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TWENTY YEARS OF SOIL FERTILITY
INVESTIGATIONS1
R. I. THROCKMORTON

AND

F. L. DULEY

T h e farm land in much of Kansas is relatively new as compared
with many other parts of the United States, and the soils are on
the whole comparatively fertile. The fertility of these new soils,
however, has already been greatly depleted because of improper
cropping systems which have permitted severe erosion on many of
the formerly fertile rolling prairies of the state.
This depletion of fertility has not been confined to the regions
of greatest rainfall in eastern Kansas, but is gradually extending
westward. Any methods t h a t might be found to retard this depletion of the once fertile lands of the state should be of distinct value
in the future. The experiments reported in this bulletin were originated with the idea of determining some of the more fundamental
things governing the proper management of soils in the state.
CLIMATIC CONDITIONS

The climatic conditions a t Manhattan, Kan., like other points in
this part of the United States, are subject to wide fluctuations. I n
order that some of the wide differences in crop yields from year to
year may be understood, a summary of the monthly rainfall and
temperature records is given in Tables I and II. It will be seen
that except for 1915, when the total rainfall was 50.82 inches, there
has not been a great variation in the annual rainfall, the lowest
being 26.04 inches in 1914 and the highest 37.45 inches in 1927.
The factor which has had the greatest effect on crops, particularly
corn, has been the fluctuation in the July and August rainfall. This
alone, however, will not satisfactorily explain the fluctuation in
crop yields, which must also take into consideration the effects of
excessively high temperatures. Table III shows the number of
days when the maximum temperature reached 100° F. or more for
the four months June to September. Only once did the temperature reach 100° in May. This was in 1913, making a total of 44
days during that year when these high temperatures were reached.
Records of corn yields show t h a t low yields have occurred most
frequently in years when there have been a large number of days
with very high temperatures. The average rainfall for the 20-year
period covered by these experiments has been 31.84 inches. The
69-year average reported by the United States Weather Bureau for
Manhattan is 31.1 inches.
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ESTABLISHMENT OF EXPERIMENTS

These tests were established near Manhattan, Kan., on the agronomy farm, which was purchased by the state in 1909. The land
is quite rolling, as may be seen from the contour map, figure 1. The
plats, series I t o X, were laid out in 1909, and some of the work
started. On account of some of the soil treatments being incomplete the results for 1910 have not been included in this report. I n
1914 series A, B, C, and D were added.
PLAN OF EXPERIMENTS

The experiments were designed to study the effects of different
cropping systems and soil treatments. After the work had been
under way for some time, however, it was deemed advisable to make
some changes in both the rotations and soil treatments.
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The cropping systems used on the different series of plats have
been as follows:

SOIL TREATMENTS

The fertilizer and other soil treatments used a t the beginning of
these tests were materially altered during the early years of the
work. The changes in treatments are shown in Table IV. The
large number of these changes makes it difficult to make definite
comparisons, particularly on certain plats. The untreated check
plats, however, have remained without change, and this affords a
very definite basis for comparison of the different cropping systems.
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EXPERIMENTAL RESULTS
CALCULATION OF YIELDS

Owing to the fact that the soil on these plats was somewhat variable it was deemed advisable, in order to make all plats directly
comparable, to correct all yields on the basis of the average yield
of the check plats. The basic yield was assumed to be gradual from
one check plat to another, and in the case of the end plats was assumed to extend uniformly from the second check plat through the
first check and on to the end plat. T h e calculations can be greatly
simplified by plotting the yields of the check plats on graph paper
and reading the value of the basic yield directly.
SIXTEEN-YEAR ROTATION

Alfalfa, 4 years; corn, corn, wheat for 12 years, changed t o corn, wheat,
wheat in 1922.

Alfalfa.- The alfalfa occupies the land of each series for a period of four years and during the progress of this work has been on
all series once, on Series II a second time, and is now on Series IV
for the second time. Plat 12 of each series has been in brome grass
at the same time the other plats were in alfalfa.
It may be seen from the results given in Table V that superphosphate has given an average increase of 528 pounds of hay per
acre, while superphosphate and potassium sulfate have given an increase of 1,169 pounds per acre, or an increase over the superphosphate alone of 641 pounds. There is some doubt as to whether
this increase should all be credited to the effect of potassium sulfate, since the superphosphate plat is the end plat in all cases and
is next to the middle roadway.
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Although there is a narrow border between the plat and the roadway there is some question whether the plat may not be slightly
affected. It will be noted also that there is a still further increase
of 216 pounds due to the sodium nitrate. Plat 6, which receives
nitrogen, phosphorus, and potassium, produced a higher yield than
any other plat except plat 10, receiving manure and lime which produced only 19 pounds more hay per acre. The increased yield from
lime and manure was only 327 pounds more than from manure
alone, thus indicating that lime is not necessary a t present for the
growing of alfalfa on this land.
The brome grass made a very low hay yield as compared with
alfalfa. It made a dense sod, but was usually cut only once a year.
Corn.-When this work was started, corn was used two years in
the rotation. I n 1921 one year of corn was dropped and a second
year of wheat inserted because when wheat followed corn it was
not possible to prepare a satisfactory seedbed, and wheat yields
were abnormally low. Table VI shows the results of soil treatments on the yield of corn and stover. The principal thing shown
by the results on corn is that, on the average, the use of phosphates has resulted in a decrease in the average yield of grain.
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Plat 6, which receives nitrogen in addition to phosphate and potassium sulfate, has given a small increase. The plat receiving
manure has produced an average increase over the no-treatment
plat of less than 3 bushels per acre. Corn following brome grass
has been nearly as good as corn in rotation with alfalfa. On the
average, none of the soil treatments used in these tests has shown
any very striking results with corn.
Wheat.- During the early years of this work the wheat was
somewhat at a disadvantage because it was always seeded after
corn. In 1922 one year of corn was dropped from the rotation and
another year of wheat added. This gave one wheat crop following
corn and the second crop following wheat. The average yields of
grain and straw are shown in Table VII.
It may be seen from these results that soil treatments have been
much more effective on wheat than on corn. The average yields of
wheat from the untreated plats for the second year of wheat in the
rotation have been 3.94 bushels higher than those of the wheat following corn when the years 1922 to 1930 are averaged. The increases due to soil treatments also have been higher in most cases.
These differences are brought out by a comparison of the various
sections of Table VII. In the second-year wheat, plat 6, which receives the application of a complete fertilizer, is decidedly the
highest-yielding plat. The average increase for the two wheat crops
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is also higher for this treatment. I n the first year after corn, however, the yields of the plat receiving manure and superphosphate
and the plat receiving manure and lime are slightly higher for the
period 1922 to 1930.
THREE-YEAR ROTATION

On Series V, VI, and VII a three-year rotation of corn, cowpeas,
and wheat has been followed. I n 1928 soybeans were substituted
for cowpeas. On plats 10 and 1 2 the rotation is corn, corn, wheat.
This rotation was inserted to determine the effect of substituting
corn for the legume in the rotation. On Series VII there are three
additional plats t h a t were added t o study the effect of raw rock
phosphate.
Corn.-The average results with corn are shown in Table VIII.
These tests show t h a t manure has given higher increases in yields
of corn than the fertilizer. P l a t 6 that received a complete fertilizer is the only fertilized plat that did not show a decrease in yield.
Rock phosphate gave some increase on the second-year corn. The
effect of leaving out the legume has been to reduce the yield of
corn by 5.08 bushels per acre. Dividing the application of manure
and placing one half of i t on the wheat and one half on the corn
had practically no influence on the yield compared with making the
full application on the corn. Rock phosphate has given some increase, but not enough to pay for the cost of treatment.
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Green manure, which consisted of cowpeas seeded after wheat
and grown during the summer from about July 15 to October 1, has
increased the yield of the following corn crop 5.34 bushels per acre.
The second crop of corn has been increased 1.08 bushels and the
yield of wheat 0.85 of a bushel, as shown in Table IX. These increases would about pay the cost of seed and seeding, but the increase is too small t o justify a wide interest in this practice.
Wheat.-The yields of wheat as shown by Table IX have been
increased slightly by all soil treatments. The greatest increase was
on plat 6, which received a complete fertilizer. The manured plats
also gave a reasonably good increase. Whether the manure was
all applied t o the corn or divided on corn and wheat made little
difference in yield. The heavy application of rock phosphate gave a
fair increase, but the lighter application gave a negligible increase
on the grain and a decrease in yield of straw.
The rotation of corn, corn, wheat, plat 10, gave 3.23 bushels per
acre less wheat than where the rotation was corn, cowpeas, wheat.
Soybeans have in some cases seemed t o retard the growth of
wheat, because the crop removes moisture and plant nutrients from
the soil until late in the growing season. The crop is removed only
about three weeks before wheat seeding time. The development of
nitrates has been shown to be very slow after wheat is seeded on
disked soybean stubble.
Cowpeas a n d Soybeans.- This soil has produced cowpeas and
soybeans quite satisfactorily without any special soil treatment.
The use of phosphate alone, as shown in Table X, has been of no
value, and even indicates a slight loss in yield. The manure treat-
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ments have shown some increase on these crops, but only about one
fourth of a ton per acre. The largest increase has resulted from
the complete fertilizer treatment. There seems to be no satisfactory
explanation for this, since the plants were usually well inoculated
and presumably should have been able to get sufficient nitrogen for
their growth.
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WHEAT CONTINUOUSLY-SERIES VlII

This land was in wheat for about six years immediately before
these experiments were begun and continuously during the 20 years
of the experiments. This may in part account for the fact that the
yield has held up throughout these tests t o approximately where i t
was during the first few years of the experiments. (Tables XI and
XXI .)

The results from fertilizer and manure have been no more striking than on the rotated land. The plat receiving manure, 2 1/2 tons
annually, gave the greatest increase in yield, but was closely followed by plat 6, which had complete fertilizer. The green manure
grown between wheat crops every third year on plat 7 did not result in so high yields as were produced on plat 6 where nitrogen
was supplied in the form of sodium nitrate.
CORN CONTINUOUSLY-SERIES IX

The corn grown continuously on the same land has given decidedly lower yields than the corn grown in rotation. A part of
this difference, however, is undoubtedly due to the fact that this
series is farther down the slope and erosion has been more severe.
This has put the continuous corn a t a decided disadvantage.
Owing to the lack of uniformity between the different plats the
results from the various treatments as shown in Table XII are not
so consistent in some cases as might be expected. Plat 1 is on land
that is decidedly more fertile than plats 2 and 3. Plat 3 has been
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very severely eroded. This difference in fertility undoubtedly accounts for the greater increase indicated for superphosphate on this
series as compared with the results in the rotations. Plats 4 to 13
are more uniform and erosion has been less severe than on plats
2 to 4. Plats 5, 7, and 13 usually stand out well as compared with
the other plats. Cowpeas seeded a t last cultivation and used as
green manure gave a fair increase. Rock phosphate failed t o increase the yield when added to the green manure treatment. Superphosphate and manure gave a smaller yield than manure alone.
ALFALFA CONTINUOUSLY-SERIES X

The average yields on this series have been far below the yields in
the 16-year rotation. This difference cannot, however, all be attributed to the advantage of rotation, since the yields a t the beginning of the test showed that the land where this series is located was
decidedly poorer than that of the 16-year rotation. This point will
be discussed more in detail in a later paragraph.
The frequent seeding of alfalfa in the 16-year rotation reduces
the yield, since the production during the year following seeding is
usually low. The continuous alfalfa had to be reseeded twice since
the beginning of the tests, in 1923 and again in 1928.
The effect of soil treatments as shown in Table XIII is quite
marked in several cases. Superphosphate alone gave an average increase of 691 pounds per acre. When potassium sulfate was added
to this a further increase of 201 pounds was obtained, but when po-
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tassium sulfate was used alone the yield was slightly less than the
untreated yield. The complete fertilizer on plat 6 increased the yield
slightly over one half ton per acre, and maintained a good stand
throughout most of the period. The addition of nitrogen increased
the yield somewhat over plat 3, which received superphosphate and
potassium sulfate. Manure and rock phosphate and manure and
lime have been about equally effective. Manure alone when used a t
2 1/2 tons per acre gave an increase of 1,811 pounds, while 5 tons
per acre gave 2,958 pounds increase, which was more than any other
treatment.
The yields on this series have been reduced in recent years because of the exhaustion of moisture in the deep subsoil. During
periods of dry weather when the surface soil moisture is low very
little growth is made. At such periods growth is suspended until
rains come, when i t is resumed.
Sixteen-year Rotation- Series A, B, C, and D

Alfalfa, 4 years; kafir, corn, oats for 12 years.

A second 16-year rotation was started in 1913, or three years
after the work was begun on Series I to X. The yields reported begin with the crop of 1914 and therefore cover a period of 17 years.
The first yields of alfalfa, however, are reported for 1915. The
main object in this rotation was for comparison with the 16-year
rotation on Series I to IV, which included alfalfa 4 years, corn,
wheat, wheat. The soil treatments were for determining the effect
of rock phosphate when used to reinforce manure, and the effect of
allowing manure to weather before applying.
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The results given in Table X I V show that this land has produced
higher yields of crops on the untreated land than were produced on
untreated land in the 16-year rotation, Series I to IV. The increases in yield due to soil treatments have not been very striking.
Alfalfa yields were increased an average of only 264 pounds per
acre by the use of fresh manure and 1,078 pounds by manure and
rock phosphate. The yields of kafir and corn were very slightly
affected by the use of manure. Rock phosphate gave some increase
but not enough to be considered profitable. The manure had more
effect on oats than on corn and kafir, but the effect of the rock
phosphate was less. The weathered manure gave higher yields of
all crops except oats than did the fresh manure. However, the
fresh manure produced higher yields of straw and stover.
COMPOSITION O F MANURE USED

The average composition of manure used on these plats is given
in Table XV. It will be seen that the amount of plant food added in
the manure used on plat 4 , even though it had been leached, was
almost as high as that used on plats 1 and 2. This is due in part
a t least to the fact that the manure placed outside for leaching in
the spring was, on the average, a little higher in plant food than that
applied during the winter.

SULFUR TREATMENTS FOR ALFALFA

I n the spring of 1919 a few additional plats were started to determine the effect of sulfur applications on the growth of alfalfa and
on the soil. Six one-tenth-acre plats were laid out on an established
field of alfalfa north of Series IX. There were two untreated plats,
while the annual sulfur applications ranged from 50 to 200 pounds
per acre in 50-pound steps, The sulfur was applied broadcast on
the surface about the time growth started in the spring. These plats
were continued for seven years until 1925. At this time the stand
became uneven and the work was discontinued. Table XVI shows
the corrected yields for the different treatments.
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It may be seen from these results that decreases in yields resulted

from all the sulfur treatments except plat 6, which had 200 pounds
per acre. The increase on this plat is thought to have been due primarily to unevenness in the soil. The land was considerably more
fertile near the southwest corner of the plat. It would seem from
these results that this land is not in need of sulfur treatment for
alfalfa production. Where treated with sulfur the alfalfa plants
usually showed a more yellowish leaf color and sometimes many of
the leaves died.
The sulfur treatments increased the acidity of this soil. Table
XVII shows the p H values for each plat for the surface 6 inches
and also for the 6- to 12-inch depth.

TREND OF CROP YIELDS

The real value of a given cropping system can be determined
only by average results over a period of years. The yields of the
untreated soils having different cropping systems have been averaged by four-year periods to show relative yields a t the beginning
of these experiments and toward the end of the 20-year period. It
must be remembered that in Kansas seasonal variations are wide
and, therefore, a series of good years may give yields far above
what might reasonably be expected on the average for the cropping
system in use. A series of poor crop years may likewise cause a
marked depression from the average. For these reasons i t is evident that a 20-year period is hardly long enough to give a satisfactory summary by four-year periods. Some important results,
however, are indicated by such averages to date.
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ALFALFA

The yields of alfalfa a t the beginning of these tests were low, due
to unfavorable years during 1911 and 1913. The second four-year
period was more favorable. During the last three periods the yields
have been somewhat lower than during the second period.
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It will be seen from Table XVIII that the yields of alfalfa in the
16-year rotation, except the first year after seeding, were decidedly
higher than the continuous alfalfa even during the first years of the
experiments. (Fig. 2.) This indicates that the land in the 16-year
rotation was much better than the land in Series X when these tests
were begun. In fact, i t was with the idea of determining the possibility of growing alfalfa continuously on relatively thin land, even
with good treatments, that Series X was started. The average increase from the 16-year rotation cannot, therefore, be attributed entirely to the cropping system. I n fact, if the three years 1911 to
1913 are averaged, which was the time when these two series could
be considered comparable (that is, i t was immediately after the two
series had been seeded to alfalfa for the first time, and up to 1913
both could be considered continuous alfalfa), the alfalfa on Series
II gave an increase of 150 percent over the untreated yield on Series
X. This is a greater percentage difference and a greater difference
in weight than was obtained during the last four-year period, 1927
to 1930.
Since the yields a t the beginning of these tests indicated that the
land in the 16-year rotation is more productive than the land where
the continuous alfalfa is grown, it would be expected that this
would remain higher throughout the experiments. This is exactly
what happened, and the two curves have tended to get only a little
wider apart. (Fig. 3.) If the curves are drawn for the three-year
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average 1911 to 1913 a t the beginning, the curves are as wide a t the
start as during the last four-year period.
The stand has become difficult t o maintain in good condition on
the continuous alfalfa, however, and reseeding must be done often
or grass and weeds choke out the alfalfa. This difficulty is due to the
increase in the amount of weeds and grass rather than to an actual
decrease in the number of alfalfa plants. The weeds have increased
on the continuous alfalfa because the smaller growth of alfalfa
plants offers less competition.
The production of alfalfa in the 16-year rotation is also more
difficult than formerly, but this seems to be due largely to the exhaustion of deep subsoil moisture.² The lack of deep subsoil moisture is also a tremendous factor in reducing the yield of the continuous alfalfa. When alfalfa is grown on this land for four years
the soil moisture is reduced to a low point t o a depth of about 20
feet. This moisture is not regained during the 12 years the land is
grown t o corn and wheat. Consequently, when alfalfa is reseeded
on this land it is retarded in its growth because the roots cannot
obtain moisture from the deep subsoil.
If the yields for the manured or fertilized land are considered it
may be seen from Table XIX and figures 2 and 3 t h a t the alfalfa
in the 16-year rotation has shown a greater tendency t o maintain
a higher trend of yields than has the continuous alfalfa. I n other
words, good soil treatment seems to have been slightly more effective in maintaining high yields on the rotated than on the continuous alfalfa. This is undoubtedly due in part to the fact that
weeds and grass were controlled more effectively on the rotated
land.
The yields of alfalfa on the fertilized land in the 16-year rotation
were higher than the manured land on the average and in four of the
five four-year periods. I n the continuous alfalfa the yields from the
fertilized plats were consistently lower than from the manured plats.
This may be due in part to the fact that the manure application was
heavier on the continuous alfalfa, and also because the manured
plat is farther down the slope and probably gets considerably more
subsoil moisture. I n recent years the alfalfa getting complete fertilizer, plat 6 on Series X, has shown very strikingly the effect of
a shortage of subsoil moisture. During dry weather in midsummer
the plants make no growth and the leaves wither. This plat is on
the highest ground of any treated plat in the series.
CORN

During the first four years of these experiments the yields of corn
were very low. I n 1913 the crop was a complete failure and in
1914 there was a complete failure in the 16-year rotation and only
very light yields on the other series. The average yields in the different cropping systems as shown by Table XX and figure 4 were
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approximately the same for this first four-year period. During the
second, third, and fourth periods the spread between the continuous
corn and the 16-year rotation was wider with the three-year rotations intermediate. It should be noted, however; t h a t the differences were almost constant during these 12 years. This indicates
that the soil in the 16-year rotation was more productive a t the beginning of these experiments than was the land used for the growing of corn continuously. During the last four-year period there
was a decided spread in the yields, and the corn in the 16-year rotation averaged nearly 30 bushels per acre more than the continuous
corn. It should be noted, however, t h a t this difference was due to
a greater yield of corn in the 16-year rotation rather than to a decrease in the yields of continuous corn.

One of the striking things about these results is the fact that the
yield of corn grown continuously has not appreciably declined. The
reason for this, however, may be largely in the fact that the years
1927,1928, and 1929 were quite favorable for corn production. It has
also been found that the greatest spread between rotated and continuous corn occurs in the years t h a t are favorable for corn. At
such times the yields on the rotated land are very high. Since the
years 1927 to 1929 were very favorable for corn, this may account
for much of the wide difference between the continuous corn and
the 16-year rotation during the last four-year period.
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WHEAT

The trend of wheat yields with the different cropping systems is
illustrated in figure 5. It will be seen from this, and also from
Table XXI,that during the first three four-year periods the differences in yield from the different cropping systems were not great.
The low yield of the continuous wheat during the period 1915 to
1918 was the greatest deviation from what seems to have been a
normal trend. This was due largely to winterkilling in 1916 and
1918 when the yield dropped to less than 7 bushels of wheat per
acre. During the last two periods the wheat in the corn, corn,
wheat rotation has dropped below the continuous wheat. The threeyear rotation, corn, cowpeas, wheat, gave higher yields than the
16-year rotation during the second, third, and fourth periods, but
dropped decidedly below during the fifth period. The yields in the
16-year rotation made a very marked increase over the other
cropping systems during the last four-year period. This was due to
the much higher yields during the years 1927 and 1930. The yield
of the second-year wheat in the 16-year rotation was higher than
for any other cropping system during the last two four-year periods.
The yields of this second-year wheat have been higher than the first
year after corn in six out of nine years.
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COWPEAS

The trend of yields of cowpeas has been greatly affected by seasonal conditions, but Table XXII will show a tendency toward a
reduction in yield during the later years of the tests. There has not
been what could be considered a high yield since 1923. The average for the last eight years, however, has been only slightly below
that of the first period. It is doubtful if these results are definite
enough to indicate any marked change in the ability of this land to
produce cowpeas. Beginning in 1928 soybeans have been used instead of cowpeas in this rotation.

EFFECT OF FERTILIZER TREATMENTS

The effect of individual fertilizer treatments is shown in Table
XXIII. It will be seen that the largest and most consistent increases were obtained from the land receiving a complete fertilizer
treatment, or sodium nitrate, superphosphate, and potassium sulfate.
The increase from phosphate has been quite consistent except on
corn and cowpeas. The effect of potassium sulfate used alone has
not been very marked on this soil. Lime has given slight increases
on corn and wheat, but it is not essential even for the production of
alfalfa on this land, since the soil is already well supplied with
available calcium. Manure has given increases in crop yields on
all crops and in each cropping system. It is more consistent than
any of the fertilizer treatments except the complete fertilizer, which
has given results very similar to those of the manure.
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Lime has given very small increases in yields in the 16-year rotation and in the continuous alfalfa.
Wheat yields have been increased more by fertilizer than have
corn yields. Alfalfa has been increased considerably in yield by
superphosphate and to a slight extent by sodium nitrate. The use
of superphosphate and potassium sulfate combined has given reasonably good increases on alfalfa, whether in rotation or continuous
culture.
Sodium nitrate has given some increase on all crops when used in
connection with superphosphate and potassium sulfate. The increase has been 216 pounds per acre on rotated and 204 pounds on
continuous alfalfa. The increase on cowpeas and soybeans in the
three-year rotation has averaged 697 pounds of hay for this treatment. It is of interest to note that in these tests there has been a
larger increase from sodium nitrate when used in combination with
other fertilizers than from superphosphate alone in all cases except
on alfalfa or corn grown continuously.

The relative returns from the fertilized and the manured land
given in Table X X I V show that in the rotations the yields of crops
except corn were maintained somewhat better with fertilizer than
with manure. In the continuously cropped plats the manure has
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given the higher returns, and this is most marked in the case of
alfalfa. I n the case of continuous corn and wheat the amount of
fertility elements was decidedly higher in the manure added than
in the fertilizer. (Table XXV.) This may account, in part a t least,
for the greater increase from manure on these plats.
PLANT AND GRAIN CHARACTERISTICS AND QUALITY OF WHEAT

During the course of this work measurements have been made to
determine the effect of various rotations and fertilizer treatments
on the characteristics of the wheat plant and grain that are not
shown by yield results.³ These included the height of plants, length
of heads, test weight of grain, weight of 1,000 grains, percentage of
yellowberry, protein content of grain, and baking quality of flour.
HEIGHT OF PLANTS

The height of wheat plants varied widely with the different rotations and to a lesser extent with the fertilizer treatments. Table
XXVI gives a summary of the average height of plants in each
cropping system and from all treatments. The second-year wheat
in the 16-year rotation produced the tallest wheat, and the wheat
in the three-year rotation of corn, corn, wheat was the shortest.
The three-year rotation of corn, cowpeas, wheat has not produced
so tall wheat as the land in continuous wheat.
Superphosphate used alone has had little effect on the height in
the different tests, but where sodium nitrate, manure, or green
manure has been applied with superphosphate there has been some
increase in height due to superphosphate. Potassium sulfate also
seems to have had a slight effect, although this is hardly noticeable
in the field. The lime in the 16-year rotation also increased the
height slightly over land similarly manured but unlimed.
LENGTH OF HEADS

The head length was determined by measuring a t random 100
heads scattered through the plat while the wheat was standing.
The length of wheat heads has not been materially affected by the
cropping system or soil treatment, as Table XXVI will show. It
often happens that the untreated plats having a thin stand of
wheat will produce longer heads than the treated plats, even though
the yield of the untreated plats may be decidedly less. There
seems to be no correlation between the length of wheat heads and the
yield, since differences in stand which are usually in favor of the
treated plats may easily overbalance the variation in head length.
It is doubtful if the differences in length of heads due to soil treatments are enough to be significant.
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TEST WEIGHT

The test weight per bushel has not varied greatly between the
different cropping systems nor between the different fertilizer treatments. Table XXVII will show that the wheat following corn in
the 16-year rotation and that from the continuous wheat series gave
the lowest test weight on the untreated land. In general, phosphates seemed to have a tendency to give a slightly higher test
weight, whereas nitrogen fertilizers and green manure have a tendency to decrease the test weight. The greatest increase in the test
weight was obtained in the 16-year rotation where brome grass was
used instead of alfalfa. This again indicates that a good supply
of available nitrogen tends to decrease the test weight, since the
brome grass land is usually very low in nitrates.
WEIGHT OF ONE THOUSAND GRAINS

Table XXVII will show that on untreated land the weight of
1,000 grains in the three-year rotation was 10.1 percent higher than
from the continuous wheat. The green-manure treatments and the
application of sodium nitrate lowered the weight in comparison
with the checks. The brome-grass land in the 16-year rotation
gave the greatest increase in weight over the checks and was higher
than where alfalfa was used in the rotation. From these results it
seems that increasing the supply of available nitrogen had a tendency to reduce the weight of the grains, or a t least to reduce the
weight in comparison with the phosphate treatments. The latter
seemed to have a distinct tendency to increase the weight of the
grains.
YELLOWBERRY IN WHEAT

The amount of yellowberry, or grains showing some soft starch
in hard wheat, has been determined. The average for the nine-year
period 1922 to 1930 is given in Table XXVIII. This period was
used because of changes in the treatments in 1921. The untreated
plats in the three-year rotation gave the highest percentage of yellowberry and the wheat following corn in the 16-year rotation produced the smallest percentage. Most of the soil treatments increased the percentage of yellowberry. Potassium sulfate gave a
decrease.
PROTEIN CONTENT OF WHEAT

The protein content of wheat has been found to vary widely from
year to year. This seems t o be due to a number of factors, including climatic conditions, amount of nitrates in the soil, and yield of
wheat per acre. The results reported in Table X X V I I I give an
average for only six years, 1922 to 1924 and 1928 to 1930. These
years were used because they are the ones during which protein determinations from all plats of the different series were obtained.
The determinations previous t o 1922 have been omitted because
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several plat treatments were changed a t that time. Thus the averages given represent the effect of the soil treatments now in operation. During the years 1925 to 1927 only the check plats were
sampled for protein determinations.
The highest average protein content is found in the 16-year rotation. It should be remembered that these plats also made the
highest yields. This combination of high yields and high protein
content is undoubtedly due largely to the effect of the alfalfa in
keeping up the nitrate content of the soil. Under many conditions
factors which increase the yield of wheat tend to decrease the protein content. This is well shown by the effect of the soil treatments, most of which increased the yield, but only one, the green
manure in the continuous wheat, increased the protein content, and
in this series the average yield has been lower than on the check
plats. Phosphate has decreased the protein content in all the cropping systems. Where it stimulates a greater yield there is more
starchy material produced in the grain, and consequently a lower
percentage of protein. Land treated with barnyard manure has
produced wheat with a lower protein content than the untreated
land. Liming has had little effect on the protein content of wheat
in these tests. Sodium nitrate applied with superphosphate and
potassium sulfate gave an increase in both yield and percentage of
protein over land receiving only superphosphate and potassium sulfate.
Probably the most significant effect on the protein content of
wheat was produced by the substitution of brome grass for alfalfa
in the 16-year rotation. I n this case the protein was decreased 2.6
percent as compared with land in alfalfa. Although the nitrate content of the brome grass plats is usually low and would seem to account for the low protein content, the yield of wheat has been
slightly higher on the average than on the alfalfa land.
BAKING QUALITY of WHEAT

For a time tests were carried on in coöperation with the Department of Milling Industry to determine the baking quality of wheats
produced under these different treatments, as well as determinations
of the protein content of the flour. The results of several years'
tests on this phase of the work showed that the grain from all these
plats was of exceptionally high baking quality and there was practically no difference in the bread produced from plats in different
rotations or having different fertilizer treatments. The work on
the baking qualities of the wheat was therefore discontinued i n
1927. I n Table XXIX will be found baking data for the years
1926 and 1927, showing the more or less constant results obtained.
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THE ECONOMIC FACTOR IN CROP ROTATION VERSUS
CONTINUOUS CROPPING

The results obtained in these experiments afford material for
some consideration of the economic value of crop rotation, as well
as the effect of rotation on the maintenance of soil productivity,
control of weeds, plant disease, and insect pests. Rotations have
been widely recommended as almost the key t o successful agriculture. It is believed that many people advocating rotations have not
recognized fully their limitations nor have they given enough attention t o the variation in rotations themselves, and in many cases
the economic returns for crop rotations, as compared with continuous cropping, have not been carefully studied. Mention has seldom
been made of the possibility that some rotations may be less effective in maintaining fertility and decidedly less remunerative than
certain types of continuous cropping, a t least for a considerable
period of years. Furthermore, the mere fact that crops are rotated
is no assurance that the soil fertility is being maintained. Continuous cropping to cultivated crops like corn or cotton may permit soils
to deteriorate because of erosion rather than by any detrimental
effect of the crop itself.
The Ohio Agricultural Experiment Station has shown that the
use of their five-year rotation of corn, oats, wheat, clover, and timothy for a period of 30 years has resulted in an average loss of 22
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percent of the original supply of soil nitrogen regardless of fertilizer treatment.4
The Texas Agricultural Experiment Station has shown that with
prices prevailing in 1928 the annual value of continuous cotton
had been greater than from a rotation of cotton, corn, cowpeas,
and oats. 5
It must be remembered, however, that the relative monetary return from rotation and continuous cropping will depend primarily
upon the price of the various crops. If a crop having a high acre
value is grown continuously it may produce a higher acre return
than if lower-priced crops are substituted a part of the time.
(Table XXX.)
With the relatively high prices received for farm crops during a
part of the period of these tests, as shown in Table XXX, the annual value of the crops produced on untreated land in the 16-year
rotation and also in the three-year rotation of corn, cowpeas, wheat,
has been higher than any of the crops grown continuously. The
rotation of corn, corn, and wheat, however, has been less valuable
than either continuous alfalfa or continuous wheat. I n addition,
this corn, corn, wheat rotation would undoubtedly be more exhaustive of fertility than continuous wheat or alfalfa, because of
losses through erosion.
If a lower price for crops is considered, as shown in the last two
columns of Table XXX, and alfalfa hay is calculated a t $10 a ton,
corn a t 50 cents a bushel, and wheat a t 60 cents, the situation is
greatly altered. With these prices, the continuous alfalfa gives a
higher acre value than the three-year rotation of corn, corn, wheat,
and approximately the same as the three-year rotation including
cowpeas.
If the results from the manured land are considered (Table
XXX) the monetary return is even more in favor of some of the
continuous crops. With the relatively high prices for crops the
continuous alfalfa is more valuable than any of the rotations. Even
the 16-year rotation which includes alfalfa one fourth of the time,
could not overcome the loss sustained by the introduction into the
rotation of corn and wheat, which have lower acre values than alfalfa. Furthermore, continuous wheat produced a higher acre value
than the three-year rotation and higher than the 16-year rotation,
which included brome grass instead of alfalfa. Under these conditions continuous corn produced the lowest acre value of any of
the cropping systems.
The situation is again changed, however, if lower prices for crops
are considered. I n this case the continuous alfalfa is decidedly
more valuable than any of the other cropping systems, and continuous wheat and continuous corn are slightly more valuable than
the 16-year rotation, which includes brome grass instead of alfalfa.
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Any shift in crop prices will cause a change in the relative value
of the different cropping systems, but the fact will remain that
relatively high-priced crops may oftentimes produce higher acre
values even when grown continuously, a t least for a considerable
time, than could be produced by rotations including crops having
lower acre values.
Furthermore, it is not necessarily a fact that continuous cropping
is more exhaustive of fertility or the cause of lower yields than rotation of crops. As an example in these experiments, the continuous
alfalfa would certainly not be considered more exhaustive of soil
fertility than the three-year rotation containing all annual cultivated crops. Likewise, continuous wheat is doubtless less exhaustive of fertility than the three-year rotation which does not have a
legume, and possibly not more exhaustive than the regular threeyear rotation with cowpeas, if the yield of wheat as shown in figure
5 is to be used as a criterion. Continuous grass sod would undoubtedly also be less exhaustive of fertility than any of the rotations.
Rotation of crops should not be loosely recommended without
stating specifically what the rotation should be, or having in mind
the wide differences existing between different possible rotations.
It should be noted that in these experiments the difference in the
monetary return between different rotations may be greater than
between certain rotations and continuous cropping. Rotations are
not all of equal value and must be selected with definite knowledge
of the conditions where they are to be used. The matter of choosing the most valuable rotation is just as important as attempting t o
avoid continuous cropping.
I n this discussion the cost of production of each crop has not been
included, since this would simply introduce another variable factor,
but it is a point that must be considered in the planning of any
practical rotation. The only point being emphasized here is that
certain crops may be grown more or less continuously, particularly
with good soil treatments, without greatly reducing the yields and
possibly with as much profit as some rotations. I n these tests,
wherever crops of low-acre value have been introduced, the tendency is to reduce the total value of the crops produced during a
period of years.
I n connection with the comparisons of the value of rotated and
nonrotated crops here presented, there are certain differences in soil
and soil treatments that should be kept in mind in making comparisons. The soil on the continuous alfalfa land is less fertile than the
land used in the 16-year rotation, and probably less fertile than most
of the land used for the three-year rotations, due to the greater
amount of erosion that had taken place here before these experiments were started.
The continuous wheat and continuous corn are also located on
land that has been eroded more than the land in the 16-year rotation and more than Series V and VII in the three-year rotation.
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This tends to put the results on the continuously cropped land at a
disadvantage in comparison with the rotations.
On the other hand the manure has been applied on the continuously cropped land at 2 1/2 tons per acre annually, while it has been
applied a t a somewhat lower rate on the rotated land. This gives
the continuous crops some advantage on t h e manured land except
for the differences in fertility. While these variations in soil and
manurial treatments are unfortunate and may tend to alter somewhat the value of these results, it is believed the principles involved
are well illustrated by the material presented in Table XXX.
EFFECTS OF ROTATIONS ON CONTROL OF WEEDS, PLANT
DISEASES, A N D INSECTS

The statement is often made that rotation of crops is an effective
method of weed control. I n these experiments the plats in continuous wheat and continuous corn have had fewer weeds than any
other land in the field. The land having the most weeds is in the
three-year rotation in which cowpeas or soybeans are included.
This is caused largely by the weed growth that develops in the
wheat stubble which lies without plowing from wheat cutting time
until late fall. During this time certain weeds, particularly crab
grass (Digitaria sanguinalis), fox tail (Setaria viridis) , and “shoofly” (Hibiscus trionum), have developed in spite of rather frequent
mowings of the stubble. The continuous alfalfa has had more weeds
than the rotated alfalfa, largely because of the less vigorous growth
of the alfalfa plants.
The effect of rotation in controlling plant diseases is also usually
considered of much importance. There has been observed but little
difference in the disease on the rotated and nonrotated land except
in the case of “take-all” in wheat. This has, during several seasons,
been more serious on the continuous wheat, but it is not consistently
bad on this land. I n the 16-year rotation including alfalfa, very
little “take-all” has been found, but the plats have not been entirely
free from it.
The value of rotation in the control of insects is often emphasized. Studies made on these plats during the last six years by Mr.
H. R. Bryson, assistant entomologist, led him to make the following
statement:
Crop rotations are not always to be recommended for the control of injurious insects, unless the crops, as well as their sequence in the rotation, are
specified. Wireworm injury was found to be more severe in corn following
wheat and oats than on land which had been cropped to corn continuously
for a period of 20 years. On the other hand, corn root worm damage was
found to be very slight on corn grown in rotation as compared with the
amount present on corn grown on land cropped to corn continuously.
SUMMARY

1. I n this bulletin are summarized the results obtained on the
soil-fertility project a t the Kansas Agricultural Experiment Station
a t Manhattan, during the 20-year period 1911 to 1930.
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2. The work consists of comparisons of several different cropping
systems, including numerous fertilizer and other soil treatments,
3. There is difficulty in summarizing the results, due to the fact
that some of the treatments were changed quite radically in 1914
and also in 1921. For this reason i t has been necessary to make
many of the comparisons on the basis of the untreated land, or for
the period 1922 to 1930.
4. I n the 16-year rotation the yield of alfalfa has been materially
increased by some treatments. Manure, superphosphate, lime, potassium sulfate, and complete fertilizer gave increases ranging from
528 pounds per acre for superphosphate to 1,404 pounds for a combination of manure and lime.
5. Corn yields were not increased in this rotation by applications
of superphosphate, but small increases were obtained from manure.
6. The yield of wheat was increased by most of the fertilizer and
manure treatments.
7. Wheat following brome grass gave slightly higher average
yields than after alfalfa. Corn gave slightly increased yields after
alfalfa, but the differences were not great.
8. In the three-year rotation corn yields were increased by
manure and complete fertilizers, but the other treatments were ineffective. Wheat gave increases from the use of superphosphate.
Cowpea yields were increased by potassium sulfate, complete fertilizers, and manure, but not by superphosphate alone.
9. Continuous wheat yields were increased by all fertiIizers and
manure, but the green manure plat gave a yield slightly below the
check. The highest yield was from manure 2 1/2 tons annually.
10. Continuous corn has shown some increase from each treated
unit. However, the rock phosphate used with green manure did not
increase the yield over that of green manure alone.
11. Continuous alfalfa has given the largest increase from a
5-ton application of manure. Superphosphate and rock phosphate
gave some increase, but lime and manure gave only about 300
pounds more hay than manure alone.
12. I n the 16-year rotation of alfalfa, kafir, corn, oats, fresh
manure and weathered manure gave about the same results, neither
producing a marked return. Rock phosphate gave a fair increase
in addition to the effect of manure.
13. The yields of alfalfa in the 16-year rotation have been much
higher than the alfalfa grown continuously on Series X. A part of
this increase seems to be due to the fact that the land on Series X
was less productive a t the beginning as is shown by the yields for
the early years of the experiment and before there had been any
effect from the rotation. The stand apparently is becoming more
difficult to maintain on Series X and frequent reseeding is necessary. The production of alfalfa in the 16-year rotation is also more
difficult, largely because of the exhaustion of deep subsoil moisture.
14. The corn yields in all cropping systems were low and about
equal during the first four-year period. During the next three four-
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year periods, the yields were highest in the 16-year rotation followed by the three-year rotations and then by continuous cropping.
The relative yields, however, remained about the same for the 1 2
years. During the last four-year period the yields have been in the
same order, but with a greater spread in favor of the rotations. The
rotations have been found t o have their greatest advantage in the
most favorable crop years.
15. Wheat yields in the different cropping systems have been
less consistent than corn yields. The second-year wheat in the
16-year rotation has given the greatest yields since 1922, when i t
was started. The continuous wheat has held up remarkably well
and has given higher yields during the last two four-year periods
than the three-year rotation including two years of corn and one
year of wheat.
16. Cowpeas and soybeans have given fair yields, but their effect
on the wheat immediately following has not been favorable. The
corn yields in this rotation, however, have been only 2.91 bushels
per acre less than in the 16-year rotation.
17. The rotation of corn, corn, wheat, has been unsatisfactory
for both corn and wheat. The yield of wheat has been less than
wheat grown continuously, and the corn yield less than in the threeyear rotation including a legume, but it has been higher than corn
grown continuously.
18. Phosphates have been of value on alfalfa and wheat, but little return has been obtained on other crops. Potassium sulfate has
given only slight increases except in the 16-year rotation where it
was used in addition to superphosphate. The increase is likely due
largely t o the location of the plat.
19. Complete fertilizer has increased the yield of all crops.
20. Manure has increased the yield of all crops.
21. I n the rotations where the amount of nitrogen, phosphorus,
and potassium sulfate added was about the same in fertilizer and
the manure, the fertilizer gave greater crop increases than manure.
With the crops grown continuously, the manure gave slightly
greater increases on corn and wheat, but the amount of nutrient
elements was much greater than was applied in the fertilizer. With
continuous alfalfa the elements supplied were about equal and the
manure gave the greatest increase.
22. Sulfur treatments have not increased the yields of alfalfa in
these experiments. This material did increase the acidity of the
soil.
23. The height of wheat plants has varied considerably with the
different rotations and has been increased by fertilizer and manure.
24. The length of wheat heads has not been greatly affected by
the cropping system or soil treatment.
25. The test weight of wheat has not varied greatly with different cropping systems or soil treatments. Phosphates seemed to increase slightly the weight per bushel and nitrogen fertilizer or green
manure had a tendency t o decrease it. The greatest increase in
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test weight was in the 16-year rotation on the brome-grass plat
where the supply of nitrates was lower than on the other plats.
26. The plumpness of wheat, as indicated by the weight of 1,000
grains, varied considerably under different conditions. The bromegrass land produced wheat with the highest weight of individual
grains.
27. The percentage of yellowberry in wheat was usually increased by soil treatment.
28. The highest protein content of wheat, as well as the highest
yield, has been obtained on the land in the 16-year rotation. Phosphate decreased the protein content in all cropping systems. Manure
also gave a decrease, and liming had little effect on the protein percentage. Sodium nitrate applied with phosphate and potassium sulfate slightly increased the percentage of protein. Brome-grass land
gave the lowest amount of protein, the average being 2.6 percent
less than wheat rotated with alfalfa.
29. With high prices for crops the 16-year rotation and the threeyear rotation including a legume gave higher annual values of crops
than did any of the crops grown continuously. The three-year rotation of corn, corn, wheat, gave a lower annual value of crops
than did continuous alfalfa or wheat. With a lower price scale for
products the continuous alfalfa was more valuable than the threeyear rotation of corn, corn, wheat, and approximately the same as
the three-year rotation including cowpeas.
30. On manured land continuous alfalfa gave a higher acre value
than any of the rotations. When lower prices are considered, continuous corn and continuous wheat were slightly more valuable than
the 16-year rotation which includes brome grass instead of alfalfa.
31. There seem to be certain conditions where continuous cropping, or a t least continuous cropping for a considerable period of
years, may be more remunerative and in some cases less exhaustive
of soil fertility than certain types of rotations. To obtain the greatest value from the use of a rotation the c r o p and crop sequence
must be carefully considered. High-priced crops grown continuously, a t least for a considerable period, may be more valuable than
a crop rotation which introduces some crops having a much lower
acre value.

