4 ) 2 S0 4 . 

m.e./l 

9.7 
13.1 
22.8 
26.2 
31.0 
27.8 

16.4 
30.6 
38.9 
40.4 
34.7 
22.1 

39.6 
26.3 
27.6 
31.2 
30.0 
21.4 

9.3 
18.6 
24.4 
38.7 
53.2 
59.2 

Ca(N0 3 ) 2 

m.e./l 

7.6 
6.6 

11.3 
9.6 

10.0 
8.1 

7.8 
8.9 

15.4 
23.8 
26.0 
16.9 

9.3 
10.6 
14.8 
22.0 
24.0 
19.0 

7.0 
9.0 

13.5 
26.0 
55.6 
60.7 

N H 3 O H 

m.e./l 

8.6 
8.0 

10.6 
11.2 
10.4 
9.3 

10.2 
10.0 
12.2 
19.5 
23.6 
18.4 

12.2 
14.6 
14.2 
21.8 
27.0 
21.0 

7.7 
10.1 
13.5 
17.8 
48.2 
59.6 

Av . cone. 
before 

t r e a t m e n t * 

m.e./l 

8.7 

10.3 

13.2 

61.3 

* For all t a n k s of each soil. 

age water was 930 ppm or above in all 
tanks except those in which soluble Mn 
was high. This soil was saturated with 
gypsum, and would be expected to show 
a high soluble S04-S in the drainage 
water. The decrease in S04-S noted 
may have taken place after the drain-
age water left the soil, and while it was 
passing through the gravel pack and 
the drainage lines. 

During the second year of operation 
of the lysimeters, soluble Mn and Fe 
appeared in the drainage water of only 
a few tanks, and the concentrations 
were much lower than during the first 
year. During the third to fifth years, 
this phenomenon was not found. Since 
readily decomposable organic matter is 
essential for development of strongly 

reductive conditions, it might be as-
sumed that the readily decomposable 
organic matter in the soil of the lower 
portion of the soil columns, that would 
presumably be saturated during drain-
age, was oxidized by the end of the 
second year. 

Data on volume and concentration of 
various ions in the drainage water dur-
ing the fifth year are presented in table 
7. Most of the differences shown are 
those among soil means. However, two 
differences among fertilizer treatments 
are important. Both the S04 and Ca 
concentrations were higher with the 
(NH4)2S04 as compared with the other 
two treatments. Evidently the acidifica-
tion from (NH4)2S04 was sufficiently 
effective in preventing Ca precipitation 
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TABLE 9 

SOLUBLE CATIONS, RATIO OF SOLUBLE Ca TO SOLUBLE Mg, AND SAR 

FOR SOIL 2 

Fertil izer t r e a t m e n t 

(NH 4 ) 2 S0 4 

Ca(N0 3 ) 2 

N H 4 O H 

Av. before t r e a t m e n t 

D e p t h 

cm 

0-15 
15-30 
30-60 
60-90 
90-120 

120-150 

0-15 
15-30 
30-60 
60-90 
90-120 

120-150 

0-15 
15-30 
30-60 
60-90 
90-120 

120-150 

Ca 

m.e./l 

8 3 
19.0 
22.3 
21.7 
21.6 
15.1 

4.6 
4.5 
7.9 

12.1 
15.4 
11.0 

5.1 
4.5 
4.4 
7.5 

13.3 
12.2 

6.7 

Soluble cations 

Mg 

m.e./l 

2.5 
4.5 
5.3 
5.2 
5.2 
3.8 

0.9 
0.8 
1.7 
3.9 
3.8 
2.9 

1.7 
1.2 
1.1 
1.7 
3.1 
3.1 

1.2 

Na 

m.e./l 

5.3 
7.0 

10.9 
12.7 
6.7 
2.2 

2.2 
4.1 
6.1 
8.3 
8.4 
2.2 

3.2 
4.2 
6.6 
9.8 
6.4 
2.2 

1.3 

Ra t io of Ca 
to Mg 

3.3 
4.3 
4.2 
4.1 
4.1 
4.0 

5.1 
5.6 
4.5 
4.2 
4.0 
3.8 

3.1 
3.7 
4.1 
4.4 
4.2 
4.0 

5.4 

SAR* 

(mmoles/l)1'2 

2.3 
2.0 
2.9 
3.4 
1.8 
0.7 

1.3 
2.5 
2.8 
3.0 
2.7 
0.8 

1.8 
2.5 
4.0 
4.6 
2.2 
0.8 

0.7 

Na 
* SAR = —-——— (mmoles/l)^ 

VCa + Mg 

so that in the fifth year of the experi-
ment a higher Ca concentration was 
found in drainage from the (NH4)2S04 

treatment. Furthermore, the absence of 
a higher Ca concentration in drainage 
from the Ca(N03)2 as compared with 
the NH4OH treatment suggests that 
the Ca from Ca(N03)2 was largely 
precipitated. As shown in the section on 
salinity, the soils receiving these two 
fertilizer treatments had practically the 
same amounts of soluble Ca. 

Data on the HC0 3 content of the 
drainage water are not presented. In all 
cases CaC03 precipitated in the drain-
age water as soon as it was exposed to 
the air for an hour or more, indicating 
that the C02 pressure in the soil was 
higher than in the atmosphere above the 
water in the receiving tanks. Anions 
other than HC0 3 were determined on 
a nonacidified sample of drainage wa-

30 

^ 60 
E u 

X 
1— 
o. 
LU 

O 90 

120 

150 

Ca(N03)2\ 

-

-

-

1 

\NH4OH 

T^(NH4)2S04 

1 t 

0 10 20 30 40 

TOTAL SOLUBLE CATIONS (m.e. per liter) 

Fig. 3. Belationships between soluble cations 

and soil depth for soil number 3, treated with 

three N sources for five years. 
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TABLE 10 

pH OF SOIL PASTE ON SAMPLES TAKEN BEFORE AND AFTER FIVE YEARS OF 
TREATMENT WITH THREE N SOURCES 

Soil no. 

1 

2 

3 

4 

D e p t h 

cm 

0-15 
15-30 
30-60 
60-90 
90-120 

120-150 

0-15 
15-30 
30-60 
60-90 
90-120 

120-150 

0-15 
15-30 
30-60 
60-90 
90-120 

120-150 

0-15 
15-30 
30-60 
60-90 
90-120 

120-150 

p H wi th fertilizer t r e a t m e n t s of: 

(NH 4 ) 2 S0 4 

6.6 
7.6 
7.6 
7.6 
7.6 
7.4 

4.7 
6.0 
6.6 
6.7 
6.6 
6.4 

5.6 
7.0 
7.2 
7.1 
7.0 
7.2 

7.8 
8.0 
8.0 
7.9 
7.8 
7.8 

Ca(N0 3 ) 2 

7.8 
7.8 
7.7 
7.8 
7.8 
7.8 

7.8 
7.9 
7.8 
7.2 
6.9 
7.0 

7.6 
7.5 
7.4 
7.4 
7.2 
7.2 

7.8 
8.0 
8.0 
7.8 
7.8 
7.8 

N H 4 O H 

7.5 
7.8 
7.8 
7.6 
7.6 
7.6 

6.5 
7.4 
7.8 
7.3 
6.8 
6.6 

6.8 
7.2 
7.4 
7.3 
7.2 
7.0 

7.9 
8.0 
8.0 
8.0 
7.9 
7.9 

p H before 
t r e a tmen t 

7.4 
7.4 
7.4 
7.4 
7.4 
7.4 

6.8 
6.8 
6.8 
6.8 
6.8 
6.8 

7.2 
7.2 
7.2 
7.2 
7.2 
7.2 

7.8 
7.8 
7.8 
7.8 
7.8 
7.8 

ter, and the cations on a sample acidi-
fied with HC1 to dissolve the CaC03. 
The HCO3 was not determined directly 
but was calculated as the difference be-
tween cations and anions. No significant 
differences in HC0 3 content of the 
drainage water were associated with 
treatments or soils, except that the wa-
ter from the Holtville soil had much 
higher HC0 3 content than the others. 

Salinity. Data on the salinity of the 
soils, in terms of total soluble cations in 
the saturation extract before and after 
the experiment, are presented in table 
8. Those for soil 3 are shown in figure 3. 
No consistent differences in total solu-
ble cations between the Ca(N03)2 and 
NH4OH treatments were noted, but 
the (NH4)2S04 produced consistently 
higher soluble cations than did the 
other fertilizers, except in the 90- to 

150-cm depth of soil 4, where some of 
the original high salinity remained. 
Soil 4 was saturated with gypsum at 
the start, and the 90- to 150-cm depth 
was still saturated after the five-year 
experiment. 

The higher salinity with (NH4)2S04 

was undoubtedly a result of acidifica-
tion, which prevented CaC03 precipi-
tation, and of the introduction of the 
S04 anion, which is stable and is not 
absorbed in large amounts by plants 
nor precipitated until relatively high 
concentrations are present. In the case 
of Ca(N03)2, the anion was largely ab-
sorbed by plants and the Ca was mainly 
precipitated as CaC03. The N from 
NH 4 0H was mostly absorbed by plants 
in the NH4 or N0 3 state; thus its con-
tribution to the salinity in the soil was 
low. 
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TABLE 11 

N ADDED TO LYSIMETERS IN FERTILIZERS AND IRRIGATION WATER, AND 
REMOVED IN CROPS AND DRAINAGE WATER* 

Soil no. 

1 

2 

3 

4 

T r e a t m e n t means 

Soil m e a n s : 
1 
2 
3 
4 

Fertil izer 
t r e a t m e n t 

(NH 4 ) 2 S0 4 

C a ( N 0 3 ) 2 

NH4OH 

(NH4)2S04 

C a ( N 0 3 ) 2 

NH4OH 

(NH 4 ) 2 S0 4 

Ca (N0 3 ) 2 

NH4OH 

(NH4)2S04 
C a ( N 0 3 ) 2 

NH4OH 

(NH 4 ) 2 S0 4 

C a ( N 0 3 ) 2 

NH4OH 

N added in 
fertilizer a n d 

irrigation water 

21.6 
21.9 
21.9 

21.7 
21.6 
21.8 

21.9 
21.9 
21.8 

21.8 
21.7 
21.7 

21.8 
21.8 
21.8 

21.8 
21.7 
21.9 
21.7 

N removed in : 

Crops 

20.0bf 
23.6^ 
20.7b 

18.8 
21.6 
19.2 

35.8*1: 
33.4ab 

31.6b 

21.8 
25.2 
23.1 

24.1 
26.0 
23.6 

21.4bcf 

19.9" 
33.6* 
23.4b 

Dra inage 

1.1 
1.7 
0.5 

3.0 
3.6 
2.9 

6.0 
8.9 
5.3 

0.6 
0.9 
0.8 

2.7 
3.8 
2.4 

l . l b c j 
3.2b 

6.7« 
0.8° 

Added N minus 
removed 

0.5 
- 3.4 

0.7 

- 0.1 
- 3.6 
- 0.3 

- 1 9 . 9 
- 2 0 . 0 
- 1 5 . 1 

- 0.6 
- 4.4 
- 2.2 

- 5.0bf 
- 7.9* 
- 4.2b 

- 0.7bJ 
- 1.3b 
- 1 8 . 3 * 
- 2.4b 

* All un i t s are equiva len ts per t a n k . 
t Values wi th in each soil set no t hav ing a let ter in common differ a t t he 0.05 level. 
% Values wi th in each soil set no t hav ing a let ter in common differ a t the 0.01 level. 

Data on the soluble Ca, Mg, and Na 
ratios of soluble Ca to soluble Mg, and 
SAR (sodium adsorption ratio) values 
for soil 2 are given in table 9. The 
(NH4)2S04 treatment produced higher 
soluble Ca in the saturation extract, but 
the increase in total soluble cations was 
well distributed among the three cat-
ions in proportion to their exchange 
constants. The ratios of Ca to Mg and 
SAR values did not differ greatly as a 
result of treatment, but the Ca to Mg 
ratios were slightly higher with the 
Ca(N03)2. 

If acidification from (NH4)2S04 was 
highly effective in keeping Ca from pre-
cipitating, we should expect to find not 
just more Ca in the drainage, but more 
of all three cations. Drainage data for 
the fifth year (table 7) show this to be 
the case, but also show that the differ-

ences in Ca were statistically signifi-
cant, whereas those for Mg and Na were 
not. The five-year average shows that 
only in soil 1 was the Ca removed in 
the drainage higher in the (NH4)2S04 

than in the other two treatments. 
Data for the other three soils show 

the same pattern as that for soil 2 
(table 9). None of the differences in 
ratio of Ca to Mg and in SAR values 
could be attributed to the fertilizer 
treatments. 

Acidity. The pH values for soil sam-
ples taken before and after the five-year 
period of the experiment are given in 
table 10. The Ca(N03)2 increased the 
pH in all soils except soil 4, which had 
a pH of 7.8 at the start; thus accumu-
lation of CaC03 had no effect. The 
NH 4 0H had a very slight acidifying 
effect in the surface (0 to 15 cm) depth 
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TABLE 12 

Cl ADDED TO LYSIMETERS IN IRRIGATION WATER, AND REMOVED IN CROPS 
AND DRAINAGE WATER* 

Soil no. 

1 

2 

3 

4 

T r e a t m e n t means 

Soil m e a n s : 
1 
2 
3 
4 

Fertil izer 
t r e a t m e n t 

(NH4)2S04 
C a ( N 0 3 ) 2 

N H 4 O H 

(NH4)2S04 
Ca (N0 3 ) 2 

NH4OH 

(NH4)2S04 
Ca (N0 3 ) 2 

NH4OH 

(NH4)2S04 
Ca (N0 3 ) 2 

NH4OH 

(NH4)2S04 
Ca (N0 3 ) 2 

N H 4 O H 

Cl a d d e d in 
irrigation water 

4.85 
5.44 
5.46 

5.12 
5.17 
5.15 

5.60 
5.44 
5.32 

5.16 
5.07 
5.08 

5.18 
5.28 
5.26 

5.25 
5.15 
5.46 
5.10 

Cl removed in : 

Crops 

5.16 
5.52 
5.31 

4.92 
4.54 
4.78 

5.84 
5.06 
4.74 

6.89 
6.52 
6.29 

5.70*f 
5.41*b 

5.28b 

5.33bJ 
4.74c 
5.21c 
6.57a 

Dra inage 

0.94 
0.96 
0.84 

0.97 
1.34 
1.09 

1.60 
1.65 
2.00 

3.70 
5.56 
4.97 

1.80 
2.38 
2.22 

0.92bJ 
1.13b 
1.75b 
4.74a 

Added Cl m i n u s 
removed 

- 1 . 2 4 
- 1 . 0 4 
- 0 . 7 0 

- 0 . 7 7 
- 0 . 7 0 
- 0 . 7 1 

- 1 . 8 4 
- 1 . 2 6 
- 1 . 4 2 

- 5 . 4 6 
- 7 . 0 2 
- 6 . 1 8 

- 2 . 3 3 
- 2 . 5 0 
- 2 . 2 5 

- 0 . 9 9 b J 
- 0 . 7 3 b 

- 1 . 5 1 b 

- 6 . 2 2 a 

* All units are equivalents per tank. 
t Values within each soil set not having a letter in common differ at the 0.05 level. 
j Values within each soil set not having a letter in common differ at the 0.01 level. 

of soils 2 and 3, but none on soils 1 and 
4 at any depth because of their higher 
CaC03 contents. I t caused small in-
creases in pH in all other depths of 
soils 2 and 3. The overall effect of the 
NH 4 0H was a slight increase in pH. 
The (NH4)2S04 produced large de-
creases in pH of the surface 0 to 30-cm 
depth for soil 2 and 0 to 15-cm depth 
for soils 1 and 3. 

Evidently the amount of acidification 
from NH4OH was less than the alkal-
inity provided by the HC0 3 of the irri-
gation water, but the (NH4)2S04 pro-
duced more acid than could be counter-
acted by alkalinity of the water. The 
average quantity of HC0 3 added in the 
water was 22.9 equivalents per tank. 
On the basis of values from Millar and 
Turk (1951) for residual acidity for 
the fertilizer materials, the acid formed 

would have been approximately 10 and 
30 equivalents per tank, respectively, 
for NH4OH and (NH4)2S04. Thus, the 
results obtained in this experiment are 
consistent with previously reported 
data. 

In an earlier experiment, (NH4) 2S04 

at 390 pounds N per acre per year, ap-
plied in a citrus orchard irrigated with 
water from the same source as used in 
this lysimeter experiment, produced ex-
treme acidification of the surface 0 to 
30-cm depth of soil (Pratt et. ah, 
1959). The rate of application of N for 
the lysimeters was 420 pounds of N per 
acre per year, but the rate of water ap-
plication could have been 100 per cent 
higher than the field trial; therefore, 
more HC0 3 was added in the lysimeter 
test. 

Nitrogen. Data on the N added in 
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TABLE 13 

S ADDED TO LYSIMETERS IN IRRIGATION WATER, AND REMOVED IN CROPS 
AND DRAINAGE WATER* 

Soil no. 

1 

2 

3 

4 

T r e a t m e n t means 

Soil m e a n s : 
1 
2 
3 
4 

Fertil izer 
t r e a t m e n t 

(NH4)2S04 
C a ( N 0 3 ) 2 

N H 4 O H 

(NH4)2S04 
Ca (N0 3 ) 2 

N H 4 O H 

(NH4)2S04 
Ca (N0 3 ) 2 

N H 4 O H 

(NH 4 ) 2 S0 4 

Ca(NOs)2 

NH4OH 

(NH 4 ) 2 S0 4 

C a ( N 0 3 ) 2 

NH4OH 

S a d d e d in 
fertilizer a n d 

irrigation water 

28.6 
10.1 
10.3 

29.1 
9.0 
9.7 

30.0 
10.2 
10.0 

29.2 
9.7 
9.4 

29.2af 
9.8b 
9.9b 

16.3*bf 
15.9b 

16.7« 
16.1b 

S removed in : 

Crops 

1.8 
2.0 
2.0 

2.Oaf 
1.6b 
1.7b 

2.5»f 
2.1b 
2.1b 

2.0 
2.0 
1.9 

2.1 
1.9 
1.9 

1.9bcf 

1.8" 
2.2* 
2.0b 

Dra inage 

9.7 
5.3 
7.0 

4.1 
2.7 
2.7 

4.2 
3.0 
2.9 

28.9 
28.5 
32.5 

11.7 
9.9 

11.3 

7.3bf 
3.2» 
3.4c 

30 .1* 

Added S minus 
removed 

17.0 
2.8 
1.4 

22.9 
4.7 
5.3 

23.3 
5.1 
5.0 

- 2.3 
- 2 0 . 8 
- 2 5 . 3 

15.2»t 
- 2.0b 
- 3.4b 

7.1bf 
11.0a 

11.1a 

- 1 6 . 1 c 

* All units are equivalents per tank. 
t Values within each soil set not having a letter in common differ at the 0.01 level. 

fertilizer and irrigation water, removed 
by crops and in drainage water are 
shown in table .11. Of the average of 
21.8 equivalents of N added during the 
course of the experiment, 19.5 came 
from fertilizer and 2.3 from the irriga-
tion water. No differences in added N 
were related to treatments or soils. 

Although the effect of treatment on 
N removed by crops was not significant, 
the ratio of N removal to total crop 
yield was consistently higher with the 
Ca(N03)2 treatment as compared with 
the NH4 sources. Also, the average 
amounts of N in plants were 2.07, 2.66, 
and 2.16 per cent, respectively, for 
(NH4)2S04, Ca(N03)2, and NH4OH. 
Thus, there was some indication that 
the Ca(N03)2 was the most effective in 
keeping N available to plants, although 
the difference was small and did not 
produce differences in plant growth. 

The largest amount of N removed by 
crops and in drainage water, as well as 
the highest negative balance or deple-
tion, occurred with soil 3. This soil was 
relatively high in organic matter, un-
doubtedly the source of the removed N. 
Soils 1, 2, and 4 are more typical of the 
irrigated soils of southern California. 

Chloride. Data on added, removed, 
and depleted Cl are given in table 12. 
The removal by crops and by drainage 
was, in all treatments of all soils, 
greater than the quantity added in the 
water; thus Cl was depleted rather 
than accumulated. Chard removed 
slightly more Cl than did corn. 

The fertilizer treatments had no 
measurable effect on Cl, except that 
with the (NH4)2S04, crops removed 
slightly more than with the NH4OH. 
There is no apparent reason for the 
S04 anion to promote Cl absorption, 
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TABLE 14 

Ca ADDED TO LYSIMETERS IN FERTILIZER AND IRRIGATION WATER, AND 
REMOVED IN CROPS AND DRAINAGE WATER* 

Soil no. 

1 

2 

3 

4 

T r e a t m e n t means 

Soil m e a n s : 
1 
2 
3 
4 

Fertil izer 
t r e a t m e n t 

(NH4)2S04 
C a ( N 0 3 ) 2 

N H 4 O H 

(NH 4 ) 2 S0 4 

C a ( N 0 3 ) 2 

N H 4 O H 

(NH4KSO4 
C a ( N 0 3 ) 2 

N H 4 O H 

(NH 4 ) 2 S0 4 

C a ( N 0 3 ) 2 

N H 4 O H 

(NH4)2S04 

C a ( N 0 3 ) 2 

N H 4 O H 

Ca added in : 
water a n d 
fertilizer 

19.7°t 
41.4a 
22.1b 

20.7bf 
39.1^ 
21.0b 

22.7bf 
41.5« 
21.7b 

20.9bf 
40.1* 
20.7b 

21.0bf 
40.5a 
21.4b 

27.7af 
26.9b 
28.6a 
27.2b 

Ca removed in : 

Crops 

3.0 
3.6 
3.2 

2.8 
3.4 
2.8 

4.8 
4.3 
4.2 

2.9 
3.1 
2.9 

3.4 
3.6 
3.3 

3.3bf 
3.0b 
4.5a 
3.0b 

Dra inage 

13.4af 
9.1b 

10.0b 

7.9 
7.8 
7.0 

13.2 
13.6 
13.0 

14.7 
16.2 
14.7 

12.3 
11.7 
11.2 

10.9<=f 
7.6d 

13.2b 
15.2a 

A d d e d Ca m i n u s 
removed 

3.3°t 
28.6a 

8.9b 

10.0bf 
27.9a 
11.2b 

4.7bf 
23.6* 

4.5b 

3.3bf 
20.8a 

3.1b 

5.3<>t 
25.2a 

6.9b 

13.6bf 
16.4a 

10.9c 
9.Id 

* All units are equivalents per tank. 
t Values within each soil set not having a letter in common differ at the 0.01 level. 

and since (NH4)2S04 resulted in no 
consistently higher yields, the conclu-
sion may be drawn that the differences 
in Cl removal by crops were random 
and therefore independent of fertilizer 
treatment, 

The difference in soil means for Cl 
removal and depletion are mostly a re-
sult of the much higher Cl content of 
soil 4 at the start of the five-year period 
of data collection. 

Sulfur. Data on the S added, re-
moved, and accumulated or depleted 
are presented in table 13. Eemoval of S 
by crops was higher in two of the four 
soils with the (NH4)2S04 treatment 
than with the other two, but the over-
all effect of removal by crops was very 
small. Evidently the irrigation water 
provided nearly as much as the plants 
could absorb and translocate to the har-
vested portion. The treatments had no 

measureable effect on removal of S04 in 
the drainage water. Thus, the 19.5 
equivalents of S04 added as (NH4) 2S04 

mostly accumulated as soluble S04 in 
the soil. 

The differences in soil means are 
mostly a result of higher yields and 
higher water use by soil 3, except the 
higher S removal in the drainage water 
from soil 4, which resulted from the 
high original CaS04 content of this 
soil. 

In contrast to the data on Cl, more 
S was removed in the drainage water 
than by crops, and more by corn than 
by chard. There was, except for soil 4, 
an accumulation rather than a deple-
tion. 

Calcium. Data on added, removed, 
and accumulated Ca are presented in 
table 14. Removal of Ca was much 
greater by drainage than by crops. 
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TABLE 15 

Mg ADDED TO LYSIMETERS IN IRRIGATION WATER, AND REMOVED IN CROPS 
AND DRAINAGE WATER* 

Soil no . 

1 

2 

3 

4 

T r e a t m e n t means 

Soil m e a n s : 
1 
2 
3 
4 

Ferti l izer 
t r e a t m e n t 

(NH 4 ) 2 S0 4 

C a ( N 0 3 ) 2 

N H 4 O H 

(NH4)2S04 
Ca (N0 3 ) 2 

N H 4 O H 

(NH 4 ) 2 S0 4 

Ca (N0 3 ) 2 

NH4OH 

(NH 4 ) 2 S0 4 

C a ( N 0 3 ) 2 

NH4OH 

(NH 4 ) 2 S0 4 

C a ( N 0 3 ) 2 

NH4OH 

Mg a d d e d in 
irrigation water 

6.32 
7.01 
7.12 

6.64 
6.25 
6.73 

7.04 
7.05 
6.94 

6.72 
6.58 
6.59 

6.68 
6.72 
6.84 

6.82abf 
6.54b 
7.01* 
6.63b 

Mg removed i n : 

Crops 

2.78 
3.60 
3.29 

2.58 
3.65 
2.74 

4.79 
4.63 
4.21 

3.50 
4.16 
3.78 

3.42b$ 

4.01a 
3.50b 

3.23°i 
2.99c 
4.54a 
3.82b 

Dra inage 

3.61 
2.69 
3.18 

2.70abf 
3.82a 
2.00b 

4.97 
4.44 
4.96 

13.00bf 
15.28a 

11.58c 

6.07abf 
6.56* 
5.43b 

3.16«J 
2.84° 
4.79b 

13.29a 

A d d e d Mg m i n u s 
removed 

- 0 . 0 8 
0.72 
0.64 

1.36»t 
- 1 . 1 6 b 

2.00a 

—2 72 
- 2 . 0 2 
- 2 . 2 2 

- 9 . 7 9 a J 
-12 .87b 
- 8 . 7 7 a 

- 2 . 8 1 a J 
- 3 . 8 3 b 
- 2 . 0 9 a 

0.43a$ 
0.73a 

- 2 . 3 2 b 

-10 .48« 

* All units are equivalents per tank. 
t Values within each soil set not having a letter in common differ at the 0.05 level. 
t Values within each soil set not having a letter in common differ at the 0.01 level. 

However, removal by drainage was not 
influenced by fertilizer treatment ex-
cept in soil 1, where removal was great-
est with the (NH4)2S04. This result is 
consistent with data on Ca content of 
drainage water for the fifth year of the 
experiment, in which the Ca removed 
was greatest with the (NH4) 2S04 treat-
ment. The 19.5 equivalents of Ca per 
tank, added in the form of Ca(N03)2, 
were mostly accumulated in the soil, 
and did not show as soluble Ca. The 
Ca was presumably precipitated as 
CaC03. 

Magnesium. Data on the added and 
removed Mg are given in table 15. Ex-
cept for soil 4, which had relatively 
high salinity at the start, the amount 
of Mg removed was about equally dis-
tributed between removal by crops and 
that by drainage. In soils 3 and 4, Mg 

was depleted under all treatments, 
whereas in soils 1 and 2 it tended to 
accumulate. No evidence in these data 
supports the idea that Mg was precipi-
tated in the soil. 

In soils 2 and 4 there was evidence 
that the Ca(N03)2 treatment caused 
greater Mg removal in the drainage and 
thus greater total removal as compared 
with the other two N sources. However, 
this greater depletion of Mg with the 
Ca(N03)2 did not show in decreased 
soluble or exchangeable Mg. 

Sodium. Data on Na are given in 
table 16. Except for soil 4, Na was re-
moved mostly by crops, and nearly all 
by the chard. Soils 1, 2, and 3 accumu-
lated Na, whereas soil 4 lost Na. The 
accumulated Na, however, was not suf-
ficient to show as increased exchange-
able Na in the soil. 
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TABLE 16 

Na ADDED TO LYSIMETERS IN IRRIGATION WATER, AND REMOVED IN CROPS 
AND DRAINAGE WATER* 

Soil no. 

1 

2 

3 

4 

T r e a t m e n t means 

Soil m e a n s : 
1 
2 
3 
4 

Fert i l izer 
t r e a t m e n t 

(NH 4 ) 2 S0 4 

Ca(N03)2 
N H 4 O H 

(NH4)2S04 
Ca(N03)2 
N H 4 O H 

(NH4)2S04 
C a ( N 0 3 ) 2 

N H 4 O H 

(NH 4 ) 2 S0 4 

C a ( N 0 3 ) 2 

N H 4 O H 

(NH4)2S04 
C a ( N 0 3 ) 2 

NH4OH 

Na a d d e d in 
irrigation water 

11.4b | 
12.6a 
12.7a 

11.9 
11.2 
12.0 

13.0 
12.7 
12.4 

12.0 
11.8 
11.8 

12.1 
12.1 
12.3 

12.2abf 

11.7b 
12.7a 
11.9b 

Na removed in : 

Crops 

2.59bJ 
4.38a 
3.58ab 

3.08 
4.26 
3.09 

7.37a | 
6.20ab 
5.60b 

5.81 
6.99 
6.78 

4.71bJ 
5.46a 
4.76b 

3.52bf 
3.48b 
6.39* 
6.53a 

Dra inage 

0.56 
0.34 
0.45 

0.92 
0.95 
0.78 

1.54 
1.29 
1.38 

14.52bf 
19.93a 
18.10a 

4.38 
5.63 
5.18 

0.45bf 
0.88b 
1.40b 

17.51a 

A d d e d N a 
m i n u s removed 

8.2 
7.8 
8.7 

7.9 
5.9 
8.2 

4.2 
5.2 
5.5 

- 8.3af 
- 1 5 . 1 b 
- 1 3 . 0 b 

3 .On 
1.0b 
2.3ab 

8.2»f 
7.3ab 
4.7b 

- 1 2 . 1 " 

* All un i t s are equiva len ts per t a n k . 
f Values wi th in each soil set not having a let ter in common differ a t t he 0.01 level. 
t Values wi th in each soil set no t hav ing a let ter in common differ a t t he 0.05 level. 

Potassium. Data on added, removed, 
and depleted K are presented in table 
17. The fertilizer treatments had no 
effect on K removal except for soil 3 
in which the (NH4)2S04 resulted in 
removal of more K by crops as com-
pared with the NH4OH. Differences 
among soils were significant in all col-
umns (table 17), and were related to 
differences in yield and to native supply 
of available K. Differences in added K, 
however, were related to the quantity 
of water added. There was an inverse 
relationship between K removed by 
crops and that removed by drainage 
water. About 85 per cent was removed 
by corn and 16 per cent by chard. 

The relations between depth and 
NH4OAc-extracted K at start and end 
of the experiment for soils 1 and 4 are 
shown in figure 4; relations for soils 2 

30 

^60 

90 

120 

150 

O (NH4)2S04 treatment 
• Average of 

Ca(N03)2+MI4OH 
treatment 

0.2 0.4 0.6 0.8 
POTASSIUM (m.e. per 100 gm) 

1.0 

Fig. 4. Belationships between soil depth and 
NH4OAc-extracted K at start and at end of the 
experiment for soils 1 and 4. 
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TABLE 17 

K ADDED TO LYSIMETERS IN IRRIGATION WATER, AND REMOVED IN CROPS 
AND DRAINAGE WATER* 

Soil no. 

1 

2 

3 

4 

T r e a t m e n t means 

Soil m e a n s : 
1 

2 
3 
4 

Fertil izer 
t r e a t m e n t 

(NH4)2S04 
Ca (N0 3 ) 2 

N H 4 O H 

(NH4)2S04 
Ca (N0 3 ) 2 

NH4OH 

(NH4)2S04 

Ca (N0 3 ) 2 

N H 4 O H 

(NH4)2S04 
Ca(N0.3)2 

N H 4 O H 

{NH4)2S04 
C a ( N 0 3 ) 2 

N H 4 O H 

K a d d e d in 
irrigation water 

0.50b| 
0.56* 
0.56a 

0.52 
0.50 
0.54 

0.58 
0.56 
0.55 

0.53 
0.52 
0.49 

0.53 
0.54 
0.54 

0.54*b$ 
0.52b 
0.56^ 
0.52b 

K removed in : 

Crops 

11.4 
12.7 
12.3 

10.8 
10.8 
10.7 

15.7»t 
14.lab 

13.6b 

12.0 
12.2 
11.5 

12.4 
12.4 
12.0 

12.1b | 
10.8" 
14.5« 
11.9b 

Dra inage 

0.41 
0.36 
0.40 

0.58 
0.50 
0.50 

0.24 
0.23 
0.24 

0.43 
0.48 
0.44 

0.42 
0.39 
0.40 

0.39b$ 
0.53^ 
0.24c 
0.45*b 

Added K m i n u s 
removed 

- 1 1 3 
- 1 2 . 5 
- 1 2 . 1 

- 1 0 8 
- 1 0 . 8 
- 1 0 . 7 

- 1 5 . 4 
- 1 3 . 8 
- 1 3 . 3 

- 1 1 . 8 
- 1 2 . 1 
- 1 1 . 4 

- 1 2 . 3 
- 1 2 . 3 
- 1 1 . 9 

- 1 2 . 0 b J 
- 1 0 . 8 ° 
- 1 4 . 2 a 
- 1 1 . 8 b 

* All un i t s are equ iva len ts per t a n k . 
t Values wi th in each soil set not hav ing a let ter in common differ a t t he 0.05 level. 
X Values wi th in each soil set no t having a let ter in common differ a t t h e 0.01 level. 

and 3 were similar. The differences be-
tween the K values at the start and at 
the end represent the reduction in ex-
changeable K, mostly as a result of re-
moval by crops. These reductions 
amounted to approximately 5.1, 3.6, 6.3, 
and 5.4 equivalents per tank, respec-
tively, for soils 1 through 4. This de-
crease in exchangeable K represented 
33 to 46 per cent of the total depletion 
of K from the tank. Potassium deple-
tion minus the decrease in exchangeable 
K must represent the release from non-
exchangeable forms. 

Because the soils, at the start of the 
experiment, were uniform in K content 
at all depths, the decrease in K during 
cropping should represent a root-activ-
ity distribution pattern. Table 18 shows 
distribution of root activity as indi-
cated by percentages of total exchange-

TABLE 18 

ROOT ACTIVITY OF CHARD AND 
CORN AT VARIOUS DEPTHS IN FOUR 

LYSIMETER SOILS, AS INDICATED 
BY REMOVAL OF EXCHANGEABLE 

K FROM SOIL 

Soil depth 

cm 

0-30 
30-60 
60-90 
90-120 

120-150 

Exchangeable K removed from soil no.: 

1 

per cent 

27 
26 
21 
15 
11 

2 

per cent 

44 
34 
15 
4 
3 

3 

per cent 

24 
25 
22 
16 
13 

4 

per cent 

34 
32 
19 
11 

4 

able K removed from the soil. Boot dis-
tribution in soils 1 and 3 was fairly 
uniform as compared with soils 2 and 
4, in which root activities were more 
highly concentrated in the surface 
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layers. Soil 2, with the least root activ-
ity in the lower depths, produced the 
lowest yields of both crops. Observa-
tions during the irrigation and during 

Crop yields. Treatments made with 
(NH4)2S04 , Ca(N03)2 , or NH4OH pro-
duced no differences in yield of corn 
grown during the spring and early sum-
mer or in Swiss chard grown during the 
autumn and winter. The rate of N ap-
plication, which was the same for all 
sources, was sufficient to prevent defici-
encies, but was not excessive, judging 
from the low level of N0 3 in drainage 
waters. Variations in yields of crops 
from different soils were probably 
caused by the physical or biological 
differences among soils. 

Irrigation and drainage water. Total 
irrigation water used was largely deter-
mined by yields of crops and thus was 
related to soils rather than to treat-
ments. The drainage water represented 
6.6 to 8 per cent of the water added 
(average, 7.4). 

Crops removed a large fraction of the 
salt added to the soil in irrigation water. 
When salt in the irrigation water was 
low, removal by crops was a significant 
factor in reducing the need for leaching, 
but this effect lessened with water of 
higher salt content. 

During the first year of operation of 
the lysimeters the drainage water from 
certain tanks had relatively high Mn 
and Fe concentrations and relatively 
low N0 3 and S0 4 concentrations, indi-
cating losses of N and S by reduction. 
During the second year, this was less 
pronounced, and did not occur there-
after. 

The drainage water during the fifth 
year of operation showed higher Ca con-
centration from tanks treated with 
(NH4)2S04 than from tanks treated 
with Ca(N03)2 or NH4OH. Since the 
Ca(N03)2- and NH4OH-treated tanks 
produced the same amount of Ca in the 

periods of leaching indicated that soil 
2 had the lowest water intake rate and 
the lowest rate of water conductivity 
through the columns. 

drainage water, the Ca added as 
Ca(N03)2 was either precipitated or 
accumulated as soluble salt. 

Salinity. The (NH4)2S04 produced 
a much higher soluble-salt content in 
the soil than did the other N sources. 
The absence of differences between 
Ca(N03)2 and NH 4 0H treatments sug-
gests that the Ca added as Ca(N03)2 

was precipitated, presumably as CaC03. 
The acidification from (NH4)2S04 was 
evidently responsible for keeping a 
higher total salt content in the soil. 

Acidity. The Ca(N03)2 increased soil 
pH except where the original pH was 
7.8 or higher. The (NH4)2S04 produced 
more acidity than the alkalinity of 
the water could counteract, whereas 
NH 4 0H produced less. 

Nitrogen. The N sources produced no 
differences in yields, but Ca(N03)2 re-
sulted in higher total N in crops. One 
soil with a high total organic matter 
contributed large amounts of N0 3 to the 
drainage water, but amounts from the 
other three soils were low. 

Chloride. Depletion of Cl resulted 
mostly from removal by crops. 

Sulfur. Sulfur added in (NH4)2S04 

accumulated in the soil mainly as sol-
uble S04 . General accumulation of S0 4 

occurred with all treatments and in all 
soils except one, which had a solid-phase 
CaS04, and lost S0 4 during the experi-
mental period. 

Calcium. This element accumulated 
in all cases. In one soil, loss of Ca was 
greater from the (NH4)2S04 than from 
Ca(N03) 2 and NH 4 0H treatments. The 
Ca from Ca(N03) 2 accumulated mainly 
in an insoluble form. 

Magnesium. In most soils and treat-
ments, Mg was depleted. Removal by 
crops and in drainage was about equal 

SUMMARY 
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except for one soil, which had a rela- by crops. Decreases in exchangeable K 
tively high salt content at the start of represented 33 to 46 per cent of that 
the experiment. removed by crops. Eelease from nonex-

Sodium. Three soils accumulated Na, changeable forms represented 54 to 67 
but one showed a large net loss of this per cent. Distribution of exchangeable 
element. K at the end of the experiment indi-

Potassium. Net losses of K were great cated a correlation between root depth 
in all cases, mostly as a result of removal and yield in corn. 

ACKNOWLEDGMENTS 
Financial assistance from the California Fertilizer Association, Hercules 

Powder Co., California Chemical Co., American Potash and Chemical Corp., Col-
lier Carbon and Chemical Corp., Shell Chemical, Kaiser Steel Corp., DiGiorgio 
Fruit Corp., Stauffer Chemical Co., Westvaco, and Agricultural Ammonia Service, 
Inc. is gratefully acknowledged. 

LITERATURE CITED 
BOWER, C. A. 

1961. Predictions of the effects of irrigation waters on soils. Salinity problems in the arid 
zones. Proc. UNESCO Teheran Symposium. Arid Zone Eesearch X I V : 215-22. 

BROADBENT, F . E., and H. D. CHAPMAN 

1949. A lysimeter investigation of gains, losses, and balance of salts and plant nutrients in an 
irrigated soil. Soil Sci. Soc. Amer. Proc. 14:263-69. 

CHAPMAN, H.D., G. F . LIEBIG, and D. S. RAYNER 

1949. A lysimeter investigation of nitrogen gains and losses under various systems of cover-
cropping and fertilization, and a discussion of error sources. Hilgardia 19(3) :57-128. 

HARROLD, L. L., and F . R. DREIBELBIS 

1958. Evaluation of agricultural hydrology by monolith lysimeters. USDA Tech. Bui. 1179. 
KOHNKE, H., F . R. DREIBELBIS, and J . M. DAVIDSON 

1940. A survey and discussion of lysimeters and a bibliography on their construction and per-
formance. USDA Misc. Pub. 372. 

MILLAR, C. E., and L. M. TURK 

1951. Soil science. New York: John Wiley and Sons, Inc., 510 pp. 
PRATT, P . F. , and F . L. BAIR 

1964. Depletion and accumulation of trace elements in irrigated soils. California Agriculture 
18(6) :11 . 

PRATT, P . F. , and H. D. CHAPMAN 

1961. Gains and losses of mineral elements in an irrigated soil during a 20-year lysimeter in-
vestigation. Hilgardia 30 (16 ) : 445-67. 

PRATT, P . F. , R. L. BRANSON, and H. D. CHAPMAN 

1960. Effect of crop, fertilizer and leaching on carbonate precipitation and sodium accumula-
tion in soil irrigated with water containing bicarbonate. Seventh Intern. Congr. Soil Sci., 
Madison, Wisconsin, 11:185-92. 

PRATT, P . F., R. B. HARDING, W. W. J O N E S , and H. D. CHAPMAN 

1959. Chemical changes in an irrigated soil during 28 years of differential fertilization. Hil-
gardia 28 (15) : 381-420. 

To simplify the information, it is sometimes necessary to use trade names of products or equip-
ment. No endorsement of named products is intended nor is criticism implied of similar products 
not mentioned. 

4m-6, '67(H1048)B.R.-L.L. <j^Hj^^> 141 





The journal IIILCARDIA is published at irregular intervals, 
in volumes of about 650 to 700 pages. The number of issues 
per volume varies. 

Single copies of any issue may be obtained free, as long as 
the supply lasts; please request by volume and issue number 
from: 

Agricultural Publications 
University Hall 
University of California 
Berkeley, California 94720 

The limit to nonresidents of California is 10 separate titles. 
The limit to California residents is 20 separate titles. 

The journal will be sent regularly to libraries, schools, or 
institutions in one of the following ways: 

1. In exchange for similar published material on research. 

2. As a gift to qualified repository libraries only. 

3. On a subscription basis—$7.50 a year paid in advance. 
All subscriptions will be started with the first number 
issued during a calendar year. Subscribers starting dur-
ing any given year will be sent back numbers to the first 
of that year and will be billed for the ensuing year the 
following January. Make checks or money orders pay-
able to The Regents of The University of California; 
send payment with order to Agricultural Publications 
at above address. 




