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A LYSIMETER STUDY OF THE NITROGEN
BALANCE IN IRRIGATED ARID SOILS
BY H. V. SMITH

INTRODUCTION
The natural supply of nitrogen in soils is relatively meager, so
that this element has been accepted as one of the "limiting"
elements of crop production. The nitrogen problem is somewhat
different in arid and humid regions. Under moist conditions, a
higher nitrogen and organic matter content prevails than in the
drier regions. Also, leaching is at a minimum in arid regions.
A limited number of observations in recent years seems to indicate that arid and semiarid soils, while usually containing smaller
amounts of nitrogen than humid soils, do not lose their nitrogen
as readily when cropped in a similar manner over long periods of
time. Some cases have been noted in which the nitrogen content of
the semiarid soils has apparently increased after several years of
cropping, due probably to symbiotic or nonsymbiotic nitrogen
fixation or to the cropping practices employed.
It is of great importance in any system of permanent agriculture
to know the trend of the nitrogen content of the soil during periods
in which the soil is continuously cropped. Investigations along
this line may be divided into two groups, those which have been
conducted in lysimeters and those which have been conducted in
the field.
Many nitrogen-balance investigations have been conducted in
lysimeters under rigidly controlled conditions in the more humid
regions of the world where percolation of rainfall through the soil
is usual. Fewer such investigations have been made in arid and
semiarid regions. It is the purpose of this bulletin to discuss the
nitrogen balance in arid irrigated soils when cropped in lysimeters.
Similar investigations conducted at other stations will be briefly
reviewed for comparison with Arizona results.
In Connecticut (11) and (27) nitrogen losses from the soil in
lysimeters over a ten-year period have ranged from 81 to 670
pounds per acre. The larger losses were on fallow ground or on
soils which had received nitrogenous fertilizers. In other lysimeters these changes were converted to gains when cover crops in
addition to the regular cash crops were used.
In Florida, Benson and Barnette (2) conducted leaching experiments on lysimeters containing soil which had been fertilized
with various forms of nitrogenous material. Because of the sandy
nature of the soil, all nitrogen applied as nitrate was lost and one
third of the ammonium-nitrogen applied as ammonium sulphate
259
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was leached from the soil. The leaching of the ammonium ion
from ammonium phosphate was slight.
Lysimeter investigations in India (36) indicated large amounts
of nitrogen lost in the percolate of lysimeters.
Both the Cornell (21) and Geneva (9, 10) Experiment stations
have conducted extensive investigations along the lines of
nitrogen-balance in lysimeters. At Geneva, Collison, Beattie, and
Harlan have reported heavy losses of nitrogen from the soil by
way of the drainage water. Even when alfalfa occupied the soil
one half the time, 1,146 pounds of nitrogen per acre were lost in
sixteen years. In only one case was there any appreciable gain
in nitrogen. This was in the surface soil in the tank receiving
dried blood throughout the period. Taken as a whole, every tank
contained less nitrogen at the end of the period than at the beginning. Losses of nitrogen from the soils under investigation were
as great as 19 per cent. Actual losses in pounds per acre varied
from 649 to 3,048.
Lyon and Bizzell (21), working with lysimeters at Cornell,
report the annual loss of about 10 pounds of nitrogen per acre
from cropped lysimeters and about 70 from uncropped tanks.
Burt and Leather (7) conducted nitrogen investigations in
drain gages and noted rather high nitrogen losses in the drainage
water.
Mooers, Maclntire, and Young (26) found that nitrate added to
Tennessee soils in lysimeters is rather rapidly and completely
leached from the soil. In making a nitrogen balance it was found
that no nitrogen was fixed by nonsymbiotic means.
Russell and Richards (28), conducting experiments at Rothamsted in lysimeters, have reported similar losses of nitrogen due
to leaching.
There have been many other lysimeter studies on soils, but
those already cited give a fair representation of the work accomplished to date. For a more comprehensive survey of lysimeter
work the reader is referred to the publication of Kohnke,
Dreibelbis, and Davidson (20).
The results reported for humid region soils are in decided contrasts to those conducted in arid and semiarid regions where the
annual precipitation is less than 20 inches or where the range is
from 3 to 12 inches, as it is in southern Arizona (31). Under these
conditions, leaching of the soils to great depths is rarely if every
observed.
In Palestine, Winnik (39), who worked on the nitrogen-balance
of soils in lysimeters for a ten-year period, reported that "taking
into consideration the nitrogen content of the crops during 10
years, additions in rainfall or manures, percolation, and nitrogen
content of the soil at the beginning and end of the period we find
a nitrogen balance showing a considerable gain in nitrogen in
soil, especially associated with the growing of leguminous crops
in rotation/1 As indicated previously, there is a general feeling
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among investigators in arid and semiarid regions that a radical
difference exists in the nitrogen balance of cultivated soils under
humid and semiarid conditions. Much of the evidence has been
secured by comparing adjacent cropped and virgin soils. For
example, Bradley (4) compared the nitrogen content of several
cultivated and adjacent virgin soils in eastern Oregon and concluded there was practically no loss in nitrogen during twentyfive years of cultivation. Stewart (32) and Stewart and Hurst
(33), in reporting the effect of tillage, indicate that on the average
different Utah soils which have been cultivated from eight to
forty-one years have practically as much nitrogen as adjacent
virgin soils. In one case the average of fifteen cultivated samples
of soil averaged 0.1141 of nitrogen while three near-by virgin
samples averaged only 0.0763 per cent. In eastern Washington,
Thatcher (35) found no significant difference in the nitrogen
content of virgin and cultivated soils.
Swanson and Latshaw (34) made comparisons of the nitrogen
content of cultivated and virgin Kansas soils from three different
rainfall-zone areas. In the area receiving over 30 inches of rainfall,
the cultivated samples showed an average loss of 32.13 per cent
nitrogen. In the 22- to 30-inch rainfall zone the losses averaged
23.75 per cent, while in the semiarid zone, in which the rainfall
was less than 22 inches, the nitrogen losses were 20.48 per cent.
Two areas were studied in which the rainfall was less than 20
inches per year. There were no significant differences between
the nitrogen content of cultivated and virgin soils, even after
twenty or thirty years of grain farming.
In India, Wilsdon and Ali (38) report for 1916 that the fixation
of nitrogen in four soils was equal to the amount originally in the
soil. In subsequent years they were unable to show such large
gains, and at times substantial losses were reported.
Further evidence favoring the free fixation of nitrogen was
advanced by Headden (17) when he explained the cause of "niter
spots" in Colorado on the basis of free-living bacteria.
Gainey, Sewell, and Latshaw (14), working with the semiarid
soils of western Kansas, found changes of from plus 9 (+9)
pounds of nitrogen per acre to minus 551 (—551) pounds at three
different stations over a period of twelve years. The difference is
attributed to the system of cropping used and the location of the
experimental fields. They show also that the inclusion of sorghums in the rotation is conducive to excessive nitrogen losses
from the soil.
In eastern Washington, Seivers and Holtz (30) have shown
that losses from cropped lands as compared with those from virgin
soil amounted to 22.1 per cent nitrogen.
Bracken and Greaves (3) investigated changes in the nitrogen
content of soils from nine dry farms in Cache Valley, northern
Utah, and twelve in Juab Valley, central Utah, by comparing
cultivated with virgin soil. Serious losses of nitrogen from the
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soils were reported. The nitrogen equilibrium level for Cache
Valley soils appears to be about 0.17 per cent nitrogen, while the
soils from the Juab Valley seem to be near 0.09 per cent. It is
assumed that leaching is not a factor in accounting for the nitrogen losses, but "the major part of the loss, however, is assumed to
have taken place in some other way not well understood, likely
as a result of chemical and biological changes resulting in volatilization of nitrogen in some form."
Finnell (12) reports small losses of nitrogen from cropped soils
in the panhandle of Oklahoma. The average total nitrogen decline
in the 6-foot soil section during the period of twenty-two years
since the land had been broken from the native sod was approximately 50 pounds per acre per year. Approximately 20 pounds
of this annual loss could be accounted for m crops removed, leaving 30 pounds to be divided among losses by leaching, volatilization, etc.
It is obvious that there is a serious disagreement in the results
of those who have investigated the nitrogen balance in arid and
semiarid regions. In most cases samples from cultivated fields
and adjoining areas were taken for comparison. This procedure is
open to question because of the many assumptions which must be
made. In only a few cases were "before and after" analyses made
on the same soil. In addition, most of the investigations were
made in the field, where percolation losses could not be measured
or controlled. Very few of the nitrogen-balance experiments
reported have been under irrigated conditions.
It is the purpose of this bulletin to present the results of two sixyear rotations of crops grown on soils in lysimeters located on
the campus of the University of Arizona. The matter of prime
interest which will be considered is the nitrogen balance of the
soil. In addition to determining the nitrogen balance, such additional information as crop yields, response of crops to water, effect
of rotation on crop yields, and the composition of the crops as a
result of different treatments was obtained.
DESCRIPTION OF LYSIMETERS
The lysimeters used are 5 feet deep and 4 feet square. They
project about 6 inches above the surface of the ground. Each is
fitted with a drain which empties into a well at the side of the
tank. The details of construction of the tanks are shown in Figure
1. It may be noted that provision is made for returning to the
surface any water which may percolate through the soil. In this
way there can be no drainage loss of nutrients from the soil.
During the twelve years of the experiment water has percolated
through the soil but once. This occurred when an irrigation was
followed by an extremely heavy rain.
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Figure 1.—Drawing of lysimeter.

PLAN OF EXPERIMENT
The plan of the experiment which was begun in 1930 is given in
the Arizona Agricultural Experiment Station Annual Report No.
43 (1). Briefly stated, twelve lysimeters, arranged according to
the plan in Figure 2, were filled with weighed amounts of soil to
within 6 inches of the tops of the lysimeters. The soils used are
very common in southern Arizona and are known as Gila clay
loam and Mohave clay. The tanks were planted to wheat the
first year to determine the uniformity of the soil, and in succeeding years the first five tanks in each group were planted to crops
in a rotation which includes cotton, wheat, and hegari Crops
were planted, irrigated, harvested, weighed, and analyzed for
nitrogen each year to determine the amount of nitrogen removed
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ARRANGEMENT OF LYSIMETERS IN GARDEN

117-0'-

Figure 2.

from the soil. The plan is to complete at least three six-year rotations before any change is made in the rotations or before fertilizers are added to the soil. Analyses will be made on the soil
periodically to note any changes in its nitrogen content. A
nitrogen balance will be made at the end of the second rotation
and at the end of each rotation thereafter.
SOILS USED

Tanks numbered 1 to 6 werefilledwith Gila clay loam and those
numbered 7 to 12, with Mohave clay. The surface foot of virgin
soil in each case was collected, thoroughly mixed, and weighed
into the lysimeters. Tanks 1 to 6 received 5,726 pounds each of
water-free Gila clay loam, while tanks 7 to 12 received 5,019
pounds each of Mohave clay. The soil has not been disturbed
since it was placed in the tanks except in preparing the seedbed
for planting a crop. Only surface soil was taken for use in the
tanks. This procedure may be open to criticism, but actually the
behavior of the surface soil is of much greater interest than that
of the deep profile, especially since the soil must be disturbed
when moved to the tanks.
The crops in the tanks are protected from birds by pipe frames
covered with half-inch mesh screens (see PL I).
The Gila series represents a typical azonal alluvial streambottom soil in the Southwest arid region. In Arizona this series
represents a commonly irrigated soil. These soils are derived
from a wide range of igneous and sedimentary formations of the
upper watersheds of the streams. They occur under conditions
of very low rainfall, long, hot summers, and mild winters. The
color of the soil ranges from a pale reddish brown to dark brown.
The soil has been little leached. Because of the manner of
deposition, the soil may be stratified. Surface drainage is usually
good. Subsoil drainage may sometimes be restricted. Surface
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TABLE 1.—ANALYSES OF GILA CLAY LOAM AND MOHAVE CLAY
Gila clay loam

Mohave clay

Physical analyses
Hygroscopic water
Water-holding capacity
(Hilgard)
Moisture equivalent

per cent
0.163

per cent
0.313

49.6
20.1

68.1
25.1

Mechanical analyses
Fine gravel
Coarse sand
Medium sand
Fine sand
Very fine sand
Silt
Clay
Colloidal clay
O.M. removed by H2O2
Soil minerals removed by

per cent
2-1 mm.
1-.5 mm.
.S-.25 mm.
.25-.1 mm.
.10-.05 mm.
.05-.005 mm.
.005-.000 mm.
.002-.000 mm.

1.0
1.9
1.9
9.7
21.5
40.3
23.7
15.4
1.4

per cent
4.6
6.7
3,8
7.6
6.9
21.3
48.9
41.1

0.2

Chemical analyses
Total nitrogen (N)
Total phosphorus (P)
Calcium oxide (CaO)
Magnesium oxide (MgO)..
Potassium oxide (K2O)....
Replaceable K m.e./lOO
gni. soil.
pH value 1:10 dilution

per cent
0.085
0.0977
3.30
1.57
2.82

per cent
0.052
0.0876
1.40
1.13
3.79

1.73
8.45

1.30
7.60

Soluble salts
p.p.m.
313
0
0
92
50
0
0
171

Total soluble salts.
Calcium
Magnesium
Sodium
Chloride
Sulphate
Carbonate
Bicarbonate
Bacterial count
Soil extract agar..
Synthetic agar......
Mannite

per gram
1,750,000
4,600,000
1,300,000

per gram
400,000
2,940,000
1,066,000
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A COMPARISON OF THE NITROGEN CONTENT
OF THE GILA AND MOHAVE S O I L S - 1 9 3 0 a 1943
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these soil types. The K 2 0 content of the Mohave soil is higher
than that of the Gila, but the reverse is true of the replaceable
potassium.
Neither soil has toxic concentrations of soluble salts. The pH
of the Gila soil is 8.45 and of the Mohave, 7.60. The small amount
of CaO in the Mohave soil and its total absence in a 1:5 water
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extract raises the question of the comparative effectiveness of
phosphorus fertilization on Gila and Mohave soils.
The bacterial activity, as evidenced by counts, was much greater
in every case in the Gila than in the Mohave soil. Three factors
may have been responsible for this: a higher organic matter
content in the Gila soil, greater aeration, because of a more desirable texture, and a more favorable moisture content in the Gila
soil in the virgin state. It is thus not surprising that the Gila soil
at first outyields the Mohave soil.
For a comparison of reactions to cropping, the reader is invited
to study the charts and tables which follow.
ROTATIONS

A six-year rotation which could be used on any diversified
farm in southern Arizona was planned. In Table 2, the crops and
the order in which they appear during the entire rotation are
given.
It may be seen that Tanks 1 to 5 and 7 to 11 are in the regular
rotation and that Tanks 6 and 12 are double-cropped to hegari
and wheat every year. The rotations will be referred to hereinafter as the alfalfa and hegari-wheat rotations, respectively. The
purpose of the latter tests is to determine the ability of these two
soils to produce crops over a long period of time without fertilization or benefit of legumes in the rotation.
IRRIGATION

The tanks were watered from the University wells as occasion
demanded, the frequency depending upon such factors as season,
rainfall, and crop. The total water received (irrigation and rainfall) by each crop grown has been calculated. It should be noted
that the water received is somewhat greater than is ordinarily
given similar crops. The small size of the tanks with side-wall
effects probably accounts for some of the extra water required.
Also, under field conditions rainfall is not ordinarily considered as
part of the water applied. It is impossible to estimate the benefit
of rainfall to the plant. Much of the water which falls as rain is
lost by evaporation and is of no use to the growing crop.
The analysis of the water used for irrigation is given in Table 3.
PRELIMINARY TEST CROP

On November 29, 1930, wheat was planted in all tanks to gain
some idea of the uniformity of the soils in the different tanks.
The seed used was strain 34-16 which was obtained from the
Plant Breeding Department. A special planting frame was
designed and built. With this frame, rows were marked 6 inches
apart and holes marked 3 inches apart in the row. Two seeds
were planted in each hole. The plants began to show through
the ground in about ten days (PL I). The wheat was then cut
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TABLE 3.—CHEMICAL ANALYSIS OF WATER FROM THE UNIVERSITY OF ARIZONA WELLS*
Parts per million

Laboratory no.

442
67
1
59
36
90
0
189
2.4

Total soluble salts (T.S.S.)
Calcium (Ca)
Magnesium (Mg)
Sodium (Na)
Chloride (Cl)
Sulphate (SO*)
Carbonate (CO3)
Bicarbonate (HCO3)
Nitrate (NO3)
* Analysis by A. B. Caster.

and its green weight determined. The cut material was returned to
the soil and turned under about 9 inches deep.
The green weight of the crop produced on these tanks was
reasonably uniform, with the exception of Tank 2, which produced
an abnormally heavy crop. The Gila soil showed superior cropproducing ability in all but one tank. Table 4 shows the actual
green weight of wheat produced on each tank.
TABLE 4.—GREEN WEIGHT OF INITIAL WHEAT CROP, ALL TANKS,
1930-1931
Pounds
Pounds
Tank no.
Soil
Soil
per acre Tank no.
per acre
1
2
3
4
5
6

Gila
Gila
Gila
Gila
Gila
Gila

clay loam
clay loam
clay loam
clay loam
clay loam
clay loam

38,892
45,492
33,480
29,850
36,240
36,426

7
8
9
10
11
12

Mohave
Mohave
Mohave
Mohave
Mohave
Mohave

clay
clay
clay
clay
clay
clay

23,826
22,632
21,810
30,780
22,200
24,229

At the outset, the Mohave soil was approximately two thirds as
productive as the Gila soil.
SUBSEQUENT CROPS AND THE N REMOVED BY THEM

After the green manure crop of wheat had decomposed sufficiently, Tanks 3 and 9 were planted to Kasch short-staple cotton.
Four hills of six seeds each were planted in each tank. After
danger of loss had passed, these were thinned to one plant per
hill. The practice of turning weeds, excess plants, etc., back to the
soil was established at the beginning of the tests and has been
strictly adhered to at all times. Cotton is usually planted in the
Tucson area between March 15 and May 15 and picked before
the end of the year. In these experiments it is followed by wheat.
Wheat, being a winter crop, can be planted after cotton and
harvested before early summer when hegari, a grain sorghum, is
planted to follow the cotton-wheat combination. An extra crop
is thus inserted into the rotation. If water is available, this may
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be a wise practice; otherwise, it may be poor economy. All succeeding crops of cotton occupied the same general place in the
rotation and were planted about the same time and in the same
way. The only change in the cotton rotation was that after the
first year Acala short-staple cotton was substituted for the Kasch
variety.
On June 8, 1931, Tanks 4, 6, 10, and 12 were planted to dwarf
hegari. A dozen seeds were planted in each of four hills in each
tank and eventually thinned to four plants per tank. Hegari is
usually planted in June, following wheat, and is harvested late in
December. It is followed by wheat in these tests.
Alfalfa follows the second wheat crop in the rotation. It is
planted in September after the maximum temperatures fall below
105 degrees F. The ground is allowed to lie fallow from May, when
the wheat is harvested, until the alfalfa is planted in September. If
alfalfa is planted in the autumn, it is not harvested until the following year. However, in the succeeding years, five or six crops
are ordinarily cut annually. On the fourth year one or two
cuttings are made before the ground is plowed for cotton. The
alfalfa is planted in rows 6 inches apart. It was not feasible to
pasture the alfalfa or to produce a seed crop, as is often done on
the irrigated farms of this state.
In 1931 the tanks were planted to the crops indicated below, and
thereafter the plan of the rotation already outlined was followed.
Tank no.
1 and 7
2 and 8
3 and 9
4 and 10
5 and 11
6 and 12

Crop
Alfalfa
Alfalfa
Cotton
Hegari
Alfalfa
Hegari
Wheat

Month planted
October
October
May

June
October
June
December

The weight of nitrogen removed each year from each of the
tanks forms the basis for Table 5.
During the past twelve years an average of 3,261 pounds of
nitrogen per acre has been removed from Tanks 1 to 6 and 2,959
pounds per acre from Tanks 7 to 11, or 302 pounds per acre more
from the Gila than from the Mohave soil.
When the nitrogen removed from Tank 6 is compared with that
removed from Tank 12, it can be seen that 832 'more pounds of
nitrogen are removed by the double-crop from the Gila than from
the Mohave soil.
In all but one case, more dry matter was removed from the
tanks containing the Gila soil.
An examination of Table 5 indicates current yields as high on
the Mohave as on the Gila soil. During the last few years the
difference in favor of the Gila soil has been largely wiped out.
There is some evidence, however, to indicate that the Gila is still
the preferred^soil. At present the nitrogen content of the Gila and
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TABLE 6 —SUMMARY OF NITROGEN AND CROP REMOVAL TANKS
1 TO 12
Lysimeter no.

Soil

Wt. N removed
(lbs. per acre)

Wt. crop removed
(lbs. per acre, dry wt.)

1

Gila
Mohave
Gila
Mohave
Gila
Mohave
Gila
Mohave
Gila
Mohave
Gila
Mohave

3,124
2,878
3,074
2,640
3,673
3,198
3,379
3,299
3,213
2,797
2,429
1,595

137,484
141,282
131,276
122,564
146,812
134,141
138,102
128,166
145,112
126,582
207,774
193,029

7

2
8
3
9
4
10
5
11
6
12

Mohave soils is nearly the same. Perhaps the greater amount of
humus in the Gila soil not only is responsible for a better physical
condition of the soil but also permits bacteria to mobilize phosphorus, some of the minor elements, etc. The higher humus
content may also indicate a greater presence of vitaminlike substances, hormones, auxomes, and other compounds beneficial to
plant growth.
NITROGEN BALANCE

The soils in each tank have produced one crop of wheat which
was returned to the soil. Following this, they have completed
two regular rotations during the past twelve years. As previously
stated, all crops have been harvested, weighed, and analyzed for
nitrogen. The nitrogen removed from each tank by way of cropping has been calculated on the acre basis. The nitrogen added in
rainfall and seeds has also been determined. On April 25, 1943,
the soil in all tanks was sampled and subsequently analyzed for
total nitrogen. The results are given in Table 7.
One of the first things to be noted is that in every case the
percentages and actual amounts of nitrogen in the Gila soil have
decreased and that also, without exception, the percentages and
amounts of nitrogen have increased in the Mohave soils, which
have now risen to a level almost equal to that of the Gila soil. The
Mohave soil in Tank 12, which has been double-cropped to wheat
and hegari for twelve years, also has actually increased in its
nitrogen content. The increase was from 0.052 to 0.067 per cent.
This is strong evidence that nonsymbiotic fixation has occurred,
since the amount of nitrogen added by rainfall and seeds is
negligible by comparison. The amount of nitrogen removed by
cropping from this tank is the smallest of any in the series, probably because of double cropping and the toxic after effect of
hegari (5). Another very important consideration in explaining
the increase in the nitrogen content of the soils is that they have
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TABLE 7.—NITROGEN CONTENT OF SOILS, 1930-1943
Per cent nitrogen
Tank no.
Gila:

1
2
3
4
5
6
Mohave:
7
8
9
10
11
12

Pounds of nitrogen per acre.
(Entire depth of soil in
tanks about 4 ft.)
1943
1930

1930

1943

0.085
0.085
0.085
0.085
0.085
0.085

0.078
0.076
0.076
0.078
0.068
0.063

13,318
13,318
13,318
13,318
13,318
13,318

12,179
11,867
11,867
12,179
10,526
9,819

0.052
0.052
0.052
0.052
0.052
0.052

0.072
0.085
0.079
0.077
0.074
0.067

7,122
7,122
7,122
7,122
7,122
7,122

9,842
11,619
10,799
10,525
10,115
9,158

not lost nitrogen by leaching. Except in 1930 all crops have been
removed from the tanks, leaving only the roots as crop residue.
The nitrogen balance for these tanks has been made by comparing the original nitrogen content of the soils with their present
nitrogen contents. In making the calculations, the weight of
nitrogen removed by cropping is added to the present nitrogen
content. From this value the original weight of nitrogen present
and the nitrogen additions in rainfall, irrigation, and seeds are
subtracted to obtain the actual gain in nitrogen due to cropping.
The difference between the original and the present nitrogen
content represents the apparent gains or losses. The nitrogen
balance is given in Table 8*
All the tanks in the regular rotation show a positive nitrogen
balance when the removal of the nitrogen in the crops is taken
into consideration. The greatest increases are, without exception,
found in the Mohave soil. An actual loss of 1,572 pounds of
nitrogen per acre occurred in Tank 6, which contains Gila soil
and which was double-cropped to wheat and hegari annually.
Apparent nitrogen losses occurred in every tank containing Gila
soil. A discussion and possible reasons for this behavior follow in
At Geneva, N.Y. (9), losses of 7 to 118 pounds of nitrogen per
acre have been reported to occur by volatilization, while at
Cornell (22) the average volatilization loss has been reported to
be 26 pounds per acre per year. If losses of these magnitudes
have occurred in Arizona experiments, they have been obscured
by the relatively large amounts of nitrogen fixed by Azotobacter.
The activity of Azotobacter in the soils in 1943 was determined
by plating 1 gram of soil on suitable media and determining
the amount of nitrogen fixed after an incubation period of five
days. The number of colonies which developed was also noted.
The results of this examination appear in Table 9.
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TABLE 9.—AZOTOBACTER ACTIVITY IN SOILS, 1943. (MGS. N FIXED
BY AZOTOBACTER CONTAINED IN 1.0 GM. SOIL AFTER A
FIVE-DAY INCUBATION PERIOD)
Gila soil
Lysimeter
no.
1
2
3
4
5
6

Mgs. N
fixed
11.2
8.9
3.5
18.0
19.3

Mohave soil
Present
crop
alfalfa
alfalfa
cotton
bare
alfalfa
bare

Lysimeter
no.
7
8
9
10
11
12

Mgs. N
fixed
20.4
19.4
19.2
19,0
17.8
21.0

Present
crop
alfalfa
alfalfa
cotton
bare
alfalfa
bare

As it was somewhat difficult to explain the relatively large
amount of nitrogen fixed by the Gila soil in Tanks 5 and 6 in
comparison to Tanks 2, 3, and 4, other samples of soil were
collected for the purpose of making an Azotobacter count. The
results of this count are given in Table 10.
TABLE 10.—COLONIES OF AZOTOBACTER PER GRAM OF SOIL
Gila
Mohave
Lysimeter no.

Colonies/gm.

Lysimeter no.

Colonies/gm.

1
2
3
4
5
6

17
3
2
4
274
271

7
8
9
10
11
12

550
276
320
409
418
747

Qualitatively the results of the second examination agree with
the first. The number of Azotobacter colonies per gram of soil in
Tanks 1, 2, 3, and 4 is very low as compared to any of the other
tanks, in either Gila or Mohave soil. This gives added reliance
to the first determination and confirms the fact that there is
greater activity of Azotobacter in Mohave than in Gila soil.
It may be true that because of the originally higher nitrogen
content of the Gila soil, Azotobacter have not been active in this
soil, and as a result the soil has actually lost some nitrogen. Tank
5 is the only lysimeter in the alfalfa rotation showing a nitrogen
gain of less than 1,000 pounds per acre. At present this tank has
a very vigorous Azotobacter activity, indicating that conditions
are now favorable for its growth and that there will probably be
a natural increase or build-up of nitrogen in this lysimeter. In
Tank 6, the Gila soil, double-cropped to wheat and hegari, there
is also very vigorous Azotobacter activity. The soil in this lysimeter has been very heavily cropped. There has been no legume
in the rotation, and there has been an actual loss of 1,572 pounds
of nitrogen per acre from this lysimeter. At the present time it
appears that the Azotobacter are replenishing the nitrogen in the
soil of this lysimeter.
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Apparently the Mohave soil in Tanks 7 to 12 has had a nitrogen
content below the equilibrium level of its present environment,
with the result that Azotobacter activity has been, and still is,
very great. The presence of a large number of Azotobacter
colonies and a greater amount of nitrogen fixed per gram of soil
(Tables 8 and 9) in Tank 12 indicates that the Azotobacter are
finding conditions favorable and are raising the nitrogen content
toward the equilibrium level. At present this tank contains the
smallest amount of nitrogen of any tank in the series.
It may be of interest to compare the Gila and Mohave soils
with the Hill and Ontario soils at the New York Station at Geneva.
Collison et al. (9) show that alfalfa on the Hill soil, a decidedly
inferior type, fixed more nitrogen per acre than alfalfa on the
Ontario soil. The same general relationship is true in Arizona
where the Mohave soil, either by symbiotic or nonsymbiotic nitrogen fixation gained, on the average, nearly four times as much
nitrogen as the more productive Gila soil.
The conditions for the growth and activity of Azotobacter seem
to be desirable in both the Gila and the Mohave soils. Mockeridge
(25) states that the presence of calcium carbonate is more desirable than sodium hydrate in the promotion of a desirable pH for
the growth of Azotobacter. Both soils are mildly calcareous.
Hanzawa (15) reported that nitrogen in humus, even though
present in large quantities, had no effect on the fixation of nitrogen by Azotobacter, and there was little if any effect caused by
the presence of nitrates until its concentration reached 2.5 per
cent of the carbon present. Walton (36) found that low fixation
of nitrogen by Azotobacter coincided with the drying of the soil
and lowering of the temperature, while high fixation accompanied abundant moisture and fairly high temperature. Christensen (8) stresses the fact that Azotobacter must have a basic
medium, preferably CaCO3, for growth and stated further that
Azotobacter practically never exists in acid soils and only seldom
in neutral soils. Weiss and Bornebusch (37) add further evidence
on the lime requirement of Azotobacter by examining sixty-four
forest soils for Azotobacter. Their presence was noted only in two
soils, both of which showed marked alkalinity.
In reviewing the conditions most desirable for the growth of
Azotobacter, it can be seen that all are favorable in the two soils
in question. Both contain an abundance of lime, neither contains
an excess of sodium, and the pH is slightly on the alkaline side.
The moisture content of the soils is kept at a desirable level by
irrigation. The temperatures which permit bacterial growth in
the soil extend over a longer period in southern Arizona than in
most parts of the United States, so it is not surprising that Azotobacter activity has been great.
In comparing the activity of Azotobacter in the Gila and Mohave
soils at the present time, it can be seen that there is more activity
in the Mohave than in the Gila soil.
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It is also interesting to note that as a result of cropping, the
Gila soil has lost nitrogen during the twelve years of the experiment, while Mohave soil, treated in exactly the same way, has
gained nitrogen. Apparently an equilibrium in respect to nitrogen has been, or is being, established in these soils (Table 6).
Other investigators have noted that soils reach an equilibrium
level after being cropped for a few years. Jenny (18) has stated
that the nitrogen content of a soil is a function of the air temperature and the humidity factor [N = f (T, H) ]. In studying a large
number of soils which had developed under conditions of similar
moisture but under different temperatures, he found greater
amounts of nitrogen in the regions of lower temperature. In its
original location the Gila soil was subject to an occasional overflow from the Rillito Creek and generally was more favorably
located with respect to moisture than was the Mohave soil. This
explains the originally higher nitrogen content of the Gila soil.
From the standpoint of nitrogen, the behavior of these two soils
is very interesting. If 0.07 per cent of nitrogen is the equilibrium
level under the conditions of the experiment, then it has been approached from two directions. The Gila soil, originally containing
0.085 per cent of nitrogen, has lost it until now it contains 0.075 per
cent. On the other hand, the Mohave soil, starting with only 0.05
per cent, has gained nitrogen until now it also contains 0.077 per
cent. This is illustrated graphically in Figure 3.
These results might be compared with those obtained by Burd
and Martin (6, 23), who have a record of the nitrogen content
of thirteen soils in steel tanks under various cropping and moisture
conditions since 1915. Initial nitrogen determinations were made
in 1915 and subsequent ones in 1918, 1919, 1923, 1924, 1926, 1927,
1929, 1931, 1940, and 1943. There was an appreciable loss of nitrogen from all soils by 1918. Since 1927, however, the nitrogen content of all the soils has been relatively constant, indicating that an
equilibrium again has been established and that under the conditions imposed by the experiment this balance has been maintained within rather narrow limits.
Schreiner and Brown (29) have discussed the quantity of
nitrogen in soils as related to temperature, moisture, and tillage
practices. It was shown that semiarid soils contain less nitrogen
than subhumid ones and that the nitrogen content of soils in the
Middle West decreases gradually under cultivation. The life of
the present experiment has been too short to indicate definitely
the final equilibrium level of nitrogen in the Gila and Mohave
soils in this area.
Bracken and Greaves (3), in studying soils of Juab Valley,
Utah, determined the nitrogen content of twelve cropped and
adjacent virgin soils. These soils had an average nitrogen content
of 0.110 per cent; yet after cropping for periods ranging from
twenty-two to twenty-nine years, this value had decreased to
0.094 per cent. The various soils had lost from 320 to 2,720 pounds
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of nitrogen per acre, or an average of 1,186 pounds for the period.
It is assumed that the equilibrium level of nitrogen for the clay
loam dry-farm lands of Juab Valley under the alternate crop and
fallow system of cultivation is about 0.09 per cent. The precipitation in Juab Valley averages 13.2 inches per year, about 1.7
inches more than is received in Tucson. The temperature differences, however, are greater; the mean temperature at Levan,
Utah, is 47.2 degrees F. and at Tucson 66.7 degrees. This probably
explains the 0.2 per cent N difference in the equilibrium level at
the two locations.
The Mohave series of soils belongs to the Great Soil Group
known as a Red Desert soil. Martin and Fletcher (24) have calculated the P.E. (effective precipitation) and T.E. (effective
temperature) indexes for this and other soils. The total nitrogen
for virgin soils in this group was shown by them to be 0.033,
0.022, and 0.045 per cent. Their values, with one exception, are
significantly lower than were found in this experiment for the
Mohave soil. The probable explanation is that their samples were
taken from a slighty drier part of the state and that the texture
of most of the soils was lighter than those under consideration.
It is impossible to evaluate the separate contributions of symbiotic and nonsymbiotic nitrogen fixation. However, in Table 8,
Tank 12, which contains Mohave soil, shows for the period an
increase in total nitrogen content of over 2,000 pounds. In addition, 1,595 pounds of nitrogen were removed in cropping. All
nitrogen gains here, in addition to those attributable to the nitrogen in seeds, rainfall, and irrigation, must be considered as being
due to nonsymbiotic nitrogen fixation, as no legumes were grown.
In Tank 6, a companion to Tank 12 except that it contains Gila
instead of Mohave soil, there was an actual loss of over 1,572
pounds of nitrogen per acre in addition to nitrogen removal of
2,425 pounds per acre by cropping. Crops were larger on Tank 6
than on Tank 12; hence, the nitrogen removal was greater. Nitrogen fixation by Azotobacter was not great enough in Tank 6 or in
any of the tanks containing Gila soils to maintain the original
nitrogen level.
In Table 6 a summary of nitrogen removal and the weight of
the dry matter produced is shown. In addition, the amount of
water required to produce these crops is given. There is usually
a direct relationship between the amount of dry matter produced,
particularly with alfalfa, and the amount of water used.
THE COTTON CROP
Cotton follows alfalfa in the rotation. It is planted in May after
one, two, or three crops of alfalfa have been harvested. If there
is any improvement from alfalfa in the fertility of the soil, the
chief benefit goes to the cotton crop. It was shown that the seed
crop produced can be regulated to a certain extent by controlling
the amount of irrigation water used. This point will be discussed
in more detail in another section of the bulletin. In Figure 4, the
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weight of ginned seeds and one half the weight of stalks is plotted
for each cotton crop harvested between the years 1931 and 1942.
Also plotted on the same chart is the amount of water received
by each tank. There is a close correlation between the amount of
water received and the dry weight of the crop produced. There
appears to be no significant difference in yields of cotton produced
on Gila and Mohave soils. In some years the yields on Mohave
soil have equaled or exceeded those on the supposedly more fertile
Gila soil. In Figure 5, the percentage of nitrogen in the cotton
seeds and stalks is plotted. There appears to be little difference
in the nitrogen content of the plant attributable to the type of
soil upon which it was grown, showing again that Mohave soil is
practically as productive as Gila.
The weight of nitrogen removed from the tanks by way of
seeds and stalks is of special interest. This quantity is definitely
correlated with the size of the crop and its nitrogen percentage.
Figure 6 shows that cotton seeds produced on Gila soil were not
superior in nitrogen content or weight of crop to cotton produced
on Mohave soil under like conditions of temperature and moisture.
The weight of nitrogen removed from the Mohave soil by cotton
stalks seems to be significantly lower than that removed under
similar conditions from Gila soil.
During the period 1931-1943, the amount of nitrogen removed
from the soil in the seeds is approximately equivalent to the nitrogen removed by the remainder of the aerial portion of the plant.
THE HEGARI CROP

The rotations practiced in these tests permitted a comparison of
the effect of hegari on the soil when it was used as a "double crop"
with wheat or when it was used in the longer six-year rotation.
The amounts of nitrogen removed from the soils under each of
these conditions is of much practical interest. Figure 7 shows that
the plants which contain the greatest amounts of nitrogen were
grown on the Gila soil and that they were grown in rotation with
alfalfa and wheat. The Mohave soil was initially low in nitrogen.
Cropping this soil in rotation with alfalfa has slightly increased
the amount of nitrogen which the hegari crop has been able to
remove. The hegari grown on Tanks 6 and 12 (hegari-wheat
rotation) generally removes less nitrogen than is removed by the
same crop in the alfalfa rotation. There is a slight decline in the
annual nitrogen removal at present under these conditions as
compared with the earlier crops.
THE WHEAT CROP

Wheat is grown in these tests under three conditions. In one
case it follows cotton in the rotation and later follows hegari in
the same rotation. In Tanks 6 and 12 wheat appears as one
member of the wheat-hegari double-cropping rotation. Figures
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8 and 9 show the weight of nitrogen removed by the individual
wheat crops in the various positions in the rotation on Gila and
Mohave soil, respectively. In both cases wheat which follows
cotton after three years in alfalfa removes more nitrogen from
the soil than when it follows hegari. Outstanding also is the low
nitrogen removal of wheat following hegari in the double-cropping
rotation of wheat and hegari. The amount of nitrogen removed
by wheat in any position in the rotations is generally greater on
Gila soil than on Mohave. The "percentage" nitrogen in the wheat
follows the same general curve as does "the weight of nitrogen
removed." For example, in Table 11 the 1940 record for wheat is
given.
Generally the wheat following cotton (which has been preceded
by three years of alfalfa) has a higher percentage of nitrogen as
well as a greater weight of nitrogen removed per acre than wheat
following hegari in the regular rotation. Wheat following hegari
in the wheat-hegari rotation contains a decidedly lower percentage of nitrogen than wheat grown in the regular rotation.
Significantly smaller amounts of nitrogen are removed from the
tanks in which wheat follows hegari on the Mohave soil. In the
Gila soil the difference is much less pronounced. On the hegariwheat rotation, however, the yields of wheat are approximately
half that of wheat in the preferred position in the regular rotation.
The differences on the Gila soil are significantly lower but are
not so great as with the Mohave soil.
THE ALFALFA CROP

Alfalfa is the principal crop in the rotation, producing three full
years of hay and one or two cuttings the year it is plowed and
planted to wheat. It is planted in September of the first year
after a wheat crop has been harvested, but it is not cut that same
season. Five or six cuttings are normally removed the second,
third, and fourth years. The fifth year it is turned under and
cotton is planted. The sixth year, wheat and hegari take their
place in the rotation. Under this plan, alfalfa is on the soil for
three years in addition to three months the first and about four
months the last year, or a total of more than 3x/2 years in each
rotation. The number of years each tank has been in certain
crops is tabulated in Table 12. In the case of alfalfa this does not
include the year it is planted but does include the year in which a
limited number of cuttings is made before the crop is turned
under.
It is difficult to generalize on the effects of alfalfa on the soil or
to compare the weights of crops removed in the various cuttings
and seasons. However, as a result of twelve years' cropping, some
outstanding results have been produced.
In Figures 10 to 14, inclusive, information concerning the percentage of nitrogen, the weight of hay, and the weight of nitrogen
removed by alfalfa grown on Gila and Mohave soils is given.
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TABLE 12.—CROP RECORD OF TANKS 1 TO 12. YEARS (OR PARTS)
DEVOTED TO EACH CROP, 1931-1942
Crop
Wheat
Alfalfa
Cotton
Hegari

1 and 7
4
7
2
2

2 and 8
3
5
2
2

Tank number
3 and 9 4 and 10
3
4
6
6
2
2
2
2

5 and 11
4
5
2
2

6 and 12
11
0
0
12

Generally, more nitrogen was removed by the alfalfa which had
grown on the Gila soil. There is a reversal of this trend, however,
in the second rotation when the alfalfa grown on the Mohave soil
removed the greater amount of nitrogen. The weight of hay
grown on the Mohave soil became greater than that grown on the
Gila soil in the second rotation. The percentage of nitrogen is
generally higher in the hay grown on Gila than on Mohave soil.
This reversal of trend in the amount of hay produced and the
amount of nitrogen removed follows closely the trend of the nitrogen content of the soil, previously discussed. The percentage of
nitrogen has increased in the Mohave and decreased in the Gila
soil, which result may account for the improvement in the amount
of nitrogen produced during the second rotation by the Mohave
as compared to the Gila soil. It is recognized that alfalfa may
either add or remove nitrogen from a soil. It is also difficult to
compare trends in the weight of alfalfa hay produced in these two
soils or in different years in the rotation, because the amount of
irrigation water has not been uniform throughout the years. In
a later section of this bulletin the effect of the amount of irrigation water on yield of alfalfa will be discussed. In the above
comparisons the irrigation water added to the Gila and Mohave
soils has been the same for any single year.
The effect of alfalfa on the soil has been favorable when the
per cent nitrogen content of the soils in Tanks 1 to 5 and 6 to 11
are compared with Tanks 6 and 12 (Table 6), on which no alfalfa
has grown.
THE IRRIGATION REQUIREMENT*

All crops in this series of experiments were given irrigation
water in addition to the natural rainfall received. In most years
the amounts of rain were so small and penetration so slight that
water supplied from this source was of little value. However, all
rain which fell on the soil during the time it carried a crop has
been measured and credited toward the total amount of water
applied to the soil. The amount of water, expressed in acre-feet,
which was used in producing each crop is given in Table 5.
If the amount of water used to produce alfalfa is considered, it
will be noted from an examination of Table 5 that something
*This value includes rainfall.
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ALFALFA RECORD. GILA AND MOHAVE SOILS
TANKS I AND 7 1932-1942
WEIGHT NITROGEN REMOVED-GILA
WEIGHT NITROGEN REMOVED -MOHAVE
! PER CENT NITROGEN-GILA
| PER CENT NITROGEN -MOHAVE

450 - 8

12

WEIGHT CROP REMOVED-GILA
WEIGHT CROP REMOVED-MOHAVE

It
420
•

390 - 6

10
9

I

360 - 5

6
7
6

330

$

300

270

1

1

5

I

4

AA

3
2

240 • 1

210
1932
NO OF
CUTTINGS

6

1933

1936
5

1937
5

1938

1939

1942

2

Figure 10.

over one half acre-foot of water is required to bring the crop from
planting time to December 31. There appears to be a direct relationship, with few exceptions, between the amount of water
received and the number of cuttings of hay made, as well as the
total amount of hay produced. Since this is primarily a nitrogenbalance experiment, the production'of particularly large crops of
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ALFALFA RECORD. GILA AND MOHAVE SOILS
TANKS 2 AND 8. 1932-1942
H

cc

WEIGHT NITROGEN REMOVED - GILA

I K WEIGHT NITROGEN REMOVED-MOHAVE

K UJ
Q. O

H

PER CENT NITROGEN -GILA

J H PER CENT NITROGEN -MOHAVE

3
a
450

^

WEIGHT CROP REMOVED-GILA

171 WEIGHT CROP REMOVED-MOHAVE
420

390

360

9x
330 "4

I

300

270 - 2

y

240

210
NO OF
CUTTINGS

i

1932

1935

1936

1937

z

6

5

5

1938

1941

1942

6

Figure 11.

hay has no special significance so long as their weights and nitrogen percentages are known. Actually, however, if the tests can
be made to reveal information other than that of nitrogen balance,
an additional benefit has accrued. The irrigation requirement of
crops falls into this class. *
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ALFALFA RECORD. GILA AND MOHAVE SOILS
TANKS 3 AND 9. 1934-1942
P%$ WEIGHT NITROGEN REMOVED "GILA
^

WEIGHT NITROGEN REMOVED -MOHAVE

H j ] PER CENT NITROGEN-GILA
| | ] PER CENT NITROGEN -MOHAVE

o
cr

450

a

£2

-8

WEIGHT CROP REMOVED-GILA

12

| 2 2 WEIGHT CROPREMOVED-MOHAVE

II
420

10
9

390 - 6

6
360 -5

330 - 4

I

300 »3

270

240 - I

1 i

7'

6

P I
i

i i

7

5
4
3
2
I

210
NO. OF
CUTTINGS

0
1934

1935

(936

6

6

&

1937

1940

1941

1942

»

6

5

6

Figure 12.

In the case of alfalfa and cotton, increased yields were ordinarily obtained when increasingly larger amounts of water were
applied (Figs. 15, 16). A correlation coeflBicient of 0.737 was found
to exist between the weight of alfalfa hay produced and the
amount of water applied. In this case the least significant value
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ALFALFA RECORD GILA AND MOHAVE SOILS
TANKS 4 AND 10 1933-1942
I WEIGHT NITROGEN R E M O V E D - G I L A

UJ

UJ

cr
o
<

o
o
cc

| WEIGHT NITROGEN REMOVED - M O H A V E

UUJ

5

j PER CENT N I T R O G E N - G I L A

Z
UJ

| PER CENT NITROGEN-MOHAVE

o

| WEIGHT CROP R E M O V E D - G I L A

QC
UJ
CL

I WEIGHT CROP REMOVED-MOHAVE

ao
UNO!
NITF

tn

2

480 - 9

450 - 8

420

390

360

330

300

270

240

210
Nfi OF

BUTTINGS

I

1933

1934

1935

1936

1939

1940

5

6

6

1

4

6

1941

1942

Figure 13.

would have been 0.270 and the odds greater than 1 to 99. Calculations also show that for each acre-foot of water applied, 1,687
pounds of hay are produced.
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ALFALFA RECORD. GILA AND MOHAVE SOILS
TANKS 5 AND II. 1932-1939
Ui

o

WEIGHT NITROGEN REMOVED-GILA

DC U J

WEIGHT NITROGEN REMOVED-MOHAVE
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©
occ

a.
o
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o
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Figure 14.
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ALFALFA YIELDS AS A FUNCTION OF THE AMOUNT OF WATER
APPLIED. WHOLE YEARS ONLY INCLUDED
THOUSANDS OF
POUNDS PER ACRE

17

r= 0.737*®
X= 1,687 A+1,624
b* 1,687®® POUNDS ALFALFA PER
ACRE FT. WATER APPLIED

15

13

II

5

6

7

8

9

10

ACRE FEET OF WATER

Figure 15.

There is a highly significant correlation between the amount of
water used and the weight of the cotton seed produced, the correlation coefficient being 0.627, with the least significant value being
0.444. In this case each acre-foot of water applied has been responsible for the production of 592 pounds of cotton seed.
There is no indication of increased yields on wheat and hegari
when additional irrigation water is applied (Figs. 17, 18). The
correlation coefficients for the relationship between the amount
of water applied and dry weight of crop produced is 0.288 and
0.097, respectively, for hegari heads and wheat heads.
Another example may be taken from Table 5. In 1937-39, Tank
5 was producing alfalfa. Five cuttings were made each year. In
1937, 5.8 acre-feet of water were used, and 9,414 pounds were produced. In 1938, 4.9 acre-feet of water produced 9,270 pounds of
hay, while in 1939 an increase of water to 6.9 acre-feet resulted in
the production of 14,328 pounds of hay per acre. It is thus evident
(Fig. 15) that increasing the amount of water applied to alfalfa
increases the amount of hay produced. The amount of water applied, including rainfall, varied from about 4.5 to 9.0 acre-feet.
In these experiments approximately 1,300 pounds of water (in-
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COTTON (SEED) YIELDS AS A FUNCTION OF THE AMOUNT OF WATER
APPLIED. WHOLE YEARS ONLY INCLUDED
THOUSANDS OF
POUNDS PER ACRE

r«O627»®
x«592A-78O
b*592®* POUNDS PER
ACRE FT WATER APPLIED
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6
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8
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Figure 16.

eluding rainfall) were required to produce 1 pound of hay. This
value is not unreasonable for commercial plantings of alfalfa.
This physiological response on the part of alfalfa to water has
been noted by many investigators in the past. Several references
to the subject are given in a recent bulletin from the U.S. Department of Agriculture (13).
The long growing season prevailing in southern Arizona and
the relativly high winter temperatures permit alfalfa to grow
many months of the year if water is available. This explains the
high correlation between the yield of hay and the amount of
water applied. Water supplied to the soil greatly in excess of that
required to keep it above the wilting point should not markedly
stimulate plant growth.
The yield of cotton seed as related to the amount of water
applied is more difficult to explain. Ordinarily this relationship
is not found in commercial plantings of cotton (16). If sufficient
water is applied early in the life of the cotton plant to induce a
luxuriant vegetative growth, more bolls will set later in the season
than will be found on a plant bearing less vegetative growth.
If water is not permitted to become a limiting factor at any
time during the growth of wheat and hegari, the addition of more
water would not be expected to increase crop yields.
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HEGAR! (HEADS) YIELDS AS AFUNGT1OM OF THE AMOUNT OF
WATER APPLIED. WHOLE YEARS ONLY INCLUDED
THOUSANDS OF
POUNDS PER ACRE

2

3

4

ACRE FEET OF WATER
Figure 17.

PRACTICAL SIGNIFICANCE OF RESULTS
This investigation was conducted in lysimeters 4 feet square and
5 feet deep which were filled with surface soil from large bodies
of Mohave clay and Gila clay loam. It is one of the few nitrogenbalance experiments conducted in lysimeters in a semiarid region.
As occasion demanded, the crops were watered with water from
the University of Arizona well. An accurate record was kept
of all water applications. The number of plants in each tank for
each crop was uniform and all other conditions were controlled as
closely as possible.
It is not to be expected that the results obtained from these
tests could be exactly duplicated in the field. The results are
extremely valuable, however, in pointing out certain trends and
reactions. Their particular value lies in the fact that they may

LYSIMETER STUDY OF NITROGEN BALANCE

303

WHEAT (HEADS) YIELDS AS A FUNCTION OF THE AMOUNT OF WATER
APPLIED. WHOLE YEARS ONLY INCLUDED
THOUSANDS OF
POUNDS PER ACRE
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be used in predicting the effect of cultivation and rotation upon
new lands which are proposed for development. If the percentage of nitrogen in cultivated soils in this region remains at
an equilibrium level of 0.076 per cent, it would be foolhardy to
attempt to build them up much above this level by the use of
organic or mineral fertilizers. On the other hand, the use of these
fertilizers might furnish to the soil some readily available nitrogen with the result of increasing crop yields.
Further evidence has been added to the already voluminous
literature that Azotobacter flourish in semiarid soils and fix large
amounts of nitrogen. It can be safely assumed that virgin soils
in the Red Desert soil group, when put into cultivation, will
support a large Azotobacter population which will furnish nitrogen to the soil and growing crop. There is some evidence that
Azotobacter activity is restricted in the Gila soil because of its
original high nitrogen content. The possibility exists that nitrogenous fertilizers added to the soil might inhibit Azotobacter
activity.
Wheat occupied three different positions in the rotation in these
experiments. In the first case it followed cotton, which in turn
followed alfalfa. Much better returns were obtained under these
conditions than where wheat followed hegari. Exceptionally poor
results were obtained with wheat grown in the double-crop rota-
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tion. These tests show the inhibited growth so often noted on
the crop following hegari. They also show the beneficial effects of
a legume in a rotation.
The wise use of water is also pointed out. Alfalfa responds well
to water. Its growth can be regulated by the amount of water
applied. The farmer must be the judge of the amount he can
afford to use for this crop. In these experiments 3V2 acre-feet of
irrigation water yielded about 4 tons of hay, AV2 acre-feet yielded
5% tons, 5% acre-feet yielded 6% tons, and 6V2 acre-feet yielded
7% tons. If one crop is saved for seed or if the hay is pastured off,
irrigation must conform to the needs of the crop.
All the conclusions in this bulletin are based upon the assumption that leaching of the soils is not permitted to occur.
SUMMARY AND CONCLUSIONS
1. The nitrogen balance for Gila clay loam and Mohave clay is
given for two six-year rotations, which includes three years of
alfalfa, one crop of cotton, two crops of wheat, and one crop of
hegari. The Gila clay loam lost nitrogen, while under the same
conditions of environment and cropping Mohave clay gained
appreciable amounts of this element. All soils had a positive
nitrogen balance when the nitrogen in the crops removed was
credited to their respective tanks. A tank of Mohave clay which
had been double-cropped to hegari and wheat for twelve years
also gained relatively large amounts of nitrogen. Greater amounts
of nitrogen were gained, however, when alfalfa was included in
the rotation. The nitrogen gains in the Mohave soil are attributed
to the presence of an abundance of Azotobacter in the soil.
2. The nitrogen percentage of the Mohave clay has increased,
while in the Gila clay loam it has decreased. At the present time
each contains 0.076 per cent nitrogen, which is probably the
equilibrium level for the local environment. At present the crops
on the Gila soil average only slightly better than those grown on
the Mohave, showing a remarkable improvement in the cropproducing power of the Mohave soil since the original trial crop
of wheat was grown in 1930. A possible explanation may be the
more desirable conditions for growth in the Gila soil because of
the presence of more humus.
3. The weight of both cotton stalks and seeds has been influenced by the amount of irrigation water applied.
4. There has been a slight decline in the amount of nitrogen
removed annually from the soils during the period 1931-1942.
5. Wheat gives inferior yields following hegari, but the yields
of wheat in the alfalfa rotation are superior to those in the hegariwheat rotation.
6. Alfalfa contributes definitely to the nitrogen content of the
soil, although its use was not sufficient to maintain the original
content of nitrogen in the Gila soil.
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7. A straight-line relationship exists between the amount of
water applied to the soil and the yield of alfalfa hay.
ACKNOWLEDGMENTS
The author is indebted to Dr. P. S. Burgess, who conceived this
project and under whose direction it was initiated; to W. T.
McGeorge for suggestions and criticism of the manuscript; to W.
P. Martin for criticism of the manuscript and making Azotobacter
and correlation studies.

306

TECHNICAL BULLETIN NO. 102

LITERATURE CITED
1. Arizona Agricultural Experiment Station 43rd Annual Report.
1932.—Pp. 61-2.
2. Benson, N., and Barnette, R. M.
1939.—Leaching studies with various sources of nitrogen. Jour. Amer.
Soc. Agron. 31:44-54.
3. Bracken, A. F., and Greaves, J. E.
1941.—Losses of nitrogen and organic matter from dry-farm soils.
Soil Sci. 51:1-15.
4. Bradley, C. E.
1910.—Nitrogen and carbon in the virgin and fallow soils of Eastern
Oregon. Jour. Ind. and Eng. Chem. 2:138-39.
5. Breazeale, J. F.
1924.—The injurious after effects of sorghum. J. A. S. A. 16:689-700.
6. Burd, J. S., and Martin, J. C.
Secular and seasonal changes in soils. Hilgardia. 5:455-509.
7. Burt, B. C, and Leather, J. W.
1909.—Experiments under nitrogen investigations. Drain gauge—
amount and composition of drainage waters collected during
the year 1907-1908. United Provs. (Cawnpore) Agr. Sta. Kept.
Pp. 22-6.
8. Christensen, H. R.
1915.—Studies of the influence of soil conditions on the bacterial life
and the transformation of matter in soils. Centbl. Bakt. (etc.)
2 abt. 43: Nos. 1-7, 321-552.
9. Collison, R. C., Beattie, H. G., and Harlan, J. D.
1933-—Lysimeter investigations III. Mineral and water relations and
final nitrogen balance in legume and non-legume crop rotation
for a period of 16 years. N.Y. State Agr. Exp. Sta. Bull. 212.
10. Collison, R. C., and Mensching, J. E.
1930.—Lysimeter investigations I. Nitrogen and water relations of
crops in legumes and non-legume rotations. NY. State Agr.
Exp. Sta. Tech. Bull. 166.
11. Connecticut Agricultural Experiment Station Bulletin 322. (Ann. Rept.)
1930.
12. Finnell, H. H.
1933.—The economy of soil nitrogen under semi-arid conditions.
Okla. Agr. Exp. Sta. Bull. 215.
13. Fortier, Samuel, et al.
1940 (revised).—Irrigation practices in growing alfalfa.
Farmers Bull. 1630.

U.S.D.A.

14. Gainey, P. L., Sewell, M. C, and Latshaw, W. L.
1929.—The nitrogen balance in cultivated semi-arid western Kansas
soils. Jour. Amer. Soc. Agron. 21, 1130-53.
15. Hanzawa, J.
1914.—Nitrogen fixation by Azotobacter in substrata poor and rich in
nitrogen. Cenfl. Bakt (etc.) 2 abt, 41: nos. 18-23, 573-6.
16. Hawkins, R. S.
Personal communication.

LYSIMETER STUDY OF NITROGEN BALANCE

307

17. Headden, W. P.
1922.—Fixation of nitrogen in Colorado soils. Colo. Sta. Bull. 277.
18. Jenny, Hans.
The nitrogen content of the soiJ as related to the precipitationevaporation ratio. Soil Sci. 29:193-206.
19. Karraker, P. E., and Bortner, C. E.
1937.—Nitrogen leaching in soil on the Experiment Station Farm at
Lexington. Soil Sci. Soc. Amer. Proc, Chicago. 2:393-8.
20. Kohnke, H., Dreibelbis, F. R., and Davidson, J. M.
1940.—A survey and discussion of lysimeters and a bibliography on
their construction and performance. U.S.D.A. Misc. Pu"bl. 372.
21. Lyon, T. L., and Bizzell, J. A.
1936.—Lysimeter experiments IV. N.Y. (Cornell) Agr. Exp. Sta.
Memoir 194.
22. Lyon, T. L., and Buckman, H. O.
1929.—The Nature and Properties of Soils. N.Y., p. 318.
23. Martin, J. C.
Personal letter—unpublished data.
24. Martin, W. P., and Fletcher, Joel.
1943.—Vertical zonation of great soil groups on Mt. Graham, Arizona,
as correlated with vegetation and profile characteristics. Ariz.
Agr. Exp. Sta. Tech. Bull. 99.
25. Mockeridge, Florence A.
1912.—Some conditions influencing the fixation of nitrogen by Azotobacter and the growth of the organism. Ann. Bot. 26:871-87.
26. Mooers, C. A., Maclntire, W. H., and Young, J. B.
1917.—The recovery of nitrogen under various conditions as measured
by lysimeters of different depths. Tenn. Agr. Exp. Sta. Bull.
138.
27. Morgan et al.
Drainage water losses from a sandy soil as affected by cropping and
cover crops. Conn. Bull. 466. P. 742.
28. Russell, E. J., and Richards, E. H.
1920.—The washing out of nitrates by drainage water from uncropped
and unmanured land. Jour. Agr. Sci. 10:22-43.
29. Schreiner, Oswald, and Brown, B. E.
1938.—Soil nitrogen soils and men. U.S.D.A. Yearbook of Agriculture.
Pp. 361-76.
30. Sievers, F. J., and Holtz, H. F.
1922.—The silt loams of Eastern Washington and their management.
Wash. Agr. Exp. Sta. Bull. 166.
31. Smith, H. V.
1930.—The climate of Arizona. Ariz. Agr. Exp. Sta. Bull, 130.
32. Stewart, Robert.
1910.—The nitrogen and humus problem in dry-land farming. Utah
Agr. Exp. Sta. Bull. 109. Pp. 1-16.
33. Stewart, Robert and Hurst, C. T.
1914.—Nitrogen and organic matter in dry-farming soils. Jour. Arner.
Soc. Agron. 6:49-56.

308

TECHNICAL BULLETIN NO. 102

34. Swanson, C. O., and Latshaw, W. L.
1919,—Effects of alfalfa on the fertility elements of the soil in comparison with grain crops. Soil Sci. 8:1-39.
35. Thatcher, R. W.
1912.—The nitrogen and humus problem in dry farming. Wash. Agr
Exp. Sta. Bull. 105:1-16.
36. Walton, J. H.
1915—Azotobacter and nitrogen fixation in Indian soils. Mem. Dept.
Agr. India, Bad. Ser. 1:97-112.
37. Weis, F., and Bornebusch, C. H.
1914.—On the presence of Azotobacter in Danish woods and on the
value of Azotobacter cultures for the determination of the
lime requirements in woodland. (Forstt. Forsogsv.) Denmark
4: no. 4, 319-37.
38. Wilsdon, B. H., and Ali, Barkat.
1922.—Nitrogen fixation in arid climates. Soil Sci. 14:127-33.
39. Winnik, M.
1935.—Ten years of lysimeter studies on some soils of Palestine. 3rd
Int. Cong. Soil Sci. Oxford. Trans. I, Papers Comm. 4:212-14,

